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Introduction to aircraft stability

Stability - static and dynamic

\,5\_\’ Q i j/ Statically stable

75 777 If the forces/moments on a body resulting from a fixed (static)
disturbance to an equilibrium are such as to tend to bring about
,.«,—CL a return to equilibrium, the body has static stability.
e~ Statically unstable A body is dynamically stable if the force/moments acting

on it produce over time a return to and maintenance of
an equilibrium position. This can involve both position-

- 3 TN - Statically neutrally stable dependent and velocity-dependent forces.
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Static stability is necessary for dynamic stability to be possible. However static stability is not sufficient
to ensure dynamic stability. (Flutter is one example: the aircraft structure by its stiffness typically provides
forces that tend to restore static equilibrium, but aerodynamics may provide velocity-dependent forces
that tend to excite rather than suppress motion — these are not present for a static displacement.)

Even more fundamentally we are typically primarily concerned with the static longitudinal (pitch) stabilit
of aircraft. This relates to the maintenance of an aircraft at a given angle of attack (or, equivalently, C.).




Aircraft layout and trim or longitudinal balance
Aircraft are said to be 'in trim’ when there is no pitching moment about the CG at the desired airspeed.

L Conventional layout, cambered airfoil

Symmetric airfoil
Balanced: neutrally stable

L Simons
’ downwagh
Simons Centre of gravity at aerodynamic centre, ;
Note that an aircraft could be trimmed, P th
but not stable to disturbance - trim and W_" Eith
e o ; er of these
Eembered airfoil = stability are separate issues. layouts can be
; balanced L
Neither balanced nor stable L . *
t | (trimmed).

cambered wing I
Pitching moment Tail-first a.k.a. canard layout i

Balance with rearward c.g. position
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Moving CG slightly rearward downwash
can give a balanced setup with

no tail load (zero trim drag v/).

Large tail lift forces produce induced
drag (trim drag’) on tail surfaces,
P Balanced with zero tail load, may be stable Which is U"desirable'

c.g. normally at about 33% wing mean
chord, exact position depends on profile and angle of attack

A well-forward CG is also possible
to balance but has high trim drag. t
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w Same applies to a well-rearward
Balanced by download on tail L . . .
P l t Balanced by upload on tail. Stability, marginal CG with a lifting tail setup.
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Stability very high up to tallplane negative stall
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Flying wings with longitudinal balance

Reflexed or negatively cambered airfoil
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CG ahead of ‘W Balanced and stable without tail because )
aerodynamic airfoil generates nose-up pitching f\
centre. moment about aerodynamic centre. Backstrom SuperPlank ~
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= Swept-back wing with washout
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Balanced by down load on tips. C.g. ahead of wing aerodynamic centre
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Can be balanced because wing-tips generate downforce rear of CG.




Longitudinal trim and (static) stability

4\ Wing lift
| L An aircraft is said to be trimmed if all the moments

about the CG sum to zero — there is no tendency for
the aircraft to rotate about the centre of mass.

Centre of
gravity

For the situation pictured (and recalling the convention
that a positive moment gives a nose-up pitch, while a
Tail doinicess positively cambered airfoil will give a nose-down

L pitching moment about its aerodynamic center):

Lib— Lya—My=0

Thrust Drag

<
N

Weight

Note that here we have ignored pitching moments that thrust and drag might in reality contribute, by assuming they pass through the CG.

(a) Trimmed , , e I
g ; :"2:1; E: The aircraft above is trimmed in pitch, but perhaps not
3 Lib—Lya—My=0 | a _1 . necessa_lrily statically stable: that would alsq require
I o / that a disturbance (say a nose-up perturbation)
/ﬁm%&'_ el generates a restoring moment.
== AQ - ‘ —f—'—?j
b ~j¥ Note that tail is set at a lower angle of attack than the wing and so has negative lift.
w I/-”L,, L
b) Perturbed |
7( ) Pertur eA The diagrams to the left shows that the set-up was in fact
@ = Qirim + AQ ! statically stable, as well. For an aircraft with the same
Ao >0 , f arrangement that is trimmed in situation (a), a nose-up
Lib — Lya — Mo <0 j disturbance as seen in (b) will increase wing lift Ly and
/Q%%‘ il decrease tail downforce L while leaving Mo unaltered.
&R_\Q_L_ M = The net effect is to provide a nose-down moment around
9 the CG, tending to restore the equilibrium.
6
O = Qi Longitudinal trim and (static) stability

We also see that set-ups are possible the provide
trimmed flight, but which are statically unstable to
disturbance: a nose-up perturbation generates a
moment that tends to pitch the nose up still further.

