
t ' ;; 

RM No. A7G03 
M~ __________________________________________________ -, 

8 
t-
c< 
o 
Z 

~ 

RESEARCH MEMORANDUM 

AN ANALYSIS OF LONGITUDINAL-CONTROL PROBLEMS 

ENCOUNTERED ill FLIGHT AT TRANSONIC SPE~DS 

WITH A JET-PROPELLED AIRPLANE 

By 

Harvey H. Brown, L. Stewart Rolls, 
and Lawrence A. Clausing 

Ames Aeronautical Laboratory 
Moffett Field, Calif. 

NATIONAL ADVISORY COMMITTEE 
FOR AERONAUTICS 

WASHINGTON 

September 25, 1947 
Declassified October 12, 1954 





NACA RM No. A7G03 

NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS 

RESEARCH MEMORANDUM 

AN ANALYSIS OF LONGlTUDIr~~ONTROL PROBLEMS 

ENCOUNTERED IN FLIGHT AT TRANSONIC SPEEDS 

By Harvey H. Brown, L. Stewart Rolls, 
and Lawrence A. Clausing 

SUMMARY 

During flight t ests of a jet-propell ed airplane, a sudden 
pitch-up motion of the airpl~ne occurred in ~ r ecovery from a high­
speed dive, although the pilot hn.d not moved the contr ols so. as to 
produce this motion. The pitch-up oc curred at a Mach number of 0.85 
as the Mach number was being decreased from 0 . 866 and resulted in a 
change of lift coefficient from 0.49 to 0.89 i n about 1 second. 

Measurements of the st~b ility and control char acteristics of 
the airplane and of the wing pressure distribution during the dive 
and recovery nre presented. 

An analys is based on fli ght and wind-tunnel data indicated the 
probable causes of the abrupt pitch-up were an abrupt restoration 
of elevator effe~tiveness and a nose-up change in balance caused by 
a shift in the angle of 2.ttac.k for zero lift both due to the 
decreasing Mach number. 

INTRODUCTION 

During flight tests of a jet-propelled airplane conduct ed for 
the purpose of obtaining high-speed aerodynamic char ecteristics , 
several problems of high-Speed flight were encountered. Some of the 
data obtained and a discussion of the problems encount er ed were 
presented in reference 1 which dealt wi th wing- pressure moasurement s . 

On one of the flights the airplane abruptly pitchod up to the 
stall in about 1 second during a dive r ecovery. ' Thi s abrupt 
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pitching-up motion was experi enced at a Mach number of 0.85 as the 
!vlach number of fUght was being decreased from a value of 0.866, 
although the pilot had not moved the con~rols significantly. The 
airplane had not exhibited this trait in pull-outs up to the stall 
at lower Mach n~bers. 

B.ecause preliminary analysis indicated that the action of the 
horizontal tail was responsible for the abrupt pitch-up, t ests wer e 
made of a 1/3-scale model of the horizontal tail in the Ames Ie-foot 
high-speed wind tunnel up to the Mach numbers attained in flight. 
Because it appeared that a swept ~il would alleviate or eliminate 
the pitching-moment effects, wind-tunnel tests were also made of 
the tail with the quarter-chord line swept back 56.50 • 

This r eport presents an analysis bas0d on flight and wind-tunnel 
t es t data directed toward the de t ermJna tion of tho probable cause of 
the abrupt pitch-up. Wing pressure distributions and stability and 
control charactE1.ris tics in the dive are also included. 

SYMBOLS 

AX airplane longitudinal accel eration factor (X jvI) 

AZ 

a 

b 

B 

c 

-c 

cm / c 4 

airplane normal acceleration factor (Zj'vl) 

horizontal distance f rom 0.25 M.A.C. to the airplane center 
of gravity, feet 

wing span, fee t 

moment of inertia of airplane about its l ateral aXis , 
pound-feet, second squarod 

section chord, f eet 

wing mean aerodynamic chord, feet 

section normal-force coeff icient [l~·o(PL-Pu)d(~)J 

section pitching-moment coefficient about quarter chord 

[ l~'(PU-PL) (~ - O.25)d(~). J 
(

WAV T) 
airplane longHudinal-force coef f icient' . qs~ + q:s 

- -------

- I 
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CLH 
lift · coefficient·: of· horizontal ·taU 

CL airplane lift coefficient 

Cm pitching-moment coefficient about airplane center of gravity 

Cmfus 

CmH 

C 
mC / 4 

CN 

pitching-moment coefficient of fuse lage about the airplane 
center of gravity 

horizontal-tail pitching-moment coefficient about the 
airplane center of gravity 

pitching-moment coefficient of wing about 0.25 M.A.C. 

airplane normal--force coefficient (yiAZ/qS) 

(CN in thi s report is identical to the CL usually used 
in fl ight-research results) 

Fe elevator-control force, pounds 

g acceleration due to gravity, 32.2 feet per second per 
second 

H total pressure, pounds per square foot 

hp pressure altitude, feet 

it incidence angl e of the horizontal tail, degrees 

k constant 

tail length, feet " " . 

