NASA TR R-49

@ https://ntrs.nasa.gov/search.jsp?R=19980223625 2020-06-15T22:59:54+00:00Z

NASA TR R-49

NATIONAL AERONAUTICS AND
SPACE ADMINISTRATION

TECHNICAL REPORT
R—49

SUMMARY AND ANALYSIS OF HORIZONTAL-TAIL
CONTRIBUTION TO LONGITUDINAL STABILITY OF
SWEPT-WING AIRPLANES AT LOW SPEEDS

By ROBERT H. NEELY and ROLAND F. GRINER

1959

For sale by the Superintendent of D ts, U.S. Gover t Priating Office, Washington 25, D.C. Yearly subscription, $10; foreign, $13;
single copy price varies according to size --------+« Price 75 cents









NASA TR R~49 °

Natlonal Aeronautics and Space Administration.

SUMMARY AND ANALYSIS OF HORIZONTAL-TAIL CON-
TRIBUTION TO LONGITUDINAL STABILITY OF SWEPT-
WING AIRPLANES AT LOW SPEEDS. Robert H. Neely and
Roland F. Griner. 1959, i, 87 p. diagrs,, tabs, GPO price 75 cents.
(NASA TECHNICAL REPORT R-49. Bupersedes; NACA
RM 1.55E23a)

Alr-flow characteristics behind wings and wing-body combinations are
deseribed and are related to the downwash at specific tafl locations for
unseparated and separated flow conditions, The effects of varjous
narameters and pontrol devices on the sir-flow characterietite and
tafl contribution are anslyzed and demonstrated. An attempt has
been made to summarize certain data in a form useful for design. The
experimental data hereln were obtalned mostly at Reynolds numbers
greater than 4 X 108 and at Mach pumbers less than 0.25.

Copfes obtainable from Supt. of Docs,, GPO, Washington

1. Wings, Complete—

Wake (1.2.2.n

»

Wing-Fuselage Combina-
tlons—Airplanes

Tail-Wing-Fuselage
Combinations—Airplanes

L

(1.7.1.1.3)

-

Stability, Longitudinal—

Statie (1.8.1.1.1)

5. Loads, Steady—Tall

“.1.1.2.1)

I. Neely, Robert H.
IT. Griner, Roland F,
III. NASA TR R-49
IV. NACA RM L55E23a

NASA

(1.7.1.1.1)

NASA TR R-49

National Aeronautics and S8pace Administration,

SUMMARY AND ANALYSIS OF HORIZONTAL-TAIL CON-
TRIBUTION TO LONGITUDINAL 8TABILITY OF SWEPT.
WING AIRPLANES AT LOW SPEEDS. Robert H. Neely and
Roland F. Griner. 195941, 87 p. diagrs., tabs. GFO price 75 cents.
(NASA TECHNICAL{ REPORT R-49. Supersedes NACA
RM L55E23a)

Alr-flow characteristics behind wings and wing-body combinations are
described and are related to the downwash at specific tail locations for
unseparated and separated flow conditions. The effects of various
parameaters and enntrol deviees on the air-flow characteristies and
tail contribution are anslyzed and demonstrated. An attempt has
been made to summarize certain data in a form useful for design. The
experimental data herein were obtained mostly at Reynolds numbers
greater than 4 X 10¢ and at Mach numbers less than 0.25,

Coples obtainable from Supt. of Docs., GP O, Washington

1. Wings, Complete—

Wake (1.2.2.7)

2. 'Wing-Fuselage Combina-
tions—Airplanes
8, Tail-Wing-Fuselage

Combinations—Airplanes

(1.7.1.1.3)

4, BStability, Longitudinal-

Btatic (1.8.1.L.1)

5. Loads, Steady—Tall

(4.1.1.2.1)

I. Neely, Robert H.

. Qriner, Roland F.
III. NASA TR R-49
IV, NACA RM L5tE2Z3a

NASA

NASA TR R-49

Natlonal Aeronautics and Space Administration.

SUMMARY AND ANALYSIS OF HORIZONTAL-TAIL CON-
TRIBUTION TO LONGITUDINAL STABILITY OF SWEPT-
WING AIRPLANES AT LOW SPEEDS. Robert H. Neely and
Roland F, Griner. 1959. 1, 87 p. diagrs., tabs, GPO price 75 cents,
(NASA TECHNICAL REPORT R-49. Supersedes NACA
RM L55E23a)

Atr-flow characteristics behind wings and wing-body combinations are
described and are related to the downwash at specific tall locations for
unseparated and separated flow conditions. The eflects of vartous
parameters and control devices on the air-flow characteristics and
tall contribution are analyzed and demonstrated. An sttempt has
been made to summarize certalr data In a form useful for design. The
experimenta}l data herein were obtained mostly at Reynolds numbers
greater than 4 X 10¢ and at Mach numbers less than 0.25.

Coples obtainable from Supt. of Docs., GPO. Washington

1. Wings, Complete—

‘Wake 1.2.2.7

2, 'Wing-Fuselage Combina-
tions—Alirplanes
3. Tall-Wing-Fuselage

Combinations—Airplanes

(1.7.1.1.3)

4. 8tability, Longitudinal--

Btatic (1.8.1.1.1)

8. Loads, Steady—Tall

(4.1.1.2)

I. Neely, Robert H.

II. Griner, Roland F,
III. NASA TR R-49
IV. NACA RM L&5E2a

NABA

(1.7.1.1.1)

NASA TR R49

National Aeronautics and Space Administration.

SUMMARY AND ANALYSIS OF HORIZONTAL-TAIL CON-
TRIBUTION TO LONGITUDINAL STABILITY OF SWEPT-
WING AIRPLANES AT LOW S8PEEDS. Robert H. Neely and
Roland F. Griner. 1959. 1, 87 p. diagrs., tabs. GPO price 75 cents.
(NASA TECHNICAL REFPORT R-49. Supersedes NACA
RM L55E23a)

Alr-flow characteristics behind wings and wing-body combinations are
described and are related to the downwash at specific tall locations for
unseparated and separated flow conditions. The effects of various
parameters and control devices on the air-flow characteristics and
tail contribution are analyzed and demonstrated. An attempt has
been made to summarire certain data in a form useful for design. The
experimental data herein were obtained mostly at Reynolds numbers
greater than 4 X 108 and at Mach numbers less than 0.25.

Coples obtainable from Supt, of Docs., GPO, Washington

1. Wings, Complete—

‘Wake (1.2.2.7)

2. 'Wing-Fuselage Combina-
tions—-Afrplanes
3. Tall-Wing-Fuselage

Combinations—Airplanes

(1.7.1.1.3)

4. Btability, Longitudinal—

Static (1.8.1.1.1)

5. Loads, Steady—Tall

1.12.21)

I. Noeely, Robert H.

II. Griner, Roland F,
III. NASA TR R-49
IV. NACA RM L55E23a

NASA

(1.7.1.L.1)

(L7.L.LD)




TECHNICAL REPORT R-49

SUMMARY AND ANALYSIS OF HORIZONTAL-TAIL
CONTRIBUTION TO LONGITUDINAL STABILITY OF
SWEPT-WING AIRPLANES AT LOW SPEEDS

By ROBERT H. NEELY and ROLAND F. GRINER

Langley Research Center
Langley Field, Va.







TECHNICAL REPORT R-49

SUMMARY AND ANALYSIS OF HORIZONTAL-TAIL CONTRIBUTION
TO LONGITUDINAL STABILITY OF SWEPT-WING
AIRPLANES AT LOW SPEEDS'!

By Roserr H. NreeLy and Rovanp 1. GRrINER

SUMMARY

Avallable wind-tunnel data on the low-speed hori-
zontal-tail contribution to the static longitudinal
stability of high-speed airplane configurations in-
corporating unswept and sweptback wings are
reviewed and analyzed.  The characteristics of the
Aow behind wings and wing-body combinations are
deseribed and related to the downwash at speeifie tail
locations for unseparated and separated flow condi-
tions.  The effects of variations of tail position,
variations of wing plan form and airfoil section,
trailing-edge flaps, stall-control devices, and grownd
interference on the awu-flow characteristies and tadl
contribution are analyzed and demonstrated.  The
more farorable tail arrangements are emphasized and
their application to specific configurations s illus-
trated.  The analysis of the factors affecting the
horizontal-tail contribution is, for the most part,
deseriptive; however, an attempt has been made to

summarize eertain data by empirical correlation or

theoretical means in a form useful for design.
INTRODUCTION

The analysis of the downwash behind wings
given i references 1 to 3 has provided a good
basis from which the horizontal-tail contribution
to the static longitudinal stability can be estimated
for wing-body combinations having thick unswept
wings of moderate to high aspect ratios. This
analysis was concerned largely with the conditions
of unseparated flow and httle rolling-up of the
trailing-vortex sheet; these conditions are appli-
cable to most of the useful flight range for the

type of wings considered. The corresponding
problem for current high-speed airplane ¢onfigura-
tions is considerably more complicated than the
problem studied in references 1 to 3. The in-
creased complexity of the wing-body-tail inter-
ference problem is due to (1) the presence of flow
separation over the wing for a considerable portion
of the lift-coefficient range, which results from
the use of sweep and airfoil sections having small
nose radii, (2) the faster volling-up of the vortex
sheet which results from the use of low-aspect-ratio
wings (ref. 4), and (3) the greater importance of
the fuselage which results from its larger size.
Karly investigations of wing-tail interference for
swept-wing configurations (vefs. 5 and 6) showed
that the tail had a powerful influence on the varia-
tion of stability through the lift-cocflicient range
and that this influence varied greatly with the
vertical location of the tail.  Numerous subse-
quent investigations have been conducted at both
low and high speeds to study the wing-tail inter-
ference problem for various swept-wing condigura-
tions. In reference 7 a number of the important
factors affecting the horizontal-tail contribution
at low speeds were examined, and the problem of
combining a tail with wing-fusclage combinations
to provide good longitudinal stability characteris-
tics was discussed.

The purpose of the present paper is 1o provide
a more comprehensive review and analysis than
was given in reference 7 of present knowledge con-
cerning the low-speed horizontal-tail contribution

for sweptback-wing airplanes.  The characteristics

1 Supersedes recently declassified NACA Rescarch Memorandum L53E23a by Robert 11, Neely and Roland F. Griner, 1955,
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of the flow behind sweptback wings and wing-body
configurations are described and related to the
downwash characteristics of specific tail locations
for unstalled and stalled flow conditions. The
effects of varintions of tail position, variations of
wing plan form and airfoil section, trailing-cdge
flaps, stall-control devices, and ground interference
on the air-flow characteristies and tail contribu-
tion are analvzed and demonstrated.  The more
favorable tail arrangements are emphasized and
their application to specific configurations are
illustrated.

A Dbrief analysis of the tail contribution to
stability of thin unswept-wing configurations of
siall aspect ratio is included.  Sweptforward or
composite plan forms are not considered; however,
data for such configurations are given in refer-
ences 8 1o 12, The analysis of the factors affect-
ing the horizontal-tail characteristics is, to a large
extent, deseriptive. Tt was not possible to present
quantitative design charts for estimating the tail
contribution. but it was possible to correlate a
number of significant parameters affecting the tail
contribution and 1o suggest rough design proce-
dures based on this empirical correlation. The
experimental data on which the analysis in this
paper is based were obtained mostly at Reynolds
numbers greater than 410%

In addition to the analysis presented herein, an
index to published data on the air-flow characteris-
ties and stability contribution of the horizontal
tail obtained from tests of models at Reynolds
numbers greater than 4>10% has been prepared
and is presented in tables 1T and 11

SYMBOLS

A aspecl ratio

b span (wing span unless otherwise noted)
measured  perpendicular to plane of
symmetry

b’ vortex spacing

(y, lift coeflicient

Al merement of wing lift coeflicient due to
deflecting trailing-edge flaps

',‘a[ lift-curve slope of isolated horizontal tail,

dch,
o’ deg

C, pitching-moment coefficient

Co, pitching-moment coefficient contributed

by horizontal tail

(v

"lf[

M

n

w

rate of change of pitching moment with
horizontal-tail incidence, o, /0,

local chord measured parallel to  air-
stream

mean chord measured parallel to air-
stream

3 hj2
mean acrodynamic chord, S ( ey
AX W0

section hift coefficient

maximum fuselage diameter

fuselage diameter at ¢’/4 of tail

horizontal-tail height normal to plane
containing wing-root-chord line, posi-
tive when above plane through wing-
root-chord line

angle  of incidence  of horizontal  tail
measured with respeet to plane con-
taining  wing-root-chord line, positive
when tail trailing edge is down, dez

angle of incidence of wing measured with
respect to fuselage center line, positive
when wing trailing edge is down, dey

lift

horizontal-tail length parallel (o wing-
root-chord line measured from the air-
plane center of gravity to quarter
chord point of tail mean aecrodynamie
chord (center of gravity assumed at
quarter-chord point of wing mean acro-
dynamic chord unless otherwise noted)

Mach number

distance parallel to wing-root-chord line
measured from three-quarter-chord
point of wing mean aerodynamie chord
to quarter-chord point of tail mean
acrodyvnamie chord

free-stream dynamie pressure

ratio of local dynamic pressure (at hori-
zontal tail) to free-stream  dynamic
pressure

Revnolds number based on mean acro-
dynamic chord of wing

arca (wing area unless otherwise noted)

Tongitudinal veloeity

5
L3y

. . .. {
horizontal-tail volume coefficient, S
i

downwash velocity at 2,y

wake-center location above
wing-chord plane

longitudinal coordinate,
ward

extended

posilive rear-
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Xo longitudinal coordinate measured from
¢’ /4

Ty longitudinal coordinate measured from
wing trailing edge at a given spanwise
station

Y spanwise coordinate

z vertical coordinate, positive upward

z vertical distance between tail and a line
connecting vortex centers

2 vertical coordinate measured from hori-

zontal plane through wing trailing edge

al a given spanwise station

o angle of attack of wing-root-chord line
with respeet to horizontal plane, deg
o angle of attack of horizontal-tail root

chord, (',,,’/(',,,i[, deg

wing circulation

A angle of sweepback (from quarter-chord
line unless otherwise noted), deg

A taper ratio

€ downwash angle, downflow positive, deg

Ae merement of downwash angle due to

deflecting trailing-edge flaps, deg
€A=0 downwash angle for wing having 0°
sweepback of quarter-chord line, deg

€ effective downwash angle, a+41i;—a,, deg
€ downwash due to body alone, deg
€w downwash induced by wing and image

vortices, deg

. ( y”‘i
() ==

Lg
o sidewash angle, deg

. b(-y"(
T tail stability parameter =t

- 1,4_ —
"V(YL"% da

Subscripts:

e effective

f flap

le leading edge
mar maximauin

te trailing edge

t horizontal tail
w wing

MODEL NOTATION AND TAIL PARAMETERS

MODEL NOTATION

For any given model, only the most pertinent
details have been presented hercin. For com-

plete details refer to the original reference appli-
cable to the given model as listed in tables 1
and II.

A three-number notation is used to identify the
plan-form characteristies of the wing where the
notation gives, in order, the sweepback of the
quarter-chord line, the aspect ratio, and the taper
ratio.  As an example, the model having the
wing characteristics  A,,=50.0°, A=2.88, aund
A=0.625 is designated as a 50-2.9-.63 wing or
50-2.9-.63 wing-body combination. The planform
of the horizontal tail is also designated by the
three-number notation.  Unless specifieally noted
as being a tail, the three-number notation on the
figures refers to the wing.

The airfoil sections of a lifting surface having a
round-nose leading edge are defined by the stand-
ard NACA airfoil designations.  Airfoil sections
having sharp leading edges are referred to as
either eireular-are, wedge, or hexagonal airfoil
sections. The designated airfoil sections refer to
sections parallel to the free stream unless other-
wise noted.  For particular details of wings hav-
ing twist and camber, reference to the original
paper listed in tables T and 1 should be made.

The leading-edge devices (flap, slat, ete.) are
referred to by spans in fractions of wing semispan
and the defleetion angles are omitted.  The out-
board end of the leading-edge deviee is located
between 97 percent and 100 percent of the semi-
span.

The distance between outboard ends of the
trailing-edge flaps is designated as the span of the
trailing-edge flaps.  Most of the wing-body con-
figurations with trailing-edge flaps have the flap
inboard ends located at or close to the intersection
of the wing trailing edge with the body. The
wing configurations without bodies have the mn-
hoard end of the trailing-edge device located at
the plane of symmetry.

Deflections of some of these devices are meas-
ured in a plane parallel to the airstream, whereas
others are measured in a plane perpendicular to a
constant pereent-chord line on the swept-wing
pancl.  When such details are needed, reference
to the original papers should be made.