Typically in these unstable cases the CG is more

rearward, and the tail force is upwards (providing a
nose-down pitching moment when trimmed).

/ Tail angle of attack
/4

Luwa— My — Lib >0 4 By contrast, in the statically stable case, the tail
‘ force is typically downwards (providing a nose-up
Aa >0 L . e
. pitching moment when the aircraft is trimmed).
/‘\.
Wing Il Recognizing that in steady level flight the aircraft has

a:*glé of attack
4 /
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‘ to generate a positive lift, C. > 0, we can summarize
! [ lalangleofatiack  the sjtuation for static stability and trim on a Cu vs C.
= N (or pitching moment) diagram.
{ Here, Cw is the coefficient of all the moments around
the aircraft CG position.

+ | Nose up L M
Cp=1—sn Cy=—a—ee
v Lpv2s M 1pv2Se
-
= . . . -
é". X Pl Either way: there is one particular positive C. for
= bt . . . . . .
8z [ " urt coerricient Which the aircraft is trimmed in pitch, and the slope
22 ! CL of the line relating Cu to Cy. has to be negative.
b 0 0 .
§8 N Summary: for a trimmed, statically stable aircraft,
e
dCy
— | Nose down Cym,cr,=0 >0 and <0

dCy,



Pitching moment diagram and static stability margin
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Nose-up Aircraft set-ups with negative and neutral stability can
=t SIas equally well be represented on the Cw vs Cy. (or pitching
NEUTRAL moment) diagram.
Cm — - - . . C
CL Various aircraft components make their individual
contributions to the overall Cy vs C. curve. Typically
UNSTABLE - .
= all components are destabilizing except the horizontal
et tail (also called the horizontal stabilizer).
Note that curves on the pitching moment diagram are
o Wingstfussiage drawn with respect to one particular location of the CG
p N e with respect to the mean aerodynamic chord (MAC) for the
Nose-up o SR Wing only aircraft.
= =< : Curve is shifted up or
N \ C'-» down by changing .
Nose-down \ Whole aircraft - elevator angle. 50% MAC CW %
Nose-u |
CG at 30% MAC g R
+
Tmlgr:_y\ \
In fact the location of the CG is a key determinant of _
both the degree of stability (essentially the slope of the Nose-dow
curve) and the aircraft’s trimmed C.. 5
C G location
The (negative) slope of this line is called the STATIC MARGIN of the aircraft.
Slope of curve is
Typically the elevator angle setting controls the vertical location changed by moving =Iw=‘
of the curve, while the CG location controls its slope. Together CG location.
these two aspects are used to stabilize and trim the aircraft. Moving CG rearwards
makes slope more positive
(and decreases stability).
8
Establishing trim and stability in glide testing
Trimmed C; must fall in operating range 0 < Ci trim < Ci max.
Up elevator
If aircraft tries to stall repeatedly then the trimmed C. exceeds Cimax. N ClLumax
Solutions: (1) add some down elevator or (2) move CG forward. :
ol T
R Down elevator |
\’S:all
\’s:all
\’S:all CG rear
h Ol
Aircraft must be stable in pitch as well as trimmable. C ,/ Cr,
. . o M CG forward
The ‘dive test’, conducted once plane has been trimmed to equilibrium.

If test indicates too much or too little stability: o
o Down-elevator pulse  Or slight diving release
Move CG and re-trim. A

Hands-off
slow trimmed glide

CG very far forward

/ Strong positive stability

( different CG locations
Too stable: move CG will require different

N elevator trim settings )
~ back (and re-trim).

Hands-off

recovery paths \

\ } Desirable behavior

DS

CG at limit
Cum \ Unstable: move CG \ at rear limi

Neutral stability
forward (and re-trim). \ \

CG behind rear limit
Negative stability
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To put it another way:

Moving around on the drag polar changing trim in ove figh
changes the flying speed an
also shifts location on the

One key motivation for doing this is to produce different trimwmed flight speeds. aircraft drag polar.

