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NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS 

RESEARCH MEMORANDUM 

FORCE AND LONGITUDINAL CONTROL CHARACTERISTICS OF A l/l6-SCALE 

MODEL OF THE BELL XS-l TRlI.NSONIC RESEARCH 

AIRPLANE AT HIGH MACH NUMBERS 

By Axel T. Matts on 

SUMMARY 

This repol't contains a part of the r esults ob tained to determine 
the effects of compressibility at high Mach numbers on a l/l6-scale 
model of the Bell XS-l transonic research airplane. 

Although these results do not prefJ ent completely the force 
and I on itudip~l control characteristiJs 0' the model, general trends 
are illustrated which can at least be qualitatively analyz ed for 
l evel-flight Mach number'c up to 0.93. 

~ large increase in drag coefficient occurs beyond a Mach number 
of 0.78. At a lift coeffic ient of 0.1 and a Mach number of 0.9, 
the dl'ag coefficient has increased to approximately three times the 
subcri tical value. At a Mach number of approximately 0.825, an 
ini tial lift force break occurs . This force break, up to a Mach 
number of approximately 0 .875, i s not s8vere,although elevator-control 
effectiveness is decreasing. At a Mach number of 0.9, howev er, the 
airplane, because of an indicated diving tendency with 10s8 dnd 
reversal in elevator control, will requi re the use of the stabilizer 
as a trim control. Contro l by the use of the stabilizer is effective) 
at least up to a Mach number of 0.93, the limi t for these tests . 
These results, as have the wing-flow test results, have indicated that 
although an airplane of a similar configuration can be controlled in 
level flight at transonic speed with the use of the stabilizer, a 
rapid and accurate manipulation of the stabilizer may be required at 
Mach numbers of approximately 0.90. 

I NTRODUCrrr ON 

At the request of the Air Materiel Command, Army Air Forces, tests 
were conducted in the Langley 8-foot high-speed tunnel f or the purpose 
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of investigating the per formanc e , stab ility, and control characteristics 
of the Bell XS-l transonic research airplane . This airplane 1s 
designed to fly through the transonj.c region to obtain flight research 
information. 

In order to aid in performance predictions, lift and drag polars 
were obtained for the basic model configur ation without the s imulation 
of r ocket power . The investigation included stabilizer and elevator­
effectivenes s tests ; however , becaus e of incomplete tare evalu.ation, 
the pitching-moment data a~ e pres ented for ~gle8 f attack of 'only 
00 and 60 • 

This report presents data whic h are corrected for tares. Other 
data, which are not pres ented but which ha e been obtained, require 
addiUona l tunnel tes ting to eval uate the tares . By the us e of the 
data in t his repor t, trends 1n lift arJd. drag forces and longi tudinal 
control characteristics are i ndicated which may be of interest in 
connection with fli ght t esting . 

SYMBOLS 

The symbols us ed in this report and their definitions are as 
follmrs : 

v 

p 

q 

a 

M 

L 

D 

M e.g . 

c 

free---stream velocity, feet per second 

free- s tream denSi ty , s l ugs per cubic foot 

dynamic pr~ssure) pounds per s quare foot (~p V2) 

veloc ity of sound, feet per second (49 .0 JT, T in OF absolute) 

Mach number (~ ) 

lift, pounds 

drag, pounds 

pitching moment, about center of gravity (25 percent c) foot­
pounds 

wing area , 0 .508 square foot 

mean ae r odynamic chord, 3.607 inches, 0.3006 foot 
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= L 
qB" 

D 
qSw 

Cm = _Me .g. 
c .g. qSwC 

angle of attack measured vri th respect to fuselage center line, 
degrees 

angle of incidence of the horizontal tail with respect to 
fuselage center line, degrees 

elevator angle with respect to horizont~l tail chord line,­
degrees 

AIRPLANE AND APPARATUS 

The Bell XS--l is a research airplane designed for extreme 
variations in speed, wing loading, aDd altitude. The a irplane employs 
a rocket motor and is equipped with an adjustable power-driven 
-stG.-oj lizer . 