It should be noted that the extended split flap
is a split flap with the hinge located at the wing
trailing edge.
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TABLE L-—INDEX OF AIR-FLOW DATA OBTAINED FROM LOW-

Wing geometry

1
|
i
i

Stall-control

Trailing-edge

devices flaps
U il — _ -
A, A, A A 2 Airfoil Span Type Span Type
deg deg
3. 6 0 4. 62 0. 550 Root: NACA 0015 R N None [ None
Tip: NACA 23009
- I A None ] Lol None
9.5 8 1 400 . 500 Wedge { 1,000 LE flap | 0609 Plain
33. 3 30. 0 4. 84 . 440 Root: NACA 0015 o None _ o None
Tip: NACA 23009
37.3 35. 0 6. 00 . 500 ENACA 64,-212 500 Slat . A00 Double
slotted
e None | ______ None
575 L.E. flap 500 Split
42. 0 40. O 4, 01 . 625 bNACA 64,-112 Y L. K. flap 500 Split
None | ______ None
575 L.E. flap 500 Split
NACA 63-X12 . None | ______ None
16, 3 45.°0 8 U0 . 450 Twisted and cambered Fence | ______ Extended
Split
,,,,,, None Voo None
_ None R _ None
1.5 45. 0 3. 50 . 500 b Cirendar are None None
Areular are 1. 000 I..E. droop _ None
1. 000 .. K. droop o None
‘ 1.000 | L. droop 500 Plain
f _ ‘ None i _ | None
- - - - . N . 475 LE flap @ None
te. 7 45. 0 5. 10 . 383 "NACA G4-210 175 L. K. flap . 400 Split
175 L. flap . 400 Double
slotted
18. 0 5. 0 3. 64 . 420 : Root: NACA 0015+ _____. None P None
: Tip: NACA 23009
. - . . E. o None S None
52. 0 30. 0 2. 88 . 625 ENACA 64112 { T 100 LB flap 100 Split
= - 1a e [ . - _ None . . None
52. 0 50. 0 2. 84 . 616 b Cirealar are L. 250 LI flap ‘ 400 Split
Clircular are ; - None
Circular arc None
Clircular are \‘ . None
60, 0 524 2. 31 0 Cireular are I None 1. 000 Plain
NACA 65-006, 5 . None
NACA 65-010 . None
NACA 65A006 L None
NACA 65A006 None
63. 0 60. 8 3. 50 . 250 NACA 614A006 _ None o None

s Streamwise sections unless otherwise noted.

& Airfoil seetions normal to chord line in the 0.25¢ to 0.53¢ range.

¢ Ground effeets for several ground heights.
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SPEED SURVEYS AT REYNOLDS NUMBER GREATER THAN 4.0X 108

]

Test conditions

i

Survey Quantities presented in Figure number Refer-
location, reference enee
Body To_ R Maximum
b2 a, deg
None 1. 288 5. 5108 14. 5 e and wake limits | ______________.______ 8
2.0 108 19
On 1. 819 to 141 Wake center line and limits | . ___ .. ____ 4(:)
: 10.0 X 108
None 1. 243 6.4 > 10¢ 15. 9 e and wake limits | ____________________ 8
None 0. 690 6. 8 15. 2 eand q//g . 41
None 1. 020 ! 16. 0 4,5 14
None 1. 020 ! 16. 8 24, 25, 26 14
None 1. 420 6. 8 16. 0 e o, and ¢./q 26 14
None 1. 420 6.8 M e c14
On . 980 19. 5 24,25 40
} On L TH0 1.0 { oy } e, o, and ¢y { 100, 13, 1) 36
. 544 2
. 837 180 |t e
s VI L R
1. 130 7 T
1. 130 21.5 N L __..
23,1 22, 23
On . 876 6. 0 g; % e, o, and ¢,/¢q 22,23, 27 39
233 27, 55
None 1. 638 8.0 21,1 e and wake limits | ____________________ 8
} On 1. 168 6. 0 23. 1 e, o, and q.q { 14(c), 36 24
} On 1. 228 5.5 19.0 e o, and gy | . 13
None . 610 6. 0 27.7 11(d) 33
None 1. 210 6.0 27.7 11(e) 33
None 1. 820 6. 0 27. 7 10(), 11(), 11(b) 33
1(n), 15
None 1. 210 6. 0 21.6 e o, and ¢/ K - 33
None 1. 210 6.0 221 |\ L. 33
None 1. 210 6. 0 2.1 v M .. 33
On 1. 445 9.0 3.9 0 e 34
On 2. 045 9.0 33.9 N ail_._ B2 i
. 570 10. 5 i
. 750 10. 6
. 960 10. 8
1. 110 10. 9
On 1. 310 6.1 11. 0 eand vortex | L ____________ 18
1. 650 11. 2 sheet shape
2. 000 11.5
2. 360 11. 8
2. 710 12. 0
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TABLE I1.—INDEX OF THE HORIZONTAL-TAIL AIR-FLOW CHARACTERISTICS AND TAIL
NUMBERS GREATER

o
Wing geometry
o e Trailing-edge Wing
Stall-control device flaps position
A Neigy A A + Airfoil
deg deg
e IR R . e
6. 6 3.4 400 0. 625 Hexagonal L. E. droop Plain Mid
9.5 4. 8 000 500 Wedge 1. K. droop PPlain Mid
10. 5 5.3 2. 50 . 625 Hexagonal : L.E. droop Plain Mid
® Root: Mod. NACA ! ‘
A4 | 40,0 | 1000 100 0014 Fences { C e b Hign
: : : : Tip: Mod. NACA 0011 | i Extended split. |f
i Twisted and cambered !
L.E. flaps ‘
L. F. flaps i High
. . A and fences (o1 ‘ Mid
42,0 10. 0 401 . 625 b NACA 64,-112 ‘ L.E. flaps, slats Split | Low
| and fenees ! Mid
LB flaps i
42, 0 40,0 3. 94 . 625 b Cireular arc L. E. flaps, LS. droop, Split Low
fenees :
! |
5.0 | 36,9 10000 | Mod. NACA 0005 < M
Stotted and ‘
‘ | plain
45. 0 36. 9 2. 00 . 330 Mod. NACA 0005 . Ko o Mid
Slotted
- NACA 63,4012 7 7 o .
46,3 45. 0 8. 00 . 450 { NACA 63 series S0 flaps, fences ‘ P‘:_‘:ll(llt(‘l(';“:l)m M]‘lid,l;llm
L Twisted and cambered | o ) ®
47,7 3.0 0 510 . 383 ‘ PNACA 64-210 L. 5. flaps, LK. droop } Split and dou- Mid
477 $H.0 0 600 313 ‘ * NACA 64-210 i LU flaps ble <lotted .
‘ ' St Mid
52.0 1 50.0 | 288 . 625 5 NACA 64,-112 LKL flaps, fenees . Pt Low
; ' ’ Split and Vid
} \ extended split -
52.0 1 50.0 ‘ 2. 84 L 616 b Cireular are ‘ L.F. flaps Split and Mid
i 3 | 1 i extended split
5332 0 450 | 2,00 . 200 Mod. NACA 0005 . o { A } Mid
| : ‘ Slotted
53. 2 ‘ 5.0 300 0 Mod NACA 0005 | { g ) Mid
. . e B e I -
63. 4 ‘ a6, 3 200 0 0 Mod. NACA 0005 L Slotted Mid i

= Streamwise seetions unless otherwise noted.
b Airfoil seetions normal to chord line in the 0.25¢ to 0.53¢ range.
¢ GGround effects for several ground heights (zee fig. 56).
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STABILITY
THAN 101

¢ Plan form
i
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Straight
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Straight
tapered

Sweptbuaek

Swepthack

Sweptback

Straight
tapered

Straight
tapered

Sweptback

Sweptback
Sweptback

\\\1 [)thd(l\

Straight
tapered
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Straight
tapered

a243038

PN —

PARAMETERS OBTAINED FROM LOW-SPEED FORCE TESTS AT REYNOLDS
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|
o
o
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oo
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Tail geometry and location

lie!

3.

3.

e

—_— —— ——

. 220

L 736

260

385

000
3. 000

3,250

. 000

. 000

. 820

3. 000

222

. 696

L8910

200

L. 660

1. 018

1033

1. 275

1. 975
. 767
. 928
L 799
1. 229

1. 220

1. 978

1. 560

p S e,

1.800‘

ATT

00, 17T, -

362 and 0

AT

00, 177,

050 and 0

150, (100, 050, 0

254, —.146
4T 162, —. 061
D504 251, L 031
ST 162, —. 061

466, .339,. 211,

. 360, .
0
. 360, .
0
0

180
180

. 537, . 269
0

0

L300, . 140, 045, -
. 300,. 140, . 045,
—., 060, —. 150

. 380, —. 050
L340, —. 050

L 504, . 372, 196, —,
. 615, . 482, . 307,
. 504,106, —. 074

442,136, —. 132

. 516, . 259
0
0
41,. 21
0
. 506, . 254
0

6o 2

. 060

011

074

037

t

—

[——

R

6.2 108

10. 0

7.6 ‘{
2.0 108

to
8.0 108
4.0 108 :

6. Y

10. 9

{
|
|
.

14 6

Figure
number

38, 46, 52

|
38, 41, 46, 52
38, 46

16, 52
13, 16, 52. 58
16, 47

44, 46, 47

44T

42 4() 47,59

45 4(), 41 .7]
52, 53,
30, 31, 51

40 44 18,
.)2, 53, H4

46, 47
30, 31, 46,
15,47, 52

l) 40,
7,02

4[

46, 47
52

46, 47, 54
406, 47, 54

12, 46, 47
28, 42, 46, 47

54

Refer-
enee

+3

} 16

61

67

A s
— T

55
55
b
55

68

32

i

54, 59

1

36, 59
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TAIL AIR FLOW AND STABILITY PARAMETERS

Effective values of downwash angle and dynamic
pressure.—The effective downwash angle € and
the dynamic-pressure ratio are caleulated from the
experimental pitching-moment data.  For configu-
rations where only two horizontal-tail incidences
and a tail-off configuration were investigated, the
lift curve of the tail was assumed to be linear
and the effective flow parameters were ealeulated
as follows:

e=at+1i,—a, (1)
where
- ( Y"I(
a,—._‘
( Illl‘
and
. ([{ ( "1[
n ( - = i1
N q ¢ ( mi )“
('m,l
_—— (2
oV <)
t
where
¥ :a( v”l
"y, al,

for a given configuration with or without tlaps, and

_ of Vym

(ﬂ""'r)(); q,

for the condition when the tail is located out of
the wake and away from the wing-chord plane of
the flap-oftf configuration at «=0°.

When data with enough tail incidences were
available, the value of ¢ was determined by
equation (1) by using the condition that a,=0°
at the intersections of the tail-on and tail-off
pitching-moment curves.

Tail stability parameter. -The combined effects
of downwash angle and dynamic pressure on the
stabilizing contribution of the horizontal tail is
defined by the tail stability parameter = (see ref.
13):

0, 1 .
oa . ST )

La[ S (‘/

=
which, for a linear lift-curve slope, is

¢\ da

A negetive value of r indicates that the tail is
contributing stability. 'The values of 7 presented
were cemputed from equation (3) by assuming a
linear “ail lift-curve slope.

OUTLINE AND SCOPE OF ANALYSIS

The general objectives of the analysis contained
in this report are to provide an understanding of
the factors affecting the tail contribution to
stability, to evaluate existing methods and provide
new information for predicting the tail contribu-
tion, to demonstrate the effects of various con-
figuration parameters on the tail contribution, and
to indicate how the tail may be combined with
wing-bady combinations to provide desirable
overall stability characteristics.  These points are
discussed under three subject headings which are
the basic air-flow characteristics behind wings,
the anelysis of the stability contribution of speeific
horizor tal tails, and the tail design providing
desiral e overall stability of the wing-body-tail
configuration.

In crder to provide a basis from which the
analysis of the tail contribution can proceed, the
air-flow characteristics behind wings and wing-
body combinations are discussed in some detail.
The verticity distributions on the wing and in the
wake ¢ re first deseribed, and the effects of these
distrib ttions on the magnitude of the downwash
angle snd the position of the downwash field with
respeet to the wing, which are of prime importance
in determining the tail contribution, are shown.
The accuracy of certain idealized representations
of the vortex system in depicting the flow field is
determined by comparisons of calculated and
experitnental downwash angles.  The flows behind
both tie wings and the wing-body combinations
are re ‘lewed and analyzed. The flows in the
wake of wings are discussed as to whether the flow
over the wing is unseparated or separated because
of the large differences in the flow obtained for
these wo conditions. The flow characteristics
for pla n swept- and unswept-wing configurations
are dircussed at some length; in addition, the
effeets of wvarious arrangements of stall-control
deviees and trailing-edge flaps on the flow are
considered briefly.

The analysis of the longitudinal-stability con-
tribution of the tail is begun with some general
considerations of the lift produced by a tail surface
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when placed in a given flow field. Next, the
fundamental aspeets of tail location and geometry
affecting the variation of the stability contribu-
tion with angle of attack are brought out by
analyzing the nonuniform changes of downwash
angle at the tail as it moves down with angle of
attack through the flow field of sweptback-wing—
body combinations. The points coneerning the
tail contribution which are emphasized are the
direction of the changes of the tail contribution,
the angles of attack where these changes oceur,
and the magnitude of the tail contribution, the
primary emphasis being on the stalled-flow regime.
Experimental data on the aerodynamic factors
entering into the tail contribution at both low and
high angles of attack are collected and correlated
for a large number of plain-wing configurations.
A procedure for estimating the tail contribution
whicl is based, in part, on the experimental sum-
maries is outlined.  The remainder of the analysis
of the tail contribution is devoted to a demonstra-
tion of the quantitative effects of various con-
figuration and test variables on the tail contribu-
tion of selected configurations.  These effects are
explained briefly in terms of the basic flow char-
acteristies.

When the design of a horizontal tail to provide
destrable overall configuration stability is con-
sidered, the general classes of tail-off pitehing-
moment curves and the differences in the required
tail contribution are discussed by using the
analvsis of reference 7. The tail locations and
volumes which tend to give desirable stability
characteristics are then demonstrated for con-
ficurations with various types of tail-off pitching-
moment curves,

AIR-FLOW CHARACTERISTICS
PLAIN-WING CONFIGURATIONS WITHOUT FLOW SEPARATION

The downwash behind a wing depends on the
magnitude and distribution of vorticity on the
wing and in the trailing-vortex sheet. The dis-
tribution of vorticity in the trailing- vortex sheet
changes with distance from the wing because of
the rolling-up and distortion of the sheet. These
changes in the configuration of the vortex sheet
generally decrease the magnitude of the downwash
over the tail region and cause the downwash
variation in the vertieal direction to become un-
svmmetrical about the vortex-sheet center line.
As shown in reference 4, the same degree of

rolling-up of the vortex sheet is defined by equal

£ (' .
values of the parameter B for wings with
similar circulation distributions.

In the application of the Biot-Savart law to the
caleulation of the downwash behind wings (refs.
1, 2, 4, and 14 to 16), the vortex sheet is generally
assumed to be flat with no rolling-up although
the distortion is accounted for by displacing the
gheet by a constant amount. Inasmuch as rolling-
up may be of some consequence for the configu-
rations under consideration, it is desirable to
know how much rolling-up has oceurred and its
possible effect on  the downwash  caleulation.
For convenience in generalizing results on down-
wash and rolling-up of the trailing-vortex sheet
behind  unstalled  surfaces  suitable  for  high-
speed fhight, wings are classified as wings having

unswept  trailing  edges  and  nearly  elliptical
loadings  (Jow aspeet ratio) and those having

sweptback trailing edges and loadings which are
nearly uniform or reduced at the center of the
wing,

Wings with unswept trailing edges and low
aspect ratio.—For wings with unswept trailing
edges and low aspeet ratio, it is assumed that the
load distribution does not depart very far from
an elliptical load distribution.  The shape of the
vortex sheet as it moves downstream of the
trailing  edge 1s represented  schematieally  in
ficure 1(a). The rolling-up phenomena have been
discussed considerably by previous investigators.
(See, for example, ref. 4.)  In reference 4 approxi-
mate formulas for ealeulating the coordinates of
the partially rolled-up vortex cores are suggested.
These formulas are a modification of Kaden's
results for the rolling-up of a vortex sheet of
semi-infinite width. A few cheeks with experni-
mental data indieate that the formulas of refer-
enee 4 predict the paths of the tip-vortex cores
reasonably well for elliptical wings.  Although
these checks are not conclusive, the inward move-
ment of the tip vortices, which is an indication
of the degree of rolling-up of the tratling-vortex
sheet, is considered to be represented adequately
by the results of reference 4 for wings with un-
swoept trailing edges and nearly elliptical loadings.

For low lift coeflicients the representation of
the vortex system as a flat sheet without any
rolling up is considered a good approximation for
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(b)

() Wings with unswept trailing edges.
(b) Sweptback wings with sweptback trailing edges,

Fravre 1. Schematie representation of trailing vortex

sheet behind wings,

calculating downwash angles at usual tail loca-
tions.  The excellent agreement between experi-
mental and  ealeulated  downwash  for  several
unstalled low-aspect-ratio sweptback wings from
reference 16 is shown in figure 2. The downwash
was caleulated by distributing an elliptical span-
wise loading at four chordwise stations. The
distribution of load in a chordwise direction does
not appear to have an important effeet on down-
wash, however, except for positions near the wing,

The limits of applicability of the concept of the
nonrolled-up sheet for calculating the magnitude
and position of the downwash behind unstalled
wings are not well defined.  Results of calcula-
tions given in reference 2 and of additional
calculations based on the positions of the partially
rolled-up vortex of reference 17 indieate that the
influence of the distortion and rolling-up of the

vortex sheet on the downwash angle near the
o

plane of symmetry may be neglected for values of

aye O ) . . .

