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Abstract.

The vortical flow over a delta wing contributes an important part of the lift - the so
called nonlinear vortex lift. Controlling this vortical flow with its favorable influence
would enhance the maneuverability and control of the aircraft. Several experiments
have revealed that spanwise and tangential leading edge blowing can be applied as
a means of controlling the position and strength of the leading edge vortices. The
present research studies these effects by numerical solution of the three-dimensional
Navier-Stokes equations. The leading edge jet is simulated by defining a permeable
boundary, corresponding to the jet slot, where suitable boundary conditions are im-
plemented. Numerical results are shown to compare favorably with experimental
measurements. It is found that the use of spanwise leading edge blowing at moderate
angle of attack magnifies the size and strength of the leading edge vortices, and moves
the vortex cores outboard and upward. The increase in lift primarily comes from the
greater nonlinear vortex lift. However, spanwise blowing causes eatlier vortex break-
down, thus decreasing the stall angle. The effects of tangential blowing at low to
moderate angles of attack tead to reduce the pressure peaks associated with leading
edge vortices and to increase the suction peak around the leading edge, such that the
integrated value of the surface pressure remains about the same. Tangential leading
edge blowing in post-stall conditions is shown to re-establish vortical flow and delay
vortex bursting, thus increasing Cy.., and stall angle.
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Chapter 1

Introduction

1.1 Motivation

An improved understanding of the aerodynamics of slender, highly swept wings over
a broad range of angle of attack is necessary for the design of aircraft having greater
maneuverability and aerodynamic control. The low aspect ratio delta planform wing
is typical of that used for highly maneuverable aircraft; the flow about such a wing is
characterized by the presence of large scale, organized vortices on the leeward side of
the wing which occur at moderate to high angles of attack. The formation of these
vortices is responsible for the favorable “nonlinear” effects on the lift and may be
used to advantage in both maneuvering and landing configurations. However, at the
very high angles of attack attained during post-stall maneuvers, vortex breakdown
can occur; i.e., the vortices become unstable and unsteady, resulting in undesirable
forces and moments acting on the wing.

! The flow pattern about a delta wing can, in general, be classified into four
i . regimes as a function of angle of attack, (table 1.1).
L d
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CHAPTER 1. INTRODUCTION 2

(I) At very low angles of attack, the flow remains attached and vortex-free. The
lift is linear with angle of attack.

(II) At moderate to high angles of attack, the boundary layer on the lower surface
flows outward and separates at the leading edge resulting in a free shear layer
emanating from the edge. This free shear layer rolls up in a spiral fashion
to form a pair of vortices on the leeward side of the wing, as shown in figure
1.1. These vortices are characterized by being both stable and symmetric. A
noticeable difference with regime (I), as illustrated in figure 1.2, is that the
lift increases nonlinearly as angle of attack increases, due to the low pressure
on the wing upper surface induced by the leading edge voctices. This is the
so—called “nonlinear Lift”.

(III) At very large angles of attack, breakdown of the vortex structure occurs near
the trailing edge and may be accompanied by an asymmetric and unsteady
flow pattern. A distinct indication of the vortex breakdown is an abrupt
increase in the cross-sectional area and turbulence level of the vortex cores.
With further increase in angle of attack, the vortex breakdown progresses
upstream and eventually the vortex system is totally burst. The adverse
effects of both vortex breakdown and asymmetric vortices result in large,
unfavorable changes in forces and moments on the wing.

(IV) At extremely large angles of attack (up to 90°), the flow on the leeward side is
characterized by an unsteady wake and periodic vortex shedding. As a result,
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Highly maneuverable aircraft operate primarily in the flow regimes (II) and (I1I),
where the “nonlinear” vortex lift can be used to aerodynamic advantage. S.nce the
vortex flow for a delta wing plays such an important role in determining lift in these
flow regimes, it is desirable to control these vortices with their favorable influences
and thereby enhance maneuverability and control.

This leads to the motivation of present work which is to study leading edge
blowing, either spanwise or tangential to the wing surface, as a means of controlling
the influence of the leading edge vortices. There are two aspects of interest : one
is to enhance the voctical lift at low to moderate angles of attack (in flow regime
II); the other is to control and stabilize these leading edge vortices at high angles
of attack to delay vortex breakdown (in flow regime III).

Since the leading edge is the region where the vortices are originated, it is logical
to have a direct control over the vortical flow at its source. For other blowing
concepts, interested readers are referred to spanwise blowing [3] - [10] that utilizes
a discrete jet in a variety of blowing directions, and direct vortex core blowing {11]
which is used to control vortex breakdown.
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1.2 Previous Work

1.2.1 Experimental Evidence

Spanwise Leading Edge Blowing

Preliminary experiments by Trebble [12] on & 70° swept delta wing in the angle-
of-attack (a) range of 0° to 16.4° bhave shown that lift gains (increase in C at a
given incidence) are obtainable by ejecting a high-momentum jet in the spanwise
direction from the leading edge of the wing, as depicted in figure 1.3 . The lift was
measured by a force-balance and results demonstrated that there was no appreciable
Reynolds number effect in the range of 0.35 x 10° to 1.05 x 10°. Five different jet
nozzle shapes were tested and the optimum nozzle shape proved to be a tapered
slot which was expected to give a momentum distribution appropriate to preserve
conical flow.

Alexander {13, 14] conducted a series of experiments on a 70° swept delta wing
and a cropped delta wing with leading edge blowing for a = 0° to 25°. The results
revealed that blowing increases the size and strength of the leading edge vortices
and moves the cores outward and upward. The increase in lift is mainly due to an
increase in the nonlinear contribution. In addition, the suppression of the secondary
separation due to the entrainment of the leading edge jet was also obeerved in the
experiment.

The same concept was applied to a straight wing and analyzed theoretically and
experimentally by Tavella et ol [15,16,17] Although the dependence of the lift on
the vortical flow for a delta wing and a straight wing is quite different, the outward

e g
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displacement of tip vortices by the jet and the effective increment of the wing span
are observed in both cases.

Tangential Leading Edge Blowing

This blowing concept modifies the vortical flow by controlling the separation of the
cross-flow boundary layer with a thin, high-momentum jet ejected tangentially to
the leading edge surface. Experimental work on tangential leading edge blowing is
more recent, and these investigations were carried out by Wood et al. (18, 19] These
tests were conducted on a 60°-sweep conical delta wing with a rounded leading edge,
as depicted in figure 1.4 . Experimental results show that the use of tangential
blowing at post-stall angles of attack (tested up to @ = 60°) re-establishes vortical
flow and delays vortex breakdown, thus increasing the C;__, and the stall angle.
At pre-stall angles of attack, tangential leading edge blowing tends to reduce the
suction peaks at the wing surface associated with the vortices, while increasing the
suction peak around the leading edge such that the integrated value of the surface
pressure remains about the same. The implication of this pre-stall characteristic of
the lift response to blowing is that, when blowing is applied at a given post-stall
angle, there is an optimum blowing coefficient to reach Cr_,,. Once this maximum
CLu.. is reached, additional lift can not be obtained with further increase in blowing
intensity. In other words, as the vortical flow is re-established due to blowing in
post-stall conditions, the flow topology resembles that at lower angles of attack, but
the Lift is greater.

*
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CHAPTER 1. INTRODUCTION 6

1.2.2 Theoretical Work

Spanwise Leading Edge Blowing

Barsby [20, 21] analyzed the flow field over a delta wing with spanwise blowing using
the assumption of a conical flow field. He adapted the vortex-sheet model, applied
by Mangler and Smith [22] to the study of leading edge separation, combined with
the thin-jet model introduced by Spence 23] in the study of the jet flap. The jet is
modeled as an infinitely thin vortex layer which carries a pressure difference between
its upper and lower surfaces. This pressure jump across the sheet is proportional
to the product of the momentum flux of the jet and the local curvature of the sheet
and is related to the distribution of vorticity on the sheet.

In Barsby's solution procedure, the vortex sheet trace in the cross-flow plane is
divided into vortex segments, and a concentrated vortex core is introduced which is
joined to the last segment by a cut. Three separate nested iterations are performed :

(1) The pressure jump across the jet-vortex sheet is calculated at the center of
each segment using the initial approximation for the shape of the sheet.

(2) The vortex position is adjusted by satisfying the force-free condition on the
vortex segments, core and cut.

(3) The sheet shape is adjusted to satisfy the velocity tangency condition.

The procedure is repeated until the vortex sheet shape no longer varies. Blowing
is shown to increase the lift on the wing and to increase the circulation about the
vortex core, while displacing it upward and outboard.
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Although Barsby’s results closely resemble the actual flow field, general agree-
ment between theoretical predictions and experimental results for subsonic flows is
satisfactory only for the froant portion of a delta wing. This limitation is due to the
abeence of the trailing edge in the conical assumption.

Recently, theoretical expressions foc the effects of spanwise leading edge blowing
were derived by Tavella [24]. In his analysis, the separated flow on the delta wing
is represented by a model consisting of a pair of concentrated vortices connected
to the leading edges by straight vortex sheets, originally proposed by Brown and
Michael [25]. The blowing problem is solved implicitly in the cross-flow plane by
requiring the singularity system to be force-free in the presence of the jet momen-
tum. The predicted global quantities showed remariable agreement with that in the
experiments {12]. However, the lack of a detailed structure of the flow field in this
analysis limits the insight that can be gained in the physics of spanwise blowing.

Barsby’s and Tavella’s analyses assume conical flow and therefore cannot account
for the vortex breakdown phenomenon.

Tangential Leading Edge Blowing

Mourtos [26] studied the control of vortical separstion on a circular cone by tangen-
tial blowing. This model utilizes an iterative procedure by matching the solutions
of the viscous and the inviscid flow fields. The single line vortex model {27] was
used for the inviscid solution, which is similar to that of Brown and Michael [25}.
The integral form of the cross-flow boundary layer equation is solved to determine
the location of the croes-flow separation point. This iteration continues until the
pressure on the upper and lower separation points are matched.
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The controlling of the separation point through tangential blowing is demon-
strated in Mourtos’ analysis as a means of influencing the strength and position of
the vortices at low to moderate angles of attack. The predicted separation lines
agree well with experiments [18,19]. However, due to the simplicity of the inviscid
model, the detailed flow field agrees only qualitatively with experiments [18,19] (i.e.
vortex location and strength). In particular, the absence of trailing edge condition
precludes the use of this method to study vortex breakdown.