Once we can trim the plane to fly stably, we can vary C. and hence
get to any/desired points on the drag polar curve, e.g. to (L/D)".

CL max

Up elevator In turn, this gives us different flying speeds, since V = /- ——=—

CL The primary means for changing trim this is to use different elevator

settings. (L/D)max = (L/D)*

, Cr
Cr
Down
elevator

However, it is also possible to vary trimmed C. by moving the
CG location (and hence the negative slope of the Ci/CL line) - O snfua
which is the approach used by hang gliders.

U
T

Cp

A demerit of moving the CG (as opposed to

changing elevator deflection) to change the

= trimmed air speed is that it varies the stability
-— characteristics with trimmed C;.

Pull bar back - Push bar forward
move CG forward — move CG back

Neutral point and static margin

The fact that the pitching moment diagram depends on the CG location is a little unsatisfactory.
However, there is one comparatively simple way of summing up the aircraft’s stability in pitch.

(Recall) for an airfoil or wing there is a particular point or axis of rotation where the aerodynamic pitching
moment coefficient is independent of angle of attack (the aerodynamic centre). There is an equivalent
axis for the whole aircraft. All the lift can be taken to act at this point.

[ Acrodynamic centre of tailplane

Aerodynamic centre of wing

This location, the neutral point (NP), is independent of
CG position — it is determined by aerodynamics alone.

If the CG is also located at this point, the aircraft is # t\{/
neutrally stable in pitch, so cannot be trimmed to s Th e
remain at a particular value of C; or angle of attack. Le. the NP is the o

Cm
rearmost useable y Oy
We adjust the stability (slope of the Cu/CL curve) CG location. — UNsTABLE
by moving the CG around (e.g. by adding mass at
the front or rear)_ And obtain the desired trimmed Trimmed aircraft set-up Response to nose-up perturbation

C. (or speed) by setting elevator angle. C;'a: neutral point “Hpea stability
Stable settings always have the CG in front of the ‘— @
neutral point of the aircraft. The distance between .

[cc]

the CG and the neutral point (in units of GO of menteal potat ; ‘
aerodynamic mean chord) is the static (stability) B A (aam '
margin.
Neutral point

CG behind neutral point Static instability

C ) I

f > |

@I : Static margin
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Aerodynamic centre of a lifting surface

As for an airfoil, the aerodynamic centre (or a.c.) of = g
a wing is the moment reference point for which the
pitching moment coefficient Cu is independent of
the angle of attack.

If the airfoil section is the same along the span and the
wing is untwisted then the mean aerodynamic chord
(MAC) ¢ and its spanwise location ¥ are given by the
integral expressions

b b
c= E/ 2 dy 7= E/ ? ey dy MAC depends on ¢? because
S Jo S Jo airfoil mowments per unit span
also depend on ¢2

For a simple trapezoidal wing shape, these integrals provide

2(1+ X+ A%

c_2UtAtA) o 1+2) where the taper ratio \ = a
< 3(1+N) b2 3(1+N) e

Those values as well as the longitudinal location of the
MAC can be found for a trapezoidal wing shape using a
simple geometric construction:

The longitudinal location of the aerodynamic
centre on the wing, z.., is typically close to ¢/4.

Tail volume coefficients

When it comes to their stabilising effect, both the area and moment arm (from either the CG or the a.c. of
the wing MAC) of tail surfaces are important — we could trade area for moment arm and get similar effect.

Lht
The product of area and moment arm is a volume and Ir_ patnahs
the tail volume coefficients of the horizontal and { N LS 1 X ¢
vertical tails are dimensionless values of these ’
volumes: MAChtai
LS c
Ve = hc_tSht
Lv Sv a.C.v-tail
Ve="l5
MACv—tall

Note that the length scale used in the
denominator is different in the two cases.