For this investigation the Bell Aircraft Corporation supplied 
fl. l/l6-scale, a Il--me tal , solid-constructi on model, which consist~d of 
a wing, fuselage, and empennage . The model stabilizer could be set 
for incidences of t6°, t3° , and 0° . There were no gaps between the 
stabiliZer and elevators . The three-view dravTing ( fig. 1) shows the 
principal dimensions of the model as tested in the Langley 8-foot 
high-speed tunnel . The physical characteristics of the XS~l research 
airplane are given in table I. 

The Langley ~-foot high-speed tunnel, in which this inves tigation 
was conducted, is a single-return closed-throat type capable of 
obtaining - tumlel empty - a Mach number of unity in the test section. 
The t unne l air velocity i s continuous ly controllable. For this 
investigation, Mach numbers up to 0.93 were obtained by the us e of a 
sting--support system. 

_~unp~_~_§~i.!!8:::su2.£..ort ~~!.e~.-. In order to dispense wit h the 
interferenc e effects of conventional support struts at high Mach 
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numb ers and to permit mode l testing at a Mach number approaching unity, 
the model was mounted on a sting-support syatem, as shown in f igure 2. 
The sys tem is characterized by a support extending from t he rear of 
the fuselage to a shielded s tru~ which i s connected to the tunnel 
baL'3.I1ce sys tem . A tunne l--wall liner was installed in the test sec tion 
to produce a higher velocity at t he model than at t he s trut and thus 
prevent t he maximum Mach number from being limited by choking at the 
strut . Fi gur e 3 shows the sting- s upport system, liner, and tare setup 
in the Langley B-foot high-speed-·tunnel tes t section • 

. '1;~:r.:~s~.~._~:m~ _ evaluat~~E. ' - Auxlliary arms to support the mod.el 
as shown in figure 3 were us ed to detei"Illine t he t are values of the 
support sys tem and interference effects. The supports in the region 
of the model were 6-percent ·-thick airfoils swept back 300 to minimize 
interference effects and delay ef fects due to compressibility for the 
test Mach ntunber range . The remaining ~arts of t he tare supports were 
thin plates extending back and connected. to t he support strut. 

The tare setups and the method by which all the data presented 
in t his report have been corrected are illustrated in figure 4. Guy 
wires from the wing t ips were used on all t are .cuns so tl'..at this 
system would be r i gid when no sting VhS us ed . Two model t are con­
fi gur-a tions are r equired to evaluate the tare forces . For the tare 
configuration without the oting, the sting \las replaced by a small 
fuselage fai ring. (See fig . 2. ) This fairing was relatively blunt 
bec8.v.?\~ of the geometry of the fuselage contours) and also , it was 
f elt that a longer fuselage fairing w'ould change the basic pi tching­
moment characteris tic s of the fuselage . The assumptions included in 
the tare evaluation a re that t he int erference effects of arms on 
sting and s t ing on arms are negligib le . 

TESTS AND MEASUREMENTS 

Test Condi tions 

These t ests wer e run through a Mach number range f r om 0.4 to 
approximately 0.945 . The model Reynol ds number r anged for these tes ts 
from approximately 1. 03 x 106 to 1 . 18 x 106 and was based on a model 
mean aerodynamic chord of 3. 607 inches. 

Measurements 

The force measurements are presented as standard NACA non­
d.imensional coefficients . These coefficients are based on a model 
wing area of 0.508 s Cluare foot . The pitching moments are taken 
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about a center-of-gravity position (0.25 c) indi cated in figure IJ 
which also gives the principal dimensions of the model as tested in 
the Langley 8-foot high--speed tunnel. Each model configuration was 
tested through an angle-of-attack range including _4°, - 2°, 0°, 2°, 4°, 
6°, and 8° for Mach numbers of 0.4, 0.6, 0.7, 0.725, 0.75, 0.775, 
0.8, 0.825, 0.85, 0.875, 0.9, and limited to approximate ly 0 .945 . 
The mode l configurations tested are as follows : 

(a) Complete model less horizontal tail 

(b) Complete model; it ::: 0° 0 ;:: -9° J e 

it ::: 0°, oe ::;: _6° 

it ::: 0° , ~e ::;: - 3° 

it = 0° , 5 e 0° 

it :: 0° , oe = 3° 

it == 0° , 5e ::: 6° 

(c) Complete model; it = -6°, 5e :: 0° 

it = -3°, oe = 0° 

it :: 3°, °e ::: 0° 

it ::: 6°, 0 = 0° e 

CORRECTIONS . 