M Mach number, ratio airspeed to speed of sound 

p pressure coefficient [(P-Po)/q] 

Pu pressure coefficient on upper surface 

pressure coefficient on ~ower surface . , 

static orifice pressure, pounds per square foot 

Po free-stream s tatic pressure, pounds per f?.9.uare foot 
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standard barometric pressure at sea level, pounds per square 
foot 

dynamic pressure (~pV2), pounds per s~uare foot 
2 

qH dynamic pressure at horizontal tail, pounds per square 
foot 

S wing area, square feet 

SH horizontal tail area, square feet 

t section airfoil thickness, feet 

T thrust, pounds 

V airspeed, feet per second 

Vi indicated aj,rspeed, miles per hour 

{ 
r ( )0.286 lJ.-l 

Vi := 1703\ H-po + 1 _112 ,_ 
L .PSL J ) 

w downwash velocity aft of the wing center s ection, f eet per 

VI 

x 

x 

y 

z 

z 

second 

airplane gross weight, pounds 

chordwise di stance ';:' l'om ] .. eading edge , f ee t 

aerodynamic 10ngitud.Lnal f orce on airplane, pounds 

spanwise di s tance from plane of symmetry, fe at 

a erodynamic norITal force on airpl~ne, pounds 

vertical distance from 0.25 M.A.C. to the airplane center 
of gravity, feet 

~ angle of attack of the airplane thrust llne, degrees 

~H angle of attack of horizontal tail, degrees 

p air density, slugs per cubic foo t 

0a aileron control-surface deflec tion, degrees 

--~--- .-
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De elevator control-surface deflection, degrees 

A angle of sweepback of ~uarter-chord line, degrees 

e angle of airplane longitudinal axis with respect to axie 
fixed in space, radians 

T time, seconds 

€ downwash angle, degrees 

de /dT pi tchirig angular velocity, radians per second 

d2 e/dT2 pitching angular acceleration, radians per second per 
second 

DESCRIPTION O~ THE .~RPLANE 

The airplane used in the tests is shrnm in fignres 1 and 2. 
Figure 3 i3 a three-view drawing of the airplane showing the wing 
stations at which press~e measurements were. taken. Dimensions of 
the airplane wing and the horizontal tail are listed in table I. 
Table II contains tho ,ordinates for the wing sections (NACA 651-213 
(a=0.5)) and table III lists the orifice loca tions for the four 
stations on the left wing. The deviations of the actual contour 
from the theoretical contour are plotted in figure 4. 

The plan f orm and contour of the horizontal stabilizer and 
elevator arc shown in figure 5. ThG elevator was equipped with 
a trim tab which also acte} as a boost tab with a 1:3 ratio ~nd 
with a spring tab which operated when the pull forces on the stick 
exce0ded approximately 10 .pounds. The spring tab r eached a maximum 
deflection of about 250 at ~bout ·50 pounds pull force. 

The gross we ight of the airplane during the dive was 10,220 
pounds with the cunter of gravity at 27.5 percent of the menn 
a oroQynamic chord. 

Standard NACA r ecording instruments were used to r ecord the 
various ~uantitieG during the flight. 1~e wing orifice pre ssures 
wore r ecordud s imultaneously on multiple manomet ers housed in tho 
fuselag0 nose compartment. A more complete description of the 
instrumontation is given in r ef er ence 1. 

5 
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ACCURACY OF RESULT3 

The stat.ic pressures used. in t.he de t ermination of the airspeed . 
and alti t ude were obt ained from the static pressure of the airspeed 
head. corrected. for pos ition error aA d.etermined from a low-alti t ude 
flight ce,librat ion. The flight calibration vTaS JIl[tde by flying the 
airplane past ~n object of known he ight to obtain t he pressure 
diff8r ence be tweon the airplane static prussure and. the barometric 
pressure . In addition, from a calibration JIl[tde in the AIDes l6-foot 
high-speed. wind tunnel tho error inher ent in the airspeed. head due 
to compressibility wa s d.e t ermined. The values of pressuro coeffi­
cients wer e based on corrected s t a tic pressur8s. 

All pressure lines of the airspeed sys t em wer e balanced. to 
provide equal rntes of flow during rapid changes in altitud.e . In 
order to avoid the use of an oxcessive1y long impact pres sure line 
to prO'vid.e equal rates of flovT, two s E;:par a t e sources of s tatic 
pressure wer 6 providod., one for the airspeed r ecorder and. one for the 
altitud.e r ecorder. All lines wer e 3/16-inch insidu diameter a nd. 
about 1 f eet long, for which l ength the lag was cons ider ed negligible. 

The airspeed instrument, altimet er, and all pressure cells wer e 
ca librated at sevoral t E;mpcratures and. tho flight.-tost· d.ata wer o 
corrected for instrument t 0mpcraturo effects. 

