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ERRATA
p. 5 line before eq. (1} "U outside”
p. 6: line next to the last: for "accurs" should read "occurs'

p. 7: eg. (6): for "y" should read "xz"

line before eg. {(7) "velocity deficit AU"

p. 8: 6th line after eq. (8): "vorticity w (fig. 8)"
p. lO: 3rd line: "streamline starting points"

section after fig. 10 should be replaced by

The origin of the trailed vorticity is assumed in the boundary
layer of the fuselage similar to the shed vorticity (fig. 5). Owing to
the inclination of the "wake body" against the free stream direction,
the velocity vector Ug; at the separation line outside the boundary
layer has a circumferential component Us*sin o;, which is eqguivalent
to the vorticity in the boundary layer. This vorticity can be considered
as the trailed vortiecity, which occurs only in conmection with a 1ift
force. The trailed vortex system is deflected down (or up) against the
free stream direction by the angle ;. For the first iteration loop @ is
assumed as

p- il.: lime before eq. (11): for "on" shouwld read “and"

p. 172 l1ith line: for "make" should read "“wake"



SEPARATED FLOW AROUND HELICOPTER BODIES

Polz, G.

Quentin, J.

Messerschmitt=~BSlkow-Blohm GmbH

Munich, Germany

Abstract

On the rear part of the helicopter fuselage, flow separation is
often unavoidable owing to the shape of the afterbody which is often
defined mere in accordance with operational regquirements (for example
cargo door) and with only minor consideration to aerodynamic aspects.
Because of the separated flow, an analytical calculation of the flow-
field using potential flow thecry is not possible.

After an overview about the separated flow phencmena a method is
explained based on a combination of panel methods with boundary layer
analysis. In this method the wake flow region is represented by a wake
body which consists of a uniformly distributed veorticity.

Calculated pressure distributions and flow fields are shown in
comparison with wind tunnel test results. The main interest lies in
the more downstream part of the wake, which is very important for the
tail surface and tail rotor effectiveness.

Subject section: aerodynamics
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1. Introduction

The design of helicopter fuselage bodies is influenced mainly by
operational conditions; this leads to very different shapes (fig. 1),
which are in generally not optimized from the aerodynamic point of
view, so that flow separation on the rear part of the body is often
unavoidable . The flow separation can result in high drag (and there-
fore penalize the maximum speed and fuel consumption) as well as poor
stability and high vibration level. aAs the design trend in the helicopter

YAH - 66 A

Fig. 1: Typical helicopter airframe configurations

development is for higher speeds, the problem of flow separation be-
comes more and more important. This has been the reason for a number
of investigations in the recent years; partly experimentally, to in-
vestigate the behavior of actual configurations [1,2] ; partly theo-
retically, to give an insight into the phenomena of flow separation
and to develop proper analytical methods D to 9] .

2. Berodynamic effects and computation problems of separated flows

Flow separation in general, means that a region of highly distorted
flow occcurs at the rear side of fuselage. The main effects of the sepa-
ration on the helicopter fuselage are (fig. 2)

- low static pressure on the rear side increases the drag

- sharp changes of local flow direction and

- reduced dynamic pressure in the wake influence the effectiveness of
tailplane and tail rotor and therefore the stability of the airxcraft.

48-2



EFFECTS OF SEPARATED FLOW
LOW STATIC PRESSURE ON
AFTERBODY

(8) CHANGE OF SLOW DIRECTION

{©) REDUCED DYNAMIC PRESSURE
M THE TAIL AREA

PROBLEMS CF CONSIDERING
WAKE EFFECTS

- NON - POTENTIAL FLOW

- UNDEFINED WAKE GEOMETRY

- UNKNCWN  VORTICITY STRENGTH
ABSENCE OF BOUNDARY CONDITIONS

Fig. 2: Effects of flow separation and problems with their

calculation

An analytical calculation of flow around the helicopter body,
including the separated flow region with potential methods, is not
possible because of the viscous character of the separated flow. A
simulation of this type of flow is however possible by the use of
vortex elements, but it is impaired by the following difficulties

- the unknown wake geometry
- the unknown worticity strength
- the absence of any boundary conditions
This is in contrast to fixed wing aerodynamics where the

unknown vorticity strength can be calculated by the use of known wake
geometry with the help of the Kutta-Joukowsky boundary conditions.