1.3 Present Approach

The objective of the present research is to study the effects of spanwise and tangen-
tial leading edge blowing on the vortical flow field over delta wings. The approach
is to solve this three-dimensional problem using Computational Fluid Dynamics
(CFD) techniques. The leading edge jet is simulated by defining a permesble
boundary, corresponding to the jet slot, where suitable boundary conditions are
implemented. A single-grid is used for the spanwise blowing calculations, whereas
a multiple-grid zonal type of approach is required in the tangential blowing cases
to accomodate the jet-slot geometry. A turbulence model for a wall jet developed
by Roberts [28] is incorporated to accurately predict the location of the separa-
tion point in the tacgential blowing calculations. Aided by available experimental
evidence, the structure of the flow field is studied and analyzed through detailed
graphical representations. The pressure field, including the surface pressure distri-
bution on the wing, is computed and the variation of lift with angle of attack is de-
termined, with and without blowing. These results are compared with the previous
experimental results of Trebble [12] (for spanwise blowing) and Wood et ! [18,19]
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CHAPTER 1. INTRODUCTION 9

(for tangential blowing). Such numerical experimentation not only enables one to
gain physical insight in the flow field structure, but also reduces the number of
configurations or models to be tested during preliminary design.

This work is divided into five chapters. The governing equations and numerical
algorithms are presented in Chapter 2. Chapter 3 describes the implications of the
spanwise lead ng edge blowing concept on vortical ift and its physical interpretation.
Chapter 4 describes the effects of tangential leading edge blowing on the vortical flow
field and its applications to post-stall conditions. Finally, Chapter 5 summarizes
the results, presents conclusions and discusees recommendations for future work.
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spiral
vortex sheet

—

separation along
leading edge

trailing edge

Figure 1.1: Illustration of vortex flow over a delta wing (Bird, Ref. 1).
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Regime | Angles of Attack Flow Characteristics Delta Wings Forces
1 low Attached flow Linear
" | moderate Stable and symmetric Nonlinear
vortical flow
iii high Vortex asymmetry and/or | Large changes in
vortex breakdown forces and moments
IV extreme Unsteady wake, Unpredictable
(up to 90°) periodic vortex shedding

Table 1.1: Flow regimes as a function of angle of attack.

Flow Regime
~If— I ——M—Iv—
]
CL
nonlinear part

v

linear part

]
a

Figure 1.2: Schematic representation of the lift characteristics of a delta wing

(Hummel, Ref. 2).
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Chapter 2

Governing Equations and

Numerical Method

2.1 Governing Equations and Approximations

The three-dimensional Navier-Stokes equations are used in this problem to describe
the physical phenomena of the flow. The equations are solved with the finite-
difference algorithm developed by Fujii and Obayashi {29,30,31]. To solve the
Navier-Stokes equations through a finite-difference or a finite-volume approach, the
equations are generally put into nondimensional, conservation-law form and the
computation is carried out in a generalized coordinate system, using the thin-layer
approximations for high Reynolds number flows. The governing equations and the
numerical algorithm will be discussed briefly. More detailed information is found in
references [29, 30,31).

14
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CHAPTER 2. GOVERNING EQUATIONS AND NUMERICAL METHOD 13

2.1.1 The Navier-Stokes Equations

Under the assumptions of no body force and no external heat addition, the Navier-
Stokes equations in nondimensional Cartesian coordinates can be written as (see

Ret. [32))
8Q . 9E OF OG OE, OF, &G,

3‘—4-3;4'-6?‘!'3‘-' 5 + By + D= (2.1)
where the vector of conserved quaatities Q is
r
P
pu
Q= pv (2.2)
pw
| e
the Euler flux vectors E, F, G are defined as
; . 1 . 1
pu pv pw
pu’ +p puv puw
E= puv y F=| po*+p |, G= pvw (23)
puw pvw pw’+p
| u(e+p) | | v(e+p) | | wie+p)

and the viscous flux vectors E,, F,, G, are given by

o] o o]
Tes Tay Tas
E,=Re'|r,|, FP=Re?|r, |, Go=Re?| 1, (24)
Tas Tay Tas
| B: | | By | B
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with

A(us + v, + w,) + 2uu,

Ty = A(ug+v9,+ w,)+2uv,

Tas = A(Ug+ 9+ w,) + 2pw,

Tey = Tye=p(uy+vs)

Tes = Tog = p(u, +w,)

Ty = Toy=p(v,+w,) (2.5)
B = YrPr710e,+ uTey + v7ey + wry,

By = 7KPr7'9,e, + uTye + v7yy + wT,,

=
0

YePr=13,e, + uTye + vTyy + wr,,

ep1-05 (u’ +vi+4 w’)

The density is nondimensionalized by the free stream density p.,, the Cartesian
velocity components u, v and w are normalized by the free stream speed of sound
a., and the total energy per unit volume e, is scaled by pea2,. Pressure is related
to the conservative flow variables, Q, through the equation of state for a perfect gas

p=(-y—1)[ —%(u’-ﬁ-v’-l-w’)] (2.6)

where v is the ratio of specific heats. A Newtonian fluid is considered, with the
coefficient of bulk viscosity A obtained from the Stokes’ hypothesis, A = —2u. The
dynamic viscosity u is nondimensionalized by g, x is the coefficient of thermal
conductivity, Re is the Reynolds number and Pr is the Prandt]l number.
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2.1.2 Coordinate Transformation

In the numerical computation, the governing equaticns are usually transformed to a
general body-conforming curvilinear coordinate system. This makes the formulation
of the code general and independent of body geometry, while increasing numerical
accuracy (for the approximation that will be introduced in section 2.1.3 ) and fa-
cilitating the handling of boundary conditions. This is achieved by the following
transformation :

r=t
£ = (=210
1 = 9(zy21) (2.7)
¢ = ((zv210)

Thus, the governing equations are transformed from the physical domain (z,y, z) to
the computational domain (£,7,{). Expanding Eq. (2.7) via the chain rule yields,

r;’:- 1 & (‘*-%-
El_loemcf|lf 8)
El Jo&nw G| &
L&) [0&m Gl &
or conversely,
& .1 . z'w.%.
& - 0 z¢ ye z¢ {; 2.9)
= 0 24 ¥o = ||
&) 10 = w = |[&]
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The transformation Jacobian is given by
I =18(£n.¢)/9(=,y,2)|

Using the transformation in Eq. (2.9) and dividing by the transformation Jaco-
bian, the Navier-Stokes equations can be written in strong conservation-law form
[33] in a generalized coordinate system (£, 7, () as follows

£+a(b-i:.) +a(ﬁ'-ﬁ*.,) +a(c:--a.) o

2.10
ot a & (2.10)
where
P pU
pu pulU +&p
Q=J""  pw |, E=J'] pU+¢p (2.11)
pw pwU +&.p
[ € | | U(e+p)~ép |
14 w
puV +1n.p puW +(op
F=I" pVanp [.G=07" wW+gp (2.12)
pwV +n,p poW +(.p
| V(e+p)—mp | | W(e+p)—(ep |

The contravariant velocity components U, V, W are defined as

U=&+&Lu+Ev+bw

V =1+ nsu +nyv + new (2.13)

W=0G+Cu+(o+(w
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The viscous flux vectors are given by

0
§aTae + &oToy + &aTan
E,=T 'R | &1pe+ &7y + EuTru (2.14)
$aToe + 3Ty + £sTua
| &P+ 68, + 68 |

[ 0

NaTexs + NyTsy + NaTas
Fo=U"Re™ | nyrpe+ Ty + MNaTps (2.15)
NeTsx + NyTay + NaTas
| N2Ps+ MyBy +1:Bs |

0
CaTex + GyTay + CaTas
Go=J"Re™ | (rpe+ (T + (T (2.16)
CaeTex + (yTay + (sTas
| GeBs+ By + (B |

In the viscous terms, the Cartesian derivatives are transformed to the generalized
coordinates using the chain rule, i.e.

us = Lotug + Natty + (ot (217)

Use of the inversion relationship between Eqs. (2.8) and (2.9) leads to the metric

[ ~"va W%
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identities as follows

€e=J(Vnz¢ —Wa)s  Co= T (Veza — Yaze)

Sy =J(zczn—242¢)s =T (293¢ — 2e20)

§=J(zavc = 2ctn)y  Co = T (Zewn — za¥e) (2.18)
ne=J(wze—vezc), & =—2ka—yeby— 25

My =J(Zezc — 2¢2e)y M= —TeNa— Yelly — 2.Ms

ns = J (Zeye — Sewc) G = —2{e — Yrly — 2,(s

The inverse of the transformation Jacobian is

Te Ty Z¢
J7 = det| y yy w

It 29 %

= ZeYnz¢ + T(Yezn + Talc2e — TeYcZn — TaYec — T(Yn2e (2:19)

2.1.3 Thin-Layer Approximation

For high Reynolds number flows, the viscous effects are confined to thin vorticity
layers on the walls and in the field. Resclution of the normal component of velocity
gradients, and hence of boundary layers, demand high grid point density in the
normal ({) direction near wall surfaces. Due to memory and time constraints this
makes it impossible to have enough grid density in the streamwise (§) and circum-
ferential () directions to resolve the corresponding derivative components in the

o
ooy

NN Ry

—_— - — ———
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viscous terms. From this point of view it is appropriate to use the thin-layer form
of the Navier-Stokes equations.

In the thin layer approach only the {-component (normal to the wall) derivatives
in the viscous terms are retained. The thin-layer approximation can be summarized
as follows,
oF,

ok,
=0+ Zo=0 (2.20)

and the Cartesian derivatives for viscous terms are approximated by

> & ne G
3’; =1& w6
35 & e G

0
0 (2.21)
. )
X

whm{?mdﬁhavebeensettom.
The full Navier-Stokes equations (2.10) then simplify to

83 oF oF 86 __ .88

5:4"5(—4'5'4'8( e (2.22)

where

0
pmyue + (4/3)ma
§=J" umyoe + (u/3)mal, (223)
pmywe +(s/3)mal,
| prams + (p/3) ma (s + 1y +n,w) |
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with
mo= Q+G+HE

Cotic + Gyue + Gawg (2:24)
my = % (ll’ +v?+ w’) ¢t xPr-l(y-1)"! (a’)(

3
!

Eq. (2.22) represents the thin-layer Navier-Stokes equations in a generalized coor-
dinate system.

