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SOME THEORETICAL CONSIDERATIONS OF LONGITUDINAL
STABILITY IN POWER-ON FLIGHT WITH SPEOIAL
RETERENOE T0 WIND-TUNKEL TESTING

By Charles J. Donlan
SUMMARY

Some problems relating to longitudinal stadbllity in
power-on flight are considered. A derivation 1s included
whlch shows that, under certanin condltlons, the rate of
change of the plitching-moment coefflicilent with 1lift coeffil-
cent &8 obtalined 1n wind-tunnel tests slimulating constant=
power operatlion 1s directly proportional to one of the in-
dices of stabllity commonly essocinted wlth fllght analysils,
the slope of the curve relating the elevator angle for trim
and 1ift coofficient (or velocity). The necesslity of ana-
lyzing power-—-on wind-tunnel date for trim cornditions is
emphasized and a method 1ls provided for converting datao
obtalned from constant—~thrust tests to simulated constent-
throttle flight conditlons. It 1s domonstrnted how a
downward tall load required to trim nn nirplane results in
docroased stabllity in power-on flight and why a longltudinal
contor-of—grevity movoment 1is likoly to affoct the stabllity
charactoristics leoss in power-om flight than in powsr-off
flight.

INTRODUCTION

The effect of running propellers on the longitudinal-
stability characteristics of airplanes has been appreciated
for many years. The lncreased use of powered modsels for
wilnd-tunnel testing has greatly increased the amount of
emperical Information on the sudbject. The evaluation of
wind-tunnel data secured with a power modal, however, de~
mands a greater approclation of trim conditions than the
evaluatlon of conventlonal powor-off data. Data obtalned
from tests made with the propeller thruet held constant
(referenco 1), for example, consequently roquire an inter-
protation differont from deta obtained olther from tests in
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which the propeller thrust 1s permitted to vary or from
tests in which the propeller 1s absent.

The purpose of the present paper 1s to correlate the
dlfferent test procedures used in testlng a model equlpped
with running propellers and to astablish the significance
of the data obteined for the determinatlon of the longl-
tudinal-stabllity chrracteristics., The slopes of theo wind-
tunnocl pltching-moment curves are corrslatoed vith the lndex
of stlck—~fixoed stability commonly uscd 1lun free~-fllght test
vork - the varliatlon of elevator aangle for trim with epeed
or l11ft coefficlent. It 1s belleved that a demonstration
of the quantitative relationships existing between these
different indices of stability would ald in the correlation
of flight and wind-tunnal tests., The paper also considors
the magnitude of t3e changes 1lun tha stick-fixed power-on
stablllity of an airplene resulitlng from a change 1n center-
of-gravity position and the different tall loads necessary
for trinm.

STMEOLS AND FORMULAS

Cr, 1ift cocfficilent
th lift coefflicient of norizontal taill
Cn dreg coefflclent
cx lorgituiinal force co=2ficlent of wing
W
Cn pltching-momert coefficlent of wing—-fucelage
o combinatlon about aerodynamic center
Om Pitching-monent coefficient of airplane excluding
propellor-thrust component
Oy resul tant pitching-momert coefficlent (includes
propeller-thrust component
c mean serodynamic chord (M.A.C.)
Co mean elevator chord
o] retlo of dlstance of center of gravity back of
€ loading edge of moan acrodynamic ckhord to mean

sorodynanic chord
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~ratlo of distance of morodynamlc conter of wing