Because of the relatively small model required for testing at 
high Mach numbers , wind-tunnel corrections such as model constri'ction 
and wake constriction are small up to the highest test Mach number 
attained . An estimation of the tunnel correction, obtained by us ing 
methods described in reference l .• 2, 3, and 4, indicates that the 
corrections to the Mach number will be approximately 1.5 percent at 
a tunnel Mach number of 0. 9 for the highest lift coefficients attained . 
Corrections in dynamic pressure wi l l be of the same order of magnitude • 
The lift vortex interference correction is smal l, being . a change in 
angle of attack of less than 0.1° at the highBst lift coefficient 
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obtained . Becaus e of the small ma€nitude of the corrections , they 
have not been applied to the dat a presented here. 

Tunnel-wall pressure measurements showed t hat the flow in the 
test section waS free of interferen.ce from tunnel choking effects 
~~d from the field of flow of the support strut at the highest 
Mach numbers for which data are presented. 

The model was accurately constructed . The model being of all­
metal constluction remained the same throughout the investigation. 
Displacement of the model center of gravity relative to the trunnion 
axis of t he tunnel due to air loads was continuously observed by 
the use of a cathetometer. Corrections for model displacements have 
been a-pplied to the pitching moments . The an le of attack of the 
model was also checked by the use of -:'he cathetometerj for the 
IDax:i:mum loads obtained the change in /;.:lg18 of attack due to deflection 
of the model 'VTas of the order of 0 u 2 of a degree . In the angle-of­
attacs range from 00 to 40 , the deflections are considered negligible. 

RESULTS ~~ DISCUSSION 

Force Characteris ti cs 

l?::r:~8..~!=Lractel'is_~!~.s. .- Model drag coefficients and angle of 
attack are presented in figure 5 as functions of lift coefficient 
for Mach numbers from 006 to 0 .90. Model drag coefficients as 
functions of Mach number for lif t coefficient s of 0 .1 and 0.40 are 
presented in figure 6. At a Mach number of 0 . 6 the model drag 
coefficient is 0.0265 for a lift coefficient of 0 . 1. Wit h increasing 
Mach number a gradual decrease in dras coefficient occurs up to a 
Mach number of 0 . 775. This drag coefficient (that i s , CD = 0 .0265; 
M = 0.6) and the subcritical drag-coefficient variation may be the 
result of the low Reynolds number for these tests. These drag results 
are obtained for a model with a blunt tail fairing and do not 
represent a jet configuration . At a Mach number of 0.78 for a lift 
coefficient of 0.1 a drag force break accompanied by a rapid increase 
in drag coefficient occurs . At a Mach number of 0,90 the drag 
coefficient has increased to approximately 0 . 071, about three times 
the subcritical value • 

. Lif..UAara9terist19§ .- The variation of model lift coefficient 
for constant angles of attack is presented against Mach number in 
figure 7. At an angle of attack of 00 the lift force break occurs 
at a Mach number of 0.80 . For this condition the model lift 
ooefficient is 0.30. With increase of Mach number to 0.875 the 11ft 
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coefficient decreases rapidly to approximately 0.025. With a 
further increase in ' Mach number to 0.925 the lift coefficient 
increases to a value of 0 . 2. This increase in lift coefficient at 
high supercritical Mach numbers, although subject to more fundamental 
investigation, is believed to be mainly the result of the rearward 
movement of the shock disturbance on the upper surfaQe of the wing. 
The formation of shock on the lower surface of the wing at low lift 
coefficients will tend to retard this rather rapid lifi:r-coefficient 
increase . However, at the higher lift coefficients or an angle of 
attack of approximately 80 , the high-speed lift coefficient I s well 
above the low-speed value . 

Pitching-moment characteristics .- Figure 7 also presents the 
variation of the model pitching-mc~ent ooeffici8nt with Mach number 
for angles of attack of 00 and 60 . U~fortunately, pitching-moment 
coefficients for all the angles of attack crumot be present ed, as 
addi U onal testing i s reqUired . Howe-ver, for an angle of attack 
of 0° the model pi tching--momeni:r-coefficient variation with Mach 
number is not severe until a Mach number of 0.875 i s attained. With 
further increase in Mach number to 0.93 a rapid increase in diving 
moment occurs. Although the pitching-moment coefficients are not 
available for other angles of attack, t hese results, at least 
quali tati vely, indicat e that above a :~1J.ch number of 0.875 the airplane 
will encounter stability and trim change' . It should be noted here 
that these changes in longitudinal- force characteris tics occur with 
relat j ,rely small increases in Mach number, and control in this 
trans,-'nic region may require rapid manipulation of the control system. 

