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ABSTRACT

-
‘S 

This report describes both theoretical and experimental research

performed on the subject of slender wing—body configurations at high

angles of attacks, under Grant No. DAERO-78-G-021 during the period

1.0 October 1977 — Noveither 1978.

—~The theoretical part of the research consists of a method for

the computations of longitudinal ae rodynami c characteristics of corn—

plex wing configurations at high angles of attack1 and in subsonic flow

including non—linear vortex l i f t  caused by leading—edge or side—edge

• separations .

• The modified vortex method developed can handle closely coupled

canard configurations , dihedral angles , flap s , “saw—too th ” ,strakea ,

elevators , as well as, ground effect problems. An outline is made for

including a body and for calculating the influence of vortices shed from

bodies at high angles of attack , in the present me thod.

Some of the calculated results are presented , and those compare

favourably with experimental data .

~The experimental part of the research consists of a study made

on the effects  of jets injected near the nose of a body , on the side

forces and yawing moments appearing at high angles of attack at sub-

sonic and transonic speeds .

One of the main conclusions from the results of the experiments

is that a great reduction of side—force and yawing moment can be

achieved using small amounts of air injection by this method .~ Further

4 - study is need especially within the high subsonic and the transönic

regions .

L~ —
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LIST OF SY)fflOLS

I
AR aspect ratio , b /S

b wing span

C chord

CD induced drag coefficient D/qS
i

CL l i f t  coe f fi cien t , L / qS

C
~ 

section lift coefficient

CM pitching moment coefficient M/qS ~~~

C yawing moment coefficient N/qS Cref
C~ blowing coefficient i~nj uj i4 p U

2S

C side forcey

D drag force

H geometric influence matrix

i index

j  index (or subscript for  “ let ”)

K strength of a vortex segment

‘1 L l i ft  force

nozzle mass flow rate

M pitching moment , or Mach nuuber

• N yawing moment

N number of subdivisions , chordwise
C

N number of subdivisions , spanwise
1 2q dynami c pressure ,

r distance from a point to a vortex segment

cross flow Reynolds number

S wing area, or reference area
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theoretical jet velocity (assuming fully expanded isentropic

flow)

U frees tream velocity

w component of free stream velocity normal to a surface

u, v, w velocity disturbances in x, y, z directions accord ingly

x, y, z Cartesian coordinates

position of center of pressure

a angle of attack

p air density

$, 8 geometrical angles
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1 - INTRODUCTION

This report sumearizes the research performed under Grant No.

DAERO-78—G—02l during the period October 1st 1977 to November 30th

1978.

High angle of attack performance is one of the most importan t

regions in the flight envelope of the new generation of aircraft

and missiles . The flow phenomena involved in high angle of attack

flight is very complicated and therefore a most challenging area

for the aerodynamic research effort . The analysis may involve com-

plex con figurations of wings and bodies on which flow separation

occur. In such flows strong vortices may be generated causing non-

linear’ behaviour of the aerodynamic coefficients. Furthermore ,

configurations with strong interaction between closely coupled h f  t—

ing surfaces and their wakes may be analyzed. Another well known

phenomenon is the appearance of relatively large side force and

y awing moments acting on bodies at high angles of attack .

Some of the phenomena involve strong viscous e f fec t s  such as

the not yet ful ly undçrstood “vortex bre ak—down ” phenomenon , occur—

ing at high angles of attack when stron g vortices are involved.

The present ecforts of aerodynamicists to analyze these probleme

are concentrated on developing theoretical models and computational

methods.

This report describes the application of the computational method

d.vsloped by Horn , Almoenino and Zorea (181 , (17] for obtaining

4
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the aerodynamic characteristics of complex configurations at high

angles of attack to slender bodies with or without low aspect ratio

wings.

Some experimental work carried out by Horn , Sharir and Portnoy

[45] studying the effects of jets injection on the reduction of side

forces acting on a slender body at angles of attack is presented as

indication to methods of control of the aerodynamic effects  at these

f l ight  conditions .

II 
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2 • CALCULATION OF ThE AE RODYNAMI C CHARACTERI STICS OF SLENDER WINGS
• AND BODIES AT HIGH ANGLES OF ATTACK .

There are a rn~~~er of methods for the calculation of aerodynamic

characteristics of wings and bodies , presented by Maskew (1,2 ] ,  Margaaon

and Lamar [3) ,  Woodward [4 ] ,  as well as by the Boeing method [ 5,6]. How-
ever, those methods are limited in their solutions . For example , Maskew ’s

method (1,2] includes the effect of the rolling up of the wake , but is un-

able to model the leading edge vortices and the non linear lift generated

due to their effects • The model of the body in that method is unable to

represent the vortices shed from the nose or from other parts of the body

which cause non linear effects . Margason and Lamar [31 or Woodward ’s

program [6) do not take into account the rolling up of the wake, and

therefore cannot evaluate the ae rodynamic characteristics at high angles

of attack , for low aspect ratio wings with side edge or leading edge

vortex separation. The first program (3] represents the body in a

too simpli fied manner, taking instead only its projection on a hori—

zontal plane , while the latter [43 represents the b ody by sot~rce panels ,

which are a fai r representation for thickness , but are unab le to model

vortex separation , thus failing at moderate and high angles of attack.

Modification of the las t two methods try to evaluate the nonlinear lift

by superimposing PoThamu. (7 1 and modified Pol.hantus (8] methods on the

linear results . H owever , in these cases the results are not always

accurate and do not model the flow field, the local effe cts, the cor-

rect load distribution or effects of close interactions .