3. Analysis of the separated flow on fuselage bodies

Two examples of flow separation on the aft body ¢f a helicopter
fuselage are shown in fig. 3, While the BK1ll7-model shows a rather
small area of flow separation, but indicates clearly the presence of
the vortex pair associated with the fuselage lift, the experimental
helicopter model (which has been designed especially for flow gseparation
studies) has a rather large separated area.
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BKN7 {a =4% B =09 EXPERIMENTAL HELICOPTER MODEL

Fig. 3: Typlcal flow separation on helicopter fuselage
BUBBLE SEPARATION VORTEX SHEET SEPARATION
[SHED VORTICITY} {TRAILED VORTICITY)

P

INORMAL FORCE

WAKE I‘T {TRAILED VORTICITY)

/ fg [SHED VORTICITY)

SEPARATION  LINE

Fig. 4: Types of separated flow
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From the oil flow pictures it can be seen, that real separated
flows consist of a combination of (fig. 4)

- pure bubble separation with vorticity "shedding" from the circum-
ferential separation line; since it typically occurs on axial-

symmetric biunt bodies

- slender body separation with vorticity "trailing" from a more longi-
tudinal separation line combined with a normal force.

Both types of separation create a region of reduced pressure at the
rear side of the body.

3.1 Origin of the wake vorticity

It is known that the origin of the wake vorticity lies in the
boundaxry layer on the body surface (fig. 5).

BOUNDARY LAYER

POTENTIAL LINES
SEPARATION LINE

Fig. 5: . Origin of wake vorticity

The vorticity linked with a streamline element As is equal to the
velocity potential A¢ , which is a function of the local velocity

ocutside the boundary layer.
+ >

AT = A¢ = § w.ds = U-As (1)

is independent from the velocity profile, but the vorticity dis-
tribution across the boundarv layer thickness (z) is proportional
to the velocity gradient u/3z {chap. 3.2}). The vorticity distri-
bution over the streamline length is

§ §

al’ - gu

= — = -dz = — dz =1U - (2)
Y os 2 é w(z)-dz g 9z

Thus the vorticity transport across the separation line into the wake is

ar Sg 2

S =7 du u dz = —= (3)
ot o 9% 2

This is the only origin for the shed vorticity in the wake.
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A similar behavior is noticeable for the trailed vorticity, which
occurs in the case of non-rotational symmetric flow. 0il flow studies
show that, for bodies that are not extremely slender, no additional se-
paration line exists for the trailed voxticity, which is feound only to
occure downstream from the separation line of the shed vorticity.

3.2 Vorticity distribution in the wake

The vorticity distribution in the wake is generally unknown. The
only possible soluticon is based on the use of the veleccity distribution
via the Euler eguations. From the complete equation for rotating flow

W, dw v
Y 3z

- - X 3w _ 3w (4)
N Y P
3v.. - 3u
Wy ox dy

only the second component is important for the shed vorticity in a plane
through the wake centerline. As the normal velocity component w is subjected

[
q -° — -k

/?;% s

u w
Fig. 6: Distribution of wake velocity and vorticity

to small changes over the x-direction, the rotation at the shed vorticity is
) :i ﬂ“a )—lé}i
y 2 ‘9z X 2 9z (5)
In fig. 6, for several stations in the wake, the velocity and

the resultant vorticity distributions are gualitatively shown over

the wake radius. At the separation line (station A), the velocity
profile is almost sinuscidal and the respective vorticitv profile approx-
imately parabolic. A similar shape accurs at statlion Bexcept for the
inner part of the profile, where the boundary layer to the reverse flow
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creates an opposite rotating vorticity. The reverse flow alone (station B
and C) does not influence the shape of the vorticity distribution, but
only the vorticity strength. At station D the vorticity decay caused by
the viscosity is visible.

3.3 Wake geometry

One of the main points of interest in the investigation of separated
flows is the shape of the wake. Its outer surface is defined as the boundary
between the viscous flow and the potential flow with constant total energy.
Just as in the case at the boundary layer, along each streamline additicnal
mass from the cuter flow is continually entrained in the wake. Thus the wake
diameter grows more and more compared with the streamlines, which form the
cuter wake boundary at the separation line (fig. 7).
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Fig. 7: Wake geometry

At greater distances from the separation line, where the displacement
effect of the body has nearly vanished the shape of an axisymmetric wake
can be expressed by the eguation

Yy v (x-xg) 173 (&)

which comes from Prandtl™s mixing layer theory for turbulent flows. The
basis of this theory is a constant momentum difference between the wake
and the outer flow which is egqual to the drag of the body. Since for the
wholewake the same shape of the velocity profile can be assumed (fig. 6),
the momentum difference is the product of the cross sectional area and
the maximum velocity deficit in the wake. This leads to the relation
momentum loss -2/3

v ny -
AU cross sectional area (x=x4) (7

between AU and r , which is valid only for distances greatex than y from

the separation line. Experimental results (fig. 7) show that for rather
blunt shapes of helicopter bodies x normally lies behind the tail end.