Control characteristics.- The variation of model pitching-moment 
coefficient with Mach number for various elevator def lections is 
presented in figure 8 for a stabilizer angle of 00 , The model 
pitching-moment coefficients against Mach number are presented in 
figure 9 for an elevator deflection of 00 and various stabilizer 
angles. The results for the model without the horizontal tail are 
also presented. These results are presented for only zero angle of 
attack. From these figures, increments in pitching moments produced 
by stabilizer and elevator control are obtained by taking the 
difference in pitching moments between the no-defl ection tail con­
figuration (i t = 00 , 5e = 00 ) and the stabilizer and elevator­
deflection configurations . These incremental pitching-moment 
variations with Mach number are presented in figures 10 and 11 . 
These figures illustrate the ability of the stabilizer and elevator 
to produce longitudinal control . 

For a Mach number range from 0 .4 to approximately 0.82, figure 10 
indicates that satisfactory control characteristics can be obtained 
for elevator deflections of ±3° . However, with increase in the 
elevator deflections to 60 and 90 , control effectiveness decreased 
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through the Mach number range from 0 . 4 to 0.82. From a Mach number 
of 0 .82 to a Mach numbe r of 0 .925 a large decrease in elevator 
effectiveness occU!'s . For example. at a Mach number of 0.9 the 
elevator as a control in deflecting from - 30 to 30 is 45 percent as 
effect·ive i n producing changes in longitudinal pitching mmnents as it 
was at a Mach number of 0 . 4. I t is a lso indicated that at a Mach 
number of 0 . 925 and at lao ger deflections a reversal in elevator­
control effectiveness occurs. 

At a Mach number of 0 . 9 the stabilizer-control effectiveness 
(fig . 11) has decreased to approximately 33 percent of its value at 
a Mach number of 0.4 for a range of angle of incidence from -30 to 3°. 
However, there is no indication (as there was with the elevator) that 
reversal of control .effectiveness will be obtained up to stabilizer 
incidence angles of ~6° . 

Comparison of Results with Wing-Flow Investigation 

A comparison of the results presented herein with the results 
obtained on a similar model configuration by the wing-flow method 
(reference 5) substantiates the genera l trends due to compressibilit~ 
effect8 . Some quantitative differences in the comparison can be 
expected because of the following r easons : 

(a) Reynolds number 

(b) Model configuration 

(c) Testing techniques 

The Reynolds number for the wing- flow tests ranged from 0.32 x 106 

at a Mach number of 0.6 to 0 . 52 x 106 at a Mach number of 0 .9 as 
compared with 1 . 03 X 106 and 1 . 18 x 106 for the Langley 8-foot high­
speed-tunnel tests . The wing-flow model, although having a fuselage 
similar to that of the present investigation, had a relatively larger 
wing and tail and als o a center-of-gravity location at 27 percent of 
the ·mean aerodynamic chord as compared with 25 percent for the Langley-
8-foot high-speed-tunnel model. The wing-flow tests were of a 
partial-span model whereas the present investigation was of a complete 
model configuration, 

general lift_~harac~eri~tic§ .- The lift characteristics in the 
fonn of lift-curve s lope and ang: e of zero lift are presented in 
figure 12 against Mach number . The changes in lift-curve slope for 
the two model configurations occur at approxiw~tely the same. Mach 
number. For example, the Langley ~foot higb.-speed-:tunnel result,s 
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show that an initial decrease in lift-curve slope occurs at a Mach 
number of 0.78; similarly, a decrease in lift-curve slope occurs at 
a Mach number of 0.76 for the wing-flow results . The liftr-curve slope 
continues to decrease to a Mach number of 0.88 for the Langley 8-foot 
high-speed-tullilel investigation and to a Mach number of 0 . 92 for the 
wing-flow investigation . Above these Mach numbers, an increase in 
lift-curve slope occurs ; the Langley 8-foot high-speed- tunnel results, 
however, indicate a sharper increase . 