The method developed by the Rubbert (5 ,6] at al. using a doublet

t lattice (which is equivalent to the vortex lattice) resulted in a ~ ich

4 re fined pro grat~, and its results are accuracte in many c es . The
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i thod takes into account the rolling up of the wake and its effect on

the wing . However , the use of Smith’s (9 1 model of conical flow to

describe the initial form of the leading edge vortices results in an

incomplete model which cannot deal with secondary separations, and which

seeme too complicated for the description of close interaction between

the vortex flow field and wakes of a closely coupled canard—wing con-

figuration. The description of the body in this method lacks the
4

possibility of representing body shedding of vortices . The problens

discussed here are also typical to other methods which try to solve

complex configurations of general form (10, 11, 12, 19 , 20 , 21, 22 , 23 ,

24].

In the NASA Workshop ( R e f .  1) , the papers dealing with configu—

rations which include bodies use the ideal of “Annular Wing ” formed

by a vortex lattice , (as for example appearing in the works of Thomas ,Miranda ,

Palko , Heltsley in Ref .  1). However, none of these works deal with

the rolling up of the wake , nor with shedding vortices from the b ody .

The shedding of a pai r of vortices from slender b odies may occur

already at quite small angles of attack. The pair of vortices remain

sy trical up to about 25—35 de grees , and then occurs a phenomenon

of aay~~~ try in the flow .

Description of the phenomena of b ody vortices may be found f or

example in the works of Mendehal l and Nielsen (25] ,  Clark and Nelson

[26) ,  Angellucci [19), (20 1 and Smith (46] .  A review of the method

trying to describe bodies with vortex shedding appears in a pape r

by Nielsen [ 2 7) .  Further investigations of this prob lem are dis cussed

‘4 by Angelucci (191, (20 1, Fiddle r [28],  and Marsh all and Deffenb ough [29].

L. 
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Most of these works use semi-empirical dat a for calculations .

2.1. Th. Non—linear Modified Vortex Lattice Me thod Calculation of
Longitudinal Aerodynamic Coefficients of Slender Wings at Hi~~
Angles of Attack

Rom and Zorea [13,14, 15, 16] introduced a modified vortex lattice

method , handling the wing and its wake as one system, enab ling the

shedding of vortices not only from the trailing edge or the side—edge ,

but also from the leading edge or from within the wing surface . The

vortices which were divided into a nuther of finite segments , were

allowed to roll up and form the structure of the three dimensional

wake . Very accurate results were obtained for various rectangular ,

triangular and swept—back low aspect ratio wings , including their

non linear characteristics. Special care was taken for the treat-

ment of the singular vortex element to avoid numerical prob lene , and

to represent closely the actual phenomenon .

This research program wh ich was supported in part by AFOSR Grant

No. 71—2145 has been expanded to include the body effects . Some

results of this new e f f o r t  is being supported by DAZRO Grant No.

78—G-02 1 . This further development is presented by Roe, Zorsa and

Aleosnino [17 ,18], where a general method for calculation of the aero-

dynami c characteristics of wings and multiple l if t ing surface. in sub—

sonic flow at high angles of attack was developed. The new method

can handle complex plan fo rns such as closely coupled canard—wing—tail

coabinations , various flaps , elevators , vinglet., dihedral angle. U

well as ground effects . This presentation of the analysis is based on

the result. presented in Re fe rer ces 17 and 18.

‘4
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2.1.1. Bnsic Concepts

The l if t ing surfaces of the configuration , (such as wing, canard ,

horizontal tail , etc.) ,are divided into sub—surfaces (Fi g. 1). Each

subsurface is then divided into trapezoidal or triangular cells. A

bound “horse—shoe ” vortex is placed in each cell , as described in Fig.

1. In orde r to satisfy the boundary condition for the flow to be

parallel to the surface of the wing, a contro l point is placed in each

• cell , ( Fig. 1). The shedding of the free vortices (which represent

the wake) is presented as an option for the user , who has a large

variety of possibilities available (for example: from trailing edge,

side edges , leading edge) . Each free vortex is divided into a nuuI,er

of finite segments , and a ha l f—inf in i te  last segment . The Biot— Savart

law enables the calculation of the velocity induced by a vortex segment

AB of strength K on a point C in the flow field :

- 
K • (cos ~� + cos c~1A) (1)

c 4ir r

(The last equation is in scalar form , and “r” is the distance between

the point C and the segment A S ) .

The iterative procedure starts with the calculation of a geometric

influence matrix , with the free vortices being strai ght lines shed at

an angle to the surface , as an initial condition .

The boundary condition at the control points enables the construc—

tion of a set of linear equations . A typical form :

4
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1H11 H12 H13 K
1

(nxn) (nxm) (nxk) K’

2H 21 H 22 H 23 K1 w1

: — : ( 2 )

4 (lnxn) (mxm) ( mxk ) ;~
3 “31131 1132 H33 K1

(kxn ) (kxm) (kxk) K.,~

Each sub—matrix H~~ represents the influence of subsurface i

on subsurface j .  (In the example above there are three subsurfaces) .

The order of each submatrix is written in parenthesis , and ii , m , k

defines the nunber of cells in each of the subsurfaces 1, 2 3 , according-

ly. The strength of the bound vortex in cell nunI er j, of subsurface

i is denoted by K~ , while w~ is the component of the free stream

velocity normal to the surface of the wing, at the control point of cell

nuaber j, of subsurface i . Colusm vector K~ is to be solved. When

the program is solved for the strength of the bound vortices , it also

calculates the aerodynamic coefficients, checking for their convergence

(except for the first cycle) .

