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ABSMIACT

the basic objective of the work reported herein was to provide a broader
technology base to support the development of a meditm STOL Transport (MST)
airplane. This work was limited to the application of the externally blown
flap (EBF) powered 1ift concept.

The technology of EBF STOL aircraft has been investigated through
analytical studies, wind tunnel testing, flight simulator testing, and design
trade studies. The results obtained include development of methods for the
estimation of the aerodynamic characteristics of an EBF configuration, SIOL
performance estimation methods, safety margins for takeoff and landing, wind
tunnel investigation of the effects of varying EBF system geometry parameters,
configuration definition to meet MST requirements, trade data on performance
and configuration requirement variations, flight control system mechanization
trade data, handling qualities characteristics, piloting procedures, and
effects of applying an air cushion landing system to the MST,

From an overall assessment of study results, it is concluded that the
EBF concept provides a practical means of obtaining STOL performance for an
NMS with relatively low risk. Some improvement in EBF performance could be
achieved with further development - primarily wind tunnel testing. Further
work should be done on optimization of flight controls, definition of flying
qualities requirements, and development of piloting procedures. Considerable
work imust be done in the area of structural design criteria relative to the
effects of engine exhaust impingement on the wing and flap structure.

This report is arranged in six volumes:

Volume I Configuration Definition

Volume II - Design CoMtndiwi

Volume III - Perfonmance Methods and Takeoff and Landing Rules

Volume IV - Analysis ot . rL. £rA,• Data

Volume V - Flight Control Technology

r-irt i - Control System ochnnlization Trade StudiosSPart II Simulation Studies/Flight Control System Validation
Part 111 - Stability and CWntrol Derivative Accuracy

Requirements aWd .ffects of Augwentation System D*sign

Volum VI - Air Cushion Landing System Trade Study



This supplement to Volume I is generated to provide the aerodynamic
data needed to make a design choice between double and triple slotted
flaps and between a roll control system with BLC or without BLC for the
baseline configuration definition in Volume I. The study in this report
is based on a comparison of minimun speeds at which safety, stability
and control, and performance criteria are met. Results show that the
minimum speed for triple slotted flaps is limited by the relatively
s.ialler roll control capability and is about 3 knots higher than the
miniim•. speed for double slotted flaps. Using BLC can reduce the mini-
mum speed by approximately 5 knots for the same engine exhaust thrust.
If the engine thrust is reduced because of bleed air extraction the bene-
fit of BLC becomes less, and its application becomes questionable.
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Section I

INTPODUCTION

As part of the design refinement of the RST - TAI baseline configura-
tion, a study was needed of the aerodynamic aspects entering into the
choice between double and triple slotted flaps and the use of BLC for
roll control. Triple slotted flaps allow a larger chordwise extension
of the flap and thus a greater L/D ratio. n the other hand, triple
slotted flaps are less suitable for BLC aided roll control. They also
decrease the effectiveness of spoiler roll control systems. To determine
which flap system represents an optimum aerodynamically, mininum speeds are
compared on the basis of a climb criterion, some roll acceleration
criteria, and a lift loss criterion. The geometry that allows the lowest
speed is considered the optimum in this report; the impact of the geometry
on aircraft structural weight and complexity i3 beyond the scope of this
document.

The following geometries are considered:

1. Full span double slotted flaps, no BLC
2. Inboard double slotted flaps, outboard single slotted flaps with

BLC
3. Full span triple slotted flaps, no BLC
4. Inboard triple slotted flaps, outboard single slotted flaps

with BLC.

LWz

Sre 1
S(The reverse side of this 1, .4e is blink.)



Section II

SUMMARY ?

In this document data were analyzed to aid in a selection of the wing
flap system and roll control system for a medium STOL transport study. A
sketch of the transport is sh:-n in Figure 1. Specifically, a comparison
of double and triple slotted fi 1z has been made for the purpose to select
an optimum flap system on the basis of the best STOL speed and STOL lift-
ing capability. Also; data are given for the selection of associated
roll control systems. In conjunction with this, spoilers and full span !
flaps are considered, as well as partial span flaps together with
boundary layer control on deflected single slotted surfaces at the wing
tips. Flap geometries and spoiler geometries used are presented in
Figures 2 through 5.

The comparison is made here based on aerodynamic characteristics
only. The impact of BLC bleed air or gas extraction froi- the engines
on the aircraft weight, as well as the effect of the flap ai~J control
system selection on the aircraft weight is beyond the scope of this
document,

Various criteria are used for-the selection of the recoimiended geome-

try. Thiese. are:

I. The minimum speed or the maximiui lifting canability at which it
is possible to climb along a 3-degree climb path with tile critical
engine inoperative and with the flap am; I such thai n cli be I.3.")

with all engines operating, and V - 1.1 \'n with one engine
failed (both out of ground effect).