Due to the high angles of attack and high Mach numbers obtained. 
d.uring the d.1ve , the ca libration of tho airspeed systom hed to be 
necessarily ext r apolated. to a consider able extant. For the portion 
of the dive between T= 13.0 and 15.0 (fig. 6), tho accuracy is 
l ess than for the r est of the divo, and ther ofore two se ts of values 
of accuracy are given. 

Time 6.0 - 13.0 s ec. , 13.0 -
Interval 15.0 - 18.0 sec. 15.0 sec. 

Vi ±0.1 mph ±2 mph 
M ± 0.005 ±0.O15 
hp ±50 f eet ±200 f eet 
P ±lO/q (noted) 

The values of aileron angle shown in figure 6 are for the 
right aileron. It wa s a ssumed that the l oft a ileron was at tho 
same angle . During the pull-out some ailoron forc o was applied. so 
ther e is an indet erminate error in the cileron position. 
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Due to instrumentation difficulties no. reliable records of the 
elovator trim tab or spring-tab deflections were obtained during tho 
flight. The deflection of the trim (boost) tab var:1.ed less than 50 
for ~he elevator deflections obtained but the spring tab was most 
likely at full deflection (250) during the pull-out whon the control 
forces were high. In view of the uncertainty of the tab deflections, 
their effect has been ignored in the analysis. The effect of the 
t abs was to cause a higher value of up-elevator deflection than would 
heve occurred had the tabs been at zero deflection. This difference 
in elevator angle during the dive varies from about zero at zero 
value of CN to about 20 at values of CN above 0.5. 

The pressure cell which recorded the difference in static 
pressure between the n08e compartment and the airspeed head gave 
incorrect r esults at the higher values of CL and therefore the 
pressure coeffi~ients wore uncorrected and are noted as such whore 
presented. 

During the abrupt pitch-up portion of the dive many of tho 
orifice pressures changed very rapidly and for t~is r eason no 
estimate i s made of the accuracy of P for this period. 

RESULTS AND.DISCUSSION 

A time history of various quantities measured during the dive 
r ecovery is shown in figure 6. From a maximum dive anglo of about 
400 a gradually increasing rate of r ecovery was carried out up to 
13.3 seconds. The airplane normal-force coefficient at this time 
was apprOXimately 0.49 at a Mcch ~umber of 0.858. At this point, 
without appreciable change in el evator angle , the airplane suddenly 
pitched up to CN = 0.89 at M = 0.844 during a time interval of 
about 1 second. The maximum ·CN ocpurrcd at about 14.25 seconds 
with the maximum angle of attack indicated as occurring slightly 
l ater, which suggested that a stall had been encountered and which 
was later verified from the pressure-distribution meas~ements. 

The maximum Mach number, 0.866, was r eached at about 11.75 
seconds. As the pull-out progrcssod tho Mach number decreased, the 
r ate of decrease be ing very rapid near the end of the pull-out. 

The chordwise prossure distributions obtained during the pull­
out are ~resented in figure 7. Comparison of the pressure distribu­
tion for wing station 65 in figure 7(h) (T= 14.25) and figure 7(i) 
(T = 14.45) shows tho flat distribution on the upper surface indica­
tive of a stalled condition. This stall was apparently confined to the 
center section. 
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The spanwise loadings derived from these chordwise pressure 
distributions are presented in figure 8. In consi-dering these data 
it should be noted that the -~ileron8 were floating vp as indicated 
in figure 7. 

The variation of elevator angle with Mach number for constant 
values of airplane normal-force coefficient is shmnl in figure 9. 
The values below M = 0.80 were obtained from straight flight runs 
and shallow turns. The results for the higher Mach numbers were 
obtained from dive pull-outs at M = 0.82 to 0.83 and from the 
dive for which the time history is shown in figure 6. 

Inasmuch as the angular pitching velocity of the airplane 
d1rring a pull-out produces an increase in the angle of attack 
of the tail over tho. t obtained in level fl:i.ght, an increase in 
up-elevator deflection is necessary to offset this effect. In 
figure 9 the elevator angles obtained from pull-outs have been 
reduced to the static case by employing the horizontal-tail 
characteristics determined from tests on a l/3-scale model of 
the complete airplane in the Ames l~foot high~peed wind tunnel 
(reference 2). These wind-tunnel results are shown in figure 10. 
The elevator angles obtained during the pitch-up were further 
reduced to correct for the out-of~bulance attitude of the air­
plane. 

The calculated longitudinal-stability curves of figure 11 
were obtained from the elevator-deflection values of figure 9, 
utilizing the elevator eff"ectiveness of figure 10.· This is an 
apparent static longitudinal stability since the elevator effective­
ness, as will be seen later, may differ from that shown in figure 10 • 

. The various longitudinal stability and balance problems 
encountered in the high~peed dives and recoveries of this airplane 
a re indicated in figures 9 and 11 • . The problems indicated in 
figure 9 are (1) an increase in up-elevator angle required for 
ba lance or a nose-d~n tendency at Hach numbers greater than 0.70; 
(2) 0. further increase in elevator angle required ·for balance for 
values of CN above 0.20 at Hach numbers above 0.75 as shown by 
the spreading o.part of the curves for CN = 0.2 and eN = 0.4; 
and (3) the abrupt decrease in elevator angles required for balance 
at the higher normal-force c·oefficients p.t M = 0.84 to 0.86, 
i"ndioated by the bending over of the curves for the higher lift 
coefficients . 

