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ABSTRACT

The basic objective of the work reported herein was to provide a broader
technology base to support the development of a medium STOL Transport (MST)
airplane. This work was limited to the application of the externally blown
flap (EBF) powered lift 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, STOL
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
MST 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 must 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 T - Configuration Definition

Volume II - Design Compendium

Volume III - Performance Methods and Takeoff and Landing Rules
Volume IV - Analysis of Wind Tunnel Data
Volume V - Flight Control Technology

Part I - Control System Mechanization Trade Studies

Part II - Simulation Studies/Flight Control System Validation
Part III - Stability and Control Derivative Accuracy
Requirements and Effects of Augmentation System Design

Volume VI - Air Cushion Landing System Trade Study
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Section I
INTRODUCTION

The externally blown flap lift-propulsion system has recently evolved
in design studies of advanced short takeoff and landing (STOL) aircraft.
This lift-propulsion system is attractive because it generates a signifi-
cant amount of wing lift at typical STOL speeds while it is not as complex
as other lift-propulsion systems.

Because STOL aerodynamic data for this lift-propulsion system are
relatively new it has been extremely difficult for the aerodynamicist to
estimate effects of geometric perturbations that are normally encountered
during preliminary design phases. It is therefore appropriate to collect
and organize the basic aerodynamic information into a manual and to develop
methods of estimation. This will give improved eredence to STOL
performance data for this lift-propulsion system and better comparison
with the performance of other lift-propulsion systems. To provide such
a manual is a perrpose of the present design compendium.

The design compendium presents methods to determine the power
effects on 1lift, drag, pitching moment, downwash, lateral and directional
moments, and some dynamic derivatives. The methods are presented for
possible inclusion in the DATCOM stability and control handbook. Incre-
ments due to power are given, so that these can be added to power off
data from existing sections of DATCOM. Occasionally, when insufficient
data were available to generate a method, some guidelines for the fairing
of curves are given,

The general approach used here is based on jet flap theory with some
empirically guided interpretations in application to the externally blown
flap. Although the jet flap theory strictly applies only to inviscid,
incompressible flow at small incidence angles, small jet turning angles,
and a thin jet sheet, surprisingly good agreement is found with experi-
mental data where these conditions are rather grossly exceeded.

The data and methods in this compendium are often given for the deter-
mination of characteristics at zero angle of attack, rather than for the
angle at zero 1lift that is commonly used in conventional aerodynamics.

The zero angle of attack is chosen because the zero 1ift angle results

in extreme negative values for STOL airplanes in the power mode. These
negative angles are generally unattainable in flight because of flow
separation at the lower wing surface. On the other hand, STOL takeoff

and landings are often made with angles of attack relatively close to zero,

1
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Section II
MAJOR CORRELATING PARAMETERS

The forces developed by flap blowing are functions of the total jet
momentum, the turning angle of the jet, and the geometry of the wing-flap
system. The jet momentum is usually expressed as a coefficient, C, ,
and in conformance with jet flap theory the momentum exiting from the flap
trailing edge is used in estimation methods. Where Cin 1s the jet nozzle
momentum, the flap exit momentum is defined as v\C.., where Y\ is an
efficiency factor accounting for energy losses incurred in the turning
process. The turning angle, 8, is the effective angle at which the jet
legves the flap. Derivation of these parameters, and methods of estima-
tion are discussed bélow.

2.1 BLOWING COEFFICIENT

The 1ift and normal force at forward speed appear to be affected
predominantly by the ratio of the energy of the freestream air and the
energy exhausted by the blowing nozzle, as well as by geometric relations.
The energy from the exhaust nozzle is, expressed in terms of unit exhaust
volume :

A
o= v\
Ej= 5 €V 2.1

The use of the freestream dynamic pressure q = 1/2 e V2 to nondimensiona-
lize this energy yields the parameter

0; Vi
e VvV

Herein, Qj'v'-z can be expressed in terms of the nozzle exhaust thrust.
Denoting Ty as the nozzle exhaust thrust at forward speed, and introducing
the symbol Aj as the nozzle exhaust area, a relation between ejVjZ and
the nozzle thrust is obtained as follows:

T = (e Vi AsYy + ap A 2.2



Herein A . is the exhaust pressure differeptial across the nozzle exit,
which is z8ro for unchoked exhsust typical for external blowing, ee that

ra
GVi _ /A
€ V& 29

2.3

or

Ve . T (5
ev: %3 \2Aa

Because for a given configuration the value of _§T. is fixed, it is seen
that the energy ratio is proportional to C 2A

Ay

o; Vi

—3—-\2 = constant .C/”‘V 2.4
Y

vhere, per definition
-+
C = —N
v = _ 2.5

The validity that the force characteristics correlate with the
energy ratio, i.e., the blowing parameter, has been substantiated by
several investigations wherein engine thrust and q were varied, and
C;bt held constant.

It should be noted that T, is the exhaust thrust of the nozzle, and
not the net engine thrust., The net engine thrust is equal to the ekhaust
thrust minus the intake momentum drag. Only the exhaust thrust is used in
this section because it is assumed that only the energy from the exhaust
is detemining the airfoil lifting characteristics from blowing regard-
less of the engine inlet flow characteristics.

The exhaust thrusg,Tvlgenerally increases slightly with increase in
speed. Often, the increase of Ty with speed is not quantitatively known,
and therefore only the static thrust is taken as the reference thrust.
Advantages of this procedure lie in the fact that the thrust used is a
constant which makes it very suitable for use as a reference and no
intake momentum drag exi$ts in this condition. Thus, the use of the
definition of the coefficient

Coo = —r/a,s 2.6

- is favored, where T is the static thrust.
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2.2 JET TURNING ANGLE

The jet tuming angle, 9, is the effective direction at which the jet
leaves the trailing edge of the flap system and defines the direction of
the total reaction force vector, Fp (see Figure 1). The jet turning angle
and reaction force components are determined for the static condition,
since the effects of forward velocity on these values are ot known,
and would be very difficult to define. By definition, then:

® = tan"l Fy/Fa 2.7

Fy = static normal force

Fp = static axial force

/2

Fp = (FNZ + FAZ)1 = resultant reaction force. 2.8

G = JET TURNING ANGLE
:TAN" FN /FA A
Sc= FLAP ANGLE \

Figure 1. Definition of Jet Turning Angle



2.3 EFFECTS OF FLAP IMPINGEMENT ON JET TURNING ANGLE

Direct application of the jet flap theory to the externally blown flap
would assume that the jet turning angle, 8, is equal to the flap deflection
angle, sp. This has proved to be a good assumption for the case where the
flap system captures the entire jet efflux; however, where the flap inter-
cepts only a part of the jet, the effective turning angle will be less than
the flap angle. The following section presents an approach to estimating
the jet turning angle for externally blown flaps, including those cases
vhere there is less than full impingement of the jet exhaust on the flap.

Using a heuristic approach, it was assumed that the effective jet
turning angle is related to the flap angle and to the portion of jet
momentum that is intercepted by the flap., Following this reasoning cor-
relations were made of experimental values of jet turning angle as a fuinction
of flap angle, 6/ép, and the extent of flap penetration into the jet. The
results of these correlations are shown in Figures 3 through 5 for various
types of flaps and wing sweep angles. In these figures the extent of flap
penetration into the jet is given in terms of the ratio Zp/R, where Ip is
the distance that the flap penetrates into the jet, and varies in value
from -R to +R as the flap traverses the entire jet. The definition of this
parameter, Zg/R, is illustrated in Figure 2. The value of the radius, R,
of the jet at the location of the flap trailing edge can be estimated by the
relation: “

R XD 2.9
D,/2 2.3

C _ Tm

- ﬁ;;_\T\{ |
— _ —. _L‘f

_.\l
2.30;—pp—— X —,-'

= IMPINGEMENT PARAMETER

"‘J

ZF
R

m

Figure 2, Definition qf Impingement Parameter



where Dj is the diameter of the exhaust nozzle, and X is the distance of the
flap trailing edge behind the nozzle exhaust, Figure 2. The effective
source length, 2.3 Dj, used here is based on a jet expansion envelope where
the jet velocity is essentially zero at the edge of the jet wake profile.
Other definitions such as one percent or five percent of the maximum jet
velocity could be used, which would only change the scale of the Zp/R
parameter. Only an average spreading angle is used here, although according
to Ribner, Reference 7, the spreading depends to some extent on the thrust
coefficient,

The data from these correlation plots Figures 3 through 5, were used to
develop a set of design curves, shown in Figure 6, for estimating jet
turning angle values. These design curves represent envelopes of the better
performance data from the individual correlation plots. The data correla-
tions have considerable scatter resulting from non-optimum flap geometry and
variations in experimental technique. However, values of jet tuming angle
from these design curves have been used in substantiation calculations of
the methods for prediction of aerodynamic characteristics of extemally
blown flaps in later sections of this report, with generally very good
results (Section I1I, IV and V).

It is noted in the design curwes, Figure 6, that the only flap geometry
parameter that appears is the mumber of flap segments (double and triple
slotted flaps). Other variables such as wing sweep, and perhaps aspect ratio,
would be expected to influence the jet tuming angle. However, the effects
of these other variables are evidently of lower order and are lost in the
data scatter.

Separate curves are shown for data with jet deflectors. These devices
have been tested in several investipations and found to improve the lift
augmentation of externally blown flaps (References 4, 8, 16, 20). These
deflectors are simple flat plates that deflect the jet exhaust upward to
increase the degree of impingement of the jet on the flap. In effect the
deflectors are increasing the impingement ratio, Ip/R, which has been shown
above to influence the effective jet turning angle.

For purposes of predicting the effectiveness of jet deflectors, the
procedure described above utilizing the impingement parameter, can not be
used directly since the deflectors change the characteristic shape of the
jet expansion envelope in some undefined manner so the impingement ratio
of the deflected jet is not known. However, results of tests of deflectors
from the referenced tests have provided effective turning angle data as
shown in Figures 3 through 5, which are shown as a function of the impinge-
ment ratio of the undeflected jet, which can be determined.

The available data on the effectiveness of jet deflectors in terms of
effective jet turning angle have been summarized in Figure 6. Here, a



recommended design curve for EBF systems utilizing jet deflectors is
presented as a function of the impingement parameter of the undeflected
jet. As indicated by this plot, there is no distinguishable difference
between the effectiveness of double or triple slotted flaps when utilizing
the deflector. The procedure for estimating the effective jet turmning
angle with deflectors is, then, to define the impingement ratio of the
wndisturbed jet, as described above, and then utilize the design curve
labeled "with jet deflectowrs."

The effects of engine location relative to the flap, and the effects
of nacelle incidence and nozzle deflection are all accounted for in this
use of the impingement parameter.