*b!i =< .13 for wings with approximately ellip-

tical lcadings. In these caleulations the entirve
sheet was displaced downward an amount equal
to the displacement at the plane of symmetry.

]
If the value of fb'—ﬁ (vlL of 0.13 is near the upper
limit for negleeting the effeets of distortion and
rolling-up, errors will arise in the practical range
of lift coefficients when the flat-sheet representa-
tion with no rolling-up is used for ealeulating the
downwash. Separation may oceur, however, be-
fore the himiting lift cocfficient is reached, in which
case the rolling-up phenomena and downwash
characteristics are considerably changed as will
be discussed later.

Sweptback wings with sweptback trailing
edges. ~For the sweptback wing with a sweptback
trailing edge, the load distribution over the center
part ol the wing may be nearly uniform or, in
most. ¢ases, shows a reduction in loading at the
plane of symmetry. As a consequence the down-
wash decreases as the plane of symmetry s
approached. This decreased downwash and the
initial cisposition of the vortex sheet give rise to a
trailing -vortex sheet as illustrated in figure 1(b).
The maximum displacement of the vortex sheet
from the horizontal is obtained outhoard of the
plane o7 symmetry for locations near the wing but
is obtained near the plane of symmetry far down-
stream of the wing (see ref. 18). Some insight
into tle rolling-up process may be gained by
studying the lateral movement of the tip vortex.
The tip-vortex positions behind three wings with
sweptback trailing edges (refs. 14, 18, and 19) are
presentad in figure 3. The lateral movement of
the tip vortices with increasing  downstream
distanc: is negligible, and the minimum vortex
spacings measured are much greater than the
spacings caleulated for a fully rolled-up vortex
sheet  {approximately  0.856/2). These results
indicatc that there is hittle rolling-up of the vortex
sheet fer the conditions in figure 3 which cover a

" Y
ae (g

range of b 1 likely to be of interest for the

unseparated-flow  case. It appears, then, that
the assnmption of a flat sheet with no rolling-up
is justified for the caleulation of downwash for a
range ¢f conditions at least as large as that for
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Experimental Calculated 21/
(s} o —_— 117
u] —_ .78
4 4
3t 3
2z 2z
b b
2 2
o Experimental
Calculated
(o) | L | | (b} | ! \
O .2 4 .6 .8 1.0 0 .2 4 .6 .8 1.0
de/do de/da
(a) 36.8 2.3--25: 20/b =1.37. (b) 36.8 3.0 .14,

Fravre 2.-—Comparison of experimental and calenlated downwash behind unstalled low-aspeet-ratio swepthack wings.
Referenee 6.

wings with unswept trailing edges and nearly  sheet. The downwash in the vortex sheet is very
elliptical loadings.  The rolling-up process for  sensitive (o the shape of the loading curve.

the types of wings in figure 3 appears to be differ-  Negleeting the effeets of negative vorticity at the
ent than that for wings deseribed in the previous  plane of symmetry which is indicated by the load
scction.  This fact is shown by the smaller inward distribution  reduces the diserepaney  between
movement of the tip vortices of the present wings  experimental and  ealculated  downwash.  (See
compared with the movement obtained on straight fig. 4(b).)  Differences between experimental and
wings (fig. 3(a)) and the movement caleulated by ealeulated downwash similar to that just deseribed
the method of reference 18 (which is essentially  have been observed for a 30-4.5-1.0 wing in
the method of ref. 4) (fig. 3(e)). reference 15 and a 45-3.5-.50 wing (with nose
The downwash behind an unstalled 40-4.0-.63  flap deflected) in rveference 200 In reference 20
wing as caleulated in reference 14 is compared  experimental load distributions were used.
with experimental results in figure 4. The caleu- Beeause air in the boundary layer collects near
lated values of downwash in the vortex sheet are the wing tips and because of the eloser proximity
low by about 20 pereent at the plane of sym-  of the outhoard wing sections to the survey plane,
metry, but the discrepancy is less at positions the maximum loss of dynamic pressure in the

away from the plane of symmetry and the vortex  wake is obtained behind the outboard sections.



12

———-
‘
\
A
A
Al
4
/
/
i
A}
A}
'
AN
¥
4
/
{
Y
N -_—
Lo--"
A=0°
A=35°

() 30-5.1-.560; ' =0.47; maxi-
¢ L=0.042; reference

Tt
mum - -
)

14,

(@

A

2y/b

1.0

(b)

1.2
2y/b

(h) 40-4.0-.63; =097 maxi-
oo € L—=0.078; reforence

TECHNICAL REPORT R—49—NATIONAL AERONAUTICS AND SPACE ADMINISTRATION

{O
/ 2
e j[
L,
l
|
] .621
| ="
L e
|
g
| .
|
i
|
iy
l l.
© 1.6

(¢) 60.8-3.5—-.25;

Fge L

imum B
18.

', =0.50; max-

0.107; reference

Frovee 3. -Experimental positions of the tip vortex behind three sweptback wings with unseparated flow
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(b) Downwash profiles; Cp,=0.81; a=13.1°.

Frovee 4 —Comparison of experimental and ealeulated downwash behind an unstalled 40-4.0-.63 wing having

NACA 64 -112 airfoil scetions normal to the 0.273 chord line.

(See fie. 5.) In figure 5 and a number of subse-
quent figures the outline of the wing is projected
in the stream direction onto the survey plane
which is perpendicular to the main air stream.
As shown in figure 5, the wake-center loeation can
be predicted acceurately by using the caleulated
downwash angles; however, an empirical relation
for estimating the wake-center location which is
accurate enough for most cases has been derived
from available survey data. The relation for a
spanwise station of approximately 0.256/2 is

Iy, w
! Tre 00175 ! Lo} — I ~) ’[(1 (5)
dee T e )T w T da o

for wings with A=0.4 to 1.0 and A==30° {o 60°.
For more highly tapered wings a value of 2.0
instead of 1.5 in equation (5) gives better results.
Squation (5) applies best for tail lengths from
21/6=0.9 to 1.5.

25,/0 = 1.04; reference 14,

For a given angle of attack the downwash
behind the inboard part of a wing deereases with
increasing sweepback because of the accompanying
decrease and outward shift of the lift. Because
of the changes in downwash angle, the wake
displacement relative to a horizontal line through
the trailing edge also decreases with inereasing

sweepback. Some experimental  data demon-
strating this effeet are shown in figure 6. In this

figure the ordinate is the angle through which the
wake is displaced from a horizontal line per unit
change of wing angle of attack. The change in
wake displacement is considerable for A=1.0, but
it appears that the change deercases with a
decrease in A,

Wing-body combinations.-—When a fuselage is
added 1o & wing, the flow field behind the wing is
altered because the circulation distribution over
the wing is changed and an additional flow com-
ponent is introduced because of the flow about
the fuselage.
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— — — — Woke center
o) Caiculated position of vortex sheet
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«
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Frevre 5.—Contours of dynamie-pressure ratio behind an unstalled 10-4.0-.63 wing having NACA 64, (12 airfoil

sections normal to the 0.2793 chord line.

In order to demonstrate the phenomena in-
volved i wing-body downwash, the components
of the downwash angle of a combination consisting
of a 50-2.9-.63 wing mounted on an infinite
circular exlinder are shown in figure 7 for a vertical
location of =0 and a longitudinal location of
s~ -, The total downwash is considered to be
made up of the downwash due to the wing in the
presence of the body, the downwash due to the
isolated body, and the downwash due to mutual
interference between the flow fields of the wing
and the body. When the downwash was cal-
culated, the method used in reference 21 for
representing the vortex system was followed.
The vortex sheet was assumed to be flat and in
line with the body. The downwash due to the
wing was obtained by using the summation of the
theoretical wing-alone loading and a body-induced
loading caleulated in reference 22 for a wing-body

a=13.1°; C;,=0.81; 2r,/b=1.04; R=06.8X108; reference 14.

combination similar to the present one.  This
caleul: ted loading is shown in figure 8 The

downv ash due to the isolated body was obtained
from the inerements of velocity resulting from the
crossflow around an infinite cireular eylinder at a
velocity of e, The
represints the reduction of the body crossflow due

interference flow which
to the wing downwash was obtained by determin-
ing th downwash induced by vortices which are
situatcd within the fuselage boundary and are
images of the vortices shed from the wing.

As chown in figure 7, the downwash due to the
expose 1 wing vortices is approximately equal to
the downwash of the wing alone for the example
given, but this equality is not necessarily true.
The interference downwash at the side of the body
is give exactly by the product of the wing down-
wash :nd the nondimensional velocity inerement
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Fraure 6. -Effect of wing sweep on wake loeation in
hoear lift-coeflicient range.  A=3 {o +4; 2y/b-=0.25.

SR

2N
due to the erosstlow around the body ( 7/-) > and

for stations away from the side of the body the
downwash is given approximately by this produet.
The importance of small changes in wing loading
close to the body on the flow is obvious and these
changes are of greater importance than those for
the wing alone. In the region close to the hody,
however, the greatest difficulty is encountered in
predicting the body-induced loading  (ref. 23).
Caleulations made for a plane at the top of the
body show that the downwash is not very sensitive
to the exact shape of the spanwise load distribution
and that the predominant change between wing-
alone and wing-body downwash is the large down-
wash angle above the body resulting from the
temdeney of the flow to follow the body.

Values of downwash caleulated by the method
deseribed i the preceding paragraph are com-
pared in figure 9 with the experimental values of
downwash for a 50-2.9-.63 wing-body combination
obtained from the original data of reference 24.
A crude correction for the effeet of afterbody con-
traction (fig. 8) on the flow ficld was made by

a24008 0 60

2
-3

8r Wing alone
—————— Wing in presence of body
[ Interference
——--——Isolated body -
6 ——---——Total =

-0 i . /

~0 . 2 3 a4 s
2 y/b

Ficere 7. -Caleulated downwash  (ref. 213 behind o
50 2.9 .63 wing centrally mounted on an
circular evlinder.

infinite
r=o; z=(

displacing the flow field caleulated for the combina-
tion with the infinite circular evlinder an amount
equal to the displacement of the axial-flow stream-
lines about the body. The displacement of the
axial-flow streamlines resulting from afterbody
contraction is given approximately by the relation
from reference 25:

Yot — .'/12:(;'({;‘)2—(;{‘/_;\)2 (6)

Although the downwash variation with spanwise
distance 1s predieted qualitatively by the theory,
the agreement between theoretical and experi-
mental values of downwash is generally poor and
is not so good as was obtained for the wing-alone
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Fraure 8.--Caleulated load distribution for a 50- 2.9-.63
wing and wing-body combination, d/b=0.15.

configuration of figure 4. The calculated down-
wash is too low, particularly at spanwise stations
near the body. Inaccuracies result when using
the present method for caleulating the downwash
of wing-body combinations inasmuch as this
method negleets the effeets of the bound vortex
and the movement between the vortex sheet and
body and does not offer a rational solution for the
flow near the end of the fuselage.  Another source
of error may be in the assumed span loading.
Besides the factors relating to the method of
caleulation, there are other factors affecting the
comparison in figure 9 which are related to the
conditions of the experimental configurations.
The value of the downwash gradient is changing
rapidly in the region of the body center line so
that the experimental accuracy is not so good as
in other regions of the flow field.  Viscous flow
phenomena which are not considered in the cal-
culation affect the flow field.  Measurements
reported in reference 26 indicate that the large
upwash angles as obtained near mfinite eylinders
are not obtained in the regions of high rates of
contraction of a finite-length body. The compari-
son shown in figure 9 is not considered conclusive
in evaluating the method of caleulation for bodies
with nearly constant cross sections where the

theory is most applicable.  Experimental data
for such configurations are needed. In addition,
an evaliation of the effeets of the bound vortex on
downwash, possibly by the method suggested in
reference 27, is desirable.

PLAIN-WING CONFIGURATIONS WITH FLOW SEPARATION

The flow behind wings with separated flow
differs significantly from the flow behind wings
with unseparated flow. Although some charac-
teristics of the low are the same behind various
stalled wings, differences in the flows do exist and
are derionstrated by discussing the flow charac-
teristies for several wings which differ consider-
ably in plan form. In this discussion considerable
emphasis 1s placed on the variation of the maxi-
mum downwash angle with angle of attack behind
the inboard wing sections and the vertical position
of the maximum downwash angle. These parame-
ters are useful and convenient in deseribing the
state of the flow and are of great importanee in
determining the downwash variation obtained at
the tail.

Sweptback-wing configurations.—Wing flow
characteristics for several stalled sweptback-wing
configu -ations are indicated by span loading and
tail-off nitching-moment curves in figure 10. The
variaticns of the maximum downwash angle with
angle o attack for a station within the span of a
tail arc also shown. The maximum downwash
angle 15 used here as a convenient method of
indicating changes in the flow field.  Detailed flow
characteristies behind the wings are shown by
vector plots and dyvnamic-pressure contours in
figures 11 to 13. The variations of downwash
with vortical distance from the wing trailing edge
are given in figure 14.

As a result of the inward progression of separa-
tion which begins at the wing tips, the spanwise
locatiors of the large changes in loading (fig. 10)
and, coisequently, the locations of the regions of
large vorticity in the wake move inward with in-
creasing; angle of attack.  In addition, the eircula-
tion about the wing inereases with angle of attack
at a groater rate after separation oceurs, as indi-
cated Py the inereased lift-curve slope of sections
near the center of the wing in references 28 to 30
for low-aspect-ratio wings and in references 31 and
32 for high-aspect-ratio wings, Beeause of these
two eflects, the maximum downwash angle in-
creases with angle of attack at a greater rate after
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Fravre 9.-—Comparison of experimental and caleulated downwash characteristies behind a 50-2.9 .63 win -body
& \
combination.

separation occeurs.  The value of depg./da does not
increase significantly, however, until the regions
of large vorticity have moved some distanee in-
board of the tips, as indicated by the load distribu-
tion in figure 10(a) and by the pitching-moment
curves in figures 10(b) and 10(¢).

The detailed flow characteristics behind a 60°
delta (52.4-2.3-0) wing obtained from reference 33
are shown i figure 11. The flow behind other
wings of the same plan form is described in refer-
ence 34, A separation-vortex characteristic of
swepthack wings with small nose radii forms along
the leading edge and trails off the wing inboard of
the wing tip.  This vortex is identified by a region
of large flow angles, rapid changes in flow angles,
and reduced dynamie pressure.  The vortex leaves
the wing above the trailing edge and is inelined
shghtly downward with respect to a horizontal
plane.  With inercasing angle of attack (see figs.
11(a) and 11(by), the vortex moves inward and
enlarges, and the center appears to move slightly
upward relative to the wing trailing edge. Most

of the vorticity shed from the wing appears to be
concentrated in this separation vortex even during
the carly stages of development.  Note data for
a=11.0° in figure 11(a) where a distinet viscous
wake exists behind the inboard stations but no
abrupt change in sidewash occurs after these sta-
tions.  The span loading for this configuration
(fig. 10(a)) also indicates that little vorticity would
be shed behind the inboard sections.  There is
probably a small range of angle of attack during
which vorticity is contained in both the separation
This

result was obtained for wings with nose radii larger

vortices and the continuous vortex sheet.

than that of the present wing in reference 33.
The positions of the separation vortices appear to
be slightly outboard of the positions of a fully
rolled-up pair of vortices as caleulated from ex-
The

maximum downwash at a spanwise station of

perimental load distributions of reference 29.

0.276/2 is obtained along a line conneeting the
vortex centers as shown in figure 14(a).
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The existence of regions of reduced dynamie
pressure and the diffusion of these regions with
imereasing downstream distance (see figs. 11(h),
11(¢), and 11{d)) indicate the existence of an in-
flow similar to that described in reference 2 for
two-dimensional wakes. For the conditions in
figure 11, however, the inflow phenomenon is es-
sentially three-dimensional.  The distribution of
downwash due to inflow in an rz plane passing
through the region of low dynamic pressure will
be similar to that obtained for two-dimensional
wakes; morcover, a contribution to the downwash
is obtained in rz planes outside the regions of low
dynamie pressure becanse of the downwash com-
ponents of the inflow. The contribution of the
inflow to the downwash has not heen evaluated;
however, it can be said that its magnitude will
diminish with inereasing downstream distance.

By using the experimental load distribution of
reference 29, the downwash behind the 60° delta
(52.4-2.3-0) wing was calculated on the assump-
tion that the vorticity was concentrated in a single
swept horseshoe vortex.  The calculated variations
of e, with angle of attack and variations of down-
wash with vertieal distance are compared with the
experimental variations in figure 15. As shown
in figure 15(a) the caleculated values of en., and
demerida at high angles of attack are lower than
the experimental values.  The agreement between
experimental and calculated results is fairly good
if the displacement of the experimental downwash
curve as indicated by the extrapolated value of
emar 81 a=0 is taken into account. The experi-
mental and calculated variations of downwash with
vertical distance differ by a constant amount at
2y/6=0 but by varving amounts at 2y/b=0.3.
(See fig. 15(h).)

