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Summary

It is established that two very different types of flow can exist
around the bluff upswept rear fuselage typical of some helicopters; and the
change from one type (eddy flow) to the other (vortex flow) can, depending
on the circumstances, be accompanied by a large increase in drag and a
reduction in fin effectiveness. Angle of incidence of the fuselage (a) -is
an important parameter, as are lateral taper and to a lesser extent edge
radii. Results are presented for two series of rear fuselage shapes, each
covering a range of upsweep angles (¢). The nature of the vortex type flow
is discussed. An oa¢ diagram provides a useful way of assessing a given type
of configuration from a design aspect. In a final section the two types of
flow are put inte a broader context by means of an extended a¢ diagram.

1. Introduction

Experience on fixed-wing aircraft has shown that where a rear fuselage
shape is necessarily bluff, as for example when rear loading doors are required,
the prediction of fuselage drag is exceptionally uncertaini and this uncertain-
ty relates to a failure to understand sufficiently well the nature of the flow
separations that occur. A case in point was that of the Short Belfast!:
through this and other experiences it has become apparent that rear-end drag
can in some circumstances be higher than would correspond to classical bluff-
body separation.

New light has been thrown on this situation by work done in recent years
(refs. 2-5 et al) on the drag of slanted bases, with particular reference to the
design of hatch-back cars. T. Morel in particular has shown" that the flow over
a slanted bluff base takes either of two forms, depending on the angle of slant;
the one form a classical bluff body separation with standing eddy, the other a
flow characterised by two streamwise vortices, after the manner of the flow over
a slender wing at incidence, a type of flow nowadays well established® in the
aeronautical field. Eddy flow exists at large slant angles; as slant angle is
decreased a critical value is reached at which the flow changes suddenly to the
vortex type and this change causes an immediate large increase in drag. Further
decrease of slant angle is accompanied by a progressive decrease in drag, ulti-
mately to levels below those associated with the eddy flow.

The present investigation has the objective of putting these aerodynamic
phenomena into the context of helicopter design, for cases where a bluff rear
fuselage upsweep is a practical feature. There are obvious envircnmental
differences to the problem, as between the helicopter and the hatch-back car,
notably the addition of a flight incidence range for the helicopter.. The
interaction of angle of incidence and slant angle (hereinafter termed upsweep
angle) requires exploration ab tmiiic. This paper gives an account of research
carried out at the University of Bristol during the past three years. Refer-
ences 7, 8 contain the detail of undergraduate student experiments. The paper
reviews these and presents the results of further experiment and analysis by
the present author.
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2, Description of experiments

The experiments were made in the Aercnautical Engineering Department's
7 ft x 5 ft low speed wind tunnel. A 1/5 scale model of an early version of
the Lynx was used as a basis, on to which the required rear-end shapes were
built (Fig.1,2), Two series of shapes have been investigated (1) with parallel-
sided rear fuselage ("untapered hases") and (2) with laterally-tapered rear .
fuselage ("tapered bases'"). A range of upsweep angles of the base was covered
in each case. Series (1) had sharp edges at the base: series (2) had moderately
rounded edges but at one upsweep angle a sharp-edged version was also tested.

Concerning limitations, the Reynolds number of the tests was of course
low; but the boundary layer was always turbulent before reaching the base and
therefore the separation phenomena would not be expected to be significantly
Reynolds number sensitive, Morel's work covered this point experimentally and
arrived at the same conclusion. More significantly, perhaps, the model had ne
rotor, nor was rotor downwash simulated in any way. Comment is made in the
paper on the qualification this introduces into the results.

