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FOREWORD

The results of an analytical investigation of nonlinear, nonplanar analysis

methods applicable to both thin-jet modeling and thick-jet modeling of STOL

aircraft ground effect phenomenon are presented, The study consisted of two

concurrent tasks which are reported on separately as Parts I and II,

Part I. Nonplanar, Nonlinear Wing/Jet Lifting Surface Method. The objective

of this task was to extend the Douglas Nonplanar Lifting Systems program to

include powered-lift wings having thin jets of varying strength for both part

and full span arrangements and to analyze various configurations in ground

effect.

Part II. Nonplanar, Nonlinear Method Applicable to Three-Dimensional Jets

of Finite Thickness. The objective of this task was to apply the NASA Ames

Research Center Potential Flow Analysis to power-off ground effect cases and

recommend procedures for developing a thick-jet analysis method.

This study, conducted by the Technology Programs Section, Aerodynamics

Subdivision of the Douglas Aircraft Company, was sponsored by the NASA Ames

Research Center under, Contract NAS2-9319. Dr. C. A. Shollenberger served

as principal investigator for the study under the technical direction of

Mr. D, N. Smyth. The NASA project engineer was Mr. David Koenig of the

Large Scale Aerodynamics Branch.

The contributions of Mr, M. I. Goldhammer, who served as the principal

investigator on Part I during the early stages of the study, are greatly

appreciated. His previous work on the development of the Nonplanar Lifting

Systems program contributed significantly to the present work. The

assistance of Mr. D. H. Neuhart in preparing the input and running many of

the cases is also appreciated.

The authors also gratefully acknowledge the contributions of Dr. R. T. Medan

of the NASA Ames Research Center for his assistance and support in the

application of the NASA Ames Research Center Potential Flow Analysis to

aircraft ground effects prediction.
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1. INTRODUCTION

Technology relevant to the prediction of aerodynamic characteristics of

powered lift systems has advanced significantly with the increased motivation

provided by application of propulsive lift to achieve Short Field Takeoff and

Landing (STOL) performance. Powered lift prediction techniques can primarily

be categorized as either thick or thin jet analyses. Thick jet methods

originated with early propeller slipstream-wing interaction analyses, such as

References 1-4, and progressed to analyses such as References 5-8 to include

nonlinear and nonplanar characteristics of present externally blown flap or

upper surface blown configurations. Generally thick jet prediction techniques

have lagged the thin jet methods in development and also in level of appli-

cation to design studies. Reference 9 discusses thick jet analysis method-

ology and its applicability to the NASA Ames Potential Flow Analysis program.

The thin jet approach to powered lift system analysis has centered on the jet

flap concept described by Spence in Reference 10. In this formulation, the

jet flap model applies to a thin, high speed jet sheet issuing from the wing

trailing edge but has been successfully employed to analyze more practical

powered lift systems which seemingly violate the jet flap model assumptions.

As a result of the simplicity and acknowledged usefulness of thin jet flap

analysts, the jet, flap model will be employed presently to provide a tool for

analysis of powered lift systems in proximity to the ground. As a result of

the inherent; nonplanar and nonlinear aspects of the ground effects problem,

previous l'.-inearized jet flap analyses, such as References 11-13, are not

sufficient for- the present study. Consequently. a nonlinear, nonplanar jet

flap finite element analysis has been developed and applied to powered lift

systems in ground proximity. The present method is derived from the lifting

surface theory of Reference 1-4 with an adaptation of the iterative two-

dimensional jet flap solution method of Reference 15.

The resultant nonlinear and nonpl i'iar jet flap analysis will be described in

the next section including formulation and implementation of the method. Sub-

sequent discussions consider the validation and application of the resultant

1
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flethod for prediction of the characteristics of both powered and unpowered
lift systems in ground effect. Finally, recommendations for further improve-
ment of the powered lift ground effects technolo gy are suggested,



2• ANALYSIS

The ,het flap model of a thin, high speed jet originating at a wing trailing

edge has been a mainstay of powered lift system analysis. Jet flap analysis

techniques have obtained a c=onsiderable level of sophistication including

nonlinear two-dimensional methods (References 15 and 16) and linearized

three-dimensional finite element analysis for general configurations (Refer-
ence 12). However, since a nonplanar, nonlinear three-dimensional jet-flap
analysis is not available, a combination of the nonplanar, nonlinear elemen-
tary vortex distribution lifting surface theory of Reference 14 with the basic
Jet flap iterative scheme of the two-dimensional method of Reference 15 has
beea fLemed to study powered lift systems in ground influence. The objective
of the present study is the development of a tool for evaluation of general
powered lift system ground effects where nonlinear and nonplanar aspects may

be important.

The lifting surface theory of References 17 and 16 is an adaptation of the
elementary vortex distribution lifting surface theory of Reference 12 which
represents thin wing vorticity by superposition of piecewi.se linear and
inverse square root vortex strength functions. Unlike its predecessor
which applied boundary conditions linearized in angle of attack, flap
deflection, camber angle, etc., the method of Reference 17 includes nonlinear
aspects in the application of wing boundary conditions as well as nonplanar
effects of the lifting surface geometry and therefore is referred to as the

Nonplanar Lifting Systems (NPLS) method. The NPLS method has proven useful
in prediction of aerodynamic characteristics of wing-winglet combinations,
multielement high lift systems and wings in ground effects. Since the NPLS

theory was derived from a linearized jet flap analysis, the incorporation of
a jet flap model into the NPLS program is a logical development.

The basic jet flap solution technique selected for combination with the NPLS

method is the iterative scheme, employed in Reference 15 to solve the jet
flap problem in two dimensions. This two- dimensional jet flap methodology
applies superposition of vortex strength distributions to represent the jet
vorticity and therefore is compatible with the NPLS formulation. An iterative
solution technique is employed in Reference 15 to s,accessively approximate



the thin jet position and the jet vorticity strengths until appropriate
boundary conditions are satisfied. In the present analysis the spanwise
curvature or 'T roll-up" of the jet sheet is suppressed and consequently the
two-dimensional method of Reference 15 is directly applicable. However,
additional complications and difficulties are introduced by the third spatial
dimension which derogate the well behaved convergence characteristics of the
jet solution method in two dimensions. Nevertheless, acceptable solution
characteristics are observed for the present three-dimensional method for
most configurations when proper attention is given to the analysis repre-
sentation of the configuration and input preparation.

Tile remainder of this section describes the formulation and implementation
of the present nonlinear, nonplanar jet flap miethodology including the analysis
assumptiora, limitations, and usage.

2.1 Assumptions and Limitations

The analysis developed belo: is intended to predict the aerodynamic character-
istics of three-dimensional lifting surfaces with thin jets attached to their
trailing edges, All winglike elements within the flowfield are assumed to
be adequately represented by surfaces of zero thickness with trailing edges
from which the flow departs smoothly (except for deflected jet cases) and
leading edges with infinite curvature. The infinitely-thin wing approxi-

mation is a commonly employed model to represent wings with finite airfoil
section thickness thereby facilitating economical analysis of three-dimen-
sional systems. Typically three-dimensional analyses accounting for wing

thickness (such as Reference 19) require substantially more computation time
than lower-order thin wing methods (such as vortex lattice techniques) or
higher-order thin wing analyses such as presently employed. The consideration
of computational resource expenditure is of great importance for nonlinear
jet analysis where iterative solution schemes require repeated solution of the

usual wing problem. Therefore, the basic wing lifting surface formulation
of Reference 17 is appropriate for nonlinear analysis of jet flapped wings.

