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Technische Universitdl Braunschwetg,
Braunschwety, Germany

Nomenclature}
Cr = lift coefficient
Cie = rolling moment caused by angle of attack, CigaBo
Cipa = (QC18/3ct)a=a,
Cra = yawing moment caused by angle of attack, CrgaB,
Crga = (0Cr8/00)a=a,
Cng = pitching moment caused by sideslip, CmggBo
Cmﬁﬁ = (0% /08 a=a0
Lga = pSbU,2Ciga/2I 2, 1/sec?
Lﬁa = [Lﬂu + (Ixz/Iz)Nﬁa]/[l - Izzz/lxlz], 1/5602
Mgs = pScU.*Cngg/2Ly, 1/sec?
Nga = pSbU.2Crga/2l,, 1/sec?
Nﬁa, = [Nﬁa + (I:rz/lz)LBa] /[1 - Ia:zz/IzIz]y 1/5602
U, = equilibrium true airspeed, m/sec
a, = equilibrium angle of attack
B, = steady-state sideslip angle

Introduction

T is well known to stability and control analysts that
various forms of inertial and aerodynamic cross-coupling
between longitudinal and lateral flight vehicle motions may
exist. In addition, some of the elastic natural vibrations of a
flexible flight vehicle can get into the frequency range of
flight mechanics and thus cause aeroelastic coupling with the
rigid-body motion. It is now in general difficult to indicate
the salient features of the stability characteristics of such
coupled systems without undertaking extensive numerical
computations.
The interest in this Note is focussed on the application of
system analysis methods to stability investigations of coupled
flight vehicle motions. This point of view is not new and has
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Fig. 1 Effect of wing-fuselage interference on sideslip
coupling derivatives.
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already been applied to inertial? and aeroelastic®* coupling
effects. Attention in this Note is drawn to the flight with
nonzero steady sideslip angles. The resulting aerodynamic
coupling phenomenon has firstly been treated analytically
by R. F. Porter and J. P. Loomis® and independently by H.
Ulke,® the latter using a special stability axis system. The
important terms of aerodynamic coupling, relevant to side-
slip and arising mainly from wing-fuselage interference, are
the pitching moment due to sideslip C,. and the rolling and
yvawing moments due to angle of attack €y, and Che. Figure
1 shows typical data for a wing-body combination from six-
component balance measurements of Ref. 7.

In the following, the characteristic polynomial of the aero-
dynamic coupled motion is regarded as a closed-loop char-
acteristic equation of an equivalent feedback system which
has an open-loop performance function equal to the ratio of
coupling to noncoupled terms. The stability analysis may
be treated with standard graphical servo techniques like the
root locus method, thus reducing the computational effort to
a simple paper and pencil procedure. The relative positions
of the singularities (i.e., poles and zeros) of the open-loop
performance function, which determine the shape of the root
locus branches describe in combination with the root locus,
gain the aerodynamic coupling phenomenon. The singu-
larities and the gain acquire simple physical meanings.
Parameter influences are achieved by direct variations of the
singularities and the gain.

Analysis

The following analysis is based on a set of five-degree-of-
freedom perturbation equations. Only the perturbation in
forward speed is considered negligible, thus omitting the
phygoid mode. The equations of motion were derived using
body axes which have the z-axis initially aligned with the
flight path. In these equations, the lateral derivatives are
primed such as to eliminate the explicit appearance of product-
of-inertia coupling terms. Further, it can be shown that the
significant aerodynamic coupling between the lateral and
longitudinal motion is mainly associated with the three
aerodynamic moment derivatives Cpng, Cia, and Chrq allowing
the remaining coupling derivatives due to steady sideslip
to be discarded. The characteristic equation of the five-
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Fig.2 Variation of the characteristic roots with the steady
sideslip angle 8,.
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Fig. 3 Effect of the sideslip pitching moment Mg on the
numerator roots (zeros).

degree-of-freedom set can be expanded into a term which
shows the uncoupled longitudinal and lateral polynomials
in factored form and a coupling polynomial. Transforming
this equation into the basic root locus form yields the ex-
pression

]- + K(BO) Acoupl/AlongAlat = 0 (1)
where the root locus gain
K(Bo) = Lga'Bo% 2

representing the coupling intensity, is proportional to the
square of the sideslip angle, thus, confirming the same cou-
pling effect for either positive or negative sideslip angles.
From Eq. (2), it can be further seen that the coupling strength
depends directly on the cross-coupling derivative Lg,'.