For the region bhetween the separation line and x = X, no proper experimental
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results are available, but a smooth change-over of the outer wake
boundary as shown in fig. 7 can be assumed here. The simple equation
for the velocity deficit (eq. 7} is not valid any more in this region,
because of the change of the static pressure. For the lifting case a
similar behavior of the trailing vorticity can be assumed, since thisg
vorticity remains within the wake boundary.

4. Computational method

Especially for helicopter aerodynamics, a method has been developed,
with the main purpose of simulating the flow conditions further downstream
from the separation line in the tail region.

4.1 Theoretical basis

The singularity methods, widely used in fluid mechanics, are based
cn a integral equation type as

23

->
n o«

v Sf o(s) —3=— -7
4.7-U_ (s) ri{s,p)

(8)

a

o

This integral equation can only be solved, when the body surface is
divided into a number of panels, each with constant singularity strength.
The solution is carried out usually by a linear eqguation system, which
needs the same number of boundary conditions as number of panels considered.

In the case of separated flow the equation system should be extended
by the influence of the wake wvorticity (fig. 8). Since neither the geo-
metry nor any of the boundary conditions are known for the wake vorticity,
an iterative solution procedure is necessary, whereby the vorticity resuiting

INTEGRAL ECUATICH

& als) Lo (B kTPl 1 = oo
o A o e

SUMHATION ECUATICH

i 5 as=A[lm. d o

fr v i . -—%~AV}
Witue Y iep € [

TIONLIKEAR SYSTEM

wﬁ;‘vﬁ= B}

Ay = B Cy

Fig. 8: Numerical solution of the integral eqguation for separated flow

from the foregoing iteration loop isjoined at the right side of the equation
system. For the first iteration loop an adequate wake geometry and vorticlty
distribution has to be chosen.
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4.2 Computer program sSystem

The program system consists of a set of five separate computer
programs (fig. 9) which is used in an iterative procedure. A well-
known panel method [10,11] based on a source/sink-distribution of the
body surface is used for the calculation of the displacement effects.
From the given coordinates of the body surface the panel arrangement
is generated. In the second step the source distribution is defined by
the sclution of the potential equation. The right side of the equation
system consists of the tangential flowcondition on each panel and the
induced velocities of the wake from the foregoing iteration loop. By
interpolation of the flow field on the body surface a number of body

m————- {Boov_surrace_coorDmaTes |
3 i
i
: | PANEL ARRANGEMENT |
‘
]
3
; [ panec GfOMETRY |
!
F
: [ SowTIoN OF POTENTIAL EQUATION |-+
¢ 1
i 1
| ——--{VELCCITIES & SING. O~ BODY SURF] -
3 !
3 1
Loie] STREAMLINE CALCULATION |
' ITERATION LOOP
.
' [[Bcov SrREamLINE GECMETRY |
!
i [ BoUnpasy LAYER GALCULATION |
:
¥
' [ sePamamon Line |
]
- N
ey WAKE G.:LCULATIO ]
i
1
b e {wake GEOMETAY a VORTICTY |
Fig. 9: Program outline for separated flow calculation method

streamlines is generated, each providing a separation point by a boundary
layer calculation with a two-dimensional integral method {12] . The use
of these method relies on the substitution of the real body by a rotational
symmetric "replacement body" for each streamline. The "wake body" is attached
at the separation line and its geometry and velocity distribution is influenced
by the source distribution on the fuselage. The wake vorticity influences the
source distribution in the next iteration loop. Reascnable results are achieved
after two iteration loops.

For the first loop a wake body with constant cross section and constant
wake vorticity, based on the boundary layer data at the separation line, is
assumed.

