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THEORETICAL ANALYSIS OF AN AUGMENTOR WING
FOR A VIOL FIGHTER

by Marnix JF, E. Dillenius and Michael R. Mendenhall

SUMMARY

An analytical method has been developed for predicting forees and
moments acting on augmentox wings in hover or forward f£light for pre-
scribed ejector jet characteristics. The method is based on incompros-
sible, potential f£low theory. Attached flow is assumed, Two potential
flow models are incorporxated in the prediction method: a model for the
wing/flap system and a model for the jet and its wake. A three-dimen=~
sional nonplanar vortex lattice is laid out on the chordal plancs of the
augnmentor wing components, Flap surfaces and jet can be at large angles
to the oncoming stream, Horsceshoe vortex strongths are determined from
the application of thoe flow tangency condition at points on the surfuces
including interference cffoects from the Jelt. The jet is made to expand
from the primary nozzles to the diffusor exit, and a distribution of vor-
ticity is placed on the jet boundary to wodel entrainment. In addition,
blockage panels are positioned on the boundaxy of the jet wake downstream
of the augmentor wing. Jebt wake centexline location and spreading rate
are taken from experimental data. The solution proceeds in an iterative
mannexr using the two flow models in sequence and comparing the predicted
diffusor exit velocity with the specified velocity.

Experimental data involving VIOL fighter-type augmentor wings are
not readily available; however, some comparisons are shown using data on
a V/STOL transport model in forward flight. Good agrcement is shown at
low thrust scttings. Fox high thrust settings, the present method over-
predicts the overall lift and drag and underpredicts the pitching moment.
The discrepancy is at least partly attributable to the attached flow

assumption,



INTRODUCTION

Thexe has been an inereasing intorest in tho development of VIOL
high performance aireraft, One concept used to achievo VIOL capability
ig the augmentor wing., In this concept, the propulsion system is inte-~
grated with the lifting surfacaes for generating direct lift. ‘The aug-
mentor wing of intorest hoxe consists of a fixed wing with a sot of
large £lap surfaces at the trailing edge which can be deflected at Jarge
angles to guide and control the engine exhaust gas., The gas or primaxry
jot emanates from nozzles at the trailing edge of the center flap
positioned above the forward and aft flaps designed to form a diffusor
ox ejeetor system., In this process, the jot entralns sccondary air
drawn into the diffusor and mixas with it resulting in an augmentation
in mass flow. As a raegsult, thoe overall thrust is larger than the primary
thrust generated by tho engine exhaust diverted from the engine to the
augmentor wing. PFurthermore, additional lift is gonerxated by the wing
and flap systom due te interforence effeocts induced by tho augmented
jot flow.

Tha objective of this roport is to deseribe an analytical method
developod for the prediction of the external aerodynamie characteristics
of an auygmentor wing for specified jet veloeities at the primary jot
nozzle and the diffusor exit. Flow conditions inelude hover and forward
£light. This effert is a necessary precursor to the preodiction of the
longitudinal acredynamiec foreoes and moments acting on a complete VIOL-
type fighter aircraft with one or more augmentor wing systoms. Thoe work
pexrformed during this phase was funded jointly by NASA and NAVAIR.

Several analytical methods based on jet flap theory have beon
developed to analyze wind-on perxformance of augmentor wings. ‘Pwo-diman-
sional approaches arce given in references 1 through 4. The thin jet
flap theory is not a xealistic model for the "thiek" augmentor wing
jets. Bevilagua, veference §, presents a two-dimensional analysis for
the static (wind-off) casc using a viscous solution for the flow through
the diffusor and an inviscid solution for the external flow. The viscous
innor flow solution is based on a turbulence kinctic energy medel to
account for mixing. Very recently, the innexr solution was extended to
account for hypor-mixing nozzles (xef. 6). Bevilagua's methods can pre-
dict details of the jet flow inside the diffusor including average jet
velocitios at the exit of the diffusox.
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The prascent method is directed towards the three-dimensional case
of a finite~aspect-ratio wing with swoep and taper having a highly
deflected, thick augmentor jot., It is desirable, as well, te account
for spanwise variation of the jet width and jet velocities for a
realistic three-dimensional case, The approach consists of developing
models for the wing-flap system and those aspects of the augmentor jot
that arp required te properly model the interfercnce effcets of the jot
on the wing-flap loading. The details of the flow inside the augmentor
and the mixing of the primary and sccondary flows are not addresscd,
and the augmentor jot characteristics are assumed to be prescribed
initially in terms of parameters which yinld the primary jet velocity
and the mixed flow velocity at the ejector oxit. Potential flow mothods
are ocmployed, and ne flow scparation on the wing or flap surfaces is
assumed to occur,

Recently, a Navy fighter prototype cmploying an augmentor canaxd
and wing was built and tested. It is designated XPV-12A and is deseribed
in referenece 7. No test data is readily available fox this configuration.
The basic features, including thn augmentor wing systems, are indicated
in figure 1. In order to evaluate the methods and provide some com-
parisons with data, calculations were made on a rectangulayx, finite-
aspect-ratio V/STOL transport configuration for which wind tunncl data
arc available (ref. 8). Unlike the fighter configuration, the transport
wing has a shoxt chord and high thickness rxatio and the {lap scgments
also have high thickness ratios. A ecross section of the configuration
is shown in figure 2. Results are presented on this configuration, and
discussion is prosented on the flow and lead characteristics as illuni-
nated by the comparisons between predictien and data.



SYMBOLS

AR aspoct ratio
b width of jet measurecd perpendicular to jet center
Cp axial force cocefficient, axial £orcc/quEF, figurae 3

pitehing moment coefficient, pitching moment/qSREFLREF, figure 3

CN normal force cocfficient, normal f°”°°/qSREF' figure 3
c“ jet momentum coafficient, egn. (9)
) average wing chord

% acrodynamic force vector

L reference length, Ly, = c

M mass f£low xrate

mp jet mass flow rate at jet exhaust
ng entrained air mass flow rate

[ vector normal to suxface

q dynamic pressure

é resultant fllow velogity vector

s length along jet centerline

SREF reference arca

T thrust force

Ve, free stream velocity

v flow velocity

X ¥, 2 wing coordinate system, figure 3

o angle of attack, degreces

§ flap deflection angle, degrees, figure 2
? vortex vector with strength I

Y vorticity strength/unit length

) thrust augmentation ratio

£ nondimensional length along jet centerline
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SYMBOLS (Concluded)

canter of gravity

jet centerline

diffusor exit

initial (at canter flap exhaust nozzle location)

jet
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TECHNICAL APPROACH

The basic objaective of tha analytical methed is to represent the
gsolid surfaces of the augmentor wing by a distribution of lifting~typeo
gsingularities for thae purpose of calculating aerodynamic loads including
jet intorference effocts, To this end, the jot must be roprescnted by
suitable singularities from its origin to some distance downstream of the
diffusor in ordor to model the jet induced cffects. A nonplanar vortoex
lattice is laid out on the augmentor wing components. This lifting sur-
face moucl is basically a modified form of the vortex lattice approach
described in reference 9. The vortex distributinn used to model the
jet over its length is an adaptution of the jet model used in the work
described in references 9 and 10, In addition, the jet wake (jet down-
stream of the diffusor exit) makes use of blockage pancls on its bound-
ary. This part of the jet model is an extension of the blockage pancl

schome described in refercencae 11,

The lifting surface and jet models have been programmed and are
used in sequence to form an iterative approach to the calculation of the
longitudinal acrodynamic characteristics (lift, drag, pitching moment)
of augmentor wing configurations. In this process, the assumption is
made that flow entrainment by the primary jet is such that the flow at
the diffusor exit is completely mixed. This condition, to a first
approximation, is approached in practice when hyper-mixing primary
nozzles are employed in conjunction with limited beundaxy layexr blowing.

