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Aerodynamics of Slender Rolling Wings
at Incidence in Separated Flow

M. J. Cohen* and D. Nimrit
Technion-Israel Institute of Technology, Haifa, Israel

A solution to the problem of slender wings in roll about the wind axis and at angle of attack is presented. The
basic approach used is a variation of that of Brown and Michael interpreted to take into account the anti-
symmetrical component in the resultant flow. A pressure distribution function is derived and plotted in a
representative range of the key parameters, (p,a,s()) and a general expression for the evaluation of the damping
contribution in roll caused by leading-edge separation in slender wings is given. The method is applied here for
the evaluation of the roll damping moment and pitch coupling of a basic delta-wing, but the pressure
distribution function is given in generalized form. This should enable the flow characteristics on more general
rolling configurations to be reliably assessed within the limitation of the model adopted.
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Nomenclature

= body-fixed axes, originating at wing apex;
O0x0 along the wing root-chord

= space-fixed axes, with OX, the roll axis of the
wing in the direction of t/and OY parallel to
O0y0, at any given time t

= rate of roll of the wing about the wind axis
OX

= plane Z=y + iz, normal to the wing plane at a
distance x0 from the apex O0, the cross-flow
plane

= transformed plane, £ = 17 + /f
= wing root-chord
= semispan of the trace of the wing in the Z-

plane
= semispan of the wing in the plane X=0, at a

distance x0 =x00 from the apex O0
= semispan of the wing at the trailing-edge, i.e.,

aix0 = c
= nondimensional semispan, s0=s0/s
= strength of the detached vortices in the cross-

flow plane, /= 1,2
= vector position of the detached vortices in the

Z-plane Z, =y( + fe/ = IZ/1 eiai,i= 1,2
— SO/SB
=ps0/Ue
= vector position of the detached vortices in the

£-plane £, =77, +./ff- = p,W = 1,2
= strength of the vorticity distribution along

trace of wing in the Z-plane
= polar angle defined by,y = scosd
= stream velocity parallel to the plane of sym-

metry of the wing and at angle-of-attack a. to
the wing chord

= half-apex angle of delta-wing [e = (SB/CR ) ] ,
or local slope of leading edge to stream direc-
tion, i.e., ds/dx

- nondimensional angle of attack of the wing
i.e., a = a/e

=ps/ Ue with, pB = psB / Ue
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e, 1=1,2
= velocity vector residue, at vortex singularity,

at Z=Z/, i'=l,2
= perturbation velocity components along Ox,

Oy,Oz
=L/pU2SsB, nondimensional damping in roll

coefficient
= M/l/2pU2ScR, nondimensional pitch

coupling due to roll
= -2u/U-v2 -w2/U2 +a2, pressure coef-

ficient on the wing
= perturbation velocity potential
- stream function in Z-plane

I. Introduction
SLENDER wing rolling at a slow rate and at zero
ngle of attack will experience a hydrodynamic resistance

to this roll which is measured by the damping in roll derivative
Qp. This derivative can be assessed quite easily either
macroscopically M or microscopically5'6 and gives a good
measure of the linear damping experienced by a slowly rolling
wing. At high rates of roll and at angle of attack, however,
separation takes place along the leading edges with a pair of
vortex sheets detaching from the rotating edges. These vortex
sheets roll up into spiral cornets forming cores of high vor-
ticity concentration at some distance from the leading edges.
The resultant flow is not conical, and one can expect an ad-
ditional basic parameter determining the rolling contribution
to bepsB/U, or, more conveniently, psB/Uc in addition to the
familiar parameter ct/e which introduces the incidence
element. It will also be shown that another parameter SO/SB,
which brings in the position of the roll axis along the wing
chord, plays an important part, as could be expected, in deter-
mining the character of the flow.