The vortex system behind the 45-3.5-.50 wing
of figure 10(b) appears to be less concentrated
than that for the 60° delta (52.4-2.3-0) wing just
desceribed even though the flows over the wings
are basically similar.  As shown in reference 20,
the flow behind the 45-3.5-.50 wing appears as a
vortex sheet in the early stages of separation but a
large part of the vorticity is located within the
outer one-third of the semispan.  With increasing
angle of attack, the vorticity becomes more con-
centrated.  The flow angles at the higher angles
of attack are more irregular than those obtained
behind the 60° delta wing (compare figs. 11 and
12), and there are two distinet regions of low

dynamic pressure behind the 45-3.5-50 wing.
For this wing a tip vortex and a separation vortex
are both present. A plot (fig. 16) of the integral
of the circulation in the wake as a function of
spanwise distance indicates that the tip vortex is
relatively weak. The calculated position of a
completely rolled-up vortex is outboard of the
position of the separation vortex as shown in
figure 12. The flow behind the 45-3.5-.50 wing
and the 50-2.9-.63 wing of reference 24 demon-
strates very well the general effeet of tip stalling
on the position of the maximum downwash angle.
As shown in figures 14(b) and 14(¢), the position
of the maximum downwash angle tends to move
downward with angle of attack in accord with the
wake-center movement  until the wing stalls
(@=16.3° for the 50-2.9-63 wing). As the wing
stalls, the position of e, moves upward but this
change occurs before  deper/da increases. The
maximum downwash angle is generally obtained
along a line connecting the separation-vortex cen-
ters at the higher angles of attack as in the case
of the 60° delta wing.

Values of €, caleulated for the 45-3.5-.50
wing by assuming a single swept horseshoe
vortex whose strength and span were determined
from the experimental span loading are consider-
ably lower than the experimental values. Note
that the caleulated spans of the vortex were
larger than the measured spans of the separation
vortex in which most of the vorticity is concen-
trated.  Downwash  which  was  caleulated  in
reference 20 by use of the vorticity distribution
mdicated by the experimental load distribution
also indicates rather poor agreement with experi-
mental results in regard to both e,,, (Ag. 17) and
the downwash angles outside the region of e,
For the type of flow observed on the 45-3.5-.50
wing, the disagreement between results of experi-
ment and caleulations based on the two extreme
methods of vortex representation is not surprising.

For wings without the separation vortex on
the surface, the change in load distribution due
to tip stalling will still cause strong vortices
behind the wing inboard of the tip as shown by
data for a 45° delta wing in figure 8 of reference
35. These vortices appear to be less distinet
and the flow is less steady than in the ease for
8 wing with separation vortices. The origin of
these vortices appears to be above the trailing
edge just as for the separation vortices.
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Ficrre 15 —Comparison of experimental and caleulated downwash behind a 52.4- 2.3 0 wing having cireular-are

airfoil sections,

The flow behind a  sweptback-wing - body
combination of high aspect ratio without the
separation-vortex flow is illustrated in figure 13

for a condition of high angle of attack. These
data were obtained from reference 36. A well-

defined vortex sheet is indicated behind the in-
board part of the wing even though the flow
over the outboard part of the wing is separated
as shown in figure 10(c). This result is in con-
trast to the results for the two wings discussed

2r,/b=1 K2,

previously where vorticity behind the inboard
wing se tions was not discernible, and it is attrib-
uted tc the large aspeet ratio of the wing of
figure 3. The position of €., as shown in
figure 14(d) moves downward with angle of
attack approximately in accordance with the
wake movement even after the wing stalls;
however, the position of €,,, moves only a small
amount below the trailing edge.

The offects of a body on the flow behind a
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-Concluded,

wing at high angles of attack are not well under-
stood.  Some of the effects for low angles of
attack discussed previously would be expeeted
to apply, at least qualitatively, to the high-
angle-of-attack case.  However, the displacement
of the vortex sheet, or vortices, from the fuselage
may be large and the effeets of the body on the
motion of the vortex system may be of importance.
Viscous cffects would also be expected to be more
important at high angles of attack. No experi-
mental studies have been made 1o determine
directly the effects of a body on the flow at low
speeds, but results of tests at supersonic speeds
reported in rveference 21 of wings with separation
vortices may be indieative of the body effects at
low speeds. These results showed that  the
effect of the body on the motion of the wing
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Fiavre 17.—Comparison of experimental and ealculated downwash behind a 45-3.5-.50 wing having 10-percent-

thick cireular-are airfoil sections.

vortices was dependent on body size and indi-
cated the presence of two pairs of vortices origi-
nating near the nose and near the rear of the
body. A simplified theoretical analysis of the
effects of a body on the motions of wing vortices
is presented in reference 37.

Unswept-wing configurations of low aspect
ratio.—For unswept wings the initial stall may
occur anywhere along the span, depending on
the taper ratio. Consequently, the flow in the
vicinity of the tail may vary considerably for
wings of various taper ratios. For highly tapered
wings, stalling will begin at the tip and the
general flow phenomena would be similar to
that described for sweptback wings.  For wings
with small taper, separation begins near the root
and the flow would be expected to be much
different from that behind sweptback  wings.
The general characteristies of the flow behind a
wing of small taper is deseribed in this section.

The flow behind a 3.4-4.0-.63 wing 1s similar
to that described in reference 2 for a stalled
unswept wing.  As demonstrated in figure 18,
the predominant feature of the flow is a wide

wake having  considerable losses in dynamie
pressure.  The inflow into this wake determines

to a great extent the vertical-downwash varia-
tion for positions close to the wing. The large
reduction of the wake-induced downwash  re-
sulting from increased longitudinal distance as

2xo/b= 1.13; reference 20.

shown i figure 18 is in accord with the caleu-
lated trends of reference 3. The downwash at
the center of the wake behind the wing-root
section is lower than it would have been if the
wing had not stalled. The maximum values of
downwush shown in figure 19 for a station about
2 chorc lengths behind the trailing edge show
the san e trend.

Body cffects on the downwash are significant.
The downwash above the body is increased con-
siderably (see fig. 20), and the variation of max-
imum downwash with angle of attack is greater
than that for the wing aloue, as shown in figure
19. The angle of attack for increased values of
defde ahove the body appears to be associated
with th> onset of a deep boundary layer on the
fuselage .

SWEPTB! CK-WING CONFIGURATIONS WITH STALL CONTROL

Stall-ontrol devices have very little effect on
the winz span loading due to changes in angle of
attack oefore the wing stalls and, consequently,
can be xpected to have little effect on the varia-
tion of downwash with angle of attack in this
range.

Stall-rontrol devices can have a considerable
effect ¢n the span-load distribution when the
wing is stalled but the effeet on the wing loading
and flow characteristics behind the wing  will
depend on the type and arrangement of the flow-
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Frcure 18 —Downwash and dynamie-pressure ratio at two longitudinal stations behind a stalled 3.4 4.0-.63

wing having 6-percent-thick hexagonal airfoil sections.

data from Langley 19-foot pressure tunnel,

control measure employed.  There is very little
information from which the influence of stall
deviees on the overall flow characteristies behind
a wing can be determined directly; therefore, the
following discussion of the effects of various
means of stall control on the flow characteristies

2y/b=0; a=16.9°; R=1.3X108; unpublixhed

is based to a large extent on the influence of
stall-control devices on the separation and loading
characteristics of the wing.

The effect of leading-edge flaps, or slats, on the
stalling behavior and span loading of the wing
depends primarily on the location of the inboard
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19-foot pressure tunnel,

end of the device and on the wing plan form,
For small to intermediate (<Z0.65/2),
leading-edge flaps maintain the loading over the
outer part of the wing and, for a given angle of
attack, cause separation and the large dropoff
of span loading to oceur closer to the plane of

spans

sviunetry than would oceur for the plain wing.
These results are illusteated m figure 21 for the
45-8.0-.45 wing of reference 38, The effeets of
lending-edge flaps on  the flow  characteristies
behind a 45-5.1-38 wing-body combination {ref.
39) are shown in figures 22 and 23, The region
of high vorticity in the wake (for this wing, the
separation vortices) are located farther inboard for
the wing with leading-edge flaps than that for the
plain wing because of the more inboard location
of the large change m spanwise loading.  Note
the mwore inward location of the regions of large
spanwise downwash gradients and low dynamie
pressure in figure 220 In this figure it may also
be seen that the merease in maximum downwash
as the region of high vortictty is approached iz
much less with the leading-edge flap on the wing.
The data of figure 23 show that the variation of
maximum downwash with angle of attack behind

the inboard survey station 0.165/2 18 practically
unaffected by leading-edge flaps, whereas e, 1%
reduced at an earlier angle of attack behind the
outhoard station 0.32b/2. The effects of leading-
edge flaps on downwash diminish with increasing
vertical distanee from the point of maximum
downwash.  This result could have been antici-
pated bocause irregularities in span loading have
a smallcr effect on downwash as the distance from
the posi ion of waximum downwash is inereased.

If the span of the flap or slat 1s long enough, the
discontiwity at the end of the flap may cause
In this
case th: flow phenomena should be similar

the seperation 1o spread mostly inboard.

many respects to those deseribed in the previous
section or an unswept wing having separated flow
near the root, The flow angles would be smaller
but  the

greater ‘or the configuration with the stall-control

losses in dynamic pressure would be

device than for the plaim sweptback-wing config-
uration. If full-span devices are emploved, a delay
in the changes in flow at the tail is experienced
but the ‘low changes due to separation are basically
similar o these for wings without flaps.
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Fraure 20.—Downwash and dynamie-pressure ratio profiles behind a stalled 3.4 -4.0-.63 wing and wing-
body combination.

Wing has 6-percent-thick hexagonal airfoil sections; e=16.9°; 2zr,/b=1.63;
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Fraere 21 Effeet of leading-edge flaps on the experi-

mental load distribution of a stalled 45-8.0- 45 wing.

The  wing had NACA 63,A012  airfoil  sections.

a=120.8°; R=4.0>10% reference 38.

The description of the air flow over wings with
partial-span leading-edge chord-extensions in ref-
erence 7 indicates that the loading over such
configurations is similar to that for wings with
leading-edge flaps, exeept that the loading over
the outboard seetions may not be maintained to
as high an angle of attack. Therefore, the effects
of chord-extensions on the flow at the tail are
similar to those of leading-edge Haps.

Although the aecrodynamic action of fences is
somewhat different, effecets on the load distribution
are similar to those of leading-cdge flaps in that
fences delay the loss of 1ift outboard of the fence
and cause earlier separation or loss of lift inboard
of the fence. (See ref. 38.)  All three of the
stall-control devices discussed so far have mueh
the same effect on the wing loading and, probably,
on the flow behind the wing.

As shown in reference 32, combined camber and
twist delayed appreciably the load changes on a
45-8.0-.45 wing but had no appreciable effect on
the spanwise location of the initial separation.

With regard to the flow at the tail, incorporation

of camber and twist causes a delay in the flow

changes and possibly a change in the severity of

the flow changes.

SWEPTBACK-WING CONFIGURATIONS WITH TRAILING-EDGE
FLAPS

Flow behind wings and wing-body combinations
with partial-span flaps at a low angle of attack. —
The downwash and dynamic-pressure characteris-
tics behind a 40-4.0-.63 wing (ref. 14) and wing-
body combination (ref. 40) with partial-span split
flaps, respectively, are presented in figures 24 and
25 for a low angle of attack. Sinee the angle
of attack is small, the absolute values of downwash
presented in figure 24 may be considered as closelv
representing the effeet of defleeting the flaps. The
maximum downwash behind the wing is obtained
above the wake center line beeause of the wake-
induced downwash (ref. 2) and the effects of the
distortion of the vortex sheet. The influence of
the body on the detailed air-flow characteristics is
particularly significant near the wing-body june-
ture. The body reduces the downwash at spanwise
stations near the wing-body juncture, inereases the
downwash at outboard stations, and displaces
the wake near the body upward (fig. 24).  These
results may be explained by the presence of a
strong vortex which originates near the wing-body
juncture and has a direction of rotation opposite
to that of the tip vortex.

No attempt has been made to ealeulate the
downwash due to defleeting flaps because of the
large body effeets present for the practical wing-
body ease.  Caleulations were made, however, to
determine the dynamic pressure and wake dimen-
sions behind the wing on the assumption of a
two-dimensional wake as in reference 1 in order
to demonstrate the three-dimensional character of
the flow. As shown in figure 26, agreement
between dynamic-pressure characteristies deter-
mined from experiment and by ealeulation is poor.
The wake intensity was lower end the width was
much less at the inboard station than that cal-
culated.  The differences in the results are to some
extent attributed to the rolling-up of the trailing
vortex sheet but are primarily attributed to the
outward flow in the wake which occurs on and
near the wing because of the large spanwise
pressure gradient behind the flap.

Surveys of the flow behind sweptback wings and
wing-body combinations at various angles of
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combination at e -=23.1°.

K- 6.0X10%; reference 39,

altack with trailing-edge flaps are presented in
references 13, 14, 20, 24, 33, 36, 39, 40, and 41.
Effect of angle of attack on flow behind wing-
body combinations with trailing-edge flaps.—The
changes in the detailed flow characteristies behind
wing-body combinations with trailing-edge flaps
as the angle of attack is inereased through the
stall are complex, and the changes are dependent
to some extent on the tralling-edge flap and
stall-control arrangement employved.  For  the
present diseussion, the flow behind  wing-body
combinations emploving partial-span leading-edge
and trailing-edge flaps will be deseribed inasmuch
as this combination is the most important case.
Flow separation and the loss in hft on various
sections of a flapped wing oceur at an earlier
angle of attack than on an unflapped wing, and
at some high angles of attack the loading on the
two wing configurations is similar, as shown in
reference 38, The downwash of the flapped wing
will then tend to approach that of the unflapped
wing at a high angle of attack. The effects of
trailing-edge flaps on downwash and wake char-
acteristies below this angle of attack are illus-

The wing has NACA 64 ‘.21():uirf()il sect ons normal to the 0.286 chord line.  2u,/b

0.88;

trated in figure 27 for the 45-5.1-.38 wing-body
combination of reference 39.  The region of large
downwash which is obtained behind the wing
flaps a- the lowest angle of attack in figure 27(a)
is masled by flow changes due to separation as the
angle of attack of the wing is increased; thus, at
a~19° the downwash qistributions behind  the
flappec and unflapped wings are similar.  The
upwarl movement of the region of maximum
downwash is, of course, much greater for the
flapped wing than for the unflapped wing since
the position of maximum downwash is lower with
flaps ¢n at low angles of attack but approaches
the position for the unflapped wing at the higher
angles of attack. It may be seen in figure 27(a)
that the vertical downwash gradients are larger
behine the configuration with trailing-edge flaps
at the lower angles of attack.  Although the
variat ons of the maximum downwash with angle
of attack for individual spanwise stations are
irregular, the variations of maximum downwash
obtainad by spanwise integration across a typical
tail span indicate an inerease in the value of
depuz/ta when the wing stalls.
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for a 45-5.1--.38 wing-body combination.
chord line.  2r,/6=0.88; R=0(.0X10%; reference 39.

ANALYSIS OF STABILITY CONTRIBUTION OF
HORIZONTAL TAIL

In this analysis of the stability contribution
of the tail, certain aspects of the lift developed
by a tail surface when placed in the flow field
behind a wing-body combination will be discussed
first. Next, the effective downwash obtained at
the tail as it moves down with angle of attack
through the downwash field will be analyzed in
terms of the tail location relative to the chord
plane and in terms of the tail geometry. Then,
the effects of wing plan form, airfoil seetion, stall-
control devices, trailing-edge flaps, proximity of
ground, Reynolds number, and Mach number on
the effective downwash characteristies and  tail
contribution 7 are demonstrated.  For the plain

360 —-6
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2y/b=0.32
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Effeet of leading-edge flaps on the variation of €,,,. with angle of attack at two spanwise survey stations
The wing had NACA 64-210 airfoil scetions normal to the 0.286

sweptback-wing configurations, a number of im-
portant factors affecting the tail contribution
are correlated and consideration s given (o
methods for estimating the tail contribution.

TAIL LIFT CHARACTERISTICS

The stability contribution of the horizontal
tail is determined by the lift on the tail surface
and the fuselage which results from placing the
tail in the flow field of the wing-body combination.
For tails mounted away from the fuselage, ac-
curate values of the lift may be obtained by using
average values of local tail angle of attack and
dynamie pressure, which have been weighted
according to the additional lift distribution of
the tail.  Satisfactory agreement with foree-test
results have been obtained in some eases by
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Fiarre 24 —Downwash at two spanwise stations behind a 40-4.0-.63 ving with and without a body.

