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NATIONAL ADVISORY COMMITIEE FOR AERONAUTICS

A SUMMARY AND ANALYSIS OF DATA ON DIVE-RECOVERY FLAPS

By Lee E, Boddy and Walter C. Williams

SUMMARY

The results of numerous unrelated tests of dive-recovery flaps
ere collected in this report and presented in a form suitable for
use in the preliminary design of dive-rescovery flap installations.
Since the data were obtained for airplane models of quite widely
varying configurations, and are limited largely to a Mach number of
0.80, it is recommended that each new instellation be carefully
flight-tested before final approval. A flight-test procedure is
outlined which will insure a maximum degree of safety.

INTRODUCTION

Considerable difficulty has been experienced with many
modern conventional airplanes in recovering from high-—speed dives.
As a result, various corrective devices have been investigated,
the most successful of which has been the dive-recovery flap. This
device 1s a small gplit flap mounted on the lower surface of the
airplane wing. A typical installation on a wind-tunnel model is
shown in figure 1, and an experimental installation on an airplane
for flight tests is shown in figure 2.

Dive-recovery flaps were tested first in the Ames 16-foot high—
speed wind tunnel in October 1942, and were first tested in flight
by the Lockheed Aircraft Corporation from December 1942 to April 1943,
Subsequent flight tests were made by the Army Air Forces and the
Republic Aviation Corporation with 2 Republic P47 airplane and by
the Langley Memorial Aeronautical Leboratory with a North American
XP-51 airplane. More recently the Ames 16-foot high—speed wind
tunnel has tested dive—recovery flaps on a number of airplane models
in conjunction with more general investigations.

It is the purpose of this report to collect all the avallable
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date on the subject and present them in a form whichk will serve as
a guide for the preliminary design of dive-xrecovery flaps. 3By
necessity, many factors pertaining largely to airplane configuration
have been ignored. Consequently, a flight~test procedure is recom—

mended.

It is believed that the date presented herein, if used in

conjunction with the recommended flight—test procedure, will facili-
tate the developement of satisfactory dive—recovery-flap installations
for most conventional airplanes.

SYMBOLS

The following symbols are used in thais report:

Gencral
Free—streem velocity, feet per second
free—stream mass density, slugs per cubic foot

free—stream dynamic pressure (%gvz), pounds per square foot

N
Mach number | - J ‘>
\velocity of sound/

increase of Mach number over that Tor 1lift divergence

pressure coefficient

{(local static pressure)—(free—stream static pressure)1
5 3 ]

critical pressure coofficient (P at which the local velocity

equals the local velocity of sound)
acceleration of gravity, feet per second per second
dzcrease of total pressure from free—stream total pressure,
pounds per square foot
Airplane or Model Dimensions

wing area, square feect
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St total flap area, sguare feot
b wing span, feet

br total flap span, feet

be elevator span, feet

M.A.C., wing mcan aerodynamic chord, feet

Cw average wing chord at the flap, feect

cf average f£lap chord, feect

Co2  moon-square olovator chord, sguare feot

X longitudinal distance from the wing leading odge, fcot
Coefficients

CL 1184 coeff‘.LClen’c( *ft\

P40 2
Cnm pitching-moment coefficiont (pitching moment>

i a5 Nah Cs
LCry increasc of pitching-moment coefficient for constant 11ift
coefficient due to the flaps

LCmyy  incroase of wing pntchjng—monont cocfficient for constant lift
coefficient dve to the fl=

/ﬁncroaso of drag

ACp increase of drag coefficient duec to the flaps | S
Che elevator hinge—moment coefficient félbvator hingo 3939&3\
N g ce? be v
Anglos
o airplene or model angle of atlack, degrecs’
oy uncorrected angle of attack, degroes
Do, increasc of angle of attack for constant 1ift coefficlent

due to the fleps, degrees
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g airplane or model tail angle of attack, degrees

