C.P. No. 524 C.P. No. 524

MINISTRY OF AVIATION

AERONAUTICAL RESEARCH COUNCIL
CURRENT  PAPERS

A Semi-Empirical Method for
Estimating the Rotary Rolling
Moment Derivatives of Swept

and Slender Wings

by
W. J. G. Pinsker

LONDON: HER MAJESTY’S STATIONERY OFFICE
‘ 1960
'FOUR SHILLINGS NET






R

C.P, No. 524
U.D C. No. 533.693.1:533.693.3:533,6,013.417

August, 1959

A SEMI-EMPIRICAL METHOD FOR LSTIMATING il ROTARY ROLLING
MOMENT DERIVATIVES CF 3SWEPT AND SLELDIR WINGS

by

W, J. G, Pinskex

L N e =]

SUMMARY

TR

A method is derived for estimating the derivatives Zp and Er of swept
and delta wings based on theoretical data and steady six component wind
tunnel results  Good agreement is obtained with values of 8p measured on a

rolling balance for a series of narrow delta wings.
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1 INTRODUCTION

Recent wind tunncl tests on the rolling derivatives of slender Wings1
have shown variations of 6P with incidence which connot be predicted by

existing methods. One particular shortcoming of existing work on derivatives
is that it is based on the concept of attached potential flow. It is there-
fore unable to predict the acrodynamic leads resulting from the vortex type
flow near the leading edge of slender wings. As wind tunnel tests for the
rotary derivatives are much more rare than static six component tests, it
appears desirable to derive an approximate mcthod for the estimation of the
rotary derivative of the aircraft, which mokes the best use of steady

tunnel data to correct basic theory for less predictsble flow phenomena.

In this note such 2 method is given for the rolling mament derivatives
€p and 6r. although in principle the same method appears suitable also for

the estimation of the corresponding yawing moments, thesc are much more
sensitive to relatively minor changes in the pressure distribution over the
wing and need therefore more detailed analysis than it is proposed to apply
here,

2 IHE YAWING WING

In Fig.1 the geametry of the flow induced by a rate of yaw r on a
swept wing moving with the velocity'VO through a stationary fluid is

illustrated. It can be seen that yowing gencrates incremental velocities
in the horizontal plenc which can be split up into two components:-

U = =1y (1)

V = =IrXx (2)

where y 1is the spanwisc and x tiic chordwisc co-crdinate of a given point
on the wing with respect tc the centre of rotation. (In free flight this
would be the CoGe of the aircraft). Within the usual restrictions to small
perturbations thesc twe components cun be considered separatcly and their
cffects superimposed. When applicd to the rolling moment due to rate of
yaw &r, we can thus writc:-

o, = (), + (1), . (3)

The longitudinal velocity increment u results in a lincar variation

of the total velocity Vb + U across the span as shown in Fig.2. As the

local 1lift is proportional to the square of the locil velocity onc gets

L) = L (n) <1 + %;)2 = L_(n) (1 + 2 —vf-z-)- + <v‘32> (%)

where Lo(ﬂ) is the local 1lift in undisturbed steady flow. For small

disturbances second order terms cun be neglected, thus equation L reduces to:



L(n) = T (n) (1 + 2 Qfﬁ . (5)

The second term in the bracket rcpresents incremental 1ift due to yawing
which can be integrated into a rolling moment (8r)u. This phencmenon is
2,3,k

considered in the conventicnal methods for calculating 3r , giving

values for 6r in proportion to C These calculaticns are based on the

.
concept of either lifting line or lifting surfacc thccry and can be
expccted to give good results if the actual flow at the wing under con-
sideration corrcsponds to thc assumptions of the theory, i.e. if there is
attached flow. Normally conditions of separated flow are only of interest
to the study of the stall and spin which are outside the scope of the
present investigation. However, on highly swept leading edges the flow

is known to separate and form a steble leading edge vertex, which is
responsible for the generaticn of considerable additional 1ift on the

outer portions of the wing. If this "vortex 1lift" is modified by flow
asymmetrics such as exist in yawing motion, the resulting rolling moment
(in proportion to the overall CL of the wing) will be substantially greater

than that predicted on the basis of the spanwise distributicn of 1ift for
attached flow.