0.56/2 truiling-

edge split flaps defleeted 60°; 0.5750/2 leading-edge flaps; 2e/b=1.00; «a=3.6°; R=06.8X 108

weighting according to the chord distribution
(see refs, 13, 24, and 39.) A proven method for
caleulating the lift of tail surfaces mounted on
the body has not been developed.  An approxi-
mate method for caleulating the lift of a lifting
surface and body combination has been suggested
m reference 42, This method 1s extended to ac-
count for the main wing downwash inasmuch as
it may prove useful in estimating the lift of a tail
in the presence of a body and a wing and in
developing more adequate estimation procedures.
The Lift of a surface and an infinite body at the
same angle of attack o is given in reference 42 as

L=F.., (1 J{’f;) (7)

N

where

J —eedy

Surface @
B

J e dy
Surface

L et Loty _

jl.vurface

F=

where 1., 1s the 1ift at an angle of attack a ob-
tained by joining exposced wing panels, L, e,
the lift at an angle of attack « obtained on surface
in prescnce of bodv, Ly, the lift at an angle
of atta'k « obtained on body in presence of
surface, and e, the average body downwash
across the exposed tail span. Tt may be noted
that the parameter F'is not sensitive to the shape
of the oad distribution and may be caleulated
by usinz any reasonable load distribution.  Ac-
cording to reference 42, the ratio L/L,,, is rela-
tively insensitive to the aspect ratio of the lifting
surface.  To the same degree of approximation,
1t woulil appear that cquation (7) can be gener-
alized G include the effect of the wing downwash
as follows:

L= ‘FLerz) (1 _(l? ):FLezp (1 _@'—'d—é]ﬂ) (S,J

da, da  da

where €, is the average downwash across exposed
tail spa 1 due to wing and image vortices.
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Fraure 25.—Contours of dynamie-pressure ratio g,/g behind a flapped 40-4.0 .63 wing with and
without a body. 0.5b/2 trailing-cdge split flaps deflected 60°; (.5758/2 leading-cdge flaps;
2r,/h=1.02; «=3.6°; R=6.8X 105
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Fravre 27.—Effects of trailing-edge flaps deflected 50° on the downwash and wake charaeteristics
of a 45.1-5.1-.38 wing-body combination with 0.475b/2 leading-cdge flaps. The wing had
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In the analysis of foree-test data the isolated tail
has been considered the basie lifting surface, and,
for constant fuselage angle of attack, the ratio of
the lift-curve slope of the tail and fuselage to that
of the isolated tail is defined as 5. In practice the
isolation of the parameter 5 is uncertain so that it

is best to use the parameter n(@) as an indication
q/e

of the lift characteristics of the tail.  Experimental

data on 17((1‘—) are presented in figure 28 for
/e

tail surfaces mounted on the body. The isolated
tail lift-curve slopes used in forming the ratios
plotted in figure 28 were obtained by calculation
in some cases and from experimental data in
others.  The available results indicate a fairly reg-
ular reduction of n<g?> with increase in body size.
q/e
The variation is due mainly to the variation of .
Although n(q—’) depends to some extent on the tail
G e
height and body shape, sufficient data are not
available to ascertain the effects of these para-
meters.  For tail surfaces mounted immediately

adjacent to the body, values of n(ﬂ> ~0.94 have
q/e

been measured in investigations reported in refer-
ences 13, 24, and 43.

In the preceding discussions the lift curve of the
tail was assumed to be linear; however, particular
attention should be paid to nonlinearities in the
tail lift curve when using surfaces incorporating
high sweep angles, low aspect ratios, and thin air-
foils.  Another factor of concern is the variation
of the flow angle across the span of the tail as
shown in figures 11 to 13 and 27(a). This variation
may  be sufficient to alter the stalling charac-
teristics of the tail so that average values of tail
angle of attack may not be indicative of the lift
produced by the tail.

BASIC RESULTS FOR SWEPTBACK-WING CONFIGURATIONS

The horizontal-tail contribution to stability is
not constant over the angle-of-attack range princi-
pally beeause the downwash angle at the tail vartes
nonuniformly with angle of attack. The latter
result is due to the relative movement between the
tail and the position of maximum downwash and
to a nonuntform change in the general level of
downwash with angle of attack.

A demonstration of how these factors affect the
downwash variations at the tail is presented in

figure 29 for a condition where the movement of
the tail relative to the position of maximum down-
wash is large. The curves were calculated for a
wing-tail syvstem where the vortex svstem was
represented by a pair of infinite vortices whose
spacing and position relative to the tail were ap-
proximated from the results of reference 33. Cal-
culations were made for the case where the vortex
spacing was constant (fig. 29(a)) and for the case
where the vortices moved inward with inereasing
angle of attack (fig. 29(b)). It can be seen that
the movement of the tail through the downwash
field introduces significant nonlinearities in the
variation of the downwash at the tail even though
the maximum downwash varies linearly with angle
of attack. The inward movement of the vortices
with inercasing angle of attack accentuates the
nonlinearities in downwash obtained at the tail
but does not alter the trends shown for a constant
vortex spacing.  The downwash velocity for a
constant value of » and y is

r=f(T, b, z7) 9)

where 8 is the vortex spacing and =7 is the vertical
distance between the tail and a line connecting
the vortex centers.  Then,

dr_of dI' | of //b’_l_ of dz’
da” dD da ' b da ' 3z da

(10)

The first two terms on the right-hand side are
positive and increase . magnitude as ' ap-
proaches zero. The third term reaches a maximum
positive value when the tail is above the line con-
necting the vortex centers (position of maximum
downwash). This relation means that, as the tail
moves downward with angle of attack, de/da in-
creases with angle of attack until the tail reaches
a finite position above the point of maximum
downwash (z'=0) and that de/da decreases with
angle of attack when the tail is below this position.

Examples of effective downwash variations obh-
tained behind real wing-body combinations re-
ported in references 24, 36, and 44 are presented
in figure 30. Corresponding data on defda and
n((l-‘) arc presented in figure 31, The basic flow

q e
characteristics for configurations similar to these
have been deseribed previously.  The data in
figures 30 and 31 show that the downwash does
not vary continuously in a nontinear manner from
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Tail plan form Afterbody Distance from Distance from Reference
shape body center line wing chord plane
o 0-4.4-46 Closed 0 0 51
a 0-4.0-.33 Blunt 0 @] 63
© 0-4.0-.33 Blunt 0 -0.10b6/2 63
& 45-3.0-.54 Closed 0 0] 71
v 45-3.0-.46 Blunt -0.0866/2 -0.12b/72 Unpublished
1.0 ! r - -
sy
8 T
B \ " 1
)
\\ ]
. N )
L - Ng |

o . 2

d1/by
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Frauvae 28 —Summary of values of g (J> obtained wit'y tail surfaces mounted on bhodies.
q/e

an angle of attack of 0° as for the configuration in
ficure 29; it varies linearly for part of the angle-of-
attack range and then varies nonlinearly in a man-
ner similar to that of the configuration i figure
29. For the configurations in figure 30 and for
most other configurations discussed in this report,
any nonlinear effects on downwash due to the
movement of the tail with respect to the vortex
sheet or due to the rolling up of the vortex sheet
before separation occeurs are small; thus, the value
of delda obtained at a=0° is essentially un-
changed until separation oceurs.  The nonlinear
varintions of downwash at the tail with angle of
attack shown in figure 30 are obtained because,
after separation occurs, the maximum value of
downwash increases at a substantially greater rate
as shown 1 figure 10 and the relative movement
between the tail and the point of maximum down-
wash is large as indicated by the movement of the

wing chord line in figure 14, The relative impor-
tance of these factors in contributing to the non-
linear downwash variations may change, however,
for differ ent configurations. The dynamic pressure
at the tuil for the configurations of figure 31 does
not vary significantly with angle of attack except
4
at high angles of attack, so that - 7 will not have
' do
any app eciable effeet on the tail contribution as
expresse 1 by 7 in equation (4) over most of the
angle-ol-attack range.

In th following discussion which deals with
experimental results on tail location and tail geom-
etry, the primary emphasis will be on the down-
wash in the range of lift coclficients where the
flow over the wing is separated.  The points con-
cerning the downwash variations which are dis-
cussed are the direction of the changes of de/da,
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(a) Vortices at constant spunwise station.
{b) Vortices moving inward with inereasing angles of
attack.
Fraure 29, —Cualeulated downwash at tail due to a pair
of vortices.

the angles of attack where these changes oceur, and
the magnitude of de,/de.

Tail location.—As can be readily seen in figures
29 to 31, the downwash variations for angles of
attack beyond the linear part of the downwash
curves are affected considerably by the vertical
location of the tail.  The initial changes in the
downwash variations are destabilizing for the high
tail positions and stabilizing for the low tail posi-
tions.  As shown in figure 31, the initial changes
in de /da tend to oceur for the various tail positions
at about the same angle of attack. This angle of
attack corresponds closely to the initial wing stall
angle which, for the low-aspect-ratio wings, is the
angle of attack where the position of maximum
downwash begins to move away from the wake
center line but is lower than the angle of attack
where de,,  fdo begins to increase.  For all tail
positions the magnitude of defda decreases at
some angle of attack. The angle of attack for

decreasing  de,/da increases with increasing tail
height k. Factors contributing to the deerease in
de.fda other than the movement of the tail through
the downwash field as described for the simple
vortex system in figure 29 are a decrease in dTda
and a decrease of the average downwash over the
tail span when the vortex cores or wakes encom-
pass the tail.

From the data in figures 30 and 31 it may be
inferred that there is a tail position near the chord
plane which defines a boundary below which there
are no destabilizing changes of de./da. Data on
six configurations which relate this boundary to
the wake location are given in table TIL.  These
data show that the maximum tail height for which
there are no significant destabilizing changes in
de/da 15 defined very well by the distance of the
wake center from the wing chord plane at the angle
of attack ey where de,q./da increases.  This angle
of attack is somewhat greater than the initial
stalling angle of the wing.  Tn terms of a significant
wing characteristic, the maximum tail height for
no destabilizing change in de./da is defined approxi-
mately by the wake-center location at the angle of
attack o where unstable changes in the tail-off
pitching-moment curve are obtained. It should
be noted that the aforementioned results were ob-
tained for configurations where the movement
between the tail and the wake center had no sig-
nificant effect on de/da until stalling on the wing
had occurred. The maximum tail heights for no
destabilizing change of de/da are plotted against
the distance from the trailing edge in figure 32
and compared with a mean boundary proposed in
reference 45, Because of the nearly linear relation
between the wake displacement and longitudinal
distance from the trailing edge, straight lines that
are drawn through the origin and any individual
point will define a boundary applicable to a range
of tail lengths.

The maximum value of defdo at the tail is
important inasmuch as it is indicative of the least.
contribution to stability that the tail will provide.
An illustration of the effect of tail height on the
maximum value of de/da is shown in figure 33.
The low angle-of-attack values of de /da are also
shown. Above the boundary for no destabilizing
change in defda the maximum value of de, /da
increases with inereasing tail height to a peak
value and then deereases.  As shown in figures
29 to 31 maximum values of de /ida are oblained
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44, 24,
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at progressively higher angles of attack with in-
creasing tail height; the angle-of-attack range
where de/da is larger than the low angle-of-attack
value of defde is greater as the tail height is
increased. The deerease in maximum de/de
noted in figure 33 may be explained as follows,
In the discussion of the downwash results for a
simple vortex system it was shown that the
maximum value of defda for the middle point on
the tail is obtained when the tail 1s passing
through a point located somewhat above the
region of maximum downwash.  Now, if the tail
is above this point until deq/da decreases, the
resulting value of defda at the tail would be lower
than that obtained with the tail at a lower posi-
tion. For complete tails located behind actual
wings, the effective value of deya/da is deereased
at a high angle of attack by a reduction in d1'/da
and a decrease of the average downwash over the
tail span when the tail is immersed in the vortex

w108 a tor C =26.6°; reference
’ Lmar !

Y108 a for ('), =27°: reference
- max

36.

Effective downwash for three sweptbask wingbody combinations,

cores or wake. Inasmuch as these factors are
influenccd by the inward progression of separa-
tion on the wing, the tail height at which the peak
value of de/da is obtained appears to be related
in some way to the angle of attack for €

YLm(lI.

The eileets of changes in tail length on the down-
wash ¢l aracteristics behind a 52.4-2.3-0 wing-
body ccmbination reported in reference 44 are
shown 11 figure 34. The magnitudes and varia-
tions ol downwash are not affected much by
change in tail length for 2h/b=0.29, 0.58, and 0.87
up to about a=15° but appreciable changes are
obtainec at higher angles of attack. The maxi-
mum vt lue of dejda and the ensuing decrease in
de.fda are reached at a lower angle of attack as
the tail length is increased. This result can be
visualizcd from a consideration of the movement
of the tails through the downwash fiekd behind
the wing., The values of maximum de/da de-
crease vwith inerease in tail length for a given tail
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Fravee 31.—Values of g (gl) and deda for three sweptback wing-body combinations.
q/.

TABLE 11I. DATA ON MAXNIMUM TAIL HEIGHT FOR NO DESTABILIZING CHANGIE OF l;—e
[£123

Maximum ‘ Wake-center Wake-center

tail height, ay, deg location at a, deg location at
i Wing Airfoil seetion 2lh 2h a, &z s, 2z
f [ b : b

‘ (@ | b () (b
104, 0— 63 NACA 64112 _____ 1. 02 0. 10 17 0. 10 17 0. 10
153, H—. 50 Clirenlar are_._ .. . __. 1. 21 i 10 .10 9 04
45-5. 1-. 38 NACA 64-210___ . 88 .13 15 14 13 .12
50-2. 9—. 63 NACA 64~112 1.17 .15 ; 18 AR 18 ! )
50-2. 8- 63 Cirewlarare . ___| 1.23 05 | 8 .06 10 08
52 4-2. 30 NACA 6Hm—006.5___.| 1. 74 .12 12 J .10 I B
I T N R
e Angle of attack for inercase in emaz,
la

. 23 .
b Location measured from chord plane at {—;/:':0.20.

e Angle of attack for unstable C,, change of tail-off configuration.

height as shown in figure 35(a).  For 2h/b=—10.07,
the variations of downwash (fig. 34) are similar
although 1 may be seen that the downwash
variation is more stabilizing for the most rearward
tail position. For tail positions close to the
boundary previously discussed, the type of down-
wash variation would be changed by a change in
tail length.

It has been observed that the maximum values

of de./da for the 52.4-2.3-0 wing-bodyv combina-
tion may be correlated approximately if the tail
location is given in terms of a tangent of an angle.
The results of this correlation (where the angle
Is measured from the chord plane with the 3/4¢’
point as the origin) are shown in figure 35(h).
The correlation obtained on the basis of equal
tail-location angles has some theoretical justifiea-
tion. Results of caleulations of def/da where the
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wing Airfoil section Reference
o 40-4.0- .63 NACA 64, -112 {normal to 0.273 chord line ) 53
0 40-3.5-.50 Circular orc 20
©45-5.1 - .38 NACA 64-210 (normal to 0.286 chord line) 39
a 50-29-.63 NACA 64 -112 (normal to 0.282 chord line) 24
v 50-2.8- .63 Circulor ar¢ (normal to lire of maximum 13
thickness)
> 524-2.3-0 NACA 65 (006) ~-0C6.5 44
4 —
Reference 45
2h
a
&
o:/p/
p 10° %
1 L l | N I I L |
0 2 4 6 8 1.0
Distance from trailing edge of wing mean cerodynomic chord, 2xy./b
Ficrre 32.—Maximum tail heights for no destabilizing change in de/de,
. Vaive of low a equal tail-location angles.
_ Tail-surface geometry.—When the possible
i - Moximum value fects . . .
effeets of the span and plan form of the tail on
r\ de,/da tre considered, the spanwise variations of
| de/do mwust be studied.  In general, the down-
1 wash i1 the region of the tail tip changes more
{ over th angle-of-attack range than does the flow
2h \\ at the root. Within the o range where the wing
b \ flow is unseparated, an exeeption to this result
\ occurs ‘n that relatively large values of defda are
. - Boundary for no destabilizing obtaine | in regions immediately above and below
_ < d v fuse v as s mn i i o € The talle
chonge in e the fusclage as s}m\\n in h‘gm( .).' lll(. fl(taul((l
da flow characteristics at various tail positions for
separat «d flow on the wing are illustrated in figure
- 36 by contours of defda. The values of de/da

ey
da

Fiaure 33.—lllustration showing the variation of
de,/da with tail loeation,

flow, was represented by a horseshoe vortex show
the same trend as in figure 35(h) when the tail
length was measured from the origin of the trail-
ing vortices. The generality of the observed
result is not known, but the degree of correlation
obtained would depend on the choice of the origin,
For the configuration in figure 35 satisfactory
correlation is not obtained for tail lengths less
than 1.44b6/2. The maximum values of de /da are
obtained in the same angle-of-attack range for

tend to nerease with inereases in spanwise distance
for higlh tail positions until the region of vorticity
is reach s then the defda value will decrease.  As
the angle of attack is increased from a low value,
the flov at the tip of the tail is affected first, and
for the higher tail positions de/da decreases first
at the tip scctions.

Tail Hlan forms can be altered to make impor-
tant changes in the effective angle of attack of
the tai in the direction indicated previously;
however, the magnitude of the possible changes
lias not been determined direetly by experiment.
Survey data of references 13, 24, 34, 36, and 39
may be used to obtain an estimate of this effect
for wing-body combinations.
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Fravre 35.—Effeet of tail length on the maximun value of de./da for a 52.8 2.3-0 wing-body combination. The wing
has modified NACA 655 -006.5 airfoil seetions. R=2.06X 10%; reference 44,
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is shown in figure 37 for a 40-3.5-.58 wing-body
combination with the root of the tail located at
2h/b=0.28.