The approach used here is similar to that of Brown and
Michael7 in the sense that apart from the requirement of
smooth outflow from the leading edges, the main physical
constraint is that imposed on a simplified vortex system con-
sisting of a pair of concentrated vortices joined to the leading
edges by cuts across which there exist velocity potential
discontinuities. The physical image of these cuts is the trace of
the vortex sheets feeding the concentrated vortices and
generated along the lengths of the leading edges by the
shearing action of the rotating wing on the ambient fluid. This
model leads to a statement of the problem in a crossflow
plane, the Z-plane, whose geometric and dynamic elements
are illustrated in Figs. 1 and 2. This basic model has already
been used by Hanin and Mishne8 to provide a solution, partly
numerical, of the particular problem of the rolling slender
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wing at zero anglex>f attack. Their procedure is not followed,
however, in the more general and complex problem examined
here. A solution is obtained, based on suitable assumptions
regarding the local rate of development of the concentrated
vortices, which enables the local character of the flow to be
obtained "independently" of that in neighboring sections.
These assumptions were tested against the partly numerical
solution of Hanin and Mishne8 for the a = 0 case, and the
agreement was found to be very good. Thus, the approach
used keeps close to a theoretical framework suitably helped by
acceptable modeling. In this it differs from the intuitive
model suggested by Polhamus,9 which in many cases gives
useful practical results. Boyden10 has applied Polhamus'
model to assess the damping in roll of specific slender con-
figurations in detached flow, and his results together with ex-
perimental data11 will be compared with some of the more
general results presented in this paper.

II. Analysis
It is easy to show that the relevant complex potential in the

Z-plane for a rotating two-dimensional plate at angle of at-
tack a is

= -~(Z-(Z2-s2)]/>)2-iaU(Z2-s2)y> (1)

for unseparated flow, where s is the local semispan of the cut.
Using the transformation

£=(Z+(Z 2 -5 2 ) 1 / 2 ) /2 (2)

one can transform the flow in the Z-plane into that in a £-
plane, wherein the cut in the Z-plane transforms into a cir-
cular trace of radius 5/2. In particular, the flow of Eq. (1),
corresponding to the unseparated flow round the rotating
plate, becomes in the £ -plane

iaU .
(3)

where

The simplified vortex system associated with separated flow
can quite simply be inserted in the £-plane (Fig. 3) by means of
the additional potential function W 2 ( % ) , where

s2ei&1 iT2-——)--^
2-K 4pi 2-K

The complex potential function

S2ei(32

--——) (4)
4p2

(5)

now satisfies all the geometric and dynamic boundary con-
ditions but with F/, pi9 and £/, /= 1,2, so far undetermined.
These will be determined from physical considerations, in-
cluding that of "smooth outflow" at the edges in the
following paragraph.

Determination off/ , pi9 and /?,-

The complex potential of Eq. (1) contributes the velocity q

e-o
Z-~s

-ps( -7- -2sinO) - — } +2aU2 sm0 d$ (6)

in the £-plane, at points corresponding to Z= ±s, i.e., at £ =
±5/2. Since

dZ 2(Z2-s2)V2

d£ Z+(Z2-52)1 / 2

the limit of Eq. (6) yields

5
q=-ips + 2aiU

£=- - q=+ips+2aiU

In order to ensure smooth outflow at the trace edges in the Z-
plane, one enforces the condition that the velocity con-
tribution, at £ = .± (5/2), of the flow W2 (£), to be: ± ips - 2a

dW2

Performing the differentiation and limiting processes yields
the first two relations between F/, pit and #,-, /•= 1,2.

2
2 + l-2cos/32

where

2p
— .5

ps
J7>Ue

a.
-,e

^
2

=

2

F,

(7)

2irsUe

Thus for every pair of values of the key nondimensional per-
formance parameters (p,-&), Eqs. (7) yield two relations be-
tween the six parameters F/, p/, and /3/, /=1,2. Four more
relations are yielded by the stipulation that the net force vec-
tor exerted by the ambient fluid on each of the combined
systems of feeding vortex layer and concentrated vortex
generated by each edge, is zero. A mathematical expression of
this condition is:

(8)

where x0=x0/s.
The left-hand side in Eq. (8) is the residual flow velocity at

Z=Z/, in the absence of the effect of the vortex singularity
situated there. The right-hand side derives from an ap-
proximation to the true vector sum of these forces, which is

-x0)]}, i=l,2
This approximation is legitimate if 1) (dZj/dx) « (Z//5)e,
i.e., if one assumes that the concentrated vortex lines lie
"close" to the wing leading edges; 2) (dTj/dx) - (Z/T5)
= « /F /-e(Z/ :F5)/5, i.e., if one assumes that the concentrated
vortex strengths vary locally as

r/ = const. xn

i.e.,

dx

(9)

(10)
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Both these assumptions are justified exactly for the case of a
wing at angle of attack and zero roll, if n,•, = 1, since the flow is
conical. At the other extreme, for the case of a wing in pure
roll at zero angle of attack, the assumptions were tested
against the known part-numerical solution of Hanin and
Mishne8 by comparing the value of T0=Tj = F2, derived, for
pure roll by the present method, using nl =2, with that ob-
tained in that source. The agreement was found to be ex-
cellent.