.lle mini:.lum speed at which the roll accelerat.ion Ieqr:t i
-ire met with all engines operating (Level 1).

3, The mnivii speed at which the roll accelIeration r'cyo iiet';
are met with the critical vnginv inoperative (level 3j,

VI. Te minimtun speed at which the lift loss; due t(. grtnu. d effect
together with the lift loss due to the roll contr(ol input
-a..scKiated with the Levwl 1-rt~uirement is not t!reiter than

S12, ~percent In the landing configuration wit h a maximtoi posi
tive lift increment from MlC,

4" 3
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If the lift loss quoted in the last item is maintained during one
second, the aircraft sink speed increases approximately four ft/second.
This implies that, if the aircraft at first descends along a flight path
with six feet/second, full roll control during one second prior to touch-
down will increase the sink rate to 10 feet/second. Full roll control
during one second will change the bank angle approximately 10 degrees.
This is an input expected to bo made relatively often near the ground.

The comparison of speeds at which the above four criteria are satis-
fieJ is given in Figure 6 for the various geometries considered. The
large.st speed of each of the criteria should be used within each
of the g~ametries. These speeds should then be compared with each other
and the geometry giving the lowest of those speeds is aerodynamically the

;• i. ~best. ,"

It is seen that the combination of the partial span double slotted
flap with a single slotted BLC aileror at the lip yield-, the lowest
speed, i.e., 74 knots for a sample -lue of W/S 80 and T/1W s.5.

Second in line is tfte part span t.'iple slotted flan with 77 knots,
having also BILC at the tip. flowever, it should be noted that in case
the roll control power for this triple ,,lotted flap is somewhat larger
than estimated, or if the flow through a flap nap can be manipulated
together with the roll control spoiler actuation, the speed for this flap
configuration can be reduced to 72 knots. the roll control 1ata with the
triple slotted flat. are based on only a si sgle wind tunnel test rui, and
improvement nmay he possible.

Botn •.,f theso flap/control ge*etrles make use of aileron IC. This

11IC is not only beNneicial frot an 'tandpoint of roll control, but also
the lif t/drae relat ion in the cI iinbout is iiproed . ih , i,,re sho .s

that this reuolts in sýpee!d dcc.rCe!ses i. the order orf 5, kv,,t if Qn ly the
cl if.hout criterion is considered. khever, the increase in eMiue weig-ht
to provide the oemrgy for 8I.C rust he consiedv-d in addition.

i11e above listed critýric, (1 1 &' 1111e ih ter-ts Of
the reqoired U";- ra•io, where T is the tot-i s.tatic exhaiust thnt't used
for extornal hlowing. At the .ample vallue of W/- 80. wid using V .



•! ~CRITERIA

S~~CLIMB ANGLEY= 3', CEF VýI.I_ VM CEFi n-1 .3,• AEO •.:

•:• • ~ROLL ACCELERATION, AEO -. !

•.•-•:'I • ROLL ACCELERATION, CEF ",•
I [-'---7MAX LIFT LOSS IN GROUND EFP WITH DLC•

pi

CRITEEROS ITHiA

C B L 3 C V DOUBLE SLOTTED FLAPS

MINB RPESLT LP
v ROLL ACCELEATION AEO B

", • •"• FUULLSSPAN

-•}:I INBD ~TRIPLE-SLOTTED FAS•:

Fas AND ROLLRACC WLERTIO NC

10'

N N\

• •AND AILERO S WITH BLC BL

IQIVIFULLISPED SPAN

FlapsA NDtAILERONSiWITHtBLC

I ~ I0

P'•;,•• . .•,..•,F ,,•t '~Y 4~ .. •.• .,--,;•: •. ...... ~I. . V .. .. ... . .~ ;.. ............. .. - -- ¼A ... . . ..



knots (EAS), the comparison becomes:

Aileron Flaps
BLC Double Triple

_______________Slotted Slotted

With=u BLC .T T
(Full Span Flaps) 'W .550 W~ .16

!With BLC iT
(Partial Span FlapsW=.7 W .452

More detailed discussions and the methods used in &-termining the
speeds and the lifting capabilities are givzn in the following( subsequent
sections:

Section III - Comparison of Climb Speeds
Section IV - Comparison of Roll Acceleration with All Engrines

Operating
Section V -Comparison of Roll Acceleration with O)ne Enjg ine

Y Inoperative
Section VI -Comparison of Lift Loss Due to -Maximict~ Roll Control

It should be noted tha' the above comparisons are MadC, Lo Obtainl an1

impression of relative magnitudes. The actual aivoragu level of tile
climbout speeds and lift &aIpability may be somewhat di ffýuent. whun uther
safety speed and maneuver margins are considered iii ad(htiion i) thos~e
taken here. Additional margins may he those related to grotuid; ef'fcct.