BASIC RESULTS FOR UNSWEPT-WING CONFIGURATIONS
m : . (]l .
The variations of ¢, 3 A and 7 with angle of
" [

attack for several unswept-wing- -body combina-
tions where separation begins near the root are

shown in figure 38. The occurrence of non-
linearities in the downwash curves of figure 38(a)
5 .
&_’
-

Dihedro!, deg 2hib by /b
0.28 042

————— 22 28 .39
N 50/ L

(@)

L
O

T

Vertical distance from wing-chord plane, 2 2/b
N
'\,
&
O

_‘_/ )
3 ‘ |
; : ]
0 | 2 3 4 5 i
Lateral distance from plane of symmetry, 2 ¥/ 0 1O T

Fravre 36. - Contours of de/da behind a stalled 50 -2,9-.63
wing-body combination incorporating NACA 64; 112 i
airfoil sections normal to 0.282 chord line., a=221°; O~
2rib=1.17; R=6.0X10% a for (,  —26.6°; reference ‘
24,

e, deg

As suggested in reference 40, negative dihedral -10:
of the tail can be employed to move the tip away
from the region of high de/da into the region of low
defda and thus obtain some increase in the tail Fiure 37 Effect of tail dihedral on the stability pa-

. . m . . rametr 7 and the effective downwash of a 40-3.5 .58
contribution. The change due to dibedral will

. L. . wing-hody combination. The wing had NACA 64A010
Ob"“‘)“‘*‘l." depend on the position of the tail airfoil seetions normal to the .25 chord line. 20
relative to the downwash field. An example of =1.20; a for (g =20° R=9.0x105 unpublished

the advantage of incorporating negative dihedral data from Langley 19-foot pressure tunnel,

S
a0

a, deg
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Frerre 38.—Effective downwash ¢, g (%) » and stability p

nst e,

arameter ¢ for several unswept. wing-body combinations.

Wings have G-pereent-thick hexagonal airfoil sections.  Ra6.2% 108 to 7.6 106,

for a 5.3-2.5-.63 wing-body combination (ref. 43)
appears to be associated primarily with flow sepa-
ration on the wing as indieated by the fact that
preventing separation by the use of nose flaps
results in approximately linear curves to nearly

Tomaes See ref 46 The downwash curves for
the 5.3-2.5-.63 combination in figure 38 indicate
an nitial destabilizing trend for the two higher tail
positions and a stabilizing trend for the low tail
position.  The factors contributing to the non-
linearities in the downwash curves are:

(1) Movement of tail through the wake.,  This
effect may be stabilizing or destabilizing depending
on the location of the tail relative to the wake
center line.  (See figs. 18 and 20.)

(2) Reduction in downwash behind the wing
when the wing stalls.  (See fig, 19))

(3) A large nonlinear inerease in de/da above the
fuselage resulting from the addition of the fuselage.
The increased values of defda at the tail which
result from the addition of a body are shown in
figure 39 for a 3.4-4.0-.63 wing-body combination.
The reduction in the destabilizing influence of the
body with increasing spanwise distance empha-
sizes the importance of tail span in determining
the tail contribution.  This result was demon-
strated in reference 47 tor a model which had been
shown in reference 48 to have large increases in
de/de due to the body.

The magnitude of the loss of dynamic pressure
at the tail and the variation of dynamie pressure
with angle of attack shown in figure 38(h) are
sufficiently large to be important in affecting the
tail contribution 7.
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Frouvre 39.—Variations with angle of attack of the downwash at several spanwise stations behind a 3.4 -4.0-.63
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The effeet of inereasing tail length on the down-
wash (fig. 38(a)) behind a 5.3--2.5-.63 wing-body
combination appears to be moderate.  Inereasing
the aspeet ratio of the wing from 2.5 to 4.0 reduces
the downwash significantly.  Part of this effect
may be due to the inereased ratio of tail span to
body diameter b ,/d.

Additional data for upswept-wing  body combi-
nations without flaps are presented in reference 49
and for configurations with the leading-edge and
trailing-cdge flaps in references 43 and 46.

EFFECT OF CONFIGURATION AND TEST VARIABLES ON TAIL
CONTRIBUTION

Wing plan form and airfoil section.—In order
to demonstrate the effects of plan-form changes on
the downwash behind wings at low angles of at-
tack, calculated values of the mean downwash
over the tail span frem reference 50 are presented
in figure 40, The effeets of plan-form variables
on the downwash for a given wing lift coceflicient
are shown in figure 40(a) in terms of the parameter

7 de

57.3dCy,

wash for a given angle of attack are shown in

The effects of sweepback on the down-

figure 40(h) in terms of the parameter

€r=p
For wings of moderate to high aspect ratio at a
given lift coeflicient (fig. 407, inereasing the sweep-
back decreases the downwash as a result of the out-
ward shift of loand. This effeet becomes smaller as
the tail 1= moved away from the vortex sheet (&
being inereased). At a given angle of attack
(fig. 40(h)), inereasing the sweepback  causes
a greater reduction of downwash because of the
accompanying decrease in (7. The influence of
sweepback on the average downwash varies with
tail span beeause the spanwise downwash gradient
near the plane of symmetry (fig. 4(a)) increases
with sweepback.  Trends shown by the downwash
at the plane of symmetry therefore should not be
assumed to be indieative of the trends of the mean
downwash.,  Results of ealeulations presented in
figure 40(a) to determine effects of other wing-
plan-form variables indieate that inereasing the
aspect ratio from 4 to 6 reduces the downwash
ol de . .
parameter —3 -, shightly, whereas reducing the
57.3 d(7,
med de

taper ratio A increases the value of oo -
57.3 d(,

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION

considetably.  The trends shown by the ealeu-
lated dita are verified by unpublished experi-
mental data on a systematic series of wings.
Although data are not presented herein for wings
of small aspect ratio with unswept trailing edges,
sweepback should have a smaller effect on de/d (7,
than that shown in iigure 40 beeause of the simi-
larity of loadings on these wings.  Changes in the
wing plan form of wing-body combinations should
have effects on the downwash at low angles of
attack which are qualitutively similar to those
obtained for wings alone.  Systematic data show-
ing such effects, however, are not available.

In orcer to demonstrate the effects of wing-plan-
form variables on the downwash characteristies
and tail contribution of wing-body combinations
at both low and high angles of attack, data are
presented in figures 41 to 44 for selected con-
figuraticns which have geometrie characteristies
stmilar to cach other except for the plan-form
variable in question. A comparison of the tail
characteristies of swept- and  unswept-wing - -
body combinations from references 13 and 46 are
presented in digure 41, Despite the dissimilarity
in the stalling behavior and air-flow character-
istics for the two configurations, the tail stability
parameier 7 (fig. 41(h)) of the swept- and unswept-
wing 1ody combinations displays similar varia-
tions w th angle of attack in that the stabiliy
parameter for the high and intermediate tails
decreascs initially and the stability parameter
for the Iow tail increases initially with an incerease
in the ngle of attack. These changes in the
tail covtribution, however, occur at a higher
angle of attack and the degree of the unstable
change Hf the hgh-tail stability contmbution is
greater for the sweptback  wing. The latter
result ix due to the greater downwash of the swept-
back wiig which reaches higher Lift coefficients
than the unswept wing.  Although data are not
available to demonstrate conclusively the effect
of wing sweep on the downwash for plan forms
where tip stalling is present in all cases, a com-
parison »f data for two conilgurations of aspect
ratio 2 ‘rom references 51 and 52 in figure 42
indicates  that increasing the sweepback angle
from 37" to 56° had little effeet on the downwash
charactesisties up to the maximum angle of
attack tested.

The chserved effects of aspeet ratio (refs. 53
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(b) Constant angle of attack.

Fraure 40.

and 54) and taper ratio (refs. 55 and 56) on
dejde i the stalled range as shown in figures 43
and 44 follow the trends obtained at low angles
of attack.

The main effect of wing airfoil section on the
tall contribution arises from a change in the
angle of attack of flow separation and the attend-
ant changes in the tlow field. The characteristies

Effect of plan-form variables on the caleulated wing downwash at low angles of attack.

Reference 50.

of two 50° swepthack-wing configurations differing
in nose radii (refs. 24 and 13) are compared in
figure 45. The downwash changes at the tail
were delayed until higher angles of attack were
reached by inereasing the nose radii but the
maximum values of defida for intermediate and
high tail positions were inereased.  The reason
for the latter effect is obvious since the total lift
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Effect of variation of wing sweep from 5° to 50° on €. g <E> » and 7 of wing-body combinations with the
.

horizontal tails at several vertiesl positions.

and, probably, distributions of Lift at «=28° are¢
the same.  As may be seen in table 11T and figure
32, the delay in the angle of attack of stall by
mereasing the airfoil nose radius inereases the
maximum tail height for no destabilizing change
of dejda. Airfoil-section effects similar to those
noted for the 50° swept wings have been obtained
on 40° swept wings (refs. 53 and 56) where one
of the wings did not exhibit separation vortices.
The question of whether the type of flow separa-
tion on the wing will affect the tail contribution is
difficult to answer because the change in separa-
tion angle of attack will be large enough to mask
such effects.

Although few results are available at present,
the effeets on downwash of plan-form and airfoil-
section modifications produced by leading-edge
air inlets are of considerable interest.  Tests of a
40--3.5-.58 wing-body combination indicated that
large leading-edge air inlets located at the wing
root reduced the value of de/da throughout the
angle-of-attack range when the tail was located
at 2h/b=0.28. Inlets of the type approaching a
flush inlet gave results about the same as those

of the basic wing. These results should not be
general zed inasmuch as there is a possibility that
some alr inlets may produce a destabilizing down-
wash clange.

The measured downwash characteristies for a
large namber of sweptback-wing -body combina-
tions of various plan forms have been summarized
m figures 46 and 47. The effeetive downwash
charact risties at low angles of attack of 19 wing-
body ¢rmbinations are plotted as a function of
the tai height 24/6 in figure 46 in four groups
accordirg to various combinations of the taper
ratio, aspect ratio, and sweep angle. 1t has been
determ ned that the magnitude of de/da in the
stalled -ange of angles of attack may be correlated,
in a ro igh sense, by relating this value of de fda
to the low angle-of-attack value of de./da measured
in the chord plane. The ratios of these two
values of defda are plotted against the tail-
locatior parameter h/m in figure 47 for 18 swept-
back-w'ng configurations. It should be noted
that for any particular configuration the de/fda
ratios plotted in figure 47 were measured at
differens angles of attack for different tail heights.
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5.3-2.5-63 50-2.8-.63
wing 26 be/b Wing airfoil section a for Cme I Reference
— 5.3-25-63 163 0.50 Hexagonal 14.6° 7.6x106 46
——— 50-29-63 |21 48 Circulor arc (normal to line 27° 5.5x10% 13
of maximum thickness)
b e : . ] o 2mp
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Fravre 41.—Concluded.

(b) 5 (%) and r agninst a.
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36.9-2.0-.33 55.8-20-0
Wing arrfoll
Wing 216 by/b A afor G, R Reference
— 369-20-33 .28 067-078 NACA O0O05 (m»d) 25° 13.0 % 108 52
————563-20-0 1.80 63- 74 NACA 0005 (mod) 27° a6 x10® 51
2 ' : : ‘ | : : ; ]
2hib 2h/b {
) 0.269 0 !
e . 250 0 1
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Froevre 42, -Effect of the variation of wing sweep from 37° {o 36° on e, wnd (l — ,(,[,,) of wing-body combinations with
[44

the horizontal tails at several verticd positions,
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40-4.0-.63 45-8.0-45
Wing 2lL/b Wing airfoil section a for CLmax R Reference
— 40-40-63 .02 NACA 64,-112 (normal to 20° 6.8 x10° 53
0.273 chord line)
——— 45-80-45 77 NACA 63A0I12 3° 4.0 x 108 54
. L : . . . .
| 2610 | ‘ ‘ |
I - ‘ 40042 ! :
= 30 | } l
T ’ / \\‘ /| 2nib 2h/b
O [ 7 I O ‘6 [ N ‘006 ‘l—
| ) /\/ | Tia | o S0e !
. A B - ’,_,,_,__)_»"\ . ___J — I, !
e L ’ \\\1 "“' _“‘\g\\\/\/},_}.\\ :

€g, deg

I'rcuRre 43.

10

20
o, deg

f

Co Lo ]

10 20 30 O 10 20 30
a, deg a, deg

Effect of wing aspeet ratio on e, and 7 of sweptback wing-hody combinations with the horizontal {ail< at

several vertical positions.
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Wing 2l/b by /b Wing airfoil section a for CL,MX R Reference
— 369-40-0 {28 .45-52 NACA 0005 (mod.) 22.7° 10.9x106 55
——— 40-39-63 103 40 Circular arc (normal 15 line 19° 6.9x108 56
of maximum thickness)
ZO[ R B - 1 TUTTT o R ) ToUTTTTTTTTTT R
2n/b AT 2h/b [ T 2h/b .
L+ 10360t 1A — - 40180 - /\— 0- .
339 ; 201 ‘ -01, .
0 R N 4 EE T I e T ) £ Sep g SN - ‘
o 1 | i ! Yo
hel . - - ; . / ‘ j- T T‘ |
; B | = | b |
0 - : e ;
. L~ ? |
-10- i I 1 D S SR 1 - R R . A
-10 0 10] 20 -10 o) 10 20 -10 0 10 20
a, deg a, deg a, deg

Fravre 44.—Fffect of wing taper ratio on e, of sweptback wing-body combinations with the horizontal tails at
several vertical positicns.
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Wing Wing airfoil section 2l/b bk R Reference
50-2.9-63 NACA 64)-112 (normal to 0.282 chord line) .23 0.48 6.0xI08 24
------ 50-2.8-63 Circular orc (normal to line of maximum thickness) 1.23 .48 5.5x108 13
30 -
- st |
2h1b ST 2hib
20 171 0.502-)—} 0.196- 1 =
442- \f/ 436-1. J// T i
o 7 / Pag
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& e —132y
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P
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-10 )] i i ;
-10 0 10 20 30 -10 0 10 20 30 -10 0 10 20 30
a, deg a, deg a, deg

(1) e, against a.

Fravre 45.—Comparison of the effect of wing airfoil section on e, and 7 of sweptback-wing—body combinations with
I A
the horizontal tails at several vertieal positions.
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Wing Wing arrfoil section 26 by/b A Reference
— 50-29-63 NACA 64 -112 (normal to 0.282 chord line) .23 0.48 6.0xI0® 24
-—— 50-28-63 Circular arc {normal to line of maximum thickness) .23 48 5.5xi0° 13
ST Tohb T D T
- 0.502 . - 4 *‘T P
442, | | o |
*! . LN T‘ 4 T 1 + {
. o a o ; .
1
T O T I g
] =7 P ) .
‘ T L 2nlb
i = l 40.1961 i
— i : o ‘ } "v36; .
1{b) | ‘ P | i
B | [ i L U | [ . R ) o
-10 0 10 0 10 20 30 -0 0 10 20 30
a, deg a, deg a, deg
(b) r against a.
Frovre 45.—Coneluded.
®
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4— ‘1 [ 1 Wing 2l/b b/b Reference ! *TWT | "1 Wing  2l/b b,/b Reference |
L 4 lo34-4a0-63 166 050 43 |-t - .40 35-45-5 103 034 62
1 o 53-25-63 163 50 46 ‘ \ i i o 40-40-5 924 40 72
3— - "o 53-25-63 244 50 46 - ek 4 O 40-4.0-63 102 40 53
; | a 40-40-63 103 40 56
! i [ ) AIL-—*‘ T r——1 v 50-2.8-63 123 48 13 i
‘ l ‘ ! ; i > 50-29-63 123 48 24,69 -
! * K = p)- i T | ! [ T
| ‘ |
“ t — 4
o 1- . .
(o) !
o I \ - |
j \ A S B
4 Wing 2l/b b, /b Reference ‘ S r Wing 2l/b b;/b Reference
o 369-20-33 198 067-078 52 ; ‘0 45-45-25 126 0.39 71
a 45-20-20 198 85- .75 52 ! i -0 45-51-38 93 37 39
o 45-30-0 .55 50- 60 70 : 1 s 45-60-.3} .80 33 39 |
3 a 45-30-25 1.54 48 7 | ' i > 45-80-45 77 28 54 1
v 524-23-0 174 32 44 |
sy v | 963200 180 63 74 5l RN
u‘b ! i | .
QW 2 : i i T b g -
S \'\
O : ‘ | |
| ; ! ‘ |
‘ t 1} b \ ! Bt
o I | ! ]
(¢) L () ‘ !
-2 . . 10 -2 0 2 4 6 8 1.0
2h/b 2h/b
() A= 0.63; (h) X=20.50 to 0.63;
A S25tod; A=2.9to 4.5;
A=0°. A —=35° to HU°.
() N-0to 0.33; (d) A=0.20 to 0.45;
A =2.0 10 3.0; A=1.510 8.0;
A=37° to b6°. A=45°,

Freure 46, Summary of downwash characteristies for wing-body con binations at low angles of aftack. Flagged svmbols
indicate that tail intersects body.
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Wing 21/6 by /b Reference Wing 2L/
o 36.9-2.0-.33 1.98 0.67-0.78 52 o 45-3.0-0 1.56
o 36.9-2.3-.25 .37 34 16 o 45-30-0 1.07
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AIRPLANES

>sfo//ed

by /b Reference
0.50-0.60 70

.54 63

a7 63

.48 24,69

48 13

A p— S

Frovre 47.--Summary of de,/de in the stalled range of 1ift. coefficients for various sweptback wing-fuselage combinations
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Wing 21/b by/b Reference

o 35-45-5 1.03 0.34 62
a 36.9-40-0 .28 .32-.39 55
o 36.9-40-0 .28 .45-.52 55
a 40-39-63 .03 40 56
v 40-40-.63 .02 40 53

B - —-7

A=4

IR

()
aa ‘srolted

&)
g

a=0

Wing 2l/b by /b Reference
¢ 45-5.1-.38 0.93 0.37 29
¢t 45-8.0-45 77 .28 54
B |
A~5108 :
v_,T__ 1t
o S

(0’69>
Ao fstasted
< dee\
o fy-n
a=0

Frovre 47.—Conclud.d.