The aerodynamic coefficients are C.~, , CD , CM . The program also
i

calcul ates the center of pressure X~~, according to the following

formulae :

A ~~~~ 
-..- • - S — — - - S . _ —

- - 
.••
. .4-• S~~~., S..d 

. . . TI:.~~ ...
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The l ift  coefficient (including all possib le terms) :

N N

CL — 

~~~ 
C
J
CR~ dy — E ( E  (( 1 +~~~~~— ~~~~~~~~~~~~~~~~

+ ~ E ( ~~ .~~K .~~x) (3)USRef ~ 
u

L Here ~~~~ ~~~~~ ~~~~ are the cartezian components of a bound vortex

r segment i j  in the direction of x , y ,  z accordingly , while uj j 4  vj j 4

wij are the disturbance velocities calculated in the middle point of

each vortex segment belong to the wing surface . The second term on the

right hand side of Eq. (3) is of second order, and it expresses in general

form the part of the in—surface trailing vortices to the l i f t , being

usually ignored.

The Induced drag coefficient and the pitching moment coefficient are

S 

given in Eq. (4) and (5):

2 1/2
CD — 

SRef 
C1 1 (t~~1~~~ )~ dy —

— E
5 

~~
C ((~ t~y + ~ t~z) • K] (4)

R e f .  j ’-l i—i. U 1.1
N N

C
M 

— US z { [(l + + ~ ~X) .K]~~~y

- 

• 
(Xij~~~ xRef.) }+ I.

~ 

E ( E  [(~~ y + ~j~ ) •  K]~1

(Z
1 

— Z  
f

)

C
Ref 

(5)

‘4
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X.Re f .~ 
ZRef are x and a coordinates of pitching moment reference

point . The second term on the right—hand side of Eq. (5) exp resses the

rolling moment because of induced drag, and it is not negligible in the

calculations of complex configurations, such as canard—wing at high angles

of attack.

The center of pressure is given by definition :

- 
—C~~~ C

M (6)c.p.  L

(measured from 1Ref ~

In gene ral , it should be noted that some of the assumptions made

when neglecting ternm like those containing the effect of sidewash ,

proved to be incorrect in strong interactions between canard wake and

wing surface , and in the case of strong leading edge vortices . Thus the

calculation of aerodynamic coefficients in general cases should include

all possib le contributing factors .

The program uses an iterative process for the re—calculation of the

trajectories of the free vortices , until convergence of aerodynamic co-

efficients is achieved. (The strength of those is calculated a f te r  the

solution for the strength of the boun d vortices).

The procedure is as follows :

Each point (I) of a segment of a free vortex is moved according to

Euler ’s method of integration
• ( 1)

(2) (2) V~
+ (1) ~~

U + u 1

4 42) — 4~ + 
(1) ~~X (8)

$ t J + u

~4 . 
- -:~ . T~~ ~~~~~~~~~~~~~~~~~~

_ _ _ _  
- ~~~~~~~~~~~~~~~ — ~ ~~~~~~~ —-~~ — 
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Here u~~~ , ~~~ ~w~
1) 

are the Cartesian components of the induced velocity

on point (i) , befo re moving it. y~
21

, ~~~~ are the ‘sew y and z co-

ordinates of point (i). (The flow is considered steady) .

More sophisticated inte gration methods should be applied in cases where

• s trong disturbances are expected , such as in the cases of very close inter-

actions between lifting surfaces , or very low aspect ratios. The integration

process continues iteratively until convergence of all free vortices is

achieved, or until the process exceeds a prefixed nu~ther of iterations. The

influence matrix is reclaculated , leading to a new strength of each bound

vortex. Aerodynamic coefficients are then recal culated , and all the process

starts again until convergence of the coefficients is achieved (see flow-

chart of the method , Fig. 23) .

The effect ‘of compressibility is taken into account by applying

Coethert rule and incorporating i t  into the computer program.

The accuracy of this rule and its application to the vortex flow over

wings has been discussed also by Rubbert and Brune [301.

By using this compressibility correction , the present me thod can now

be used over the range of subsonic Mach n uirbera up to the critical Mach

nuther.

2 .1. 2 . Results of Calculations

(a) C~~~utational Aspects

The use of the singular vortex element in vortex lattice methods

presents some difficulties. The main one is the too hi gh velocities in-

duced by the vortex on points which are too close to the vortex segment.

4 
a

A 5~~IW..- ~~~~ S ’  - ________________________________________ - -~~~‘,~J-
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The reason for that is the fact that a potential singular vortex does not

exist, due to viscous effects . Some attempts were made to overcome this

prob lem , for example Horn and Zorea’s [13] attempt to use the model of

Spreiter and Sacks [31] for the calculation of the radius of each vorte x

core , or Maskew ’s “Sub Vortex Techniques” [11, 136]. One of the main

conclusions from these attempts was that it is satisfactory in moat cases

to use a general “cut of f  distance” for all the vortices in the model .

The last method saves a lot of computing time, and it was used in the

present method. The results show that it is reasonable to use a “cut off

distance” similar to the width of the partition into elemental panel..

Stron g vo ces such as those shed from a leading edge may require a

larger “cut off distance”.

Another problem arises when shedding too many free vortices . Because

o f the sin gularity of each potential vortex , the convergence of the free

vortices trajectories is either very slow or completely impossible. The

multiplicity of free vortices is a result of a dense partition into

elemental pan els , (wh ich is favor ab le when the aim is to achieve a smoother

S 
load distribution) . The presen t method overcomes this diff icul ty by giving 

S

the option to merge close free vortices into one vortex, of a strength

which is the sum of the strength of the me rge d vortices . The nu~~er of

free vortices is thus reduced , while the nuii~ er of elemental panels remai~~

as it was.