(Thie reverse s ide of th is page i s 1)l1ank.)
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Section III

COMPARISON OF CLIMB SPEEDS

3.1 TRIDD LIFF AND SPEED RELATIONSHIP FOR CLIMB

The purpose of this section is to establish the merits of triple
slotted flaps versus double slotted flaps, and to establish the benefits

of aileron BLC on the basis of aerodynamic STOL takeoff climb performance.

Other aerodynamic criteria for selection are discussed in other sections,

The criterion for STOL climb performance used in the present section
is the mini.man speed or highest lifting capability existing at which it
is possi51e to ýliikb with a three-degree flight path angle with one
engine inoperative, except as limited by speed and maneuver margins for
flight safety. The maneuver margin used is n - 1.3 with all engines
operating, and a speed margin of 10 percent with one engine inoperative,
both out of ground effect. Other safety margins in terms of speed,
angle of attack, or maneuver capability with all engines operating or
with one engine inoperative in or out of ground effect may at times be
more critical, but are not considered in the present report because •hey
were not adequately firmed up at the time of this study.

Trimmed data for a c.g. location of 25 percent M1AC rnd with all
engines operating (AEO) and with the critical engine failed (CiEF) on
which the present comparisons are based are pr-esented in i4igures 7 through
18. These figures show the total aircraft lift L as a function of tile
total aircraft drag D. for various speed conditions, each nondimensionalized
(or "normalized") by the engine nozzle exhaust thri'is.t per engine, TPE.
The value of D inciudes the thlst effects, mad if 1) is neg.tive a net
forward force exists. The speed condition is exqpressed in terms c- theinverse of the blowing coefficient I/Cý4pj, o-.q/ (1'E/S) in which q is

the dynamic pressure and S is the wing area.

13
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The figures pertain to the following geometries and speed para-
meters:

Figure Type of Flap Aileron Flap
BLC Deflection

7 Full Span Double Slotted No 250/300 1.218 ""! "2.00
9 " "I 2 o / 5 0 o .2

11 i Full Span Triple Slotted No 25°/20*/2501 1.21
10 " ""2.00

Ittft
13 i 25/20/450 1.21
14 ,,- 2.00
15 Inbd Double Slotted• Yes 250/300 1.21
16 Tip Single Slotted " _ " 2.00
17 InbTriple Slotted. 250/200/250 1.21
18 Tip Single Slotted " 2.00

Each plot shows at the upper line the untrimmed (tail-off) wind tunnel
data with all engines operating (open symbols). The first lower line with
open symbols represents untrinned data with the outboard engine inopera-
tive. The two lines with solid symbols represent conditions trimmed in
roll (roll trim, RT), yaw (YT), and pitch (PT) for the case that all
engines are operating and the case of engine failure. It is primarily
the low, t line with solid symbols that is of interest for the present can-
parison, being the engine failure case.

The determination of the various changes in lift and drag due to
trimn.ng is discussed in later subsections.

Climb conditions, at which X +30 is satisfied, are indicated in
these figures, and intersections are plotted versus flap angle in
Figures 19 and 20.

These plots generally show a maxp.mn value of L/TPE at a low flap
angle. This maxiim,.n is of interest because it represents the maximnu
lifting capability of the aircraft under the climb condition with

+3*. However, at low flap angles not enough flight safety margin,
in terms of speed or maneuver capability may exist, For this reason also
the maximun trinrned lift with all engines operating and with one engine
inoperative needs to be determined so that speed and maneuver rwrgins can
be compared.. Conditions at which these margins exist are determined as
follows.
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TRIMMED CONDITIO0N
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The maximun lifts are shown in Figure 21 for low flap angles, and in
Figure 22 for higher flap angles. The maximun lift with all engines
operating is defined as the lift at LX(- 180. This angle is equal to the
stall angle with one engine inoperative to avoid large uncontrollable
rolling moments in case an engine fails. The conditions pertain to flight
out of ground effect. Maneuver margins and speed margins can now be
applied as illustrated in Figures 23 and 24. Figures 25 and 26 show
conditions where a speed margin of 10 percent exists with respect to the
CEF condition. Cross plots at given values of CeAPE can now be made as
a function of flan angle for conditions with this speed margin and also
with a maneuver margin n - 1.3. This is shown in Figures 27 through 30.
Results can directly be compared in these figures with the conditions
for which h" = 30 and which are repeated from previous plots.

It is seen that, generally, the safety margins prevent the use of
the maximum L/TpE values for N" = 3.. A higher flap angle needs to be
taken that lowers L/TpE slightly. Lift values that meet these safety
margins as well as " . 30 are presented in Figure 31.

This figure is now used to compare the lifting capability and speed
capability for given engine thrusts with one engine inoperative.