For intermediate cases, such as the ones under investigation
with mixed angle-of-attack a. and roll />, we shall assume sim-
ply that .

\p\ + la l
\p/2\ + Id l (11)

which satisfy the boundary values of n (i.e., for pure roll, a
= 0 and for pure angle of attack, /> = 0) and give convenient
interpolative values for n for mixed flows. The authors were
further helped in making this assumption by the relative in-
sensitiveness of the solutions to the actual value of n.

We can now proceed to derive another four relations
relating the six unknowns (p/,F ' / ,#/) and (p2, F2, 02 ) . Taking
the conjugate of Eq. (8) gives

_ =eU(

where

(12)

i = 7,2(13)

In Eq. (13), W(%) is given by Eq. (5) and W, and W2 by
Eqs. (1) and (4), respectively. Performing the operations in-
volved in Eq. (13), obtains, after some arithmetic

-f2)- (14)

with a similar expression for (v2 — /w2) _ .
On making use of Eq. (12), for /= 1,2, one finally obtains

the two complex expressions

+p(Z1 -i
-P

nonlinear simultaneous algebraic equations which can be
solved by a variant of the optimum descent technique. This
has been done in representative ranges of the controlling
parameters £0, 6t, and/?, and the results tabulated in Table 1.
Figures 4 and 5 give a visual display of some of these results
and show the coordinate positions of the concentrated nor-
malized with respect to the local semispan, vortices, for two
values of s0, the parameter introducing the chordwise position
of the axis of roll, and two of the incidence for a set of values
of p. The case illustrated in Fig. 4 allows also the projection of
the positions of the concentrated vortices in the crossflow
planes on a plane normal to the wing surface.

III. Pressure Distribution Along a Span
For the case considered, for the body axes adopted, and on

the surface of the rotating wing, the pressure coefficient is
given by

with

2u (v2-w2)

— , v= — ,ox oy oz

(16)

(17)

Fig. 1 Delta wing in roll at incidence; geometry.

(15a)

-P

-PJf2

(15b)

for the determination of Z7,Z2,f/and f2 . Thus the two Eqs.
(7)and the preceding two complex equations enable the
sixquantitiesxy^je^r^r 2, i.e., the positions and
strengths of the two concentrated vortices off "leading" and
"trailing" edges, to be found. The equations are a set of

Fig. 2 Cross-flow plane, Z-pIane.

Fig. 3 Transformed plane, £-plane. £ =Z+ (Z2 -1)'
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In Eqs. (17), 0 is the real part of W(Z) on the surface of the wing.
Using Eqs. (5), (1), and (4) in the evaluation of the derivatives in Eqs. (17) leads, after substitution in Eq. (16), to the

expression for Cp

Cp _2

e2 2
p _ p _

l+p2
1-2p]cos(6-(3}) 7+pi-2p2cos(0-/32)

+ 2(F i +p- —r ) tan~ 7 [

sin(0-/37)

)cot0

2-(p2+[l/p2])cos(d-/32)

•^+4f,/>
sin(0-fe)

7+pi-2p2cos(0-^

'^+2T2p-IPl+p2
1-2p1cos(0-p1) dp 2 l+p2

2-2p2cos(0-f32) dp

-[{a[cos6-p(s0-l)sinO]

P2sin226

1 +p] -2/0/0)5(0-1(3;) 7+pi-2p2cos(0-/32)

In Eq. (18) all the quantities involved are known at each
crossflow section of the wing (see Table 1), and the derivatives
dpj/dp and d$j8p are evaluated from the tabulated value of
Pi and /3/. Figure 6 shows the pressure distribution Cp/e2 over
a delta wing at p = 0.883 rolling, at zero incidence and the
result is compared with that obtained by Hanin and Mishne.8

The present results give somewhat different values of the
position of the concentrated vortices and rather better
agreement with observed experimental measurements.I2

IV. Forces and Moments Acting on the Wing
For a slender wing in the type of motion considered in this

paper, the relevant aerodynamic forces acting on it are the lift
L and the lift-induced drag, Dh which is derived simply from