," 
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Nose-Down Tendency 
, , 

The airplane n03e-d.own tendency 'problem (lY) was encountor ed 
in wind-tunnel t ests (reference 2) as well as ~n flight. The 
increment in elevator angle needed to balanoe ~his pitching moment 
above M = 0.70 at ' CN = 0 is prcsehted in figure l2(a) for both 
wind-tunnel t ests and flight. The change occurs mor~ abruptly and 
at a higher Mach ,number in the case of the wind-tunnol t ests than 
for the flight tests. This 10s8 abrupt change in flight i s 
poss ibly due to tho action of tho sprihg tab. However 7 it was 
consider ed r easonable to attribute tho change in balance i n both 
ca s es to the same cause and therefore conclusions drawn from 
analyses of t he wind-tunnel r esults could b o applied to flight­
t est r esults. 

The anglo of attack for zero lift for tho airplano model in 
the wind-tunnel is pre sented in figure '12(b). For a constant valuo 
of CN and assuming € to 0 8 solely' a function of CN, then a 
shift in tho angle of: zero lift corr(;; spond~ t o an equal change in 
the t a il angle of ,attack. Thus , the positi~e shift in the angle of 
zoro lift, in cffoc t7 produces a positive incroa so in the' anglo of 
attack of the t ail with a r esulting noso-down pitching moment. The 
increment in el evator angle neoded to offse t this pi t ching moment 
was computed and is pres~nt0d in fi gure l2(a ). Comparing thi s 
computed increment with tha t ~oed8d for balanco shows tha t tho 
shi r"t in angle of ' a tta ck f'9r zero l '1ft will s ervo to expla in most 
of the change in ba l ance at law valu08 of CN above M = 0.70. 
Thus, it may be concluded that tho nose-dovm pitching moment 
experienced above M:=: 0.70 was duo to tho change in tho angle 0.1' 
zero lif t of the wi ng . ' 

Analys is of Pitching Moments During Dive 

Problem (2)7 the incr ease in stability between CN = 0.2 and 
CN = 0.4, and, p::'oblom (3), the abrupt pitch-up, will b e consider ed 
in l i ght of the dive ohown in figure 6. , In ana lyzing the r esults 
of thi s dive eN and Mar-h numb6r will b e treut ad as tho primary 
variables. 

9 

' The equa tion f or the pitching-moment coefficients about tho 
airplane center of gravity, with a f ew J·asGllm:ption s 7 may bo expressed 
as 

~It is assumed tha t voloci ty and o.cc'Jleration along the lateral axis 
i s zero, and tha t the thrv.s t c cts through the airplane center of 
gravity. 
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a z 
CmL> + = CN + = Cx + Cm / + CrnE 
~us c c C 4 

(1) 

/ 2 \ 
For an airplane in steady flight i d .! I = 0 or th~ airplane is in 

\d,-) 
balance. The various terms of equation (1) will be consid.ered 
individually with the intent of determining the caus e of the increase 
in stability between .eN; 0.2 and 0.4 and a lso the cause of the 
pitch-up. 

Fuselage pi tchj.ng moment.- The pi t ching-momen-c coefficients of 
the fuselage calculated by the method of refer ence 3 are shown in 
figure 13(a). The fuselage criti cal Mach number a t zero angle of 
attack from r eference 4 w~s estimated to be 0.87. Since the Mach 
number for fuselage moment diver Gence would be still greater, it 
was assumed that t he f uselage was opernting below the critical. 
The correction for comr ressibility effec t s us ing reference 5 proved 
to be small (maximum em = 0.010) and ther ef0re the uncorrected 
incompressible values of pitching-moment coeffi ci ents were used. 
When the va lues of fuselage pi t ching-momont coeff i ci ent s ii'Ore used, the 
fus elage was eliminated as a cause of thn problems as sociated with 
the dive. 

Pitching moments due to normal and longitudinal forces.- The 
effect of the normal-force coefficient eN on the pitching coeffi­
cient is sho~~ in figure l3(b). Its effoct is r el a tively unimportant 
since the a jrplane center of gravity WQS close to the quarter-chord 
point of the mean aer odynamic chord. 

The va lues of longitudinal-force coeff ic i ent 
from the longitudina l accel erometer r ecord and an 
j e t thrust. Its effect on em i s shown i n figm'o 
also not important as r egards the dive problems. 

ex wer e obtained 
estimate of the 
13(c) and is 

Wing pitching moment.- The wing-pressure measure~ent8 mado 
during the dive allow ~n exact de t e rmination of the contribution 
of the wing t oward the ba l ance and stability of the airplane . 
Figure 13(d) pr esents the values of em / of the wing during the 

-'C 4 

dive . Since all the values of emc / 4 a r e: negati vo and since 

dCmc/~/dCN is negative at tho highor lift coeffi c i ents, the wing 

could not havo directly produced the pitch-Up . However the change 
in dCm / ! dCN f rom a. pos i tive vo.luo a t eN below 0.2 to a 

c 4. 