Using W/S 80 lbs/ft 2 and V = 80 KEAS as sample values, the follow-
ing is obtained according to the method schematically shown in Figure 32:

L/TPE L/TpF W/TPE w'/ 80

j TPE/5 TM.5

-Co figuration W/TpE

Full Span
Double Slotted Flaps 7.28 .550

Inboard Double Slotted Flaps
+ Outboard Single Slotted Flaps
with BLC 8.48 .4/2

Full Span
Triple Slotted Flaps 7.75 .S1

V iInboard Triple Slotted Flaps
+ + Outboard Single Slotted FlapsS] Wi th WI£ 8.85 .452 Z

-'J-

29

S,--•,==..• v. -:..• • W % . `` •<•.`:e:i;•`• .•;`•.` : `••°`. • • .'; .•• •-- '`-• • .... ' .. o-. ,-.. . . .. ....



AILERON
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It is seen that an engine exhaust thrust saving of about 5 percent
can be realized in going from a double slotted to a triple slotted flap
(i.e., .516/.550 and .452/.472), and about a 13 percent saving in going
from full span flaps without BLC to partial span flaps and tip surfaces
with a total BLC of C(•M= .065 (i.e., .472/.550 and .452/.516).

If, on the other hand, the aircraft weight and the engine static
exhaust thrust are held constant, the capabilities of the various geometries .
can be expressed in a difference in sneed. If IV/S = 80 and T/W = .55,
the following equations are used to obtain speeds at which it is possible 4
to climb with •" = +3* with one engine inoperative

L. V W 47-Z
TPE - T/ 0A T/W 7.Z7 .

TEW 5 T/;\W .5
or

where TPE/5 is obtained as illustrated in Figure 33.

Configuration q q V
TpE/S UAS

Full Span Double
Slotted Flaps 1.92 21.10 79.0

Inboard Double Slotted Flaps
+ Outboard Single Slotted

Flaps with BLC 1.675 18.44 74.0

Full Span Triple Slotted Flaps 1.81 19.88 76.5

Inboard Triple Slotted Flaps rs
+ Outboard Single SY..ed
Flaps with BLC 1.60 17.60 7210

Tlhe speeds are also showm graphically in the bar chart in Figure 34.
It is seen that reductions in climbout speeds in the order of 2 knots
(l•AS) are obtained in going from double slotted flaps to triple slotted
flaps, and that reductions of approximately S knots (t-EAS) ,re realized
when BL: with a total of .065 is applied at the wing tips.
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4
It should be noted that the above comparisons are made to obtain an

impression of relative speeds. The actual climbout speeds may be some-
what different when additional safety margins in terms of speed and
maneuver capability are considered. Also, it should be noted that TpE
is the static exhaust thrust and no influence of engine bleed air or gas
extraction for BLC on engine weight is considered here, nor a difference
in weight for the various flap geometries.

Furthermore it should be pointed out once more that these conclusions
are drawn only on the basis of the ability to climb 3' and simultaneously
meeting the saf~ty margins. Conclusions drawn in Sections IV, V, and VI'
may overshadow fthse of the present section on the basis of other criteria.
However, before arriving at these, hereafter the data basis and methodology
used in the present section will be described first.

3.2 METHODOLOGY AND IfkTA BASIS

3.2.1 EFFECT OF SYNMETRIC AILERON BLC ON LIFF AND DRNG

The basic untrimmed lift and drag data in the previous section
include cases with and without aileron BLC. With blown ailerons,
symmetric BLC is needed to obtain the lift for which n = 1.3 and all
engines operating. However, no test data for syqrnetric BLC were obtained
from the wind tunnel test (GELAC 090), Reference (4), but estimates
are derived here from asymmetric BLC from this test:

LIFT:

For 3a 0 : aCX .044 due to asvmnietric 1hLC with
SC4" l~iC= .06S est imated ftrcAT wind t 1ne1l

dIta ýGQJAC 090)

&CL bcC- e #• 4).74)z 4 .,t
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This is the •CL on one side with Ce BLC = .065 at that side. It
is assumed that with blowing on both sides with half as much C BLC per
side the same total lift is obtained:

or

TPE PF

The magnitude of this lift change is relatively insignificant, though
not negligible.

DRAG:

The drag change due to BLC at the ailerons is estimated on the basis
of Figure 35. The drag change Can be treated as an incomplete thrust
recovery of the thrust generated at the BLC nozzles.

If there were 100 percent thrust recovery, one would obtain a forward
force change.

With loss in recovery it is obtained

or

5 CD - LC • D

1~

Figure 35 yields for ') 30°:

A i: =- (i -. i4oyo o G) =- .0 56,

or

A )(

which is; a significiuit magnitude.
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Figure 35 is based on quasi two dimensional data.

BLC is applied only at the wing outer panels. Wings with BLC in
this study are equipped with single slotted flaps at the outer panels,
regardless whether the inboard flap is double slotted or triple slotted.
The aerodynamic lift and drag data for these flap arrangements before
BLC is applied are estimated and are shown in Figure 36 for a sample
condition. Application of A D/TpE and A L/TPE from blowing yields then
the basic drag polars with blowing used in the previous paragraph.