Df=L.<* (19)

The aerodynamic moments similarly reduce to two com-
ponents whose values will depend on the position of the roll
axis, namely the rolling moment due to roll in separated flow
and at incidence £, and the pitching moment due to that roll,
3TC. It is clear that this pitching moment is a coupling effect
which derived its action from the fact that the roll takes place
at incidence and, hence, creates a pitching inbalance ad-
ditional to any due to the angle of attack. Thus, for a true
delta wing whose axi3 of roll passes through its center of area,
the pitching moment is different from zero, and represents a
pure roll-pitch coupling action.

JU3.CT
1)06

Fig. 4 Vortex location:

(18)

A. Lift of a Slender Wing in Roll and at Incidence

L is calculated most simply by overall momentum flux con-
siderations at the boundaries of a large control cylinder,
whose axis coincides with OX and one of whose ends is the
Trefftz-plane. It can be shown that the value of L is deter-
mined, at any angle of attack a, solely by the strengths and
positions of the isolated vortices (now known) in the cross-
flow plane parallel to the Trefftz-plane and touching the wing
trailing edge, assumed straight and normal to the direction of

Uot

Fig. 5 Vortex location: s0 = 2.0, a = 1.0.

Present Method
Hanin AMbhna [&]
Experimental [i2]

Fig.6 Trailing edge pressure distribution for rolling delta wing.
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Table la a

P

0.3

0.6

1.0

1.5

2.0

3.0

s~o
0
0.5
1
2
4
0
0.5
1
2
4
0
0.5
1
2
4
0
0.5
1
2
0
0.5
1
2
0
0.5
1

f; f2

= 0.5

y\ z,
-0.412 0.239 0.897 0.173
-0.423 0.234 0.891 0.168
-0.433 0.228 0.887 0.164
-0.545 0.216 0.880 0.155
-0.494 0.191 0.869 0.142
-0.496 0.158 0.898 0.238
-0.518 0.151 0.884 0.225
-0.542 0.144 0.873 0.213
-0.589 0.128 0.855 0.194
-0.680 0.092 0.835 0.165
-0.635 0.078 0.907 0.340
-0.671 0.070 0.876 0.311
-0.711 0.063 O.S52 0.286
-0.798 0.050 0.820 0.247
-0.983 0.057 0.787 0.198
-0.853 0.016 0
-0.900 0.010 0
-0.959 0.006 0
-1.098 0.002 0
- .104 -0.093 0
- .158 -0.093 0
- .232 -0.079 0
- .418 -0.066 0

.907 0.470

.858 0.420

.821 0.377

.772 0.310

.887 0.589

.828 0.519

.781 0.458

.721 0.365
- .640 -0.318 0.806 0.770
- .712 -0.292 0.740 0.669
- .814 -0.267 0.689 0.581

y2
-0.929
-0.931
-0.932
-0.936
-0.945
-0.951
-0.953
-0.954
-0.958
-0.980
-0.974
-0.975
-0.976
-0.980
-1.158
-0.993
-0.994
-0.996
-0.998
-0.827
-0.830
-0.841
-0.934
-0.704
-0.718
-0.748

Table Ib a = l

P s~o f / r2
0 -0.825 0.726
0.5 -0.853 0.699
1 -0.891 0.671

0.3 1.5 -0.925 0.634
2 -0.959 0.615
4 -1.095 0.499
0 -(
0.5 -(

0.6 1
1.5
2
4
0 -
0.5 -

1.0 1
1.5 -
2 -
4
0
0.5 -

1.5 1
1.5 -
2
0
0.5 -

2.0 1
1.5 -:

).891 0.665
).947 0.618
.011 0.572
.079 0.525
.149 0.475
.476 0.387
.041 0.599
.107 0.532
.203 0.462
.317 0.406
.439 0.334

-.105 0.497
.287 0.536
.357 0.450
.484 0.375
.654 0.301
.846 0.201
.560 0.487
.637 0.389
.797 0.307

>.023 0.229
0 -2.133 0.415

3.0 0.5 -2.245 0.307
1 -2.478 0.220

the stream. This 3

L = qS- -AR c

+ r2
a /

fields

*[J-l-r (Pl-ot

1
*>2

yi
0.890
0.871
0.856
0.843
0.832
0.800
0.931
0.880
0.843
0.815
0.794
0.745
0.983
0.887
0.819
0.774
0.743
0.683
1.010
0.875
0.779
0.717
0.678
0.994
0.841
0.731
0.661
0.901
0.744
0.629