The value of dej/da in the stalled range is about
three or four times the low angle-of-attack value
for the high tail positions and about 0.50 this
value for the low tail positions. The de/da ratio
appears to be dependent on the aspeet ratio which
may be a result of a difference in stalling behavior
of the wing or the inexactness of tail-location
parameter hAfm m defining the maximum values
of de./da for the smaller tail lengths.

Stall-control devices.—In the discussion on the
basic air-flow characteristics behind sweptback
wings with stall-control devices, the downwash
before separation had occurred on the wing was
shown to be unaffected by stall-control devices.
Furthermore, it was indicated that, in general,
some changes in the flow pattern in the region of
maximum downwash angle are caused by the
stall-control devices but the change decreases as the
distance from the position of maximum downwash

angle nereases.  The effects of various methods
of stall control on the downwash and tail stability
parameters are demonstrated in figures 48 to 51.
In general, these results are consistent with the
observ wtions of the flow and show that the various
means which have been used to improve the
stability of the basic wing increase the tail con-
tributinn when the wing is stalled for tails located
in a rcdatively high position.  Only small eflects
are obiained when the tail i1s mounted in a low
position.

The effects of 0.4756/2 leading-cdge flaps on the
stability contribution of a tail mounted on the
45-5.1--.38 wing-body combination of reference 39
are shown in figure 48. For the high tail there
is some reduction in the instability contributed
by the tail at the higher angles of attack when
the flups are added. This change is caused
by the change of flow near the tip of the tail.
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Leading edge flops off
—————— 0.475b/2 leading edge flops on
1.0 / T
A//"\‘ \
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/ / “
/ \
/ — —— = ] -
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\
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=l
-0 (a) (b)
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a, deg
(w) 2h/b=0.38.
Figurre 48.

a, deg

30
(b) 2h/b=—0.05.

Effect of wing leading-edge Haps on e, and r of a 45-5.1-.38 wing-body combination
with the horizontal tail at two vertical positions.
normal to the 0.286 chord line; 2{/b=0.93: h,/b=0.365; R=6.0 X 10%; reference 39.

The wing has NACA 64-210 airfoil sections



70 TECHNICAL REPORT R 49

——— Chord extensions off
————— 0.304/2 chord extensions on

O I i
o AN
I/’
-1 0— .
-200 | .
-10 0 10 20 30 40
a, deg

Fravre 49, Lffect of wing leading-cdge chord extensions
on the stability parameter 7 of a 40 3.5 .58 wing-body
combination. The wing had NACA 6G1A010 airfoil see-
tions nornmal to 0.25 chord line; 2470 = 0.28; 2//b-=1.20;
beib==0.424; R =9,0> 10%: unpublished data from Lang-
ley I9-foot pressure tunnel.

(Sev discussion of fig. 23))  For the low tail no sig-
nificant difference is noted.  Data for 45-8.0-.45
and 50 2.9-63 wing-body combinations in refer-
ences 54 and 13 indicate some slight improve-
ment due to partial-span leading-edge flaps for
moderate to high tail loeations,

Incorporation of long-span (0.7256,/2) leading-
edge flaps on a 40-4.0-.63 wing-body combina-
tion caused separation to oceur first near the wing
root.  The ehange in location of separation from
the midspan location obtained with shorter span
flaps caused o reduction in the destabilizing change
m the downwash variation with angle of attack
for moderate to high tail positicns.  (Compare
firs, T(0), 7(), and T(m) with figs. 7(d), 7(g), and
7(h), respectively, of ref. 53.)

The improvement due to leading-cdge chord-
extensions on the tail contribution of a 40-3.5--.50
wing-body combination is demonstrated in figure
49, Data on chord-extensions of 40-4.0-.50 and
35 3.6 .57 wing-body combinations with relatively

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION

20- r T T
e Fences off F_lﬁ_

----- 0.25¢ fences on

-2.0 , T L
-0 0] 10 20 30 40
a, deg

Fraere 500 Effeet of wing fenees on the stability param-
eter 3 of a 0 3.5 .58 wing-Lody combination.  The
wing had NACA 61A010 airfoil seetions normal to
0.25  hord line; 24:h 028 20/b - 1.20; byb - 0.424;
R =9 10%; unpublished data from Langley 19-foot

pressi re tunnel.

~

high tsils may be found in references 57 and 58,

The effeet of wing fences on the tail contribu-
tion of a 40-3.5-50 wing-body combination is
smaller than the effect of chord-extension as shown
by comparison of figures 44 and 50.  Fences were
shown o have a negligible effeet on the tail con-
tributicn of a 45-8.0—45 wing-body combination
in refer nees 54 and 59,

Conbined twist and camber were highly bene-
ficial to the tail contribution of a high-aspect-
ratio wing configuration (see fig. 51). Camber
and tvist delaved and reduced the unstable
changes in dejda for the high tail. Some benefit
was gained for the intermediate tail but the bene-
fit for he low tall was small.  The methods of
stall coatrol used on a 45-8.0-.45 wing-body com-
binatior in order of increasing beneficial effects
on the ail contribution were fenees, leading-edge
flaps, and combined camber and twist.  Camber
and twist had no beneficial effects on the down-
wash of a variable-sweep configuration (A=20°
to 60°) in reference 60, but this may be due to
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a, deg a, deg a, deg
() 20/6==0.30. (h) 24/b:—0.14, (¢) 246 - 0.06.

Fravee 51 -Effeets of wing twist and camber on e, and r of a 45 8,0 145 wing-body combination with the horizontal

tail at =everal vertical positions,

the fact that the tail was mounted in a relatively
low position (average & of 0.10b/2).

Trailing-edge flaps. -The increments of down-
wash due to deflecting trailing-edge flaps on wing-
body combinations are summarized in figure 52
m the form of a ratio of the measured effective

N

downwash increment to the factor bl;' This
Ay

factor was found (o give satisfactory correlation

of the flap span effect for the caleulated down-

wash angles of wings in reference 1 when the

vertical location of the tail was measured from

The wings had NACA 63A X112 airfoil seetions, 20/h==0.77: b,/b-=0.28: ¢

4.0 0108,

the vortex sheet. The degree of correlation indi-
cated in figure 52 is satisfactory inasmuceh as the
. ,AE" _
acy,
T

value of Ae, not greater than 10°. The larger
imcrements  of downwash and  the
Ae

maximum  value of corresponds to a

values of

- which do not correlate so well are ob-

tained for low tail positions elese to the wake.
Some differences exist between the downwash face-
tors for spht flaps and those for higher lift flaps
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Wing Flop betb ¢ /by 2l/b Reference
o 34-40-63 Plain 0.55 D.91 1.66 43
o 53-2.5-863 Plain .55 9l 1.63 46
¢ 53-2.5-63 Plain 85 53 1.63 46
a 40-3.0-.25 Split .50 .96 1.54 71
v 40-4.5-25 Split .50 .78 1.26 71
> 40-4.0-63 Split .50 .80 .02 53
< 45-5.1-.38 Split .40 el 93 39
v 45-8.0-45 Split .35 .80 77 54
. 50-2.8-63 Split 40 [.20 1.23 13
b 50-29-63 Split .40 1.20 .23 24
4 369-4.0-0 Single slotted .70 .78 1.28 68
v 36.9-2.0-.33 Single slotted 1.00 .78 1.98 52
g 45-2.0-20 Single slotted 96 .78 1.98 52
o 45-3.2-47 Single slotted .84 .60 .19 Unpublished
<4 45-51-38 Double slotted .40 Sl 93 39
v 45-8.0-.45 Extended split 50 .56 77 54
¥ 50-2.8-63 Extended split .50 .96 .23 13
< 50-2.9-63 Extended split .40 .20 .23 24
60 A T T T T
I . !
: |
a0 7 ¥ lott tend lit £l s |
Ae, vé,\\\\ :/ -S 01. ed and gx endec split flops
by Rt < SO . -Plain ond split flaps
ACL/A'F ) 1 X N7 ‘--__45*/‘
o N T e A 7
20— Ty ' & | “pe-
N < T
> & o X ‘\ =2
o L
~ T
N
F
O i
-2 - 0 A 2 3 4 5 6
2n/b
Freuvre d2.—Summary of data on downwash due to trailing-edge flaps on wing-body combinations. a=10°.

which extend the wing c¢hord.

The effects of trailing-edge flaps on the tail
stability parameter and the downwash at the tail
of several representative configurations having
wings of 45° sweepback are shown in figures 53
and 54 for tails mounted in a high position and
a low position, respectively. At low angles of
attack where the downwash curves are linear and
the tail contribution is constant, trailing-edge flaps
have only minor effects on defda (or 1) for tail
positions above the wing chord plane.  For tails
below the wing chord plane, the flaps in some
cases tend to increase the downwash parameter
de fda at low angles of attack; however, no gen-
erally consistent behavior is evident from the
available data. If the tail is located m the flap
wake (see fig. 27(b)), some loss in the tail contri-
bution would be obtained.

The initial nonlinearities in the downwash curves

like thase shown in figures 53 and 54 for flaps-
defleeted configurations are governed by the move-
ment f the tail through the downwash field of
the unstalled wing in addition to the changes in
the downwash field arising from flow separation
on the wing. The former effeet which was gen-
erally “inimportant for unstalled plain wings may
be strang for tails passing through the region of
large vertical downwash gradients obtained when
tratling -edge flaps are defleeted (fig. 27(n)); how-
ever, the effects of flow separation are larger.

The magnitude of the stability contribution for
tails lccated in low positions is inereased (more
negative 7 or reduced defda) for moderate
to high angles of attack by defleeting trailing-edge
flaps. (Sce fig. 54.) For tails located in high
positions such as in figure 53, the significant effect
of trailing-edge flaps on the tail contribution at
moderste to high angles of attack 1s that the
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4
A
Airfoil: NACA 64-210 Airfoil: NACA 63 AQI2
{normal to 0.286 chord line)
Trailing-edge flaps a for Cl—max Trailing-edge flaps a for CLmax
Off 25° — Off 27°
———— 0.4046/2 split 23° ———— 0.5056/2 ext. split 28°
—— - —— 0.4056/2 double slotted 19°
| LT T |

€g, deg

iop— —

0 10 20 30 0 10 20 30
a,deg a,deg

(a) 45-5.1- .38 wing with leading-edge flaps; 2k (h) 45-8.0-.45 wing with leading-edge flaps and
=10.38; 20/h==0.93; R=6.0<10°; reference 39, fencees; 20/h—0.30; 2= 0.77; I =4.0x10%; refor-
ence b4,
Frovre 53.—Liffect of trailing-edge flaps on e, and 7 for several 45° sweptback-wing—-body combinations
with the horizontal tail mounted in a high position.
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Airfoil: NACA 0005 mod.

Airfoil: NACA 64-210
(normal to ©.286 chord line}

Airfoil: NACA 63A012

B a for N a for a for
Trailing-edge flops Clnox Trailing-edge flaps Cme Trailing-edge flaps U mox
Off 25° — Off 27° Off 28°
———=0.4006/2 splt 23° —-——-—0506/2 ext. split 28° ——==—0.77b/2 slotted 26°
—-— 0.404/2 double slotted 19°
0
T ’ ‘ 1 | ! |
I 2R ;
U 4 S |
T i\ S 1 | -1
‘ NG ~
! | { \ | |
i . \/ . b 1 1
-2 i ! ‘ i -2 .
20 ' \ | : | c0 ‘ ‘
b -
10
o
D
©
&
0
| 1 ,
(a) ! {(b) ‘ (c)
-10 S ‘ l A T [0 .
) 10 20 30 O 10 20 30 0 10 20 2C
a, deg a, deg a, deg
(45 5.1 38 wing  with  leading- (hy 45 8.0 45 wing with leading- (er 45 3.0 0 wing: 2h/b—0, 20D
cdge  flaps; 286 - 0.05;  2h edge  faps  and  fene st 2070 —1.56; R 12,8 < 10" reference 70,
=093, B -6,0~ 108 referenes 34, 0065 2000 077 RO 10

referenee 54,

Floere 54.-—Effect of trailing-cdge flaps on e, and 7 for several 453°  wepthack-wing—body combinations with the hori-
zontal tail mounted in a Dw position,

value of downwash of flapped configurations tends
to apy roach the value for plain-wing configurations
at a Ligh angle of attack.  (The angle of attack

maximum unstable value of = is reduced.  Al-
though no data are presented for configurations
having the tail mounted in an intermediate posi-

tion, the downwash changes (reduced dejda) due
to flaps for such configurations are generally large
after the tail passes through the region of maxi-
mum downwash (fig. 27(a)).  The increased tail
contribution due to flaps obtained after separa-
tion occurs is explained partly by the fact that the

where this result oceurs is approximately the angle
where A€, =0.) For low and intermediate tail
heigh s, part of the increased tail contribution due
to flass results from the increased tail movement
relative to the position of maximum downwash
and from the larger vertical downwash gradients
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below the region of maximum downwash. (See
fig. 27(a).)

The maximum tail height for no destabilizing
change in de./da which was discussed previously
for plain-wing configurations (fig. 32) is lowered by
defleeting  the trailing-edge flaps. The amount
that this boundary is lowered is probably in-
fluenced by the type of flap.  Some values of the
maximum tail height for no destabilizing change
in de/de which were determined from the survey
data of references 24 and 39 are as follows:

Wing Without flaps With flaps
45-5.1-38 _2k/b=0.13 2h/b=0.05 (doubleslotted)
50-2.9-.63 _2hb=0.15 2hb=0.10 (split)

The changes due to flaps shown in this table are
to be expected sinee the region of maximum down-
wash s lowered.  The magnitude of the change
1s influenced, however, by the flow behind the
inboard end of the flap.  This result may be shown
by using the defda contours of figure 55 for the
45-5.1-.38 wing-body combination with double
slotted flaps.  In figure 55(a) for the boundary

=1
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Fraure H5.—Contours defda behind a4 45 5.1 .38 wing-body
had NACA G4 210 airfoil sections normal to the 0.286
R=6.010°; separation on wing occurs initially at a=11°; & for Croie

6
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tail position A=0.056/2, the destabilizing effect of
the outboard part of the assumed 0.375/2 tail is
compensated for by a stabilizing effect of the in-
board part of the assumed tail.  The large changes
of the local values of de/da with vertical and lateral
position make 1t impossible to define the boundary
tail height as simply as was done for cases without
flaps.

Generalizations concerning the influence of tail
span and taper ratio for low tails are difficult to
make because of the large variations of ¢ and
de/do in the spanwise direction and the large effeet
of angle of attack on these parameters. Foree
tests scem to be required to give reliable indica-
tions.  The large changes of de/da for small changes
of vertical distance shown in figure 55 indicate the
use of dihedral in the tail will have a large effect
on the tail contribution. For some tail heights
it is probable that this effeet will be larger for the
case where flaps are deflected than for the case
where flaps are neutral.

Proximity of ground.—Few data or analyses are
available on ground effects on the flow at the tail

<b)1 1 | | I !

0 A 2 3 4 5
Lateral distance from plone of symmetry, 2,/8

Vertical distance from wing chord piane, 22/b

.6

() a=17°,
combination with 0.405/2 double slotted flaps.
047502 Teading-cdge flaps;
19°; reference 39.

The wing
0.88;

wing chord line. roth -
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of swept-wing airplanes.  Flow measurements be-
hind an unstalled 40-4.0-.63 wing in the presence
of a ground board (ref. 14) indicate the same
general effeets of the ground as discussed in refer-
ence 3. These effects which are most pronounced
at the center of the wing are a reduced downwash
angle, a reduced wake displacement, and an un-
svmmetrical downwash profile with the maximum
downwash generally occurring above the vortex
sheet.

The influence of the ground on the downwash at
the tail of a 40-4.0-.63 wing-body combination is
shown in figure 56.  These data taken from refer-
ence 53 show the reduced de/de associated with
proximity of the ground.  In addition, these data
indieate that for the low tail positions large non-
linearities in the downwash curves occur before
the angle of attack of flow separation, which 1s
approximately 15° for the wing without flaps and
1:3° for the wing with flaps.  The latter result is
due to the large vertieal downwash gradients
below the wake center line and to the relatively
large movement of the tail with respeet to the
wake center line.

It should be noted that for some airplane con-
ficurations the jet will be deflected by the ground.
This flow change will affect the trim characteristies
and possibly the stability of airplanes when the jet
exhausts ahead of the tail and when the tail is
located in the proximity of the jet.