Test data show nearly complete jet tumning with flap immersion of
ZF/R > 0,65 except for cases where flow separation over the flaps is
suspected. It is concluded then, that in the design of the propulsion-
1lift system that the design goal should be to attain impingement of at
least Zp/R = 0.6 for high 1lift performance.

Those data that fall significantly below the design curves are in
some cases extreme flap angles (75° to 95°) which apparently did not have
proper blowing to maintain flow attachment, and in other cases rather
unconventicnal flap segment arrangements which evidently resulted in
separation. In view of these results it would probably be prudent to not
apply these methods to flap angles exceeding 65° unless experimental
verification can be obtained.
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2.4 JET TURNING EFFICIENCY

In applying the relationships of jet flap theory to the externally
blown flap, the blowing momentum leaving the flap trailing edge should be
used. This exiting momentum is defined as NCa > where the factor
accounts for all of the losses in the jet turning process. The turning
efficiency can be determined from static tests, where it is defined as:

n= Fe /‘r 2.10

where FR = (FNZ + FA2)1/2

Fy = static nommal force

Fp = static axial force

T nozzle thrust

It would be expected that the turning losses would depend on the
degree of turning and the details of the flap geometry.

For use in prediction methods, data correlations have been made of
the turning efficiency versus effective turning angle where effects of
the number of flap slots (single, double, triple), and of wing sweep are
apparent. Considerable scatter in the test results exists which no doubt
is due to details of slot gaps, various amounts of separation on the flap
segments, differences in flap segment contours, and experimental
techniques (Figures 7 through 10). Curves have been established on Figure 11
for design use which are considered to be representative of better designed
externally blown flap systems.
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Section III
LIFT

The tail-off 1ift of an airplane with an externally blownflap is
estimatell by adding the effects of blowing to the power-off lift at zero
angle of attack with flap deflected. The power-off 1lift id estimated by
conventional methods, such as DATCOM, or is based on unpowered wind tunnel
data.

(NOTE: Estimation of the power-off 1ift due to flap deflection at zero
angle of attack can be included in the present methods, as will be dis-
cusded later; however, accuracy should be improved by use of conventional
methods as stated above.)

CL = (CLg + (ACL)PL . 3.1

where (CL)B is the baseline 1lift at oC= 0, flaps deflected, power-off;
(ACL)py, = powered lift increment due to jet deflection and angle of
attack.

Estimation of the powered 1ift increment is based on the jet flap
theory developed by Spence (Reference 10), which gives for the lift of a
two-dimensional thin airfoil with a jet flap:

CL = (Crgle O+ CLeg)yy K 3.2

where (CLg) @@ 15 the two-dimensional 1ift gradient with jet deflection
angle, 8, and (Cp, ) o9 1S the two-dimensional gradient of 1ift with angle
of attack, o¢.

In application of this theory to an airfoil of finite thickness and
finite aspect ratio, the pressure lift terms are modified for thickness
by the factor (1 + t/c), and for aspect ratio by a factor F, derived
by Maskell and Spence (Reference 11}. The derivation of the aspect ratio
correction factor is based on the assumption of elliptical spanwise
distribution of chord length and blowing coefficient. The resulting
expression for the lift of a three-dimensional wing with a full span
jet flap, as given in Reference (11), is:

o p 00D {8+ CLadgeth-10 400C,]  ;

Further development by Williams, Butler, and Wood (Reference 12) to account
for partial span blowing provided correction factors ANand | for the
jet deflection term and angle of attack term, respectively.
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Adaptation of these methods for the jet flap to the case of the exter-
nally blown flap is based on the following considerations: The lift
increment due to power is estimated by the jet flap methods and added
to the power-off 1lift of the wing with flaps deflected; in calculation of
the 1lift due to jet deflection the sine of the turning angle is used
rather than the angle, since the theory was developed on the basis of
small angles for which sin 8 @ 8; the aspect ratio correction factor
which is based on elliptical spanwise distribution of blowing, is not
strictly applicable to the concentrated blowing technique of the EBF,
but its use gives better results than the unpowered factor, A/(A + 2);
the thickness correction factor is applied to the entire lift increment
due to power rather than excluding the direct jet lift which results in
a small discrepancy with the theory but improves the experimental corre-
lations and simplifies the calculations.

With the above considerations, the expression for the 1lift increment
due to power for an externally blown flap airplane is:

(ACLp = FL + 5 [7\ (CLy) o Sin 0+ P (€1 ooOC] -

It is more convenient to treat the total lift increment due to power in
its components due to jet deflection and angle of attack:

(ACLpy = (ACLg + (ACL,, 3.5
(ACL)g = F (1 + 1) A (Crg) oq sin @ 3.6
(AlLle =F 1+ 3D Y (CLeo) oo O< 3.7

Further development of procedures for calculating these lift increments
is given in Sections 3.2 and 3.3. A discussion of the geometrical para-
meters involved in these calculations is given in the next section.
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3.1 GE(METRIC PARAMETERS

The methods of estimation in the following sections make use of
various geametrical parameters which will be defined here.

3.1.1 FLAP DEFLECTION ANGLE

The flap deflection angle, S-F’ as used herein for under the wing
blowing is defined as the angle from the wing reference plane to the bi-
sector of the trailing segment of the flap. For over the wing blowing
the deflection angle is taken from the wing reference plane to the upper

surface of the trailing edge of the flap. These angles are illustrated
in Figure 12,

— o
Sl S G T
UNDER THAE WING BLOWINGG Sk
o - . -
‘\\\\\\::::§\ é;F
OVER THE WING BLowiN & \(

Figure 12. Definition of Flap Deflection Angle
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3.1.2 ASPECT RATIO FACTOR

An approximate relation for the aspect ratio correction factor, F,
given in Reference (12), and replacing C/u with Y\Cju_ , is

F ~ A + 2 '7 Cb'-AT' 3.8
A+ 240604 (el ) + 0.876 o '
where C/‘M_ is the sectional thrust coefficient = gu (S,

A plot of this factor for various values of A and flC' is shown in
Figure 13.

For the case of part span flaps, the aspect ratio is taken as that
of the wing excluding half of the area outboard of the flaps.

3.1.3 EFFBCTIVE WING AREA

The effective wing ares, S', is defined as the area of the wing
between the inboard station and outboard station of the flap (see Figure
14). If the wing has part span flaps the effective wing area includes one-
half of the area outboard of the flaps. This definition was derived from
consideration of pressure data from Reference (14), which shows carry
over on the wing outboard of the flap of about one half the loading on
the flapped portion of the wing. Use of this definition in estimating
characteristics of part span configurations has produced good correla-
tions with test data (see Section 3.8). (NOTE: Limited data for upper
surface blowing configurations indicate that only that portion of the
wing surface that is in the exhaust flow should be included in the de-
finition of §' for upper surface blowing. For example, S'/S for the
configuration of Reference 22 is approximately 0.5.)

3.1.4 MEAN AERODYNAMIC CHORD OF EFFECTIVE WING AREA

The MAC of the effective wing area, Tp, is determined by conventional
methods applied to the effective wing area, S', as described above, but

the chord length is taken as the developed chord length with the flaps
extended as shown in Figure 1S.

For full span flaps TF can be taken as the MAC of the basic wing, T,
corrected for flap chord extension.

3.1.5 WING THICKNESS RATIO

The wing thickness ratio, t/c, is taken as the thickness ratio of
the MAC of the flapped portion of the wing.
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3.2 LIFT AT ZERO INCIDENCE

The 1ift increment due to power at zero angle of attack is defined
by:

(ACL)g = F (1 + 5 A (3Ci/39) g sin 8 36
where F, rl , t/c, and © have been defined in previous sections, and
»
A = S'/S = area ratio defined in Section 3.1.3
(9C1/ 98)pg = two-dimensional lift due to jet turning angle.

A plot of (2CL/98) ea as defined in Reference (10} is shown in Figure
16. The curve for Cg/C = 0, corresponding to a pure jet flap, should be
used in these estimation procedures. An approximate interpolation
formula for the Cr/C = 0 case, given in Refeeence (11) is, substituting

QC'P. for CP’ :
(30 DBV Nl §; 1/ v} 17
oSBT NC'e 41+ 0.151(nCp) ™% + 0.139 nC ,‘}] s

where C"L , again, is the sectional thrust coefficient = C,u, (§/58').

NOTE: The power-off increment of 1lift due to flap deflection can be
included in tHe methods of estimation by using the relation of
(9CL/ 068) oo as a function of flap chord as shown in Figure 16.
In tkis case the ratio of flap chord to wing chord should be de-
fined in the flap-extended condition. The 1lift increment calcu-
lated by this method should be added to the flaps-up, power-off,
lift to obtain total lift at oC= 0 It is believed, however, that
other methods of estimation of the power-off 1lift due to flap
deflection, such as DATCOM, or wind tumnel data, will give better
accuracy .

The expression here for (ACL)g was developed from a small angle
theory; however, it is used herein for jet turning angles, 8, exceeding
one radian. It is therefore believed to be more appropriate to use
sin 6 rather than 8 in the use of these expressions. This substitution
has been made in all subsequent calculations.

It is more convenient in the pitching moment calculations to

separate the components of the lift increment at zero incidence into the
thrust reaction term, rlCr.Lsin 8, and the circulation lift component (ACL)F:
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(ACL)g = (ACL)F + P'LC’.., sin 0 3.10

then (ACL)I., = (ACL)g - NCp sin @
= F(l+t/c) A (Clg)gy Sin O - N Cp sine 3.11

It should be noted that the factor F, and the two dimensional CLg
are based on the sectional blowing coefficient, nag' . The thrust
reaction term represents a discrete force and is t’;;ned by the blowing
coefficient, C B s based on the wing reference area, and the static values
of n and 8.

Comparisons are shown in Figure 17 of estimated and experimental
values of (ACL)g for a wide range of model configurations. The results
show reasonably good agreement, being better than +10 percent in most
cases. The 1lift estimation is quite sensitive to the parameters and @,
so these must be determined as closely as possible. As discussed in
Section I1, the methods presented here for estimating Y|, and 8 tend to
represent well designed lift systems that produce good performance;
whereas some of the wind tunnel models used in these correlations per-
form below average.

It should be noted in these correlations that in those cases where
the nozzle thrust was inclined relative tc the wing to improve impinge-

ment on the flap, the measured lift data were corrected for the downward
thrust reaction force by:

(ACL)ggyp = (DCLlgyppg, * Cpo sin CYT

where 0 T is the angle between the nozzle centerline and the reference
plane.
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3.3 LIFT DUE TO ANGLE OF ATTACK

The powered lift increment due to angle of attack is estimated by:

(AC )y = [FEHE)Y (e /o0 | .

where F, ¥|,0 and t/c have been defined in previous sections. The correc-
tion factor for partial span blowing, } , from Reference (12), is:

V = S//S + (l-—S’/S>2-Tr/(aC"—/C)°<'\co 3.12

This function is plotted in Figure 18.