2.2 Numerical Algorithm

The numerical method used in this computation is the LU-ADI factorization algo-
rithm proposed by Fujii and Obayashi [29]. This is an implicit, noniterative scheme
which is first-order accurate in time and fourth-order accurate in space. The ba-
sic structure of this method is based upon the Beam-Warming algorithm [34] and
incorporates the concepts of a flux vector splitting technique [35) and diagonally
dominant factorization([36, 37] as described in the following sections.

2.2.1 Beam and Warming Algorithm

The Beam and Warming [34] (or Briley and McDonald [38]) implicit approximate
factarization algorithm is commonly used in Computational Fluid Dynamics. Ba-
sically, this scheme can be cither first- or second-order accurate in time, second-
or fourth-order in space and is noniterative. At each time step, the equations
are factored spatially which reduces the solution process to three one-dimensional



CHAPTER 2. GOVERNING EQUATIONS AND NUMERICAL METHOD 23

problems. The spatial derivatives are approximated by three-point, second-order
central differences, which produces block tridiagonal systems for each spatial direc-
tion. Although the linear stability analysis in reference [34] shows the schemes to
be unconditionally stable in two-dimensions, stability restrictions are encountered
in practice due to the nonlinearity of the equations. However, the Beam-Warming
algorithm is unconditionally unstable in three dimensions, the numerical stability
is achieved by adding artificial dissipation terms to the equations.

The Beam-Warming factorization applied to (2.10) can be written as

(I +hsea™ - D,),) (I + hs,B" - Dy),) x
(7+h8,C™ - hRe™'6 T M*J + D, ) AQ* = R
= —h (6eE™ + 6, F™ + §C™ — Re'6,5™)
=(Del¢ + D, |y + Dalc) @° (2:25)

where AQ™ = Q™! ~Q™ and superscript n denotes the n** time step. This method is
in the so-called “delta form”, which is widely used for solving steady-state problems
since the final solutiorns do not vary with the left-hand-side operators once steady
state is reached (i.. AQ* = 0). In Eq. (2.25), I is the identity matrix and b
is the time step, § is a central finite-difference operator, A and V are forward
and backward difference operators, respectively. As an example illustrating these
operators, consider the {-direction

5@ = [@(6+26n,0) - Q" (- a8n.0)] /288
AQ" = [@(+886m0-Q (En0)]/a¢ (2.26)
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Vedr = [0 -@~ (- a6n0)/a¢

The flux Jacobian matrices A®, B* and C™ are obtained from a local linearization
by taking a Taylor series expansion about Q",

B+ o= B At (@ - +0(n)
o= P (Q - +o(R) (2.27)

-

G = G+ (M -QY) +o(n)

where the flux Jacobian matrices are given by

PY a ai' 1 aé
A=— , B=— , C=—
aQ 0Q aQ

Similarly, the viscous coefficient matrix M is obtained from the linearization of the
viscous vector S. Exprzssions for the flux Jacobian matrices, .:i, B, C as well as the
viscous coefficient matrix M are given in Appendix A.

IQ)

(2.28)

The D, and D, terms are implicit and explicit artificial dissipation terms which
should be added to the left-hand-side and the right-hand-side, respectively, to main-
tain numerical stability. The expressions and origins of these numerical dissipation
terms will be described later.

2.2.2 The LU-ADI Algorithm

The procedure for solving the block tridiagonal systems associated with the Beam-
Warming algorithm [34] requires a large computational time. In order to make the
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solution scheme more cost effective, the left hand side of Beam-Warming scheme
is modified by introducing the LU-ADI algorithm described in reference{29]. This
algorithm incorporates a flux-vector splitting technique [35] and a diagonally dom:i-
nant factorization {36, 37] such that the Alternate Direction Implicit (ADI) operator
is decompased into a product of lower and upper bidiagonal matrices, In this way,
only scalar inversions are required.

The flux Jacobian matrices A, B and € given in Eq. (2.28) have real eigenvalues
and a complete set of eigenvectors and can then be diagonalized through a similarity
transformation,

A(=T'ATe, A,=T'BT,, Ak=T'CT, (2.29)
The diagonal matrices A¢, A,, A¢ contain the eigenvalues in each spatial direction
= Diag [U, U, U, U+a/f@+E+8,U-a0/B+E+8]

Diag [V, V,V, V4ayni+ i3 +nd, Vo +n3+n?] (2.30)
= Diag [W, W, W, W+a,/C+C+C. W-0a/C+C+C]

o =
]

where U, V and W are the contravariant velocity components and a is the speed of
sound. The similarity transformation matrices T, T, T; and their inverse matrices
T, 1,0, T are given in appendix B.

For the £-direction, the Beam-Warming ADI operator (£) can be rewritten in
diagonal form (36, 37] as follows
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Le = I+héA+JT e 53T
= T + Mg (TATY) + T a2 Te?
& T [I+hoehe + T e8| T (2.31)

where an approximation is introduced by factoring the eigenvector matrix T, outside
of the spatial derivative operator §;. Since the eigenvector matrix T is a function
of £, this modification reduces the time accuracy to at most first-order in time [37].
It should be pointed out that the explicit side of the diagonal algorithm which coo-
tains the steady-state finite difference equations remains the same. If the diagonal
algorithm converges, the steady-state solution will be identical to that obtained

from the original algorithm. Thus, this modification does not downgrade the final
steady state solution.

The central differencing can be decomposed into two-sided differencing by using
the flux-vector splitting technique [35]. The right hand side of Eq. (2.21) becomes,

Ee=Te[I+ VA + Ay Te! (2.32)
with
Af= '21(& +|Al) £ Le (2.33)

where A} contains the positive eigenvalues and i\{ contains the negative eigenvalues,
J ! is taken to be the transformation Jacobian at the central point, and ¢; is the
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magnitude of the implicit actificial dissipation term, to be discussed in the next
section.

Using first-order upwind differencing, Eq. (2.32) can be written as

Le=Te[Le+ D+ U T (234)
where

LC = -Atz-l

D, = I1+(At,-47,) (2.35)

Ue = A7 i

where the subecript j, is the grid point index in the {-direction. Eq. (2.34) can be
approximated as follows

L¢+ Dg+ Ug = (Lg+ D¢) D" (De + Ug) + O (3?) (2.36)

where higher order terms are dropped since Dy = O(1) and L¢, Ug = O(h). Sub-
stituting Eq. (2.36) into Eq. (2.34), the LU factorization for the ADI operator in
the £ direction becomes

I+ Med+ I e =T (Le+ DY Dg* (D + U T (23D)

The block tridiagonal system has been decomposed into the product of the lower
and upper scalar bidiagonal systems [L¢ + D] and [D{l (D¢+U¢)].
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In order to take the thin-layer viscous terms into account while using the diagonal
dominant factorization, the split flux Jacobian matrices C* are modified as

Ct =T, (At £vI) T (2.38)

where

v=2u/C+G+3/ (RepAQ)

By using a similar procedure for the other operators, this method can be sum-
marized as follows :

Te(L¢ + De) Dg* (D¢ + Ug) (Te*Ty) (Lo + Dy) D3t (Dy + Us)
(T7'T) (L + D) DY (D + U) T AQ™ = R (2.39)

The expressions for (T;'T,) , (T;'T¢) used in Eq. (2.39) and their inverse matrices
(T;'Te) , (T'T,) can be written in a simpler form, given in Appendix B. In the
solution process, an inversion in one direction consists of one scalar forward sweep
and one scalar backward sweep.

2.2.3 Numerical Dissipation Model

The fourth-order dissipation model has been widely used with central differences
in Navier-Stokes computations. This constant dissipation model produces an unde-
sirable cscillatory solution near discontinuities such as shock waves. On the other
hand, second-order dissipatica produced by proper upwinding works much better

W
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than the fourth-order dissipation model in regions near discontinuities. Such dis-
sipation, however, is not desiruble in the rest of the flow field since it reduces the
spatial accuracy to first-order.

The numerical dissipation model used here is a non-linear, second- and fourth-
order mixed type whose magnitude is controlled by a local flux limiter function
based on a simplified .yersion of the Total Variation and Diminishing (TVD) [39]
method. In doing so, numerical stabiiity is maintained while the flow physics is
captured without an excessive amount of actificial dissipation, as compared to the
global constant numerical dissipation model. .

For the £ - direction, the explicit numerical dissipation terms can be expressed

D.le Q" =V, {s (3),., 20+ 61V [(i,‘-),+§ sall o

where

¢ = flux limiter function
¢ = K.hoy
K, = aninput constant
o, = spectral radius of A,
= |uk,+ ok, +vk|+a /B +B+E; k=€ noc(

The flux limiter function ¢ has velues ranging from 0 to 1 depending on the smooth-
ness of the solution. For a relatively smooth solution, for which the signs of forward

&
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and backward differencing at a given point of the solution are the same, and their
magnitudes are similar, ¢ takes the value of zero so that only the fourth-order dis-
sipation terms are used. On the other hand, when the flux limiter function detects
an oscillation or a large gradient, ¢ will be set close to 1 so that the second-order
dissipation terms are dominant.

In order to reduce the influence of the numerical dissipation in the direction
normal to wall inside of boundary layer, the magnitude of numerical dissipation is
scaled by the ratio of the local contravariant velocity component to the free stream
velocity magnitude

‘P ve) 9 )’
v
DA (2.41)

ECI( = & IC |V“'

where, for example, V& = (£, &, £:). The details of the current flux limiter function

are given in reference [40].

In the implicit operators, it may not be necessary to include artificial dissipation
terms since the LU-ADI implicit operator is based on upwinding. Currently, implicit
numerical dissipation terms are included as shown in Eq. (2.33), whose magnitudes
are obtained in the same way as that for the one in Eq. (2.40).

2.2.4 ‘Turbulence Model

The Baldwin and Lomax Model

The concept of an effective viscosity coefficient is used to model the turbulent mixing

\J] 0
"Bedrgde o0 s e -+ b
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by introducing the so-called eddy viscosity, ;. The eddy viscasity is obtained from
the two-layer algebraic model proposed by Baldwin and Lomax [41].

In this model, the eddy viscosity is evaluated in inner and outer layers,

m_{ (#)inper +¢ < Ccromows )

(B)outer » € > Ccrossover

where ( is the normal d’stance from the wall and (crogssover is the smallest value of
y at which the inner aad outer values of u, are equal

The eddy viscosity coefficient in the inner layer is based on the Prandtl-Van
Driest expression (i.e. reference [42]),
(e Vinper = AP 1ol (243)

where the length scale ! is obtained from

(5]

where k = 0.4, ¢+ = %) | 4+ = 26, and || is the magnitude of the local
vorticity vector

wl = |V x V| = y/(uy = v)* + (v, — w)" + (105 — u,)?