The roots of the denominator in Eq. (1), describing the
“poles” of the equivalent performance function, correspond
to the uncoupled longitudinal and lateral motion, hence,

Atong = 8 + 20 5p0sp8 + wip? 3)

and
A = (8 + 1/T)(s + 1/Tr)(s* + 2(awas + wa?)  (4)
Table 1 summarizes the longitudinal and lateral denominator
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Fig. 4 Variation of the characteristic roots with the
steady sideslip angle at various Mgg.
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Table 1 Denominator approximate factors

Short-period mode 2{swspy = —My — Mo — Zoy
wsp2 = —Ma + Mqu

Putch roll mode 20awa = —Yg — N.' — (Lg'/Ng’) X
(N, — g/Uq)
wg? = N,g' —+ YBZ\Tr’

Roll mode

Spiral mode

1/Tr = —Ly" — (Lg'/Ng" YNy’ — g/Ud)
1/Ts = Trlg/U(Lg'/Ng" )N, — L]

approximate factors. The roots of the coupling numerator
Aooupt = (5 + 1/Ta)(s + 1/Tu)(s* + LA wwws + wn®)  (5)

are the “‘zeros” of the equivalent performance function.
The location of the zeros in the s plane is influenced by the
magnitude and sign of the three cross-coupling derivatives
Lgo', Ngo', and Mgg. This can be readily seen by rearranging
Eq. (5) in two factored terms:

Acoupt == 8(8“‘1— l/To) (82 + 2¢0wes + wo?)
Ky(s + 1/T)(s + 1/T2)  (6)
where
Ky = Mgp(Nga'/Lga") Q)

The coupling numerator factors of Eq. (6) are listed in Table
2.

The foregoing manipulations were applied to a slender wing
configuration having appreciable aerodynamic crosscoupling
in the form of the derivative Cig, (C'z = 0.3, U, = 110 m/sec,
LBQI = —62.7 ]./seez, Lﬂa’/Nﬁa' = —4:.65, J‘[ﬂg = —16.6
1/sec?). TFigure 2 shows the pole-zero-location of the equiva-
lent performance function and the corresponding shape of
the root loci. The variation of the characteristic roots of
the aerodynamic coupled system with the steady sideslip
angle*B; is obtained by variation of the root locus gain K(8.).
It appears that even small sideslip angles have a pronounced
coupling effect on the short period and roll mode, whereas
the spiral and dutch roll mode show only small but de-
stabilizing deviations.

In order to show the strong effect of the coupling deriva-
tive Mgg on the location of the numerator roots in the s
plane, again the root locus technique can be applied. Figure
3 illustrates the numerator root loci for a second configura-
tion, resembling a slender canard delta wing airplane (Cr =
0.78, U, = 80 m/sec, Lgo' = —23.8 1/sec?, Lga'/Np' =
—3.57). Equations (6) and (7) provide the direct informa-
tion that the poles (0, —1/7T, and {,w,) define the nu-
merator roots for zero M gg, whereas the zeros (—1/T1, —1/T)
are the numerator roots for infinite Mgs. The root locus
gain Ky is based on the values of Lg,’/Ng." and M ga.