3.2.2 LIFT AD DRMG FROM ENGINE FAILURE, UNTRIINED

The effect of engine failure on the lift, drag, rolling moment,
yawing moment and pitching moment in the untrimmed condition must be
known so that the trirmied lift and drag with control surface deflection
can be assessed. In the present subsection the untrimmed lift and drag
determination is described.

In general, the effect of engine failure may be known directly from
wind tunnel data only for one or at best a few selected flap angles. At
different flap angles an estimate must be made. In the present study
only test data for the double slotted flap with deflection 25/50° are

available. Estimates for the other deflections of this flap and for the
triple slotted flap are made using the lift ratio:

ALEF _(LLp6 (ALP) E NG 4
A-L p (A LLP)4- E NG (&LPp4EN4&EL. G

where 4t .1p is the increment of lift due to power effects with all OnginZ.s
operating, and 4L.-F is the lift change due to engine failure. Figure 37
shows (4•.L1, 3FN(/ (4Lp)4 HNQ to be approximately .75 on the basis of these
wind tnnel data, so that

/L C F- _ .25

ALp
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Similarly, the following is used here, by approximation

7.2S
tDp i

and

F' = -25
tMp

The lift and drag changes are added onto the lift and drag of theI wind tu;nel data for all engines operation (AEO) and results are shown

in Figures 7 through 18 and indicated as critical engine failed (CEF).

3.2.3 EFFECT OF FNGINE-OCUT RULLING WMtIEF AND ROLL CONTROL

(a) Engine Failure Moment

The rolling moment due to engine failure must be trianed out using
roll control or roll trim devices which in turn introduce additional
Slift, drag, and pitching moment changes.

"The magnitudes of the untrinmed rolling m(mnent coefficient resulting
from the critical outboard engine failure is shown in Figure 38 as a
fiunction of the lift increment ACl'p that is obtained fran external
blowing. Tho magnitudes are based on a wiind tunnel data analysis for
various flap settings and thrust coefficients, see Figure 39. -Angles of

attack greater than 1V8 are excludetd because these angles are greater
than the cne-engine-out stall angl. where the rolling nbNents are
excesz.-ive as eeon in Figare 40.

Thlie engine failure not only prOducLv: a rolling iminent, but also a
yawing inwxrntt. WhUie this yawit, g 'MOnent is trin•ted out by u.;ing nidder,
xa additional rolling tayromnt is gouiorated which .gener3lly has the siam
sign. lihe incrermntal rolling Mment and the yawing muent is;

AY ACm Sb YTr 2V yAD'y
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where YT is the side force on the tail, and ZV and 4V the location of
the tail center of pressure above and behind the airplane c.g. in the
stability axis system. The symbol AD represents the drag change due to
engine failure, located at a lateral distance Y:

AD=(DTO -Cto>S(,) CDPsG.

Elimination of YT yields

& CDp 4

This relation is plotted in Figure 41 as a function of angle of attack
and is used in the determination of the total rolling moment.

(b) Lift Loss Due to Roll Control I,

This total rolling moment can be trimmed by a number of roll control
devices, such as:

Roll control spoiler actuiation
Aileron deflection
Asymmetric aileron BLC
Differential flap

Of these, the differential flap is not used in the present document.

Actuation of roll control devices generally results in an important
lift change and drag change of the SrOL aircraft., The lift change due
to spoilers is illustrated in Figure 42 for the double slotted flap.
Herein, the lateral center of pressure location is 73 percent semispan
for the tip spoiler, 47 percent for the mid-span spoilers, and 27 percent
for the inboard spoilers. (The location of the spoilers is seen in
Figure 1).

In order to decrease the lift loss, other devices are added. Adding
ailerons yields a slightly larger roll control for the sne total lift
loss, see Figure 43. Using aileron BLC in addition to aileron deflection
improves the characteristics considerably, which is also slhoim in that
figure.
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Similar lift loss characteristics of spoilers plus ailerons but for
triple slotted flaps are shown in Figure 44. The rolling moments
generated by spoilers of triple slotted flaps are substantially less,
which will be described later. The lateral c.p. locations for the
spoiler forces are the same as those for the double slotted flap. Aileron
BLC is not used in conjunction with full span triple slotted flaps and
is for this reason not shown in this figure.

Use of inboard triple slotted flaps, and single or double slotted
flaps at the tips results in characteristics presented in Figure 45.
Data with and without aileron BLC are shown• there.

In the above figures, the effect of BLC is shown for a surface
deflection of 50*. In case the surface deflection is 30* (such as a
lesser aileron deflection with blowing) only 80 percent of the BLC effect
is used.

(c) Drag and Pitching Moment Due to Roll Control

Operation of roll control devices affects the drag characteristics of
the aircraft.

Opening the spoilers decreases not only the lift, but also decreases
the drag when the aircraft angle of attack is high. However, a drag
increment is obtained when the angle of attack is low. In the present
study the relation

c (CA -•AO) L

is used, based on Figure 46a.