The expression for the outer layer is given by

(I‘t)outer =K Cep Foare Fria(€) (2.44)

e v - e
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with K = 0.0168, C,, = 1.6 and where F,,,, is determined as follows

(mFm
Faie = the smaller of or

Cob (mU"‘I/Fm

The values of (mes and F.., are obtained from the function

F(¢) = ¢l [1 — exp (—%)]

where Coi = 0.25 and Uy, is the difference between the maximum and the minimum
total velocity magnitudes in the profile along the (-direction. The minimum total
velocity magnitude is zero at the walls and is a finite in wakes. The quantity F,.,.
is the maximum value of F({) in the profile along the {-direction, and (., is the
value of { at which it occurs. Tke function Fie(() is the Klebanoff intermittency

factor given by
P -3
Fraal() = [1 +55 (fci"‘—‘) ]
with Cyies = 0.3 .

Once the value of the eddy viscosity, u, is determined, the total viscosity is
defined as
B = g+ pe (2.45)

where y; is the molecular or laminar viscosity. The coefficient of thermal conduc-
tivity can be obtained as
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n=m+ng=9};—¢i+%’7‘? (2.46)

The quantity Pr, is the turbulent Prandtl number which is set to 0.9, and the
laminar Prandtl number Pr is 0.72.

Turbulence Model for a Wall Jet

Based on the theory of Roberts [28] for turbulent curved wall jets, an algebruic
eddy viscosity model, together with the effects of wall curvature, are used in the
tangential leading edge blowing cases. This model uses self-similar profiles for the
mean velocity and momentum balance to get the expression for eddy viscosity

32
by = II% bp tm (%) (2.47)

where K = 0.075, k = 0.8814, u,, is the maximum velocity, b is the distance to
the point where u = lu, and ( is the distance normal to wall surface. From the
existing experimental results (i.e. [43,44]) it is found

b=T(m (2.48)

where the subscript m denotes the location of the maximum velocity. Evaluating
the constants and making use of Eq. (2.47), Eq. (2.46) can be written as

e = 0.0033 (m P U (ci‘)z (2.49)

where

——— == ~ —_—
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C_ & (<tm
Cm 1 5 (2¢4m

To include the effects of wall curvature, the eddy viscosity is modified as follows

o= b (1 -% ,;q) (250)

where V, is the cross-flow velocity magnitude and R is the radius of curvature of
the wall. This model is applied from the jet exit up to the point where the wall jet
separates from the surface.




Chapter 3

Spanwise Blowing

3.1 Introduction

As discussed in Chapter 1, the voctical flow field associated with flow separation
from the leading edge of a delta wing plays an important role in determining the lift.
It is desirable to control this vortex flow and if possible to enhance its contribution.
A promising method of control is to eject a thin, high-momentum jet in the spanwise
direction along the leading edge of the delta wing. This jet sheet displaces the flow
outboard and rolls up in a similar manner to the rolling-up of the free vortex sheet.
As a result, higher suction peaks on the wing surface are induced by the stronger
leading edge vortices which produce more lift.

Since spanwise blowing increases the strength of the leading edge vortices at
a given incidence (as will be shown in the later sections,) the adverse pressure
gradient along the vortex core becomes more pronounced near the trailing edge.
Thus, blowing reduces the angle of attack at which vortex breakdown occurs. For
this reason, spanwise blowing would be primarily of interest as a lift device, or a

35
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roll control device, at low to moderate angles of attack. Consequently, emphasis
in this chapter will focus on this angle-of-attack range. The adverse effects on the
vortex flow due to spanwise blowing in the presence of vortex breakdown will be
illustrated briefly in section 3.4.2.

The leading edge jet is simulated by deficing a permeable boundary, cocre-
sponding to the jet slot, where suitable boundary conditions are implemented. The
simulations start with the no-blowing case, which will be used to illustrate the
main features of delta wing aerodynamics and as a base line for comparisons with
blowing cases. The blowing conditions will be chosen from cases for which experi-
mental results [12] are available, and will also serve to validate the jet-exit boundary

conditions.

3.2 Grid Generation

The three-dimensional mesh about a delta wing is generated through three steps.
The first step is to generate the surface-grid that describes the geometry of the
wing. This is done by distributing the grid points on a two-dimensional section at
each cross-flow plane, once the chordwise stations are identified. An exponential
stretching function is used to cluster the grid points near the leading edge, where
the jet slot is located.

The next step is to generate a three-dimensional mesh using & two-dimensional
hyperbolic grid-generation method [45, 46] for each chordwise station. This method
uses the surface-grid points as a set of initial data and generates the grid by marching
away from the body. An inversion of a 2-by-2 block tridiagonal system is required
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since there are two unknowns (y,s) at each grid point under the construins of
orthogonality and positive cell volume. As a result of using this hyperbolic grid-
generation method, the outer boundary in the streamwise direction is generally not
uniform, as shown in figure 3.1. This is because the outer boundary is determined
according to an initial distribution of points on the body, while the local span of a
delta wing increases toward the trailing edge.

The final step is to redistribute the grid points along each of the radial curves
by using a cubic spline such that the outer boundary dimensions can be coatrolled
and the orthogonality condition close to the body be satisfied. An exponential
stretching function is used to cluster the grid points along each radial curve near
the wall, appropriate to the thin layer approximation. Figure 3.2 shows a close-up
view of a typical cross section of a delta wing, where bilateral symmetry is ir osed
to reduce the computational effort.

The final grid arrangement, as shown in figure 3.3, is cylindrical and corresponds
to an H-type topology in the chordwise direction and an O-type topology in the
spanwise direction. The grid extends 1 root chord upstream, 1 chord downstream, 2
chords above and laterally, and 1.5 chord below, and results in a total number of 55x
65 x 33 2 118,000 grid points. The number of grid points in each direction is chosen
judiciously to capture the jet effects, while maintaining the memory requirements
within the 4 million 64-bit words of the Cray X-MP at Ames Research Center.
Regarding the influence of the over-all dimensions of the computational domain,
numerical experimentation shows that increasing the dimensions in all directions
by one half of a chord length, while keeping the number of grid points constant,
changes the lift coefficient by 0.5% (for AR = 1.4, a = 15°).

|
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The global reference frame is expressed in terms of a body-fitted curvilinear
system (€, 1, {) where £ is in the chordwise direction, 7 is in the circumferential
direction, and ¢ is in the radial direction such that a right-handed coordinate system
is formed.

3.3 Boundary and Jet-Exit Conditions

For a steady viscous flow, no-slip boundary conditions are imposed at the wall,
where U = V = W = 0. The pressure on the body surface is obtained from the
normal momentum equation,

¢
[8eE + 8,F + acé]r G| =0 (3.1)
¢

(EaCe + ExCy + £:C2) Pe + (e + MyCy + M) P+ (2 + 2+ ) P
= —pU (C-“e + (yue + CGwe) = pV (Csuy + GO + (swy) 3.2)

- R/ETGTE

where P, is the component of the pressure gradient normal to the body surface.
Eq. (3.2) is solved at the surface using central second-ogder accurate differences
in £ and 7, and one-sided second-order accurate differences in {. Once the surface
pressure distribution is determined, the total energy per unit volume, e, is calculated

™~
[ VTR TR Wv‘\v e




CHAPTER 3. SPANWISE BLOWING 39

according to Eq. (2.6). Adiabatic or constant temperature walls are used such that
the density value on the wall is extrapolated from the nearest point normal to the
wall. These boundary conditions are updated explicitly at each time step.

At the upstream and circumferential outer boundaries, free stream values are
specified and remain fixed. Extrapolated values are used at the downstream bound-
ary except for e, which is calculated based on the free stream static pressure for the
present subsonic calculations. Symmetry coaditions are imposed on the symmetry
plane.

Regarding the boundary conditions at the jet exit, it is necessary to specify two
thermodynamic variables and one kinematic variable at the jet exit plane in order
to obtain the Q vector. The blowing momentum coefficient ( C, ) is introduced as
a nondimensional parameter that indicates the intensity of blowing,

= I I A,PNIVMVM ° eo dA)

C» Qoo Swing

(3.3)

where the numerator is the total momentum of the jet, ¢, is the unit vector in
the spanwise direction, A, is the projected area of the jet slot perpendicular to the
spanwise direction, ¢ is the free stream dynamic pressure and S.., is the wing
reference area. The jet-exit boundary conditions are summarized as follows:
(1) At the jet boundaries the local static pressure is used, and the pressure across
the thin jet is assumed to vary linearly.
(2) The free stream value of density is specified at the jet exit.
(3) The jet-exit velocity distribution is prescribed for convenience as an elliptical
profile whose maximum value is determined from a specified C,.
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As mentioned in the introduction (section 1.2.1), it is desirable to maintain con-
ical blowing conditions over most of the wing. This requires a linearly varying jet
momentum flux. This conical blowing condition is approximated through a linearly
varying jet-slot width and a constant maximum velocity. This distribution of blow-
ing momentum would be exactly linear if the jet exit velocity profile were uniform.
The elliptical distribution was chosen, however, for better numerical conditioning.
The analytical calculation of the jet momentum is given in appendix C.
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3.4 Results and Physical Interpretation

3.4.1 No Blowing

To understand the effects of leading edge blowing on the vortical flow of a delta
wing, a no-blowing case at a = 10° is first simulated and will be used for compa-
rison with the blowing cases and with experimental results [12]. A 70°-sweep delta
wing is used in the computation with the free stream conditions of M, = 0.3 and
Re, = 13 x 10°. Between the apex and 95% of the root chord ( ¢q ), the
delta wing geometry is generated numerically with conical symmetry; that is, with
linearly increasing thickness of up to 3.5% of c,. The remaining 5 % of the root
chord is closed by an elliptical afterbody. The leading edge shape is modeled as an
ellipse of 5 to 1 eccentricity ratio to simulate a leading edge of small radius.
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Figure 3.4 iliustrates the leading edge vortex sheet in the half-space from the
symmetry plane corresponding to 10 degrees angle of attack . The boundary layer
on the lower surface separates at the leading edge resulting in a free shear layer
emanating from the edge. This free shear layer rolls up in a spiral fashion to form
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the leading edge vortex. The particle traces shown in the figure were obtained by
“releasing particles” near the wing surface (velocity is sero on the surface) close
to the leading edge and tracing their trajectories through numerical integratioa of
the velocity field. This was done by using the PLOTSD [47] interactive plotting
software developed at NASA, Ames Research Center.

