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. Summary

A region of roughness, associated with the airflow conditions of
the vortex ring state, occurs when a helicopter s operating in vertical
or near vertical dcscents i1n the range of about 500 and 1500 £t/man,

The turbulent circulating air and the rapid changes in local velocities
in this flow pattern coan cause serious helicopter handling difficulties.
This could causc conccrn in a slow steep approach, particularly under
instrument flying conditions,

This report describes flight experience in the vortex ring conditions
with the Sikorsky R-14B, R-6 and S-51, Bell 47 and Bristol 171 helicopters,
It as shown that the helicopter behaviour varies from a mald wallowing
on the best typc to a complete loss of control on the worst case. Thesc
effects arc due to the turbulent flow changes in the vortex ring and
the loss of control 1s thought to be caused by large changes in prtching
moments on the fusclage with small displacements of the helicopter relative
to the unusual fléw patiern.
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1 Introduction

During descent of the helicopter in vertical flight or at very
low forward cpeeds, some peculiar stability and control phenomena have
been observed, This behaviour appears to be associlated with the type
of airflow pertaining to these flight conditions in the vortex ring
state. Howcver, the magnitude of the effects on the various types of
helicopter i1s quite different.

This note dascusses the carflow conditions associated with flight
an the vortex ring state and summaraises the evidence from flight
experrence on five types of helicopter, viz:i- the Sikorsky R-4B, R-6,
and 3-51, Bell L7 and Brastol 171.

2 Axrflow Conditions

The helicopter rotor has three distinct working conditions, described
in general ftcrms as

(a) propeller working state,
(v) vortex ring state,
(¢) windm1ll brake state.

If, for smmplicity, we consider vertical flight, the propeller
working statc of the helicopter rotor represents verticel clamb. The
rotor disc i1s moving in the direction of the thrust and the aarflow is
directed downward through the rotor. The lamiting condition for the
propeller working state 1s the slatic thrust casc or hovering.

Az the helacopter descends from hovering, it enters the vortex ring
siate and the rotor dice 25 now moving in the opposite direction to the
thrust that 2t produces. In this state, the rotor i1s still pushing aar
dowrwards through the roior disc but the free air i1s moving upwards
relative to the rotor and the air below the rotor is forced out radially.
Thus, the air associated with the rotor disc does not form a regular
slipstream development but there exists a circulation of aar in a very
turbulent stote, the flow being directed downwards through the rotor,
then movaing radially outwards and upwards outsaide the rotor disc. Some
of this air as 1t passes upward cbove the rotor 1s agein drawn inward
and down through the rotor, circulating in the manner from which this
state deraves its title viz: the vortex raing.

Beyond the vortex ring conditions exaists the windmill brake state
in which the rotor deraves 1ts energy from the air. The flow 1s upward
through the rotor and the thrust i1s produced by slowing down the air as
1t passes through the rotor disc. The boundary condition between the
vortex raing ond vandmill brake states is the condaition where the upward
flow of air 1s brought to rest ot the rotor dasc. Thias condrtion of no
flow through the disc 1s referred to as ideal outorotation.

The recent flight work of Ref.1, using o smoke filament technique for
slipstream visuclisation, has assisted considerably in the appreciation
of the flow conditions in vertical flaght. In Rcf.1, photographs and
dragrams of the flow patterns in the various conditions are given,together
with quantitative results of the flight measurements,

In forward flight, the same three workang states still exist, the

boundaries between the states being determined by the velocity compbnents
at the rotor disc. The vortex ring state becomés progressively smaller,
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in terms of rate oi descent range, with increase in forward flight speed.
The boundary between the propeller end vortex ring states would be
represented by level flight for the ideal case of a rotor with no tilt.
However, helicopter drag mekca 1%t necessary to tilt the rotor in forward
flight and the boundary, corresponding to the conditions of flight path

" parallel to the disc plane, follows a curve similar in shape to the angle
of tilt curve, Thc general helicopter opercting statecs and boundary
condations for a typical helicopter are given in fig,l.