The effect of aileron deflection on drag change is negligible with
and without aileron BLC.

}:: iThe tail off pitcdiing uiaiwnt change is canputed from

A CmV Se AC
LCL

where (AQ/•C,)SP is obtained from Figure 46b. This is also based
on the wind tunnel data for angles of attack of interest. 'IThe pitchingmUnent is needed to obtain the proper trimned lift,
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3.2.4 EFFECT OF PITCH TRIM ON LIFT AND 1A

The tail off pitching moment CW qSE used in the present study per-
tains to a forward c.g. location of 25 percent MAC. Trimming out this
pitching moment results in a lift change of the aircraft amounting to

.!• .=• ¢• = 2.850 I.N
ACL C NT S "N

The coefficient CQNr includes the pitching moment contribution of the roll
control devices for roll trim in case an engine has failed.

In addition to the lift change from the tail, also a trim drag change
is used, because the tail lift vector is inclined with respect to the
horizontal by the downwash. The drag correction is approximately

ACV~ ACL S7.-A
Where • average • of 12 degrees was used. In general this term results

in a reduction of drag because ACL is negative.
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Section IV

ZWARISIN j.F ROLL AaMLLIATICNbI
WIMHA ALL ENGINES OPERATING

4.1 REQURED. AND AVAILABLE ROLLING ?.OENS VS CL

One criterion for selecting a -roll control system of STCL aircraft
is whether it meets ipecified roll acceleration criteria.

The criterion listed in MIL-F-83300 (Reference 1) requiivL' a bank angle
of 30 degrees to be reached in 1.8 seconds for Level 1. Reaching this
bank angle depends an the manner or time sequence with Which tht; pilot
generates the control input. Because this time sequence is not specified
in the above reference, NASA TIND-5594 will be used as a guidelin-
(Reference 2). This reference uses a lag of 0.1 second before t.h1E -ontrol
surfaces begin to move after pilot initiation. Full control is ac',ieved
through a 0.3 second ramp function. In this analysis, the totz.i coi~trol
input tire of 0.4 second is assumed to include aerodynamic lag; whi,-h is
apropos of the selected rapid response slot lip spoiler system. i s ing this
time sequence, as shown in Figure 47, and a typical roll time constant of

0.7M for STOL transports, an initial acceleration capability of

0.825 rad/sec2

is; needed. Herein, is the rolling moment due to Toll control input (in

ft/lbs), and Ixx is the rolling moment of iniertia (in pour-ids tsc)

It may be noted that the requirement in AQIU)R 408 (Reference 3) to
reach a bank angle of 10 degrees in one second results in a very canpati~le
acceleration requirement, i.e., 0.855, uý,ing the sane tLme sequence
and time constant, HIow.ever, the XIlL-SPLC value of 0.82S w.ill be used
here.

The require-m~ert car. be rwritten u.ii~ng the. followinig relat ion:

or
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.- •. NSbstitutiný such typical values as W ; 122,000 lbs., b = 116 ft, Ixx
"u 1200 ft. lbs. sec.2, this yields

CL > 0.070

This relationship is plotted as the requirement in Figures 48 through
51, where it is compared with the available roll control for various
geometries. These geometries include ailerons in all cases and use
additionally: ___ _

Figure Geometry

48 Full span double slotted flap. Control with spoilers, no
________BLCS'~49 Inboard double' slotted flap,: outboard single slotted -

flap, control with spoilers and BLC
50 FulI -nan triple slotted flap. Coeitrol with spoilers,

no

S-1 Inboard trinle slotted flap, outboard single slotted
flap, Control with F.<ilers, and BLC.

Triple and double slotted flaps are ircluded in the comparison because

the roll contr6l spoiler effectiveness depends on the type of flap used.

A A co-parison of speeds (for a sample wing loading of W/S 80) where
the Level 1 roll acceleration reouirement is satisfied is presented in

Figure 52. It is seen that it is possible to provide adequate roll con- A
trol for all geometries considered in tho STOL speed regime of interest
(70 to 85 lciots), except for the full span triple slotted flaps.

The available roll control from spoilers is described in the next
subsect;•n. The reason for the inadequate roll perfonrance for that case
is found in the deterioration of the spoiler effectiveness when going
from double to triple slotted flaps, which is also described: Ln the
next subsection.
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4.2 MET1JDOL.OGY AND DATA BASIS

4.2.1 SPOILER EFFECTIVLNESS

The spoiler effectiveness used in the previous section for double
slotted flaps is given here in Figures 53, 54, and 55, except that in the
previous section a trimmed aircraft lift coefficient is used, whereas i

the present section the data are presented in terms of the tail-off lift
coefficient (CLr, NT = no tail), The conversion from the trimmed condi-
tion to the tail-off condition is made using CLtrim = .88 CLNT, based on
Figures 56 and 57, and a forward c.g. location of 25 percent MAC.