----- ---- - ----- - --
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negative value above , ~~ = 0.2 would serve to explain at least part 
, i:. 

of the stabili ty illcrOO.~ bet/sen CN = 0.2 and. 0.4. 
" 

Tail pitching momept.- ~ pltching-moreent coefficient of t~e 
airplane, tail off, may be f~d by Bumming the contributions of the 
various components. Thus . 

a z 
C ;: C + -=- CN + -=- Cx + Om ' 
Irltail off 1nrv s c c c / 4 

(2) 

The pitching-moment coefficient of the tail ~s then, from equation (l): 

~ ( ~~) 
C~ = - CIDtail 

9.cS off 

The tail~ff pitching-moment coefficient ia presented in figure 14. 
Also shown is the out-of-balance pi tching~wment ,~oefficien~ 
B(d2e/d~)/~Sc d.erived. from the measured slope of the pitching­
velocity curve of figl~e 6. From these two c ~yes the pitching­
moment coeffi cient prod.uced by the tail was d.etermined according 
to e~uation (3) and is presented in figure 15. 'The results ind.icate 
that the tail pitching moment became inoreasingly positive at the 
higher values of CrT up to the stall. Thus by a process of 
~limination it has been deduced that the t ail pitching moment was 
the principal cause of the pitch-Up. 

Ana~sis of Horizontal--Tail Pitching Moment 

It was shown that the c,,'; t i cn of the tail was the proba.ble 
cause of the abrupt pi tc:h-u-p . The p'JXpo8e of thefollow'ing analysis 
is to determi ne hOYT this oc ,_:ur-red . 

The pitching-moIneT't ~oefficierct of the horizontal tail may be 

expressed aa ~ SH qH {dCLrr [ . 1 ( ~~) ] GC~" } 
CmH= ~-- ----- Clr-€+"1t''<57.3 + -- )\Oe (4) 

c S ~ dCtH V , <:Joe 

By utiliziT'~ test results (unpublished data.· on file at the labo­
,ratory) of a l/3-scale model of the hori~ontal t ail in ·the j.I..mes 
16-foot high-speed wind tunnel the nlli~ber of unknmrn variables is 
reduced. to three ; €, (1., and ~H/ q . The possi bili ty that any one 

----~---~~ - - ~ - -
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of these variables caused the abrupt pitch-up wlll now be considered. 
The method, of analysis for a and qR/q will be to solve for the 
variation thht is roquired for each one of these variables to produce 
the ta.il pltching-moment-coeff'icient curve;: of figure 15, assuming 
reasonable values for the two romaining unknowns. 

Downwash apgle.- If it is assumed that the tail is' close enough 
to the trailing edge of the wing and of small enough span so that the 
effect of the rolling up of th9 trailing vortices TIJEly be neglected, 
then the downwash angle nk~y be expre~sed as 

.. '" Jq 
€ = 57.3 - = 57.3 -- k cnc dy 

V ClH 

where the integral is evaluated over the center section. If 
ClH/Cl = 1.0, the downwo.sh angle will vo.ry linearly with the wing 

j"'C c /2 "-
center-section loading , ¥ d\ bY). Other wind-tunnel tests 

indicate that ,at a constant lift coefficient,Mnch number ho.s a minor 
effect ; on downwash. 

The integrated center-section loading obtained from the span­
wise loadings of reference 1 is presented in figure 16. Also shown 
are values obtained during , the dive which are slightly larger than 
those ipd~cated from tp~ lQW~speed reaults, probably due to the fact 
that "the ailerons were 'd,efiected up.Tard. At any rate, there is 
insufficient increase in dOWl).wash to prod.uce the pitch-up . 

From wind-tunnel te s ts2 of n 1/3-sca1e model of the test air­
plane the derived downwa~h angle variation with 'ON for a range of 
Mach numbers from 0.3 to 0.85 v~<.s obtained. o.nd is presented in 
figure 17. No Mach number effect is a~pnrent. The varia tion of € 

with CN thus obtained was Gorrected for the increase in center­
section loading and the. correc t ed. variation cs' used in the subsequent 
analYSis is also shown in fiGUre 17. 

Angle of atta.ck.- To determine the variation of ~ with ' CN 
required to produce the tail pitching-moment r esults shown in f.igure 
15, it was as sluned thut (1) qHjq = 1.0, (2) the vurio.tion of € 
with CN was as shown in figure 17, and (3) tho horizontal-tail 
charac'teris tics "'ere as determined in tho wind-tunnel tests of the 
isolated t a il. For convenience in making tho analYSiS, thoso wind­
tunnel a,ate: were plotted a.s tho varic.tj,on of CLH with MD.ch numbor 

2Unpublish~d data on file a t tho laboratory. 
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for the vall.~es of 0e corresponding t o spe.::ific points during the 
dive. A typical example is shown in figure 18. 