The variations of angle of Zero lift with Mach number obtained 
f rom both investigations show excellent ,agreement . (See fig. 12 . ) 
At approximately a Mach number of 0. 825, a decrease ( in absolute 
value ) in angle for zero lift occurs up to approximately a Mach 
number of 0 .89; then the angle for zero lift increases with a furthe r 
increase i n Mach number until , as indicated by the wing-flow results , 
a Mach number of 0 .95 i s reached . 

Control-surfaGe cha!acteristiQ~.- A more practical consideration 
is the variation of control-surface deflections required for trim 
wi th Mach number. The variations of stabilizer and elevator angles, 
wi th Mach number for trilll at constant angl~s of attaok ar'e presented 
in fi3Ure 13. Both iuvestigatioDs indicate tha t at Mach numbers 
from 0,85 t o 0 .93 abrupt changes occur in stabilizer and elevator 
angles required for trim. These trim changes may necess itate a rapid 
manipulation of the oontrol surface as was previously mentioned in 
the oiscussion of pitching-moment characteristics . The present 
investigation also shmTs that the model can be trimmed at two elevator 
deflections as a result of reversal of elevator effectiveness . 

CONCLUDING REMARKS 

Although these results do not present completely the force and 
longitudinal control character i s tics of the mOdel, general trends are 
illustrated ,.,hich can at leas t be qual itatively analyzed for level­
flight Mach numbers up to 0 .93 . A large increase in drag coefficient 
occurs beyond a Mach number of 0 . 78 . At a lift coefficient of 0 .1 ani 
and a Mach number of 0 .9, the drag coefficient has increased to 
approximately three times the subcritical value . At a Mach number of 
approximately 0 . 825 an im tial 11ft force break ocours. This force 
break, up to a Mach number of approximately 0 . 875, is not severe 
although elevator-control effectiveness is decreaAing. At a Mach nunber 
of 0 . 9, however, the airplane , because of an indicated diving tendency 
with 10S6 and reversal i n elevator control, will require the use of 
the stabilizer as a trim control . Control by the usa of the stabilizer 
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is effec tive at least u~ to a Mach number of 0.93, the limit for 
these tests . These results, as have the wing- flow- test results, 
have indicated that, although an airplane of similar configuration 
can be controlled in level flight at transonic speeds with the use 
of t.he st.abilizer, a ra-pid. and accurate m.anipulation of the stabilizer 
may be r e uired at Mach numbers of ap-proximately 0 .90 . 

Langley 1emoT5.al Aeronaut1cal Laboratory 
National Advisory Committee for Aeronautics 

Langley Field, Va. 
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TABLE 1.- PHYSICAl, CHARACTERISTICS OF THE 

BELL XS-l TRANSONIC RESEARCH AIRPLANE 

Power : 
Four rocket units each capable of delivering 1500 POUl1ds thrust, 
gr ouped in rear of fuselaGe . 

vling l oading : 
Take- o of , Ib / sp f't 
Landins, Ib/sq ft . 

• • • • • . . . . • • • • • • • • 
.. . . . . . • • • • • • • • 103 

. . . . 40 

Center-of-gravity positi on, percent M.A.C •• . . . 25 

Wing : 
_f1.rea, ;3 q ft . . . . • . . . . . . . . .. . ... 130 
Span, ft • .• • • • • • • • • • • • • • • • • • • • . • • • 28 
Mean aerodynamic chord, in • • • • • • • • • • • • • • •• 57 . 71 
Aspect l"'atio • • • • • • • •• • • • • • . • • . • •.•. 6 
Root and t ip cections . • • • • 651-110 (a ::: 1.0) 
Incidence (root chord to t hrust Ji:'Je ), deG •• " 2. 5 
Incidence (tip herd to thrus t line), deg • ••••••••• 1.5 

Horizontal tail: 
Tc tal ax'ea J S q f~ . • • • • • • . • • • • • • . • 
Span) ft . , • . • . . . . . . . . . • . . . . . . . . 
Aspect ratlo • • • • • • • •. • • • • • • 

26.0 
11.4 

. 5 
Root-mean-square chord of elevator, ft • • • • • •• • 0 . 464 
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Figure 2. - 1 ~ -scale model of XS -1 airplane mounted in the Langley 8 -foot 
high -speed tunnel. 
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