Similarly the zero thickness jet flap model of Reference 10 is a computation-

ally efficient representation of high speed thin ,jets issuing from wing

I
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trailing edges. This jet model has demonstrated amazing capability for the

analysis of several configurations such as externally blown flaps, augmentor

wings or upper surface blown flaps where the basic assumptions of the represen-

tation are seemingly violated. As with thin cuing theory, the jet flap model is

a practical representation of coatiplex problems. An additional assumption regard-

ing the present jet model ignores roll-up of the jet in the cross-stream di-

rection. The jet momentum deflection in the streamwise direction, with the cor-

responding pressure differential across the jet, is intuitively anticipated to

produce the dominant influence on the flow about a wing in comparison with the

influence of the cross-stream jet deflections. The roll-up of trailing vortex

wakes of unpowered lifting surfaces has been demonstrated to be of minor signif-

icance for loads determination and this result is extended without proof to

powered configurations in the present development. Furthermore, practical geo-

metrical constraints and complexity of the finite elements representing the jet

in the present analysis precludes consideration of the jet cross-stream roll-up.

The fluid in which the jet flapped wing is immersed is presently assumed to be

inviscid and incompressible. Fluid compressibility is generally of secondary

importance for the ground approach case where the aircraft speed is much less

than the speed of sound. Since the jet flap model ignores the internal jet

fluid mechanics by the idealization of zero jet thickness, compressibility

effects resulting from high jet flap speeds and high temperatures are not

relevant to the basic analysis formulation. Propulsive jets will be character-

ized solely by their momentum. Detailed jet velocity and density distributions

producing the momentum are not within scope of the jet flap model. Similarly,

viscous properties of the fluid are usually negligible for cases where the flow

is attached to the lifting surfaces. These fluid idealizations have proven

useful for conventional aerodynamic system analysis and hence are employed here.

Two areas where the inviscid fluid assumption merits care are turbulent entrain-

ment into the high speed jet and recirculation in areas where the jet impinges

on the ground. Both of these areas are beyond the scope of the present analysis.

A method for approximately accounting for subcritical fluid compressibility

effects is provided in the current method through a Prandtl-Glauert simularity

transformation but this technique is not rigorously applicable to nonplanar

configurations.



2.2 Boundar tondtions and Field 11iLations

Although the flowfield of the present problem is composed of two regions,

the outer flow and jet flow, only the outer region requires attentir. ,.o since
the jet will be assumed to be of infinitesimal thickness and have zero mass

flow. Since the fluid in the outer region is by assumption inviscid and the

upstream flowfield is unifom , the outer flow is irrotatio^.Al and a velocity

potential, ^, can be defined,

Vaw,	 (2.2-1)

where V is th- flow velocity.

Furthermore, since the fluid is incompressible thr, consideration of fluid

continuity requires the velocity potential to sat isfy Laplace's equation,

4 U 0.	 (2.2-2)

Equation (2.2-2) is the basic field equation for the jet flap-wing flowfield

implying that all the 'tools of potential flow analysi,;. including the use

of potential flow sing,ilarity distributions and superposition of basin
solutions, can be employed to obtain solutions.

Boundary conditions must be specified for both solid bodies and the jet

surfaces of the present problem. The solid surface boundary condition is

the usual inviscid condition of tangential flow or,

all
	 0
	

(2.2.,5)

where n is the coordinate normal to the wing surface: Additionally, it is

assumed that there is an edge of the wing surface from which the flow departs

smoothly and the usual trailing ridge Kutta condition is applicable. At

-trailing edge locations where jet flaps originate,the initial jet angle, at

which the flow departs the trailing edge, is specified.

To obtain the jet boundary condition the flow within the jet is assumed to

be irrotational and the momentum within the jet remains constant along a

streamwise section of the jet (i.e., no entrainment or cross-stream mixing

of different energy jets). In a manner analogous to the two-dimensional
development of Reference 10, the boundary conditions in three dimensions

can be derived by considering the upper and lower surface pressure of the

6



i
i

i

jet element sketched in figure 1. Since the y jet boundaries separati" the

Jet and outer flow are unable to sustain a pressure differential, the

Bernoulli equation relates the lower pressure, p., to the upper pressure,

Pup by

US	 uc	 Rc	 is

where pd is the jet fluid density and the jet velocity components are
defined in Figure 1. The subscripts s and c refer to streamwise and
cross-stream velocity components, respectively.

Since the flow within the jet is irrotational, the upper and lower jet
speeds are related by,

uJ	 (Rs r 2 }	 uJ	 (Rs + }	 (2.2-5)
PIS

and

uduc (RC " 	 uJ	 (Rc + }'	 (2.2-6)
tc

With the definition of mean Jet speeds,

(uJus* 
ud1
 its)

and,

\Qi	 1
ud	

uc + udc	 (22-8)C

the upper and lower flow speeds can be expressed as,

u

l 

a

u	 - u 	 . R$	 (2.2-9)

US	

i

ts	 s

and,

ud

ud	 ud = 
RC

(2.2:.1o}

uc	 tc	 c

Here Rs , Rc are the jet sheet radii of curvature and d is the jet width

which will later be set to zero. Now employing equation (2.24} with the

above four equations yields,

7
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Js
p	 pu ^ pis R$ (2.2-12)

^= n
on

(2.2-13)

p - pu	

'u2

pdd s + R--

u,	

C2.2-11)
Ts- c

This is the basic dynamic boundary condition to be satisfied on the jet

surfaces, As with previous three-dimensional jet flap analyses, such as

References 11 and 12, the cross-stream curvature is presently i gnored

(Rc >> Rs ) and then the jet pressure condition becomes,

In addition to the above jet dynamic condition which specifies the pressure

differential required to turn the jet momentum, a kinematic boundary condi-

tion of tangential flow on the jet surface is required, or,

along the jet. This condition precludes entrainment of flow into the jet.

Boundary conditions have been specified on all solid surfaces and jet

boundaries. Solid body boundary conditions are obviously applied at the

known body surface. however the location at which the jet conditions are to

be satisfied, the jet sheet position, is unknown. The unknown jet sheet

shape presents a fundamental difficulty in the solution of nonl inear jet

problems which is approached currently by employing an iterative scheme to

successively approximate the jet shape while attempting to satisfy all of

the above boundary conditions.

2.3 Method of Solution

With appropriate potential flow singularities and boundary conditions speci-

fied, the solution process consists of determining the singularity strengths

and jet locations which satisfy the problem boundary conditions, In the

present solution technique the solid surfaces and jet sheets are divided

8



into numerous finite elements each with specified singularity distribution

of unknown strength. In addition, the positions of the jet finite elements

are unknown and are determined during the solution process. Below, the

distribution of singularities employed to represent solid bodies and jet

sheets are described,and the general iterative scheme applied to determine

solutions is presented. Also, the evaluation of aerodynamic loadings and

farces from the converged solution is described.

2.3.1 Singulariq Representation

The Laplacian velocity potential of the wing-jet flap flowfield facilitates

the application of potential singularities to represent the solid bodies and

jets. As in the formulation of the parent lifting surface theory, Reference

17, the appropriate singularity type to represent wings within the flowfield

is a vortex sheet. This representation is proper sin-e the lifting surface

is a surface of tangential flow discontinuity so that the wing vortex strength,

Y, is given by,

Y = uus - uRS	 (2.3.1-1)

;there uus and uQs are the upper and lower surface tangential flow speeds

at the wing surface.