Aoy, increage of tail anglo of attack at constant 1ift
coefficient dus to the flaps, degrees

of ‘flap deflection, degrees

Be elevator dofloction, dcgrécs

A&eo increasec of eclevator floating angle due to the flaps,
degrees

RESULTS

Source of Data

The wind—tunnel data coliected in this revort arc the results
of mumerous unrclated tests conducted in tho Ames 16~Toot high-speed
wind tunncl from Octobor 1942 to June 1945, Soveral improvoments -
of the model support system were made during this period, partic—
ularly with regerd to increcasing its critical Mach number and
reducing its interferonce at high Mach numbcrs, Although all the 4
data have been recontly corrected for tarcs, constriction, and flow
inclination due to the support system according to latest knowlcdge,
some discrepancies may be present becausc of the varying interfercnco
of different support systeme and diffcrent flap positions rclative
to the supports,

The flight data arc the results of tosts conducted by the
Langley Laboratory.

Presentation of Results

Bagic data.—- The offcct of dive-rccovery flaps on the 1lift and
pitching-moment charactoristics of the modcls tested in the wind
tunncl is shown in figures 3 to 14, Includcd in cach figurc is a
half plan viow of the model as well aes portincnt geometrical informa—
tion on tho flap installation, Additional information concerning
the behavior of the flaps may be zaincd from figures 15 and 16,
which show the offoct of typical ingtallations on the wing chordwise
pressurc distribution and on the wing woke at the horizontal tail -
planc, Tho drag coefficient duec to all the flape tosted 1s summa~—
rizod in figurc 17 for the purposc of dotormining thelr effect on the
velocity of the airplane., It should bc noted that the drag 2
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coefficiont of each installation was divided by the ratio of
projocted flap frontal area to wing arca in order to account for
different flap sizes on the various models.

Flap offcctivencss.— Although the purpose of the dive-recovery
flaps on a particular airplanc is to increase its trim 1ift coeffi-
cient, it is most convenient to consider flap offectivencss as the
increase of pitching-moment coefficicnt at a given 1lift coefficient.
By so doing, the effect of conter—of gravity position is eliminated,
Furthermore, in order to reduce the data to a form suitable 36 (55
gonoral application, it is nocessary to consider not the total
pitching momont increment but the individval contributing factors.
Theso are (1) the offect on the wing pitching-moment characteristics,
and (2) the offoct on the teil 1ift (or pitching moment due to the
tail). The seccond factor may be attributod mainly to a change of
tail anglc of attack and a change of clevator floating angle. (The
rosults indicate that changoes of tail officiency are small and may
be ncglected.) Thercforc the total pitching-moment coefficient due

to the flaps may be roprescnted by the following equation:

aC 3C
Am = —/-\—me + Aot g‘f[:]' 4 ASOD 3—8@
a i at

In turn, the change of tail angle of attack may be attributed toc a
change of airplanc zngle of attack for a given lift coefficient and
to a chenge of downwash at the tail due to tho altered spanwiss
distribution of 1ift with tho flaps doflected. Both are dependent
upon the lift developed by the flaps., Honce, the change of tail
angle of attack may bo represented by the product of (1) the change
of airplanc anglo of attack for a given lift coofficient, which is
largely a function of the size and chordwise loceation of the flaps,
and (2) the retio of change of tail anglc of attack to change of
airplanc anglo of attack, which is mainly a function of spanwisc
location of the flaps. Therefore,

5 /0 (&\:‘Cm\ <C\>Cm
ACm = &C - A ——)\ = A
m = O0my  + a3 ) o + ABeg 35;>q¢ (1)

Also, if the clevator characteristics arc linear within the range
being considercd, and it is assumed that the change of clevator
floating angle is attributable mainly to the change of tail angle
of attack,
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aChé>
Ao ,
A500=—\t E’e/‘zztm
/oChe
\\ 560 o~

and.
/Bcho\\ <§Em i
ACm = LCmyy + L0 ./&a't ) @Cm> - Be b 4 (2)
\Lx /| \Sat /3Cn0)

Tt should be remembered that the change of tail angle of attack
considered here is an average along the span of the tail, and cqua—
tion (2) is sppliceble only if tho tail characteristics are essen—
tially constant along the span.