3. Results with untapered bases

A typical variation of drag with incidence in the mid-range of upsweep
angles {40 ) is shown in Fig. 3. As incidence is decreased (nose going down-
wards) a point is reached at which the level of drag increases suddenly.
Surface pressure plotting on the base and wool tuft surveys show that this
eritical point corresponds to a sudden change from eddy flow to vortex flow,
An indication of the stahility of each of the two flow regimes is the occur-
rence of hysteresis to the extent of about 5% in eritical incidence. Incre-
mental drag due to the bluff base is obtained by comparing the measured drag
with that for the basic model (both measurements inclusive of model supports),
the latter being effectively a streamlined shape.

In Fig. 4 the results of Mistry and Lamb’ are plotted in the form of
drag against upsweep angle at constant incidence (nose going downwards). This
corresponds to the typical presentation of Morel for hatch-back cars (one
incidence only) and exhibits essentially the same features. Taking any one
variation at constant incidence, eddy flow shows a minimum drag at 90° upsweep
{vertical base) and a modest increase as upsweep angle is reduced. Vortex flow,
established at the critical point, shows an immediate high drag followed by a
falling characteristic as upsweep angle 1s further reduced..

There are here two features of concern to the helicopter designer (1) the
critical flow change which, coming in at a particular incidence (Fig. 3), is
potentially undesirable for aircraft flying control and (2) the high drag in
vortex flow which persists for a significant range of upsweep angles below the
critical.

Fig. 4 shows that the amount of drag rise at the critical is strongly
a function of fuselage incidence. At sufficiently negative incidence it can
be enormous: at -9° incidence with 40° upsweep (the case shown in Fig. 3) the
drag jump itself is equal to about 70% of the drag of the basic model (effect-
ively a streamlined shape) plus its supports: on a conservative reckoning of
support drag, this means that the magnitude of the jump is about twice the
basic fuselage drag.

4. Results with tapered bases

Fig. 5 gives the drag measurements for the series of tapered bases with
moderately rounded asdges, plotted against incidence as in Fig. 3. Here a
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discrete drag jump is observable in only one case (60° upsweep). This is not
to say that no flow change occurs for the other angles but only that drag
changes are smaller than for the untapered bases. As concerns the type of
flow, the results at positive incidence suggest that the flow here is of eddy
type for upsweep angles 0%, 47° and 60° and of vortex type for 31° only. This
difference in drag characterlstlcs at pogitive incidence is equally a feature
of the untapered bases, though not included in Fig., 3 (see however Fig, 9). It
would follow, therefore, that a flow change occurs with each of the first three
upsweep angles but not with the last,

To check this out more firmly, we resort to the surface pressure distri-
“butions. Typical chordwise pressure distributions on the base are shown in
~Fig, b6 for both untapered and tapered bases. The untapered base result shows
- the essentially different characteristics produced by eddy flow and vortex
fiow; in the former case an almost censtant pressure, in the latter case a
higher suction at the start of the upsweep and a more strongly varying distri-
bution. These characteristics can also be seen clearly in the tapered base
results and together with the further support of tuft flow observations, they
provide definitive evidence on the type of flow existing. From this evidence,
an approximate boundary between eddy flow and vortex flow can be defined
(Fig., 7) and the variation of drag with upsweep angle constructed (Fig. 8),
using Fig. 4 as a pattern.

It is seen from Fig. 8 that the critical upsweep angles are signifi-
cantly higher for the tapered bases than for the untapered ones, for example
at -1u° incidence, 60° upsweep compared with 45° Drag changes are generally
much smaller than with untapered bases but the drag jump, where it occurs, is
nevertheless still significant by comparison with the basic fuselage drag.
Coupled with the movement in critical upsweep angle, however, the significant
drag jumps occur at more extreme negative incidences.

Incremental drag attributable to both untapered and tapered bases is
shown in Fig. 9. This is obtained as the excess drag over that of the basic
model at the same incidence, expressed as a coefficient in terms of the pro-
jected area of the base. The latter is the same for all models of a series
but different for untapered and tapered bases by a factor approximately 2:1.

