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SUMMARY

In an attempt to establish a simple criterion for the prediction of
the spin  anl recovery chsraateristlcs  of aircraft, It has been deduced that
the two most important parameters are the unbalanced rolling moment coef'fi-
dent about the wind axis  in the spin and the ratio of pitching to rolling
moment of inertia. Using the results of full scale spinrung tests on
thirty-three aircraft, it has been possible to establish empirux.1  rela-
tionships between the estimated unbalanced rolling moment coef'fxient  and
the inertia ratio which effectively dlvlde  the aircraft into the three
groups which have satisfactory, borderline and unsatisfactory recovery
oharacterist~os.

A simple method 1s presented for estimating  the unbalanced rolling
moment coeffxlent  knowing only  the shape of the aircraft. With this
information ard a knowledge of the mass distribution of the aircraft, the
empirical relationships should give a good indxation  of the spin recovery
characteristus  on new designs. Thu method 1s expected to be of partvxJ.ar
value to auoraf't  designers in the early design stages since the method
does not depend on the result, of tunnel tests.
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1 Introduotion

The az.m  of research into the spin and recovery characteristics of
aircraft must be to enable the accurate predlction  of these chsracterlstics
in future designs. The method, present end past, is to build a scale model
to absolute dynsmlc similarity  and complete R series  of spinning tests in
the Vertical Tunnel. After making an allowance  for the difference in
Reynolds number between the model and Pull scale alrcreft,  the full scale
characteristics of the spin are predicted directly from the model tests.
These  tests e.re  not done until the design of the aircraft I.S slmcst
settled and it is, theEfore,  very important  that the designer should
have some guide, as to the probable characterlstscs  of the nircraft  in
the spin and durmg  the recovery, m the early stages of the design.
This is particularly important for eiementary  end advanced trainers as
satisfactory spin and a h~.gh standard of recovery 3.9  required  of these
types.

a

%CO methods of producing such a prediotlon can be mentioned:-

(1) Calculations on the detailed design of each type based on
the aercdynsmic  demvatlves  obtaineu frcq rolling balance tests.
To be effective,  the data used in th1.s  method must be obtained at
or near flight Reynolds numbers an& this will not be possible until
the rolling balance in the Bedford tunnel is in use.

(ii) A sinple  criterion  based  on the geometry of the aircraft and
compared. with the wealth of flight experience which is available.
A criterion of this type is of a limited character and.  at best can
only be treated as approximate  for borderline cases but it ms$ prove
to be a valuable guide to designers  in the oases of the elementary
and advanced trainers.

Several attempts have been made in the past to proaum criteria  of
this type (ii) and these are discussed in the next section.

2 Previous Crrteria

The first attempt to produce a criterion  was ms.~!Ie  by Finn  x.11  1937'.
He recognised that the fad.zE  of models to pass the model s?inning  test
requirements was usually due to one or more of the follovz%ng:-

(:'-I a large distributicn of mass along the X-axis i.e. (C - A)
large; thxi has subsequently been show to apply  to model  scale
only snd the opposite is true full scale,
(il)  inefflcient  body section 1.e. the body cross-section  of a tspe
which produces a low dsmping  due to rotation,

(ILL) deficiency In side area - again producing low body damping,

(iv) shielding of the rudder by the tallplane.

During spinning tests in the Vertxal tunnel most models spin with
the vnngs  approximately horleontal and therefore the inertia dzf'ference
(A - B) was not important.

As far as the inertia loading of the alrcrsft  was concerned (C - A)
was regarded as being the most xnportant  parameter and therefore the
inertia difference coefficient C - A

kf
b3

was taken as sn independent

PS 5
variable throughout. This parameter has a direct effect on h and
thcrefoxo  also indirectly  affects the body damping.
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The bcdy damping or the resistanoe  offered by fuselages of similar
cross-section to rotation in the spig  may be expected. to vary as I: 2 A
where x is the distance  of an element of side srea  A from the C.G. In
order to compare the various  designs  the body damping ratio was written in

The areas  of fin ad rudder shielded by the tailplane

v/
and elevator, in a spin at 45O mcidenoe  assuming a wake spread of x0, were
assumed to have zero demplng and were therefore ignored. The area urder the
tailplane ad elevator was more effective  due to the tailplane  position above
it and a factor of two was applied to this area.