A conical transformation [48] is performed to better illustrate the size and loca-
tion of the leading edge vortex in the cross-flow plane. The so-obtained description
of a conical particle trace represents the rescaling of space curves describing particle
paths of a three-dimensional conical flow {49]. Such a conical transformation can
be expressed as follows

XY,2 - 92
—— “——
Conical variables 3-D variables
with
X = =2
= ¥
Y = po (3.4)

z =%
z

the value of X is chosen to be 1 for simplicity, since the transformation causes X
to drop out. The unit vectors in the conical projection plane are

1

&y = YS!Y’YI
ey F—S+Y:+Y}( v )

(3.9)
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and the conical velocity components are calculated according to

oo

h Veotical = V3 (3)
; Weonical = V-é (3.7)

Figure 3.5 illustrates the vortex traces in the transformed conical projection plane
at 50 % of the root chord ( £/co = 0.5 ) In this representation, size and location of
i the leading edge vortex can be easily identified, as opposed to the three-dimensional
j: view (figure 3.4).

This leading edge vortex induces a suction peak at the wing surface, and con-
tributes appreciably to the lift. To illustrate this characteristic of a delta wing,
Figure 3.6 shows the pressure coefficient ( C, ) distribution on the wing surface at
z/co = 0.5 for a = 10°. A distinct vortex suction peak is clearly evident on the

outboard of the primary vortex core causes a secondary separation, not shown in
figure 3.5, creating a local suction peak near the leading edge. The narrow suction
peak located very near the leading edge results from flow acceleration around the
leading edge from the lower surface of the wing. This suction peak terminates in
the vicinity of the primary separation line.

i upper surface. The adverse pressure gradient (slope of the surface pressure curve)
"

These flow properties are also inferred from the computed near-surface stream-
lines. For the same flow coaditions, figure 3.7 illustrates a typical example of the
streamline pattern oa the upper surface. Aided by the schematic view of the vortical
flow pattern [50] over a delta wing, as shown in figure 3.8, the following obeerva-
tions can be made about figure 3.7 : The flow drawn into the primary vortex core
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moves sideways until the secondary separation line is reached. Beyond this line,
the flow separates due to viscous effects, creating a secondary separation region.
The flow reattaches at the secondary attachment line and moves further outward.
This secondary attachment region ends at the primary separation line, where the
flow from the lower surface separates and rolls up to form the leading edge vortex.
These attachment and separation lines can be easily identified [51] as follows : the
attachment line is distinguished by diverging streamlines and the separation line is
characterized by converging streamlines.

3.4.2 Spanwise Blowing

The same delta wing geometry is used for the spanwise blowing calculations. The
jet slot geometry is described as a tapered slot that extends approximately from 3%
to 94% of the root chord, with a maximum jet width of 3.5% of the local thickness
of the delta wing. Such a slot geometry is chosen to simulate conical blowing and
to partially match the model used in the experiment [12]. Seven grid points at each
streamwise wing-station are used to simulate the leading edge jet. The relative
location of the jet on the delta wing and the blowing direction are shown in fgure
13.

Figure 3.9 shows the particle traces emanating near the leading edge foc C, =0
and .047 at a = 10°, where the particles are released from the same locations under
the same free stream conditions. Two observations can be made by comparing
the particle traces for the no-blowing and blowing cases : blowing results in an
enlargement as well as an outboard displacement of the rolled-up shear layer.
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Figures 3.10 (a) - (d) illustrate the growth of the vortex dimensions as well as
the rigidity of the jet as the blowing momentum coeflicient is increased for a =
10°. These figures are obtained by “releasing particles” from the jet exit in the
transformed conical projection plane at z/co = 0.5 . The vortex position is shown
to move outward and upward as C,, increases. This is due to the fact that the curved
jet stream, which originates at the leading edge, can sustain a pressure jump and
therefore imparts rigidity to the jet-vortex sheet. Equivalently, the effective aspect
ratio of the delta wing is increased due to blowing.

The effects of jet momentum on the spanwise surface pressure coeflicient ( C, )
distribution are shown in figure 3.11 for @ = 10° at z/co = 0.5. A higher vortex
suction clearly results from higher blowing momentum coefficients. On the other
hand, the pressure distribution close to the root chord remains virtually unchanged.
As a result, the increment in lift due to blowing comes primarily from the higher
nonlinear vortex lift. Figure 3.11 also shows that the high pressure region near the
leading edge on the windward side extends outward as C, increases. Such a trend
is to be expected, since the presence of the leading edge jet stream displaces the
flow outboard corresponding to an effective enlargement of the wing-span.

Figure 3.12 shows the computed near-surface flow pattern on the upper surface
of the deita wing for C, = 0 and C, = 0.0705 at a = 10°. In the figure, only the
region up to 95% of the root chord is shown, where conical conditions are simulated.
It is observed that the secondary separation region is “swept” outboard due to the
outward movement of the primary vortex, a fact also observed by Alexander (13).
It is to be noted that the inward motion of near-surface pasticle traces in the
secondary separation region is enhanced as compared to that in the no blowing
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case. This phenomenon is also revealed by the higher local pressure peak near the
leading edge (C, = 0.0705), as shown in figure 3.11.

A comparison of the computed results with Trebble’s [12] experimental data
for a 70°-sweep delta wing at a = 10° is shown in figure 3.13. In this figure, the
increment in Cz, due to blowing at a constant angle of attack is defined as

AC,

=C - c,,| (3.8)

I-nl ne

e e
Meoweng Mewmng Meownng

Agreement between the predicted and experimental results is good.

Figure 3.14 illustrates the variation of normal force coefficient with angle of
attack for the no-blowing and blowing (C, = 0.05) cases. It clearly shows that
higher force is obtained by blowing in the region of low to moderate angles of attack.
It also shows that the maximum normal force coeflicient for the blowing case occurs
at a lower angle of attack compared to that in the no-blowing case, indicating that
blowing reduces the angle of attack at which vortex breakdown occurs. The earlier
vortex breakdown may be attributed to two factors :

(i) Since spanwise blowing increases the strength of the leading edge vorticesat s
given incidence, the adverse pressure gradient along the vortex core becomes
more pronounced near the trailing edge.

(ii) The angle of attack at which vortex breakdown occurs decreases as the as-
pect ratio increases, as illustrated in reference [52]. Since the jet effectively
increases the wing span, it causes vortex breakdown at lower angles of attack.

To demonstrate the adverse effect of spanwise blowing in post-stall conditions,
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Figures 3.15 and 3.16 sbow the reverse flow velocity contours for the no-blowing
and blowing cases at z/cp = .77 for & = 40°, where vortex breakdown has occurred.
The outer contour is the interface boundary between the forward and reverse flow
velocity, where the velocity magnitude is zero. The reverse flow bubble is clearly
enlarged and the maximum negative-u velocity is also greater in the blowing case.
This indicates that blowing enhances vortex breakdown in the post stall conditions.
Therefore, spanwise leading edge blowing would be primarily of interest as a lift
device, or a roll control device, at low to moderate angles of attack.

Since tangential blowing (to be discussed in Chapter 4) is primarily intended
for high angles of attack, the discussion of the structure of the leading edge vortices
and vortex breakdown at high angles of attack will be delayed until Chapter 4.
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outer boundary

delta wing

——/\_

Figure 3.1: Quter boundary (side view) generated by a two-dimensional hyperbolic
grid generation method about a delta wing.
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Figure 3.2: Close-up view of a typical chordwise station of a delta wing.
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Figure 3.3: Partial view of the computational domain.
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Figure 3.4: Particle traces emanating near the leading edge of a 70°-sweep delta
wingata:lO’(C,:O).

.
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Figure 3.5: Particle traces emanating near the leading edge on the conical projection
plane at z/¢co = 0.5, « = 10° (C, = 0).

vortex-induced leading-edge
i suction peak suction peak
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Figure 3.6: Computed spanwise surface pressure coefficient (C,) distribution at
z/cog =035, a =10° (C, = 0).
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Figure 3.7: Computed near-surface flow pattern for a 70°-sweep delta wing at
a=10°(C, =0).

wing centerline

Figure 3.8: Schematic view of vortical flow pattern on the upper surface of a delta
wing (Ref. 50).
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s

Figure 3.9: Particle traces emanating near the leading edge of a 70°-sweep delta
wing without blowing and with blowing (C,, = 0.047) at a = 10°.
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0.00 0.08 0.10 0.13 0.20 0.28
y
(a)C, =0.
0.00 0.03 0.10 0.3 0.20 0.23
Yy
(3)C, = .0235

Figure 3.10: Effect of spanwise blowing on the vortex traces on the conical projection
plane at z/cy = 0.5, a = 10°, for C, = 0., .0235, .0470, .094.
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(c)C, = .0470
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(d)C, = .0940

Figure 3.10: Concluded.
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Pressure

coefficient

Cy

C,
-1.2 —— 0.0470
| / \ ----- 0.0235
-0.8 - o -~ 0.0094
— 0.

0.4 1
00 +H— — ——
04

.

00 0.2 04 086 0.8 1.0
Spanwise distance, y/s

Figure 3.11: Effect of spanwise blowing on surface pressure distribution at
z/co = 0.5, a = 10°, for C,, = 0., .0094, .0235, .0470.
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secondary /1 .
attachment line /)

"‘v/ ,

primary
separation line

Figure 3.12: Computed near-surface flow pattern for no blowing (on the left) and
C, = .0705 (on the right) cases at a = 10°.
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—&— Predicted values

AC
L Reo = 1.3 x 105, a = 10°
0.201 ¢ Experimental data; CLINoBlowing = .32
(Trebble)
0.15-

0.10-

0.0S -

0.00

i LI
0.000 0.025 0.050 0.075 0.100
Blowing coefficient, C,,

Figure 3.13: Comparison of computed and experimental results for a delta wing of
AR = 1.4 with leading edge blowing at a = 10°.
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Angle of Attack (a) | Normal Force 3
hldggggl c;=-5]iff - C, =0.
{ 0 0.00 0.00
| 10 0.38 0.49
20 0.88 099 |
30 1.33 1.47 |
35 1.50 1.4
40 1.18 1.30

Table 3.1: Effects of spanwise leading blowing on total wing normal force (C, =0
and 0.05).