To determine the jet singularity type, consider the usual jet flap limit of

vanishing jet width and infinite jet speed so that the jet mass flow

approaches zero but the jet momentum remains finite. The sectional jet

momentum coefficient is defined as,

P^ u2 S
CJ (y ), 	 =	

s	
(2.3.1-2)

1/2 PU2c(y)

where U is the freestream flow speed and c is the local wing chord. Then

the jet dynamic boundary condition can be rewritten as,

pR	pu
	

C 
J 
c	

(2.3.1-3)

1/2pU2	 Rs

9



Therefore, the jet surface is a sheet supporting a pressure differential with

no no nnal flow, and consequently it may be represented by a vortex distri-

bution. In a manner consistent with the derivation of the jet boundary condi-

tion, equation (2,2-12), if the cross stream component of the velocity at the

jet boundary is ignored, the pressure differential across the jet sheet is,

h	
Pt - p u = puos Y	 (?..3 1»4)

where U
' o
s is the mean streamwise component of flow velocity.

Now the jet dynamic boundary condition can be expressed as

Y 1/2cCi
0

Rsuos/U

and therefore relates the strength of the vortex sheet representing the jet

flap to the local jet momentum, jet streamise radius of curvature and local

mean flow speed.

Now that wings and jetsin the flowfield have been replaced by vortex sheet

singularities, the entire flowfield can be specified by dete Whining the

strengths of the various vortex sheets. Three simultaneous integral

equations, one for each of the three boundary conditions, can be written to

define the wing and jet flap system. The tangential flow condition on the

wing surfaces imposes the condition

(X,Y)Z)W
a r

	

an J	 ( :n^) an (1)dS + ffy(9000 an (4^rr)dS ds + U n 0

	

_ 0 ,	 SW	
S 

(2.3,1-6)

Similarly the tangential flow condition on the jet gives,

(x,Y,Z),1

oil f	 ffy (E,n,^) g (T,—r)dS + ffy(gOsO  an (-'r)dS d  * U n 0

	-0	
SW	 Si	 (2.3.1-7)

Finally the jet dynamic boundary condition requires

10



ffy
	

CC
2 x .^. fY(^n.5) an 4^rr dS +(^n^) an 4nr dS + U • t = R x,ydz

U
ISW	 Si

(2.3.1-8)

where ^,n,; are dummy integration variables and S indicates the

surface over which the integration is performed.

The above three equations must be satisfied simultaneously to determine the

wing and jet flap system. The solution of these equations is obtained numer-

ically by employing finite-element techniques as described below. As men-

tioned previously, the principal difficulty involved in obtaining the solution

is the unknown jet position.

2.3.1.1 Solid Body Singularities

Following the elementary vortex distribution (EVD) concept developed in

References 12 and 17 0 the wing vortex singularities are represented in the

present method by suitable functions with unknown coefficients. For example,

the exact two-dior nsional vorticity distribution for a flat plate airfoil

indicates that the vortex strength at the airfoil leading edge varies in an

inverse square root manner. This result is nonrigorously extended to the

three-dimensional problem by specifying the vortex strength distribution,

_1/2

Y(O = 'J Y^[^T	 (f)]	 0595A	 (2.3.1. 1 -1)

where t is the distance measured from the wing leading edge and t is the

streamwise element length as illustrated in Figure Z. The unknown coeffi-

cient, Y', is determined for each leading edge element during the solution

process.

Although singular vortex strength variation may occur at positions away from

the wing leading edge, such as surface or jet angle discontinuities, experience

with EVD methods indicate that the vortex strength behavior aft of the leading

edge can be described accurately by piecewise linear distributions. These

functions, often referred to as triangular distributions, are given by,

11
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Y (g) =	 (2.3.1.12)

where g is the tangential distance measured along the wing camberline and

Y, 1 and Y. 	 are the lengths of adjacent elements. The triangular distri-

butions as well as the superposition of the two types of vorticity functions

are illustrated in Figure 2. Application of combined inverse square root and

triangular vorticity distributions have proven adequate for describing the

vortex strengths of infinitely thin airfoils in two dimensions (Reference 15)

and three dimensions (References 12 and 17). This combination is a higher

order singularity representation than discrete vortex methods, such as vortex

lattice techniques, and is not as restrictive in selection of collocation

rules as lower order methods. Presently the location of the point where solid

body boundary conditions are satisfied on each wing element is specified to be

the element geometric center.

For unpowered wing sections, the trailing edge triangular vorticity distribu-

tion is forced to be zero thereby satisfying the Kutta condition of smooth

departure of the flow and zero wing loading. The wing trailing vortex sheet

of unpowered sections is assumed to extend downstream with a trajectory

parallel to the freestream flow, whereas for powered wing sections the

trailing vorticity is aligned with the deflected jet trajectory. The trail-

ing edge condition for powered wing sections will be discussed subsequently.

Although the calculation of the induction of the leading edge and triangular

elementary vortex distributions is conceptually simple, the resulting expres-

sions are quite complicated.. These induction expressions are derived in

Reference 18 and are not repeated here. A farfield expansion of the velocity

induction expressions has been employed in previous NPLS unpowered analyses to

improve the efficiency of evaluating the influence of wing elements at control

points. However as demonstrated by the results of Section 3.2, 	 an inaccuracy

has been discovered in these expansions and hence only the ,nearfield induction

iformulas have been employed in the present study.
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2.3.4.2 Jet Sheet Singularities

Jet flap vorticity can be represented in a manner similar to the wing distri-

butions by employing elementary vortex distributions. The only irregular

behavior of the jet vorticity occurs at the wing trailing edge for jet angles

different from the wing trailing edge angle. In two dimensions, the abrupt

turning of the jet from the wing results in an exponential variation of vortex

strength at the trailing edge. However, experience has indicated that this

singularity in vortex strength can be adequately approximated by piecewise

linear distributions. Consequently the entire jet flap sheet is represented

in the NPLS method by triangular vorticity distributions (Equation (2.3.1.1-2))

is shown in Figure 2.	 At downstream 'infinity the jet flap vorticity approaches

zero as the jet approaches an asympotic angle relative to the freestream and

the jet radius of curvature approaches infinity. In previous EVD jet flap

methods, References 12 and 15, the downstream jet behavior was represented by

a decay function which originates at the furthest downPtreain jet element

endpoint and extends to downstreamn infinity. In the present analysis, the

downstream 'vorticity behavior is simply represented by forcing the jet vortex

strength of the furthest downstream jet element to be zero as indicated in

Figure 2.

2.3.2	 Application of Wing Boundary Conditions

With the above specification of solid body singularity distributions, the

influence of any wing element at any point in the flowfield can be calculated

by integrating the differential form of the Biot-Savart Law. In order to

simplify this integration process, the NPLS method restricts wing elements to

individual planar surfaces (of course the wing surface is not necessarily

planar). The results of the velocity induction integration, as given in an

Appendix of Reference 18 are quite complex. All three velocity components

are evaluated in the solution process and stored in the arrays Auij, Avi3,

and Awij , where for example Auij gives the x-component of the induced

velocity of a unit vortex strength distribution (y = 1) of the jth wing

element at the i th point in space. The positions in space where the

velocity induction are evaluated are generally wing and jet control points.