— ) cos/3;

Zi
0.323
0.309
0.295
0.283
0.272
0.239
0.425
0.387
0.354
0.326
0.303
0.247
0.574
0.498
0.433
0.382
0.342
0.264
0.754
0.629
0.524
0.443
0.384
0.090
0.740
0.599
0.492
1.132
0.897
0.702

y2
-0.877
-0.884
-0.891
-0.900
-0.910
-0.991
-0.892
-0.900
-0.909
-0.923
-0.942
-1.334
-0.911
-0.918
-0.928
-0.944
-0.977
-1.697 -
-0.928
-0.936
-0.946
-0.961
-1.033
-0.941
-0.949
-0,958
-0.973
-0.958
-0.965
-0.972

(20)

*2
0.168
0.173
0.179
0.186
0.194
0.235
0.123
0.129
0.137
0.146
0.159
0.105
0.087
0.091
0.098
0.109
0.124

-0.314
0.062
0.064
0.068
0.078
0.090
0.047
0.047
0.050
0.058
0.030
0.029
0.030

P ^
0
0

0.3 1
2
4
0
0

0.6 1
2
4
0
0

1.0 1
2
4
0

1.5 °
2
0

2.0 °
2
0

3.0 0
1

In nondimensi

CL=-AR<

r2
a.

o f!
-1.867

5 -1.947
-2.042
-2.260
-2.840
-1.938

5 -2.024
-2.178
-2.618
-4.126
-2.159

5 -2.220
-2.408
-3.205
-5.932
-2.468

5 -2.467
-2.741
-4.172
-2.767

5 -2.799
-3,100
-5.226
-3.334

5 -3.409
-3.854

*2

0.071
0.072
0.074
0.078
0.087
0.041
0.042
0.044
0.048
0.064

+ 0.018
+ 0.018
+ 0.019
+ 0.022
-0.165
0.003
0.003
0.002
0.002
-0.051
-0.0852
-0.134
-0.309
-0.158
-0.224
-0.312

Table Ic a = 2

r2
2.063
1.946
1.835
1.627
1.433
2.204
1.968
1.753
1.359
1.761
2.373
2.000
1.671
1.135
2.299
2.514
2.022
1.592
1.373
2.588
2.021
1.527
1.748
2.619
1.979
1.420

y\ zi
0.949 0.587
0.887 0.547
0.838 0.512
0.769 0.459
0.681 0.409
1.090 0.778
0.932 0.679
0.821 0.592
0.695 0.482
0.578 0.408
1.236 1.038
0.964 0.854
0.784 0.690
0.600 0.512
0.492 0.403
1.301 1.346
0.960 1.044.
0.720 0.785
0.508 0.534
1.283 1.591
0.913 1.190
0.650 0.851
0.445 0.541
1.149 1.914
0.782 1.368
0.523 0.920

y-i
-0.812
-0.834
-0.859
-0.934
-1.352
-0.805
-0.833
-0.869
-1.037
-2.148
-0.809
-0.840
-0.881
-1.298
-2.870
-0.821
-0.854
-0.895
-1.582
-0.835
-0.867
-0.906
-1.616
-0.861
-0.889
-0.924

onal form with CL =L/qS

r /
*[7-{— (P!- — )cos07

Oi P]

1
P2

Z2

0.329
0.340
0.354
0.395
0.475
0.270
0.278
0.294
0.361
0.096
0.215
0.223
0.236
0.253

-0.621
0.177
0.178
0.187

-0.195
0.148
0.148
0.154

-0.591
0.110
0.109
0.112

(21)
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where the suffix "B" denotes conditions at the wing trailing
edge. This result for CL reduces, of course, to the known
Brown and Michael result, for the case of no roll

(22)

The lift-induced drag, for the general case, is obtained from
Eqs. (19) and (20). In Eqs. (20-22) AR, is the aspect ratio
(4s2

B/S).