“bdéck of leading edge of mean aerodynamic chord
to moan asrodynamic chord

distance of mean asrodynamic chord below center of
gravity

distance of thrust axis below center of gravity

dlstance from center of gravity to hinge line of
horlzontal teil

distance from center of grevity to plane of propeller
disk

wing area

horizontal tall area
elevator area

propeller-disk arsa (mD?/4)
propaller dlamcter

propeller rotatlonal speed
velocity of flight

slipstream veloclty
advance-dlameter ratio (V/nD)

function of J and propeller-blade angle for an
inclined propeller (reference 2)

thrust

angle of attack

flight-path angle

angle of alrplane to horigontal
angle of attack of horizontal tall

downwash angle at tall due to wing



€& . downwash angle at tall due to propeller

1y initial horizontal tall settilng

8o elevator angle

W wolzght (mg)

m mass of the alrplane

g gravity
Tk mechanical advantage of elevator—coantrol system
ky radius of gyration about Y axis

P componernt of thrust coefficient alony X axis

during motion =(Tc' + & Tc'u) cos a
L N

Py, component of thruit coefficlont along 2 axils
during motion L (Te! + % Te'y) 8in mj
Cr clevator hinge—monent coefflcient
R = (Vg/V)"
T

1 =
Te EPswva

aTc!

Te' '™ T
= X 5w

ky = co Se

ul! = AV/V

c )

D, = sin ¥
: %Pswvoa °
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THE DETERMINATION OF LONGITUDINAL STABILITY
CHARACTERISTICS FROM WIND-TUXNNEL TESTS OF
A MODEL EQUIPPED WITH RUNNING PROPELLERS

A significance of wind—tunnel data obtained with
running nropellcrs for the dotcrmination of longltudinel—
stabllity charectoristics cam bo ovaluatod dby.comparison
wiltlh exlisting critorions for longitudinal stabillty com—
monly usod in flight—tost work, One of tho simplor ex—
vorimonts to porform in flight consists in determining the
porition cf the elevator reguired for trim over a range of
flying speeis with the throttle sotting fixed., When the
eloevator positions thus ottained are plottel agalnst 1ift
coeffizient (or airspeed), an index of the stick—fired
stnbility, which is commonly vsed in flirht work, results,

This indexr of stebility is e slope (d8,/dCly)
-

(dseldv)trimJ' T-is ocritericn of stabilitr is also asso—

i or
trin L

ciated with the slope or the resmltant pltciuing—-moment
curve — a curve readily obtained from wind—tvnrel data.

It is of interest then to Xnow speciflc quantitative rela—
tionsalps involving these quantitlos in power—on flight.
These reclationships are subsequently develoned,

The reader rho wishes to aceuaiant bhimself with the
desirol fundenentel relationships without familiarizing ..
Nimsell with the details of proof may omit the followilng
devolopnont and turn iumedlately to equation (10).

Theory
The equations of oquilibriun for an airvlane in povor—

on flight subjJocted to theo force svstom illustrated in fig—
ure 1 mey bo writton os ¥follows:

7 cos a — Op &pswva — ng 8in Y = 0 (1a)
~T sin o — O, %pswv2 + mg cos ¥ = O (1v)
Th + Cp ¥pS,cV® = 0 (=Cx %pS,cV?) (1c)

#pSoc V70, = 0 (1a)
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If 1% 1s assumed 1n equation 1 that the throttle
‘setting-is fixed, any small increments imposed on any of
the variables must be such as to maintain equilibrium, o
After a small change in attitude, equation (1) may be
transformed into the following set of equations:

(2Pp — 20p) + + L(cL - C5,) — cnm] Aw — Op AY=0 (2a)

-
(2py + 201)'?' + L(GD + Cp,) + ch] Aa + Cp A¥=0 ' (2b)

2 AY 21 2

E;; chul - + —;3 Cngde + HyE Cy 5A6 = 0 (2¢)
26, &1 4+ ¢ b+ Cp AB_ : (=2a)
h T » Ao hg = ki 24

Fron tho forosoing oquations the following rolation—
ships betweon tho incremcmts 64, o, anéd f may bo
establlslhod:

d6g A8 B k,f
i BT TFTTE (=)
vhore
4pC
E = — ma LG (6 + Py) — Cp, (Cp —~ PD)]

BpC r
+ -jﬁgél— LcLl (CLG + Cp) + 031(GL - GDG)]