Reynolds number and Mach number.—The
effeets of Revnolds number and Mach number
(within the subsonic range) on the tail contribu-
tion of swept-wing configurations appear to be
primarily dependent on the effeets of these test
variables on the total lift and load distribution on
the wing.  The tail contribution near an angle of
attack of 0° will be very little affected by variation
in Reynolds number except insofar as it may be
atfeeted by a change in the boundary-layer flow
over the fuselage.  This effeet is of most concern
for contracting bodies.  The main effect of Rey-
nolds number on the tail contribution is felt in its
effect on the separation characteristies of the wing
and the resulting flow changes at the tail. For
wings with airfoil sections of small Teading-edge
radii, negligible Revnolds number effects are to
be expeeted for Reynolds numbers from about
13 10% to 12 108 beeause of the small observed
changes in the wing characteristies. Bevond this
range the effects are unknown because of lack of

comparable data on the wing characteristics.  For
wings with sections of moderate to large nose radii,
increasing the Reynolds number delays the ap-
pearance of nonlincarities in the downwash curves
(see refs. 61 and 62) and tends to alter the magni-
tude of de/da in a direction that the inereasing
nose radius has in figure 47.

Results  of low-speed tests  (M<0.25) are
applicable in a qualitative sense over a wide range
of subsonic Mach number, but the extent to which
the quantitative results are applicable is dependent
on the wing section and plan form.  As a conse-
quence of the small change in the span-loading
shape with Mach number, the low-speed values of
de Jd (', for unstalled sweptback wings and wing-
body combinations of references 50, 61, and 63
were not greatly changed up to a Mach number of
at leust 0.9 for most cases.  Values of dejda
generelly inerease with Mach number in the sub-
critieal range because of the increase in the wing
lift-curve slope.  Data for the stalled case indicate
that Mach number changes the magnitude of
de,/da as in the unstalled case, and may change
the at gle of attack for nonlinear downwash varia-
tions.  Some representative data showing the
effeets of Mach number on downwash behind
stalledt wings are presented in references 64 to 66.
In general, reducing the wing  thickness and
increasing the wing slenderness (low aspect ratio
and high sweep) reduce the effects of Mach number
at both low and high angles of attack.

ESTIMATION OF TAIL CONTRIBUTION TO STABILITY

The estimation of the horizontal-tail contribu-
ion .o stability for wing-body combinations
purely by theoretical meauns is limited in scope and
of uncertain accuracy. The most reliable estimate
of th: tail contribution is one obtained from
experimental data for a similar coniiguration.
There are, however, certain general results and
sumtaries obtained in the present study which
are us-Tul in the design of a horizoutal tail. These
result. are reviewed in the following paragraphs
from he viewpoint of estimating the contribution
to stubility of a horizontal tail on a sweptback-
wing- -body combination.

Lov angles of attack. -—For low angles of attack,
a reasonable estimate of the downwash may he
obtaired from the experimental data summarized
in figure 46. For tail heights greater than about
two-thirds the body diameter away from the body
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center line, the caleulated wing downwash should
also be sufficiently accurate inasmuch as the body-
interference effects are fairly small and the dis-
tance from the vortex sheet is large enough to
avoid the difficulties encountered near the vortex
sheet.
Estimation of the value of the parameter g ((51_1>
g/
appears to be more uncertain than that for down-
wash because of the small amount of data avail-

able.  For tail surfaces mounted on the fuselage

the value of n((g) may be estimated from figure 28.
i
For tails mounted immediately adjacent to the

fuselage, a value of 1;( Qr_) of 0.90 to 0.95 is recom-
mended. N4

High angles of attack.—At high angles of attack
the estimation of the tail contribution is less defi-
nite than at low angles of attack, but enough data
are available to predict the direction of the initial
change in the tail contribution with angle of attack,
the angle of attack where this change occurs, and
the magnitude of de,/de when the wing stalls.

The direction of the change in the stability
contribution with angle of attack is given by the
relation of the tail to the wake center line at the
angle of attack when the destabilizing change in
the wing pitehing moment or the decrease in lift-
curve slope for the wing occurs. 1 the tail is
above the wake at this angle of attack, the change
in the tal contribution is destablizing.  The
wake-center loeation may be determined from the
theoretical downwash or from the simple approxi-
mate formula (eq. (3)).  The maximum tail
height for no destabilizing change in defda is
given in figure 32 for a number of configurations.
Tt may be assumed that the initial significant
departure of the tail contribution {from  that
obtained at low angles of attack will occur when
separation first appears on the wing.  The magni-
tude of dejda Tor angles of attack where the flow
over the wing is separated may be approximated
from the experimental data of figure 47 for swept-

back-wing  body combinations without flaps.

DESIGN CONSIDERATIONS OF A TAIL TO PROVIDE
STATIC STABILITY
TAIL REQUIREMENTS
For the purpose of the present discussion the
assumption is made that it is desirable to avoid
unstable changes in d€,/de and to have a linear

NATIONAL AERONATUTIICS AND SPACE ADMINISTRATION

variation  of  pitching-moment  coeflicient  with
angle of attack if possible.  The requirements
of the horizontal tail to provide these characteris-
ties are inherently dependent oun the pitehing-
mome:t characteristies of the wing-body com-
bination without the horizontal tail. The general
classes of tail-off (7, curves encountered and the
differences in the required tail characteristies
have been discussed in reference 7. Reference
7 states ©, for a wing-fuselage combination
exhibizing neutral stability throughout the lift
range, a tail located in a field of constant de/da
can provide an adequate and constant statie
margin.  [See case 1, fig. 57 of present paper.]
For a wing-fuselage combination exhibiting an
abrup: deerease in stability through some part
of the Lft range, it would be advantageous to
have the tail so located that de/da decreased
abrup-ly at the same lift coefficient at which the
decrease in stability occurred for the wing-fuselage
combination. [See case IT, fig. 57 of present
paper.]  The lincarity in the stability charac-
teristies of the complete configuration  would,
of cou e, be dependent on the degree of instability
compensated for by the deerease in defda. A
third condition can be considered in whieh the
wing-fusclage  combination exhibits an  abrupt
inerease in the stability through the lift range of
such « magnitude as to be undesirable. A (ail
located so as to experience an abrupt inerease in
deida at the corresponding It coefficient could
conceivably provide linear stability characteristies
for tle complete configuration.  [Sce case 111,
fig. 57 of present paper]  Although the term
‘abrupt’ has been used in these illustrations, any
aradusl change in the stability characteristies
of the wingfusclage combination would necessi-
tate g adual changes in de/de at the tail.  Further,
the avssolute values of dynamic-pressure ratios
occurting in the wake have been ignored in the
prececing discussion inasmuch as they only affeet
the etfectiveness of the tail and are, therefore,

only Hf secondary importance with respect to
bs) q:

de/da.  Also ignored is the term o, - ()\q’ which
(63

under certain conditions can have a measurable
effect on the tail contribution to the overall
stabil ty.”  The above discussion emphasizes the
importance of the angle of attack where the tail
contribution changes, but it must be borne in
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Fravire 57.—An idealized illustration of the improvement made in the pitehing-moment characteristies of typical wing-

body ecombinations by the use of a horizontal tail operating in the downwash field behind a sweptback wing.

mind that the ability to obtain the desired rvesult
depends on the tail volume.
TAIL LOCATIONS AND TAIL VOLUMES TO CBTAIN DESIRABLE
STABILITY
Unswept wings. —For configurations with thin
unswept  wings, the tail-off  pitching-moment
curve exhibits a large stabilizing change as in
case I11 of figure 57 which may be followed by a
destabilizing change.  The prineipal problem for
this case is to avoid locating the tail where it
would be ineffective during the destabilizing part
of the tail-off curve without providing excessive
stability at lower angles of attack., It appears
that, insofar as the downwash variations are con-
cerned, the tail should be moving out of the wake
at angles of attack where the tail-oft (', curve is

destabilizing. It is difficult to generalize about

desirable tail locations, however, beeause of the

significant  contribution of ((k) and possibly
: q/

(%)
do

*1 7010 the value of 7 (sce eq. 4).

Unstable sweptback wings. -For sweptback-
wing---body combinations which exhibit desta-
bilizing pitching-moment changes (case 11, fig. 57),
the most desirable tail location from low-speed
considerations is a low location for which the tail
contribution ncreases with increasing angle of
attack.  The inerease in the tail stability param-
eter 7 for the low tail positions is equal to about
50 pereent of the low angle-of-attack value of
de.fde innsmuch as the change in dejdo in going
from low angles of attack into the stalled range
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iz alzo about 50 percent of the low angle-of-attack
value. The change in the tail contribution is,
then,

a( ""! - (lE,) Y v ’Irr y
_\< o )N—(m («1& e ln(:—q) (1)

1t should be noted that for increasing wing aspect
ratio the unstable change in the pitching-moment
curve beecomes greater, but the possible increase
in tail contribution to counteract this unstable
change becomes smaller beeause of the aspeet-
ratio cffect on defda.  As a rvesult, a relatively
large value of the tail volume is needed to mini-
mize the unstable changes in the moment curves
of wings which are ouly slightly on the unstable
side of the stability boundary of reference 5.
Some experimental results that demonstrate this
fact are presented in figure 58.

A disadvantage of the low tail as compared with
a high tail is the greater incerease in the tail con-
tribution at low lift coeflicients obtained as the
speed is varied from subsonie to supersonie.  The
change in the tail contribution 1s in the same
direction ns the change of stability of the wing-
body combination.

Stable sweptback wings. ~-Wing-body com-
binations which do not have any destabilizing
changes  in pitching-moment  characteristies
through the Lift range will come under cases T
or 11 (fig. 57). Considerably more freedom in
selection of tail locations is available for these
configurations  than  for configurations  with
unstable wings.  For case | the tail could be
located at positions up 1o the boundary tail
position shown in figure 32 without any desta-
bilizing changes in stability, and for case I
the tail could be located at higher positions.
Results are shown in figure 59 for two similar
configurations where the tail s located so that
the downwash variations are destabilizing.  Figure
59(b) shows that the tail volume should not be
large if stability is to be obtamed. Locating
the tail in a very high position where the values
of def/da may not be excessive and the angles of
attack for maximum de/da are high appears to
offer attractive solutions for obtaining stability
for certain airplane configurations.

Sweptback wings with stall-control devices. -
Incorporation of stall-control devices will usually
the requirements of the horvizontal tail
because of the mmproved stability of the wing.

Case

As a result of this and the improved downwash
characieristics behind the wing, the range of useful
tail lceations is greater or the possibility of
attaining the desired stability characteristies 1s
increased when stall-control devices are used.

The considerations discussed for stable plain
wings apply to the case where stall-control devices
provide stable  pitching-moment  variations.
Investigations show that configurations incor-
porating wings of 35° to 40° sweepback and aspect
ratios from 3.5 to 4.0 can be made stable readily
by using stall-control devices. For these cases
stable  pitching-moment  variations may  be
obtained for tail heights of the order of 0.45/2.
(See rofs. 53, 56, and 58.)

Although a completely linear pitehing-moment
curve was not obtained, the addition of stall-
contrel devices to o twisted and cambered wing of
high aspect ratio produced stable moment charac-
teristies for the airplane configuration when the
horizontal tail was mounted in a low position
(refs. 36 and 59). For the configuration without.
stall-eomtrol devices, no tail position was found
that v ould provide stable moment characteristics.

CONCLUSIONS

Available wind-tunnel data on the low-speed
horizental-tail contribution to the static longi-
tudin:1 stability of high-speed airplane configura-
tions mcorporating unswept and sweptback wings
are reviewed and analyzed.  From these data, the
follow ing conclusions were drawn:

1. “or the purpose of generalizing
on downwash and rolling-up of the trailing vortex
sheet behind unstalled surfaces suitable for high-
speed flight, wings are classified according to the
sweep of the trailing edge and the shape of the
span- oading curve,

() For unswept or sweptback wings having
unswept  trailing  edges  and  nearly  elliptical
loadir gs, the shape and the motion of the trailing-
vorte< sheet is considered 1o be satisfactorily
deternined by previous theoretical analyses of
the cevelopment of the trailing vortex system.
Limits of the applieability of the displaced-flat-
sheet representation of the vortex system for
caleu ating downwash are discussed.

results

Agreement
between experimental and ealeulated downwash
for some low-aspect-ratio sweptback wings s
good at low angles of attack when this representa-
tion 13 used.
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(b) For sweptback wings having sweptback
trailing edges and loadings which are uniform
or reduced near the plane of symmetry, the shape
of the vortex sheet at normal tail locations is
characterized by a smaller vertical displacement
at the wing center than that for stations farther
outboard. This result is attributed to the smaller
downwash near the center and the difference in
vertical position of the trailing edge at various
spanwise stations. The rate of rolling-in of the
tip vortices for these wings is small compared
with that for wings with unswept trailing edges.
Fair agreement between experimental and cal-
culated downwash was obtained for sweptback
wings with sweptback trailing edges.  Sweepback
causes a constderable reduction in the downwash
at a given lift coefficient or angle of attack for
unstalled wings of moderate aspect ratio and taper.
There is a corresponding inercase of the movement
between the wake and tail with increasing sweep-
back angle.

2. The effects of a fuselage on the downwash
at low angles of attack have been analyzed by
using a simplified theoretical model. A compari-
son  of theoretical and limited experimental
downwash results on wing-body combinations
is considered nconclusive. For the comparison
made the experimental flow near the body was
more uniform than theory indicated.  Additional
studies of the flow behind wing-body configura-
tions are needed.

3. The maximum value of downwash in regions
occupied by a tail increases with angle of attack
at a greater rate when a sweptback wing stalls.
During stalling the downwash profile becomes
unsymmetrical about the wake center line, and
at high angles of attack the maximum downwash
is obtained along the horizontal line connecting
the regions of high vortieity which are shed at
the edge of the unseparated-flow region. A
comparison between the downwash obtained from
experiment and from caleulations based on the
experimental load distribution indicates that the
flow field behind a stalled 60° delta wing is
reasonably approximated by a single swept horse-
shoe vortex. For stalled wings of lower sweep-
back and higher aspect ratio, neither the single
horseshoe vortex nor multiple vortices distributed
according to the span loading are a satisfactory
approximation of the actual flow.

4. The trend of the nonlinear variations of
downwash with angle of attack obtained with the

tail at various heights is defined by the relative
movement between the tail and the point of maxi-
mum downwash in the flow field. The change in
the magnitude of downwash behind a sweptback
wing because of wing stall increases the non-
linearities in the downwash curves. The initial
changes in the slope of the downwash curves which
occur in most cases when separation first appears
on the wing are destabilizing for high tail positions
and stabilizing for low tail positions. The maximum
tail height in the vicinity of the wing-chord plane
below which there is no destabilizing change in the
downwash curve is defined by the distance of the
wake center line from the wing-chord plane at the
angle of attack where the variation of maximum
downwash angle with angle of attack de,,./da
increases or where the tail-off pitching-moment
curve indicates a destabilizing change.  The maxi-
mum value of the variation of the effective down-
wash angle with angle of attack de/da at the tail
generally increases with inerease of tail height and
reaches & maximum at a tail height which appears
to be related to the angle of attack for maximum
lift coeflicient. (7 The maximum values of
de.Jda for tails located at various longitudinal dis-
tances behind a 60° delta wing configuration could
be correlated when the tail location was given in
terms of an angle formed by the wing-chord line
and a line drawn from the point of the wing three-
quarter mean acrodynamic chord to the tail.  As
a result of the large variation of de/da in the span-
wise direction, changes in tail surface geometry
offer a means of making important changes in
horizontal-tail contribution when the wing is
stalled.

5. Lack of systematic data prevents an accu-
rate evaluation of the effect of sweep on the tail
contribution for stalled configurations. However,
the variations of the tail contribution with angle of
attack for thin low-aspect-ratio wings of 0° and 50°
sweepback are demonstrated to be qualitatively
similar despite the differences in wing-stalling and
air-flow characteristics behind the wing.  The tail
contribution for the sweptback wing was lower
than that for the unswept wing for high tail
positions,

6. The various stall-control devices which have
been used to improve the stability of the basie
wing at high angles of attack increase the tail
contribution at these angles of attack when the
tail is located in a relatively high position but these
devices have no significant effect when the tail is

maz”
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located in a low position.

7. Detlecting trailing-edge flaps generally has
little effect on the tail contribution at low angles
of attack except for tail positions below the wing-
chord plane where the tail contribution was
reduced in some cases.  For the stalled-wing con-
dition, flaps increase the tail contribution for low
tails and decrease the maximum unstable tail
contribution for high tails. The maximum tail
height for no destabilizing change in de/da was
lowered by deflecting the flaps, and the amount
that it was lowered was influenced to a large
extent by favorable downwash variations near the
inboard end of the flap.

8. Quantitative rules for predicting the tail con-
tribution were not obtained; however, it has been
possible to summarize some quantitative data
which are useful in estimating the tail contribution.
The data are:

(a) The effective downwash characteristies of
19 w:ng-body combinations for unseparated and
separated flow conditions.  (For the latter case a
reasonable correlation was obtained by assuming
that de/do during stalling for any tail position was
propertional to the low angle-of-attack value of
de./da measured in the wing-chord plane.)

(b) Values of the tail lift parameter n(%) for

tail surfaces mounted on and detached from bodies.
(¢) Tail-height boundaries for six wing-body
combinations below which there are no significant
destabilizing changes of de/da with angle ofattack.
(d) Wake displacements.
{¢) The inerement of downwash due to deflect-
ing trailing-edge flaps.

Laxciey ReEsearcH CENTER,
NATIONAL AERONAUTICS AND SPACE ADMINISTRATION,
Lancrey Fieun, Va,, May 11, 1955,
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