Similarly the jet induction is evaluated and stored in the arrays Bu ij , Bvij,

z



Employing finite element approximation, the wing boundary condition integral

equation (Equation (2.3.1-6)) can be transferred into a set of simultaneous

al gebraic relations. The velocity at a wing control point is composed of the

wing induced, jet induced and freestream components,

	

V VW + V
i
 + U	 (2.3.2-1)

Using the influence coefficient formulation for the wing and jet induction,

the velocity vector at the i th wing control point becomes,

V	 !(Au	 + gu . )y + J(Av 	 + av ) Y i	 (2.3.2-2)i	 i^	 is j 	 ij	 i j j

+ k(Awij + gwij)y + U

Consequently the tangential flow solid body boundary condition can be written

as,

	

^i,ni ' Q	 (2.3.2-3)

or,

nx (Au.. + B u . Y '. + n^.(Av . + By	 ^i	 i^	 ij)
	

i	 i^	 ij )Y j

(2.3.2-4)

	

+ nzi(Awi j
 + gwij)Y, = -Uxnxi	

Uynyi	
Uznzi

The above matrix equation provides a number of equations equal to the number

of wing control points. All terms in the equations are known for a given wing

and jet geometry except the Ya coefficients, which specify the strength

values of the wing and jet vorticity functions.

2.3.3 Application of Jet Boundary Conditions

The application of the jet flap dynamic boundary condition, Equation (2.3.1-5)

within the finite element framework is integrally connnected to the iterative

scheme employed to successively approximate the wing-,jet flap system until a

vorticity distribution and jet shape are determined which nearly satisfy all

boundary conditions. The nonlinearity inherent to the jet dynamic condition

is removed by employing values from the previous iteration.

In order to derive a finite element formulation of the jet dynamic boundary

condition, the substitution R = dsjdo is made in Equation (2.3.1-5) and

both sides are integrated over the jet interval between the i th and (i+l)th

r



Jet control points (see Figure 3). Then

f
Si+lYUOS	

cCd ni+1
UF_ dS ^-,^--	 d0

U
S i 	0i

(2.3.3-1)

where the indices are defined in H o re 3. S is the arc length along the jet

sheet and 0 is the jet element angle relative to the horizontal axis. Assum-

ing piecewise linear vortex strength variation along the jet sheet, the left

side of the above equation can be integrated if the integrand is quasi-linearized

by employing the previous iteration's value for Do s . The integral of the right
side of Equation (2.3.3-1) is simply the difference in the jet angle between

two jet elements. The jet angle at any jet element for the wi th iteration can

be approximated by the jet angle during the previous, (v_, ) th , iteration and

the normal velocity at the jet element (see insert of Figure 3),

V+ vim	 (2.3.3-,2)
uosl

where Vn i is the velocity component normal to the jet element. This
approximation becomes exact as the iteration process converges and 

Vni
approaches zero. Of course the normal velocity, Vn i , at the jet element
is composed of wing and jet sheet induction as well as the freestream contri-

bution. Employing the notation of Equation (2.3.2 -4) for the induction of

wing and jet vorticity distribution, the jet dynamic boundary condition can

be written as

(

IV

	

	 3 v	 3 ,	 ,v
Yi-1 + 

Yi	
5v-1	 (Sv-1,.Sv-1 ,^ ( Y i v + ±.

1	 / 8	 8	 osi_ 1 i	 1-1/ 1 8	 8 
l 
uos	 i+llsi^C

cGJYj

+ 20"lnxi(Auij +Bui j) + nyi(Avij+Bvij)

osi

+ nzi (Aw i j+Bwij ) - nxi -1(Au ( i - 1 )J'+Bu (i- 1)j )

- ny i (Av (i-1)
j+Bv ( i-

1)j )	 nzi(Aw(i-1)j+au(i-1) j)
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cC
Jv-1 v^l	 Uxnxi+U nyi+U^nzi

,.....	 j 0j -1 - ^..^.^..^..^.^,...,.. .^	 (2.3.3-3)

^.	 si

+ 
Uxnxi-l+Uynyi„ 1+Uzn?i-1

OV-1
si

for jet elements not adjacent to the wing trailing edges.

At the wing trailing edge the jet angle is equal to the specified jet

deflection, ote , and the integration of Equation (2.3,3-1) is performed

from the wing trailing edge to the first element control point,

	

S ,	 t3

1 t^' oo	 cc J
	=U dS a ^ 	 0.	 (2,3,3-4)

U

	

S te	 Ote

Then the finite element formulation of the jet dynamic boundary condition is-,

IV

061 Yi'V + 
Y$

+1 
uosi-llS! 1 Stel

\

cc^Y"I
+	 v-i nxi(Auij+Buij) + nyi(llvij+Bvij)

20v

+ nzi(Awij+Bwij) (2.3.3-5)

,.	 _e^-1 + 
o te - Uxnxi+UyuYi+Uzuzi

5V-1
osi

The jet kinematic boundary condition is applied within the iterative solution

scheme which attempts to continuously determine a jet shape so that there is

no flow normal to the jet sheet. This condition is applied simply by

requiring the local jet cant angle	 e, to be aligned with the local flow,

ignoring the cross-stream component,

16



w : Awijy^ v+ E Bw
i jy^ v+ UZ

e i	 ARCTAN	
--Jet	

(2.3.3-6)

w^ Aui
jy^v+ E Quijy^ v+ 

bx
9	 jet

Note that the y terms are omitted from the above relation. With the cant

angle defined by Equation (2.3.3-6), the jet shape for each streanwise cut

of the jet sheet is given by,

xi x 
xte +	

AS  cos ek	 (2.3.3-7)

Yq x yo	 (2,3,3-$)

and,

zi	 ate	
AS sin 4k•	 (2.3.3-9)

Of course as the solution process proceeds from one iteration to the next, the

jet/wing vortex strengths are updated resulting in flow which is no longer

tangential to the jet sheet and therefore the redefinition of the jet shape

is required during each iterative step.

2.3.4:	 Force Evaluation

At the completion of each iterative cycle, the load distribution, forces, and

moments on each lifting surface are evaluated from the calculated vorticity

distributions and jet locations. The pressure differential across a thin

wing surface represented by a vortex sheet is given by application of the

Bernoulli equation as,

P;-R, = ^ (uuu d (uu-ud	 (2.3.4-1)

where u. and uu are the upper and lower surface flow speeds respectively,

and p is the fluid density. The local flow velocity is obtained by sunning

the wing, jet flap and freestream contributions.

Nondimensionalizing by the freestream dynamic pressures, 1/2pU 2 , yields the



Jump in pressure coefficient across the vortex sheet ►

t 

'* I®Cp W Z	 x

2	 •^

(2.3.4.2)

Of course this pressure force acts perpendicular to the lifting surface,

A special pressure force is applied at the leading edge of a thin wing within

the elementary vortex distribution formulation, As noted previously, the flow

at the leading edge is assumed to behave as though it turns around a thin two-

dimensional flat plate. Consequently, an infinite vortex strength with

corresponding infinite flow speed is present at the leading edge, This

singular vorticity behavior results in an infinite negative pressure acting

on the zero width leading edge thereby producing a finite force. The magni-

tude of the force can be evaluated by application of the Blasius force

equation (see Reference 18 for example) to be

fS	 V p -ty ze	 (2,3.4-3)

where fs is the leading edge suction force per unit span, t is the stream-

wise leading edge element length, and yR e is the coefficient of the leading

edge vorticity distribution as defined in Equation (2.3.1.1-1). 	 Non-

dimensionalizing the leading edge suction coefficient by the freestream

dynamic pressure and local chord, c, yields the leading edge suction

coefficient, cs,	 z

R	 Re	
(2.3.4-4)

Y

CS=	 7rc U

This suction acts tangentially to the airfoil leading edge surface.