4'.5 c:q e
F = -——sﬁ |GL (6r + Pr) — Cp,(Cp — Pp)

4y {
¢ = -3 (ChgOmg — Ohglumg) LcLl(cL + Pr) - °D1(GD"PD)]

2
+ §¢% CnglCryy — 20n,) [cLl(cL + Pp) — cnl(cD..rD)]



) The term X 1s the famillar constant term associated
with the biquadratic equation for power—on stick—fixed
‘8tabllity. If the airplane 1s suddenly cdisplaced from its
equilibrium condition, it will contlnue to diverge from thie
position 1f EB 18 negative., Hence, for stablliity, E nmnust
renein vosltive, If the sudbstitutions

L)
;—ps—rs (COB 'Yo)
W o

OLl

and

L)
6y, = T——g (ain ¥,)

¥pS,V,

are made, B may be rewritten as

40 W2
Ry? Sy V"

{Gmm Lcos Yo(O1 + P1.) — sin YO(CD-PD)]

-

. B!
— % CHul Lcos Y°<GLG + CD> + sin Yo (CD + GD%)J} (4)

Bguation (4) 1s the general expreseion for E for
power—on flight. ZFor small values of ¥,

gin YO(GD-—.PD) << co3 YO(GL + PL) and
sin 'YO( CD + CDCL) << cos 'YO( ch"l' CD); also, PII<<0L' GD<<GIIGU
and cos ¥, = 1, With these sinplifications, equation (4)

reduces %o

au W [ Ciiy 1 A ( 2
B=——— o \Cn OL — 01, —
2% Sy \"Ba 2 a/ \ % Vo

or
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Further, if the notstion ie changed

7K\ . =/acm\ 380, 1 (v 30 gy el B
o/

R/ 2T o \' ov T &

dividinz by 40p/da yilelds

L, 8o 30y _ 1 3 , o GTc' b )
Gy, €0y, a0y, 207, ov av c /

How, from eguation (1lc)
01j=cm+Tc'%=0

and on differentiation

4oy, e D

For the small values of @

1
¥ = 5 pSy,T70g,

or

(22)

(5)

(s8)



25t e it W St P e it B s, nirat . Sl S, L . o taom e nflete M as haom e s n m

10
vacL = corstant (approx,)-
Hence
270y, av + V° a6y = 0
ard
avy v
Cy, 30y,

Under the conditions VaGL = conetant and constant throttle
operation

Gm = cm(cIla 7)

or

a.om 30, ac N (hv\

) ac
GL/ }GL L/va = constant and
. constant throttle

Further

aCp A0y v acm>

Zor = 30% - 20y, \3v (52)
and

dm!  aTo! av ¥ (ch'\ :

The substitution of equations (6a) and (6b) in equation
(6) gives

acy 36Ny T /30y, dn.' e™ (()] .
<d01'/c 30/ 205 AR dv / (7

L

and now equation (5) may be rewritten as
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olH
Hiw

1 aci\
GL B = ('_— (8)

L dGI')GH=O

Ecuation (7) eatablishes the relation between the
constent term E of the stability biquadratic for power—
on f1lizht snd the slope of the resultant »itching-moment
curve for power—on flight. It should be noted, however,
that in equations (6) and (7), the terms Oy and dCy /a0y,

nuet include any effects of the slipstream; that is,

o = ( T/2e'e ( >slipstream (9a)

and

acCy, - (501_,‘. 001>, ( .l.c|> (9b)
da c"’°/mc'=o o fo '“ ' V30y, = constant and

constant thro?tlg

Phe relationship d&8,/da = — BE/F can now ove developed in

acu)
terme of the guantity —Eﬂ
dGI'/GM"-'O
From eqguation (3)
~ -
¥ 2 6o /dcli\
_— —x
T 0" T F T T =
L J
How

