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By Welter C. Willisms, Bubert M. Drake, and Jack Fischel

SUMMARY

Comparisons of wind-tunnel and flight-measured values of stebility
and control characteristics are of considersble interest to the designer,
since the wind-tumnel method of testing is one of the prime sources upon
which estimates of the characteristics of a new configuration are based.
In this peper comparisons are made of some of the more important stability
and control characteristics of three swept-wing airplanes as measured in
flight and in wind tunnels. Wind-tunnel deta from high-speed closed-
throat tunnels, a slotted-throat transonic tunnel, aend & supersonic tun-
nel are used.

The comperisons show that, generally speaking, the wind tumnels
predlet all trends of charecteristics reasonsbly well. There are, how-
ever, differences in exact values of paremeters, which could be attrib-
uted samevhat to differences in the model caused by the method of support.
The small size of the models may have some effect on measurements of flap
effectiveness. When nonlinearities in derivatives occur during wind-
tunnel tests, additional data should be obtained in the region of the
nonlinesrities in order. to predict more accurately the flight character-
istics. Also, nonlinearities in static derivetives must be analyzed on
the basis of dynamlic motions of ithe airplane. Aeroelastlic correctlons
must be made to the wind-tunnel data for models of airplanes which have
thin surfaces and are to be flown at high dynamic pressures. Inlet
effects can exert an influence on the characteristics, depending upon air
requirements of the engine and location of the inlets.

lihe information in this report was also contained in a paper by
the seme authors entitled: "Some Correletions of Flight-Measured and
Wind~-Tunnel Measured Stebility and Control Charescteristics of High-Speed
Airplenes." The latter was presented to the Wind Tunnel and Model Testing
Panel of the NATO Advisory Group for Aeronautical Research and Development
at the meeting in Brussels, Belgium, August 27-31, 1956.
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INTRODUCTION

One of the principal tools of the alrcraft designer in predicting
the stebllity and control characteristics of a new airplene is the use
of models tested in wind tunnels. There 18, of course, the question
whether the model results accurately predict characteristics of the alr-
plane in free flight or, in other words, the question of the degree of
correlation hetween the two results. This problem has received consild-
ereble attention. Most of this work, reference 'l for example, has been
performed at subsonic speeds and indicates that, in general, good corre-
lation can be obtained when the model accurately represents the actual
alrcraft, and the tests, both flight and wind tunnel, are carefully
performed.

Same work has been reported on the correlation between the wind-
tunnel and flight-measured stability characteristics in the transonlc
gpeed regime (ref. 2). Correlations of transonic and supersonic results
are currently of particulsr interest In view of the avallsbllity of wind
tunnels capable of testing through the transonlc speed range. Problems
of correlations in thils speed range are complicated by the compromises
imposed on the model by the mounting system; for example, sting supports
require that the rear end of the fuselage be altered. It 1s also neces-
sexry in high-speed tunnels to utilize much smeller models then were possi-
ble in the low-speed tunnels. The purpose of this paper is to present
some correlatlons of several of the more lmportant flight-meassured and
wind-tunnel-measured stebllity end control characteristics of high-speed
alrplanes.

SYMBOLS
b wing span, £%
Clp damping~-in-roll coefficient, per radian
CZS rolling-moment coefficlent per degree aileron deflection

pltching-moment coefficlent

static mergin, percent mean appoiynam;c_chqrd

o (e (e,

g i
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pitching-moment coefficlent per degree stebilizer deflection

Cmé + Qm& demping coefficlent in pitch

normal-force coefficient

normel-force-curve slope, per deg
directional stabllity perameter, per radian

wing mean aerodynemic chord, ft

airplene moment of inertia in pitch, slug-f£t2

stabilizer angle, negative when stabililizer leading edge
down, deg

(tt)yr = (Lt)p

Mach number

mess rate of air intake, slugs/sec
wing-tip helix angle per degree ailleron deflection, radians/deg

dynemic pressure, lb/sq £t
airplane wing area, sq ft
true airspeed, ft/sec

distance from sirplene center of gravity to air intake of
Jet engine, ft

angle of attack, deg

pltching velocity, radians/sec

pitching acceleration, rad-ians/sec2

reletive elevator-stabilizer effectiveness
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Subscripts:

1 . initial condition at stert of maneuver
r flight

WT wind tunnel

ATRPIANES AND TESTS

Three swept-wing ailrplanes are considered in this study. All are
gsingle engine, fighter-type alrplanes with a sweep range from 35° to 600°.
Much of the flight data were obteained at. an altitude of 40,000 feet with
some of the supersonic data extending to altitudes as high as 60,000 feet.
The overall Reynolds number veristion was from 8 million to 19.5 million.
The f£light ddta were obtained with power on, involving for the most part
between 90 percent and 100 percent avallsble thrust.

The wind~tunnel tests for these ailrplanes were performed in the
following NACA wind tunnels:

Langley 8-foot transonic tumnel

lengley 8-foot high-speed tunnel .

Langley high-speed T~ by 1lO-foot tunnel
Langley 4~ by 4-foot supersonic pressure tunnel

All models were sting supported and the forces were measured by
internally mounted strain-gage balances. The Reyunolds number ranges of
the tests varied from 1.9 million to 3.6 million. The model tests were
made with no power simulaetion and the inlets were falred, except for air-
plane A which employed an open duct. There were differences between the
models and the actual eirplanes in most cases. These dlfferences snd
the model scales asre as follows:

Airplane A {1/ll-scale model)
8-foot transonic tummel
High~speed T~ by 10-foot tunnel

(1) The wind-tunnel model incorporated sn enlargement at the
rear end of the fuselasge to accomodate the sting support.

(2) The wind-tunnel model exposed-horizontal-tail ares was
maintained, and an increased tail span therefore resulted.

The plen form differences for alrplene A sre showm in figure 1.
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Arplane B (1/16~scale model) -
8-foot high-speed tunnel (closed throat)
8-foot transonic tunnel
T- by 10-foot high-speed tunnel (closed throat) -
b~ by L-foot supersonlc pressure tunnel

(1) The wind-tunnel model incorporated an enlargement at the
rear end of the fuselasge to accommodate the sting support.

(2) The wind-tunnel model incorporated constant-percentage-
chord wing sections, whereas the alrpleme wing incorporsted
similar root sections but thicker tip sectlons than the
wind-tunnel model. In addition, during tests in the 8-foot
high-speed (closed throat) tunnel and the k- by 4-foot
supersonic pressure tunnel, the model was tested without
8 cockpit cenopy.

Airplene C (1/14-scale model)
8-foot transonic tunnel
4~ by L-foot supersonic pressure tunnel

RESULTS AND DISCUSSION

One of the prime considerations in the measurement of alrplane
charescteristics is the lift-curve slope of the airplane. A comparison
of the varietion of normal-force coefficient with angle of attack for
elrplane A, as measured in flight and in the 8-foot transonic tunnel at
Mach numbers of 0.76 and 0.91, is shown in the upper part of figure 2.
The date are for trimmed conditions. As can be seen in this figure, the
correlation is reasonsbly good in the linear range. At angles of attack
gbove peek 1lift or above the bresk in the curve that are indicative of
separated flow, there are discrepanciles. The lower part of this figure
gshows the variation with Mach number of the ratio of flight-determined
to wind-tunnel-determined normal-force-coefficient slope for sirplsnes A
and B. These slopes were taken at a normael-force coefficient close to
the walue for level £light. As can be seen, the results are within
10 percent of each other, with the flight-measured values belng generally
higher. The transonic data up to M = 1.15 were obtained from the 8~foot
transonic tumnel, the data at M = 1.2 from the 8-foot high-speed tunnel,
and the higher Mach number data were obtained from the L4~ by L-foot super-
sonic pressure tunnel.

Determination of the static margin is important in establishing the
necessary center-of-gravity position for a configuration. The variation
of static mergin GmCL with Mach number is shown In figure 3 for air-

plane A, as messured in the 8-foot transonic tunnel, and as measured in
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flight from pulse dlsturbances. The data are referenced to the same
center-of-gravity position. This figure shows that similar variations

of steatic margin with Mach number are exhlbited in the two sets of data.
The f£light data, however, show a value of static margin consistently
higher by about 5 percent. It is believed that differences between the
model and the airplane at the rear of the fuselege and horizontal-tail con-
figurations (fig. 1) could account for these discrepancies. The lower part
of figure 3 shows the incremental difference in static margin ACmCL

between the data from the two test mediums for airplanes A end B at
normal-force coefficlents for level flight. As stated previously, the
data for airplane A exhibit a constant dlfference of ebout 3 percent.