In this report, we are interested only ain the region in whaich the
vortex ring conditions have approcieble effects on the behaviour of the
helicopter. Flight tests have shown thet this region extends over the range
of rate of descent from about 500 to 1500 ft/min in vertical flight and
decreases with forward flight speed, so that above zbout 10 mph no apprecizble
effects were noticeable, 7This repgion of roughness -1s also indicated in
fig.,1. The flow conditions moy be obtained from Ref.1 but a diagram of the
typical vortex raing flow patterm exzsting in this region as given in Fig. 2.
It should be noted that the extent of the region of roughness wall depend to
some degree on the helicopter layout and the disc loading ete, but 2t is
unlikely to be apprecizbly altered from the range given in fig,!

3 Degcription of Helicopters

The flight tests were made on five types of helicopter, viz:
Sikorsky R-4B, BR-6 and S-51, Bell 47 and Bristol 171, All these helacopters
are of the same configuration of one main rotor and a torque-compensating
ta1l rotor. Descriptions of these helicoptcrs aond of their general f 1237
gualities havce becn given in vorious R.AE. and AJF.E.E, reports, S9ly 046,470

A list of- the relevant detoils and dimensions of the fave types of
helicopter are given in Table 1 ond drawings in figs. 3 to 7 respectively.

L Flight Behaviour '
4.1 General

The Sikorsky R-LB was the farst helicopter to receive extensive
flight-testing and thercfore the first type on which the vortex ring
conditions were experienceds The initial experiences of this behaviour were
rather alarming but 1t has since been found that the behaviour of the
R-4B 1s, in fact, very much worse than any of the other types tested. Most
of the investigations have been made on the R-4B mnd experience on i1t a8
dealt with in greater detail. The same general principles held on the
other types, although the actual effects are much less serious.

The approach to the region of roughness can be made by reducing power
from hovering flight or by reducing specd from forward flight. In the casc
of the R-4B there is not sufficient power to hover in free air and at
moxamum power the rate of descemt is about 500 ft/min corresponding to the
‘beginning of the region of roughness.

Lo 2 Sikorsky R-LB

When: the helicopter 1s brought to the region of roughness (fig.t1) there
is & great deal of wallowing or unsteadiness of the helicopter accompanied
by random yawing movements and o considerable increase in the vibration
level, Then, a loss of conirol tokes place 1in the fom of a nose~down
pitching, Pull backward movement of the stick cannot prevent this violent
mose-down pitchang end the helicopter attoins an ongle of pitch of shout 40°,
Subsequently, the flight specd increases rapidly to ebout 40 mph with
consequent loss in height before satisfactory control is regained, The
shuddering throughout the helicopter and the sharp movemonts of the
helicopter, in particular the violent nose~down pitching, arc
réther alaming to the pilot. This—was particularly se in the first




experiences and although the pilots gained some confidence with practice,
the characteristics werc still considered to be vicious.

Decrcasing the collective pitch, when the unsteady conditions are
approached, prccipitates the nose-down pitching. An increase of pitch
and power, if applied immediately the unsteadiness begins, can suppress
the loss of control but this 1s only o temporary effect on the R-4B as
1t has insufficicnt power to enable 1t to clumb clear of the region of
roupghness and the loss of control will eventually occur.

e 3 Sikorsky R-O

The behaviour of the Sikorsky R-6 in the region of roughness takes the
form of a general wollowang accompanzed by & harsh vibration and is
followed by a moderate forward tilting of the helicopter. There 1s often
a tendency to turn 1o port. In general, the characteristics of the R-6
are someéwhal samalar to those of the R~L but are very much less severe.

The forward i1lting can be kept to about 5 to 10°. Again, decreasing

the collective pitch precipitates the nose-down pitching while increase of
pitch and power suppresses 1t oend the helicopter can be climbed clear of
the region of roughness.

Lo Sikorsky S-51

The behaviour of the S-5 has the some general characteristics as the
R-4B and R-6 helicopters, There is the same type of wallowing but there
1s much less tendency to yaw oand the increase in vabration is much less
noticeable. The nose-down pitching tekes place and, while 1t is much less
severe than on the R-43, 1t does tilt more steeply than the R-6.

he® Bell

The investaigations on the Bell 47 have shown thot ot no time is
therc o compleie loss of control, There 1s some lateral and longitudinal
wallowing often accompanied by a good deal of yawing and there is the
usual increase in the vibration level. There is no violent pitching as
expericncced on the R-4B or S-51 helicopters.