] 2 ') 2 ar,!
'GL:(GL"'PL)—CD_-_(GD"PD):E' 3 ('s"- SFC Cy, aCy, o, ein 6)

- v oam e m———m cepe—=a -
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for small values of 6, Hencse

o 2c (‘;-GH H
L “hg\dc GH=0 I'a. Cy=0

(Eie) -

a8 g\ <ﬂ0;>cn_

o (10)
6'011 C;=0 ba
e

."8

Ecuation (10) states precisely that for power—on flight
ulth = fixed throttle setting, the flight index of stick—

fixed stability (ﬂg°) is proportional to the slope
B/ 03y=0
=

of the resultant piltchling-—moment curve at only the point
Cif = 0. ©The proportionality factor 1is the negative
reclprocal of the elevator effectlveness parameter, cms.

In equation (10) the slope daCi/dC; may be evaluated
froo the wind—tunnel test data. The slope of the wind—
tunnel resultant pitching-morent curve, however, depends
on the test procedure adopted for the investigation. In
the >resent analysis two procedures for testing a model
equipved with running propellers will be considered. In
one nethod, the model propeller thrust is held constant
a8 the angle of attack is varled, the process dbelnz re—
peatel for different amounts of thrust. The expression
"oconstant thrust" will be associated with this test pro—
cedure. In the other method, the tarust is varied with
1ift coefficient in a predetermined manner such as to
simulate the thrust condition thet exists on the full—
scale airplane vhen flown at a fixed manifold »nressure
(constant throttle setting). (For constant—speed pro—
peller operastion the propeller epeed is also constant,)
This type of testing will pe referred to as the "constant—
pover'" oprocedure, The constant—thrust procedure will be
considered first.
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Constant—Thrust Procedure
For the purposes of analysis, an alrplane of the
single—engine tractor type with conventional tall arrange—
ment wilill be considered, If the entlre tall surface 1s
essumed to be subjected to Blipstream action, the resultant
pitching—moment coefficlent may be written as follows:

st 11
Cy = Omo + (Cg — Ca) Op — ('g') wa - RGLt 5, ©

s 2
c

ol

X
B

ETE

Te! (11)

The factors Gmo, Cr, and Cx, exclude direct thrust

effects it include interference effects Gue to the slip—
stream. (See, for exzmple, equation (Sa).) When only
part of tihe tall is included in the slipstiream, the fourth
term on the right side of eaquation (11) will be lower but
willl depend on the ildentical parameters, The fifth ternm
represonts the contrlbutlion of the aerofynamlc side force
developed by the inclined propeller (roference 2). In
thls analysis, this contribution will be grouped with the
aerodynamic terms rather than with the diroct contribution
of the thrust,

1f
S
R=14+ T,! -
D
and 1t is assumed
aRr dr a4T,!

dcy aTe' acy

differentiation with respect to the over—all 1lift coeffi-—
clent yields
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ac ac 1, S dC
....H.:(cg_ca)_ Xv _ 5 o2 2% SVLg
a0y, o acg 5 B, 40y
] m.t ]
Lla8%p K sa matel sy ant
¢ m S, J% dC, ¢ aCy t o 5, acy

Equation (12) reprosents the general variation of the re—
sultant pltchlng—moment coefficlent with 1ift coefficlent
ag 1t includes terms involving the variatlon of propocller
thruste If the constant—thrust test proceduro is omployod

(Tc’ = constant), ogustion (12) reoduces to
dCy
a0 i VX
08y o (2% L (g - 0a) - £ i
a0y, /p ! \ 301, ¢ dCy,

. 8
c 5,30, T o w8, 78 ag; - 96y (12a)

The term chﬂﬂGL ia assumed to be indepexndent of T,!
because

d d
th _ cTt / do _ dey dEﬁ)
ac, T \d.,L dCy  de

and experliments indicate that dep/dGL ls essentially
constant, at least for the flap~up condition, It is seen

that the value of verlios with the nmagnitude of

Tc' but that 1t is essentlally independent of the tall

load and hence of the value of the pitchlng mcmoant at which
the slopc 1ls measurod. Accordilangly, it makos little differ—
oncoc whethor the model is trimmed or not and tho slopo