A jet reaction force acts on each powered section of the wing in addition to

the usual pressure force described above. The magnitude of the jet reaction

force is equal to the jet momentum issuing at the trailing edge and the

direction of the force is apposite to the initial jet inclination. Therefore

the jet reaction force vector is,

18



fJR : 
pub a(^i

s	
cos 6  + k sin 6d)(2.3-4-5)

where ad is the jet deflection angle relative to the horizontal axis. In

nondimensional form the jet reaction force is,

	

' fdR " Cd (y)(-1 cos sd + k sin a d )	 (2.3.4 -6)

Where Cd (y) is the section value of the jet momentum coefficient.

Now the sectional aerodynamic force coefficient, Cf, can be determined by

integration along the section camberline of the surface pressure differential

in combination with leading edge suction furce and jet reaction force

aCp
	C f =	 c rids + C S

t + CfdR	
(2.3.4-7)

0

where t is the unit vector tangent to the leading edge surface. Sectional

lift and drag coefficients are given by

CZ = Cf*k cos a - Cf , i sin a
(2.3.4-8)

Cd i = Cf• COS a + Cf•k sin a

The force acting on the wing excluding the jet reaction contribution is usually

referred to as the circulation force Cf1, (which can be resolved into circu-

lation lift Ck. and circul ation 
drag Cdi.)I

Similarly, the sectional rolling, pitching, and yawing moments (C l , Cm , Cn)

are
+ 	t	 }	 oCprxnds	 +

	

C11 + Cmj + Cnk	 c2	 + S- (r^ext)
0

exC fJR
	+ 	

c	
(2.3.4-9)

where r, rte and rte are defined as,
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'1

r (x-xo )i + yj + A	 (2.3.4-10)

	

rke 
= (XZe

-xo)t + ys + A	 (2.3.4-11)

4.

	

rte = (xte
-xo)T + y1 + A	 (2.3.4-12)

and xo is the pitching moment reference location. The rolling and yawing

moments are referenced to the x and z axes.

Total aerodynamic forces and moments are obtained by spanwise integrations of

the sectional parameters. The three force components are non-dimensionalized

by the reference area S. Pitching moment is non-dimensionalized by Sc,

where c is the reference chord; while the rolling and yawing moments are

non-dimensionalized by Sb, where b is the reference span. The three force

components are computed from

CC 
S 
E	 c C do	 (2.3.4-13)

span

Cpi	

1
= S	 c Cd i do	 (2.3.4-14)

-span

Cy - S	 f c Cy do	 (2.3.4-15)

span

where n is the spanwise coordinate on each lifting surface and the finite

summation (i.e.,E) indicates that the integral is taken over each lifting

surface. Integration for the total moment components requires that the

moment center be specified. In the present method the moment center is

assumed 'Lo be at (xmc , 0, 0). Hence the total moment components are

1 f E[
CM Sc	 f c2^m c(x0 -xMc Cf •k

J
dn 	 (2.3.4-16)

c span

C N 
Sb L f c:̀ Cndn	 (2.3.4-17)

span

C R Sb	 Ef c
2C t dn	 (2.3.4-18)

span
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2.3,. :eneral Iterative Scheme

The components of the NPLS Jet Flap Analysis solution method have been described

above by specifying the wing/jet singularity representations and application

of appropriate boundary conditions. The iterative solution technique combines

these various elements to produce a method of obtaining a set of wing/jet

vortex strengths and jet sheet locations which satisfy the wing/jet boundary

conditions. This iterative scheme, illustrated by the flow chart of figure 4,

begins with the input of the lifting surface coordinates and jet parameters

including jet element spacing, jet trailing edge angle and section jet

momentum coefficient. Also an initial jet sheet shape oust be defined from

which the successive approximation process originates. With this information

the wing and jet elements are defined, control points located and surface

normals calculated.

The second, third, and fourth steps of the solution process evaluate the

aerodynamic influence coefficients, Au g Av g Aw , Bu , B v , and taw , and store

the coefficients expressing the wing influence on wing control points for

reuse in subsequent iterative cycles. for unpowered wing sections the trail-

ing vortex influence is calculated and stored for reuse whereas the trailing

vortex influence for powered wing sections is recalculated for each iterative

cycle since the trailing vortexsheet follows the jet trajectory. The fifth

solution step combines the various wing and jet influence coefficients into

the set of algebraic equations which apply the wing tangential flow conditions

(Equation 2.3.2-4) and the jet dynamic condition (Equations 2.3.3-3 and 2.3.3-5).

In the succeeding step the matrix equation is solved using a Gaussian triangular-

ization technique to yield the strengths of the vortex sheets representing the

wing and jet.

Determination of the wing and jet vortex strengths completes the iterative

cycle and hence a test is performed to indicate the convergence of the

process toward a solution which satisfies the appropriate boundary conditions.

Two measures of convergence, average velocity normal to the sheet and

maximum velocity normal to the jet, indicate the level of compliance of the

current solution with the jet tangential flow boundary condition. Presumedly

the wing tangential flow and jet dynamic conditions will be satisfied if the

jet sheet is aligned with the local flow for a set of vortex strengths
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	 determined by immediately preceeding steps. Another indication of the

solution convergence is provided by the change in calculated forces on the

wing surfaces between iterative cycles. A force evaluation for the jet and

wing solution is performed for each iterat;ve cycle as described in the

previous section. Although comparison of the wing force coefficients calcu-

lated in successive steps indicates solution progress, the internal program

decision logic regarding the requirement for additional iterative cycles is

based on the jet normal velocity component. If a specified maximum jet normal

flow is exceeded, the iterative process is repeated beginning with the

application of the jet tangential flow boundary condition, Equations (2.3.3-7)

to (2.3.3-9),to determine an updated jet location. Then the solution scheme

proceeds with step three as indicated in Figure 4. Other solution progression

options at the convergence test step include termination of the iterative

process because the solution has sufficiently converged (as measured by the

jet normal flow), termination because a specified number of iterative cycles

have been exceeded, or storage of solution variables of a partially converged

solution so that the process may be resumed without repeating initial

iterative cycles.

2.4	 Ground Effect

The ground effect problem is analyzed in the present method using a mirror

image technique. This technique effectively places a stream-surface coinci-

dent with the ground plane. The mirror image (Figure 5) is treated exactly

like another lifting system or jet except that each element on the image has

the same vorticity strength (but opposite sign) and distribution as the

corresponding element on the "real" wing or jet. Hence the number of

algebraic equations employed to determine the vortex strengths need not be

doubled, but instead each influence coefficient must include the influence

of the corresponding image vortex element. Otherwise the solution is obtained

in exactly the same manner as for any free-air solution.

The present method is ideally suited to the ground effect problem because of

the highly nonplanar and nonlinear nature of the problem. It has been

recognized that flight in ground proximity is not usually parallel to the

ground plane, and the nonplanar nature of the present method allows the proper

orientation between the lifting system, the ground, and the freestream to be
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simulated. This is illustrated in Figure 5 where the flight path angle (Y)

and attitude angle (e) are shown.