Results of the present method show ‘-hat merging too close free

vortices is especially effective in the cases of leading edge separation,

in wings of low aspect ratio (AR 2) with sharp leading edges . In

~~~ ~~~~~~~~~~~~~~~~~~~~~~~~ —~~~~~~~~~~
-—- —..~~me.. _— — — — ~~~~~ • - 

——- — — — _ -

-4 
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these cases the convergence was much more rapid and the nonlinear aero-

dynamic coefficients calculated showed very good agreement with experimental

results. When no merging was applied , the calculated results shoved weaker

nonlinear behavior than expected , resesiling experimental results for wing

wi th round leading ed ges , (see for example Ref. 35). The effect  of merging

F free vortice on aerodynami c coeff icients  is strong when dealing with

vortices which pass upon the wing surface ; otherwise the effect is neg—

li gib le.

b) Comparison with Experimental Results

1. Closely Coupled Canard and Wi~ g, with Leading Edge Separation

The configuration was chosen for comparison with Ref. (32) and it is

shown in Fig. 2. Both the canard and the main wing are of aspect—ratio

1.66 , and of similar form. Two vertical positions of the canard were

checked , as it is shown in Fig. 2 . The canards are vertically located at

Z / C  = 0 .2 , (—0 .29) above (beneath) the main wing plane accordingly , and

their aft point is located longitudinally at 0.lC
~ 

from the main wing

.‘

~ 
vertex . (Here E is the canard me an geometric chord) . Behrb ohm (32]

states that the mode l used for experiments had round leading edges, which

considerably reduce the nonlinear e f f e c t s . Indeed , when using the present

method wi th the option of merging free vortices , (the e f f ec t  of which was

described before in part (a) of this Ch apter) , the calculated results for

the l i f t  coefficient of the high canard we re higher  than the experimental

ones (Fig. 3a , upper curve) .

By asstating separation of vortices without merging to be a better

• approximation of the actual separation from the rounded edges, the cal—

4 
5 

culated results obtained were better than those previously described ,

_____  _____

4 . . S 

S .
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although somewhat lower than the experimental ones (Fig. 3a). The first

results however , may be an indication for the maximum nonl inear effect

that can be obtained , should the leading edges -be sharp .

It should be noted that  the present method also gives the correct

tendencies for the low canard , in comparison with the high canard . The

Interesting behavior of the low canard can be observed in Fig. 3b, where 
S

the l i f t  coefficient Incre ases linearly up to an angle of attack of approxi —

S mately 15~ , and then a strong non—linear e f f ec t  occurs ,up to 200 .

This phenomenon has been observed both in the experimental and the

calculated results. It is explained by the fact that the free vortices

of the canard stay below the main wing surface up to a certain point,

and as the angle of attack increases above the point , the free vortices

shed from the canard pass above the main wing surface , causing positive

interference and as a result non—linear lift is obtained . The low canard

l i f t  coefficient even equals the high canard l i f t  coefficient at an angle

of attack of 200.

‘1
Correct tendencies for the high and low canards can be observed also

from Fig. 4 where the ch an ge in the p itching moment coefficients is descri-

bed (versus the l i f t  coefficient) .

The ef fec t  of interaction between high canard leading edge vortices

and wing leading edge vortices can be seen from FIg. 5. Noteworthy too

S is the fac t that due to the upwaah ef fec t  of the wing on the canard , the
S 

leading edge vortices of the canard leave its surface at an angle higher

than hal f  of the angle of attack . In general , this accepted initial value

which was fair enough for single wings , ma-v lead to numerical probleme in

some of the strong interaction p robleme such as the case of a low canard .
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In the latter case numerical problems arise because of un f i t t i ng  initial

conditions , when the wake of the canard tries to cut through the wing

surface . The low canard case also shows tendencies of instability in the

flow , within a limited range of angles of attack. However, the high

canard case which is much more cosm~,n does not present any problems.
S 

An example of the load distribution is presented in Fig. 6 .

2 . Canard and Wing Interference with no Leading Edge Separation

The configurations chosen were three variations of a basic model

experimented by Gloss (33] .  The basic form of the configuration is shown

in Fig. 7.  The model consists of a trapezoidal main wing of AR — 2.5

and a swept back canard of AR — 4.12. The first variation ( denoted as

con figuration No. 2) consIsts of a 51.7 deg. swept back canard, which

has 0 deg. dihedral angle . The second variation ( denoted as confi-

guration No. 3) consIsts of a 51.7 deg. swept back canard which has 18.6

deg. dihedral angle. The third variation (denoted as confi guration No. 4)

consists of a 60 deg. swept back canard which has 0 deg. dihedral angle .

All canards’ roots we re located at a height of z/~ = 0.185 above

the wing plane , (
~ is the wing mean geomet ric chord), and at a longi-

tudinal distance of x/~ 1.304 from the model nose to the canard lead-

ing edge . The partition chosen for the calculations was NC 4, NS 10

(using t rapezoidal cells) both for the canard and for the main wing, in

all cases.

Free vortices were shed from the t railing edges and from the side

edges. All three cases showed very good agreement between the experii~ ntal

and the calculated results as can be seen from Figs . 8 to 12. The calcu—

4 lated results depart from the experimental results only when stall effects

ii~~~j  -- 
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start . Trying a denser partition of NC 4, NS 10 for the canard,

with NC = 10, NS — 20 for the main wing had very little effect  on the

results , apart from the higher computer time needed for the solution.

• An interesting comparison is shown In Fig. 13 and 14. The present

method Is compared to calculated results of modified Polhamus methods

(from Ref. 33). It can be seen clearly that the present results for the

lift coefficient are in better comparison with the experimental results,

in addition to evaluation of the load distribution and the strength and

fo rm of the wake , which are not calculated by the modified Polh amus

methods .

3. Secondary Vortex Formation

As an example of this phenomenon a view of main and secondary lead-

ing edge vortices was sketched for a delta wing of AR — 2 , at 20 deg.

angle of attack (Pig. 15) . The calculated relative strength of those

vortices appear in a Table (Fig. 15) . (Trailing edge vortices were

omitted from Fig. 15 in order to get a cle are r view) . In del ta wings

of AR ~ 2 , the appearance of the seeondar vortex Is found to be at an

Inner region th an the example given as indicated by experiments .

4. The F—4—E Planforin in Compressible Flow

In the following example application of the method has been made to

analyse a complex planform also making use of the Coethert rule for the

evaluation of the compressibility effects .

The geometry of the model includes the main wing which has a dihedral

of 12 deg. on its outer span and a “saw tooth” form on its leading edge.

The tail planforis has a negative angle fo dihedral (—23.25 deg.) and is

4 operating is a mono—block control. Both the main wing and the tail are

I ~~~~ - •
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extended to the center line • A schematic description of the geometry of

the model partitioned into elemental panels is shown in Fig. 16. The

calculated results are compared with the experimental results of Ref. 34.