Cn

2.0-

1.5

1.04

0.0

L) ]

0.0 10.0 20.0 30.0 40.0 S0.0
Angle of attack, a

Figure 3.14: Variation of computed normal force coefficient with angle of attack for
C, =0and 0.05.
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u = 0 at boundary
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UYmes = 0.0
Umin = —0.14
Au=-0.01

Figure 3.15: Negative-u velocity contour for the no-blowing case at z/co = 0.77,

a = 40°.

Umez = 0.0
YUmin = —0.20
AHu = -0.01

Figure 3.16: Negative-u velocity contour for the blowing case (C, = 0.05) at

z/co=0.77, a = 40°.
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Chapter 4

Tangential Biowing

4.1 Introduction

The undesirable forces and moments induced by vortex breakdown and asymmetric
vortex shedding during post-stall maneuvering adversely affect the controllability
of the aircraft. Experiments [18,19] have demonstrated that the vortical flow over
a rounded leading edge deita wing can be controlled by tangential leading edge
blowing. This is accomplished by controlling the cross-flow primary separation point
with a thin, high-momentum jet issuing tangentially to the leading edge surface.
As a result, the changes in the location of the cross-flow separation point modify
the strength, stability and position of the resultant vortex as the flow field adjusts
itself to an equilibrium state. This technique is somewhat analogous to the concept
of circulation coatrol for rounded trailing edge airfoils, where a thin tangential jet
near the trailing edge separation point controls the location of the flow separation
point and hence the circulation of the airfoil [53].

In this chapter, a rounded leading edge delta wing similar to that used in the
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experiments [18,19] is used to simulate the flow field at pre-stall and post-stall con-
ditions, with and without tangential blowing. A multiple-grid, zonal approach is
incorporated to accommodate the jet-slot geometry. Two types of zonal-interface,
overlap and common boundary, are encountered and the interface boundary condi-
tions are treated accordingly, as to be described in section 4.3. The leading edge
jet is implemented through a set of “permeable” boundary conditions on the body
surface. For the no blowing cases, the solid-wall boundary conditions are imposed at
the jet-exit. The algebraic turbulence model of Baldwin and Lomax [41] is utilized
near the wing surface. The algebraic turbulence model for a wall jet developed by
Roberts [28], as described in section 2.5, is used in the jet region up to the point
where the wall jet separates from the wing surface.

The simulations start with the no-blowing cases, illustrating the flow charac-
teristics in pre-stall and post-stall conditions. Tangential blowing is implemented
under the same free stream conditions, and the effects of blowing on the vortical
flow field are discussed.

4.2 Multiple-Grid Concept and Grid Generation

A proper arrangement of grid distribution contributes to a successful numerical
simulation. For solving the tangential leading edge blowing problem, a desirable
surface-grid arrangement on a cross-flow plane is shown in figure 4.1, where the
grid points are clustered near and at the jet slot.

The use of a single-zone, as described in Chapter 3, poses a major difficulty : the
grid points tend to cross one another near the jet-exit due to both the large number
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of grid points confined near the small jet-exit region and the orthogonality condition
imposed by the hyperbolic grid-generation method [45,46]. Although a number of
other grid-generation schemes, such as algebraic or elliptical grid-generstion me-
thods, could be used to accomodate this geometry, the orthogonality condition
normal to the wing surface is desirable for using the thin-layer approximations.

This leads to the utilization of a multiple-grid zonal scheme for the tangential
blowing problem. Advantages of using this multiple-grid approach are the following :

(1) The grid for any subregion of the computational domain can easily be gener-
ated.

(2) Eficient grid distribution can be obtained such that a fine grid distribution
can be used in the flow region where large gradients exit.

(3) A different set of equations can be solved, or different turbulence models can
be incorporated in the subregion, as necessary.

The computational domain for the present problem consists of 3 zones. Grid 1
(zone 1) is first constructed by specifying an inner boundary surrounding the body
ggggg lane, as shown in figure 4.2. The inner boundary is at a local
distance of 3 jet-slot widths from the upper wing surface and 2 jet-slot widths from
the lower surface. For the regions where the leading edge jet-slot is not present
(i.e. near the apek;-trailing edge, upstream and downstream of the delta wing) the
nearest jet-slot dimension is used. This inner boundary for Grid 1 extends from
the upstream boundary to the downstream boundary in the computational domain.
Once the grid distribution on this inner boundary is specified, Grid 1 is generated
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through a two dimensional hyperbolic grid-generation method [35], as described in
Chapter 3.

The second zone (Grid 2) fills the upper balf of the open domain, which es-
sentially covers the jet region and co-flowing region (where the jet and outer flow
merge), as illustrated in figure 4.3. Similarly, Grid 3 is constructed by filling the
lower half of the open domain such that Grid 2 and Grid 3 wrap entirely around
the delta wing. Both Grid 2 and Grid 3 are generated algebeaically under the con-
straint of the orthogonality condition normal to the wall. An exponential stretching
function is used in these two zones to cluster the grid points near the wall. At each
cross-flow plane, a common boundary line at the leading edge is shared between
Grid 2 and Grid 3. The number of grid points of each zone that lie on a com-
mon boundary line is usually different, and their locations do not coincide with one
another.

The final step is to redistribute the grid points aloag each radial curve in zone 1
such that Grid 1 starts from the last interior points of Grids 2 and 3. In other
words, there are 2 grid points in Grid 1 that coincide with those in Grids 2 and 3.
The spacing of this overlap region (figure 4.3) is determined as follows:

o = c—z-;i (41)
where the averaged grid spacing of Grid 2 (¢;) and Grid 3 (e3) just outside of the
overlap region is used. This is to ensure a smooth transition of grid spacing between
zones. An exponential stretching function is also used in Grid 1 to extend the grid
points to the outer boundary, with minimum spacing based on the length of the
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overlap region ().

The final grid arrangement is similar to that shown in Chapter 3 (figure 3.3)
except that the number of zones and the total number of grid points are different.
The breakdown of the grid points for each zone is summarized as follows: Grid 1,
35x35x33 = 40, 425; Grid 2, 35x18x 31 = 19, 530 and Grid 3, 35x35x23 = 15, 750,
which results in a total number of 75,705 grid points. For each Grid, the numbers
of grid points correspond to the £, n and ¢ directions respectively.

4.3 Boundary and Jet-Exit Conditions

The boundary conditions used in this computation are essentially the same as those
described in Chapter 3 with the exception of interface boundary conditions, en-
countered in the multiple-grid scheme. Since grid points coincide with one another
in the overlap region as described in the previous section, the interface boundary
conditions for Grid 1 are obtained directly from those of the interior points of Grid
2 and Grid 3. Conversely, the interface boundary conditions for Grid 2 and Grid 3
are determined from Grid 1. A linear interpolation is used at the common boundary
between Grids 2 and 3. Since the number of grid points and their locations in
these two zones are not the same at the interface boundary, the conservative flow
variables (Q) are fitted with a cubic spline before the interpolation is performed.
The boundary conditions are summarized as follows:

(1) Free stream values are specified at the upstream and circumferential bound-
aries and remain fixed.
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(2) Extrapolated values are used at the downstream boundary except for <, which
is calculated based on the free stream static pressure for the present subsonic
calculations.

(3) Symmetry conditions are imposed on the symmetry plane.

(4) No-slip, adiabatic wall and zero pressure gradient conditions are imposed at
the wall, as discussed in section 3.3, except for the jet region when blowing is
implemented.

It should be noted that the presence of the wall is felt by Grid 1 only through the
interface overlap regions with Grid 2 and Grid 3.

The blowing momentum coefficient for the conical momentum distribution, for
a jet exiting with the free-stream density is defined as follows

() (4

(S
where V., is the jet-ext velocity, A is the local jet-slot width and s is the local
span. Since conical flow conditions were intended in the experiments [18, 19], both
the external dimension of the delta wing and the jet-slot width increase lineacly
from the apex, with (1) having a constant value of 0.0046. The jet-exit boundary
conditions are summarized as follows:

(1) The local static pressure is used at the jet-exit. This is approximated by
taking the static pressure value at the nearest point in the spanwise direction
from the leading edge.

(2) The free stream value of density is specified at the jet exit.
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(3) The jet-exit velocity distribution is prescribed as a power function given by

V(@) = Vi [1—(*'")’], (43)

which is modified from the expression for an ellipse (8 = 1). A distribution
was chosen with § = 0.1 to simulate a turbulent wall jet velocity profile, as
shown in figure 4.4. The maximum velocity magnitude is determined accord-
ing to a specified C, from Eq.(4.2).

4.4 Results and Physical Interpretation

4.4.1 No Blowing

A 60°-sweep, rounded leading edge delta wing is used in the computations. The
delta wing is modeled to have conical geometry up to 80 % of ¢, with a maximum
thickness of 12.5 % of cg at z/co = 0.8. The aft part of the wing consists of an
afterbody whose thickness varies linearly toward the trailing edge, as shown in figure
4.5, to simulate a sharp trailing edge wing. This wing has the same proportions
as the one used in Wood’s experiments (18, 19] except that the experimental model
didn't have the afterbody, thus ending in a blunt trailing edge, as shown in figure
14.

The experimentally prescribed values [18,19] of @ = 30° and a = 40°, corre-
sponding to pre-stall and post-stall conditions respectively, are used in the present
no-blowing simulation, so that the Sow characteristics under these conditions can
be distinguished.
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Figures 4.6(a), (b) show “particle traces” from particles relesased near the leading
edge for 30° angle of attack, in plan and side views. The formation of a well
organized vortical flow field is observed in these figures. A conical jet-slot dimension
is simulated where the slot width increases linearly from about 20% to 80% (where
the maximum body thickness occurs) of the root chord. It is interesting to note that
some of the particles just in front of the afterbody are trapped in a recirculatory
motion near the jet-slot, where solid wall boundary conditions are implemented.
Releasing the particles from the same locations at a = 40°, as shown in figures
4.7(a), (b), a chaotic behavior of the flow is revealed above the wing, indicating a
reverse flow region associated with vortex breakdown. This representation of vortex
breakdown can often be found in recent publications [31, 34]. From observation of
the cross-flow velocity profiles at a = 40°, (to be shown in the next section), the
flow separates near the leading edge just ahead of the jet-slot, so that particles are
no longer trapped.