Although it was realised  that boa cross-section affected the body
damping no allowance was made for this in the analysis.

The effectiveness of the rudder as a recovery control was assumed to
be proportixml  to the unshielded rudder area ad was expressed in the form

Unshielded Rudder unshielded rudder area x distance from C.G.
Volu~~3  Coefficient  p

The two aercdynamic  criteria developed i.e. the body damping ratio end
the unshielded rudder volume coeffloient,  were plotted against the inertia

term O - A
A\3 - A rough sepsratlon  between passes ard fails was obtained

using firstly, the two coefficients separately and secondly, the coefficients
multiplied together to form 'the damping power factor'. The second case
gave better separation between the passes and failures ix pass the required
recovery stanaards.

This oriterion was modified by Tye ad Fagg2  in thexr  extension of the
enquiry, to include full scale spinning aircraft.

The ahanges  they made were:-

(i) The bcdy damping ooeffioient was expressed in the form
d

L2

I
E lx2 ax

-8, s b2

where h is the depth of the bcdy (side view)

x is the distanoe  measured along the bcdy ads from the C.G.

e 1s the weighting factor applied. to various parts  of side area

9 maximum -ve value of x

&2 maximum+vevalueof  x.
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The factor E was given values

2 for fuselage and fm under tailplane
1.5 for rudder under tallplane

-0.25 for shielded rudder and fm
1.0 for remainmg  side area.

(c) The uns~elded  rudder volume  coefficient 1s now defined as

where pqi is the unshielded  rudder area.

~hls analysis indicated the minimum degree of hoe damping and
unshielded rudder volume ooefflclent  which the designer should aim to
provide but compliance  with the criterion 13x3  not guarantee good spinning
qualltles  full scale as factors such as body section and inertia  yawing
moment couples had been ignored.

A more complete analysis was offered by Pringle and Harper3 1n
March 1952. Taken as a whole, this analysis represented a very large
step forward. over the work of its predecessors. An effort was made to
pressnt the basic  causes of error in previous criteria. Moreover, it
was devoted entirely to the analysis of full scale recovery  predictions.
The cntenon suggested depended upon the equation for the eqlulibrium of
yamng  moments (body axu) 1n the spin.

Unshielded rudder VOLWWcoefficxnt  c bodg.&mplhg  coeffiuent  +
inertia yawing moment + inferred "ring yawing moment coefflclant  = 0.

Of these qua?titxes  only the inferred wing yavvlng  moment cannot be
calculated and.-therefone  for the_bordexlLne  case tho uSe.rred  wing SpaKing
moment was assumed to be equal to and of opposite  sign to the sum of the
other three quantities.

Another assumption was that the wing yawing moment was
proportIona  to the thickness/chord ratio and over a vnde  range of h
was assumed independent of 7~.

The diagram showing the plotted results (Fig.2) of inferred wing
yawing moment against  thickness/chord ratlo  for thuty-one  axrcraft  show
that in general a separation, between aircraft which recover from the
spin by normal control movements and those which fail, is reasonably
defined.

The method of calculation of the body damping coefficient,
unshielded rudder volume coefficient and inertia  yawxng moment couple
are repeated below.

The body damping ccefflcient  is equal to

Eh-
Sb2 J h x2 dx

The weighting-factor e tc3given values at an incidence of 45O  in
Table I below.
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TABLE I

Effect of Bod.v Section on Damping in Roll

1%dy Cross-Section 1 E ata=l+5"
t

Circular (pointed profile)
Rectangular
Elliptical
Round top, flat bottom
Round top, flat bottom t strakes
Round bottom, flat top
Round bottom, flat top t strskes

Fin
i

Free
Under tailplane
Above tailplane

Rudder under tailplane

+o.  6
+I.5
t2.1
+I.1
t1.p
t2.5
t3.5"
t1.5
+3.0
-0.4
t 2

/ *Depending on width of strdces.  This is for 0.014.  2:" where 8"
is distance of C.G. to rudder post.

The inclusion of h in the bod
z

damping coefficient in this form
was demonstrated by Irving  and Batson . Their  results showed that the
body damping coefficient was almost directly proportional to h over a
range  of h from 0 to 0.9.

No changes were made to the nnshiel&ea  rudder volume coefficient
hut-it iaworth nating that this has.been  demonstrated to be independent
of h at a given incidence again by Irving ana Batsod.