( bCL/ OX )os = two dimensional 1lift due to angle of attack (Reference
(10)). A plot of (OC/Ox )on versus W\ €' is shown in Figure 16.
An approximate analytical expression frgm Reference (11), again sub-
stituting rlc/'u for C.o. , is:
f;L

\/M‘-/r)w Jo 72 ;m\w 05t (n(, ) "+ 0. 117w 91]3'13

This procedure is of course limited to the linear range of lift
with angle of attack. The extent of the linear range is strongly depen-
dent on leading edge treatment, and varies also with flap deflection,
thrust coefficient, aspect ratio, and sweep.

Correlations of estimated versus experimental values of the lift
curve slope as defined by (AC_ )a(/’( are shown in Figure 19 for a wide
range of test configurations. It appears that on the average the method
of estimation slightly over-estimates: the value of the lift curve slope,
although the agreement is within +10 percent for nearly all of the
data.
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3.4 TOTAL LIFT ESTIMATION

The recommended procedure for estimating the lift coefficient is to
determine power-off 1ift at zero angle of attack by other conventional
methods of estimation; then add the power effects due to jet turning,
angle of attack and nozzle incidence:

L = (CUp + (AC)g *+ (AC),  -Cu sin O 3.14
where detailed description of the 1lift increments are given by:

(ACL)g from Section 3.2

(ACp),, from Section 3.3
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3.5 MAXIMUM LIFT COEFFICIENT

A relationship for the maximum 1lift coefficient of a two-dimensional
wing with a jet augmented flap, based on the maximum 1ift of the unflapped
wing, and assuming a leading edge stall for both wings, is given by D.N
D.N. Foster in Reference (15}, as:

Lyax b L
C"W\x - - fp . Ly 3.15

where, in the nomenclature of Reference 15, C is the maximum 1ift

MAX
coeff1c1ent of the unflapped, unaugmented wing; ~Cppmax &, Cu is the maxi-
mum 1ift coefficient of the wing with flap deflected and’ Jet augmentation;
4CLg (, 1s the increment of 1ift due to flap deflection and jet augmenta-
thIl aﬁd 8Cre, 1is the increment of lift due to jet augmentation only,
with the flap alllready deflected

The increment in maximum lift coefficient due to flap deflection and
jet augmentation is, then:

() 7 e,

8, c cy
1/2 [acL + 1/2 8¢, ]
Cu

It

; initi = + A .
by definition ACLG . ﬁ_CLG + CL 3.16
s L Cu

1/2 acLG +a0 4 l/ZACLC ]
8, ¢y, H

l/Z[ACLé + 3/20C, ] 3.17
Cy
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Now according to Reference 24,the increment in maximm lift coefficient
due to flap deflection only is equal to one-half the increment in lift at
constant angle of attack due to flap deflection:

(’“:LWO()(s - 172 %, 3.18

So, defining (ACLMAX)C as the increment in maximum lift coefficient due
to jet augmentation dhly, with the flap already deflected:

A T )

= 1/2[A%6+3/2ACL. ] 1/26C, = 3/4sC,  3.19
cl-l

é Cu

& Cy

In the derivation of Cj . in Reference 15, the term ACy; is defined as

the increment in lift to jet augmentation at "constant angle of attack,”
and is then further interpreted as being ata= 0, However, it is believed
that the value of (ACL)Cu to be used here should be defined at the angle

of attack for stall with flap deflected and with blowing, as suggested by
Moorhouse in Rzference 23. The reason for this, on which the analysis of
Reference 15 is based, is that the leading edge loading of a blown flapped
wing is the same as that of an unblown flapped wing when the C of the
unblown wing is equal to Cj - 3/4 (ACL)Cu of the blown wing.

In applying this approach to the estimation of C for the finite
aspect ratio case, it is reasoned that the (AC )¢ us% the calculation
should be the two-dimensional value, since it is l'?‘.hee section loading that
determines CLM%' However, it is usually the three-dimensional data that are
available, so the three-dimensional value of (ACp)c, should be modified for
aspect ratio by the factor, 1/F. This procedure was first suggested by
McRae in Reference 24,

The maximum lift increment due to flap blowing for the finite aspect

ratio case is then:
3
A = —= (aC) 3,20
( CLPM)PL F U, e

Now since the value of apax is not known, the above expression has been
defined in terms of known values, based on the simplified 1lift curves
illustrated in Figure 22:

. 3BB[ECLgs - (CLpg,a= 0 B *+ Cryp)po Cusin 6T

1- 3 (1-8) 3.21
aF

Coyax’pr
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(CLQ Jpo

where: ¢ =
CLa

and -Cy sin 61 is a correction to C for those EBF systems which incorporate
jet nozzle incidence to improve lift augmentation.

A correlation of experimental data versus estimates using equation 3.2.1
has been made representing many variations of aspect ratio, sweep angle, flap
configuration, blowing coefficient, and leading edge devices, The results
show a fairly consistent underestimation of &4C of about 15 percent,
Application of a multiplying factor of 1.15 to the first temm of equation
3.2.1 was found to bring the data into reasonably good agreement, as shown
in figure 20, although it caused the upper surface blown data to spread. The
resulting expression for estimation of CIMAX for EBF systems is, then:

1‘13?{[1.15 (ACL)G $- (CL)PO,a - 1-91+ (GIMAX)PO} -Cysin 87

)
- SF(I-)

4F : 3.22

It should be remembered that this relation assumes similar type stall for
both power on and power off, which is often not the case for powered lift wind
tunnel tests.

It has been found from test data correlations that an adequate approxi-
mation for the estimation of ACI-MAX is:

A = 1/F (ACL)a - Cy sin 6T
PL 3.23

This expression is much more amenable to quick "hand calculated" estimations,
and gives equally good correlation with test data as the relation given in
equation 3,22,
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3.6 ANGLE OF ATTACK FOR MAXIMIM LIFT

The change in angle of attack at maximum 1lift due to jet augmentation
can be estimated using the characteristics of idealized 1ift curves as
illustrated in Figure 22, and the relations for (C]_MAX) of the previous
section PL

(CLMAX)PL = (CL)Q =0 - (CiMAX)PO - (CL)PO, a =0

(Badyay

Figure 22. Definition of B MAX

The angle of attack at maximum 1lift power on is approximated by:

v} -

MAX (aMAX)pO + (Aa)MAX 3.25

- A correlation of estimated and experimental o data is shown in
Figure 23. Reasonably good agreement is observed, with some notable excep-
tions. Again, the theoretical approach gssumes a similar type of stall
for both the power-on and power-off casegy, whereas examination of wind
tumel test results indicates cbvious variances in the type of stall for
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different values of the blowing coefficient., When this condition exists
agreement can not be expected between estimated and experimental data. It
would be expected that the estimated values of apmax would be in better agree-
ment with flight test results of a well designed full scale, EBF system, than
with wind tunnel results of small scale models.
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3.7 EFFECTS OF ASPECT RATIO

The theoretical aspect ratio correction factor, F, discussed in
Section 3.1.2 was developed on the assumption that the jet blowing was
distributed elliptically spanwise. In the case of the externally blown
flap the blowing is concentrated at the engine nozzle and the 1lift
distribution peaks in the vicinity of the thrust centerline, which violates
considerably the assumptions under which the aspect ratio factor was
derived. However, better results are obtained by using the aspect
ratio factor, F, than are obtained by using the power-off factor,

A/(A+ 2).

Experimental data from Reference (13), shown in Figure 24, illus-
trates a negligible effect in varying aspect ratio by 40 percent. Esti-
mated values of lift increment due to blowing for these same model con-
figurations show a larger predicted effect of aspect ratio than that
observed in the test data. The error in lift increment is not large,
but these results indicate that the aspect ratio factor better accounts
for the spanwise loading effects at aspect ratio 7 than at 10.

The comparison of experimental effects of aspect ratio with the
theoretical prediction indicates that as the blowing coefficient is
increased the effective aspect ratio is decreased. This trend would be
expected due to higher loading of the inboard portion of the wing span
with the higher blowing coefficients and with the typical EBF configura-
tion.

It is believed that an aspect ratio correction factor could be
developed based on loading distributions more typical of EBF systems,
which would more accurately predict the aspect ratio effects on powered
lift. However the factor, F, used herein is recommended for prediction
methods until improved factors can be developed.
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3.8 EFFECTS OF FLAP SPAN

Investigation of the effects of varying flap span on the 1lift
augmentation due to flap blowing has shown that use of the effective wing
area, 5', as defined in Section 3,1.3 adequately accounts for flap span
variations, As discussed in Section 3.1.3, available pressure data from
Reference 14 indicate that the circulation 1lift due to blowing on externally
blown flaps extends over the entire span of the flaps, regardless of the
spanwise placing of the engines. Analysis of the pressure data in
Reference (14) shows that the carryover loading on the wing area outboard
of the 75 percent span flap is about one-half of that on the flapped
portion of the wing. This observed characteristic would obviocusly not hold
for extreme variations from the test configurations, but it is believed to
be a valid assumption for reasonable STOL configurations.

The effects of flap span are thus included in the 1lift calculation
through the dependency of the effective area, S', and the effective aspect
ratio, on flap span. The correlation plots of 1lift ata= 0, Figure 17,
and Cp,,, Figure 19, show equally good correlation of the part-span data as
that of the full-span data.

Two sets of data were available (References 13 and 14) where all model
geometry except the flap span was held constant. These models were
tested with both full span and 75 percent span flaps. Results of these
tests are shown in Figure 25. It is seen that the test data follow the
trend of the estimated variation of lift with flap span ratio, although
the absolute level of the zero sweep data is underestimated.
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3.9 EFFECTS OF WING SWEEP

In the present methods of estimation of 1ift augmentation due to flap
blowing the effects of wing sweep appear only in the jet turmning efficiency,
n, as seen in Figures 7, 8, and 11. Figure 11 shows only a modest effect of
sweep except for the zero sweep, double slotted flap case, which exhibits
a markedly reduced efficiency. Referring to Figure 17 where estimated and
experimental values of zero incidence 1lift are compared it is seen that the
lift data for the unswept wing with double slotted flaps are generally
underestimated.