Strictly it is impossible to separate readily the total 1lift acting
on a wing into a contribution due to "attached flow" and cone due to
"vortex flow", Hewever, a working estimate may be obtained by assuming
that the contributions due te attached flow is defined by extrapolating
the 1ift slope (BGL/aoa) 4 Pertaining at the incidence with attached flow a,.

If the wing is designed to have attached flow at a = 0 as illustrated in
Fige3, we can define approximately the "vortex lift" as

/aCL
A CLV = CL - \'é*a—)A o . (6)

For warped wings where the incidence for flow attachment a # O we
get more generally:

30
bop, = CL“(B‘E")A (a-a,) - (7)

A schematic diagram of the probable spanwise distribution of the
two contributicns to the total 1ift is given in Pig.h both fer symmetric
floew and for the incremental 1ift duc to yawing. In Appendix 1 the rela=
tive rolling moment arms of the incremental 1lift contributions of the
assumed cemponents of attached 1ift (n A) and vortex lif't ('r]v) have been

canputed for a narrow delta wing of aspect ratic 1. The results are plotted
in Fig.5 against incidence as nv/hA i.e. the ratio between the rolling

moment contributions of the "vortex 1ift" and the "attached 1lift". The
results given there may be considered generally representative of the
family of slendor wings. As a rough epproximetion within the range of
flight <acidences the voe af a mean volue nv/nA'x 1¢3 may be adequate.



Applying this increased moment arm of the contribution of the vortex 1ift to
the estimated rolling moment due to rate of yaw one can now write

{ ‘T, * ™y 8 CLV}
(), = erTH o (8)

or from equation 6

o - (20/2), -Cmm) AT
TH L

Equations 6 and 9 assume that flow attachment cccurs at « = O. For wings
designed with a " # 0 (warped wings) equation 9 can be readily modified

according to equation 7 to take this into account.

In principle the procedure outlined above can also be applied to the
yawing moments but this requires more detailed knowledge of the spanwise
distribution of drag and also of the amount of L.E. suction established as
the wing which will depend largely on wing thickness and section. Adequate
general data are not available ot the moment so that yawing moments are not
considered in this present note.

The lateral velocity increment v on the yawing wing results in a
chordwise distribution of sideslip as illustrated in Fige.ib. One must
expect a rolling moment to result from this phenomenon which ought to be
related to the steady sideslip derivative Ev. If a point slong the longi-

tudinal axis can be found at which this sideslipping effect may be thought
to be concentrated, say at a distance Xp from the centre of rotation, then

a further contributicn to f’r would be defined as

(81')‘%}’ = “’vB;RZ . (10)

In fppendix 2 numerical values have been computed by strip theory for
the location of this "rolling moment ccntre" of swept wings and slender wings
of this delta and "gothic" planform. The results for swept back wings are
plotted against taper ratio in Fig.5. For the narrow delta wing the rolling
moment centre is at approximately 75% of the recot chiord, for the gothic wing

at 68e7%.

Adding the contributions due to u and v, equations 8 and 10 can be
combined to give the total value of 61' a8

Ty

_H v :!
e, = G, {CLA +”A A ch} * 4 575 (11)

The data for the 1ift and 8v may be token from steady wind tunnel tests,

61' s from existing thecretical data, ce.g. from refs. 2.
TH
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3 THE ROLLING WING

A wing rolling about a longitudinal (x) axis will generate a vertical
incrementel velocity

w = Dpy or Ao = %X- (12)
o

which varies linearly across the span. The resulting 1ift distribution
can again be integrated tc give the rclling moment derivative Ep. This

phenomenon is considered in the conventional methods for estimating this
derivativel,

As rolling causes incremental local changes of incidence, the result-
ing moments will be propcrtional to the resulting 1lift increments and thus
to the 1ift slope of the airfoil. Any failure of the theory to predict
the 1lift slope of a wing should therefore be reflected in a proportional
error in the estimated rolling moments, i.e.

‘ (acL/aa)EXP

]

Pry (ac;/0a)

If the theoretical value for €P is based on a theory complying with

the actual flow on the wing, i.e. in general Tor wings with attached flow,
the above expression can be used directly to obtain an empirical correction
for ﬂp as

Ppy /90
& = T s ' (13)
P T EXP

This expression will correct for an errer in the overall lifting
capacity of a given wing but not for differencces betwcen theory and actual
flow in the spanwise distribution of 1ift, such as will cccur cn a wing
with leading edge vortex flow.