The inertia yawing couple z was also included. in the analysxs.
This v,as estimated  from the particular values  of (A - B) for the airorsft
at-d  assume3  values of T-c PI 4, and CL in the spin. The methoa is shown
in Ref.3  ad in this way, a guess at the inertia  couple could be made.
Calculations over a range of types shows that this may have a value  of
+J units.

3 Recent Evidence

3.1 Full Scale Tests

The results  of some recent full scale tests on a Meteor S6 with
five different rnertia  ratios of the pitching to rolling moment of
inertia are shoxn m Flgs.3 and 4..

The technique  of the tests wes to apply 'outboard'  or pro-spin
engine at the stall and maintain the ongine thrust throughout the spin
and recovery. The thrust of the pro-spin engine was measured during the
spin and recovery at-d  in the lower graphs (Fig.3) the time required to
recover is plotted against the yawing moment appllea  by the pro-spin
engine. The recovery action taken by the pilot was either, full opposite
rudder and the elevator moved aown until the spin stops (normal  recovery
action) or full opposite  rudder with elevator remaining fully up until the
spin stops (rudder only recovexxes).  In both cases the ailerons were
maintsinea neutral.
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These results show that the inertia  loading of the aircraft made a
large difference to the standard of recovery. The mean slope of the curve
(Fig.4) 1s negative and gives a greatly improved recovery stsndard  as the
pitching to rolling moment of lnertla  was increases.

The recovery standard of the Meteor 8 for three inertia conditions
.2  (Aircraft 30a, b and o where */A = 1.62, 2.23 and

?l2%2~2t$eY~f _end by this criterion  the stsndarci of recovery should
be reduced an& not increased with */A as the full scale results xdioate.

3.2 Calculations based on Tunnel Rolling Balance Tests

A series of wina tunnel tests on a rectangular ClarkeYalng  were made
with the NACA spinning balance by LBsmber and Zimmerman7 as part of a
research on spinning aircraft. All SLX components of aerodynsmio  force
and moments ore measured through  a range of angles of attack, angles of
sidesllp,  and values of E*b llke-ly-to-be  obtained by spinninGaircraft,.

%-latter-pat of thoWepoz+xcor&.ins  an-snalysls,  using-this data, for
estimating the spinning characteristics of an aircraft. The most inter-
esting result, when these measurements are used XI celculatiuns  with vvlng
loadings and inertia ratlo  common today, is shown In Flg.5.

The quantities  plotted are the yawing moment (anti-spin)  which must
be supplies  by parts of the aircraft other than the wing for equilibrium
in the spin against the ratio of the pitching to rolling  moment of inertia
parameter for incidences  of 30 and 45O. This result again shows how ttx?
equilibrium in the spin and therefore the recovery standard depends upon
the inertia loading of the 3ircraft. Other crossplotted results  from this
report showed that the wing rolling moments in the spin are dmost directly

proportional to !7bh v
( >

. Calculations using strip theory on wings at

high Reynolds ndxrsconfirm  this result up to h = 0.5 or 0.6.

Much time and effort in the past has been devoted to showing that
the pro-spin wing moments depend upon the thickness/chord ratio of the
wxng and rolling balance tests have shown this to be true. In view of
these previous results, a graph of the suggested wing rolling moments is
shown in pig.6 based on the Rssumption  that the vnng rolling moments are
a linear funotlon  of thickness chord ratio.

4 The Cn terion

4.1 Fundamentals of the Anal.vsis

On exanming the equilxbrium of an aircraft in the spin one can
consider either the eqLulibrium between the znertia  and aerodynamic forces
about the wznd axes or about axrcraft  body axes. If aircraft body axes
are chosen then there 1s equilibrium  between the inertia and aeroaynamlc
couples about each axis and any small change about one axis will affect

, the equilibrxnn about the other two.

If aircrsft  vvlnd  axes an chosen then since the centrifugal  forces
on all parts of the aircraft act radially from the axis of the spin, there
can be no centrifugal couple about that axxs and therefore the eqlulibrium
of the spin is entxrely  aeroaynamlc  1~1  nature. Thus, for equilibrmm  in
the spin the pro-spm moment dus to the wings must equal the antI-spin
moments due to other parts of the aircraft in the spin.
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---
:. CPB  + &.?g + ep, = 0 (wind axis)

If the rudder is central and the aircraft is in equilxbrium  then

--
&pg +ep,  = 0.