Very accurate results are obtained for the lift coefficient variation

with the angle of attack , at M = 0 .6 and also at M = 0.8, up to the stall S

conditions , (Fig. 17).

Good results are also obtained for tail deflections up to —16 deg. S

There was no point in comparing results for the pitching moment , because

of the difficulty to correct the calculations for the presence of the

complex body ; howeve r , deflections of the tail show the right tendencies

in the calculated pitching moment .

The experiu~ntal results for induced drag coefficient fall between

the calculated results for the case of ful l leading—edge suction drag

and those calculated for zero leading—e dge suction drag.

c) Cruci form Configuration In Subsonic Flow

The non—linear char act eristics of a c ru cifo rm cos~ ination of rectangu—

lar wings are evaluated by the present method ( at 0 .0 Mach nuth er) . The

configuration is coith ined of cruciforme d rectangular main wings and tails ,

described in Fig. 19. The calculated lift and pitching moment coefficients 
S

sh ow a strong non—linear variation with increasing angle of attack (Fig. 20) .

The existence of the “turning point” in the curves of C,~ , CM , C
D 

(Fig.

20) is explained by examini ng the path of the free vortices shed by the

wing. At about 120 those vortices pass very near and below the upper tail,

caus in g a considerable loss of l i f t  on that part . Further increase of the

4
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angle ot attack would cause those free vortices to make their way above

tail , gaining l i f t  again . I t  should be noted that there is some loss of

stability in the region of the turning point , as seen from the pitching

moment curve slope . Experimental data on cruciforined wi~igs configurations

indicate similar variation . Results are sensitive to the relative location

and shape of the tail.

d) Computer Ti me

Computi ng time for  a complex confi guration is at present rather hi gh

(about 2000 sec on IBM 370 /168 type) . However , computation time may be

considerab ly reduced , should the program be optimi zed . The use of the

iterative scheme is t ime saving In i t s e l f .

‘1
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2 .2 . A Me thod for Calculations of the Aerodynamic Characteristics
of Slender Bodies with Vortex Separation

The use of vortex elements enables the proposition of a simple

model for representing the separation of vortices from the body surface.

Mainly the model of the body is that of an “Annular Wing”, built

of a vortex lattice (see for example Ref. 2,23), wIth the possibility to

separate vortices from the surface • The separation point in the model

is located in the junction between two adjacent bound vortices or in

some point located on the line of the trailing in—surface vorticity .

The vortex arrangement on a cylindrical body is shown in Fig. 21,

toge ther with an example for the method of sepa ration between two

adjacent elemental panels .

This meth od of separation enables also to separate vortices from

pre—chosen regions of the body surface , according to the separation

theory to be chosen .

References 27, 28, 29, 46, for example , discuss the problem of

‘1 determining a criterion for the separation of vortices from the surface

of slender bodies at high angles of a t tack . However a thorough survey

of the p roposed criteria for separation is under consideration, aimed

to choose a general model which should be also as simnie as possible

for the purpose of incorporation with the method of calculation . Ref .

29 for example, presents an interesting method for calculating aero—

S 
• 

dynami c characteristics of bodies having vortex separation at high

angles of attack , but the cost in C .P .U. time for ut i l izing this

method seeme to mak e it unattractive for  incorporation with a general

4 method for complex configurations .
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Other potential elements such as point sources or sinks might be

needed for the description of a blunt nose oc a body for example .

Those elements are distributed inside the body as described in Fig.

21.

It  should be noted that the calculation of wing—body configuration

is carried out essentially in the same way as described for the case of

wings (Chapte r 2. 1.1. in this report) with the geomet rical influence

coeff icients of the body taking proper places in the general matrix

(Eq . 2 ) .

A general flow chart f~~ the procedure of calculation appears in

• Fig. 2 3 .

• A method f~ r the representation of thick wings appears in Fig. 22.

Here too potential elements such as line sources/sinks might be needed

for a complete description of thickness and of round edges , (apart from

the vortex element) .

For more accurate calculation of the local pressure coefficient, S

methods such as the “Sub—Vortex Techni que ” by Maskew [11,136 1 may be used ,
• after adaption to the th ree dimensional case .

4
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3.  EXPERIMENTAL STUDY OF ThE AERODYNAMIC (~IARA CTERISTICS OF SLENDER
BODIES AND ThE EFFECT OP INJECTED JETSS, AT HIGH AN (LES OF ATTAQ~.

3.1. Lateral. Forces and lbments Acting on a Body at 11igh Angles of
Attack at Subsonic and Transonic Speeds

The occurrence of asyim~~tric vortex fl ow and hence side forces and

yawing moments on bodies of revolution at high ang~les—of—attack and ze ro

sideslip has been observed experimentally and is under intenôive studies

at various laboratories.

S All previous investigat ions have shown that the nose shape is one

of the most significant parameters affecting side force characteristics .

S It has been found experimentally that it is possible to reduce side

forces by the use of devices causing boundary layer transition or vortex

generators on the nose .

In the present investigation air jets blown f rom a body of revolu-

tion are used in order to reduce the side forces .

There are many parameters that may affect these side forces such

• as the position of the stations on the body for these jets , the polar

angle of each station , the mass F low and velocities of the jets. Some

of these parameters have been investigated and reported in this paper.

• At moderate angles of attack the adverse cross—flow pressure gra—

dient on the leeside of the body causes the b oundary layer to separate

and then to roll—up into a system of distinct vortices .

The roiled—up vortex sheet may stay joined to the body and be con—

tinuously fed front the separated boundary layer or i t  may leave the body

entirely further downstre am . Since the boundary layer separation is

4 
caused by the adverse pressure gradient , the separation line may be

- 
.. -

-.- S S ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -5------ --— ——- -5---- - --S—— —-5- -S —— ~~~~~ ~
_
~•_• 5~ — — — — — — ——— S —



5-

-

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

- 
- 

_ _ _ _

— 2 1 —

expected to be close to the line of the minimum pressure coefficient on

the leeward side of the body [37 ] .

Due to geometrical irregularities of the nose of the body or irregu-

larities in the flow direction one side of the boundary layer may separate

first from the body , retaining a certain vortex strength in the corresponding

rolled—up vortex sheet. The other side of the boundary layer may remain

attached and separate only further downstream on the body with a corresponding-

ly stronger vortex. Thus we find an asynmie t ric vortex system generated be-

hind the body at high angles of attack . This is supported by the results of

Ref. 38 where it is shown that the side forces are connected to asymiimt ry

of circumferential pressure distribution and asyilmet ry of vortex sheet

separation on the leeside of the body . In the visualization tests of Ref.

37 it is shown that as the angle of incidence increases the separation line

is shifted towards the windward side . The circumferential  angles of sepa-

ration 
~~~~~~~~ 