The flight path can be reasonably well maintained although coorse
control corrcctions are necessary, which mekes 1t appear to the pilot
that therc 125 a gencral loss of effectiveness in the controls.

L.6 Bristoel 171

The Bristol 171 heclicopter shows the most satisfactory characteristics
of the five typcs tested, although the Bell 47 1s only slightly ainferior.
There is the usual increase an vibration on reaching the region of
roughness and a certawn amount of wallowing. This behaviour 1s somewhat
similar to that of the Bell 6.7 but the Braistol 171 does not seem to be
as scnsitive. Even so, there 13 a general wmpression of 1nsecur1ty
sufficient to moke the pilot apprehensave,

Tt 13 fairly casy w ocuppress the general roughness by increasing
the paitch and powcer and climbing clear of this region. ' The-lower blade
angles and higher blude kinctic cnergy make the technique of re-establishing
smooth flow conditions somewhot easier on the Brastol 171 than on the
other types.

5 Discussion

Sumrerising the flight expericnce in thas region of roughness, 1t
may be said that, wn bad cascs, there 1a complete loss of control, while,
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in the best case, there 1s a general wallowing instability of the
helicopber sufficient to make the pilot apprehensive. Now, this region
of roughness extends to or close to the condition for a very slow steep
approach as discussed in Ref.2. Such an approach would be virtually
impossaible on those helicopters showing the loss of control features.

In the best case, 1t would be very disturbang to the prlot, especrally
under instrument flying conditions, although with considerable experzence
and practice 1t should be possible to make such an approach.

Since so few have any real experience of flaght an the vortex ring
conditions, 1t maight perhaps assigt in appreciating the behaviour 1l we
congider the similarity to the sensations experienced during the stall of
a fixed-wing seroplane. The R-/\B feels like an aeroplane where, on
reaching the gtall, there 1s an extremely sharp drop of the nose which
the longitudanal control has negligible effect an trying to prevent.

There is also the simlemty in the generel wallowing and shuddering
before the nose-down patching takes place and in the difficulty of
anticipating precisgely the instant at whach the sudden nosge-=down pitchang
w11l take place. Applying the sumlarity to the other helicopters, the
S=51 and R—~6 would compare with aeroplanes with mld but quite definite
gstalling characteristics. The Bell 47 and Bristol 171 would feel sumilar
to aeroplanes on which 1t 1s possible to make a stalled glide. Although
the flight path can be maintained with coarse use of controls therc 1s a
fair amount of wallowing nstabality and general feeling of apprchension.
It must be appreciated that in dravang this samlarity with the fixed=vang
aeroplene stall, we are comparing only the general flight behaviour and
sensations experienced by the pilot and that there is no aerodynamic
relationship an the causes of these effects 1.e: there 1s no question of
aerodynamic stalling in the helicopter rotor - a fact easily proved in
that increasing the collective patch during the behaviour has a beneficial
effect.

It appears that the patching is brought about by the effects of the
flow on the fuselage. VWhile 1t 1s not possible to treat these pitching
moments 1n the vortex ring flow mathematically and the flight conditions
are too unsteady to enable measurements to be made, a rough idea can be
obtained by considering the flow patterns of Ref.1 together wath the
different types of fuselage on the five helicopters tested.

A check on the changes of flow over the rear fuselage was made on
the Sikorsky R-4B by using long wool tufts. It was found that the airflow
was very turbulent but that the general direction was downward over the
rear fuselage when the region of roughness was reached. Large changes in
flovw direction occurred when the helicopter was showing wallovang
characteristics and then, immediately before the violent noge=down pitching
occurred, the flow reversed completely and was directed upward over the
rear fuselagce.

The Sikorsky R=4B, with a1ts rectangular section fuselage, 1s known
to have large changes 1n pitching movement with changes in fiow conditions -
even with relatively amall flow changes an forwerd flaght conditions,
Ref.3. It 1s to be expected then, that the R=4B would show much more
serious characterigtics than the other types.