4.3 Wake gecmetry and vorticity distribution

For the numerical calculation the wake geometry as well as the dis-
tribution for the trailed vorticity have to be defined. As is shown in
section 3.3, the wake boundary can bedetermined by a number of lines be-
ginning at the separation line with continually increasing distance to the
accompanying streamline, and finally tangential joining to the bcundary
defined by equation (6). A good approximation is achieved by
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x
rw = rS {1+m} (9)

with m in the range from 0.02 ... ©.05 (fig, 10). For the first iteration
loop the "wake body" cross section is assumed as constant, beginning from
the stream line stating points at the separation line.
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CENTERLINE
Fig. 10: Determination of wake geometry and trailed vorticity strength

The origin of the trailed vorticity is assumed in the boundary
layer of the fuselage similar to be shed vorticity {fig. 5).0wing to
the inclinatien of the "wake body" against the free stream direction,
the velocity rector y, at the separation line outside the boundary
layer has a circumferential components Ug Sin &;which is equivalent
tothevorticity in the boundary layer. This vorticity can be considered
as the trailed vorticity, which occurs only in connection with a lift
force. The trailed vortex system is deflected down (or up) the wake
axis by induced angle oj . For the first iteration ai is assumed as

o
0, = 3 (10)

the theoretical value for wings with aspect ratio approaching zero,
Here o is the angle between the zero lift axis and the direction
off the freestream velocity.

4.4 Wake discretization and calculation of vortex induced velocities

The geometry of the wake body is given by a number of surface
lines arranged nearly equidistant around the circumference. Cross
sections have a polygonial shape, which can be divided into triangular
elements with the use of the wake body centerline. In the region of
the fuselage the elements are of trapezoidal shape. All triangular
elements of a cross section are covered with the same shed vorticity,
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Yo which is distributed over the actual radius of the element by a
parabolic function (fig. 6). The geometric data and vorticity distri-
bution of these elements are used for the calculation of the vortex
iLnduced velocities.

SHED JCRTOITY TRAILED VCRTICITY

Fig. 1il: Calculation of wake induced velocities

For the numerical procedure (fig. 11) the smoothly distributed
vorticity is represented by a row of single line wvortices, the number
of which i1s dependent on the distance to the point, where the velocity
has to be calculated.

The trailed wvorticity orginating at the sepaxation line is
held constant along the wake body for each row of triangular elements.
For the numerical calculation each triangular element is divided into a
number of subelements, each represented by a line vortex. For the real
vortex induced velocities the effects of all elements of a cross section
are added together and then integrated over the wake body length with
respect to the x-coordinate.

The wake body should be extended to a position about two diameters
downstreamfrom the last point, where the flow has to be calculated.

Inside the wake, the total pressure is reduced by the strength of
the shed vorticity between the outer wake boundary on the considered
position

CPiot = 1~ Y52 (11)

similary the static pressure depends on the vorticity strength

U2 2

Cps = 1- =5 s (12)
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5. Application of the method

The applicability of the calculation methed is shown in several
examples. As the main result, the pressure distributions on the rear part
of the body and the flowfield in the region of the wake are obtained.

5.1 Flow field and pressure distribution on a sphere

In fig. 12 and 13 the flow field past a sphere and the inherent
pressure distribution, calculated for a Reynolds number of 0.45:-10°
are presented. The pressure distribution is compared with measurements
and the result for the unseparated potential flow, whereby the measure-
ment is simulated satisfactorly by the separated flow model. Only a
rather high pressure rise is noticeable near theseparation line; it is
caused by the front edge of the wake, which acts almost like a step
for the oncoming flow. The flow field shows clearly the cavity flow
region, and embedded in it the region of reversed flow.

T

= TN POTENTIAL THEORY
y g N\, _IWITHOUT FLOW SEPARATION |
7 MEASUREMENT
/ CALCULATION kS
/; WITH WAKE =
I- EFFECT o
4 > \\ | \
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o
\ ]
SYAR
/ /K
/)
/ 7
-1.8 -05 3] 0,5 x/R 10
Fig. 12: Pressure distribution on a sphere, Reynclds number = 0.45-106
{(calculation and measurement)
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Fig.13: velocity field of the separated flow past a sphere, Reynolds

number = 0.45-10%
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5.2 Separated flow studies on an experimental helicopter model

For an experimental and theoretical study by MBB and the DFVLR
about the influence of the fuselage shape on flow separation and wake
structure [8] , an experimental helicopter fuselage model has been
tested in a wind tunnel. In the first stage of the investigations a
rather steep ramp angle on the after body had been chosen because of
the possibility for cargo door loading (fig.15). The studies have not
yet been completed, but some initial experimental results, which were

Fig. 14: Panel arrangement on the experimental helicopter model (half body)

CALCULATION

Fig. 15: Fuselage streamlines on experimental helicopter model
(calculation and experiment)

achieved for an angle of attack of o = =5 deg (this is approximately the
angle for cruising £light), have been simulated with the calculation model
for separated flows. Fig. 14 shows the body shape and the arrangement of
the total 1252 panels.
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Fig, 16: Velocity field in the cross section at body~tailboom junction of

the experimental helicopter model

In fig. 15 the calculated streamlines on the fuselage and the separation
line are shown in conjunction with the experimental results for comparisocon.
Whilst the separation lines are wvery similar, the calculated streamlines

on the body are bent up rather sharply in the vicinity of the separation
line, which can be credited to the use of the two-dimensional boundary
layer model, However it should be noted, that the oil flow studies can only
show the streamlines immediately adjacent the body surface "below" the
boundary layer, wnile the calculation yields the potential flow streamlines

outside the boundary layer.