5. ad diagrams

Up to this point, the emphasis has been on showing that the upswept
rear fuselage of a helicopter can, within a range of upsweep angles, produce
either of two discrete types of flow, which in turn may have significantly
different drag characteristics. The situation for a given case is summarised
in a plet of upsweep angle ¢ against angle of incidence of the fuselage o:
in this diagram is shown the locus of critical points, or critical boundary,
separating eddy flow and vortex flow, together with suitably defined excess
drag zones. Such a¢ diagrams for the untapered and tapered bases are presented
in Figs. 10, 11. Points to note include the following:-

(a) For untapered bases, the critical range of upsweep angles is from 33° to
51° approximately, Below the former the flow cannot be of eddy type; above the
latter it cannct be of vortex type. The corresponding angles for tapered hases
are 35° and 70° approximately.

(&) The boundary for untapered bases is that derived from Fig. 4 and repre-
sents the changeover points when incidence is decreasing, The single measure-
ment of hysteresis shown in Fig. 3 suggests that for 1nc1dence increasing the
boundary would shlft to more peositive 1n01dences, hy about 5° at 40° upsweep,
probably zero at 33° upsweep and perhaps 10° at 50° upsweep., No hysteresis
was detected in the tests of tapered bases.
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(c) The important excess drag zone is that at negative incidences and below
the critical boundary. Here the high drag arises from suction on the base
associated with vortex flow. This zone is defined in the a¢ diagrams by the
range of upsweep angles below the critical for which the drag remains above
the level corresponding to eddy flow at the critical point. In Figs, 10, 11
the excess drag zones are shaded progressively to indicate low, moderate, high
and very high excess drag (only the first two exist in Fig. 11). For more
explicit 1nd1cat10n of the amount of excess drag, reference is made back to
Figs. 4, 8.

(a) For incidences above the minimum drag point, the drag in eddy flow is
always higher than that in vortex flow. This applies to both series of bases
and can be seen exemplified in Fig. 4 (curve for o = +9°) and more clearly in
Fig. 9. A second excess drag zone is thereby defined, in this case on the
eddy flow side of the critical boundary.

(e) Using Fig. 10 as presented, it would be concluded that for fllght at
-9° incidence, the upsweep angle should be either above 40° or below 20° (for
Zero excess drag) or 28° (for only small excess drag).

6. Vortex flow and the incidence effect

It is clear from the evidence that the occurrence of vortex flow in the
helicopter context is strongly incidence-related. At zero incidence the drag
jump is relatively small, even for the untapered bases (Fig. 4). It is not
clear why this should be so in view of the hatch-back car evidence which is
essentlally for a "zero-incidence" case: however, the sensitivity is such that
by -3° incidence (Fig. 4) the jump appears to be of similar magnitude to those
in Morel's work,

A second feature is that as incidence decreases, the critical upsweep
angle increases, One might from first principles have expected an opposite
trend, whereby for the critical change the upswept base would be at a certain
angle to the free stream, implying a relationship,

$ - o = constant.

That this is not the case points to the importance of the angle between flow
along the bottom of the fuselage (approaching the upsweep) which is at inclin-
ation o to the free stream, and that along the side of the fuselage, which is
more nearly in line with the free stream, It seems that this angle has the
double effect (a) of delaying the point at which, as incidence is decreased,
the flow along the bottom of the fuselage can turn up the base and (b) when
this point is reached, of strengthening the attendant vortices, leading
thereby to the result that the larger the upsweep angle, the greater is the
drag jump when it occurs. In practical terms, these points are well demon-
strated in the a¢ diagram (Fig. 10) which shows the increase of critical
upsweep angle as incidence is increased negatively (in fact, for negative
incidences the boundary is reasonably close to a straight line, ¢+a = constant)
and also the concentration of high vortex-flow drag towards the higher negative

incidences.