Analogously to the procedure used in the previous section for the
estimation of £ _we again assume separate contributions by the "attached
1ift" and the "vortex 1ift" acting on the wing. As Ep is proportional to

the 1ift slope, rather than CL itself we have now to determine two corres—

ponding contributions to the 1ift slope. With the assumptions used
previously, an "attached 1lift slope" can be defined by the tangent of
QL(a) at the incidence aA'where the flow is attached. Consequently the

"vortex 1ift slope"is then given at any incidence by

@, - .-, - ()

As the 1lift generated by the leading edge vortex on a swept narrow wing
acts at a greater spanwise moment arm than the 1ift associated with
attached flow, its contribution to the rolling moment derivative 6p will

again be weighted by the factor m,/m, as derived in Appendix 1.
A PP
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As an approximation the damping in roll derivative 613’ of a wing with

leading edge vortex flow may be estimated as

(. - BEAB-EIF -

The term in square brackets is the portion of the total 1ift slope
generated by the leading edge vortex. Ref.2 gives for slender delta wings

)
Py 4

- S 6
o (16)

16

s0 that for slender wings one can write

<6P)W RERNET 5:(:2) [/50 >a \aaL>A:} %} . (17)

If the wing is at an incidence a with respect to the rolling axis, as
illustrated in Pige6, rolling will also generate lateroel velocities
v(x) = Xp sin a. x is the chordwise co-ordinate measured from the centre
of rotation.

Thus there will be chordwise variation of sideslip

B(x) = J{i:Es:i.noc (18)
o

similar to that expericnced by the wing in yawing metion (Fig.1). 3By
analogy we obtain o contribution to the rolling moment derivative

*r
<vp>v = «‘Z:v 1—375 gin o (19)

X, is again the distance of the "centre of rolling maments" from the centre

R
of rotation of the wing (the C.G. in free flight).

The total value of &p is then given by adding equations 15 and 19

o - B [0, - ()] ) pee]

It is readily secn that the last term in equations 11 and 20 and
therefore the value of 61' and 613 will vary considerably with the C.G,

It

position if both @v and incidence arce large. This applies in particular to

highly swept wings at high C"L



L COMPARISON WITH WIND TUNNEL RESULTS

Values for the damping in roll derivative 6p as computed from

equation (20) have peen compared with the results from a recent series of
rolling balance tests! on four slender wings., The wings tested had all
biconvex root sections and diamond cross-sections. Their gecmetry is
given below:-

Wing A : Gothic, Aspect ratio = 0.75, root chord thickness t/e 54 0%

i
t

Wing B : Gothic, A = 0.75, ¥/c = 8.2%

Wing C : Gothic, A = 1.0, %/c

1

84 2%
Wing D : Delta, A = 1.0, %/c = 8,2%.

The values for the 1ift slopes and €v as extracied from ref.? and used in

the present computations are plotted against incidence in Fig.8. For the
rolling balance tests the centre of rotation (and the reference for the
moments) was at 14.8.3% of the root chord for the gothic wings and at 59.3%
for the delta. The chordwise centre of rolling moment for the gothic was
taken to be at 68.7% and for the delta at 75% of the root chord. Con-
sequently the values for Xps the distance of the moment centre from the

centre of rotation are

- 0.687 + 0.483

il
i

- 0,204 for the gothic

i

- 0.750 + 0.593

It

- 0.157 for the delta.

The spanloadinz factor for the "vortex 1ift" has been taken as
/My = 130,

Using
£
Pry

i

-
- 16

from ref.2, theoretical values were ccmputed using the sbove quantities
and the tunnel data of Fig.8. The values are compared with corresponding
rolling balance results in Fig.9 for the three gethic wings and in Fig.10
fcr the delta wing., The agreement is very satisfactory in the case of the
gothic planforms, for the delta there is a marked discrepancy at higher
incidences, although even there the general trend of Eb with a is well

represented. In each case the resulits that would be cbtained from
equaticn 20 by ignoring the 4v contribution, i.e. by corrccting theory

only for actual 1ift slene are also shovm. This illustrates more clearly
the importence of the 6v contribution,

The failure cf the data to predict more closcly the low incidence
demping in roll is most probably due te the fact that the basic thecreti-
cal value of 6p has been token as that applicable to the straight delta.

TH



Although further work is needed to extend the validity of the suggested
procedure to planforms other than those considered here, the results are
sufficiently cncouraging tc scrve as a working hypcthesis in the obsence of
more reliable data.