This does not represent the complete picture  of the equilibrium in
the spin as each of the inertia couples about body axis must be balanced
by corresponding aerodynamic couples. These can exert  a marked lnfluenca
over  the equilibrium of the spin and the recovery.

The xnfluence  of the pitching moments of inertia 1s greatest in
decidiny the rate of rotation about the spin 3x1s for equilibrium  at a
given incidence. Thhls 1s reflected in the equation for deriving

for the aircraft.

'I'he  rolling and yawing inertia couples Influence the angle of tilt
of the vrlngs  and thus the sdesllp in the spin. T2xir  influence  on the
spin and recovery characterrstlcs  of an alrcraft  ore shcwn  In Figs.3,  4
and 5 and the xmpcrtsnt  parameter appears to be the ratio of ths yawing
and rolling inertia  couples which can be expressed in the form.

A - B
b 3

PS Tj0 =A-BepA-B = 1-B
C - B C - B A A

as A+B fi C.

Therefore the twu most important parameters am:-

and (ii) (j - F) -

For the recovery from the spin when the rudder 1s deflected against
the spin if

then theoretically we have the case of a borderline aircrsft  which just
does not recover from the spin. If these do not equal zero, then we have
an unbalanced rolling moment coefficient (URMC) about the wind sxls and if
this is anti-spin or pcsltive  then the aircraft should reccver  from the
spin. Ths results of calculations of this type are plotted (Figs.7 and 8)
for approximately 25 aircraft. Bcundarles  can then be drawn in separating
the aircraft whxh were pass, borderline, or fail  in their full scale
spinning tests.
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Thus to assess a new aircrsft  the calculation of the two important
parameters should be male and the reccvery  characterlstlcs  assessed by
comparison with the empirical boundaries which have been drawn on Flgs.7
and 8.

In a calculation of this type It is Important to keep it as simple
as possible and only cne spinning  incidence is used to assess the
characteristics of the spin. This is 45' at the plane of symmetry as

(i) this is a mean spinning incdence  of an average azrcraft,

(il) the rate of rctaticn  about the axis of the spin will be a
minitium and is the worst case when body damping is considered.

4*2 The Criterlcn

The criterion given below is based broadly upon previous criteria
vnth mcdlfzcaticnsitothe  methods of assessing the results.

The method of appllcaticn  should be as fcllcws:-

(4 to estimate h from the general layout snd loading of the aircraft

where JR is the aspect ratio

b, ‘= CC,-‘Aj
.8PS cy\

(b) To calculate Che anti-spm  rclllng  moment ccefficlent  (wind axis)
due to the body at a mean incidence of 45'.

Values of E can be obtained from Table I and Flg.1 and assuming
a wake spread ever the tailplane of 30'. It is usually impcsslble  to
allocate one value of E for a complete fuselage annd  it is, therefore,
essential to allocate, a particular value of E for each section of the
fuselage as the calculation 1s made.

-
'PB = A I chx2&x

Sb2

(c) . To calcula.te  the snti-spin  moment due to the movement of the rudder
from neutsa~ $$$Uy antl-spin.

G:= !g (Fig.1 )

(4 To estimate the wing rolling moment coefficient frcm  Fig.6.
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$2 ,,;;;g the unbalanced (ant-G-spin)  rolling moment coefficient Prom

umo = er: + &Fn + e,

(f) mot this result against,  1 - s and assess whether the aircraft
( >

is likely  to have a satisfactory spin recovery characteristic  by reference
to the empirical bound~es  which have been drawn on Figs.7 and 8.

5 Discussion

A critical examination of Fig.7 will show both the weaknesses and
advantages of this criterion over previous attempts.

(i) Although s good deal of effort has been applied, no evidence
has heen  found to show that the Hurricane (Airoraft 4) was a fail3
and a fairer classification is thought to be borderline. It was
classified in this way rn Fig.7.

(ii) The criterion does not ap ear to apply to aircraft of the
Vampire-Venom type (Aircraft 31 . Allocation of values of E inP
the formulae for body damping .&p< do not appear to represent a
true case even when the side area is multiplied by 2 to represent
the damping over the twin  booms.

(iii) There is a considerable amount of scatter for aircraft which
have positive values  of 1 - f .