Values of ACmy,, O, ond Aat[ﬁm were computed for each flap
installation tesgted and are given in figurcs 18 to 21, since all
other factors in the forogoing equation aro characteristics of the
particular airplane and not of the flaps. Since moat of the flaps were
tostod at soveral deflcctions, plots were first made of Ao against
the ratio of projected flep frontal area to wing arca and of Acmw
cgoinst the rotic of the product of the projected flap frontal arca
and wing chord at the flap to the product of wing arca and mecan
aerodynamic chord (such as the example in fig. 18). An averagc
lincar variation throughout the usable range was assumed as indicated
by the doshed linos in the oxample; the slope of these lincs was
then tokon as the effoctiveness of the flaps and plotted against
Mach number in figure 19, Values are shown for 1ift coefficients of
0.00 and 0,40, corresponding to typical conditions for a vertical
dive and for moderate recovery from a high-specd dive. In figure 20
tho offoctivonces is shown as o function of chordwise location of the
flaps for constant valucs of Mach number relative to the Mach
pumber of lift divergencs. However, it should be remembered that
thoe wesults are for models having quite varied configurations, and
the effects shown may not be dus entirely to chordwise locatlon.
Completo date for flaps at various chordwise positions on the same
model are svailable only for the YP-80A model, and the curves shown
in figure 20 are faired through the data obtained for this model.
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Figure 21 shows a front view of cach installation tested and the
corresponding valucs of Aat/Aa. (Plots wore first mede of tﬁ&m
which revealed no appreciable variation with flap dcflection.)
Figures 22 and 23 show typlcal offects of flaps on the elevator
characteristics, Figure 24 presonts the results of flight teste
mede with a small airfoil mounted in the high—specd—flow region of
the airplane wing in order to obtain qualitative information
concerning the cffoctivencss of dive-recoveory flaps at Mach numbers
neay 1:0%

Although it is realized that many seccondary factors (such as
airfoil section, wing aspect ratio, and support interference) influ—
ence the eoffectiveness, it is impossible to comploteoly determine
their magnitude from the data at hond. Xor this rcason, it is
desirable that cach now installation be carcfully flight—tested before
final approval, Figurc 25 shows the results of such a test.

DISCUSSION

General Behavior of Dive-Recovery Flaps

Flap deflection.— All the flaps tested were well forward of
the wing trailing cdge and cxhibited the gencral characteristics of
spoilers. For low Mach numbers the smell doflections were relativoly
incffeoctive and in some caees had reversed effoctiveness. For high
Mzch numbers, however, the rcversal tonded to disappcar, and for
practical purposcs the effectiveness may bc assumcd bto vary lincarly
with tho projected flap frontal area. (See fig. 18.)

Mach number.— In general, thec cffectivencss of the flaps
increased considerably with increasing Mach number to well past tho
Mach number of 1lift divergence. (Sec fig. 19.) As shown in the
typical pressurc distribution (fig. 15) the pressure recovery aft
of the flap was less complete at high Mach numbers, causing 2
considerable increment of negative pressure ovor a large portion of
the upper wing svrface, Also, the uppcr—surface shock moved aft
whon the flaps were defleccted. Both of these effects contributed
to the flap offectivencss. However, there is evidence that the
effectivenvss will docrecase sharply above some Mach number between
that for 1ift divergencc and o Mach mumber of 1.0. (Sce fig. 24.)
Morcoveor, it is believed that the Mach number at which the flap
cffoctiveness docreases will morc closely approach the Mach number
of 1lift divorgence as the latter approaches a value of 1.0. It is
important, then, that extremo caution be excrcised in testing dive-
roecovery flaps on airplancs having o very high Mach number of 1lift




8 NACA RM NWo. ATFO9

divergeonce.