B. Rolling Moment of a Slender Wing at Incidence in Detached
Flow

The axis of the roll is the wind axis. From overall moment
of momentum considerations involving a large control surface
identical to that used in the calculations of the lift, it can be
shown2 that the rolling moment acting on the configuration
in roll and angle of attack in the detached regime is

+ 2Y2{4\Z2\2-(j-2+j-2+2)}} (23)

where, once more, the first term in the brackets on the right-
hand side represents the linear contribution to Cf in un-
detached flow due to /?, and the other two terms in that
bracket represent the nonlinear contributions due to vortex
separation at the wing leading edges. In Eq. (23), Q is defined

In the previous expression (£ 7,f 7 )B and (|2,F2 )B can be
obtained for any flight condition described by the set (SOB,&,
pB) from Table 1 and Eq. (2). Q is nonlinear inpB, and the
value of the derivative at pB=pB}, i-e-» (dC?/drB)pB=pBJt
will obviously depend on the operating point pB! at which it is
desired to assess it. An example of this assessment will be con-
sidered in the next section.
C. Pitching Moment Coupling Caused by Roll of a Slender Wing at
Incidence in Detached Flow

Once again a control volume method similar to that used
previously in the assessment of the lift and rolling moment,
yields, from a consideration of the appropriate component of
the moment of momentum across its surface, the following
expression for 3TC, the pitching moment:

(24)

where CR is the root chord of the wing and x is normalized
with respect to it, i.e., x— (X/CR). In Eq. (24), 5{ ] is the
imaginary part of { ) , and #/ will, generally, be complex and
represent the coefficient of 1/Z in the expansion of W(Z) in
powers of 1 /Z. It can be shown that

F 1 F 1
=s2 [7- { -r (PI - — )cos07 + ~ (f>2 - — )cos/32]a Pi <* P2

Hence, Eq. (24) becomes, on substitution for 3, therein:

.30

Upp&r Surfa.ce r

HO.
Lower Surfa.ce.

Fig. 7 Sectional spanwise pressure distribution for rolling delta
wing; S0 = 2, d: = 0.5.

0.5 10 oL ^1.5 £.(T
Fig. 8 Lift coefficient curve for rolling delta wing.

Equation (25) gives the value of the roll-induced pitching
moment coefficient Cm and the value of the roll-induced
pitching moment coefficient Cm and the value of the
derivative (dCm/dp) will, once more depend on the operating
point, pB =PBI , in the given flight condition defined by the set
(&>SOB)> at which its assessment is required. A very few sec-
tions, chordwise, will suffice to give a reliable value for the in-
tegral on the right-hand side of Eq. (25), the function Cm
being well-behaved. One such set of operations is described
and performed in the next section.

V. Example
The basic example used to illustrate the preceding results is

provided by a true delta wing operating at various d's and
whose rolling axis crosses the wing at x= 2A, (sOB = 2A). It
is required to determine: a) the spanwise load distributions at
a = 0.5, at the chordwise station, s'0 =2.0 (i.e., at x= Vi), for
p0 = l; b) the lift coefficient as function of a, for
p5 = 0.6,15,3; and c) the rolling and pitching moment coef-
ficients due to roll as functions of pB, for d = 0.5, 1,2.

a) The spanwise pressure distribution required at x= 1A is
shown in Fig. 7. There is a marked relative moment of the
"downgoing" vortex inwards and away from the wing, with
increased vortex strength and a concurrently marked relative
movement of the "upgoing" vortex outwards and towards the
wing, with a correspondingly decreased vortex strength. These

\n( 1 ~ ( ̂  (Pi - -/-)cos/3; + ̂  (p2 - +.)Cos/32 ) ]s2dx
Jo & PI a p2

-(^r(pi--r- )cos/57 + ̂  (p2- ±- )cos/32 }a Pi a p2

(25)

where S—S/SB, with Cm defined as: Cm =
movements are accompanied by the creation of the un-
symmetrically placed and unequal peaks shown in the figure.
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Fig. 9 Damping-in-roll coefficient's dependence onpB.