It is possible that the tuming efficiency data for the zero sweep wing
which were taken from References 8 and 14, reflect some experimental
technique which is not consistent with the other tests. Further tests of
other models with low wing sweep values should be made to investigate the
tuming efficiency of double-slotted flapped wings at low sweep angles,

Tests were conducted in Reference 13 where only the wing sweep of the
model was varied; flap deflection, nacelle geometry, and blowing coefficient
were held constant. Results of these tests are shown in Figure 26 for
sweep angles of 9° to 30°. The close agreement of estimated 1lift increments
with the experimental data indicates that the prediction methods adequately
account for sweep effects,
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3.10 EFFECTS OF FLAP CONFIGURATION

The methods of prediction of 1lift increment due to power indicate
a small benefit of triple slotted flaps over double slotted flaps due
to better turning effectiveness (see Figure 13). A comparison with experi-
mental data from Reference (13), shown in Figure 27, shows that the pre-
dicted variation with flap angle is correct, but the differences due to
double versus triple slotted flaps are no greater than the experimental
scatter of the data. It is also observed that flap separation starts at
flap angles above about 65 degrees for these tests at C .. = 2.

These results are in agreement with other data from Reference (6).
There, single, double, and triple slotted flaps were investigated with a
model-having a straight wing. The various flap geametries are shown in
Figure 28. The power-off 1ifts for these geometries are presented in
Figure 29 for - = 0, showing a large improvement in 1ift in going from
one gap to multi-gapped flap geometries. The large improvement sbove
the single gap is probably due to a lessening of flow separation. Power
effects from external blowing are presented in Figure 30 for the same
flap geometries, using a blowing coefficient of C,. = 1.0. The single
slotted flap shows the largest 1lift increment which probably results
from an elimination of the flow separation that might exist without the
blowing. However, little difference is found between the double and
triple slotted flap. Figure 31 shows the sum of the freestream lift and
the increment due to power, i.e., the total 1lift. It is seen that the
differences in total lift between double and triple slotted flaps are
minor.

Also it should be noted that the comparison of the number of gaps
is carried out at constant flap chord extensions. However, in case a
simultaneous increase of flap chord is achieved together with a larger
nunber of gaps, an increase of turning angle may be obtained because of
a larger impingement parameter.

The prediction methods have no provision for flap gap variations.
Test data from References (6) and (13) show that an optimum gap is 3
percent to 3.5 percent of wing chord (see Figure 32). It is assumed
that any EBF design would utilize a near optimum gap in order to derive
the maximum lift capability from the flap system, since there are no
apparent reasons to use other gap dimensions.
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3.11 EFFECTS OF LEADING EDGE DEVICES

The primary effect of the leading edge device is to increase (f, by
delaying leading edge stall to higher angles of attack. In application to
an externally blown flap, test data indicate that the increment in C
due to the leading edge device is developed in the power-off condition, and
no further increase in CLMAX due to the leading edge device is realized
for the power-on case.

In the present methods, the effects of the leading edge device are
estimated for the power-off case by DATCOM or other suitable methods. Power
effects are then added as described in Sections 3.2 through 3.5,

Tests were made in Reference 13 of systematic variations of Krueger
flap span from 100 percent span to 40 percent span, Figure 33 presents the
lift increment due to flap blowing at zero incidence, and shows no effect
of Krueger flap span. Figure 34 shows the effect of leading edge flap span
on Cf, for the power-off and power-on cases. It is seen here that the
estiﬁgégd power effects on Cf, ..., wWhich assume no effect of the leading
edge device, are in good agreement with the experimental data at all values
of the leading edge flap span. The increment of CLMAX due to power is shown
in Figure 35 for two values of blowing coefficient.
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3.12 EFFECTS OF NACELLE LOCATION AND ENGINE ORIENTATION

The methods of estimation developed in this report account for the
effects of nacelle location and engine orientation through the use of
the "impingement ratio," Zp/R, and the inclusion of direct force terms
due to thrust axis incidence. Test results of a systematic variation of
nacelle position (Figure 36) and nozzle deflection angle conducted in the
wind tunnel tests of this program, substantiate these methods.

Test data are shown in Figure 37 of 1lift increment due to power
versus engine nozzle angle for various nacelle locations. It is seen that
the high nacelle location has better performance, and the aft nacelle
location has poorer performance than the basic nacelle location. Also,
there is no apparent benefit in spreading the engines spanwise any farther
than the basic arrangement. These data show the very potent effects of
deflecting the nozzle upward into the flaps. The nozzle angle effect is
about the same for all nacelle locations.

These same data when shown as a function of the impingement ratio in
Figure 38, tend to collapse about a single curve with the exception of
the aft nacelle location data, which is about 10 percent below the other
data. Static calibration data of the aft location were not taken, but
it is believed that the aft location might nroduce a higher drag force
which would result in a lower turning efficiency, thus explaining the
reduced lifting effectiveness. It is concluded that the prediction
methods adequately account for effects of nacelle location and thrust
incidence, although they do not account for the penalty incurred by moving
the nozzle closer to the flaps. Here again, it should be a design objec-
tive to locate the nozzle at or near the wing leading edge.
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3.13 EFFECTS OF ASYMMETRIC THRUST

Experimental results of test simulating the loss of thrust on one
engine of a four-engine airplane is shown on Figure 39. It is seen that
the loss in 1lift due to one-fourth reduction in 7?C is very nearly equal to
one-fourth of the total 1ift. Since the powered 1ift increment is not linear
with Cu, the loss of 1lift due to an engine failure is not equivalent to the
reduction in lift that would result from the reduction of Cp by 25 percent
uniformly on all engines.

The loss of 1lift due to an engine fialure with the thrust held constant
on the remaining engines, can then be estimated by:

3 1
(A CL)engine failure = N (ACL)p 1. al1 engines 3.26
where N is the total number of engines on the airplane.

The test data presented in Figure 39 show that the loss of an inboard
engine results in slightly less lift loss than the loss of an outboard
engine. This might be due to the outboard engine affecting a larger
portion of the wing than the inboard engine. This effect is negligibly
small.
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Section IV
DRAG

Defining drag as the total force in the wind direction, including
engine thrust, the total drag coefficient is:
Cp = Cpg + C])i - NCu_ cos (B+cl) «+ ACpy

4.1
where CDy is the power off minimum drag minus (CL at min. drag) 2/ T A;

Cp; is the induced drag due to lift (see Section 4.1); and ACpg is ram drag

The drag increment Cpg is estimated by conventional methods or
obtained from unpowered wind tunnel model data, and is defined by:

Cpf = Chpin 'LCL@ CDMH,,SL

The ram drag component is:

4.2
‘-—'CDR = \H:S\/
5%

where Wy= weigh-t rate of flow of air through engine inlets, 1b/sec.,
" obtained from engine data

V = freestream velocity, fps

4.3
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4,1 DRAG DUE TO LIFT

The drag due to lift for a jet flap wing of finite aspect ratio has
been derived in Reference 11 as:

%, = crma+zcy,

where Cp, is the total lift coefficient including the jet reaction temm.
Attempted correlations of this expression with wind tunnel test data of
externally blown flap models have produced negative results. However,

good correlations have been obtained by using the unpowered form of the
induced drag expression, and removing the jet reaction force from the total
lift:

C

. 2
Di = [CL - nCy sin (ew]] /nA 4.4

Experimental data representing various configurations and several
different aspect ratios have been plotted in the form of

[CL - nCy sin (a+a)]2 versus [CD + nC, cos (8+a) - ACD ]
R

in Figure 40. Ram drag and uncertainty in the values of n and 6 (see Sec-
tion 4.2) cause some dispersion of the data, but for one set of conditions
held constant the slope is consistent with the assumed value of 1/rA.

A sumary of estimated induced drag compared to induced drag derived

from test data by removing the drag at zero lift, ram drag, and thrust
reaction, is shown in Figure 41. The agreement is reasonably good.
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4.2 THRUST REACTION FORCE

The thrust reaction term, n Cu cos (8 +0C), is determined from
static values of N and @ as discussed in Section II. In estimating the
total drag force, this is the component most difficult to define accurate-
ly. Both N and 8 are subject to variable details of the airplane and
flap configuration, and methods are given only for estimating performance
of a "well-designed" system. In attempting correlations with wind
tunnel test data, good agreement depends on availability of good static
calibration results for n and 8. _

The deviation of experimental values of the jet turning efficiency from

the design curves of Figure 11 are summarized for the various types of
flaps and wing sweeps in Figure 42. Most of the experimental points fall
within a AN of +.10. The sensitivity of estimated drag with the para-
meter n , ACp/An , varies from about 0.5 in the range of (y's of 4 to 5,
to about 2.0 at high 1lift coefficients. So, the experimental scatter in

n could result in deviations in the estimated drag coefficient of +.05
at nominal 1lift coefficients and +0.2 at high 1lift coefficients.
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Section V

PITCHING MOMENT

A theoretical development of the pitching moment of a two-dimensional
wing with a blown flap has been made by Spence in Reference (17). These
methods assume uniform spanwise distributed blowing at the wing trailing
edge or knee of the flap so they do not sirulate the three dimensional
externally blown flap sufficiently for direct application. However, the
framework of the theoretical development can be used to guide an empirical
approach to solution of the problem.

The method recommended here for estimation of the pitching moment
characteristics was developed from consideration of pressure distribu-
tion data of externally blown flap tests from References (13) and (14).
Typical chordwise and spanwise distributions from Reference (14) are
reproduced here in Figures 43 and 44.

From these pressure and loading distribution data it has been com-
cluded that the pitching moments due to an externally blown flap can be
predicted by treating the three major components - the thrust reactionm,
circulation 1ift at zero incidence, and 1lift due to angle of attack -
individually. The pressure data indicate the following characteristics
which have been applied in the present prediction methods.

1. Thrust Reaction Term

The 1ift component of the thrust reaction, v) Ci sin 8, acts primarily
on the flap with no noticeable carry-over forward of the flap. Spanwise,
this force is centered about the thrust centerline, as illustrated in Figure 44.

2. Circulation Lift at Zero Incidence

In the chordwise direction this force is quite uniformly distributed, so
the center of pressure would fall very close to mid-chord. This is in agree-
ment with two-dimensional jet flap theory which predicts a .5c location of the
center of pressure of the induced 1ift at zero incidence. The spanwise load-
ing distribution of the circulation lift is also quite umiform even when the
blowing is concentrated inboard, so the spanwise c.p. of this load can be
assumed to be at the MAC of the wing. Data with partial span flaps show
a carry-over on the panel outboard of the flaps that averages about
half of the unit loading of the flapped portion of the wing.
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3. Lift Due to Angle of Attack

The additional load due to angle of attack has a conventional dis-
tribution, peaking near the leading edge, with a c.p. near the quarter
chord. This loading ‘is also uniformly distributed spanwise, so the MAC
of the wing can be assumed to be the sparwise location of the c.p.