Finally, the slender canard delta wing configuration is
used as an example to illustrate in Fig. 4 the variation of the
characteristic roots with the steady sideslip angle at various
negative Mgg. The influence of the spiral mode has in general
little effect upon the root locus and is assumed to be negligible
(1/Ty =~ 1/Tn2 =~ 1/T,). The zeros are readily obtained
from the numerator loci of Fig. 3 which take the Mgg effect
into account. It is apparent that the ratio of the numerator
frequency wy and the short-period frequency w,, is of im-
portance for the sideslip sensitivity on the short-period
branch, where the former frequency’can be approximated by

Table 2 Coupling numerator factors

VT, = —M,
20wo = —Yg — N + (NBa’/LBaI)Lr,
wo? = Ng' + YaN,' — (Nga'/Lea'(Lg' + YsLs')
1/Ty = =Ly + (Lga'/Nga" ) (N’ — g/Us)
1/T: = Tig/Uol(Lge'/Nga")N:' — L,']
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the expression A Aj
o . _
oy =t + Kn)¥2 (Ky > 0) ®) O @
The sideslip sensitivity increases for large wy/ws, which ,F;(:F;,i _____________ a-
implicate large negative values of Mgs. Similar considera- °
tions exist for the influence of the frequency ratio wy/wa a) My< 1.0
on the sideslip sensitivity of the dutch roll branch, where the
minimum sensitivity is obtained for wy/ws ~ 1. In addi-
tion, the paths of the root loci are not unique as can be seen Ay Aj
from the transition effect between the curves b and e. ™ @ _____________ @
—— PS
Conclusions ';o """""" L\\ 6 \¢
. . . - 1
It 1s the purpose of this Note to give the stability and con- °
trol analyst some feel of and a simple procedure for deter- b) Mg > 1.0

mining aerodynamic coupling effects due to steady sideslip.
On the basis of the feedback analogy, it is shown that the root
locus technique is a powerful tool for inspecting and predict-
ing the single contributions of the aerodynamic coupling
derivatives on the characteristic roots for a wide variety of
aireraft classes.
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Pitot Inlet Additive Drag

E. L. CrogTEWAIT*
General Dynamics, Fort Worth, Texas

IBULKIN? derived the explicit analytical expression for
Pitot inlet additive drag based on flow continuity and
momentum considerations. However, it is difficult to apply
manually at prescribed values of capture area ratio. This
Note presents a unique additive drag approximation defined
in simpler terms of capture area ratio, together with static
pressure coefficient and total pressure coefficient ahead of the
inlet.
Consider the Pitot inlet depicted in Fig. 1. The terms P,
and P, are the upstream static and total pressures, respec-

Received August 11, 1970.
* Deign Specialist.

Fig. 1 Pitot inlet nomenclature.

tively, when freestream Mach number M is less than 1.0, and
those pressures directly behind the normal shock when M is
1.0 and greater. For a fixed M, and upstream capture area
Ay an approximate expression for additive drag coefficient
Cp, (derived intuitively) is

Cp, = Cp,(1 — As/ANA/A; + Cr,(1 — A/ A)BTCRI/CP
)

where Cp, = (additive drag)/0.7P.M?4;, Cp, = (P, —
Po)/O.7P0M02, and Opt = (Pt - PQ)/O-7P0[I/[02~

At My < 1.0 (i.e., with no bow shock), Cp, = 0 and Cp, is
the upstream stagnation pressure coefficient, which may be
determined from the value of P/P, in standard isentropic
flow tables at M = My. At My 3 1.0, Cp, and Cp, correspond
to properties behind the normal shock and may also be de-
termined from shock tables at M = M,. Alternatively, the
appropriate analytical expressions are

Cp,=0at M <10 (2)

Cp, = 3(Mo2 — 1)/M¢* at M, 3> 1.0 3

Cp, = [(1 + M¢?/5)%% — 1]/0.7TM¢* at M, <10 (4)
Cp, = 11.84/(1 — 1/TM®)2°] — 1/0.7Ms* at M¢> 1.0 (5)
Numerical values from Egs. (2-5) are shown in Fig. 2, to-
gether with values of the exponent contained in Eg. (1). At

limit conditions of My and capture area ratio, Eq. (1) itself
has the following noteworthy properties:

Cp, = (1 — Ag/A)? at My =10 (6)
OD,,, = Cpt at Ao//ll =0 (7)
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Fig. 2 Static and total pressure coefficients.