10 pB 2JO 3JO
D

Fig. 10 Pitch-roll coupling coefficient's dependence onp B .

b) Figure 8 shows the CL [or(CDi/a)] dependence on d,
for pB = 0.6,15, and 3. For comparative purposes the CL (a)
dependence for no roll (Brown and Michael's result) is also
shown. It is seen that for small rates of roll pB < 0.5, say, this
relationship is not much affected. As the rate of roll increases,
however, beyond that value, the CL (a) curve begins to show
a characteristic hump at about a = 0.4, which becomes more
pronounced as pB increases. As a. increases beyond 0.4, the
curve slumps down and approaches the chracteristic C L ( a )
curve for no roll, asymptotically from above. Quantitatively
the effect of the rolling wing on the lift curve slope at in-
cidence and in separated flow can be quite impressive,
reaching at pB = 1.5 a maximum of some twice its value in the
absence of roll at moderate incidences (a. < 0.5).

c) Figures 9 and 10 show the dependence of Cf and Cm for
that wing on the rate of the roll pB for the set of values of a.
= 0.5, 1, 2. On the same figures the curves for a = 0 are also
shown to illustrate the way in which the presence of incidence
affects radically the theoretical damping-in-roll of a delta
wing in separated flow. __

Thus, in Fig. 9, the function (-C(/(Tr/32)eARpB) is plot-
ted against pB. For a. = 0.5 and for a = 1.0 there is once again
a rapid increase in the value of that function with an over-
shoot apparent, especially in the latter case with both ap-
pearing to tend in oscillatory fashion and asymptotically to
the smooth curve for that function in the absence of in-
cidence, as PS — CO. For d = 2, however, the behavior of the
function is more extreme, barely rising above its linear value
of unity for pfi<0.3, dipping markedly below that, at about
pB = 0.6, to a value of just over 0.6 and then rising rapidly
overshooting above the curve for the zero-incidence wing and
henceforth exhibiting the low-amplitude oscillatory character
of the previous two curves. These latter conclusions may not
be significant however, due to the possible failure of the basic
assumptions at those high incidences. Thus, whereas the
nonlifting wing in separated flow will possess a theoretical
value of the damping-in-roll derivative [(-dCL/dpB)/

0.3 _

0.2,

o.L

-^-._e._ Experimental [ J|]
-^—a- Presenf Me I'M
- — — Leading Edge SucHon Analogy [10]

5 10 o 15 10

Fig. 11 Comparison of experimental data with theory.

(ir/32)ARe]pB=0 = 1.15 at d = 0, the same derivative becomes
approximately 1.65 at a. = 0.5 and 2.05 at a. = 1. Thus a slender
wing at high, but not excessively high angle of attack 0< a. <
1, such as at landing and take-off will tend to be more stable
in roll than the same wing at very low angles of attack. Figure
11 shows a comparison of the value of the derivative ( - dQ/e
dpB )pB=pBi at different angles of attack in separated flow for
a particular model as obtained by three methods: a)
Boyden's10 method using Polhamus' leading edge suction
analogy; b) experimentally, as presented in Ref. 11, and used
in Ref. 10; and c) that method developed in this paper, for the
value of pB1 =0.3, which is the operating value for the case
under test. The agreement between (b) and (c) is remarkable,
and the basic behavior of the derivative at different angles of
attack is clearly reproduced by the theoretical model. In (c)the
results were derived for the closest equivalent true delta wing
to the experimental model, with a semiapex angle of e = 15°

In Fig. 10, the function -Cm/(ir/2)ARoi is plotted against
pB and shows that the pitching moment due to roll-coupling
developed is most significant at relatively low angles of attack
and at low rates of roll. This roll-pitch coupling effect always
leads to a nose-down pitching moment, the value of the
derivative ([-dCm/dpB]/(Tr/2)ARa)pB=0 reaching 0.1, at
0:^0.5. In other words there is a tendency to a rapid
movement backwards of the effective center of normal force
on the wing, at low rates of roll, this effect being most severe
at low or moderate angles of attack.

Conclusions
The main points deriving from the preceding simplified

analysis of a slender wing in separated flow rolling at angle of
attack about its wind axis are as follows: a) There is an in-
crease in the lift experienced by the wing at any angle of attack
due to the rolling action compared to that for the same wing
at the same angle of attack but with no roll. This increase
becomes more important as the rate of roll increases, b) There
is a marked relative increase in the (damping) rolling moment
experienced by the wing at any given angle of attack, an effect
which is especially pronounced at low rates of roll and low-to-
medium angles of attack, c) There is present a nose-down
pitching moment due to pitch-roll coupling, for a slender wing
in separated flow rolling at angle of attack which may lead to
a significant coupling of the lateral and longitudinal responses
of the wing-craft system to lateral control movement.
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