While there are design methods to establish the Typical vahues
values Vht and Vit required for a particular aircraft, eV 7
one finds that within a class of aircraft the values SOCONN Vit NSNS Vv

are rather similar. Here is a table of Sailplane 0.50 0.02
. . . . Homebuilt 0.50 0.04
representatlve/lndlcatlve values. General aviation—single engine 0.70 0.04
General aviation—twin engine 0.80 0.07

The fact that in general Vit values are significantly Agriculural 0.50 0.04
ller th Vi | flects the diff t Twin turboprop 0.90 0.08
smaller than Vit values reflects the differen Plying boat 070 0.06
length scales in the denominators of the Jet trainer 0.70 0.06
definitions (although also in general Svt < Shy). Jet fighter 0.40 0.07
Military cargo/bomber 1.00 0.08

Jet transport 1.00 0.09
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Locating an aircraft’s neutral point

Mean aerodynamic center

Now we have enough to look at locating an aircraft’s neutral point.

We will use a simplified method that considers only the pitching
moment contributions of the wing and tail surfaces.

Mean aerodynamic
chord

f It

Wing
mean aerodynamic ]
center — .
\ -{L—CG downwash angle € p—"'h
P Tail mean tail incidence (rigging) angle
aerodynamic
ke I, @ center
he VERY simplified “side-view”
“ representation of wing + fail system.

Consider the (nose-up) pitching moment about the CG contributed by the wing alone
My = Ch,., 2pV2Se+ Cp, pV2S(h — hpy)e

or, dimensionlessly, Chu, = Cur,. + Crw(h — hnw)

acqyy

The (dimensionless) contribution of the horizontal tail (neglecting its aerodynamic pitching moment w.r.t.
its own aerodynamic centre — which is small compared to the lift-generated contributions):

IheS S S IheS
_ h;Sht Cp + CLt%(h — hpw) = —ViuClre + th%(h — Bnw) recall V},; = hz_sht
Summing contributions of wing and tail to moments about CG
N
Cym.cc = CM,., + Crw(h — hnw) — Vi Cri + CLt%(h — hnw)
S
or CM,CGZCMacw +CL(h—hnw)—VhtCLt where CLZCLU,-FCM%
14
Locating the neutral point
zero by definition
. . oC ocC
Differentiating w.r.t. Cr: EMCG :>< _ _ Lt
9 80L + (h hnw) Vht 8CL
. . . . . 0C,
For stability at trimmed condition we know that this slope must be negative, (7 — hypw) — Vhtw <0
L
. . . . 0C14
and at the limit where there is neutral stability and the CG is at the NP: (hnp = hnw) = Vi el
L

We recall that for trimmability we also require a positive pitching moment at zero overall lift, and for a
conventional layout this means that the horizontal tail will lift downwards while the wing lifts upward at

zero overall lift. This in turn means that the tail is typically set at a negative rigging angle relative to the
wing so that there is an overall nose-up moment about the CG at zero lift.
L.
—_— Lw=0 A = a.c,h
m———- — L=
v G —— i e
a.c,w s L,,= 0
M, () Ln='Av

For a canard layout this situation is reversed and at zero overall lift the wing provides a downward
lifting force and the (lifting) fore-wing is set at a positive rigging angle compared to the main wing.




Returning to finding the NP

Locating the neutral point

(90[,15 GCL /304
hn - hnw - .
(imp )= Ve, aCy,/oa

= Vi

We can estimate the lift curve slopes of the isolated wing and tail surfaces, (reduced from airfoil
values owing to the downwash generated by tip vortices) e.g. (recall) by

80}; 2

% = m for unswept Wings

We also have to account for the fact that the local angle of attack at the tail is not the same as for the
whole aircraft owing to the influence of wing downwash, which increases with wing lift.

Allowing for the downwash angle experienced by the tail, €, as well as the rigging angle ix.