2.5 Modeling, of Jet Impingement on the Ground Plane

An important fluid dynamics phenomenon influencing many powered lift systems

operating in close proximity to the ground is the complex flow pattern associ-
ated with impingement of the propulsive jet on the ground plane. In general
Jet impingement results in separation of the flow from the ground plane with
recirculating regions below the wing and hence is dominated by viscous influ-
ences which are beyond the scope of the present analysis. However, a simple

jet impingement model is incorporated within the NPLS Jet Flap Analysis program,
As illustrated in Figure 6, the jet sheet is automatically truncated within
the impingement model. First, the jet element intersecting the ground plane

and all jet elements further downstream are temporarily discarded. Next, the

furthest downstream jet element which does not pass through or below the

ground plane, is Linearly extrapolated to intersect the ground plane. The

interval between the last "regular" element and the ground intersection is

divided equally among the temporarily discarded jet elements to avoid indexing

complications within the computer code. This forms the extrapolated jet sheet

segment. Once an element has been truncated for any iterative step, it does
not revert to regular status during subsequent steps, but instead remains part

of the extrapolated segments.

A potential difficulty with the impingement model arises when an unrealistic
velocity is calculated for the furthest downstream jet element before the jet

truncation. Extrapolation to the ground plane of an unrealistic cant angle
can cause a final jet element of excessive length running upstream for a

large distance before intersecting the ground plane whereas a single unreal-
istic jet cant angle for a nonimpingement case will usually be of minor impact

since only a single fixed length jet element is influenced.

2.6 Compressibility Effects

Although the basic mathematical model developed here assumes incompressible

flow, fluid compressibility effects can be included approximately using the

compressible form of Laplace's equation,
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r,

(1-M2) -^- + kyy - + --Z = o
	

(2.6-1)

The Prandtl-Glauert transformation is used to transform the equation to an

equivalent incompressible flowfield. that transformation is

x o =—.L—' Y0 y , z 0 = z	 (2.6-2)
4 =-M , 

so that Equation (2,6-1) becomes Laplace's equation (Equation (2.2-2)) in

the (xo , yo ) z0 ) system. Equations (2.6-1) and (2.6-2) indicate that the

compressible flow problem is solved in the same manner as the incompressible

problem, except that the streanmise coordinates (i.e., x) are stretched by

the factor 1 / ► =	 (or 1/0).

The vortex solution (pro) obtained in this manner must be transformed back

to the compressible flow. In linearized lifting surface theory the trans-

formation is made by expressing the pressure jump coefficient in terms of

the vortex strength, which in turn can be expressed in terms of the

u-perturbation velocity, as

A las
Yo	 nu _	 \Ixo^

6p o - 
2 

u
= 2	 - 2	 b	 (2.6 - 3)

Since the velocity potential is the same at corresponding points in the

compressible and incompressible flows, the only transformation is to xo,

so the resulting transformation for the pressure jump coer'ficient is

4Cp = s
A6o	 (2.6 -4)

Strictly, Equation (2.6-4) applies only to linearized lifting surface theory

since in nonlinear theory Equation (2.6-3) does not apply. In nonlinear

theory	
(^

- V	 o	
V 4 p(^so

Apo = (2 
u t) ^ _ 2(0` 

t	 u	 (2.6-5)

where V is the local surface velocity vector and t is the unit tangent

vector. Equation (2.6-5) is derived in Section 2.3.4. 	 Since V includes

velocity components other than u, and s o (the tangential coordinate) is

not necessarily coincident with xo , the transformation cannot be made.

a
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However, for high subsonic Mach number configurations there are generally

only small deviations between s o and xo , so Equation (2.6-4) is a reason-

able approximation. This approximation has been made in the present method

and consequently the pressures on all wing elements (both leading edge and

triangular vorticity distribution types) are scaled according to Equation
(2.6-4).



3. CALCULATED RESULTS

In this section computed examples are presented which were obtained using

the NPLS Jet Flap Analysis. A discussion of some general solution characte ► ,

-istics is followed by a description of calculated results for both powered

and unpowered wings. Emphasis is currently placed on the ground effect prob-

lem since this is the most difficult case to analyze and is the case for which

the unique qualities of the NPLS Jet Flap Analysis are of significant value.

3.1 Solution Properties

Before disc,.ission of calculated results for specific configurations, an

examination of the general numerical characteristics of the present analysis

will be presented. 'r'he properties of solutions for unpowered wings are

discussed in Reference 17 and therefore are addressed only briefly here.

Figure 7 indicates the sensitivity of the calculated lift, drag, and moment

to the number of chordwise and spanwise element divisions for an unpowered,

rectangular, aspect ratio six wing with flat plate airfoil section. The

increments in aerodynamic coefficients, relative to a 20 x 20, 400-element

calculation, shown in Figure 7, indicate typical finite element analysis sen-

sitivity to element spacing. Calculated lift is approximately equally depend-

ent on the number of spanwise and chordwise divisions whereas the drag vari-

ation is most directly influenced by the chordwise spacing. Pitching moment

about the quarter-chord predictions show the largest sensitivity to element

spacing. Although there is significant variation in calculated coefficients

apparent in Figure 7, the convergence characteristics of the NPLS method are

quite adequate for basic aerodynamic analysis.

Many of the numerical characteristics of the analysis for unpowered configu-

rations are anticipated to transfer to cases of wings with jet flaps attached

and therefore a more limited examination of element spacing has been conducted

for the powered case. Figure 8 shows the calculated lift, drag, and pitching

moment variation with number of spanwise divisions for the same wing as above

but with a jet flap. Lift and pitching moment sensitivities are of the same

order as the unpowered case (Figure 7), but the drag predictions display more

sensitivity to the number of spanwise divisions than the corresponding

unpowered results. The convergence characteristics shown in Figure 8 for

^x
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drag (which is generally recognized to be more difficult to predict than lift)

are judged to be satisfactory for the present level of development.

The iterative scheme required to solve the nonlinear Jet flap problem intro-

duces an additional dimension to the discussion of numerical properties of

the NPLS Jet Flap Analysis. Figure 9 illustrates the sensitivity of jet shape

solution convergence to the distribution of spanwise element spacing. The tip

concentrated, unequal spanwise spacing, suggested in Reference 17 for unpow

eyed wings, v-esults in oscillation of the jet sheet Shape near the wing tip as

shown in the upper part of Figure 9. In contrast, application of equal span-

wise spacing results in a well behaved solution which converges to a final

state within a few iterations as indicated in the lower part of Figure 9.

The behavior of the calculated circulation lift is shown in Figure 10 for the

same wing (with equal spanwise ppacing) as a function of iterative cycle number.

It is apparent from the results of Figure 10 that the calculated lift value

for the lower jet angle case (6j = 30°) converges rapidly and smoothly while

the larger jet angle configuration (a, = 60") displays questionable converg-

ence toward a final value. Generally NPLS jet flap solutions converge less

rapidly for cases with higher jet angles and higher jet momentum coefficients

compared to similar wings with lesser jet angles and momentum coefficients.

Other configuration parameters which experience has shown to decrease the rate

of solution convergence include close proxfi^lity to the ground and spanwise

discontinuities in jet angle, flap angle or jet momentum.