The flight values for sasirplene B are about 5 percent higher then the dsta
from the closed-throat tunnel up to a Mach number of gbout 0.85. Above
this Mach number the difference decreases, and at a Mach mumber of about
0.95 the wind-tunnel deta show @bout 5 percent grester static margin
than that shown by the flight tests. This varilation between Mach numbers
of 0.85 and 0.95 is believed to be caused by choking effects in the
closed~throat tunnel. The results from the trensonic tunnel {slotted
throat) are similar to those from the closed-throat tunnel up to a Mach
number of 0.85. Above this Mach number the difference in static mergin
varies samewhat, but throughout the Mach number range of this test the
£light data show higher static margins by 1 to 5 percent. The higher
supersonlc data for aeirplene B show similar increments in static maxrgin.

In addltion to checking the levels of longitudinal stebility, it

1s important with high-speed configurations to esteblish the variations
of stebllity wlth angle of attack 1n order to explore for the existence
of nonlinearities which mey lead to an undesireble cherecteristic, such
as piltch-up. Typical variations of piltching moment with angle of attack
for airplane A, ss meassured in flight and in the 8-foot transonic tunnel
at Mach numbers of 0.76 and 0.91, are shown in figure 4. The flight data
for the wing-fuselage pilitching-moment coefficient (tail off) were obtained
from meagurements of horizontal-tall loads. It should be noted that the
~ tall loads were measured by strain gages mounted at the roots of the hori-

zontal tall and represent only the penel loading without carry-over to.
the fuselege. These measurements. sre In error, therefore, by the unknown
emount of the carry-over. The overall airplane pitching moment was
obtained primarily from flight measurement of the variastion of stabllizer
angle with angle of attack In accelersted meneuvers, turns, and pull-ups
made at constant Mach mumber. These varlations of stebilizer engle with
angle of attack were corrected for pitching acceleration by the expression

qSt
Al = e
(86 Cng, .
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The corrected data were converted to pitching-moment coefficlent by the
following simplified expression, which includes the effects of pitch

demping
.+ C,.\0¢8
Cp = - qmit(it - 1t1) - KEEQ_EGSEEl__

Tn these calculetions the pltching-moment coefficient due to sta-
bilizer deflectlon Qmit was assumed constant over the angle-of-attack

renge. The data of figure 4 show that the pitching-moment curves from
the two sources are generally similar. At both Mach numbers the com-
parison between flight and wind-tunnel results ylelded a difference in
the sngle of attack for trim. At a Mach number of 0.76, however, the
nonlinearities occur in the tunnel data at lower angles of attack and
the data do not exhibit the lasrge dip in the curve that is shown for the
flight results. This difference could possibly be accounted for by the
lack of sufficient wind-tunnel test points to define such a varietlon,
gince there is no wind-tunnel test point between an angle of attack of
10° and 12°, where such s dip might be expected to appear if 1t existed
in the wind-tunnel results. The data at a Mach number of 0.9l are con-
gidered to be reasonsbly similar, both with tall off and tall on. It
should be pointed out that inspection of the shape of the pitching-moment
_curves is not sufficient to determine whether or not & pitch-up problem
exists. It has been found that pitch-up can be a problem even with alr-
planes having neutral staebility or even slightly positive stability in
the nonlineer region. The degree of stebility ebove the pitch-up is
also important. In order to evaluate pitch-up, it 1s necessary to make
caleulstions of the motions of the airplane in dynamic maneuvers by using
assumed arbitrary pilot control inputs (ref. 3). It is believed that
these wind-tunnel dsta represent the flight case closely enough for such
caleulations to be of value in predicting the maneuvering charscteristics
of the airplane.