as measured fro m the windward meridian, indicated a

non—sy~~~trical separation on the cylindrical af te rbody when laminar boundary

layer conditions exist. This asynmmtry increased with increasing angle of

attack. The maximum angular difference ve ry nearly coincide d with the

maxinins measured side force . (The maximum angular difference was of the

order of 20° to 400 for the sharp and slightly blunted slender noses

respectively , while this difference decreased to 5
0 to 100 for the lowest

fineness ratio nose) .

At high m~gles of attack the side vortices could grow and separate

at several points along the body : this phenomenon was found by (37 1,

1381 and (39 1.
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The phenomenon of these lateral forces can be also modeled by the

umpulsively started cross—flow analogy . The calculation of side forces

and pressure distributions on inclined cylindrical bodies at high

angles of attack is presented by Lamont and Hunt in Ref. 40 and 41.

Using the cross—flow analogy the induced lateral flow field is evaluted

without specific reference to the state of the boundary layer on the

body . Th. validity of this assumption mus t be studied .

The generally accepted results of the investigations of the pheno—

na associated with vortex asvmeet ry on slender bodies at high angles

of attack are the following:

(1) The initial direction of the side force is unpredictable because

of its connection with small i rregulari t ies in the nose geometry ;

however once the direction is established this does not change as

the incidence angle is increased .

(2) Reynolds number has no effect on the angle of onset of asymeetry

but does have an effect or’ the magnitude of the side force .

(The Reynolds number effect is in def in ing the boundary layer in

the sense of whether i t  is sunercritical or subcritical. For

instance in Ref. 40 the relation of C,,~ in the supercritical to
max

the subLtiLlcal  is 1.5 /2 .5) .

(3) The magnitude of the side forces increases with increasing the

• finesa ratio of the nose.

(4) Side forces remain small below ~ — 25°. Beyond this they in-

crease and reach peaks at around 350 
— 40

0
, deDending on the Mach

number and geometrical configuration .

4
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(5) The magnitude of the side force is decreased by as much as 8O~

when a boundary layer strip is installed on the windward side.

This is a result of early transition to turbulent boundary layer .

Side forces and moments may be potentially hazardous to the control

and stability of slender configurations such as fighters and modern

missiles, at high angles of attack. These side forces and moments may

be overccxne by sufficient control authority and autopilot gain margin

so that flight control is maintained , or by aerodynamic devices to

suppress the asyimnetric vortex pattern .

In Refs . (42 ,43 and 44] the investigators have pointed out that

the nose shape is a most significant parameter affecting side forces,

therefore adding transition strips or vortex generators on the nose

can reduce the side forces .

These devices cause regular symmetric b oundary layer f low on the

nose of the body , thus eliminating the previously discussed asynunetric

boundary—layer separation and so the associated vortex system is sym—

metric, therefore , eliminating the large side forces and moments .