3.2 Calculated Results for Unpowered Lifting Systems

The major emphasis of the present study was intended to be on the calculation

of the aerodynamic characteristics of powered wings in ground effect. However,

in the course of development of the jet flap version of the NPLS program, an

inaccuracy was discovered which impacts the unpowered cases previously con-

sidered in Reference 14. Therefore, updated results will be presented for

the configurations anlayzed earlier.

The inaccuracies discovered during the present study were present in the

.xpansion of the exact induction expressions for the triangular and
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leading edge elementary vortex distributions. A computational efficiency

feature was present in the initial NPLS analysis to switch from exact near-

field expressions for velocity induction of an FVO to simpler, less time con-

suming farfield mathematical expansions of the induction at large distances

from the influencing element. The switchover point was determined from studies

such as illustrated in Figure 11 where the increment in calculated lift is

shown as a function of the cutoff distance. However, the farfield expansions

have been shown to introduce a significant inaccuracy into computed NPLS

results for ground effect cases. Bending the development of more adequate

farfield velocity induction expansions all NPLS results of this report were

obtained employing only the nearfield formulas.

Several cases previously analyzed with the NPLS method have been recomputed

and the present as well as original results are given in Figures 12 to 18.

Additionally, aerodynamic coefficients calculated using the NASA Ames Research.

Center Potential Flow Analysis (POTFAN), which are given in Reference 9, are

also indicated.

Lift augmentation ratios predicted for a rectangular aspect ratio six wing

with a flat plate airfoil section at ten degrees angle of attack are

presented in Figure 12 as a function of the distance between the wing leading

edge and the ground plane. All of the thin wing prediction methods agree well

except for the original NPLS result which has been demonstrated to be

inaccurate. The thick wing analysis result which has been obtained using two

versions (References 19 and 20) of the Douglas Aircraft Company Three

Dimensional Neumann Analysis, indicates a higher lift augmentation than the

thin wing representations. This relation between thick and thin wing

predicted lift in ground effect is contrary to the usual concept of the effect

of wing thickness in ground effect. The often stated negative lift or "suck

down" influence of section thickness is not verified by the results of

Figure 12.

Results for a second rectangular planform wing are given in Figure 13 where

the wing lift slope is presented as a function of ground height for an aspect

ratio equal to four case. The analytically derived lift slopes were calcu-

lated assuming a linear lift curve between 'zero and one degree angle of attack.
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Current NPLS and POTFAN results agree well with the experimental data even

though the test program employed a 22-percent thick section. Evidently the

thickness and viscous effects canceled for the experimental values obtained

in the study of Reference 21.

Lift and drag characteristics for a final rectangular wing are given in

Figo res 14 to 17. For this final rectangular configuration,steady state as

well as quasi-steady ascent and descent cases were analysed. As discussed

further in Referencel4,the quasi-steady approximation to the ground approach

problem includes the proper orientation of the lift system to the ground but

ignores the flight path history of the complete dynamic transient case.

Figure 14 presents the lift and drag, referenced to the freeair values, of

an aspect ratio seven rectangular wing with flat plate section as phedicted

by the present NPLS analysis. Figure 15 gives the corresponding values

of the same aspect ratio seven wing with a 40-percent chord flap deflected

60 degrees in order to approximately simulate a powered high lift system with

rearward section loading. The present NPLS results are in close agreement

with POTFAN predictions of Reference 9 for the same configurations. Further-

more, the relation between present NPLS ascent and descent lift values are.

in agreement with physically intuitive arguments whereas the original NPLS

values were in conflict. Figures 16 and 17 provide a comparison of POTFAN,

Boeing Advanced Panel Code (method of Reference 22 applied by R. T. Medan)

as well as both present and original NPLS results. Clearly the current

results of all three methods agree favorably for the quasi-steady motion of

the aspect ratio seven wing.

Results for a final unpowered wing are presented in Figure 18. Here the

increment in angle of attack due to ground proximity as a function of aircraft

lift coefficient is presented for a typical transport wing with a five-degrees

takeoff flap deflection, The ground height for each wing incidence for the

transport wing case is the ground separation for which the main gear contact

the ground and therefore correspond to the takeoff rotation of aircraft.

Although somewhat lower than the original NPLS results, present NPLS results

appear to agree with the wind tunnel data somewhat more closely than the POTFAN

predictions.
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3,3 Calculated Results for Dowered Lifting Systems — Basic Configurations

To examine the aerodynamic characteristics predicted by the NPLS Jet Flap
Analysis for a basic configuration, a rectangular planform, aspect ratio equal
to six wing was selected and Figures 19 to 28 give the results of the study
of this basic wing with jet flap, Out of ground effect lift curves and drag

polars for three jet deflections a"e presented in Figures 19 and 20 for the
flat plate wing section. Similar results are shown in Figures 21 and 22 for
the wing with a full span forty-percent chord mechanical flap. A uniform
strength jet with a momentum coefficient of 1.0 is applied to all these
aspect ratio equal to six cases. Also shown in Figures 19 to 22 are linear

analysis predictions obtainedusing the method of Reference 12. For these out
of ground effect cases only minor differences are observable between the
present nonlinear analysis calculations and the linear method results.

Largest differences between the linear and nonlinear results occur, as antici-
pated, for the mechanical flap cases and high jet deflections.

Results indicating the calculated influence of the ground on the basic aspect

ratio six wing are Shown in Figures 23 to 28. jet centerline trajectories

and spanwise load distributions for the flat plate section wing are displayed
for the three jet deflections 'in Figures 23, 24, and 25. As anticipated, the
freeair jet tra,ectory is below the steady state ground effect jet path and

also the descent and ascent cases are the upper and lower bounds of the jet

trajectories. Lift and drag variation with ground height is presented in

Figure 26 for the unflapped wing with a jet deflection of thirty degrees in

steady flight. Figures 27 and 28 are the ground effect counterparts of the

lift curve and drag polar of Figures 19 and 20 indicating all three jet

deflection angles and steady state, ascent and descent cases. It is apparent

from Figures 27 and 28 that the nonlinear analysis ground effect aerodynamic

characteristics are significantly different from the lineal^ solution values,

especially when impingement of the jet on the ground plane occurs. Some of

the NPLS results shown in Figure 28 were obtained from marginally converged

numerical solutions and should be regarded only qualitatively. Nevertheless,

the importance of inclusion of nonlinear analysis aspects and jet impingement

in ground effect calculations is evident from these results even though the

present impingement model is a ;^elatively primitive representation of a

complex flow.
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3.4 -Calculated Results for Powered Liftinq Svstems —

Three powered lift configurations for which ground effect test results exist

hive been selected for analysis using the NPLS Jet Flap Analysis program. The

comparison of the analytical and experimental predicted aerodynamic character-

istics will be discussed in the order of increasing complexity.

The simplest configuration studied is the semispan test model of Reference 23

which incorporates a relatively thin jet issuing f ,om the trailing edge of a

rectangular aspect ratio 8.3 wing. Although a small chord mechanical flap

was employed to turn the jet flap, it was judged to have little aerodynamic

influence and thus has been ignored in the analysis model. Also, even though

the flap setting was 60 degrees, observations estimated the actual trailing

edge ,jet angle to be 55 degrees and therefore this lesser value was accepted

for input into the NPLS program. The experimental data of Reference 23 were

obtained without boundary-layer control on the fixed ground board. Predicted

and measured circulation lift augmentation ratios are compared in Figure 29

for the configuration of Reference 23. Both predicted and measured trends in

lift augmentation indicate a slight favorable ground influence as the ground

is approached fol)owed by a significant loss in lift for small ground separa-

tions. However, in comparison with the experimental results, the NPLS method

indicates a larger favorable effect and smaller ground separation before a

negative effect is predicted. Apparently the NPLS model does not sufficiently

account for the jet impingement interaction for the configuration of Reference

23 at ground heights less than twu chords.