Another important longltudinal characteristic-is the varlation with
Mach number of the longitudinal control deflection required for level
flight. Data of this type are shown in figure 5. The upper portion of
the figure shows the variation with Mach mumber of the stebilizer deflec-
tion for trim for airplane A as measured in flight and in the 8-foot
trensonic tunnel. As can be seen, the variations are generally similer
for the two tests, with flight-measured data showing a larger change in
stabilizer deflection required sbove a Mach number of 0.90 than shown by
the wind-tunnel data. In the lower portion of the figure where the dif-
ferences between flight and wind-tunnel measurement are shown for air-
plenes A end B, it cen be seen that the difference between flight and
wind-tunnel trim values exceeds 1° of stabillizer travel only at a Mach
number of 0.98 for airplane A. Over most of the range there is less
than 0.5° difference in stebilizer deflection required for trim.



8 NACA TN 3859

Although elevator control on high-speed airplanes is being replaced
by ell-moveble or one-plece horizontel tails, 1t appears thet flap-type
rudders and allerons may continue to be used. Some camparisons of meas-
ured values of relative elevator-stabllizer effectlveness are shown in
figure 6. The upper portion of this figure compsares the variations of
relative elevator-stabllizer effectiveness T with Mach number as meas~
ured in flight and in the wind tunnel. This figure shows that there is an
appreciable difference between the flight and wind-tunnel date, partic-
ularly sbove a Mach mmber of 0.9 where a much larger decrease in rela-~
tive elevator-stabilizer effectiveness was measured in flight than In
the wind tunnel. Dsata are shown in the lower part of figure 6 on the
bagls of the ratio of flight-measured to wind-tunnel-meassured velues of
T for ailrplanes A and B. Although the values of T frcm the two sources
are within 10 percent of one another below & Mach numbgr of O. 8, the dif=-
ferences between flight and wind-tunnel values at transonic speeds ere
as high as 125 percent. Somewhat better agreement is shown for the
supersonic data than for the transonic date. At a Mach number of 1.6 the
data for airplane B .are.in perfect agreement, which may be fortuitous.

The small size of elevators used on wind-tunnel models such as these
meke the measurement difficult.

Additional flap-effectiveness data are shown in figure T in which
some alleron effectiveness informstion for airplane B is shown. In the
“upper pert of this figure the ratlo of flight-measured to wind-tunnel-

measured values of —v 8 1s shown as a functlion of Mach number. The

flight-meagured values are generelly lower than the wind-tunnel values,
reaching only 70 percent  of the wind-tunnel values at Mach numbers above
0.90. This difference is understandable when it is consldered that the
wind-tunnel date for rolling-moment coefficient were obtained under static
conditions and the alleron effectiveness was calculated, on the assumption
of freedom only in roll, by the follcwing expression

c
s
5%/5%7;

In eddition, it should be noted that. the outboard wing sections of the
airplene were thicker then those of the wind-tunnel model, as discussed
previously. Moreover, inasmuch as the damping-~in-roll coefficient Clp

was not meassured for this model, values of Czp used in the present

calculations were based on those measured for almost comparable wing
configurations. Better correlation would probably be obtalned 1f the
effectiveness were calculated by assuming freedom in roll, yew, end side-
slip. In scame cases 1t may be necessery to include freedom in pitch

and angle of attack as well. The usual testlng technique is to obtain
the flight data in rudder-fixed aileron rolls where the airplene experi-
ences motions gbout all exes. Aeroelasticity is not belleved to be an
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important factor in the difference between results, because the flight-
test results did not show a significant effect of dynamlc pressure within
the range tested. The lower part of figure 7 shows the variation of
alleron effectiveness with Mach number for the two tests with the data
arbitrerily normalized to the value of effectiveness existing at M = 0.6.
The datae show close sgreement between the flight- and wind-tunnel-measured
variation of aileron effectiveness with Mach mumber. It appears, there-~
fore, that 1f the level of aileron effectiveness could be determined
accurately from model tests et low speeds, 1t might be expected that the
wind-tunnel tests could accurately predict the decrease Iin effectlveness
with incressing Mach number.