7. Lateral taper and edge radii

The less dramatic results shown with the tapered bases are accounted
for by the combined effect of lateral taper of the fuselage and rounding of
the edges of the base. Considering first the edge rounding, an additienal
test was made with a sharp-edged version of the u7° upsweap model. Comparing
results, the sharp-edged model gave appreciably the higher drag at positive
incidences: this is where the flow is of eddy type and clearly, with sharp
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edges the flow separations are fixed in a way which maximises the size of the
eddy flow region, so a higher drag is not unexpected. At negative incidence,
where the flow has changed to vortex type, the drags of the two versions were
approximately the same. The most significant evidence was provided by the
pressure distributions, which indicated that the critical changeover occurred
at a more negative incidence with the sharp edges; in other words, at constant
incidence the change would occur at a lower upsweep angle (perhaps by 4°), The
rounding therefore accounts for some (perhaps one-third) of the shift in posi-
tion of the critical boundary as between Figs. 10 and 11. The result is in
agreement with Morel's findings",

The more major change is that resulting from lateral taper. There are
various ways of looking at the effect., One might say that lateral taper near
the top of the fuselage allcows air to be vented directly into the base flow
regicn, thereby inhibiting development of the vortices emanating from lower
down the base. Alternatively using the slender wing analogy (section 1), the
base plan form is now like a slender wing operating in reverse, i.e. with the
widest part at the front: this would certainly have a weakening effect on
vortex development.

8. Tin effectiveness

Hinchcliffe and Westland® found that the existence of vortex flow had a
detrimental effect on the restoring moment in yaw of a vertical fin mounted on
top of the tail boom. Some results are given in Fig., 12. Plotted vertically
is a measure of fin effectiveness, defined as the difference in slopes of
yawing moment against angle of yaw for the model with fin on and fin off, the
slopes being taken at zeroc yaw angle. Plotting this quantity against negative
incidence for several models gives the results shown. With 60° upsweep, giving
eddy tyge flow throughout the incidence range, the fin is consistently effective,
With 46~ and 40° upsweep, however, the effectiveness at zero incidence is of the
same order as for 60° upsweep, but when the flow changes to vortex type at the
critical incidence, the effectiveness falls suddenly and is even negative for a
time, The mechanism of low fin effectiveness is probably that suggested in the
accompanying sketch, whereby a differential strength in the two vortices gives
rise to a cross-flow at the fin position in the destabilizing sense.

g, Note on rotor simulation

All the experiments to date have lacked any simulation of rotor flow.
Inclusion of rotor downwash, increasing as flight speed diminishes i.e. as
incidence increases, would have the effect of elongating the a¢ diagram
progressively towards the more positive incidences. In other words, the inci-
dence for changeover would be increased by the effect of downflow on the sides
of the fuselage, bringing the changeover, and possible high vortex-flow drag,
more into the flight regime. A similar effect was present on the Short Belfast!
from the downwash of a high wing set at incidence to the fuselage.

10. The extended a¢ diagram

In this general account of base flow situations, it is pertinent te ask
two questions:

(1) Why does the critical boundary have the particular shape shown
in Figs. 10, 11°?

(2) How do the two types of flow discussed relate to a third type,
namely streamlined flow, which is the normal target of aero-
dynamic design?

A first clue to answers is provided by the way that both the experimentally-
derived boundaries turn upwards at positive incidence. For any upsweep angle, it
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may be presumed that as positive incidence is increased, a point will be reached
at which the inclination of the base to the line of flight (the horizontal)
becomes so small that there is no flow separation on the base itself. The base
is now effectively in streamlined flow. General considerations of streamlining
lead to the expectation that this will happen when the angle of the base to the
horizontal is down to about 20°, i.e.

o - o = 20°

This approximate boundary can be added to the a¢ diagram and is readily seen to
provide a plausible extension of the upturn of the experimental boundaries at
positive incidence.