The tail-off pitching moment characteristics are estimated by adding
the powered lift effects to the power off characteristics which are esti-
mated by conventional methods, or are available from unpowered wind
tunnel model tests. As discussed above, the total tail-off pitching
moment is developed by summing the effects of the several moment inputs:

where (Gp)g = basic power-off moment coefficient, variable with angle
of attack, with flaps extended

(4Cm)p = moment coefficient due to thrust reaction

mcm)r1 = moment coefficient due to circulation lift at zero
incidence

moment coefficient due to power effects on additional

(8Cm) o
lift at angle of attack

(ACp)pp = moment coefficient due to ram drag.

Each of these pitching moment increments will be discussed in the follow-
ing sections.

5.1 THRUST REACTION MOMENT

By definition, the thrust reaction force, Fp, acts at an angle to
the reference plane of @ = tan-1 (Ey/Fp), vhere Fy is the normal force
component of FRr, and Fp is the axial force component. At forward speed
these force components are defined by the coefficients: v\ C.x,

1 Cuasin 8 and | C 4 cos 8. Now, according to our analogy to the jet
flap, this jet reaction force represents the momentum in the jet sheet
leaving the trailing edge of the flap system at the angle 9. Therefore,
the moment of this force can be found by extending the force vector from
the trailing edge of the flap at angle 6, and determining its moment amrm
about the moment reference center.
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The spanwise location of the thrust reaction force, rn\Cu , is taken
to be at the engine centerline; or, in the case of a four-engine installa-
tion, midway between the two engines on one wing. Now to determine the
length of the moment arm it is probably more convenient to wérk with the
normal and axial thrust reaction components. By extending the vector,

N Car , from the flap trailing edge at angle 8, the chordwise location

of the intersection of this vector with the reference plane (the horizon-
tal plane through the moment reference center) can be found (see figure 45).
Then the pitching moment about the moment reference center due to the thrust
reaction force is equal to the normal force component, " Cm sin 6,

acting at the distance from the moment reference center to the intersection
of the thrust reaction force with the reference plane. The axial force
component has no moment arm in this system. So, taking moments about the
wing leading edge at the location of the engine centerline:

(ACVQRLE= "‘“\9&5"‘6( )("‘") o

where Cp = chordwise distance of intersection of thrust reaction vector
and the reference plane from the wing leading edge
c¢' = length of wing chord at engine centerline
T = MAC of wing.

These parameters are illustrated in Figure 45 for two possible loca-
tions of the moment reference center. This pitching moment can be trans-
ferred to the moment reference center by conventional methods:

(66l = e[ - (faae200)
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5.2 MOMENT DUE TO CIRCULATION LIFT AT ZERO INCIDENCE

As discussed above the circulation lift at zero incidence can be
assumed to act at the mid chord of the MAC of the affected portion of
the wing. An alternate approach is to define the center of pressure of
the circulation lift due to power to be equal to the center of pressure
of the power-off, zero incidence, flaps down 1ift. Rather extensive
investigations of experimental results of various configurations have
shown this correlation. This approach should give better accuracy,
especially if unpowered wind tunnel model data are available. The pitch-
ing moment increment of the circulation lift at zero incidence about the
moment reference center is then:

.«(‘_ -
(acwm)n = (80O EmIe, 5.4
REew 4 h
- kcl-)’b
where (Cm)B0 = pitching moment coefficient about moment reference center,
power off, flaps down, oA =0
(C)g = lift coefficient, power off, flaps down, XK= 0
(&Cy) = circulation 1ift at zero incidence as defined in

Section 3.2.
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5.3 PITQIING MOMENT DUE TO ANGLE OF ATTACK

The center of pressure of the additional 1lift due to angle of attack
for a two-dimensional jet flap has been derived by Spence in Reference
(10). His results can be approximated by the relation:

Xc.p o~ .25 -0l n S 5.5
[

so the center of pressure of the angle of attack term is very near the
quarter chord. Experimental data confirm that the additional 1lift acts
essentially at the quarter chord. The recommended procedure for esti-
mating the incremental pitching moment due to angle of attack effects is,

then:

(ACM)G,( E -[EACQ d-@CLLPO]&’*_%% _-%E) 5.6

= 1ift increment due to angle of attack, defined in

where: (ACL)°< Sit Incren
ction 3,

(A CLHPD = 1ift increment due to angle of attack, power-off
=~ 2T Fo(\+¥) = 2'rro§(|+%)A

Xep = .25 —.01 V) Gaw 57.3 (A+2)
E:
Tk = MAC of affected wing area as defined in Section 3.1.

This moment increment can be transferred to the moment reference center
by conventional methods:

@Cm)‘% [ CL) -(ac) ko, %(;Cf') - (XREF.E_ XL&E) 5.7
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5.4 RAM DRAG MOMENT

The pitching moment of the ram drag about the moment reference center

is: )
where (ACD)R = ram drag, defined in Section 4.
A 'QR = moment amm of engine inlet axis about moment reference

center, positive when engine is below reference
plane. In the stability axis system this dimension
is variable with angle of attack.
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5.5 TOTAL PITCHING MOMENT

The total pitching moment coefficient about the moment reference
center is, then, the sum of the above increments:

CMQEF=(CW\‘)B‘Y]C,¢.S-W\ 9[(% % (chv-' XLe c.)j
c
+(A(,) (Em)s,

(CQB

[ACQ -(ac L Xe.®. (CF) (KRGF ':;L.E.EF)

_ (Acb\ A«Q K 5.9

Correlations with experimental data using these methods have been
made for several varied configurations with the results being shown in
Figure 46. In general the agreement is very good, falling with + 10
percent, Those data showing the largest deviation are due to overesti-
mation of the lift increment due to blowing. Again, this noticeable
discrepancy in lift estimation is primarily due to the aspect ratio
effects.
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5.6 EFFECT OF LEADING EDGE DEVICES

The effect of wing leading edge blowing on the center of pressure
location of the power effects at o = 0 was analyzed and found to be
negligible, see Figure 47.

Also, the effect of Krueger flaps and leading edge droop was found to
be negligible, see Figure 48.
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Section VI
TAIL ENVIRONMENT EFFECTS

The tail environment characteristics are presented in this section as
the downwash angle at zero angle of attack and the change of downwash
angle with lift due to power. Next the downwash factor (1 - de/d¢) is
discussed. In particular various configuration effects have been exa-
mined. A limited amount of data on the dynamic pressure environment at
the dairplane tail is presented herein.

6.1 DOWNWASH AT ZERO INCIDENCE

The method of Ross, Reference (18), for estimation of the downwash
behind jet-flapped wings was evaluated for application to the externally
blown flap. Although reasonable agreement of the theory with test results
was found for small jet deflection angles, the theory significantly under-
estimated the downwash for larger jet deflection angles. This was
contributed in Reference (12) to overestimation of the deflection of the
jet wake due to jet angle, and due to roll-up of the vortex sheet, which
is not accounted for in the theory. A further discrepancy in this
theoretical treatment is the assumption of elliptical spanwise loading
distribution which can be substantially violated with EBF configurations.

Since the linearized theory did not give satisfactory results in the
region of interest, an empirical approach to providing means of esti-
mating the downwash was taken. The limited amount of test data available
for externally blown flaps were generalized and are presented in Figure
49 showing the relation of downwash angle at zero angle of attack with 1lift
coefficient, tail height, and tail length. In this form the effects of
flap deflection angle and blowing coefficient are reflected in the 1lift
coefficient, so any independent effect of these variables on downwash
angle is not defined. Other limitations of these data are that they are
tfor the aspect ratio range of 7 to 8.

The aspect ratio effect on downwash angle, which might be expected
to be a function of CL/A or CGAMTA + 2C..) (from jet flap theory),
could be incorporated in this type of data presentation if sufficient
experimental data were available for development and substantiation of
such a factor. Unfortunately, experimental data to investigate this
relationship with aspect ratio were not available.

The faired curves of Figure 49 have been superimposed on test data
from References (2}, (4), and (13) in Figures 50 through 53 at the
appropriate tail heights and tail lengths to illustrate the degree of
experimental data variation.
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6.2 DOWNWASH FACTOR

Within the limitations of the parameters discussed above the downwash
angle and the downwash factor (1 =3¢ /det) can be estimated by the
following procedure:

€ =€, + a.&Aﬁl( 6.1
BEN

where €° is the downwash angle at zero incidence, given by Figure 50.

To find d&/@ef it was assumed that from a given baseline downwash
angle corresponding to a certain lift coefficient, blowing coefficient and
tail location, the downwash angle changes with angle of attack as C,
and tail height change with angle of attack. Expressing the change in
downwash angle as:

NnE =0€ o(_+ De a2 6.2
C. o2

and holding gkconstant and varying only angle of attack,
AE = 9€ ACL. 4 26 &%
Then for small changes in &(:

9€ . € 9CL 4 2€ DE
Dol OCL Do D% 004

6.3

where aCL/aaL is the power-on lift curve slope as defined in Section 3.3,

and % /do( is equal to the tail length A/c (where Z is in units of chord
length)}.

The slopes, Q€ / JCL and 3&/DE , have been derived from the plot
of Figure 49 and shown versus C[, in Figure S4. It should be noted that
these values are in degrees, whereas @CL/dot and 22/Qdot are per radian.
Accounting for these differences in units, the expression for &€ /et is:

Qe =L [36 Co + %i— ‘Q/c:}

2« 573 0c, 6.4
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A plot of the downwash factor calculated by this expression for a
tail length of 3.5 and using typical values of CL is shown in Figure
55. Comparisons with experimental results from References (2), (4), (5),
and (13) are shown in Figure 56. The average correlation is fairly good
although some unaccounted configuration effects are apparent.

6.3 CONFIGURATION EFFECTS

The major configuration effect on downwash angle is the tail height
as shown in the data of Figure 51. Tail length has a much lesser effect
as seen in Figure 50. The data in Figure 52 indicate a small reduction
in downwash angle when increasing the flap deflection from 50 degrees to
60 degrees. Also shown in this figure is the effect of rotating the engine
exhaust nozzles from 15 degrees up to 15 degrees down; again, only a
small reduction in downwash angle is observed. The effects of leading
edge flap span and chord, and the effect of engine spacing is shown in
Figure 53. The increased span leading edge flap with spread engines
shows a small reduction in downwash angle. Unfortunately the individual
effects of these two factors cannot be separated in the present data.

The most significant effects on the downwash factor (1 - 3€ /O&l),
other than tail height appear to be due to leading edge treatment.
Figures 56(e) through (h} show rather large, unpredictable, effects of
leading edge blowing, producing different effects with different loca-
tions of the outboard engines. The effects of leading edge flap span and
chord on the downwash factor is illustrated in Figure 56(a). At the
lower lift coefficients, reduction of leading edge flap span and chord
appear to improve the downwash factor. At higher 1lift coefficients no
noticeable effect is observed.