In the work of Keener and Chapman (42] reduction of side forces is

achieved by adding meridianal strips of grit at the angular position

— ± 3Ø0~ In Ref. (43], the positioning of a ring on the nose caused a

great reduction in the large yawing moments at high angles of attack. S

In the work of Clark , Peoples and Briggs (441 the additon of vortex

generators at the nose was sufficient to cause the separated vortices

to be more symmetric at the critical angles of incidence. In this

present inves t igation air jet s blown from the body of revolution are

4 used to affect flow symmet ry and reduce the side forces and moments.
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This is shown by an experimental investigation wherein the side fortes

and moments are measured with the air lets blown at different blowing

coeffic4ents, C

Preliminar tes ts have been carried out in the high subsonic and

the transonic flow regions .

3.2. The Effects of Jets Injected Near the Nose of the Body on the
Lateral Forces and Moments at High Angles of Attack , in Subsonic

S and Transonic Soeeds.

3. 2 .1. The Model and Facilities for the Experiments

The experiments described herein were conducted in the Subsonic

Wind Tunnel of the Aeronautical Research Center of the Technion with a
S 

cross section of its x lm.

The model shown in Fig. 24 is an axisvmnetric body of revolution

with a body diameter of 3 in. and an overall finess ratio of 6.

Three different forebodies could be used ; a pointed cone, a blunt

cone and a blunt ogive (shown in Fig. 24).

After conducting some prelimina~~ t ests it was decided to blow lets

from two sections, one very close to the nose arex and the second further

along the nose (Fig .  24) . At each s t a tion  three nairs of holes were

S drilled at ~ 60° and ± 30° as indicated in Fig. 24 and the diameter

of the injection holes was 1.2 mm perpendicular to the body ’s axis

(this diameter was chosen so as to obtain blowing velocities of the

same order of magnitude as the tunnel flow speed) .

A system of rigid and flexible tubing was arranged in the model so as

to obtain symmetrical blowing of the lets through a different pair of

holes each time .
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Throughout the experimental program , a six component internal strain

gage b alance was used to measure the aerodynamic forces and moments • Th is

balance was very sensitive to side forces.

The experimental, system is capable of changing the rate of flow and

of providing measurements of the pressures and of the rates of flow-.

The experiments were conduced at a flow speed of 20m/sec (for a

Reynolds number of 1.08 x 10~ based on the diameter) with the pointed cone

configuration and for a range of angles of attack of 300 — 56
0

. In

the preliminary tests we found this configuration to give the highest

values of side force .

Tests with no inject ion and a few tes ts with infection were re-

peated in order to verify the repeatability of the test results. The

jets were also blown wi thout flow and the measured side force was found

t o be negligible, showing that the blowing is symmetrical .

Qualitative tests for flow visualization were also performed .

Using oil paints on the model , the development of the stream lines on

the body was followed . The flow patterns indicated positions of sepa-

ration as shown in Fig. 25.

3.2.2. Results

The results of the tests can be summarized according to the angular

position of the jets on the model :

Bloving at 600_ At both stations increased values of the side force co—

efficients in comparison to those obtained without blowing were observed.

