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ABSTRACT

At high angles of attack the flow over any lifting body experiences massive

separation. The resulting shear layers naturally tend to roll up into large vortical

structures. The presence and motion of these structures has a significant impact on the

continuing flowfield development. By applying an artificial forcing to the shedding shear

layer the rollup can be intensified or reduced, and the entire vorticity field may be altered.

Control of these vortical structures by forcing to enhance lift has been the goal of

numerous investigations, and some progress has been made in imderstanding how an

unsteady forcing can be used to advantage.

This study describes work done in determining the effectiveness of using

computational simulations to model massively separated, turbulent, unsteady flowfields

subject to small-amplitude mechanical forcing. Algorithm development and validation

highlight certain concerns that arise in the modeling of such unsteady flowfields using the

Reynolds-Averaged Navier-Stokes equations, and questions of grid density, numerical

diSusion, timestep size, and tmbulence modeling are addressed with a suite of sample

calculations.

Simulation of flowfields undergoing mechanical forcing by flap is accomplished

using an overset grid methodology with the flow solver. Excellent agreement is

demonstrated for flow over a NACA 633-018 airfoil with a small flap placed near the

leading edge separation point. Computed values of the unforced lift and drag coefficients

agree with given experimental values to less than 2%. Forcing frequencies for the
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experimental configuration were in the range of global shedding firequency, and the

maximum variation of the aerodynamic coefficients was seen when the forcing fi-equency

was equal to the shedding jfrequency. Excellent agreement with experiment is also found

for the cases involving forcing, and the data is used to explain the effect of forcing in

terms of a global receptivity mechanism.
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CHAPTER I

INTRODUCTION

At high angles of attack the flow over stream-lined bodies can experience massive

separatioa The resulting shear layers naturally tend to roll up into large vortical

structures. The presence and motion of these structxores has a significant impact on the

continuing flowfield development. By applying an artificial forcing to the shedding shear

layer the rollup can be intensified or reduced, and the vorticity field may be altered. This

results in a (hopefiiUy useful) modification of the instantaneous and time-averaged loads

on the body. Control of these vortical structures to enhance the lift and lifl-to-drag ratio

has been the goal of numerous investigations.

The ability to effect large changes m separated flowfields through small

disturbances has long been known. Roshko [1] noted that the presence of an interference

element in the near wake behind a circular cylinder could dramatically change the wake

structure and the forces on the cylinder. Beginmng in the 1980's, J. M. Wu and A. D.

Vakili studied the problem of controlling separated flow. Wu and Wu [2] present a good

discussion of the theory of lift enhancement at high angles of attack where the flow is

massively separated and unstable. Vakili [3] also provides a good review of relevant

physical theory, with an emphasis on the manipulation of vortex flows using various forms

of passive and active excitation. The underlying theme of these works is the use of

unsteady control mechanisms in concert with the natural unsteadiness in the flow to create

a desired effect.



Numerous researchers have focused on the use of acoustic excitation to enhance

lift. The results of Zaman, Bar-Sever, and Mangalam [4] are typical. In their study,

acoustic forcing from an external microphone was applied to the flow over an airfoil for a

range of angles of attack in a low Reynolds number regime. The results indicated that for

angles of attack up to stall, low amplitude acoustic forcing was effective in removing

laminar separation by causing the flow to transition to turbulence. At higher angles of

attack, forcing at higher frequencies and larger amplitudes was required to cause any

significant increase in lift. In feet, tunnel resonance was found to play a key role in

creating large amplitude transverse velocities from the low-amplitude acoustic forcing in

the region of the airfoil leading edge. Another exanqile is the work Chang, et. al. [5], in

which internal acoustic excitation channeled through a small hole in the leading edge of a

NAGA 633-0 1 8 airfoil was used to improve its performance in the region of static stall.

Mechanical oscillations have also been used to modify the structure of the

imsteady flowfield and alter the loads on a body immersed in the flow. Karim and

Acharya [6] investigated the possibility of controlling the dynamic stall vortex over a

pitching airfoil using leading edge suction. Parameter ranges were identified which could

yield partial or complete suppression of the stall vortex by energizing the oncoming shear

layer. Gopalkrishnan,et. al. [7] considered flow over a transversely oscillating D-cylinder

and found that the presence of a pitching airfoil located in the wake of the cylinder could

substantially alter the vortex structure of the wake. Hsiao, Wang, and Zohar [8]

demonstrated active control of the separated flow over an airfoil using an oscillating flap

located near the point of separation near the leading edge. With the appropriate



combination of flap geometric and excitation parameters, the time-averaged lift coefficient

was increased by up to approximately 50%. Zhou, et. al. [9] found large increases in lift

for the flow over a NACA 0025 airfoil positioned backwards in the flow, at an angle of

attack of 27°. The unsteady excitation was provided by a small flap positioned at the

effective leading edge of the airfoil. Perhaps the most unique demonstration of unsteady

forcing used to advantage can be found in the work of Tryantafallou, et. al. [10].