= ap=a+1i —€ and % =1- ﬁ (note that rigging angle is not relevant to stability!)
= Oa Oa
3
Sothat 2CLe _ 0Cn dor 0CL |\ Oc| _ (0CLY |, 0Oc
Oda day Oa Oay Oa oa /, Oa
A reasonable approximation for the downwash angle if the tail is well downstream of the wing is to use
the value of downwash angle far behind an elliptically loaded wing:
/
Y o 200 de 2 90y
i — FTIH Y da ~ mA du
Sht 66’L 6CL 6CL 66 Sht
Now from Cp =Cry +Cri—— wehave ——=—=[—== —_— 1—— | —
PR Ja <6a)1‘;+(0a)t{ 6a]s
16
Neutral Point and the Static Margin
9Cu _, 9Cy,/da (%), [1 - 5]
So from (hn - hnw) = Vht = Ve - we get (hn — hnw) = Vit €
’ 901 OCL/0a : (%), + (%), [1— 8] 2
. e 8CL 2w . .
with, for each lifting surface (w,f), ——= ~ ———  where A is the aspect ratio of that surface
O 1+2/A
and l—ﬁzl—iac“
Oa TA, O«
NOW we have the location for the neutral point purely from aerodynamics.
_ aC de 1 Shi
s A little further rearrangement gives (hnp — hpw) = = ( Do )tag - aTJ #a . — M
I (%), + (3), [1- 3] %~ T+ OLJoLy
E 8Lt (aCL/aCV)t Oe Sht . - . .
where = 1—- —| == s the rate of change of tail lift force w.r.t. wing lift force.
OLw (901 J0a)w [ 8a] 9 9
. Cm.ca 0C, - ., 0CL
Finally, from ac, = (h = hpw) = Vit ac, and the definition (Anp — hnw) = Ve ac,
8CM,CG B CG rear
aCL — (h hnp)

the equation for pitch
stiffness of the aircraft
at any given CG location.

A.k.a. the (negative of the)
STATIC MARGIN.

lne ]
NP ,l/
-

N S|ODe = h - hnp 1
l lce
CG .

1 I
forward NN _.I
hn, €

e—— htT
RnpC

N

M

Typical values for pitch stability are (hq- h) in the range 0.02 - 010.
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For a Boeing B-747-400, estimate the distance from the nose of the aircraft to its aero-
dynamic neutral point. Scale lengths as required from the plan view given on the next page. &L ““L
o “ie’s [ocahowr o Wikey

JOB TITLE P el - $ e

= 92.9%x0-3IS5w = 29.Sow

-
=}
3

10w 2 31 Fmm

1 -
wa A= 0.253
lw = 3.03mm
[t 2 O-3ISS W (= 4SSx 0305w = [d-3Gu,

Y5 = 0.5% 03w = B1Hw .
g= _!:(_,(l-n\)= 3R/« 436 (253 w? =~ SFO.Sw?

3
3
. A'bt-' (21.31.?1)2 - .05
$%0.5
b Gis _2_‘~'§H_'\"_X‘_}_ - z%u;c (14 0253+40-255%) w
= [X) [Z5%
= [0.06m.

(Su(u( fow dww}n‘ws,z e 5240.38Cw = lo.!m/)_

Relligonsi. iy Row drawnny * 99.3x0.365us 3 33m,
A=02
Cr=2WSx03Ty « 9.623m.
Bz 33 03T w= (14w,
s 02 Sok G(1p)7 20258 (14 % -262 w?= (35 3eu?

Asb? . (2x010)% . 2,67
S 133

Z > Lo (H1eN) = 2x9-623(1.26240.260 ) we = 676w

-

bws

3 =X z (1.2¢2)
= 135.3 . p.2331 0. 1;:;2,( 33
%e 2 : 02337, Nig= %_k_lk. o‘
- 0262
= o ?se?

For a Bocing B-7T47-400, estimate the distance from the nose of the aircraft to its aero-

s s dynamic neutral point. Scale lengths as required from the plan view given on the next page.
Now — harhy, = Vid _26c/24 S .
o 1T | S e
= Vet %'-)4 [ 2] It 2 03155 Wt
X = (1
(B~ (B\[* | 00 y
o
whoe =i 27T 3
£l I 11724 . la.
[L58I% | 17 #Q% .
{’aa} 1 T - 4.845 bop
R W 4+ ?-3—-
['%)f i - 406~
1 2.67
[1 ] L e x4 Bq.f‘ 0 SSBO v

-ty = 07383 4+ __ 4.067x0.558D
4-295+ 4.067x0.5580< 0-2372

= 0.308f,

(hup ~ha)T = 0.2085% (0.0C w = 3.104wm.
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< 2956+« 251¢ + 3.l04 w =[35.lpw | 5( M-8« o0
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