At the negative incidence end, there would appear to be a patural limit
to the existence of vortex flow when the upswept surface reaches the vertical,
Beyond this the vortices would be required to develop in a directicn opposing
the mainstream on the fuselage sides. This limit is defined by

6 - a = 90°

and again a plausible extension of the critical boundaries is provided.

The total picture thus constructed is presented in an extended a¢ diagram
(Fig. 13) which shows the juxtaposition of all the three possible types of flow,
We take a series of sweeps at constant incidence through the diagram. Starting
with streamlined flow, as upsweep angle is increased this changes directly into
eddy flow if the incidence is greater than about 59, For a lower inecidence,
however, streamlined flow will first change into vortex flow, which then at
higher upsweep angle is transformed into eddy flow. For still lower incidence,
streamlined flow is not possible and we have vortex flow at low upsweep angle
changing into eddy flew at higher values. The experimental boundary thus appears
as & transition line reaching across between natural boundaries Bl and B2. Given
in addition that the larger the negative incidence, the stronger is the "starting
vorticity" provided by the angle between flow on the bottom of the fuselage and
that on the side (this has been argued in secticn 6), the general shape of the
experimental boundaries is fully accounted for.

11. Conclusions

(L) It has been established that two very different types of flow can exist
around the bluff upswept rear fuselage which is a feature of some helicopters;
and the change from one type {eddy flow) to the other (vortex flow) can,
depending on the circumstances, be accompanied by a large increase in drag and
a reduction in fin effectiveness.

{2) The nature of vortex type flow is discussed at some length. Primary
parameters are upsweep angle, ¢, and angle of incidence of the fuselage, «,
and an o¢ diagram provides a useful way of assessing a given configuration
from a design aspect.

(3) For a series of untapered bases as tested, upsweep angles below 33°
produce only vortex type flow and those above 507 only eddy type flow. Tor
intermediate upsweep angles both flows exist, the point of changeover depending
on angle of incidence, with some hysteresis,

(u) When the changeover to vortex flow cccurs, at negative incidence, there
is an immediate increase in drag caused by high suction on the base associated
with the vortex formation. The drag jump can be very large, typically about
twice the basic fuselage drag.
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(5) Onset of the vortex flow can also cause a sudden reduction of fin
effectiveness, the 'differential strength of the two vortices in yawed flow
leading to a net cross-flow at the fin in a destabilizing sense.

{(8) For a series of tapered bases - corresponding to lateral taper of the
rear fuselage ~ the flow changeover is still detectable but the result is less
drsmatic in a drag sense. [For a given incidence the critical upsweep angle is
higher than for untapered bases. Only at high negative incidence and high
upsweep angle (e.g, a = -14%, ¢ = 60°) is a significant drag jump found. Tail
surface power may be affected more widely but this has not been investigated,

(7) Lateral taper accounts for most of the difference in severity of the
effects found with the two series of bases but a change was made from sharp to
rounded edges at the same time and from a single check it appears that edge
radius is also a factor. TFurther experiments are requived if these two factors
are to be separated, Also, different forms of lateral taper could produce
different results.

(8) In a final section of the paper, the two types of flow, eddy flow and
vortex flow, are put into a more complete context by use of an extended o¢
diagram. This brings in the one other type of flow which could be envisaged
as applying to the rear fuselage design, namely streamlined flow, under which
no flow separation would cccur forward of the exXtreme point of the base, It
also introduces the concept of an upper limit to vortex flow, namely when the
upswept base reaches a vertical position relative to the line of flight.

Notation

o angle of incidence of fuselage to wind (+ve nose up)

¢ angle of upsweep of base surface relative to bottom of fuselage

b drag force

Cp drag coefficient = D/qS

qQ free stream dynamic head = %sz

p density of air

v free stream velocity

S a reference area, either cross-sectional area of fuselage or projected

area of base, as required

CP pressure coefficient = (local static pressure - free stream static pressure)
3ov©

x distance along base slant from start of upsweep

c total distance (chord) along base slant
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