13 

Using the tail characteristics as measured in the wind tunnel, 
the values of all 'needed to produce the values Qf CmH of figure 15 
were determined. Then 

a = "1l + • - it - 57.3 {!~) 
V 

(6) 

which (in light of the assumptions made) allows the values of a 
to be determined. The variation of a with CN thus derived is 
shown in figure 19. This variation i s required to produce the 
longitudinal characte:ristics of the dive. Compa:rison of this lift 
curve with that derived from extrapolation of the 'Tind-tunnel tests 
of reference 2 (fig. 20) indicates dissimila:rities. For the portion 
of the dive before the pitch-up, the difference in slopes tends to 
eliminate the lift curve as the cause of the increased stability. 
In regard to the pitch- up , the results shown ' in figure 20 lnd1c~te 
that the effect of decreasing the l~ch number as CN is increasing 
from 0.5 to 0.89 is to markedly increase the slope of the curve. 
This would agree with the steep slope in figure 19 between eN = 0.5 
and 0.7. For eN greater than 0.7, however, the reduction in a 
with increasing eN is improbable. Therefore, it may be concluded 
that the variation of a with eN may explain part of the reduc­
tion in stability during the pitch-up due to the fact that the 
airplane Mach number was decreasing, but it does not entirely 
expl ain the l att er portion of the pitch-u~ above 0 . 7 eN' 

Dynamic pressure a t the tail.- A reduction in dynamic p:ressure 
over the tail occurs d.ue to the wing w'ake . This effect can become 
important above the critical Mach number of the wing i-Then a 
pronounced flow separation is present. This reduction in dynamic 
pressure has two effects: (1) It reduces the tC~ obtainable 
with a given 6eLH as can be seen in equation (4), and (2) it 

causes the ~~ch number at the tail to be lower than the airplane 
Mach number. The reduction in <lH/q and Mach number at the tail 
can be seen in figure 21 as a function of loss in total-head 
pressure. Thus at lv1 = 0. 85 , a loss in total- head pressure 
sufficient to produce a qH/q = 0.90 lowers the.~mch 'number at the 
tail approximately 0.04. It may be seen in figure 18 that such a 
reduction in Mach number could produce a much larger change in tail 
load than that due to the effect of t he change in ~/1 itself. ' 
This is due to the large effect of Mach nunwer on COLH/00e and 
dc~/oaH above M = 0.80. 



14 

- - -- - - ~~---

NACA RM No. A7G03 

For the purposes of analysis certain assumptions have been made: 

1. Variation of € with CIIT is as shown in figure 17. 

2. Variation of a, with CN is as shown in figur'3 20. This 
variation was _derived from an extrapolation of the "lind·­
t unnel results of reference 2. 

3. Tail characteristics are as determined from wind-tunnel 
te s ts of the isolated tail. 

These assumptio~s coupled with measured values allow ~ to 

be determined, 1eavil!g only qH/q, "CC~/C~, and CCLH/Cbe as 

unknowns in equation (4). Since all these were shawn to be a 
function of the total-be~d loss over the tail, the required variation 
of qli/q was found by a series of successive approximations . The 
variation of qH/q and Mach ~umber at the tail req"uired to explain 
the abrupt pitch-up is presented in figure 22. From this it ~ be 
seen that the required reduction in dynamic -pressure increases with 
i ncrease in C J . This is quite plal1sible J since at higher angles 
of att ack the wa.l(e becomes broader end. the t ail moves tovTard the .lake. 

To demonstrate this more clearly the wing wake at the tail for 
the test airplane a t M = 0.85 was estimated for a low va lue of ~ 
and also for the value of CN at the beginning of the pitch-up_ 
These estimates are shown in fig\.U'e 23 and are based on ",ind-tunnel 
Sl1rVeys of a thinner wing and should be considered only roughly 
quanti t e tive. They do show -the liklihood of wake changes at the tail. 

In ad~ition to the reduction of the dynamiQ pressure, the wake 
produoes a velocity gradient in the vertical direction at the tail. 
This velocity gradient will produce a lift on the tail dependent 
upon the thickness of the tail and the velocity gradient. This 
subject has been trea ted in references 6 and 7. 

Summn.ry of Balance Changes and Apparent Stability 

A shift in the angle of attack for zero lift, changes in eleva.tor 
effectiveness, and changes in stabilizer effectiveness produce changes 
in the _elevator angle requi red_ for balance at various Mach numbers_ 
If C!,T end Mach number are both varying, the changes in balance can 
result in all apparent change in stabi;Lity t:£m/6C~;; . When both (;N 

_ I 
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and Mach number are inoreasing, an increase in the angle of attack 
for zero lift produces an apparent increase in stability. This 
accounts for part of the increase . in stability during the dive 
recovery between CN = 0.2 ahd O;~~ When CN is increasing and 
the Mach number is decreasing, the· reduction in zero lift angle 
causes an apparent decrease in stability, which partially explains 
the abrupt pitch-up. 