The roll control data given here are based on wind tunnel analysis
plots presented in Figures 58 and 59, which give rolling moment
coefficients for various spoiler panels and various amounts of external
blowing. One figure gives data for 4-engine operation, the other for 3,
but the rolling moments can probably be used from either case since the
spoilers in both cases are operated on the side where no engine has
failed.

An interesting facet of the rolling moment coefficient shown for any
given spoiler configuration is the fact that it is only a function of the
wing ift coefficient, regardless whether this lift coefficient is varied
with angle of attack or external blowing. In the present analysis this
observation is extended here to also include a variation of lift
coefficieft with deflections of the flap as well.

The above figures 58 and 59 are based on double slotted flaps only.
The effectiveness of the spoiler deflection is reduced to approximately
60 percent when triple slotted flaps are used in comparison with double
slotted flaps, see Figure 60. This is based on a single wind tunnel test

comparison (GELUC 090) of two flaps with approximately equal lifting
capability and should be used with caution. Because of lack of evidence
to the contrary, this reduction is used in the present study for the
appropriate flap panels.

The data in Figures 58 and 59 are given as a function of the tail-
on untrimmed lift coefficient. Tihe correction factor to obtain tail off
lift coefficients is given in Figure 61.
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4.2.2 AILERONS WITH BLC

Assuming an average (neutral) deflection of 50 degrees of the surfaces
at the tip, then aswmetric blowing of the surface with a total C16LAIL =
.065 is estimated to give a rolling moment coefficient of .054. T'his
estimate is based on Figure 62 which is obtained from wind tunnel tests
(GEIAC 090).

A differential surface deflection is applied, such that the deflec-
tion at the one side, with BLC, is 70 degrees and at the other, without
BLC, is 30 degrees. It is estimated that the rolling moment due to
asymmetric BLC for the higher flap angle is increased by 15 percent to
Cg = .063. The rolling moment coefficient of the differential aileron
surface without blowing is about C .010 which is to be added. The
total rolling moment from ailerons and BLC thus becomes C - .073.

If the neutral surface deflection is 30 degrees instead of 50
degrees, 80 percent of this rolling moment is used.
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Section V

COMARISON OF ROLL ACCELERATION

WITH ONE ENGINE INOPERATIVE

S. 1 REQIRED AND AVAILABLE JI)LLING !~A14TSvM

According to MIL-P-83300 the roll control must be adequate to reach
a bank angle of 30 degrees ini 3.6 seconds for Level 3 (critical engine
failed),

Using a control system lag of 0,1 second, a full roll control in
4. 0.4 second after pilot control initiation, and tR 0.7, the above

requirement can be written as:

'I 92
= = .23 rad/sec2

or

where n =normal acceleration, and CL is the trimmed lift coefficient.

This rolling moment requirem~ent is to be added to the rolling
moment needed to overcome the engine failure. The magnitude of it is
described as follows.

The failure moment depends on the, lift generated by power effects.
At low lift coefficients power effects are not needed to support the
aircraft and the rolling manent coefficient due to engine failure,
&CEF, may then be zero, This is ill.ustrated in Figure (C3 by the l ine

0A. 1ý a hi'gher lift coefficient is flown, rnd OC is given (for exw~~ple

zero) then power of fects are used and a f in i te &Q C/L,, exists is sketched
in the figure by line Mf. The C1. value of ploitvz B represents the lift
that can be onenrated a~t OC 0, depending on dihe blow iiý,g coefficient
I /Ct prp - /(Tpp!S). A similar line exists for the tnaximtuii angle of
attack which is illustrated by line CD. The envelope OAflL represents the
rruiximin' roll ing moment coefficiont for a given blowing. coefficient and pro-
vide-d OC 0 is the tnlninun angle cons idertv,.
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Adding the above discussed moment to provide the roll acceleration
yields the envelope OA'B'D'shown in Figure 64. Herein n = 1 is used as
the critical case.

Plots such as these are given in Figures 65 through 68 for the various
configurations considered, using the relation of AC), 'F w4ith CLp as
given in Figure 38, and using high flap angles because these are critical.
Rolling moment due to rudder for yawing moment equilibrimu is not used
here because for large flap angles this effect would subtract rather than
add, Flap angles of 70 degrees for the double slotted and 65 degrees for
the triple slotted flaps are chosen, which are arbitrarily high except
these two flap angles provide comparable lift with re .ect to each other.
The maximum angle of attack used is 18 degrees, being the stall angle of
attack in case an engine fails. The lift values used are:

-tz

FLAP CC CL

OFF qTpE/S) =2.0 q/(TpE/S)=I.21

Double slotted, 70' 0 2.25_ 6,08 7.00
_ _ _ 18 3.13 7.69 8.91
Triple slotted, 65o 2.09 5.78 8.64

18 3.67 7.80 9,17

ni The required rolling moment coefficients are compared in these
figures with the available rolling moments. These are the same as those
presented in a previous section.