In the following scctions, brief descriptions are given of the lift-
ing surface and the jet flow models. Attention will be focused on the
special features developed to apply the flow models to augmentor wings.
The iteration scheme is described in the section concerned with the
method of solution.

Vortex~Lattice Model for Augmentor Wing/Flaps System

General description.- The vortex-lattice lifting-surface model used
to ropresent the solid surfaces is a modified version of the model used
in reference 9. Configurations of interest in that reference comprise
externally blown flaps attached to the trailing cdge of a wing. In the
present investigation, the computer program of reference 9 was extended

to handle flaps typical of augmentor wing/flap systems, as shown in
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figures 2 and 3. Each component is covared with horseshoe vortices on
its mean surfacae. The trailing legs of the horseshoe vortices are made
to lie in,and extand to infinity in the plane of cach surface, However,
the trailing legs of thn horseshoe vortices on the wing (or that surface
of tho augmentor wing ahead of the forward flap) are bant al the wing
trailing edge so that they lie in the plane of the forward flap as
illustrated in figure 3.

The wing/flap geometric parametors and flow conditions takoen
account of in the prosent methods arc summarized balow., More detailled
deseriptions are given in refexence 9. The wing may rave

+ finlte span

* breaks in sweep of the leading and trailing cdges
« uniform dihedral ovexr the span

« taper set by leading- and trailing-cdge shapes

+ twist and camber

¢ zero wing thickness only

Up to 10 flap surfaccs can be accounted for. The description of
the planform of the flaps is governed by the following geometric char-
actoristics.

« partial span

« straight leading- and trailing~ecdye shapes over the span

+ taper sct by leading=- and trailing-edge sweeps

« root chord in plane parallel to vertical or x-z plane, sce
figure 3

« tip chord must lie in a vertical plane parallel to the vertical
plance containing the root zhorxd

+ twist and camber
« zero flap thickness only

Effccts of angle of sideslip and compressibility are not included. Angle
of attack, flap deflcection angle, dihedral angle, twist and camber angles
are accounted for in the flow tangency condition using trigonometric
functions since some of these angles can be large.

vVortex layout.- A few horscshoe vortices and the reference coordinate
system (x,y,z) are shown in figure 3 for a tapered augmentor wing/flap
system with swept leading~ and trailing-edges. The flaps are set at
large deflection angles typical of hover and transition flight. Aan




augmentoxr diffvsor soction ls formed by the forward and aft flaps., The
chordal plancos of the wing, centar flap, and diffusor flaps are divided
into trapozoldal area olements ox pancls. On the forward flap, tho
spanwise distribution of tho pancls must ba thu same as on the wing., A
horseshoe vortex is placed in each panel sueh that the hound (or spanwise)
leg lies along the panel quarter chord and the tralling legs lic along
the side cdgos of tha panel, The trailing legs oxtend back to infinity
in the plane of tho panel except for tha horsoeshoe vortices on the wings,
The legs orxdginating on this surface trall back to the trailing edge

and are thon bent to lie in the plane of the forwswd flap. In faect, the
wing trailing legs will coinedde with the trailing lags of tho horsoshoe
vortices on the forward flap. Flgure 3 shows one horseshoe vortex only
on the chordal planes of the wing, forward flap, center f£lap and aft
flap, On the forward flap the trailing legs associatod with the wing
vortices are shown slightly separated from the trailing leygs of the
horseshoe vortices of the forwaxd flap for the purpose of clamity. The
strengths of the hovscshon vortices, unknown so far, arc obtained from
the £low tangency conditlon deacribed nexnt,

Boundary condition.~ Tug flow tangency boundary condition is applied
at control peints located at the midspan of the three~guarxter chord line
of cach arga element or pancl. Details are given in reference 9, pages
9 through 14. A brief account only ig given here. Seme control points
are indicated on figure 3. Designate the total resultant velocity
vector at one contyol peint as ﬁ and the normal to the surface in
question as W, then the boundary condition states

g+ BH=0 (1)
for the finite seot of control points., With no jet prosent, velocity &
ineludes contributions from all the horseshoe vortices laid out over the
augmentor wing surfaces and the free stream component. 'The velocity
components induced by the horseshoe vortices are related to the unknown
vortex strengths through the use of influence functions given in refer-
ance 9. The functions associated with horseshoe vortices on the wing
account for the cffects of the angle of deflection of the trailing legs.
In the application to augmentor wings, velocity contributions induccd by
the jet singularities are included in equation (1) for the purpose of
accounting for jet interference. A later section concerned with the jet
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model deseribes the method used to generate the jot induced velocity
contribuvtions, Note that the free stream componoent reprosents tho
flight condition: hover (zero velocity), transition or forward flight
(nonzero) .

Tho appliecation of the flow tangency condition, cquation (1), at
the control points distributed over the chordal planes of the augmontor
wing surfaces roesults in a sct of simultancous cquations from which the
unknown vortex strengths are obtained, Once the strengths are known,
the acrodynamic forces and momeonts acting on the augmentor wing compo=
nents axe calculated using thoe method deseribed next, At this stage it
is also possible to computo, at any field point, the flow ficld induced
by the horseshoo vortices representing the surfaces of the augmentonr
wing.

Porces _and moments.- The acyodynamic forces acting on one clemental
arca or panel can be detoxmined from the applieation of the Kutio-
Jounkowski law for forees acting on a vortox Filament. The fundamental
statements are given in reference 12, This approach hing been uscd
successfully in references 9 and 10 and others, Details of the applica-
tion of the vortex filament forece method are discussed in refercnce 9,
pages 17 and 18. A summarized account only will be given here.

The acxodynamic force acting on a vortex filament per unit length
of filament is expressed as the vector product of the velocity of the
flow 3 past the vortex of strength T,

Pegxf (2)
Contributions from zll horseshoe vortices lald out over the augmentox
wing components, free stream and jet induced contributions are included
in the caleculation of 5‘ The elemental panel foree caleulated with
equation {2) can be used to compute spanwisc load distributions by sum-
ming over all the pancls and overall pitching moments are determined by
using the panel forces times the appropriate moment arms. The results
inelude normal force, axial force and pitching moment coefficients. The
dircctions of the normal and axial force coeffinicnts, CN and Cpr
respectively, are shown in figure 3.



Jaet Nodel Ineluding Jet Wake

The analytical singularity distribucion choson to ropresent the
extornal induced effects of tha jot is describoed in this section. The
jet, exhausting from the trailing odge of the contor flap (figure 3),
is divided into two distinct regiones for modeling. The first roglon is
that portion of the jet from its exhaust nozzle to the exit of the dif~-
fusor., Sccondary jets ara not included in the present analysis., Tho
sccond reglon is the romainder of the jet from the diffusor exit to its
chosen cend point at a finite distance downstixecam of the exit. 7The
following is a description of Lhe dotails of this jet model.