( )
It is important to note that the criteria takes account of

rudder power alone as a recovery control but in flight the normal
recovery action is to use opposite rudder and to move the elevator
down. As the value of zB deoreases the elevator becomes inoreas-
ingly important as a recovery control as csn be seen if Fig.3 is
examined. Ihe Value of the elevator as a recovery control is
extremely difficult to assess as it depends upon

(1) the effectiveness of the rudder in reducing the rate of
rotation in the spin

and (2) the effeot on the rudder of applying down elevator during
the reoovery. This can be extremely important if, when
applying doml  elevator during a recovery the shielded area of
the fin and rudder is increased. !Chis could have a very
serious adverse effect.

Thus the scatter shown  when 1 - f
( >

is positive probably
depends upon the effect of applying dov.n elevator during the
recovery from the spin.

A word of warning might be offered to designers here, as it
is dangerous to rely on elevator power for the recovery from the
spin. At best it leads to long recovery times with high rates of
roll during the recovery which cause stressing difficulties in the
wings and possible disorientation of the pilot during the
recoveries.
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(iv) The criterion  shows an improving  recovery  standard  a3 the
pitching moment ?f inertia of the aircraft is increased. This
agrees with recent full scale experience (Aircraft 3Oa, b, o) and
the calculations based an tunnel tests.

This is the most important improvement over  previous criteria
which have always shown a decrease in recovery standard as the
pitching moment of lnertla  has been increase&.

t
VI The criterion includes an estimate of the wing rolling moment
wind axis) and when more data becomes available it can be applied

with only slight modification to the criterion for both straight
and swept vvlng aircraft. A summary of present data for swept wing
eircraft  is discussed in the next section.

6 Extension to Swept Wing Aircraft

The calculation of unshielded rudder area and body damping
coef'ficien':  KU be modified in that sllowsnce  must be made for the
sweepback of the tailplane. It is suggested that the present AP.970
recommendations be continued and 30 and 60° lines for estimating the
shiel&d fin and rudder area  be drawn from a point one thzrd  of the span
from the fuselage side.

Very little is known of the rolling moments of swept  wings at
spinning incdences  but recent full scale experience shows that at low
values of h (less than 0.2) the spin 1s little different from that Of
simile straight vrsng aircrsft. As a result of this it is suggested that
the same estimated wing rolling moment coefficients be used although
comparison of the CL-~  curves indicate that the results given by this
edterinn  ar?likely to be a little pessimistic. Fig.9 shows the results
for three swept wing sk%rLLft  plo LLd on il  graph which ~ncldes  the
boundnry  for passes and fails on straight wing aircraft.

7 Conclusions

(1) The limitations  of a criterion of this type cannot be over
emphasised particularly in borderline  cases but It is hoped that
it Will prove a valusble  guide to designers, particularly  in the
cases  of elementary and advanced trainers.

(ii) The results (Figs.7 and 8) do separate arcraft into three
classes, pass, borderline and fail for the recovery from the spin.

(iii) The principsl advantage of .Jhe new criterion 1s that it
includes the important parameter K and indicates that the recovery
standards will improve as g increases. This is in agreement with
the results of 801ne American rolling balance tests and recent
full scale experience.

(iv) Although the elevator, as a recovery control, is not inclded
in the criterion, Its importance has been emphaslsed in the diagrams
and calculatxns.

(v) As soon as the results from the Bedford tunnel rolling
balance tests are availsble,  the methods of extracting the wing
rolling moments, body dsmplng and rudder powr should be revised
taking adv3xtage  of these results
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LIST OF SYMBOLS

aistance  of element of sde area from C.G.

area  of element of side area = h dx

wing area

wing span

unshielded. rudder  area

depth of fuselage

maximum negative  value  of x

maximum positive value  of x

distance OP centeroid  of the tinshlelded rudder area  from C.G.

weighting factor applied to various parts of side area

x

A

s

b

J+c
h

&I

c2

c

E

Rb
.

c - Ah=gy 0, =
b3

-7-TgPs 2

n

V

fix
-
"pw
G

A

B

C

P

rate of rotation about spin

true rate of descent  ft/sec

bo4y  damping coefficient

axis

1
wing rolling moment coefficient

unshielaea  rudder volume coefficient when the
rudder is deflected against the spin

rolling  manent of inertia

pitching moment of inertia lb.ft2

yawing moment of inertia
density at altitude 00nsiderea slgs.ft2

i

wind axes

/

i
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