15 

The effect on the airplane balance due to changes of elevator 
effectiveness and stabilizer effectiveness is dependent on the angle 
of attack of the tail, the elevator deflection, and the relative 
changes 'in effectiveness with Mach number. For the dive in 
question, the net effect of the . decreasing airplane Mach number 
was to produce a nose-up pitching moment; and because CN was 
increasing, an apparent decrease in. stability resulted. It was 
previously shown that, due to the wing wake, the Mach number a~ 
the tail probably decreased more rapidly than the airplane Ma~h 
number, greatly increasing this effect. 

The combination of these changes in the apparent stability and 
the reduction in Mach number over the tail serves to explain the 
Pitch-~p below CN = 0.75. Above this value this explanation fails 
to account for all of the necessary tail pitching moment and at 
CN = 0.89 it explains only about 60 percent of the requir~d momen~, 
leaVing an unexplained pitching-momen~coefficient of 0.030. . 

. A reasonable explanatIon for the inability to satisfactorily 
explain the entire pitch-up lies in the probable inaccuracies in the 
results during the final and most rapid stage of the maneuver. For 
example, assuming an error in Mach number of 0.015 (the estimated 
accuracy) when CN = 0.89, . the resulting shift in angle for zero 
lift would have produced an increment of pitching~oment coefficient 
of 0.040. 

The longitudinal problems thus appear to rise fr'om the effect 
of Mach number on the angle of attack for zero lift and elevator 
and stabilizer effectiveness. The use of a symmetrical wing would 
reduce the shift with Mach number in the angle of attack required 
for a given lift coefficient at least for moderate lift coefficients. 
This would reduce the increment in elevator angle needed for balance 
and thereby proportionately reduce the effect of a change in elevator 
effectiveness on balance. A pcrtial solution would be to alleviate 
the effects of Mach number on elevator effectiveness and stabilizer 
effectiveness. The use of a swept-back tail surface would accomplish 
this purpose as may be observed in figure 24 which compares the 
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elevator effectiveness and stabilizer effectiveness at high Mach 
numbers for the standard tail and for the tail swept back. 

CONCLUDING REMARKS 

Thi~ report explains the abru~t pitching-up of the airplane 
which occurred during a 0.866 Mach number dive. Some additional 
related stability problems have also been included. 

One of these additional problems, the nose-down tendency of the 
airplane above M ~ 0.70, . was shown to be due t o the positive shift 
in the angle of attack for zero lift of the wing. At any given value 
of eN' this shift served to increase the angle of attack of the 
tail and produced a diving moment. 

Another problem, the increase in stability which occurred 
between CN ~ 0.2 and 0.4, was a ttributed partly to an increase in 
stability of the airplane, tail off, and partly to the balance 
changes associated with an increasing airplane Mach number. 

It was shown that the action of the tail was responsible for 
the pitch-up. The negative shift in angle for zero lift and 
increase in elevator effectiveness as the airplane Mach number 
decreased produced a nose-up change in balance. The presence of 
the wing wake produced an additional decrease in Mach number at 
the tail which further increased the elevator effectiveness and the 
nose-up pitching moment. 

It was suggested that utiliza tion of a symmetrical wing and a 
swept t ail would alleviate the longitudinal-atability problems 
encountered. 

Ames Aeronautical Laboratory, 
Na tional Advisory Committee for Aeronautics, 

Moffett Field, Ca lif. 
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TABLE L- BASIC DIMENSIONAL DATA OF TEE TEST AIRPLANE 

. Item 
I 

I Area, S<l ft 

Span, ft 

Aspect ratio , 
I Taper ratio 

Mean a .erodynarnlc 
chord, ft 

I 
Dihedral of trail~ 

ing edge, de3 ! 
j 

Inc ide nee ,root I' 

chord., deB 

Incidence, t ip 
chord, deg 

• 

i 
I 
i 
I 

Root sectj.on i 

Tip section 
I 
I 
I 

i ! Percent chord I 

I 
having common I 
plane I 

I 
Tail length (fro~ 1 

0.25 M.A.C. wing , 
to 0.25 M.A.C. i 
tail), ft I 

Wing 

237 

}3.9 

6.39 

1. 

-0. 50 

NACA 651-213 (a=0.5) 

NACA 651-213 (a=u .5) 

52 

Horizonta;! 

tail ~ 

43·5 I 
15.6 

5·59 

0.308 

3·08 

o 

1.50 

NACA 65-010 

NACA 65-010 

75 

14.90 

NATIONAL ADVISORY 
COMMITTEE FOR AERONAUTICS 

- ---~---------------- - - --~-------' 
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TABLE 11.- ORDINATES OF NACA 651-213 (a ~ 0.5) AIRFOIL 
[All stations and ordinates in peroent ohord) 

eo 40 60 80 100 

Stafion) percenf chord 

Upper surface Lower surface 

Station Ord1nate Station Ordinate 

"0 0 0 0 
.38 1.06 .62 -.92 
.62 1.24 .8g -1.10 

1.10 1.6 1.4-0 -1.35 
2.34- 2.23 2.66 -1. 76 
4.31 a·

26 5.19 -2.38 
7.31 .02 7.69 -2.84-

4. 80 4.67 10.20 -3. 22 
1 .81 5.71 15.19 -a· 82 
1~.83. 6.51 20.17 - .26 
2 .81) 7.12 25.14 -4.59 
24.89 7.56 30 .11 -4.82 