Genaral approach.- The objoctive of the jek medel is to ropresent
the induced external flow effeets of the jet, ignoring tha details of
the mixing flow inside the diffusor ana the internal flow of the initial
region of the jet. The basic flow model used as a starting peint fox the
required jet model is that of an actuator disk which can ba used to
reprosent a jot of fluid with higher velocity and higher total head than
the saryounding £luid, "This flow model has been usced to ropresent tha
external flow ficld induced by the wake from a turbojet or turbofan
engine (refs. 9 and 10), In xeference 9, the development of the flow
model for cirecular and elliptic cross scetion jets is described, and in
reference 10, the extension of this model to a rectangular cross saction
jet is presented. The latter rectangular jet model is the most appropri~
ate medel for the application to augmentor wings.

The equivalent singularxity distribution for an actuator disk is a
semi~infinite length cylinder with a uniform distxibution of vorticity
on its surface {ref, 13). Two characteristics of this model are a
uniform veloecity profile inside the jet and an inercasing mass flow with-
in the boundary over the initial few diamctexs of length. This model
has been extonded to expanding boundaries, various cross scctional shapes,
and bent centerlines fox use as a turbojet wake modei. In making these
modifications, the analytical singularity model of a uniform vorticity
distribution on a semi-infinite cylinder was changed to a finite length
distribution of vortex xings. This change was necessitated by numerical
difficultics in calculating the induced velocity field associated with
the singularity distribution for curved jets, and more details of this
change are presented in reference 10,

10
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The above mentioned singularity distribution will be adapted to the
current problem of developing a jet model for an augmentor wing. Down~
stream of the augmentor, the jet should behave as a free jet and thus
can be handled in the same manner as the previous jet wake models. The
upstrcam region of the jet model, in the diffusor region, is quite dif-
ferent from previous jet models. TFor the case at hand, the jot exhausts
from a very high aspect ratio slot nozzle at the trailing edge of the
center flap and expands very rapidly to £ill the diffusor. In this
process the jet entrains air drawn into the diffusor, The assumption
is made that tha jet and entrained air are completely mixed and £ill the
diffusor cxit. The rates of expansion and entrainment of secondary
fluid by the jet are much larger than typical free jet rate. because of
the enhanced mixing over the relatively short length of the diffusor,
Therefore, a new flow model is required in this region, This is described
in the following secticns.

Diffusor region.,- This portion of the jet model, between the center
flap trailing edge exhaust nozzle and the end of the diffusor section,

is quite different from the jet models described in references 9 ard 10.
The major difference is the high rate of expansion of the jet boundarios
due to the mixing in the diffuagor. In actual practice, the mixing process
is enhanced by the use of hyper-mixing nozzles and boundary layer blowing
on the inner surfaces of the diffusor. The entrainment rate of the jet

is thereforce much higher than that of a free jet because of the mass
augmentation cffect of the diffusor. In this context, the fluid entrained
by the jet is assumed to be the entire amount of secondary f£luid; that

is, the entrained flow is the differxence between the total mass flow at
the diffusor exit and the jet mass flow at the primary nozzle.

The boundaries of the jet in the diffusor region are shown dashed
in figures 3 (and 6). Since the present model is not concerned with the
details of the internal flow, the idealized boundarics are prescribed by
straight line segments as shown. The only reguirement is that the jet
model expand to £ill the exit at the end of the diffusor. ‘The initial
portion of the jet is sized to match the actual cross sectional area of
the jet nozzle at the center flap. The short length of nonexpanding
boundaries near the trailing edge of the center flap, shown in figures
3 (and 6) is included to give the analytical jet model an inpitial run
length to build up to the correct jet velocity. This length is typically

11



four or five times the minimum eross saction dimension, in this case,

the width of the jet. Since details of the actual jet in the diffuser
arc unknown, the jet boundary is specificed to expand lincarly to the
oxit of the diffusor after the initial xun length, and the centerline

of the jot is positioned approximately midway between the forward and
afit flaps. The spanwisce dimension of the jet is assumed constant;
therefore, the width of the jot is the only changing dimension. This
rasults in a docreasing cross-scction aspect-ratio alony the lencth of
the jat in the diffusor., A schematic of the jet model, to be used later,
is shown in figure 4(a).

The distribution of vorticity, y, alory the length of thae jet
boundary is determined in the following munner. The initial vorticity
sewrength at the primary jet nozzle is speeificed from the known value of

primary nozzle mass flow velocity vj to be
"I

= va (3)

Y 1
This vortiecity strongth per unit lehgth romains constant in the initial
region to give the centerline velocity an opportunity to stabilize at the
corrcct value. Since the jot model docs not attempt to model the dis-
tribution of velocity inside the diffusor, the next point at which jet
mass flow is known is at the diffusor exit. At this station the vor-
ticity strength por unit length is specified to be

L 'OV, 4
Ye JE (4)
whoere Vi, is the flow veloecdty associated with the total mass flow at
the end of the diffusor.

The distribution of vorticity between the initial and exit values
was examined using two different mothods. fThe first method is a linear
variation of strength between the two known values. The local vorticity
strength is given by the relation

S—SI(
Y & Yo = e Yy © Y,] (5)
I SE ~ SI 1 B

as dllustrated in figure 4(b). This distribution was abandoned after
some preliminary caleculations. The discontinuity in the slope of the
strength curve at cach end caused cextain difficulties in the calculation

12
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of the induced velocities inside tho jot boundary. The induced veloc-
itlaes on tha centerline could net stabilize at the appropriate initial
and oxit valuwes because of the rapid change in vortex strength occurring
at the beginning and end of the linocaxr xegion.

The sccond approach to the speeification of the vorticity between
Yy and Yy Lses a ninth-order polynomial distribution. It is defined as

Y - Y "
e = a4 pE® wep? 4 ar® 4+ otd 4 gt v gr® 4 ng? 4 ig (6)
X B
where S, - 8
§ B pesmmanee . (7)
" Sy 5y
‘ . o YooYy
We regquive that the first three derivatives of T with respoect to §
I |

be uoxre at § = Sy and the first six derivaiives be zoro at 8 = §i. In
this way, the vorticity is concentrated towards the jet exbhaust, '"his
ig nocessary to medel tho high jot-~flow veleoeity at the oxhaust nozzle
and allows for high entrainment rates over the length of the diffusor.
Equation (6) becomes

Y "~ Yp

3] ,
eanmmrvaandii 2857 - 634
Vi Ve

8 3687 (8)

whieh produces smooth centerline velocity distributions between SI and
SE for any values of Yy ang Yy

Contorline veloeity distributions fox two thrust levels ara shown
in figure 5. From the end of the initial region of the jet to the end
of the diffusoxr region, the velocity is very smooth and well bchaved.
The preodicted velocity in the initial region is typical of the results
obtained with this jet model.