Since the “particle traces” depend on the particle release location, these particle
paths can only qualitatively represent the region where vortex breakdown occurs.
A more precise representation is to plot the cross-sectional reverse-flow velocity
(negative-u velocity) contours at a number of selected streamwise locations, as show
in figure 4.8. These streamwise stations are chosen arbitrarily at z/co = .17, .29,.42,
.54, .67, .79, and .92. For a = 30°, the reverse flow bubble does not appear (not
plotted), whereas at a = 40° large regions of reverse flow are observed indicating
extensive vortex breakdown. In addition, the parameter & at each cross-flow plane
is defined as the ratio of the maximum reverse-flow (negative-u) velocity to the free
stream velocity
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Voo
On each cross-flow plane, the outer contour has zero negative-u velocity, which caa
be interpreted as the reverse flow bubble boundary. The values of & indicated in
figure 4.8 refer to the innermost contour of the corresponding station.

Another phenomenon associated with vortex breakdown is the rapid expansion
of the vortex core region. This can be demonstrated by means of total pressure
contours, as shown in figure 4.9, for the station at z/co = 0.36. For a = 30°, the
vortex is highly concentrated with a strong loss in total pressure in the vortex core
region. For a = 40°, the vortex appears diffused, the loss in total pressure is less
significant and extends over a much larger region.

Figure 4.10 (a) shows the comparison of computed spanwise pressure distribu-
tion for @ = 30°, z/co = .36 with that from experiments [18,19]. Agreement is
good in the sense that the predicted and measured location and strength of the
vortex-induced suction peak are similar. The discrepancy near the root chord may
be attributed to the displacement thickness associated with the formation of the
boundary layer on the wind tunnel side wall, which may have translated in an out-
board displacement of the pressure curve. Another factor could be the lack of grid
resolution in that area.

The comparison for a = 40° at the same chord location is shown in figure
4.10 (b), where good agreement with experiments is also obtained. In this case,
a nearly flat pressure distribution on the wing upper surface signifies a weak and
diffused vortical flow, another indication that vortex breakdown has occurred.
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Figures 4.11 (a) and (b) show the computed near-surface streamline patterns
for a = 30° and a = 40°. At a = 30°, a typical vortical flow pattern on the upper
surface similar to that described in Chapter 3 is observed. At a = 40°, however,
the adverse pressure gradient in the longitudinal direction associated with vortex
breakdown, accompanied by the diminishing influence of the vortical flow, causes
reverse flow on the wing surface. The afterbody separation due to the rapid change
in the slope of the wing surface at 80% of the root chord is apparent in both cases.

The computed normal force coeflicient versus angle of attack for no blowing is

shown in figure 4.12, where Cy,,,, occurs approximately at a = 30°. The decrease
in normal force at a = 40°, due to massive vortex breakdown is evident.

4.4.2 Tangential Blowing

The same delta wing and grid arrangement are used for the tangential blowing
simulations. The conical jet slot geometry extends from 17% to 79% of the root
chord with a constant jet-slot width (h) to local wing span (s) ratio, & = 0.0047.
The same angles of attack (a = 30° and 40°), are used in the blowing calculations
as in the no-blowing cases, 3o that the effects of tangential blowing can be identified
through perallel comparison.

At a = 30° with C, = 0.05, figure 4.13(a) shows the side and plan views of
“particle traces” emanating from the same locations as those in the no-blowing case
(figure 4.6(a)). Very little difference is observed between the blowing and no-blowing
cases, except that the particle traces appear to reduce in extent above the wing due
to blowing and particles are not trapped near the jet-slot as in the no-blowing case.
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In addition, the flow near the leading edge seems to align with the direction of the
jet until the influence of the jet becomes small, which produces the rapid change in
slopes of the pasticle traces near the leading edge, as shown in figure 4.14 (a). At
a = 40° with C, = 0.038, figures 4.14 (b) reveals the effect of blowing on the vortex
traces. The chaotic behavior of the vortical flow as seen in the no-blowing case
(8gure 4.7) is limited only to the region near the trailing edge, and the extent of the
vortical flow is reduced, implying that tangential blowing delays and stabilizes the
vortical flow in post-stall corditions. It is interesting to note that the reverse flow
bubble extends up to th- region where there is a rapid change in body geometry
and beyond the extent of the jet-slot.

The favorable influence of tangential blowing on the vortical flow in the presence
of vortex breakdown is further illustrated by the reverse-flow velocity contours in
the longitudinal direction, as shown in figure 4.15. Strong reductions in extent and
strength of the reverse-flow bubble at a = 40° are observed as compared to the
no-blowing case shown in figures 4.8.

The effect of blowing is also illustrated by total pressure contours at z/co = 0.36,
as shown in figure 4.16. At a = 30°, blowing tends to move the vortex core region
inboard and closer to the upper surface as compared to the no-blowing case (figure
4.9 (a) ). For a = 40°, a greater loss in total pressure associated with a concentrated
vortex core is observed, as compared to that in the no-blowing case (figure 4.9(b)),

Figure 4.17 shows the comparison of the computed surface pressure distribution
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with Wood's experimental results at z/co = 0.36 for a = 30° and 40°. The agree-
ment is good for both angle-of-attack cases. However, the predicted suction peak
associated with the jet is not as high as that obtained experimentally. This dis-
crepancy may be attributed to the lack of grid resolution near the jet region. Grid
refinement studies were not conducted due to limitations of computer memory.

Figure 4.18 shows the computed spanwise surface pressure distribution at z/co =
0.36 for a = 30°, with and without blowing, to illustrate the effects of blowing in
pre-stall condition. It is obeerved that blowing tends to reduce the vortex-induced
pressure peak while increasing the suction peak around the leading edge. This
indicates that the delayed separation of the cross-flow boundary layer modifies the
strength and position of the resultant vortex as the flow field adjusts itself to a
new equilibrium state. Figure 4.19 illustrates the changes of the primary separation
point in the cross-flow plane, with and without blowing.

Figure 4.20 illustrates the effect of blowing momentum on the spanwise pressure
distribution at z/co = 0.36 for a = 40°. The effect of blowing is quite apparent:
blowing re-establishes the vortical flow, as indicated by the vortex induced suc-
tion peak, and creates an additional suction peak around the leading edge. These
phenomena may be attributed to the reduction of vortex strength brought about
by altering the cross-flow separation point through the wall jet, as shown in figure
4.21. In the absence of blowing, the vortex would burst. As a result of the re-
establishment of orderly voctical flow, the integrated value of the surface pressure
increases, which translates into higher normal force on the wing.

The effect of blowing on the computed near-surface flow patterns on the upper
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surface of the delta wing for @ = 30° and 40° are shown in figures 4.22 (a) and
(b). At a = 30°, the surface flow pattern is similar to that in the no-blowing case
(figure 4.11(a)), except that the secondary separation line appears to move inboard
slightly indicating an inward motion of the vortex due to blowing. For a = 40°,
the recovery of the familiar vortical flow pattern due to blowing is quite obvious as
compared to the no-blowing case (figure 4.11(b)). The reverse flow region due to
vortex breakdown in the no-blowing case has been removed, an indication of the
restoration of orderly vortical flow. Due to the rapid change in body geometry and
the finite extent of the leading edge jet (17% - 79% of co), the afterbody separation
still remains, us shown in figures 4.22 (a) and (b).

Figure 4.23 illustrates the computed normal force coefficient as a function of
the angle of attack for no-blowing and blowing with a constant blowing momentum
coeflicient of 0.05. Three observations can be made about these results :

(1) Tangential blowing delays vortex breakdown at high angles of attack, thereby
increasing the stall angle or the angle of attack at which Cin,.,, occurs.

(2) Tangential blowing restores the vortical flow in the post-stall conditions, in-

(3) In pre-stall conditions, tangential blcwing tends to reduce the pressure peak
associated with the vortex and to increase the suction peak around the leading
edge such that the integrated value of the surface pressure remains about the
same. In other words, these two pressure peaks offset one another resulting
in a nearly constant pressure-induced lift.
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(a) Geometry of a typical cross section.

jet slot

(b) Close-up view of the jet-slot geometry.

Figure 4.1: Jet-slot geometry and location in the cross-flow plane.
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Figure 4.4: Turbulence wall jet velocity profile in tangential blowing.
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simulations.

geometry used in the tangential blowing

Delta wing

Figure 4.5
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(a) Side view.

(5) Plan view.

Figure 4.6: Illustration of vortex structure with particle traces for a = 30°, C, = 0.
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(a) Side view.

() Plan view.

Figure 4.7: Illustration of vortex structure with particle traces for a = 40°,C, = 0.
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Reverse-flow velocity contours at selected chordwise
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(5) a = 40°,C, = 0.

Figure 49: Normalized total pressure contours at z/c, = 0.36 for @ = 30° and
a=40°(C,=0).
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Figure 4.10: Comparison of computed spanwise surface pressure distribution with

experimental results at z/cg = 0.36 for a = 30°, 40° and C,, = 0.
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(a) a =30°.

() a = 40°. '

Figure 4.11: Computed near-surface streamline patterns for C, = 0, a = 30° and
a = 40°.
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(a) Side view.

Figure 4.13: Iustration of vortex structure with particle traces, for a = 30°,
C, = 0.05.
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(a) Side view.
i
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{
(8) Plan view.
Figure 4.14: [lustration of vortex structure with particle traces, for a = 40°,
C, = 0.038.
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.l3atx/q,a.92

O7Tatx/co=.79

wise loca-

Reverse-flow (negative-u) velocity contours at selected chord

tions, z/¢c = .17, .29, .42, .54, .67, .79, .92, for a = 40°, C,, = 0.038.

Figure 4.15
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(%) a = 40°,C, = 0.038.

Figure 4.16: Normalized total pressure contours at z/co = 0.36 for « = 30°,
C,.=0.05 and a = 40°, C,, = 0.038.
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(5) a = 40°,C, = 0.038.

Figure 4.17: Comparison of computed spanwise surface pressure distribution with
experimental results, for a = 30°, C, = 0.05 and a = 40°, C,, = 0.0.38.
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Figure 418: Computed spanwise surface pressure distributions for a = 30°,
z/co = 0.36, with C, = 0 and C,, = 0.05.
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(6) C, = 0.05.

Figure 4.19: Computed velocity profiles near the leading edge for a = 30°,
z[co = 0.36, with C, = 0 and 0.05.
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Figure 4.20: Computed spanwise surface pressure distributions for a = 40°, 3

z/co = 0.36, with C, = 0 and 0.038.
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(8) C, = 0.038.