Y It is seen that the roll acceleration requirement is met for the
double slotted flap with or w~thwt BLC at the ailerons at all speeds
above the critical e -ghn-out stall speed. Also for partial span triphl

Sslotted flaps, where full spta spoilers Mifld aileron Bh s used, the
• requiremnent is met at all speeds, but not for full span triple slotted

flans without BI.C. lHowever, in any case, also with(it BLC, the speeds
are lower tham those where thle Level 1 roll acceleration is, met with all

J, engines operating, compare -igure 69 with 52 Ihus in -ny event, the
roll accoler~ation in norial oprwation iv,. more crit ic~all th.- the roll

ac-cleration with one enginv out.
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Section V1

CONAflISON OF LIFT LOSS
DUE TO MAXIMUM1 ROLL CONTROL

tinThe lift loss due to roll control belonging to certain roll accelera-
tincapabilities is shown fEor the various configurations in Figures 70£through 73. The curves do not include ground effect. They are obtained

from data of ~CLCvessC, given previously in Figures 43 through
4S, and us ing

Adding ground effect from Figure 74rsut in itlse hw

in Figure 75. It is seen. that these lift losses can be extremely large.

Dur~ng landing, these lift losses cannot be tolerated inless they are
largely compensated by direct lift control (DMC). DLC is used to over-

Sthe. sudden lift loss due to engine failure, to compensate for ground
elrfect, and to nullify most of the lift loss due to roll control by ani
interconnect system.

I Fipre 76 shows the required normal acceleration of Ih DL ytert
comp.imsate most of the lift loss for the variou..s geometries under considera-
t ion. The req~uired values- increase- with lower flight spe6rd because the
lift loss duie to gyround ef fect is larger iqi th higher values of C%~. Not.
all1 lift loss is compensated; a remrainder o~f A CL/CL =.125 is left
Mien the ,iaxivlumn required. roll control capaoi lity of fr = 8215 is flpplioid
in ground effect with all enginesopeaig fts xmirol
Control is maintained for one second (in gTroun( feffect) *the remainlint
lift loss results in ani increase of the sink velocity of approximfte1 y
4 ft/second,

Theo available nonnal laccelerat ion is also) indicated in that figure.
'1h1 qlann itude is C01R)u(uted from c los ini a full. span spoilier with! as inuch
lif~t variat ion onl oth wingy pxnels tn- vther as that assoc iated with a
max muiam roll control input withi fullI spain spoi hers ol one0 Wing panel only,

see igure 77. Thie Ii ft loss due to the opening of roll control ;poilors
is thei-efore taken to ind itatO the 10101-11t of. PtA: avai lable. Thse li ft

loss are then converted into a A n avai labili tv that is shcown in figure
73.

Thle speeds where the requi red and avail Iable norma I ccele rat ionl cap&-'
hi I itI;i pr~tv -requa 1 a re rvad fro -11 For I 6 nd prsnted seprately inl a
bar chart in 1:igt-rc 79.
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Section VII

CONCLUSIONS AND RECCMfNDATIONS

This report provides aerodynamic data to make a design choice between
double and triple slotted flaps and between a roll control system with
BLC or without BLC for the baseline configuration definition in Volume I.
The study in this report is based on a comparison of minimum speeds at
which safety, stability and control, and performance criteria are met.

The minimum speeds are, using arbitrary values of W/S - 80 and
T/W = 0.55 for ccznpa:'ison purposes:

2. Pul' span double slotted flaps~without BLC: 79 knots
2. Inboard iouble slotted flaps, outboard BLC: 74 knots
3. Pull span triple slotted flaps, without BLC: 107 knots
4. Inboard triple slotted flaps, outboard BLC: -77 knots

The mirnimui speed for triple slotted flaps is l.mited by the relative-
ly smaller roll control capability and is at best 3 knots higher than the
minimut speed for double slotted flaps. Using BLC can reduce the mini-
mum speed for -W-ble qlotted flaps by app.oximately 5 knots for the same
engine exhaust Cirust. If the engine thrust is reduced because of bleed
air extraction the benefit of BLC becomes less, and'its application
becomes qumstionable.

It shuuld be noted that if the roll control power for the tripl-e
slotted flap is somewhat larger than estimated, or if the flow through
a flap gap of the triple slotted flap can be manipulated together with
the roll control spoiler actuation, the speed for this flap configuration
may be less. In this connection it should be noted that the above
conclusions are based on somewhat inadquate data for the roll control
spoiler effectiveness for triple slotted flaps. Data of only one test
run of this effectiveness is available and some reservation of pertin'-.t
conclusions should be made until the roll control effectiveness is con-
firmed by additional wind tunnel test data. It is strongly recomended
that these should be obtained.

IV
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