One comment can be ingluded at this time regarding the possibility
of caleulating the strength of the vortieity distribution which will
produce a speeified centerline velocity distribution. This approach was
oxamined with partial success. If the expansion of the jet is modexate,
foxr example, if bE % dbm (b is the jet width), then this inverse pro-
cedure works very well. It does have the disadvantage that velocities

must be specified at a large numbex of points on the centerline, but this
can be handled by curve fitting or assuming a distribution of velocities.

13
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When the expansgion is much larger, numerical difficulties arise which
prevent a reasonable solution for the vorticity strengths. These dif-
ficulties stem from an ill conditioned matrix in which the diagonal
terms are not dominant., The results indicate an erratic distribution
of vorticity which do not produce a roalistic external velocity field.
For this reason, this approach was abandoned in favor of tha method
employing the ninth-order polynomial distribution.

Downstream region.~ The portion of the jot model in the rogion
downstream of the diffusor exit iz treated as a free jot wake. 'The
length of the jet is chosen to be sufficiently long so that any further
increase in length does not affect approciably the flow velowcities pre-
dicted by the jet model at the exhaust nozzle and the diffusor exit,
The vorticity distribution on the wake boundary is held constant at the
value Y specificd at the end of the diffusor, which is the regquirement
for a free jet model (ref. 10). The remainder of the jet is specificed

in a manpner similar to the procedurc presented in reference 1l.

The wake cross section is rectangular over the entire length of the
wake, but the houndary is allowed to cxpand according to available
empirical information. Holding the span of the wake constant, the
spreading information contained in reference 11 is applied to the wake
width. The cffect of an expanding boundary does not have a large effect
on the induced loading on the wing and f£lap surfaces; thercfore, this
approximate appreoach for setiing the spreading rate is considered
adegu.’ e for the current investigation.

The path taken by the jet after it leaves the end of the diffusorn
must be speeified with respect to the location of the diffusor exit.
This is done using cmpirical information on the path of a rectangular jet
in a crossflow (ref. l4). Small differcences in the centerline path do
not create large differences in the induced loading on the lifting sur-
faces; tharefore, based on the success of a similar approach in refer-
ence 11, the empirical data of reference 14 are used for all calculations
included in this report. The jet wake boundaries are shown in figurc 6a
for tho casc VjE/Vm = 4 and in figure 6h for VjE/Vm = 1.4,

The final component of the jet wake model in the downstream region
is the blockage model. It is well known that a jet exhausting into a
crossflow behaves as if the jet boundary is nearly a solid surface. To
approximate this effect, the surface of the wake is represcnted by a
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finita number of vortex guadrilateoral pancls with a control point at the
panel ceontroid as shown in figure 6. Tho boundary condition of no flow
through the control point on cach panel xesults in a sct of simultancous
cquations. The velocity to be canceled at the blockage pancel control
points consists of a contribution of the free stream to which are added
the perturbation veloeity components induced by the vortex lattice on
the wing/flap system with power off., This has the effect of allowing
the blockage panels to be porous to the fluid entrained by the distribu-
tion of vorticity modeling the wake (as well as the jet). It also takes
account, in the first approsimation, of the efifccts causced by tha aug-
mentor wing on the jet wake. The blockage pancl or quadrilateral vortex
strengths are thon determined from the simultancous equations. Veloe-
ities induced by the blockage panels will boe included in the caleculation
of the power-on horseshoe vortex strengths of the wing/flap system at a
later staga.

Method of Solution

The flow models discusscd above have beon implemented dn computer
programs which are arranged to be used in a sequential manner. This
arrangement was found to be convenient in the iteration scheme used to
arrive at a solution. In a scries of steps, the vortex lattice and jet
analysis arc applied as follows:

Step 1. The vortex lattice analysis is applied to the augmentor
wing surfaces without jet induced cffects in the bhoundary
condition. The power-off horseshoe vortex strengths are
determined. Velocities induced by the hoxseshoe vortices
at the control points of the blockage panels are
computed.

Step 2. The jet wake centerline and boundaries are located.
Blockage panel strengths are caleculated using velocities
induced by the power-off horseshoe vortex lattice with
strongths determined in step 1. At this point the block-
age portion of the jet wake model has been modeled. The
blockage~induced effects at the control points on the
wing/flaps surfaces are calculated and will be used in a
later step.

15



Step 3. The jet model is now applied to the augmentor jet for
purposes of calculating the distribution of vorticity
within the augmentor and downstxecam of the augmentor exit.
As noted previously, the vorticity distribution is detox-
mined by the jet velocity at the cxhaust nozzle of the
contexr flap and at the diffusor exit. These axe specified
from the augmentor pexformance prascribed initially forx
the calculation. The assumption i made that these
velocities are produced only by the distribution of vor-
ticity representing the jet, and the vorticity distribu-
tion is calculated. The jet-induced velocities at the
wing/flap control points are calculated.

Step 4. The vortex lattice analysis is applied again to the aug-
mentor wing surfaces. This time, the boundary condition
includes velocity components induced by the distribution
of vorticity and the blockage panels modeling the jet and
its wake. The horseshoe vortex strengths are recalceulated.
Next; the flow field at tho diffusor oxit is computed
including contributions generated by the voriex lattice on
the wing/flap system, the distribution of vorticity and the
blockage pancls medeling the jet, and the component of the
free stream (zero for the hover case). The area averaged
flow velocity is determined and compared with the specified
diffusor exit average velocity.

At this stage, the predicted value is usually higher in magnitude
than the specified value. A lower diffusor exit velocity is sclected
and fed back to the jet analysis, step 3. All other input is kept the
same including jot exhaust velocity, ceenterline location, and spreading
rates inside and downstream of the diffusor region. Fox the same horse-
shoe vortex lattice and blockage panel layout, step 3 is repeated with
the adjusted diffusor exit velocity fox the jet analysis. »A new vortex
distribution is computed for the jet and the induced velocity components
at the wing/flap control points are updated. Step 4 is repeated
and the average £low velocity at the diffusox exit recomputed. If the
updated value matches the specified onc within a selected exrror bound,
the iteration is stopped. The forces and moments calculated by the
horseshoe vortex analysis now reflect the effects of the mutual
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interference batween the jet and the augmentor wing surfaces and the
effect of the free stream. The overall forces and moments are calculated
as the sum of the contribution from the jet itsclf (thrust at the exhaust
nozzle) and the contribution from forces acting on the horseshoc vortex
lattice representing the wing/flaps systom.

It should be noted that the specified velocities at the exhaust
nozzle (at the trailing edge of the center flap) and the diffusor oxit
should be for the actual flow conditions at hand. As such, the specified
diffusor exit velocity deduced from experimental data (ox directly
measured) is already representative of the presence of the augmentor wing
surfaces and espocially the effocts of the actual jet wake. Thercfore,
as long as the iteration scheme described above results in a predicted
flow velocity at the diffusor exit that matches the specified value,
the location and shape of the jet wake is not of primary importance in
the caleculation of the forces and moments. In other words, under these
conditions the jet wake has a small effcet on loads. The region of the
jet inside the diffusor, through its large entrainment effect, is mainly
responsible for the interference effects of the jet on the acerodynamic
loads acting on the augmentor wing surfaces. Finally, it is noted that
this procedure noi only produces the correct mass flow at the center flap
nozzle exit and the diffusor exit, but the correct secondaxy flow enter-
ing the diffusor.