The effects of flap deflection angle, shown in Figure 56(c) indicate
no observable effect on the downwash factor in increasing flap deflection
angle from 50 to 60 degrees.

The erratic behavior of the data at the higher lift coefficients
observed in Figures 56(h) and 56(i), is evidently due to the spanwise
location of the outboard engine. Both sets of data are from the same
model with the engines in the 'spread' configuration. Moving the out-
board engine further inboard, or application of leading edge blowing,
appears to improve the downwash factor to values compatible with the other
configurations. Other data with spread engines from Reference (13),
Figures 56(b), is quite comparable to that of Reference (5) with leading
edge blowing, Figure 56(e).

The effects of varying tail length from JL/C = 2.2 to 4.2 as shown

in Figure 56(i), are negligible, which is in agreement with the methods of
estimation.
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The methods of estimation of the downwash angle and the downwash
factor given here are believed to be adequate for typical EBF STOL
configurations which utilize a leading egge device, large span flaps, and
aspect ratio of 7 to 8. The most important configuration variable not
accounted for here is the aspect ratio of the wing, or of the flapped
portion of the wing. Additional data should be obtained of this variable
and analyzed in the context of the approach used here for prediction
methods.
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6.4 TAIL DYNAMIC PRESSURE

The dynamic pressure ratioc at the tail was obtained from Reference
(2) and has been presented, verbatim, at the top of Figure 57, The
dynamic pressure increase coefficient ( A $/(7/S)) may readily be
determined from:

[ Fra

A3 _ [+ —
b 3 Cp

6.5

The dynamic pressure increase coefficient in this case was a linear
function of the gross thrust or blowing coefficient, C M
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Section VII
ASYMMETRIC POWER EFFECTS ON LATERAL CHARACTERISTICS
7.1 ROLLING MOMENT DUE TO ENGINE FAJLURE

The rolling moment due to engine failure is determined from the lift
change due to the failure times a moment arm:

C;iiEiF' = ‘1 (:1_ EF . é. (’Efjii )ELF' 7.1

Herein, the subscript EF denotes ''engine failure', while Y denotes the
lateral distance of the center of pressure of the forces due to engine
failure.

The lateral distance can be taken as being equal to the lateral loca-
tion of the centerline of the exhaust nozzle of the failed engine. Corre-
lations of several test results, Figure 58, show some variation of this,
both inboard and outboard; however, since the variation is reasonable over
a large range of configurations it is recommended that the engine center-
line be used as the c.p. of the failed engine forces. In the method
presented hereafter the lateral c.p. location is assumed to be independent
of o,

The 1ift change due to engine failure can be computed below the stall
angle of attack from

(ACL)EF i (A CL)NOP ) (A CL)OEO = -'{’_@CL)PL "

as defined in Section 3, where N is total mumber of engines and (AC[)pL
is the 1lift increment due to powered 1ift with all engines operating.

(28]

The maximum change in 1ift at an angle of attack beyond stall can be
substantially larger, as illustrated in Figure 59. The magnitude depends
very much on the effect of power on the stall angle of attack, and probably
also on the wing sweep angle. Data for 24-degree swept back wings and
clustered engines are presented in Figure 60.

A comparison of test data with computations of the rolling moment due
to engine failure, using the above described method, is given in Figures
61 and 62. It is seen that the method is useful for the prediction of the
rolling moment versus angle of attack.
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7.2 _YAWING MOMENT DUE TO BNGINE FAILURE

An attempt was made to use a similar technique to predict the yawing
moment with asymmetric power by replacing the normal force, used for the
rolling moment predictions, with the axial force or drag increase due to
engine failure. The results show that the centroid of the outboard failed
engine is near the engine centerline, but the centroid of the inboard failed
engine is far outboard (see Figure 63). It is also observed that the center
of pressure, or yaw centroid, moved outboard when the tail was added to the
configuration; apparently the failure of an engine is inducing a strong cross-
flow which has a greater reaction on the fuselage in the case of an inboard
engine failure, than for that of an outboard engine failure.

An investigation of the sidewash induced by the asymmetric vortex

system resulting from a failed engine might yield a method for predicting
the engine-out directional characteristics.
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Section VIII
POWER EFFECTS ON AERODYNAMIC DERIVATIVES
8.1 LONGITUDINAL DERIVATIVES

8.1.1. CHANGE IN FORWARD VELCCITY DERIVATIVES

Cxys CZy» CmT - These derivatives arise from three sources; Mach num-
ber effect, aeroelastic effects, and thrust or power effects. The first
two of these sources are very small in the STOL flight region and may be
neglected. The thrust or power effects, of concern in this section,
however, can become quite important in some configurations and should be
investigated in detail, as their effect is seen in both the period and
damping of the phugoid oscillation.

In general, major contributions from power can be broken into three
categories:

1. Direct effects
2. Inlet effects
3. Induced flow effects.

Both direct and inlet effects are readily handled once the engine
characteristics are known through normal analysis. An example of a typi-
cal direct effect is, at low speeds when the net thrust varies greatly
with velocity, noticeable Cp, effects can occur if the thrust vector is
highly offset from the center of gravity. The velocity-power effects
from the inlet are usually negligible, as the resulting forces generated
are basically a function of inflow angle, but power effects may arise
here for other derivatives such as, Cmge, s Cfy, and Cr. In all
cases caution should be used in dynamic ang?asis ookkeeping to avoid a
double entry of power effects when thrust coefficient terms are included.

Induced flow effects are more difficult to assess. A successful
prediction method, if test data on similar vehicles are available, is to
plot a nondimensicnalized contributor against the inverse of the blowing
coefficient as illustrated in Figure g4. Since all the factors in the
power-speed relationship, 1/C'LpE - qS}TpE, are known and q is a function
of velocity, a graphical differentiation when corrected by the appropriate
constants will yield the desired change in forward velocity derivation
due to induced flow power effects for that component. The total deriva-
tive is naturally the summation of a1l such contributing components.
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8.1.2 CHANGE IN ANGLE OF ATTACK DERIVATIVES

Cx‘? CZxc s Uma- Power effects on these derivatives can be determined
directly using prediction methods shown in Sections 3, 4, and 5. Of the
contributing factors, CL,, Cp,, and Gm,, the first two normally exhibit
a substantial positive increase, while the last (Cp) only a small,
almost negligible positive amount.

§.1.3 RATE OF PITCH DERIVATIVES

Cxq - This derivative results basically from the increase in hori-
zontal tail drag due to pitching about the center of gravity. Since it in
itself is small and for first approximations set to zero, power effects
are also assumed small and should be neglected.

Cz,, Cmq - The horizontal tail is again the main contributor to both
of these derivatives. In STOL (low speed) flight it is basically the effect
of the curved flight path which increases the horizontal's angle of attack
producing a negative CZq and Cmq (pitch damping). Correlation of predic-
tion methods and test data is difficult since results are always combined
with linear acceleration (&g ) derivatives. It is reasonable to assume,
however, that the theoretical horizontal tail contributions of;

’ —‘ [ ’acl_:l I: = ;Héﬂfn
~ = e C]——:;L—L.ﬁ;':',-—,—'sl
Czq & 302N, Sy T TTRES E

-

“e

— _CL.(;]H —'%J- 8.2

still hold and estimations can thus be made knowing the variation of
CL,cnor/and qH/q with power.

TR

8.1.4 LINEAR ACCELERATION DERIVATIVES

CXg - As in the rate of pitch case, resulting drag increases are
usually neglected in this derivative since they are small in comparison with
that of the total aircraft and power effects would thus be even a smaller
contribution.
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» Cmge - Predictions similar to those in the rate of pitch
derlvatlves can be made for the theoretical horizontal tail contribution,
The potential for error in estimating these derivatives is increased
due to the additional €/a2oC variation with power factor

1 .1 2&
A _ & 8.3

7 ol ? .
[C = CL —l—"-j'é o4

m .
s

= H
8.1.5 LONGITUDINAL CONTROL DERIVATIVES

Cxdg - This frequently neglected derivative is of little significance
in longitudinal calculations. The power effects on it are of even less
signifigance and should therefore also be neglected.

Czge, Cmée - Power effects on these derivatives are readily deter-
mined knowing the variation of horizontal tail effectiveness with power
through: _

Yo Sy _deCu 8.5
4 S PEY

Ciac = - CLOCH

Cmfﬁ = _l;_e_. Cfé‘e

8.2 POWER EFFECT ON LATERAL-DIRECTIONAL DERIVATIVES

8.6

8.2.1 CHANGE IN SIDESLIP DERIVATIVES

Cyg - The major portion of the total derivative comes from both the
vertical tail and fuselage, in an approximately even magnitude, for the
vehicles investigated. As normally the case, an almost negligible
contribution comes from the wing; flaps um or down. Power effects on this
derivative are small. The increase (a larger negative value) is attri-
buted to the increased flow generated by the engines and can be approx-
mated by the velocity ratio at the vertical tail.

C'Yp (CYp) POWER 8.7

OFF
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Large variations and even sign changes in this derivative can occur at
low sideslip angles due to the vortex formed at the fuselage-wing-leading
edge flap junction sweeping across the vertical tail. Caution should be
exercised in interpreting test data with minimal points near the axis

( ,5 +4°) or other angles formed by extending similar discontinuities through
the vertical tail,

Cz - With the main contribution of this derivative coming from the
wing, varlatlons due to power appear to be dependent on engine placement.
Configurations with clustered engines or those causing a definite bulge
in the wing lift distribution (with a trough across the fuselage) tend to
produce negligible power effects, occasionally even decreasing the dihedral
effect (positive ACL& pwr). However, vehicles with spread engines
that tend to increase the lift distribution elliptically with power
application exhibit the expected increase in dihedral effect. Standard
handbook methods, such as DATCOM, which relate (C/ 4 ), to 1ift
coefficient, taking into account the proper sweep and asr)ect ratio fac-
tors, seem adequate for preliminary predictions.

Chg - Contrary to non-S5TOL, unblown flan configurations where this
derivatlve is primarily the balance between the large fuselage and verti-
cal tail contributions, the wing is the predmminant factor with power
application. The power effects on the vertical tail contribution may be
neglected for first order approximations or increased by the G4/q ge
ratio if desired. Theoretical prediction methods for the power effects
on the wing contribution to Cnha need further investigation. Fair
correlation has been obtained by modifying the expression from DATCOM for
power-off (Cp,, )} wing by the factor (1+Cu) 1/2, The power-off term from
DATCOM is: #

(ACrﬁ)W,NG ! | ' TANA A_ A X siNA
— - g A-L—~ ol
C2 T 573|4mA  1rA(A- 4cosA) <@ > gwsR e =

where X is the distance from the moment reference (usually c.g.) to wing
a.c., positive aft.