5 CONCLUSIONS

It is suggested that the rolling mcment derivatives &r and, 61) of

swept back and delta wings may be estimated by correcting basic theoretical
estimates by experimental wind tunnel data for the 1ift coefficients and the
derivative 6v. These corrections are based on simplified concepts for the

definition of so called rolling moment centres of pressure for which numeri-
cal values are given. In particular the method attempts to take into account
the effects of leading edge vortex flow.

Results obtained by this procedure have been compared with data for 6p
fran rolling balance tests on a series of narrow wings and the agrecment was
very satisfactory.

It was noted that for highly swept wings at incidence the values of
('r and 6P depend consideraobly on the C.G. position. The formulae given in

this note are suitable for transferring such data to alternative C.G.
positions.

LIST OF SYMBOLS

& = acL/aa 1ift slope
b wing span
c locul chord
Co root chord
CT tip chord
CR distance of centre of rolling moments from apex of
delta or gothic wing
o, = —=Eb 1ift coefficicnt
’ p/2 V° 8
C g = ROlllgg moment rolling moment cocfficient
P/2 Ve 8 b

- 10 =
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LIST OF 3vBoLs (Contd)

rolling moment due to sideslip

demping in roll derivative

rolling moment due to rate of yaw

rate of rcll

rate of yaw

local scmispan

incremental longitudinal velocity

flight wvelocity

incremental lateral veleocity

incraaental vertical wvelocity

chordwise co-ordinate

distance of chordwise rolling moment centre fram

centre of rotation (C.G. in frec flight)(positive
Torward)

distance of chordwise rclling wcment centre from
ving (or lifting linc) apex (positive aft)

spawise co-ordinate

incidence

sideslip

non-dimensional spanwise co-crdinate
rolling mament arm of attached 1ift
rolling moment arm of vortex 1lift

distance of cheordwise rolling moment centre from
apex (or apex of 1lifting line)

Suffix A denctes attached 1lift and V vortex 1lift.
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APPENDIX 1

ESTIMATION OF THE ROLLING MOMENT ARM OF TIE ATTACHRED
LIFT AND TIE IEADING FEDGE VCRTEX LIFT

wrn = E% is the spanwise co-ordinate of a wing and L(m) the local
1lift, the rclling moment LNI acting on one half wing is given by

1
Ly = / L('n)'ndwj (21)

and the moment arm of the 1if{ acting on the semispan by

4
L(n) m dn
Ty = <g . (22)
J t(n) an
o

If it were possible to separate the contributions of the attached
fiow L " and the 1ift produced by the leading edge vortex inte two distinct

quantities, the moment arm of each could be cbtained aeparately, i.c.

Y <Tl) 7 dn
n, = — - (23)
- f LA(T)) an

and

o S Ly(n) m an . (2)

v [ Ly(n) an

Such a separation of the total 1ift is not strictly pessible, but for the
purpese of the prescnt investigaticon one may use this concept as a working
hypothesis,

is a further approximation it is «lso assumed that the local incremental
1irt preoduced by yawing or rolliug is proporticael to the basic symmetric 1ift
multiplicd by the spanwise co-ordinate 1, i.c.

Lp,y = L) n . (25)

Now the sparwise moment oxm of the incremental asymuetric 1ift can be com-
puted from the basic lif't distribution on the wing Lo(n) as



appendix 1

L 2
g L, (n) n% an
Ty = . (26)

OILO('n) n dm

For narrow wings, assuming conical flow it will be sufficient to com-
pute this equation from the pressure distribution across any given chord-
wise location, avoiding the extreme near the apex and the trailing edge.

In ref.5 it has been shown that therc is in Tact little variation in the
pressure distribution with x. Now equation (26) has becn camputed for the
contributions of attached and vortex 1ift to the rolling moments.

(i) Ls a working nypothesis the "attached 1ift" is assumed tc be
distributed evenly over the span. ZXlthoush this assumption camnot be
strictly supported by thecretical censideraticns, it appecars to agree well
with whatever experimental date there are, e.g. the pressure distributions
of ref.5 for small incidences = where there is hardly any evidence of a
leading edge vortex — are practically constant over the span.