THEORETICAL RESULYTS AND COMPARISONS

Partially due to the newness of the augmentor wing concept and
partially for proprictary reasons, very limited experimental data
involving augmentor wing configurations are in the public domain. 1In
particular, component loading and pressurc distribution data on a VIOL
fighter~type configuration such as shown in figure 1 are practically
unavailable. Thexre is probably more data available for static (zcro
forward velocity) conditions. Even though the methods described in this
report can handle the static (or hover) case, it was more important to
test the methodology with forward £light conditions because of the
emphasis placed on developing a lifiting surface modeling scheme, account-
ing for jet intexference ecffects, applicable to VIOL fighter-type aug-
mentor wings in flight.

17
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The only data made available to test the augmentor wing analysis de-
scribed herein involves the wind tunnel transport model of reference 8.
This model is shown in figure 7. A cross scction of its rectangular auvg-
mentor wing system is indicated in figure 2 for a set of flap deflection
anglaes representative of transition conditions. Inherently, this model
does not resemble a VIOL fighter type, figuxe 1, in that the augmentorn
wing system is unswept and thick in scction. Compared to the strecanwisc
flap lengths, tho forward or wing part is extremely short. In addition,
the model employs a fuselage with considerable c¢ross scction arca atypical
of a VIOL fighter. Furthermore, figure 2 shows sccondary jet nozzles on
the forward and aft flap components. In VTOL fighter configurations, these
jets serve to controll the boundary layers on the diffusor walls formed by
the forward and aft flap surfaces., The amount of engine exhaust diverted
to the secondary nozzles may vary. For the transport model undexr consid-
eration, the size of the secondary nozzles in the forward and aft flaps
indicate that appreciable amounts of exhaust air could be diverxted to them.
References 8 and 15 do not contain information about the division of flow
between the primary and socondaxry nozzles.

In spite of the somewhat unsuitable geometric characteristiecs of the
wind tunnel model described above and the uncertainty in the division of
flow between the primary and secondary jet nozzles, the theoretical methods
were applied to this configuration for preliminary verification and to
point out the usefulness of fhe methods for indicating arcas of improve-
ment in the preliminary design stages of augmentor wings.

In what follows, the layoul of the horseshoe vortices on the surfaces
of the augmentor wing under consideration is described. Then, bascd on
the assumption that the flow out of the sccondary nozzles is small com=
pared to the flow from the primary nozzle, the jet centerline and boundary
positions are specified and the blockage panel layout is given for two
power settings. Some of the calculated flow fields induced by the vortex
lattice alone and jet alone will be shown. They are the results of the
intermediate steps described in the section entitled "Method of Solution".
As a result of the itcration, the adjusted diffusor exit velocities input
to the jet model are given, and final velocity distributions calculated
by the present method at the exit are shown. Finally, comparisons are
made between the predicted and measured overall forces and moments.

18



s

at

<t

Panel Layout on Suxfaces

The horseshoe vortex lattice layout on the surfaces of the augmentor
wing for use in the comparisons with data obtained with the transport
modal shown in figurc 7 will now be described. As can be seen on that
figure, the model includes a fuselage and a tail section, The former
will only be partially accounted for by the present method but the latter
(horizontal tail) is represented by an additional horseshoc vortex
lattice to be solved simultancously with the vortex lattice on the sur-~
faces of the augmentor wing. Thus, as far as the model components are
concerned, the augmentor wing systom and horxizontal tail will be handled
by the present methods including an approximation for the 1lift carried
over on to the fusclage. Ilow conditions include zero angle of attack
and two forward £light speeds.

Chordal planes.~- The wing, forward flap, center flap, and aft flap
components of the augmentor wing system, shown in figure 2, are idealized
to the choxdal plane representation shown in figure 6. The wing/flap
components are extended through to the fuselage centerline to account forx
body lift carryover. However, the jet is made to span only over the
exposed wing/flap region and the effects of the jet are felt by the sur-
faces in that region only (i.e., no jet cffects are included on the part
of the augmentor wing surfaces inside the fuselage). In this way, the
lift carryover onto the fusclage is accounted for to first orxder for both
power~on and power-off conditions. AL the present time, the methods can-
not account for the effects of the fuselage (Beskin upwash) on the aug-
mentor wing surxfaces. Therefore, flow conditions ineluding nonzero angle
of attack introduce uncertainty with the present method when a fuselage
is part of the configuration under consideration.

Symmetry.~ It should be noted that because of geometrical and £low
symmetry about the vertical plane through the fuselage centerline, only
ong half of a given configuration need be covered with a vortex lattice,
In fact, the transport wind-tunnel model under consideration here is a
half model mounted on the tunnel wall for the same reasons.

Number of horseshoec vortices.- For all comparisons discussed later,
the augmentor wing surfaces on one side of the vertical plane of symmetry
will be treated as follows. In the chordal plane of the wing of the
rectangular wing/flap system, shown in cross section in figure 6, 11
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horseshoe vortices are laid along the span and three along the chord, On
the forward flap, the spanwise numbor is the same but four horseshoe vor-
tices are laid out on the chord because of the longer langth involved.

On the center flap, the spanwise number is also 1ll, and three are placed
along the chord., The aft flap, with the longest chord length, is covered
by 1l spanwise and five chordwisec horscshoe vortices. As a consequence,
there are 33 horscshwpe vortices on the wing, 44 on the forward flap, 33
on the centexr flap and 55 on the aft flap. Note that tho trailing legs
of the horseshoc vortices on the wing are bent at the wing trailing edge
to lie in the chordal planc of the forward flap. This construction is
also indicated for the one horseshoe vortex on the wing of the genaral
augmentor wing swstem of figure 3. Finally, the horizontal tail is
covered by an auuitional horseshoe vortex lattice consisting of five
vortices along the span and three along the choxrd. Thus, a total of 180
horscshoe vortices represent the augmentor wing/flaps and horizontal tail.
Their strengths are determined from one sct of simultaneous cquations as
described in an earlier section.

Layout of Jet Doundaries and Blockage Panels,
and Jet Induced Velocities

For the case at hand, the jet and jet wake are to be modeled for two
power scttings using the method descrxibed above in the section concerned
with the jet model. The power settings are expressed as the thrust orx
jet momentum coefficient, Cu, associated with the jet at the exhaust
nozzle located at the trailing edge of the center flap. The assumption
is made that the sccondary nozzles have negligible effect.

c = - Mva (9)
W 9Sppr  9Sgpr

In the above expression, T is the thrust force produced at the trailing
edge of the center flap, M is the mass flow rate and, Vig is the exhaust
nozzle mass flow velocity referred to carlier in equation (3). Com-
parisons with experimental data from reference 8 will be discussed for
CN = 1.5 and 7.31. Note that due to symmetry, the effects of the jet on
the opposite side of the vertical plane of symmetry must be accounted
for. At the present time, the mutual interference between the left and

right jets is not included in the analysis.
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Layout insidc diffusor.- Consider the chordal plane rxeprosentation,
shown in figure 6, of the rectangular augmentor wing of figures 2 and 7.
The boundaries of the portion of the jet inside the diffusor formed by the
forward and aft flaps is indicated by the dashad line in figure 6. It is
based on tha procedure described earlior concorned with the diffusor region.
The "exit" location is defined by the logation along the straight jot
centexline whera the jet boundaries reach thoeir maximum width, This posi=-
tion is also marked on figurces 4(a), 5 and 6. Rcferring to figures 6(a)
and 6(b), the coordinates of the centerline and the width b of tho jet in-
side the diffusor are the same for both power sefitings and axe specified
below. TIFox the jet on the left side of the planc of symmetry, the gco-
metrical characteristics are given in the following table,