"3 .92 7.35 a5. 08 -4.96 
~9.96 7.9g 0.04- -~.01 

5. 01 7.94 44.99 - .95 
50. 07 7.71 44.93 -4.77 
55.11 7.26 5 .89 -4.47 
60.la 6.63 ~.g7 -4.07 
65.1 5. 34 .g6 -3.60 
70.13 ~.o 6~.87 -3. 06 
75.11 .14- "7 .89 -2.4-9 
30.09 3.1~ 79.91 -1.88 
85. 06 2.2 34.94- -1.29 
90. 04 1.33 89.97 -.72 
95. 01 .53 94-.99 -.24-

100.00 0 100.00 0 

L. E. rad1us: 1.174. Slope of radius 
through L. E. : 0.084 

NATIONAL ADVISORY 
COMMITTEE" FOR AERONAUTICS 

_~ _ _ _______________ ----1 
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TABLE III.- ORIFICE LOCATIONS ON WINGS OF 'mE TEST AIRPLANE 
[Given in Dercent of chord] 

Orifice 
no. 

1 
2 
3 
4 
:=> 

6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 

Section 
chord., 
feet 

Left wing 
Upper sm-face 

Spanwise station, in. from 
center line of cirp~une 

6'5 10'5.22 15_2 207 
0.68 0.72 0.32 0.36 
1.47 1.55 .95 1.43 
2.791 2.69 2.20 2.61 
5.31 5.25 4.62 5.09 

10.32 10.25 9. 65 110.02 
'16.24 16.62 15.49 ,16.02 
22.58 23.32 22.73 23.10 
26.12 25.84 25. 93 26.13 
33.23 33.97 34.33 34.19 
41.16 42.09 40.62 , 41. 73 
45.78 46.53 48.70 48.78 
54.13 55.96 53.76 55.23 
59.18 59.89 58.78 60.12 
64.14 64.60 63. 96 64. 96 
69.12 69. 56 68.68 75.61 
73.38 76.88 78.41 80.18 
79.11 79.83 83.30 85.14 
83.03 84.58 89.93 90.27 
89.14 88.93 93.24 95 . 25 
94.19 94.39 ---

7.46 6.40 5.18 3.73 

I 

Lower surfc.ce 

Orifice 
S?UmTise station, in. from 

center line of airplane 
no. 65 10'5.2'5 1'52 207 
1 0.69 0.69 0.39 0.25 / 2 1.48 1.47 1.05 1.12 
3 2.87 2.81 2.17 2.23 
4 5.26 5.34 4.60 4.86 
5 10.20 10.34 9.57 11.43 
6 16.30 16.23 15.49 16.69 
7 23.07 23.68 22.59 23.43 
8 26.19 25.95 25.88 26 .31 
9 33.54 33.87 34.19 34.28 

10 41.40 41.84 41.33 41. 78 
11 45. 93 46.50 48.24 47.89 
12 56.13 54.97 53.76 55. 101 
13 59.59 59.99 58.88 60.031 
14 64.23 65.02 63.56 65.16' 
15 69.51 72.59 67.63 
16 71.87 76.47 78.59 79. 94 
17 79.09 79.96 83.51 85.02 
18 82.90 85.12 90.14 93.04 
19 89.15 88.76 93.16 
20 94.09 95 .06 

Section 
chord, 7.46 6.40 5.18 3. 731 feet 

Ii[t.TCOi-L·.L ... .nVISO:..-:'; 
CO!,1MITl'IX l'Oli "'JI:~;O Tf.UT::::C;:i 

L~ _ __ ~ 
- I 
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Figure 5.- Plan form of horizontal tail of subject 
airplane and ordinates for the modified NACA 
651-010 airfoil with straight side elevator. 
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(h) Stah;lizer errecfiveness 

Figure 10 .- Horizon Tal-tail charocleristics obtained 
ill h;'gh-speed wind-tunnel tests of i-scalI!' 

m odel of fest airplane (reT. 2). 
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Figure 14 .-/J€>r;"ved pilchin9-mon?@nl c/;oraclerislics of 
the fe{5f ol/plone durin9 fhe dIve. 

.5101/ 
} 

.2 .6 .8 /1) 
Normal- rorc€' coefficie!7l, eN 

NATIONAL ADVISORY 
COM .. ITTEE FOR AERONAUTICS 

,F;YLlre 15. - Derived pJ!chiI79-momenl c:oG' fl/cien/ of 
f)le h {lr i zonto/ tOI/ dLirl/79 Il;e dive. 
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