Another area which requires further investigation is the variation of
yawing moment with asymmetric power. While only minor effects on Ch 4
have been noted, a large sidewash appears to exist with inboard engine
failure due to change in the pressure field aft of the wing. This causes
the inboard engine out case to be critical in yaw and may pose several
design problems.
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8.2.2 RATE OF ROLL DERIVATIVES

Cyp - This derivative is of very little significance in lateral-
directional dynamics and is frequently neglected in calculations. The
small, garbled (sometimes negative, sometimes positive) power effect seen
in available test data tends to corrcborate data shown in Figure 7.1.2.1-3a
of DATCOM. Assuming the major power effects are contributed by the wing,
this figure indicates that for aspect ratios, sweeps, and taper ratios
typical of STOL configurations the Cyp/C|, ratio is very close to zero and
could very well be either positive or negative denending on the specific
configuration,

Cfp - This derivative, quite important in lateral dynamics in roll
damping, stems basically from the wing and is thus highly effected by power
especially at high angles of attack as indicated by test data. While the
theoretical analysis given by Thomas and Ross, in Reference (19), shows
the damping-in-roll to increase linearly with Cj and be independent of
angle of attack, a good analogy exists with the blown flap. It is
suggested that the methods of this report be used for preliminary designs
if similar configuration test data are unavailable.

Cnp - The major power effect contribution to this derivative arises
from the wing. It is negative and directly proportional to the lift
coefficient, The secondary contribution from the vertical tail may be
positive or negative depending on geometry and angle of attack. However,
since its isolated contribution is greatly altered by the complex sidewash
produced by the rolling wing and it is only the small change in this side-
wash which is affected by power, prediction of this secondary contribu-
tion does not seem warranted.

Power effects on this derivative are fairly important due to the
influence on dutch roll damping. High power settings have been seen to
double the negative value of this derivative which is not desired since
it represents a reduction in dutch roll damning. With present day stability
augmentation systems normally providing a Cn,, feedback, it becomes more
important to predict the power effects for the determination of gains and
closed loop analysis. ‘

Cn,, approximations can be obtained by first determining the power off
derivatgve and then applying a (Cf- rLCp.sin 8)/Cy, po, correction. The
theoretical reversal shown in Reference (19) has not appeared in test data
investigated.
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8.2.3 RATE OF YAW DERIVATIVES

Cy,, - Power effects on this relatively unimportant derivative are
small and probably arise from augmentation of the sidewash produced
through rotation at the vertical tail. As it is common practice to neg-
lect this derivative in calculations, it is assumed that these minor power
effects are of even less importance and may thus also be neglected.

Cgr - Only very minor power effects have been noted in all test data
surveyed, so it is concluded that power effects are negligible.

Cnr - In general terms, power effects improve this derivative (pro-
vide larger negative values)}, which is the main contributor to dutch roll
damping and hence an important factor. However, various attempted vredic-
tion methods have vielded only mediocre results. Since the vertical tail
is by far the largest contributor to the total derivative, wing-fuselage-
leading edge flap vortex interference effects are nrobably playing an
important role. It is suggested that if similar configuration test data
are unavailable, the unpowered Cny, predictions be increased by the dynamic
pressure ratio, qt/qoa. The experimental data available show values of
Cny at high power settings of 130 percent of the power-off value.

8.2.4 LATERAL ACCELERATION DERIVATIVES

CYg» Clz s Cng - These derivatives are extremely difficult to esti-
mate or extract from test data regardless of power effects. If for some
particular reason these derivatives cannot be neglected and a method is
available for power-off estimation, then the power effects can be assumed
proportional to the dynamic pressure ratio, q*!qcc , since these deriva-
tives are a direct function of the sidewash time lag.

8.2.5 LATERAL-DIRECTIONAL CONTROL DERIVATIVES

It is necessary to evaluate each particular control system in its
own realm. Since one engine-flap-aileron relationship will have a
different 1ift distribution variation with power than another combination
etc., a detailed discussion is not relevant. In general, nower effects
on conventional surfaces, those not directly imminged upon by engine thrust,
are small when compared to large forces produced by these surfaces through
double hinges and other means. Neglecting the power effects thus seems
reasonable and conservative in preliminary design work,
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Figure 64. Sample Determination of Power Effects on Forward

Velocity Derivatives
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Section IX
SAMPLE CALCULATIONS

A machine program, in Fortran IV, is given in the appendix for the
calculation of lift, drag, and pitching moment, using the methods des-

cribed in previous sections. The required input items and the output
items are tabulated below.

INPUT OUTPUT VS
Cp AND oC

o CL

C CLMAX

" cp

8 Cm

(CL)B ACL)e

(Cm)B vs OC ACL/ACC

t/c Cpi

5'/8 (ACL) oc

RREF

4T (ACm) PREF

(ACp) (& Cp)PREF

(Clmax)B (ACm)RD

Oz e

R X

gREF‘xLEc'

CF

XREF-XLEc'

A

S

The results of three test cases are presented in Figure 65
comparing estimated versus test data. One case is from the current
NR-STAI test, Reference (13), of a model with A = 7, A_= 24°, with full
span flaps. The other case, selected to illustrate a wide variation in
configurations, is from Reference (14) of a model with A = 7, = 0°,
and 75 percent flap span. The third illustrates triple slotted flaps.

A sample calculation using mapual methods is given below, using the
same test case from Reference (13) as used in the sample machine
calculation case.

A listing of test cases used in development and substantiation of
these methods, identifying the source of the data, is shown in the table
following this section.
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SAMPLE CALCULATION

Geometric data:

A=7
o\a 257 = 24°

Type of flap = double slotted
Fla span 100% wing span

6.6

= 3.9

o]
:
&
e s ]

Power-off wind tunnel data - or estimated power-off data:

©ax)p = 15°
(CL)g = 2.25
(Crpmax)B = 3.35
CDIfMAX 145

ACp)R = neglected for wind tunnel data comparisons

(Cyp = -.95 at oC= -5°
- .95 at o = 0°
- .86 at oL = 10°

Calculations:
9/ f F = 1.

= (dF)
rl .76

0 from Figure 6
(8/ &) = 56°
from Figure 11

hep
nC'y = nCp (5/6")
F , from Figure 13 at nCi

\/ , from Figure 18 at wC'w

(2CL/28) o, » Figure 16 at nC'p
(9CL/ Jo€) o, » Figure 16 at nC'w
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.76
. 895
.738
962
3.80
8.11




Calculations - Continued

(ACL)g = F(l+t/c) A (2CL/28) oo 3in 8
CL o ™ F(2+t/c) W (3CL/IX) oo

(ACL)p = (ACL)g - R Cpa sin

CLo = (CL)p *+ (ACL)g - Cpo sin dT

)Rl -Hos)]
maxl ——
I=2= (-9)

— Cusindy

‘Ao(MAX = (C"MA)( )PL -(C"' =0

C‘-oc
- (C‘—MAx )po "‘(Ci— )po) =0
(C‘-o( dpo

(ACL),e = Cp . (o€/57.3) stoC= 5:
| 10°
CL = Crg *+ ACL)oc atols= -g:
10*
nCp sin (6+eC) at o= -5°
0.
10°*
CL - rLC,.u sin (e®oC) at oC» -g:
o c 32 10°

i = - nCp 8in (B+oc
' EL qﬂr‘:\ at oC= -5°
2°
10°*

Al +E/) 2ot
&llecpo,® a7z S7.3
= -48 at oC = -5°
=0 at eof =0
= .96 at o = 10*

NC g cos (8+oC) at of= -5°
Jo*
CD = Cpe* (ACD)g ¢ Cpi- nC o+ eC) (-5°
A e Bod Pie iracs O3
10°*

PWSQ

2.22
6.72
1.59

5.87

3.57

18.57

1.17
3.57
4.16
5.33
.59
.63
.69
2.98
5,553

405
.569
.980

479,
. .425
.309
.71
.289
.816
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4.16 |

2

3.28
7.65
2.02
4.91

7.16

5.78

20.78

—
-

. O Gl b O g
N [= ) NN YN o
gg gmggo\wmwh-zau'

t
=]
[~

.906
.850
.618
-0335I
-,095
.605

3

4.12
8.65
2.23
5.44

8.32

1.435
1.275
‘926
it 885
-.561
.295




Calculations - Concluded

[CR - CRer - xLEcn)] /2 = 408

(AGR)RREF = - qCesin 8 [Cr- CREF-X15c")] /E
(ACuRer = - (ACL [(CwB/ CB] e
Xep/€F = .25 - 01nCp

(xcp/Ep) (/) - (xper-X1ep) /€

(ACpdogrp = - EACL)DC - BCyepo ] -

. xCP EF _CXREF - XLEEF) at o= '5:
) 3

(8Cmpp = -@cp),  Aly/e
Cn = (Gn)p * (GCm)R + (ACnip * (A0mloc {-5"

- o°
* BGPpp at oL =1 e
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.32
.67
.24
.04

.005

. -.65

-.85
.23
.05

.010
-.019

-2.44
-2.45

-2.47

-.97
-.94
.23

.05 .




A=|7
N=z|24°
X [ Deq Se=25/K0
-Jo © Jlo DOUBLE [SLOTTED FLAPS
ESTIMATED |POINTS
- 3 L\ __‘é) Sym| C,
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Figure 65 (a). Comparison of Estimated and Experimental Results
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= |7
=0
J'F: = 22§/ 55
DOUBLE | SLOTTED FLAPS
ESTIMATED |POINTS
X 4+ DEG. SYM| G
-0 O /0 o | o
o A | 205
Crm a | 4N
= FLAP SPAN = V5% wING |SPAN
rm”ﬂ/
-2
TEST LATA -
8 CASE Zza [ N —{ A
» 4 / ~
r \\ /

¥

~/0 O /0 -/ O /
ol ~ DEG o
Figure 65 (b).