It will bo noted that the incroment of wing pitching-moment
cocfficient duc to the flaps became morc negative as the Mach number
increased. (Seo fig. 19.) This is due to the fact that the increase
of Mach numbor caused an increcase of flap effectiveness which was
applied largely to the wing aft of the position of the upper-surface
shock. In ordor to prevent serious changes of tail loads and a
docroase of the total flap offectivencss, it is desirablc that the
change of wing pitching-moment coefficient be as small as possible.

Location on the wing.— In prescnting the results it was assumed
that the factors #Aa and Almy arve predominantly affected by the
gizo ard chordwisc locdtion of the flaps on the wing, while theo
factor Aam/éa ig largely a function of the spanwise location of
the flaps., This assumption is based on simple thoory and should bo
valid oxcept for cascs wiere threc—dimensional effccts arc large
(such as for flaps noar the wing tip), or for instellations which
are greatly affected by interfercnce of fuselage, nacclles, etc.
Mcreover, it should be noted that most of the wings tested were
ossentially unswept and the values of ACpy given in this report
will not necsssarily be correct for wings with considerable sweep.

A swopt-back wing with flaps inboard of the mean acrodynacmic chord

robably would cxhibit morc positive values of ACp,. Also, the
offoctivencss of the flaps probably would be loss on highly swopt
wings due to the crogs flow.

In general, the flaps locatcd well forward on the chord of the
wing were more satisfactory than those ncarer the trailing edggc.
(Seo fig. 20.) The forword flaps produced a greateor decreasc of
anglc of attack for constant 1ift coefficient, and also caused
smaller negotive shifts of the wing pitching-momont coefficient.
Lergoc negative shiftgs of the wing pitching-moment coefficient
should be avoided since thoy not only reduce the total effectivencss
of the flaps but may cause scrious incroases of tail loads. Howover,
therc is a practical limit to the forward location of the flaps,
The ronge of positive lift coefficicnte for which the forward flaps
wore effective was consideorably smaller than that for the rearward
flaps. (See fig. 5.) Also, the flaps in the mors rearward positions
mainteined thoir offectivencss to a slightly higher Mach number than
did those nearcr the leading cdge, especially at the higher 1ift
cocfficients., Apparontly the flow behind the flaps which were well
ahoad of the lowcr—surface minimum—pressure point had a strong tend~-
oncy to return tc the wing surface., For this rcason, dive—-recovery
flaps on airplanmcs requiring o high 1lift coefficiont for dive recov-—
cry should be located farther aft than thosc on airplancs requiring
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a lower 1lift coefficicnt. ‘It appears that the optimum chordwige
flap location for airvplanes requiring epproximately 0.40 1lift coeffi-
ciont is about ono—third of the wing chord back of the leading edge.

The change of tail angle of attack t/Ac  is shown in figuro 21
for all the flaps tested. Velues of Aay/A varied from zbout 0.8
for a model with tho flaps completely outboard of the tail to about
2.0 for a twin—fuselage nodel with the flaps ontirely in front of the
tail, Typical values for fleps pertially in front of the tall wero
between 0.9 and 1.2.

Wing section.— No comprehensive results are available which
will show the effccts of wing scction on the behavior of dive-
rocovery flaps. It has already been mentioned thnt the chordwisc
position of the uppor—surfacc shock might affect the wing pitching-—
nonent coefficient due to the flaps, and that the chordwise position
of the lower-—surface minimum—pressure point probably affects the
behavior of flaps located near the wing leading edge. Within the
range used on airplanes at present, wing—thickness ratio must be
accounted for inasmuch as it affects tho Mach number of 1ift
divergence.