[ ch\‘

— may bo ovsalustod with any tail sottlng, although
\ch}Tcl
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it should be apprecliated that the slope of the pitching—
momont curve'obtailned from the -constant—thrumet procedure
is, by itself, meaningless from the consideration of sta-—

billity in uteady flight,

In order to estimate th

dGM\

thrust procedure, it is now

e stability parameter

from wind—tunnel data obtained by the aonstant—

necessary to evaluate the terms

1 ch h-I = —C 21 Pt c_ . c
3cL o Ly Sp dCg, c dCy,
wvhere
(cHnt\T !
Crey = — /e
t Sy\ St I,
1+ T,! 5p Sy ©
Thus
) 4
C
ch _ T\acg/ ' Sw\St 1, ¢ .8p &0 o dCy,
Cy=0 Tc 1+ T, NS
p/°w ©
30\ ap ! (ou t> '
-< ! o _c \ P/% —zis—tJ%) (13)
acL/ dcy, Sy Sg 13 ¢ Sp \
1+ Tt )22
p/ w C

The foruegoing relationships

when tunnel data are available in the form

acﬁ\
can be used to ostimate (
dCL/

(acy®

for
\d. CL ,l.l c ]
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both tail—on and tail—off conditions and when propeller
data are available to evaluate the quantity, d4T.'/dCr.

From equation (6b)

| { 1
argt _ _ v s&.)
dGL ZGL av

The slope dT,'/dV is best determined graphically for the
particular condition under consideration. A method for
finding the variation of propeller thrust wlth forward
velocity for either fixed—pitch or controllable—pltch con—
stant—speed propellers is outlined in reference 3. TFilguro
2 typifies the variation of thrust coefficient and bdlade
angle with veloclty for constant—speed propeller oporation.

Constent—Power Procedure

If in equation (12) the thrust itc varied in accordance

1] ]
with the relstion Smloi s — - 522;\, equation (12) is
a0y, 201 \ 4dv /

reprecentatlve of the constant—power test procedure. The
direct relationship between the resultant slope of the
pltchinz—rorent curve for the constant—power tost procedure
and the constant term E of the stabillty biquadratic for
power—on flight has already bcen established,

It is obvious from equation (12) that, in the constant—
power teat procedure, the tall setting directly affects the
measuvred vind—tunnel piltching—moment slove, dGH/dCL. In

eva_uating dGH/dCL it is consequertly important to use that
tall setiing for which tho model 1s trimued (that is, Cy = 0).
It will De observed froa ccuation {12) tust, in power—on
flight, the s3lope of the rcsultent pitching—umor.ent curve (and
consequently the stabllity choractoristlcs) 1s affected Dby

both tha cenbter—of—gravity locntion and the associnted tall
load neceoessar;- to produze trim. Ths manner ia vhich these
associatod wvarlabloes affoect the stadility characterietics forms
the sudbjoct matter for tho remalndor of thils pecpor.
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EFFECT OF TAIL LOAD AND CENTER~OF—GRAVITY POSITION
'O THE SLOPE OF THE PITCHING—MOMENT CURVE
In gonoral, tho contribution of the tall load to the

rosultant pltching—momont slopo, dGH/dGL, ig oxprossod by
final term in equation (12)., Thus

A aCu - e G 1y By 4Ty’
aCp/, 4y Ly ¢ S5p dCp

where

) /dCLt> 3

- - —t +
°ny = \Tap / L&~ Ow €P+<aae/ 8q 1t]

The effect of this term on dC;;/dC1 ie demonstrated in
figure 3., The theoretical curve was evalrated by use of
the propeller—operating characterlstics that were used 1in
securlng the experimental results., The experlmental polnts
were obtained from date of unpublished teste. Both the
theorotical and the experimental results indicate that in-
creased down loads on the tail result in more positive
valuos of dCy/dCy and thus ere detrimental to stability.