X y zZ b/2
em (in) cm  (4n) cm {in) em (in)
~20,27 (~7.98) =96, 58 (~38,025) ~3.71 (~2..40) 0. 30 {0.12)
~21,59 (~8.5) I ~1,22 (-0.4R8) 0.30 (0.12)
~29,49 (~11,01) 13,67 (5.38) 10,29 (4.05)
-31.01 (~12.21) 16.51 (6.50) 10,29 (4.05)
~32,5) (~12.8) 19.35 (7.62) 10,29 (4,05)

As ean be scen from the above table and figuxre 6, the jet boundaries do not
expand over the initial run length. This is for the purpose of building up
the correct primaxry jet veloeity Vg Then, the jet boundary is made to
expand lincarly to the "exit" of the diffusor. This "exit" location was
chosen to coincide approximately with the taps of a total pressure rake
used in the tests deseribed in referonce 8. Also note that in this layout
the forward jet boundary mects the trailing edge of the forward £flap.

In the spanwise direction, the jet and jet wake are positioned from
the side of the body out to the midspan of the chordwise row of horseshoe
vortices at the tip of the auvygmeniur wing. Loecating the outboard side
face of the jet (and its wrke) inboard from the side edges in this way
avoids undue influence at the blockage panels contrel points induced by
the strong vorticity along the side edges of the wing and flaps. For the
case at hand, the spanwise dimension of the jet is 142.37 cm (56.06 in.).
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Input velocitios for jet model.~ Once the geometrical layvut of tha
jot inside tho diffusor rogion is daefined, the primary jot volocity and
tha valocity of the fully mixced (augmented) jat at the diffusor oxit must
be aspecified. In addition, the blockage pancls on the jet wake are
exposad to a caortain flow field as will be discussed later in this gee-
tion. For the two thrust coefficionts, the following table contains the
raguired velocities divided by the free strear. They were caleulated
using the idoal gas ralationship and certuin assumptions about pressures
and temperatures at the Jet nozzle and diffusor "exit" as explainoed helow,

\'4
ij VjE tlS
mm | | va vﬁn
¢ Q B L T 4 < Lm o LLE e e
} b sec  |Bee sec (kec gee  |soc w w
1,50 1.28 3.9 25390 (833) 4298 (141) 3048 (100) 8.33 1.41
7.31 1.48 4.7 32248 (1058) 7407 (243) 1905 (62.3) 16,94 3.89

At the primarxy nozzle cexhaust the static pressure was assumed to be
101356.5 ncwtona/mg {(14.7 psia). The total temperature in the primary
nozzle flow was assumed to be 15.56°C (60°F). JFrom refeorence 8, cnclosure
18, the total=~to-static pressure ratios for the primary jet are specified
as 1.5 and 2.0 for CM = 1,5 and 7.3), respoactively. The free stream
dynamic heads assoclated with these two thrust coefificieonts are

569.77 newtons/m® (11.9 1bs/ft?) and 221.2) newtons/m® (4.62 lbas/ft?),
respoctively. Density at the diffusor exit was taken cqual to firee
strecam density. The diffusor coxit veloclties, VjE (shown above), require
knowledge of the secondary or entrained mass flow rabe g and primaxy
nozzle flow rate m_. Reference 15, page 687, contains a curve relating
the mass flow ratio, ms/mp, to the thrust augmentation ratio., The thrust
augmentation ratio, ¢, is given in refexence 8, enclosure 20, for the two
thrust coefficients listed above.

The above mentioned mass flow rates are for the actual flow conditions
at hand and include the effects of jet flow issuing from the primary and
secondary nozzles. The average diffusor oxit velocities are determined
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from these data. Thus, even though the analysis assumes that all the
exhaust gas is divorted to the primary nozzle, the use of the above exit
valoeities guarantees that tho measured amount of entrainment is
accounted fLox in the present method.

The valuas given above for tha jet velocity at the primary nozzle
exit and the diffusor cxit will bo used in the determinption of the dis-
tribution of v~rticity in accordance with eqguation (8). As noted carlier
in tho section describing the stopwise method of solution, the diffusor
exit velocity will rogquire adjustment during the successive jet calcula~
tions in the iteration process. The values given in the above table for
the two powar settings will be used as the initial cholce.

Wake centerline loenktions and spreading rates.~ Por the case at hand,
the empirical procedure described in an earlier scction under the heading
"Downstream region" is applied. The jet centerline location is obtained
for the two diffusor exit velocity ratios shown in the previous table
from equation (1) of reference 14, which is based on experimental data,
The aspect ratio of the jet in a crossflow associated with the cited
reference is foux, whercas the aspect ratio of the augmentor jet is
approximataly seven. Therefore, the centerline paths obtained for the
two power settings using the data of reference 14 are only approximate.
Howevoy, in accordance with the arguments given at the end of the soccetion
entitled "Mothod of Solution", the coordinates of the jet aft of the dife
fusor scction need not be very accurate as long as the diffusor oxit
velocity used in the prediction scheme is dircetly measured or deduced
from data for the configuration and flow conditions at hand.

The cross scction of the jet wake is rxectangulax. Procceding down-
gtream, tbe width of the wake expands but the dimension in the spanwise
direation is held constant, This latter agzumption should be suffi-
ciently adequate for the large aspect ratio (AR = 7) of the augmentor jet
undex consideration., Reference ll, figurec 9, contains information from
which the expansion rates are obtained for the two diffusor exit veloc~
ity ratios indicated in the previous table for the two power scttings.
Note that the remarks mada above with regard to the accuracy apply to
the expansion rates as well. The following tables contain the cooxdi-
nates of the centerline and the width of the jet wake for the two power
settings. Quantity b is the width of the jot wake. Figure 6 shows the
coordinate system and the jet wake on the left side of the plane of
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symmetry in accordance with tho coordinates given in the tables below,

CN » 1.5

x ) Yy 2 b/2
em (in.) om (in.) om {in.) em (in,)

~35.05 (=13.80)  ~9G.58  (~38.025) 23,37  (9.20) 10,90  (4,293)