Static directional stablility of a new configuration 1s of importance
to the designer since it 1s one of the more importent parameters used In
determining airplane behavior under dynamic as well as static lateral
conditions. It has been found that many of the high-speed configurations
exhibit large changes in directional stabililty with angle of attack.
Typical data for alrplene A are shown in the upper portion of figure 8,
where the static directional stabllity derivative CnB is plotted as a

function of angle of attack. These data were obtalned in the T- by 10-foot
tunnel at a Mach number of 0.70. There are no camparable flight data for
this case because of the difficulty of measurement in flight. As can be
seen In this figure, the directionel stability paremeter hecomes zero at
an angle of attack of gbout 18°. Fram data such as these, the veriation
with Mach number of the angle of attack at which CnB is zero was deter-

mined. This boundary ls plotted on the lower part of this figure. Also
shown are polnts which represent the cambinations of angle of attack and
Mach number at which directional divergences have occurred in flight. It
should be noted that, for any given Mach number, divergences occurred at
angles of sttack both less than and greater than that required for =zero
directional stsbility. It appears that, as in the case of pitch-up,
dynaemic analysis of the airplane motions is required in order to assess
the problem.

Another variation of directional stebility of concern to designers
is that which occurs with changes in Mech number. Figure 9 relates the
variation of CnB with Mach number as measured in the wind tunnel to

that measured in flight for airplane C. As can be seen, there are large
discrepancies smounting to as much as 50 percent difference between the
basic wind-tunnel date and the flight-measured values. In the previous
cases shown, relatively thick airfoll sections were used on the empennsge
and the dynamic pressure for the tests was relatlvely low, less than

1400 pounds per square foot. In the present case the verticel-tail thick-
nesg was gbout half that of the other airplenes, and the meximm dynemic
pressure experienced was of the order of 850 pounds per square foot.
Aeroelastic effects were found to be of importance. When the wind-tunnel
data were corrected for aerocelastic effects, primsrily bending and
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twisting of the vertical tail, the sgreement between the data from the
two sources was improved but differences as high as 20 percent still
remained. Because airplene C has & lerge Jjet engine and a nose inlet,
the wind~tunnel date were then corrected for inlet effects by the
expression o ) . - :

m,Vxg
Mg = -~

As can be seen, when this correction was made, the wind-tunnel tests
gave values of the directional stebility parameter that were within
10 percent of the f£flight wvalues throughout the Mach nmumber range.

CONCLUDING REMARKS

Comparisons of wind-tunnel and flight-measured stabllity and control
characteristics showed that the wind-tunnel date predicted all trends of
characteristics reasonably well. Discrepancies were found in exact values,
which may be attributed to differences in the models caused by mounting
considerations and, in the case of control effectivenesses, to the small
slze of the models. Where nonlineasrities 1n derivetives occur during
wind-tunnel testing, it may be necessary to obtein eddltional data points
in the region of the nonlinearities in order to predlct more accurately
the flight characteristics. Nonlinesrities in static derivatives should
be analyzed under dynemic conditlons. Aeroelasticlity must be considered
in evaluating data deeling with thin elrfoils and high dynemic pressures.
Inlet effects can be importent, depending on the size of the engine and
the location of the inlets.

High-Speed Flight Station, B
National Advisory Commititee for Aeronsutics,
Edwerds, Callf., August 21, 1956.
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Figure 1.- Plaen form of airplane A. “~RACAT
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Flgure 2.~ Correlation of flight and wind-tunnel 1ift |.;|
characteristics for alrplanes A and B.
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Figure 3.- Comparison of static margin determined in filight and
wind-tunnel tests for airplenes A and B.
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Figure 4.- Flight and wind-tunnel piltching-moment characteristics for
airplene A with and without horizontael teil.
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Figure 5.- Trim characteristics determined in flight and wind-tumnel
tests for airplenes A and B.
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Figure 6.~ Relative elevator-stabilizer effectiveness determined
in flight and wind-tunnel tests for airplanes A and B.
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Figure T.- Alleron effectiveness characteristics determined
in flight and wind tumnel for airplane B.
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Figure 8.- Comparison of flight and wind-tunnel directional-instability
characteristics. "Airplane A.



16 - L | o _ NACA TN 3859
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Figure 9.~ Camparison of flight and wind-tunnel directional—stability
characteristics. Airplane C. -
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