In accordance with oequation (11), the dowvnward tail
load must be increased to prosorvo tho trim condition whon
tho contor of gravity of tho airplanoc is movod forward.

In powor—~off flight, a forward movcmont of tho ceontor of
gravity is normally stabilising, as 1t results in morse
negative values of dCy/dCp. It has just been shown,
however, that an increasing down load on the tail 1s detri-
mental to stability in power—on flight. Thus, the two
effects oppose one another. The results of a theoretical
examlnation of these antithetlcal effects of a center—of—
gravity movement are presented in figures 4 and 6, In the
computations for figure 4, the elevator angles necessary to
trim the alrplane with the various center—of—gravity posi-
tions were computed and the assoclated values of dCH/dCL

30>

.and _ac_I,/' were calculated. The value of daCy/dC; 1is
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the slope of tho pitchingemoment curvo associatoed with cor—

¢C
stant—powvor tests: ( H i1s the slopo of theo pltching—
aCL/m 1

momont curvc assoclatod uith constant—thrust tosts. It will

0G4
bo notcd that tho variations of both aC;/dC; and acIL’l)m '
=-C

with forward contor—of—gravity movoment irdicato a not in—
crenso in stability, but thet tho increased negative valuos
of dCy/eCy, are less than the increased negative values of

201 N
( e A conparison of these 3wo gquantities reveaesls

diroctly the effect of the incrcecased down load on the tall
required for trim with the forward canter—of—gravlity rositlon,

2011

for — inclwdos the effect of the shift in center—
00y’ m

of—gravity locatlon but not the change in tall load, wheroas
dC3;/dC, incluées both of these variations.

Couputations that show thc variations of dCy;/acy,

0 C:

55% and the elovator aagle for trin with 1lift cocfli-
cloat fo¢ two contor—of—gravity rositions sre vresented 1in
figure &, The variation of the thrust coafficiont, Tg!
wita 1ift cocfficicent is also showan., Tho thrust cooffi—

&0y
cionte woro used in eovaluatinz <S—é « Tho moro nogativo
Cr, Tc'

valucs of dGH/dCL anc tho etooper slopc to tho olovator

anglo foxr trim curve are assoclatod with tho most forward
censecr—of—gravity location. It will bo notcd that for
valuos of C3 greater than 1, the slope dGM/dCL for tho

26—percent mean aerodyrnamic chord center—of—gravity position
A0 N .
is greater than the atsocli.ted slepe —_— e« This be—
01,/
[

hevior results from the increased positive (upward) taill
loads required for trim at the higher 11ft coefficlents.
Thus, 1t is seen that the effect- of power on the contri-—

- bution of the tall to the stabillty characteristics 1s ad—
verse only when the tail is carrylng sn initial down load,
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CONCLUSIONI

On the basis of this analysis, the following conolusions ~
mey be reached:

1. For small angles of clinb, the slope of the curve
of elevator angle for trim against lift coefflicient secured
from flight tests 1s dlrectly proportional to the slope of
the curve of pitching-moment coefficlent against 1ift cooffi=-
cltnt secured from wind-tunnel tests similating flight with
constant power only when the model 1s trimmed for zero
pitoching-moment.

2. The destabilizing effacts of power are more pro-
nounced when the horizontal tail is required to carry a
down load to maintein flight equilibrium.

3. A longitudinal movement of the center of gravity
affectas the longltudinal stabllity characteristics less
in power-on flight than in power-off flight.

Langley Memorial Aeronautical Laboratory,
National Advisory Committee for Aeronautics,
Larngley Field, Va.
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NACA ) Fig. 1

Figure 1.~ Angular and vectorial relationships in powser-on flight. Flight-
path axis.
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