-38,79 {~15.27) 28.78 (11.33) 12,04 (4,739)
~45.00 (=)7.74) 35,53 {13,99) 13,48 {5, 306)
~5).33 (=20,21) 40,92 (16.11) 14,40 (5.670)
=57.61 (=22.68) 45,49 (17.91) 154 (6,197)
=63, 88 (-25.15) 49.48  (19.48) 16.3) (6.423)
~70.15 (~27.62) 53.04 {20,83) 16.93 (6.0666)
=76,43 (~30,09) 56,25 (22.15)  17.45  (G.BGY)
w70 {~32,56) 59,23 (23,32) 17.96 {7.071)
-88,98 {-35,03) 61,98 {24, 40) 18,25 (7.184)
-95,25 {(~37,50) 4 ] 04,54 (25.4)) 18,64 (7.338)
cuw 7,31
% Yy 2 b/2
em {in.) cm (in.) em  (in.) en (in,)
-134., 80 (-13.70}  ~96,58 (-38,025) 23,37 (9,20) 10.90  (4.293)
=38.79 (=15.27) 30,25 (11.91) 12,14 (4.779)
~45.06 (=17.74}) 39,70 (15.63) Lla.09 (5.549)
~51,33 (~=20.21} 48,11 (18.94) 15.95 (6.278)
-57. 01 (=22,068) 55.70 (21,93) 17.59 (6.926)
-63.38 (~25.15) | 62,66  (24.67) 18,93  (7.,452)
-70,15 {(~27.62) 69,11 (27,21) 20.37 (8,019)
~76.43 (~30.09) ] 75.11 (29.57) 21.81 (8.586)
«B2.70 {~32.56) Y Y 80.75 (31.79) 22,94 (9.032)

For both power scttings, the spanwise extent of the jet and its wake
is 142.37 cm (56.06 in.).
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Blockage panels layout.- The length of the jet wake (measured along
the centerline) is taken as approximately three times the chord length of
the forwarxd flap, see figure 6. Calculations presented in reference 9 in
connection with externally blown flaps indicate that greater jet lengths
produce very small changes in aerodynamic loadings at the expense of
additional computer time. The blockage of the jet boundaries is modeled
by quadrilaterzal vortex panels described as follows.

Oon the front and rear faces of the jet wake, ten blockage panels are
laid out in the spanwlse direction and seven panels in the lengthwise
direction. The sides of the jet wake are covered with four blockage
panels in the direction rormal to the centerline and seven panels are laid
out in the lengthwise direction. Thus, the boundaries of the jet wake on
the left hand side of the planc of symmetry are covered by 196 panels. To
presecrve symmetry, the same ‘jet wake and its singularity layout is posi-
tioned on the right hand side of the symmetry planc.

The velocity field to be counteracted by the jet wake blockage panels
is shown in figure 8 in a vertical plane for part of the jet length. 1In
accordance with step 1 of the section headed "Method of Solution", the
flow velocities are generated by the vortex lattice laid out on the sur-
faces of the augmentor wing and include the free stream velocity. The
flow vectors indicated in figure 8 are calculated by the vortex lattice
described earlier in connection with the horseshoe vortex paneling layout
(180 horseshoe vortices) on the lifting surfaces. Flow conditions are
zero degrees angle of s%tack and zero power setting. Note that the flow
velocities at the blockage pancl control points are directed downwards.
Since the vortex lattice and blockage panel strengths are solved for
separately, the flow field scen by the jet wake should be gencrated by
the horseshoec vortices as influenced by the jet. As a first approxima-
tion, the power-off horseshoe vortex strengths are used and in the
succeeding steps of the iterative approach the blockage panel strengths
are kept constant. This constraint can be relaxed and the flow field
impressed on the jet wake recalculated once the jet singularities are
known. At this time, for the sake of economy the former approach is
adopted.

Velocities induced by jet model.~ In order to provide some under-
standing of the entrainment properties of the jet, it is instructive
to discuss briefly the flow field induced by the jet model at points




on the components of the augmentor wing. Pror the jet centerline and hound-
ary locations given in the above tables, the induced flow field in a plana
parallel to the x~z plane for the highex (cu=~7.31) power setting is shown
in figure 9. The dircections of the flow vectors at tho control points on
the forward and aft flaps and the diffusor entrance indicate strong
inflow or entrainment towards the initial or narrow part of the jet neax
the trailing edge of tha conter flap. In addition, the flow inside the
jet at the diffusor exit is fairly unifoxm and the average veloecity ratio
(v§p/V.,) 8t the diffusor oxit is about 3.8, Note that at this stage the
cffects of the horseshoa vortices are not included in the diffusor exit
velocities.

Predicted Velocity Distributions at Diffusor Exit

The augmentor wing of the transport model shown in figuxe 7 (and
with moxe detail in figure 2) is modeled by the paneling layouts and jet
nmodel specified above. The stepwise procedure described in an earliex
soection entitled "Mothod of Selution" is then applied. At tho eond of
the first pass through that procedure, the flow velocities across the
diffusor exit are computed as the sum of the vortex lattice and jet-
singularities=-induced velocities added to Lhe free stream. For both
powexr scttings, the predicted velocities at the exit were higher than
the speecified average flow velocity. In accordance with step 4 of the
solution procaedure, the diffusor oxit velocity, serving is one of the
velocity inputs to the jet model, is reduced and the jet model rerun
(step 3). The adjusted jet singularity strengths and induced velocitios,
such as shown in figure 9, axe thon used in step 4. At the end of step
4, the diffusor exit veloecities are calculated again and compared with
the specificd average flow velecity. When the predicted average diffusor
exit velouity mateches (to within a certain margin) the specified one,
the solution is considered to be converged.

For the c“ = 1.5 and 7.2l power scttings, the following table con-
tains the final input velocities for the jet model and the average of
the prodicted and specifioed diffusor exit velocities. The last guan-
tities have been discussed carlier in the scction entitled "Layout of
Jet Boundaries and Blockage Panels, and Jet Induced Velogities".



spacifiod and uscd Vortex lattice
as initial input used ag {inal input +
to jat modol te jot model jet model
v, v v v v
¢ e 3y e Je
H \Y v \Y v \Y
¥ Hnitial ® linitial N!final *leinal *leate,
1.50 8.33 1,40 8.33 0.70 1.46
7.3 16,94 3.89 16,94 3.40 3.83
V.,
Jya

The calculated flow velocity at the diffusor oxit, WTQ' is oktained

from the arca-averaged distribution of flow velocitics shown in figure
10(a) for Cu = 1.5 and in figure 10(b) for C“ = 7.31, respectively. Noto
that these velocities are generated by the vortex lattice, the jet vor-
ticity and jet wake blockage pancls ard include a component of tha free
stream. The velocity vector associated with the free stream is also
shown, The distribution of flow velocities across the diffusor exit is
seen to be fairly uniform in accordance with the assumption made to that
effect in theo description and specification of the jeot model. Referance
8 contains some total pressure data obtained with a rake located at the
diffusor exit for one spanwise station. The distxibulions of flow veloo-
itics deduced from that data are not uniform and in fact show peaks near
the diffusor walls formed by the inner surfaces of the forward and aft
flaps. In the tests of reference 8, additional jets issue from the
leading cdges and are directed along the inner walls of the diffusor for
boundary layer control. It is possible, therefore, that the rake measurce-
ments are influenced by these secondary jets which arce not accounted for
in the present method.

The agreement between the calculated diffusor exit flow velocity
and the specified value shown in the table above is quite good. At
this (final) stage, the forces and moments computed by the vortex
lattice method should be reprosentative of the augmentor wing loading
including the cffects of the jet.
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Force and Moment Comparisons

Lift, drag and moment coefficients are shown as a function of
thrust or jeot momentum coefficiont ¢, in figuxes 1ll(a), 11(b), and ll({c),
respectively, for zero angle of attack. The open symbols are values
measured on the complete configuration shown in figure 7 for the sct of
flap deflection angles specified. The closed symbols xepresent calcu-
lated values for Cu = 0,0, 1.5 and 7,31 obtained with the paneling lay-
out and jet specification described above for the same flap deflection
angles, Only the augmentor wing and horizontal tail suxfaces arve
accounted for in the present method; therefore, any cfifects from the
fuselage on the aexodynamic loads are not included in the calculated
values. As far as the drag is concerned, the theory calculates the
induced (due to lift) drag contribution only.