3 Elevator characteristics.— In developing cguation (2) of the
section cntitled "Results," it was assumed that the change of
elevator floating angle due to the flaps arose from the change of
tail anglc of attack. This assumption is substantiated by the
results shown in figures 22 and 23, The dive~recovery flaps did
not groatly change the elevator floating angle of the model whose
clevator hingc moments were essentially unaffected by changes of
tail angle of attack (or eirplane 1ift cocfficicnt). However, 2
lerge chango of elevator floating angle was noted for the model the
elevator hinge moments of which varied considerably with tail angle
of attack. At a Mach number of 0.70, tho elecvator hinge moments
with the flaps defleocted appeared to be about the same for a 1lift
coefficiont of 0.40 as they were with the flaps retracted for a 1lift
coefficient of about -0.1. This indicates that the flaps decreased
the tail angle of attack about 3.5° (using a mecasurcd value of 7.0°
for Oat/dCr). The lift and pitching-moment results (figs. 11, 19,
and 21) indicate a decrecsc of tail angle of attack of 3.1° and 3.6°
at 1ift coefficients of 0,00 and 0.40, rcspectively. In view of the
absence of informetion for a wider range of models, the results are
conclusive enough to justify the assumption.

It is significant that the flaps did not change the elovator
effectiveness of the two models for which date are available, As a
s result, it can be assumed that the horizontal—tail effectivencss
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would not bo seriously affected, cnd flap—retracted valuves of
(0Cm/d80)qy and (OCm/dut)q may be used in the oquations
for total pitching-moment cocfficient duwe to the flaops.

Structural and Mechanical Considerations

Flap loads.— Limited pressurc~distribution neasurcments have
boen made on typical dive—rccovery flaps which indicate a trapezoidal
chordwise loading with a maximm loading at the hinge line. For
practical design purposes a uniform chordwisc loading may be used.
Except for small deflections where the pressures night be reversed,
the normel~forcec coefficient may be casumed to vary lincarly with
flep deflection to a value of 1.1 for a deflection of 45°.

Rate of flap deflection.— The flap actuating mechanism should
be supplied with sufficient power to deflesct the flaps rapidly. The
rates of flap deflection for successful installations tested in
flight have boen such that full flap deflection was reaclied in 1 to l%
seconds., Slower rates of deflection result in dangerous responsc
lag and a consequont greater loss of altitude during rocovery from
a divo. In addition, the adverse effects of the flaps for small
deflections are accentuated. -

Buffcting.— It hasg been shown that the most effective spanwise
location for dive~recovery flaps is dircctly in front of the hori-
zontal tail. Although no conclusive data arc availablc on tho
matter, there may be some danger of tail buffeting with flaps in
this location. Therefore, a compromise spanwise location is
rocormended that places the flaps in front of only the outboard
portions of the tail, especially on airplancs which do not have a
perticularly high tall position with respect to the wing. Also,
isolated cases of wing buffcting have been reported with dive—
recovery flaps decflected, wherein the landing flaps vibrated through
e comparatively small amplitude. It is believed that this was due
to a small amount of play in the landing—flap restraint mechanism.

Recommended Design Procedurc

in increasing the pitching-moment cocfficient of an airplanc is
maintained past the Mach number of 1lift divergence for the airplanc.
Howovor, the trim lift coefficient and resultant acceleration are
less at Mach numbers above that for lift divergonce because of the

It has been shown that the effectiveness of dive-recovery flaps
\
increased static longitudinal stability. (Seo fig. 25.) Hence, a -
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successful dive-recovery flap installation is one which will effect
sufficient (but not excessive) recovery of the airplane from a dive
to any Mach number and altitude, which the airplane is capable of
attaining, without causing undue stress on any part of the aircraft
structure. The following procedure for the preliminary design of
dive—~recovery flaps for a particular airplane is offered:

1. ZEstablish the Mach number, altitude, and 1ift coefficient
at which the recovery is desired. (The drag due to the flaps may
be nsglected since appreciable changes of drag affect the velocity
only slightly above the Mach number of lift divergence.)