Bubstituting L0 = const in ecuation (26) the rolling mament arm of
this contribution is
1

f "n2 an
o 2
n, o= = 5 (27)
I madn
o]

(i1) Pig.11 shows the spanwise pressure distribution measured in
refe5 on a norrow delta of aspecl ratic 1 at a staricn acrcss 50% of the
centre line chord., The corresnonding volues of tetal 1ift against incidence
arec given in fig.11, wherce the assumed contribution of the "attached 1ift"
is indicated by the dotted line. Deducting a constant pressure distribution
corresponding to the properticn of the "attached Lift" to the tetal 1ift
from the values given in Fig.10 and multiplying thesc with m, on estimate
for the vortez 1ift contribution due to incremental asymmetric flow is
obtained as shown in Pig.13. The moment arm of this lift-distribution has
been computed from equation (2).) and the results are plotted in Pig.b
against incidence. It is suggested to use as a practical mean value

mn o
. - V. _ 0.865 _ =
Ny 0.865 or ﬁz = 0 = 1.30

- -



APPRIDIX 2

ESTIMATION CF THE CHORDWISE ROLLING MOMENT CENTRE OF
WINGS WITH SWEPT IEADING EDGES

When considering a wing in yawing motion (or in rolling at incidence)
there will be a chordwise variation of local sideslip

r (x-xo)

Blr) = . (28)

If suitable assumptions are mede for the rolling moment generated at each
chordwise station it should be possible to estimate an apparent chordwise
centre of pressure for this rolling moment at which the sideslip effect can
be assumed to be concentrated.

(a) Narrow wings

By slender wing thecry the local cross-load at any chordwise position
is proportional to the local semispun, s(x), and the local spanwise centre
of pressure iz also proportional to s{x). Thus the locel rolling moment is
preportional to s (x§.

If we further assume that the local rolling moment is also proportional
to the local sideslip B(x) the total rolling moment gencrated on a slender
wing witn a cheordwise variavion of sideslip as defined in equation (28) can
be calculated as

G
o}

L = K= X=X szx
7 I\V/ (x=x ) 5°(x) ax (29)

&

where K iz an aercdynamic constant.

One can define an "equivaleat rolling moment' generated by a constant
sideslip as appropriate to that existing at a point Xy distant fram the

centre of rotation as

C
p/IZJVZ = K%fosz(x)dx . (30)

Equating equations (29) and (30) we get

%
, 2
é (x-x ) 8 (x) ax
XR = CO . (31)
1) sz(x> dx
o



Aprendix 2

Introducing nen-dimensional co-ordinates & = 6:3- and mm = ?3;5 we get

o)

1

I (-2 ) n®a -

i
L

0 uf*

1
Inz ag
(o]

For the delta planform n(¥) = &, therefore

1 1
felag-g | & ez
0o o

- (33)

!

|
Bl (O]
o

o“hd*

i.e. the rolling moment centrc is at 757 root chord.

TPor the gothic planform 1(E) = 1 - ('l-?;',)z

f1 (£-2.) {1 - (1—5)2}2 aE

*n o 11
c_ = = w7 =& (34)

i {1 - (1—6)2}“ aF,

i.e. the rolling mcment centre is at 63.8% rcot chord.

(b) Tor swept wings with arbitrary taper one may again apply strip theory,
the strips now being chosen to lic in o streszwise dirccticn. Let the span-
wise chiord-distribution and, within the limits of strip theory, the 1ift
distribution be

1 - GT/CO
2

g% () = % {1 - (2n =1) :Um;} (35)

C
where 1 = y/ s is the non-~dimcensionalised sparwise co~ordinate and E}l the
o
ratio of tip chord to root chord. The spanwise centre of rolling moments ¥,

is then given by

f1 O () 1% an
EL (o] 675
A . . (56)
c{ ~75 (1) m n



Appendix 2

Substituting for C(n) from equation (35) equation (36) gives
1 - Cp

11 = e
376 ‘I+CT/G
= o . (37)
1-CT
11 /%
[

This function has been camputed and plotted in Fig.6. The chordwise
location of the centre of rolling moments measured from the apex of the
lifting line (say the }.; chord line for the subsonic regime or the % chord
line for superscnic flew) is finally given as

E:,L = -nLtanA

where A is the swecp of the 1lifting line. To obtain the distance of the
centre of rolling moments from the moment reference locus Xps the distance

of the apex from the moment reference (say the C.G. of the aircraft in free
flight) has to be added,

W1.2078,C.P. 524 .K3 ~ Printed in England
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