A second, somewhat more complex configuration incorporating a large fuselage

and a swept, tapered wing was tested in Reference 24. The NPLS analysis

idealization of this configuration is illustrated by the wing element

boundaries, shown in plan, side, and aft views of Figures 30, 31 and 32-.

The fuselage in this case was represented by an extension of the wing to the

configuration centerline. Note that the trailing edge of the wing is straight

and unswept which experience has indicated is a favorable influence on NPLS

solution convergence, compared to broken or swept trailing edges. Figure 33

rovides a comparison between measured and predicted aircraft total lift as a

unction of jet momentum coefficient for the freeair case, The NPLS method
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appears to overpredict the aircraft lift at low jet momentum coefficient

values and under predicts the lift at high Jet momentums for the out-of-ground

effect case. Variation of aircraft lift as a function of wing leading edge

ground height is given in Figures 34 and 35 for two different jet momentum

coefficients. Although the NPLS Jet Flap Analysis predictions indicate
similar trends as the data, the NPLS lift values are significantly lower and

the negative effect of the ground on lift appears to be overpredicted.

Influences which may account for the discrepancy between experimentally and

analytically derived lift values include the large aircraft fuselage and wing

section thickness not included in the analysis,

The final, and most complex, configuration anlayzed presently with the NPLS

Jet Flap Analysis program is the NASA C-8/A Augmentor Wing Aircraft. This

configuration, described in Reference 25, employed strong jet blowing between

two flap surfaces to form an augmentor wing high lift system over the inboard

part of the wing. Also the ailerons were deflected with trailing edge blowing

and a small amount of blowing was applied over the fuselage near the wing

trailing edge. The initial NPLS idealization employed to analyze the C-8/A

aircraft is illustrated by the plan, side, and aft views of Figures 36, 37,

and 38. Several alternative representations involving simplifications were

examined and found to have jet flap solution characteristics somewhat improved

over the original, most complex representation. None of the wing representa-

tions for the C-8 /A aircraft displayed solution convergence properties that

were as well behaved as the simpler experimental configurations discussed

previously. The most simplified analysis idealization of the C-8/A aircraft

is shown in Figures 39, 40 and 41. This simplified representation employed

a constant camber wing section with constant flap/aileron deflection and Jet

momentum.

Figure 42 presents the flight test measurements of Reference 26, linear

analysis predictions and NPLS results for the C-8/A configuration operating
out of ground effect. Both the complex and simplified NPLS representation

results are indicated in Figure 42. Similar lift curve estimates for the

C-8/A operating at a ground height of one wing chord are given in Figure 43.

Only the simplified NPLS representation lift prediction is available in

Figure 43 since the complex representation solutions failed to converge
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adequately. Nnne of the analytical lift curves of Figures 42 or 43 compare

well with the test values and the onl .,,, positive correlation is the decrease

in lift curve slope of the ground effect case relative to the freeair result

for both flight test and simplified NPLS predictions. Clearly additional

study is indicated before such a complex configuration can be analyzed

routinely by the present 14PLS Jet Flap Analysis.
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4. EXTENSIONS TO THE NPLS JET FLAP ANALYSIS

Four areas of extension are suggested by current experience with the
NPLS Jet Flap Analysis. First, aspects of the basic technique are

amenable to improvements in computational efficiency. For example, the

reintroduction of farfield velocity induction function, without the previously

encountered inaccuracy, would significantly decrease the calculation time

requirements.

A second area of NPLS development involves improvements to the solution

convergence characteristics. Numerical relaxation of the solution may signifi-

cantly speed the rate of convergence of the jet flap solution toward a final

value. Additionally,relaxation may expand the class of configurations for

which solutions may routinely be obtained. Relaxation could be applied to the

jet position and/or the vortex strengths. Other numerical improvements, such

as the smoothing of jet sheets at spanwise discontinuities of jet deflection,

jet momentum or wing trailing edge characteristics, should be investigated to

improve the iterative solution behavior.

The third area of analysis improvement involves development of a more realistic

jet impingement model. The present idealization of the jet intersection with

the ground plane is only a first approximation of the actual flow phenomenon

and is a source of solution difficulty for some configurations. Numerical

experimentation with various impingement representations may indicate the most

suitable model within the scope of the present inviscid analysis.

A final aspect of suggested NPLS Jet Flap Analysis improvement entails an

increase in complexity of configurations which can be represented within

the analysis. For example, incorporation of a fuselage representation within

the finite element analysis could be accomplished either by paneling the body

with appropriate singularities or by an approximate slender body model repre-

sentation. The iterative nature of the jet flap solution technique results

in significant increased time requirements for additional analysis elements

and therefore an approximate body representation may be appropriate.
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5. CONCLUSIONS

An advancement in the technology to predict aerodynamic characteristics of

powered lift systems operating near the ground has been achieved through the

development of a nonlinear, nonplanar three-dimensional jet flap analysis.

The application of an iterative technique to solve the jet flap problem has

been successfully demonstrated in three dimensions. However, the present

study is considered to be only another step in the systematic development of

powered lift system prediction methodology and further development has been

indicated.

The development of the basic finite element jet flap computer analysis is

complete including an efficient program code and a capability to input complex

configurations. Solution qualities have been examined and demonstrated to be

adequate for many cases. However, certain configuration characteristics,

including spanwise discontinuities in flap deflection, jet angle or jet

momentum, tend to degrade the solution rate of progression toward a final

converged result.

Apparent contradir^tion between intuitive concepts and NPLS predictions

previously reported for unpowered wings in quasi- steady ascent and descent has

been resolved by retmoving an inaccuracy in the previous lifting surface theory

implementation. Results obtained with the current version of the analysis agree

well with other thin wing analysis methods for unpowered lift systems.

Calculations employing the present method have indicated that linear and

nonlinear analysis predictions agree well for flat plates with jet flap wings

operating in freeair but may differ significantly for complex wings or for

wings in close ground proximity. Also,calcul,ations have revealed a significant

importance of jet impingement on the ground plane to the prediction of ground

effect on powered lift system characteristics. Apparently the perfection of

a more adequate jet impingement model would facilitate more reliable ground

effects predictions.
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6. IMPLEMENTATION OF THE ANALYSIS

The Nonplanar Lifting Systems (NPLS) Method and computer program were
developed under the Independent Research and Development program of the

McDonnell Douglas Corporation. The NPLS computer program is proprietary

to the McDonnell Douglas Corporation (MDC) and its distribution and use is
limited to U.S. Government Agencies only.

The user's manual for the NPLS computer program has been issued as a separate

MDC report (Reference 27) subject to the above limitation.
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Figure 1. Element of Jet Sheet
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Figure 10. Convergence Characteristics of NPLS Wing Jet Solution
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Figure 42. Lift Predicted and Measured for C- 8/A

Augmentor Wing Aircraft out of Ground Effect
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Figure 43. Lift Predicted and Measured for C-8/A
Augmentor Ming Aircraft in Ground Effect
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