In fig. 16 the velocity wvector distribution in a wake cross section
at the body-tailboom intersection is shown. The position and sense of
rotation can be reproduced reasonably realistically by the calculation,
but the medel is not able to simulate the vortex roll up, even if the
reduced velocity in the vortex core is wvisible . Fig, 17 shows the pressure

= i5m

——  CALCULATION
WITHOUT WAKE

——— CALCULATION (WAKE
EFFECTS INCLUDED}

cp 0 5 1 15m e MEASUREMENT

Fig. 17: Pressure distribution on experimental helicoptexr model
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distribution along two streamlines on the fuselage. The agreement between

the results, calculated with the separated flow model, and the measurement
is in general quite good, especially in comparison with the pure potential
model. A remarkable feature is an overlarge pressure increase in front of

the separation line, where the front edge of the wake body influences the

oncoming flow such as a step in the contour.

5.3 Wake structure and pressure distribution on BK117 wind tunnel test model

For a wind tunnel test model of the BKll7 several experimental results
are also simulated. In this case the fuselage was represented by about 1000
panels (fig. 18).
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Fig. 18: Panel arrangement on BK117 wind tunnel model

SEPARATION LINE =_JE;_55_—hk S

Fig. 19: Calculated flow arcund BK117 wind tunnel model

In fig. 19 the streamlines on the fuselage, the separation line and the
wake body are presented for an angle of attack of -5 deg. At the rear
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bottem of the fuselage the separation line was fixed by a small spoiler
in this wind tunnel test. The spoiler was not taken into account in the
calculation, but the separation line on this part of the fuselage was
taken from the measurements. As fig. 19 shows, the momentum loss in the
centre of the wake reaches about 70 % of the freestream velocity.

Although the velocity distribution across the wake is not comparable
with experimental results, the drag evaluation from the momentum loss
agrees very well with the measured value. Also the calculated pressure
distribution, which is shown in fig. 20 for two lines along the fuselage,
shows reasonable agreement with the experimental results.

“p SEPARATION LINE

——— CALCULATION
WITHCOUT WAKE

—— CALCULATICN [WAKE
EFFECTS INCLUDED)

©  MEASUREMENT

SEPARATION LINE

Fig. 20: Pressure distribution on BK117 wind tunnel model

The reason for the use of a spoiler is to prevent any movements of
the separation line with changing of angle of attack, (which would greatly
influence the aerodynamic forces on the fuselage), since then the BK117
spoiler has been replaced by a pair of fins providing a reduced drag with
the same stability effects.

6. Conclusions

The problems of calculation of the separated flow on helicopter
bodies have been demonstrated. After an overview of the main aercdynamic
effects and the general calculation problems the separated flow is analysed
with regard to the, in general, unknown wake characteristics, as e.g.
geometry and vorticity, which is distributed in shed and trailed vortices.

A calculation model has been developed on the basis of an approved
panel method and a boundary layer method. Explanation of the model con-
centrates on the determination of the wake geometry and vorticity. An
iterative procedure is necessary to solve the main potential equation
using the wake parameters from the foregoing iteration loop.
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The applicability of the method is demonstrated on different body
shapes. Pressure distributions and wake characteristics can be simulated
to sufficient accuracy, although some improvements are desired. The
calculation of separated flow suffers mainly from the lack of sufficient
experimental rxesults. In this area additional information is expected
from the present wind tunnel activities.

For the calculation method several modifications seem to be convenient,
such as replacement of the two-dimensional boundary layer model by a three-
aimensional method. modelling of the trailled-wvortex roll up, and smoothing
of the step-like effect of the front edge of the wake body.

Another field for future studies is the modelling of the make of
the main rotor hub area ar well as of the attachments that can prevent
the adverse effects of flow separation, such as spoilers, strakes etc.
However for further investigations in this area more experimental re-
sults are necessary.
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