Bløving, at + 3 0~ — At station II , high values of side force coefficients

4 
were observed with increasing rate of flow . At station I , two interesting

results were observed (see Fig. 26) — the line of C — 166.33 x

~~~~~~~~~~~~~ 
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where the j ets kept the side force coefficient from growing until 400

and then caused a peak higher than the uriginal ; and the experiments for

C — 289 .34 x 10~~~, in which the side force coefficient followed the
1-’

original line to an angle of 400 where there was a change of sign until

a negative peak was reached at 440 followed by a rise to a peak similar

to the original .

S Blowin~g at 30 — At station II, a reduction of the maximum side force

S 
coefficient up to was observed in the two experiments shown in

Fig . 27.

Both the curves C 33 25 i~ lO~~~ and 2 R 5 . ,  x l0~~ d- :crcas~-

from their maxima at. ci = 460 to zero side force coefficient at ci = 530
•

The yawing moment coefficient  was decreased in these experiments

by up to  307..

At station I, a meaningful reduction of side force for certain ang~r~

of attack was observed (Fig. 28) .

On the yawing moment coeffcient curve (Fig. 2Q) we observed a w€~pr .ing— S

ful reduction with lets blowing compared to the .,rtginal cuL~~t

On examination of the side force coefficient versus the rate of flow

S diagram (Fig. 30) it ~s obvious that there is an optimum rate of flow for

blowing the :tets . The arrows on the Figure point to a concentration of

many test results (on this curve the side force direction is opposite

to its direction on Pig - 31) .

Side Forces Versus Reynolds N unber

The expetinients ot this investigation were conducted in a ~ange of

4 
Reynolds nun~ er from 1 0 7  x 10~ to 1.69 x 10~~, has~ d on the body ’s S

diameter.
Sc
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Fig. 31 shows the change of side force coefficient versus crossflow

Reynolds number , at C = 21.6 x l0~~~~.

Consistency of Results

Fig. 32 , which describes the experiments without blowing shows good

consistency up to 480 . From this point scattering of results can he

observed but they are still acceptable as consistent (th e scattering of

results Is a characteristic phenomenon in all wo rks on this subjec t .

It  is common practice to attribute this to the fact that the side forces

are sensitive to changes in the nose alignment and in the experimental

conditions and also to mounting induced vibrations .

In the blowing experiments which were repeated , similar amplitudes

were observed but the sign of the side force changed in some cases .

From the experiment that was conducted without flow it was found that

no side forces were measured by the bal ance and the conclusion is that the

blowing ouring the experiments was symmetrical .

Analysis of Oil Flow Photo~ raphs

From a comparison of the pictures with no blowing to those with 
S

blowing which was carried out for two angles of attack , cx — 460 and

ci = 480 (on which the maximum no blowing side force coefficient was

observed) , the following conclusions can be derived :

(1) The blowing of the jets delays the separation point to much

further downstream on the body (because of the t ransition to

turbulent flow)

(2) The flow separation lines on each side become more symmetrical.

These results are similar to the results described in Refs.40 ,4l

and 42 , in which the investigators added rigid elements on the nose .
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Preliminary Tests in the High Subsonic and in the Transonic Reg~ona

The teeta were carried out itt the transonic wind tunnel of the

Aeronautical Research Center of the Technion , which has a cross section

S of 60cm x 80cm . The model is the pointed cone nose (Fig. 24). The

investigations included experiments with and without jet injection at

S Mach numbers of 0 . 6 and 0.8, for angles of attack between 350 to 560 .

The injection took place at station A (Fig. 24), at an angle of —30°

and with a blowing coeff icient  of — 149 .4 x 10~~ fo r M = 0 .6

and C~ .84.07 x 10 7 for M = O .8.

Schlieren photographs were taken during the tests. At M — 0.6

the blowing had only little effect on the reduction of the side force

coefficient (Fig. 33) , although it reduced to some extent the yawing

S moment (Fig . 34) . Howeve r , at N = 0.8 both side force and yawing moment

S were considerab ly reduced within the range of the angles of attack

350 < < 48° (Figs. 35 , 36) . The effectiveness of the blowing disappeared

for angles of attack higher than 48° .

From Shlieren photogr-aphs(Fig . 37) it can be seen that a shock wave

appeared near the shoulder of the body at N — 0 .8 . However , the flow

picture with j et blowing (Fig. 3Th) is di f ferent from the flow without

- 
blowing (Pig. 37a) . The considerable reduction in side force and yawing

moment at M — 0.8 encourages further investigation for the effect of 
S

S 
jet blowing. S

S 

Effects of Reynolds number , influence of the rate of blowing and

shock wave formation should be investigated at these and higher transonic

Mach nuithers.
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4 . DISCUSSION AND CONCLUSIONS

4.1. The Modified Vortex Lattice Method for Cal culations of Complex
- Wing Planforms at Hi Angle. of Attack.

The present method offers an efficient means of analysis and design

of complex aerodynamic configurations . The good results obtained for

strong interaction cases and for non—linear effects encourage further

development and refinement of the method . One aim in future development

has been mentioned in Section 2.2. of this report , and that is including

the presence of bodies with vortex separation . The presence of a body

is influencing especially the pitching moment coefficient of wing—body

con f igurations , and also the form of the wake, the pressure distribution

and the total lift coefficient at high angles of attack . Another aim

in future development should be inclusion of thickness effects for lifting

surfaces .

Although expensive for use in the sense of computer t ime and memory ,

a correct description of thick wings with round leading edges might give

more correct pressure distribution and might enable a good estimate of

the induced drag , and of the leading edge suction force .

Though t should be given also to get “smoother” pressure distributions ,

although present results show that the total aerodynami c coefficients are

in good comparison with experimental results even with the simple “block”

distribution used.

S It should be concluded that the present method can be used for the

calculation of aerodynamic characteristics of complex configurations at

S 

high angles of attack and at subsonic sneed , with reasonable cost in

4

-~~~~~~~~~~~~~~~ 
.- .- - --~~~~~~~~~~~~~~ - - -~~ - S - j 

- - -

- . s~ 555 5 5 ~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - 5 - -—~~~ — . 
_________________________________



- S -
~~~
== -

~~~~~~

— 3 0 —

computing time due to the simplicity of the basic model used.

Using the present method , the analysis holds up to the effects of

stall or vortex break—down .

4.2. The Effects of Jets Inieccion Near the Nose ol a Slender Body on
the Side F~~ L~~~ and YawinK Moment at High An~g1es of  At tack

From the results of this research i t  can be seen that it is

possible to reduce side forces and even change their sign by blowing

symmetric jets from the body as close as possible to the nose apex

(the importance is , c f course , in reducing the maximum side forces).

The most effective results appear on blowing at an angle of — 300

(on the windwarc side). It can be seen that the let b lowing is inef-

ficient at angles of attack above 520.

The amount of blowing used did not cause any change in the normal

force drag .

The rate of flow of the jets needed to reduce the side forces is

‘1 very small . This solution is not sensitive to changes in the rate of

f low ; increasing the rate of flow did not cause significartt changes in

side force coefficient.

Effect of Angle of Attack — Increasing angle of attack causes the side

force to increase until it reaches a peak at about ~~~~~ Abo~,e this

angle further increase of angle of attack causes decrease of the side

forces .

Angle of Onset As nne
~~~ 

— From the results of the expetiment.s it is

clear that the blowing jets do not cause any change in the value of the

angle of onset of asymmetry .
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Jet Control — ?t~re e f fec t ive  results in utilizing blowing j ets may be

achieved by designing a control system which changes the rate of flow

as a function of angle of attack .

A control system can be devised to vary the rate of flow in order

to keep low values of side force coefficients .

Effect of Reynolds Nunber and Mach Nuither ~han~gç~

At this stage of tests it is impossible to define the e f f ec t s  of

Mach number on side forces .

~urther tests are required in order to investigate the effects of

both Mach number and Reynolds number on the lateral forces and moments

of these slender configurations at high angles of attack with and

without blowing.
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