At the zero and lower (Cp = 0.0, 1.5) power secttings, the agreement
between measurcment and theory is good. At the highest moment coeffi-
cient (Cu = 7.31) the lift and drag coecfficients are overpredicted and
the pitching moment is underpredicted. Overall, the predictions show
similar trends as the experiment for increasing thrust coofficient.

Reference 8 contains a few chordwise pressure distributions for one
spanwise location for the sclected flap settings. EBEspecially at the
higher power setting, flow separation is indicated on the center and aft
flap. The experimental pressure distribution along the upper surface of
the wing and forward flap components (sce figure 2) indicate strong
suction pressures aft of the sccondary nozzle. Similax behavior is
indicated at the leading edge of the aft flap on the surface ahead of
the secondary nozzle. Thase obscrvations and the nonuniform measured
total pressure across the diffusor exit discussed earlicr scem to indi-
cate strong blowing out of the sccondary nozzles. This behavior makes
itself felt more strongly at the higher power setting since the total
pressure distribution at the diffusor exit is shown to be morc uniform
for the C“ = 1.5 case. Thus, the partial separation and the strong
effects of the secondary nozzles at the higher power sctting (CU = 7.3))
may account for the discrepancy between theory and expeziment for that
condition,

When interpreting the aerodynamic forces acting on the individual
flap surfaces of the augmentor wing system, it is ofiten helpful to
analyze the flow field in which these components are immersed. The
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present method is capable of detexmining these flow fields. If, for a
given wing/flap segment, the oncoming flow field is at a large angle to
it, partial flow separation over that surface would be expected to occur
and subsequent loss of lift may result.

As an example of a flow field around the augmentor wing at the same
flap deflection angles, consider figure 12. PFlow vectors arce shown for
the case of zero power. It is scan that the wing is subjected to an
average upwash of about 15°. The center flap is immersed in a flow field
at about 90° to it, and is likely to suffer from flow separation and its
conscquences on "lift". It is interesting to note that the aft flap is
immexrsed in flow largely aligned with it thus reduecing its lift effec~
tiveness. Upstrcam of the forward flap, there appears to be a low veloc-
ity recirculation region. Note that at as much as two chord lengths
upstrean, strong intexrference cffeets are predicted by the present method.

CONCLUDING REMARKS

A method has been developed for deterxmining the external aero-
dynamics of VIOL fighter-type augmentor wings in hover or transition
flight for prescribed ejector jet characteristics. Specifically, the
flow velocity at the primary nozzle and an average velocity at the dif-
fusox exit must be prescribed for the flight condition at hand. The
augmentor wing may have sweep and taper. fThe method is based on poten-
tial flow theory and attached flow is assumed.

Basically, horseshoe vortex lattice thecory is used to represent the
solid surxfaces of the augmentor wing components. Efifects of the jet are
included in the flow tangeney condition. The jet is modeled by a dis-
tribution of vorticity on its boundary. In addition, blockage panels
are placed on the jet boundaries downstream of the diffusor exit. Inside
the diffusor, the jet model is made to expand from the primary nozzle
width to the full width of the diffusor exit as seen in sideview. The
jet model accounts for entrainment of secondary air. TFor given primary
nozzle and diffusor exit jet velocities, the acrodynamic loadings acting
on the augmentor wing are obtained as the result of an iteration scheme
which produces a calculated average diffusor exit flow velocity to matech
the specified one in magnitude. The iteration scheme consists of a
serial application of the vortex lattice and jet mode. methods.
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Exporimental data suitable fox testing the developed theorctical
methods are scarce and/or very difficult to acquire. Some comparisons
with experimental data taken with a V/STOL transport model equipped with
an unswept and untapered augmentor wing are shown. This configuration
is not represcntative of a VIOL fighter in that the strecamwise sections
of the augmentoxr wing components are very thiek and it appears that the
division of exhaust gas flow between the primary nozzle and scecondary
nozzles is not representative. At the present time, the method can only
accompodate a primary jet issuing from the trailing edge of the center
flap located above the diffusox. Consequently, the assumption was made
that all the engine exhaust is fed to the primary nozzle, The actual
transport model was idealized to chordal plane representations of the
augmentor wing components and horizontal tail. Effects of the fuselage
are accounted in part only. With these simplifications, the present
method calculates lift, drag and pitching moments which agreed well with
the experimental data at low power settings. For the higher power
setting, the lift and drag are overestimated and the pitching moment is
underestimated; however, the predictions show the same treonds as experi-
ment for increasing thrust.

Wwith all the cngine exhaust assumed to emanate from the primary
nozzles, the total entrainment by the single jet is made to be the same
as in the case when the power is divided into primary and sccondary
nozzles. As a result, the calculated overall forces and moments should
be representative but detailed information such as component loadings
require more knowledge about the flow division.

Notwithstanding the above mentioned limitations, the usefulness of
the present method includes the capability of indicating potential prob-
lem arcas during preliminary design of an augmentor wing system. The
developed methods can be used to map the flow field in the vicinity of
the augmentor wing for determining interference on other components of
the aircraft. In addition, the flow field impressed on cach of the flap
surfaces of the augmentor wing system can be analyzed so that secondary
nozzles for boundary control can be positioned and sized on the basis of
that knowledge. Furthermore, the present method can be applied to an
existing configuration for which component loads have been measured. By
comparing the component load prediction with measurement, components
suffering from flow separation and stall can be identified and remedies
cffected.
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the basis of the work performed so far, the following rocommen-
arc offared.

To validate the present method further, additional comparisons
should be made with available data for diffeorent fLlap settings
and nonzero angle of attack. Component load comparisons should
be made. The majority of the engine exhaust should be applied
to the primary nozzles for compaxison purposes.

Detailed data should be taken with a XPV=-12A type augmentor
wing and made available for testing the developed method,

Based on the outcome of L and 2, the single augmentor wing
system model can be improved by studying effcects of different
jet boundary layouts and jet vorticity distributions (affecting
entrainment) inside the diffusor. Also, the effects of the jet
wake on overall and component loads should be determined.

It is possible to circumvent the specification of experimentally
deduced jet veloeitios at the primary nozzle and the diffusor
exit, Detailed internal flow analyses have been developed else-
where (ref. 0) capable of generating the required quantities

for the jet model of the present method.

The present method can be extended to account for more than one
jet, d.e. to handle sccondary jets and account for the associ-
ated Coanda effccts on the aerodynamic loads acting on the aug-
mentoxr wing components. The applicable technology has bheen
developed in connection with USB (Upper Surface Blowing) work
deseribed in reference 10.

The present method can be extended to account for augmentox
canard/augmentor wing systems attached to a fuselage, accounting
for mutual interfexrence between the canard, wing, and fuselage.

Nielsen Engineering & Rescarch, Inc,

Mountain View, California 94043
December 1978
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