2. Compute or estimate the elevator-free pitching-moment
characteristics of the airplane with the normal center-—of—gravity
pogition for the above Mach number. From these characteristics
determine the pitching~moment-—coefficient increment necessary to
trim the airplane at the 1ift coefficient of step 1.

3. Select a flap location on the wing which is structurally
suitable for the airplane (around 30 or 40 percent of the chord and
partially in front of the horizontal tail if possible).

L, Assume the flap size for a comparable installation from
figures 3 to 1k,

5. Compute valucs for Aw, ACm,, and Aag/Aa from figures
20 and 21 for the flap size assumed and a deflection of 30°. (This
will allow some adjustment of the effectiveness during flight tests
if necessary.)

6., Compute XACm using the equations developed in the section
entitled "Results." If the elevator characteristics are linear
within the range being considered, equation (2) may be used; cther—
wisc, the change of elevator floating angle should be determined
directly from the elevator characteristics and eguation (1) should
be used.

7. If the ACm computed in step 6 does not agree with that

of step 2, repeat the procedure with a different flap size.

Once the flap size is established, it would be wise to compute
the acceleration available from the flaps for all Mach numbers and
altitudes which the airplane is capable of attaining, for both the
most forward and the most rearward center—of—gravity position., Also,
the tail loads with the flaps deflected should be checked if it
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appears that the flap location chosen will result in an apprcciable
value of ACmy.

Recommended Flight—Test Procedure

In view of previously mentioned deficiencies of the availlable
data, it is desirable that each new dive-recovery-flap installation
be carefully flight—tested before finel approvel. A step--by—step
procedurc is rocommended which consists of trimming the airplane
for a given spced and deflecting the flaps. The stick—frce condi—
tion should bo simuleted and the clevator control used only to
prevent excessive accclerations. Moasurements should be made of the
Moch number and altitude at which the flaps arc deflected and of the
maximum acccloretion obteined during the resulting manouver,

Runs should be mede throughout the speed range, but it is
dosirable that the first runs be made at comparatively low Mach
numbers and high altitude in order to avoid excessive accelerations, e
A running record should be kept so that the flap effectiveness at
the nighor Mach numbers may be anticipated.

articular care should be exercised in obtaining data above
the Mech number of lift divergence for the airplane. The desired
Moch number should be approachcd graduslly at the minimum diving
angle necessary to attain that Mach number at the altitude being
used. As a result, the maximum Mach nmumber of any particular run
will be only slightly greater than the Mach numbor for vhich data
have alreedy beon obtained. Following the above precautions will
rosult in obtaining the necessary information with o maximum
degree of safety.

CONCLUSIONS

An analysis of the data ccllected in this report indicates
the following:

1. In order 4o obtain maximum effectiveness, as well as to
avoid tail buffeting and large increasecs of tail loads, dive-—
recovery flaps should be located about one—third of the wing chord
from the leading edge with part of the flap in front of the out— g
boerd portion of the horizontal tail,

2. All the flaps tested were effective above the Mach number p
of 1ift divergenco for the airplanc.
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3., The flap effectiveness probebly will become negligible at
some Mach number between that of lift divergence for the airplane
and a Mach number of 1.0,

L. All new dive-—rescovery-flap installations should be carefully
flight-tested, especially those intended for use on airplanes with
a very high Mach number of 1lift divergence.

Ames Aeronautical Laboratory,
National Advisory Committee for Aeronautics,
Moffett Field, Calif.
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Figure 1.- Typical dive-recovery-flap installation on a
wind -tunnel model.
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WAET ™
LMAL 36428

(a) Flap deflected 30°.

LMAL 36424

(b) Flap fully retracted.

Figure 2.- Dive-recovery flap located on left wing of the
XP-51 airplane.
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