Figure 4.21: Computed velocity profiles near the leading edge for @ = 40°,
z/co = 0.36, with C,, = 0 and 0.038.
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Figure 4.22: Computed nesr-surface flow patterns, for a = 30°, C, = 0.05 and

a = 40°, C, = 0.038.
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m
Angle of Attack (a) | Normal Force Coeficient (Cy
in degrees C, = 0.00 [ =JO.S0TL
0 0.00 —

10 0.46 0.47

20 0.95 0.90

25 1.17 1.13

30 1.28 1.29

35 1.12 1.39

40 0.98 1.32

45 — 1.15

50 — 0.98

Table 4.1: Effects of tangential leading blowing on total wing normal force (C, =0
and 0.03).

Cwn

Figure 4.23: Effect of tangential leading edge blowing on total wing normal force
(C, = 0 and 0.05).
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Chapter 5

Conclusions and

Recommendations

5.1 Conclusions

Numerical simulations of spanwise and tangential leading edge blowing on delita
wings have been successfully carried out by using Computational Fluid Dynamics
techniques for solving the three-dimensional Thin-Layer Navier-Stokes equations.
This is a substantial departure from the previous theoretical studies, where the
assumption of a conical flow field was a requirement for solving the blowing problem.
A single grid is used for the spanwise blowing cases, whereas a multiple-grid zonal
approach is utilized in the tangential blowing calculations to accomodate the jet-slot
geometry. In both cases, the leading edge jet is simulated by defining a permeable
boundary, corresponding to the jet slot, where suitable boundary conditions are
implemented. The algebraic turbulence model for a wall jet is incorporated to
accurately predict the location of the primary separation point in the tangential
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blowing calculations. For both blowing schemes, the numerical results are in good
general agreement with data from wind tunnel tests. An understanding of the
vortical flow field structure over a wide range of angle of attack, with and without
blowing, was facilitated by detailed graphical representations.

It is found that spanwise blowing is useful at low to moderate angles of attack,
where an increase in lift is obtainable through the enhancement of the strength of

the leading edge vortices. The main conclusions for spanwise leading edge blowing
are summarized as follows :

(1) Spanwise blowing is mainly an inviscid phenomenon, as suggested by previous
inviscid calculations and verified by the present thin-layer approximations.
(2) Blowing increases the lift by magnifying the size and strength of the leading

edge vortices at a given angle of attack. As a consequence, the increase in lift
is primarily due to the non-linear vortical contribution.

(3) Blowing displaces the flow outboard corresponding to an effective enlargemezt
of the wing-span.

(4) Blowing causes vortex breakdown at a lower angle of attack.

The use of tangential leading edge blowing is found to be useful at high angles
of attack for delaying vortex breakdown and restoring orderly vortical flow. The
effects of tangential blowing are summarized as follows :

(1) Tangential blowing is mainly a viscous phenomenon since the tangential jet
delays primary separation.

9'\'\
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(2) If the vortical flow is orderly (i.e. pre-stall regime), blowing tends to reduce
the vortex induced pressure peak and to increase the jet induced suction peak
around the leading edge such that the integrated value of surface pressure

remains about the same.
(3) Blowing delays vortex breakdown.

(4) Blowing preserves orderly vortical flow to higher angle of attack, leading to
an increase of Cy__, and stall angle.

In summary, spanwise and tangential leading edge blowing can be used, within
different ranges of angle of attack, to contral the vortical flow over delta wings or
delta-like lifting bodies. The physical phenomena for these two kinds of blowing are
quite different in the sense that the effects of spanwise blowing are dominated by
inertia forces while the changes in the structure of the flow field due to tangential
blowing are brought about by viscous effects. It appears that spanwise blowing is
useful at low to moderate angles of attack to gain lift. On the other hand, tangential
blowing is useful at high angles of attack to delay vortex breakdown and to restore
the orderly vortical flow field. The use of either one of the blowing schemes can be
beneficial depending on the operational envelope and angle of attack regime of the
aircraft.

5.2 Recommendations

The first recommendation is to do grid refinement studies on both blowing schemes.
The lack of sufficient grid resolution may, in part, provides the discrepancy between
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computational results and experimental measurements. One approach is to utilize
the Solid State Device (SSD) on the Cray X-MP for the multiple-grid zonal program
such that zonal information not currently in use could be stored in the SSD. In this
way, less demand for on-core memory would allow an increase in the number of
grid points. An easier approach would be to use the Cray-2 machine, which has
substantially more memory than the Cray X-MP.

The second recommendation is to simulate the blowing schemes by solving the
full Navier-Stokes equations. For high angles of attack, massive separation extends
over a large region where the coarse grid spacing may not be sufficient to resolve
high flow gradients associated with a wake structure. Inaccuracies stemming from
the thin layer approximations may be another cause for discrepancy between com-
putation and experiment.

Concerning future work, two additional recommendations are made.

(1) Asymmetric blowing coaditions should be considered in order to study blowing

as a means of roll control.

(2) The numerical results should be used to formulate simple scaling laws relat-
ing the pre-stall and post-stall acrodynamics to angle of attack, aspect ratio
and blowing momentum coeficient. The correlation of these parameters from
numerical results would allow for a substantial reduction of effort in an ex-
perimental program.
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Appendix A

Jacobian Matrices

The three-dimensional, inviscid flux Jacobian matrices in generalized curvilinear

coordinates are given by ( [37])

Ksd? ~ub Ke+0—x,(v-2)u

A BarC = Ky$? —vé Kev — Ky (7—=1)u

K, $? — wh Kew—x,(y—1)u
| 0(2¢% ~ vep™!) Ko (7ept — $?) - (7-1)ub

Ky Ky 0
Kyt — ke (y—1)v K8 —Ke(7—1)w Ke(7-1)
Ke+8—-n,(y—2)v kv —rx,(v—-1)w xy(7-1)
xyw =, (7~ 1)v ketO-r,(7-2w & (7-1)
Ky(rep™ =) = (7—1)v8 xi(vep™' — )= (7~1)wd e+ 70 |

where
0 = Ku+n,v+5,w

100

(A.1)

b
Y

e & e
Y




By

vou eye

APPENDIX A. JACOBIAN MATRICES

$ = %(1-1) (u’+v’+w’)

withns{,qa(forl,ﬂorc,mpecﬁvdy.

The viscous flux Jacobian matrix [36] is

where

r

ay

0
ma

ma

| Ma1

0 0 0
a8 (p7') aabe(p™') asbe(p™?)
axb¢(p7!) adc(p™') asbe(p7?)
asbc(p7') ask(p™') aebc(p™') O

my, mss my  adde(p7?) ]

[— N — I

—a18¢ (u/p) = aréc (v/p) - asbe (/o)
—a3b¢ (u/p) — aud¢ (v/p) — asbe (w/p)

—as; (u/p) - avkc (v/p) - asbc (]p)

—~aybc (u/p) - asé (2uv/p) — ash; (2uw/p)
—ab; (v*/p) - aelc (w?/p) — asé (2vw/p)
—aol; (e/p’) - aol; [(u’ +v’+ w’) /p]

—ma — agb¢ (u/p)
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Appendix B

Similarity Transformation

Matrices

The similarity transformation matrix [37] for the Jacobian matrices 4, B or C is

.

3 &,
Ryu Ryt — Kyp
I.= Re0 + Rep Ry
Rew — Kyp KW + Kep
| [feriy + o (R0 - #yw)] [y + p(Re - ut)]
K, a a ]
%5 + Ryp a(u+Ra) a(u+ Rea)
Rs0 — Rep a(v+ra) a(v+&,a) (B.1)

(7 + p(Ror— ew)] @ [f55 +aB] o [f25+ad] |

a(v+K.a) a(w+k.a)
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where

Ry = x,/‘/ng-l-x:-l-s}
TR
‘I/V‘;+K=+‘2
P
a = W;

%(7- 1) (u’«l-v’ +w’)

$l
|

o %
o

Ko + K0 + KW

§, nor(

The analytical expression for the inverse of T, is

[ [7:, (1 - ‘4) —p Y (Rev ~ :'c,w)] Ke(y—-1)ua™?
[% (1= &) - " (Row = %u)] [~7up™ + Ry (v — 1)ua™Y]
T'=| [%(1-%) - o (Ryu = %.0)] [~%p™ + Ru(7—1)ua™

B (4 - ad) Blkea— (v~ 1)u]
| B(¢* +a9) -BlRea+(7+1)4]
[Rep™ + (7= 1)0a7  [-Rpp™ + Kue(7 - Dwa?] ~Zi(7-1)a? |
&y (7-1)va™? [~%:p7 + &y (Y- Dwa™?] —&,(y~-1)a?
[-'.‘SP-l +&(7~=1) W-:] &s(v—-1) wa™? ~&s(y—1)a?
Bl&ya = (v =1)v] Blxa—(y—1)w] B(v-1)
-B*ya + (7 —-1)v] -Blra+(y—-1)v] B(v—1)

where S =1/v2pa
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The analytical expressions for (T;'T,,), (T, 'T¢) used in Eq. (2.39) and their inverse
matrices (T, 'Te), (T T,) can be written in a simple form,

my ma ms —H4my pmy
-m; my my pms —pms
T'Ti=| -my -mq m —pmy pmy (B.3)

pmy —pms pmy p*(l4m;) p?(l-my)

| —umq  pmy  pmy p?(1-my) p?(l4+my) |

where

1
£ =B

My = Rele+ Ryly + Rals
m; = EJ, - RJ,

my = &y — R,

Ryly = Roly
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Appendix C

Calculation of the Jet Momentum

The jet momentum (J) in the absence of compressibility can be expressed as follows

J = p/jVV-ﬁ dy dz (C.1)

The expression for the velocity distribution for a small trapezoidal cell, as shown
in figure C.1, can be written as

V(z,y)= Z—‘VT(?V)’- v+ Vs (C.2)

where V3, V3, V3 and V, are the velocity magnitudes at the cell corners, with

-W

Va(z) = ——2z+W%
Ve(z) = %ﬂvz (C3)
dy(s) = BB,
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Figure C.1: Velocity magnitude distribution over a small trapezoidal cell
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Integrating Eq. (C.2) at a constant z yields

/:M Vi(z,y) dy = A"T(z) V2 +vve+ V) (C4)

Substituting the expressions for V3(z), Vo(z) and Ay(z) from (A.3) into (A.4) and
integrating along the z-axis yields

7= oYM Vi) wa

[pr— +(PE+FQ) 9—;3 +(QE+FR) -A-z‘-’ + REAz] (C5)
where

L
Ly—L
Az
= (A+C)

= 2(AB+CD)+AD+ BC

B*4+BD+D?
Va-Wi
Az

=V
V-V
Dz
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