Comparison of Estimated and Experimental Results
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A =7
A =24
|~ bfe J‘F = 2.5/2CV45
-0 Q /D TRIPLE SLOTITED|FLAPS
o

£'£57T CLMAdeWf‘U(
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REIF. I8 //{ /
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_ 1 o //{ L )

T WA LA
CL_ /79/ /
4 A P / /
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K~ DEgG. <p
Figure 65 (c). Comparison of Estimated and Experimental Results
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DEFINITION OF TEST CASES

- —_

CASE | REF. | FIG. Necl| A s NO. NOMINAL
T SPAN | FLAP | FLAP

FLAPS | SLOTS | ANGLE

la 13 7 24 7 100 2 25/50

1b 13 8 24 7 100 2 35/60

1d 13 18 24 7 100 3 2.5/20/45

1f 13 20 24 7 100 3 2.5/30/55

2a 13 74/75 24 7 100 2 25/50

6a 13 104 24 7 100 2 25/50

9a 13 97/98 9.33 | 8 100 2 25/50

10a | 13 97/99 30 6.6 100 2 25/50

11a | 13 139/140 | 24 10 100 2 25/50

l4a | 13 129 24 7 75 2 25/50

2la | 14 13 0 7 100 2 27.5/55

228 | 14 14 0 7 75 2 27.5/55

233 | 14 15 0 5.25 | 100 2 27.5/55

91a 22 12a 25 7.84 50 0 30

6la | 9 8a 25 7 75 2 20/60

24a | 14 10 0 7 100 2 17.5/35

25a | 14 11 0 7 75 2 17.5/35

5la | 2 5h 24 7.75 | 100 2 30/60

7Tla | 20 8b 24 7.75 | 100 | 2 P 20/40

Bla | 5 7 24 7.23 | 100 3 25/10/50

51c | 2 16 24 7.75 | 100 2 30/60

51d | 2 17 24 7.75 100 2 20/49

101 { 4 12 24 7.75 75 2 30/60

102 | 4 13 24 7.75 | 75 2 30/60

103 | 4 14 24 7.75 | 75 2 30/60
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SERIAL NO.

APPENDIX

FORTRAN IV PROGRAM FOR CALCULATING
AERODYNAMIC CHARACTERISTICS OF EXTERNALLY
BLOWN FLAP POWERED LIFT SYSTEMS
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INTRODUCTION

Aerodynamic characteristics of externally blown flaps are calculated

by the program. The design compendium develops an analytical approach
upon which the program is based.

The simple nature of the program means very little computer time is
used, Fortran code was written to be easily understood and revised in
support of analytical development.
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PROGRAM OPERATION

Data input consists of a set of six to twelve cards describing each
case to be analyzed. After the cards are read in, the computations are’
performed followed by the ppinted and graphic output. After a case is
finished the program attempts to process a new case terminating if
there are no more input cards. Each case may contain as many as ten
different angles of attack and ten different jet moment coefficients.

If graphic output is not desired, the main analytical routine will
function by itself if the call subroutine 'CRT CRT' is removed or the
subroutine is replaced by a dummy routine.

ANALYTICAL METHODS

LIFT FORMULATIONS

Input data for lift
Cw, AOR SY/s ,n, A, */c, &, oC J(C‘L)B JJT}(CI—HAK

B
Jet momentum coefficient based on effective wing area
1o Cp
o= =3 | (Eq. 1)

Two dimension gradient of lift with jet deflection angle
e\ = , A\ 5 | .
( I_g)w- 4‘11'?1 Cru {f+0-|5fCQCr.) +O.|3‘IQCF,}

Two dimensional 1ift curve slope

(C'-oc)oo: 21 [f + O.ISI(QC;‘)‘/"-}-o,z;q le,i:] (Eg. 3)

Lift curve slope correction for partial span blowing

(3%

)

s’ ( . 6') 21 (Eq. 4)
= — 4+ (|-
v S S Ccl_ or:) oo
Aspect ratio correction factor
/’

A+2 +0.604(nCh)%4+0.876nCh
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Increment of 1lift coefficient due to circulation due to power

(acy). =|:('+t/c.) FA Cig)y," 'chsme o

Gradient of lift due to angle of attack

2% = [F G-t—"‘/c) Y (c'-cc) oo:l (Eq. 7)
Increment of lift due to angle of attack, power on
CACL)GC = (A CL~/A OC) oC (Eq. 8)

Increment of lift due to jet turning
<A C L‘)e = [ﬁ-{-‘t/c_) FA (CL'G)CO_ QCFJ'E:IHQ + Qcﬁsme

= (ACL_>P +n Cn 506 (Eq. 9)

Total 1lift coefficient
CL‘ = (CL)B + CA CL)e +CACL)K - Cr\. Sin JT (Eq. 10}

Maximum 1ift coefficient
3
— [1.15 (AC) ¢-(C) )
4F [ L' L PO, @ =0 (1 ¢)] + (CLMA)()B

Cramder ~ ' : - Cpsing
1 -9 -
¢= Crypy/CLy (Eq. 11)
Maximum angle of attack
Cropdpr - Clag Covadds -~ Cp =0
o = ), + - * (Eq. 12)
wax = @ax’s L Crom

DRAG FORMULATIONS

Input data for drag

n’ Cu’ Gl a’ A' (ACD)R’ CDf

CL from 1lift ealculations
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Coefficient of drag due to lift

[Cl_ nCpsin (6 +oc)]_ (Eq. 13)

1w A

Total drag coefficient
Cp =Cp, + Cp; =N Cp cos (8+C)+(ACp)r  (a. 10

PITCHING MOMENT FORMULATIONS

Input data for pitching moment
n,Cn,c, e, Xep ,CF,C ,Otrer —XLE.Zp) OO,
(Cwm)g,® ,Cg. CxRer-"‘xn.E.c)

P, (C'l-oc)m , (ACI.)p , from lift calculations
Center of pressure of additional load due to angle of attack

Xep = 625 -.0ln C,..) Ce (Eq. 15)

Increment of 1lift due to angle of attack due to power
= t -
(ACL) L= oCF(i+ /c)\)[@_ *)s av] (Eq. 16)

Pitching moment coefficient of power effects on lift due to angle of
attack about the moment reference center

(Eq. 17)

__ XeP\( C¢ \_[*rF-XLeCp
(AC“")"(«EF (ACQ“PO (EF)(E ) ( c )

Pitching moment coefficient of ram drag about the moment reference

center
CAC"‘)RD = - (ACD)R_ AELR (Eq. 18)
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Pitching moment coefficient due to circulation 1ift due to power
about the moment reference center

C
@Cm)r = @C )p (Cmle (Eq. 19)
REF (€L ),
oC =0
where (Cm)p is about moment reference.

Pitching moment coefficient due to jet reaction about moment
reference center

- C'R C, xREAF'“-XL.E-.C' (E .20
(BCM)RREF- "N epsing (c.’)(E )-( g ) v

Total pitching moment coefficient
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(ACDIR

(ACL)e
ACL/AoC

(ACL )ru
@cy)g
@Qn)“iz}_:,l:
@ACn)p REF

ow) RREF

FORTRAN

DCDR
DCLDA
DCLG
DCIMAX
DCLT

NCMENCLATURE
DESCRIPTION

Aspect Ratio

Angle of Attack, Degrees

Angle of Attack, Radians

Mean Aerodynamic Chord of Wing

Mean Aerodynamic Chord of Wing with Flaps
Extended

Total Drag Coefficient, Power On

Minimm Drag Coefficient Extrapolated to Zero
Lift

Coefficient of Drag Due to Lift

Total Lift Coefficient

Two Dimensional 1ift curve slope

Total Lift Coefficient, Power Off

Maximum Lift Coefficient

Maximum Lift Coefficient, Power Off

Two Dimensional Gradient of Lift with Jet
Deflection Angle

Total Pitching Moment Coefficient

Total Pitching Moment Coefficient, Power Off

Total Pitching Moment Coefficient, Power Off
Zero Angle of Attack

Jet Momentum Coefficient, or Thrust Coefficient

Jet Momentum Coefficient Based on Effective
Wing Area

Chordwise Distance from Intersection of Jet
Reaction Vector with Reference Plane to
Leading Edge of Chord at Thrust Centerline

Ram Drag Coefficient

Increment of Lift Due to Angle of Attack

Gradient of Lift Coefficient with Angle of
Attack

Increment of Lift Coefficient due to Circula-
tion Due to Power

Increment in Maximum Lift Coefficient due to
Power

Increment of Lift Coefficient due to Jet
Turning

Pitching Moment Coefficient of Power Effects
on.Lift Due to Angle of Attack About the
Moment Reference Center

Pitching Moment Coefficient due to Circulation
1Lift Due to Power About the Moment Reference
Center

Pitching Moment Coefficient due to Jet Reaction
About Moment Reference Center
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SYMBOL

(ACm)rp
ACL)oc gy

t/c

xCp

FORTRAN

DDCLPO

DLR
DLT

DTR
DXF

DXG

DXR

ETA
LAMDA

NA

PT

TC
THETA
THETAR
TITLE
XCP

NOMENCLATURE
DESCRIPTION

Pitching Moment Coefficient of Ram Drag About
the Moment Reference Center

Increment of Lift due to Angle of Attack due
to Power

Moment Arm of Ram Drag about Moment Reference
Center

Moment Arm of Thrust about Moment Reéderence
Center Positive if Nozzle Axis is below
Moment Reference Center

Thrust Incidence Angle, Degrees

Thrust Incidence Angle, Radians

Chordwise Distance from Moment Reference
Center to Flap Mid-Chord

Chordwise Distance from Moment Reference Center
to Leading Edge of Mean Aerodynamic Chord
of Flapped Wing Area

Chordwise Distance from Moment Reference
Center to Leading Edge of Chord on Thrust
Centerline

Jet Turning Efficiency

Aspect Ratio Correction Factor

Area Ratio, Flapped Wing Area to Total Wing
Area

Number of Alpha Values

Number of QMU Values

Lift Curve Slope Correction for Partial Span
Blowing

Ratio of Circumference of a Circle to its
Diameter

Airfoil Thickness Ratio

Jet Turning Angle, Degrees

Jet Turning Angle, Radians

Title of Case

Center of Pressure of Additional Load due to
Angle of Attack
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EQUIPMENT REQUIREMENTS
HARDWARE

The program has been run on an IBM System 370 model 165KJ computer
with graphic output processed on an Information International
Incorporated FR-80 simulating a Stromberg-Datagraphics S-C 4020. Runs have

also been made on a Control Bata Corporation Model 6600 without graphic
output.

SOFTWARE

A fortran IV compiler is required to translate the source code
into object form. Standard Fortran library routines are required for
mathematical operations, card reading and printing output.

Graphics output requires several NR library routines that generate

instructions for the S-C 4020. Some reprogramming may be necessary
for graphic output at another computer facility.
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FLOW CHART OF PROGRAM FUNCTIONS

READ/ INPUT, TER-
MINKTE PROGRAM
IF NO MORE IN-
PUT

LOOP FOR EACH VALUE OF
ALPHA
LOOP FOR EACH VALUE OF
oM

!

LIFT
CALCULATION

—

DRAG
CALCULATION

'

PITCHING
MOMENT
CALCULATION

Y

WRITE OUTPUT

FAPHIC ouTPUT
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