The BIlStOl 171 and Bell 47, which have very slim tall cones, show
the best flight characteristics in the vortex rang. The better
aerodynamc shape of the tail cone of the Bristol 171 is probably
responsible for the better behaviour of thns helicopter. In general, the
behaviour of the fave helicopters corresponds with what would be expected
considering the probable fuselage pitching moments on each type. It
shows that, while the region of roughness 1s fundamental to the helicopter,
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proper design of the fuselage, particuloarly the tail cone, can largely
minimise the effects on helicopter behaviour., However, the rapidly
changing flow of the vortex ring conditions will always cause random
changes in loading distribution along the blades and possibly also give
a certain amount of fuselagc buffeting. It is thereforc to be expected,
with ony helicopter, that therc will be some vibration and some gencral
wallowing instcbhbality,

6 Conclucions

6.1 A region of roughness exists an helicopter flight at very low
airspeeds in descents between 500 and 1,500 £t/min and stabality and control
difficulties may be experienced in this region,

6.2 The unsteady flow through the rotor causcs some vibration and
general wallowing instabilaty.

6.3 In somc cascs, loss of control may occur and this is probably due
to large changes in fusclage pirtching moment for small displacements within
the circulating flow associcted with the vortex ring condations,

6.4 These effects mey umpose limitations on the helicopter approach
conditions at very low airspceds, especially if instrument approach as
considered,

6.5 Flaght experience has been obtained on five types of helicopter, the
results varying from loss of control fto mild wallowing instabilaty. 1In
relation to approach under these condirtions, the R-4B would be impossiblce;
the S-51 dangerous; the R-6 very dufficult; the Bell 47 and Bristol 174
Just possible but there is o wallowing instebility and o general feelang
of insecurity and apprehension,




Ref'. No.

Aubhor

Brotherhood

Stewart

Stewart

Stevart

Glass

Mather

Bards

Bramwell
and
Sissingh

References

Tatle, ete.

Flow through the helicopter rotor in
vertical descent.
R&M 2738  July, 1948

Wotes orn helicopter approach an bland
flying condrtions.
ARC 22,890 November, 1949

Helicopter control to trim an forvard
flaght.
R&M 2733 March, 1950

General handling tests of the
Sikorsky E-4B helacopter.
R&lL 2,31  October, 1946

Sikorsky S-51 - Performance and
handling tosts.
ARC 11,238 December, 1947

Hoverfly II (Sikorsky R-6)
Performance and hondlang tests.
A.F.E.E, Report Rota 2

Gencral handling and stabalaty tosts
on a holicopter with a stabalasaing
bar (Bell 47D)

'ARC Ly,441  August, 1951

i8



Prancipal Dimensions

TABLE 1

Ft.2078.0r99.43,

Printed in Great-Britgun,

Srkorsky !
Helacopter Type Bell Bri$;01 f
R-4B R-6 | S-51 k7 i
© MAIN ROTOR |
" Ma:n rotor daa ft 38 37.9 L8 25,13 L4717
Number of blades 3 3 3 2 >
i Total blade area sq £t | 65.4 5.4 115.05 | 35.34
Disc area sq Tt 1132, 1130 1810 a70 1740
Disc loading 1b/sq ft 2.35 2.32 2,70 2,27 2.79
TAIL ROTOR
Ta1l rotor dia 't 8.19 8.19 8.4 5.75 9.61
Numbcr of blades 3 3 3 2 3
Total blade area sq Tt 4.8 4.8 £.69 2.4
Disc area aq % 52.8 52.8 55.0 25.31 72.5
FUSELAGE
Length £t | 3) 3L, 41.15 | 30.22 | 41
Maximum wadth 't L0 3.67 5.17 INYNN L.96
Fusclage Wadth At O0.75R
| 21 0,75k 0.018 0.015 0.018 | 0.013 ©.013
P 9 -
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FIG.2. TYPICAL VORTEX RING FLOW PATTERN.

€Old



FIG3.

L

SECTION SECTION
A-A. B8-B

0 S ©
Leeoald l
SCALE FT

FIG.3 SIKORSKY R -4B.
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