Studying the swimming behavior of fish and using a robotic tuna, their work demonstrated

how the vortex shedding sequence generated by a flapping tail motion could be used to

generate a strong thrust force. In this manner, fish can swim at higher speeds than would

otherwise be possible. The body motion of the fish also enabled it to extract energy from

the wakes of obstacles upstream of the fish by creating counter-rotating vortices to

weaken those in the oncoming wake flow. It should be noted that in these studies, the

focus was not on suppressing separation, but on utilizing the energy present in the

shedding process.

To better understand the flow physics involved in controlling a separated fiowfield,

several studies have been performed which utilized computational methods. A numerical

analysis of buffet alleviation using a porous airfoil was performed by Gillan and Cooper

[11]. This Navier-Stokes analysis clearly showed the effectiveness of passive control in

reducing periodic leading edge shedding in a low-speed flow, leading to alleviation of

buffeting. Laurie and Farokhi [12] utilized a discrete vortex method to simulate the flow

over a NACA 0012 airfoil equipped with a leading edge flap. In their study, the flap had a

length equal to approximately 20% chord, and was attached in such a way that the sharp



leading edge of the flap served as the leading edge of the configuration. Results indicated

that enhanced lift could be obtained by tailoring the oscillatory behavior of the flap. Kim

and Rho [13] performed a Navier-Stokes simulation of the flowfield around an airfoil with

a stationary and osciUatmg spoiler. Their results indicated that resonance developed when

the oscillation Jfrequency of the spoiler equaled the vortex shedding frequency. Numerous

studies, such as those by Visbal and Shang [14], Ko and McCroskey [15] and others have

demonstrated the feasibility of using Navier-Stokes simulations to model pitching airfoils,

dynamic stall, vortex shedding, and other unsteady fluid dynamic behavior.

The primary objective of this work is a computational investigation into the active

control of the separated flowfield over an airfoil at high angles of attack. The focus is on

an analysis of the physical mechanisms involved in vortex control using an oscillating flap

to perturb the basic flow. The sketch in Figure 1 is illustrative of such an arrangement.

Flow striking the high-angle-of-attack airfoil separates at the leading and trailing edges. A

small flap located near the leading edge is in intimate contact with the shear layer forming

there. In this figure the shear layers are represented by constant vorticity surfaces taken

from a numerical solution. By oscillating the flap about an axis parallel the leading edge,

the shear layer can be perturbed. The resulting development of the shear layer and the

overall flowfield is the concern of this study.

To perform the analysis, the two-dimensional, compressible Navier-Stokes

equations were solved in a time-accurate manner using an approximate-factorization,

fimte-difference algorithm. A domain decomposition approach utilizing overlapped grids

allowed gridding of the complex geometries. For turbulent flow calculations, the
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Reynolds-averaged form of the equations was used with a one-equation turbulence model

for closure. Validation of the algorithm was performed using a range of test cases. These

cases were selected to examine the accuracy of the code, and in particular the ability to

simulate turbulent, massively separated, unsteady flowfields. The need for this is not

trivial, since there is not a large body of experimental data relating to the focus of this

study, and the computational results that have been published can be confusing. Barton

and Pulham [16] showed that non-physical oscillatory solutions could be generated using

an Euler solver. A more careful treatment of the solid surface boimdary condition

eliminated some of this behavior. The inclusion of the viscous terms in the equations of

motion also served to remove non-physical behavior. The choice of a turbulence model

can also have a pronounced effect on the nature of a computer-generated solution. The

behavior of the flow solver when modeling turbulent, separated, unsteady flows needs to

be quantified before any computational results can be trusted.



CHAPTER II

DEVELOPMENT OF THE NUMERICAL MODEL

Governing Equations

It is assumed that the two-dimensional flow of a compressible, viscous fluid over a

body is described by the Reynolds-averaged Navier-Stokes equations, which can be

written in conservation form as

dQ d(F-R) d(G-S)
dt* dx (1)

The vector Q of conservative variables is

Q =

p

pu

pv

et

(2)

where p is the fluid density, and (u,v) are the Cartesian components of the velocity. The

total energy per unit volume et is the sum of the internal energy per unit volume pe and the

kinetic energy per unit volume of the fluid.

et = ps + :^p(u^ + v^), (3)

The inviscid flux vectors F and G are given by



F =

G =

pu

pu^ + p
puv

(et + p)u

pv

puv

pv^ + p
(et + p)v

(4)

where the pressure p is related to the conservative variables as

p = (y-l) e,--^p(u^ + v^) (5)

Here it has been assumed that the fluid is an ideal gas satisfying the equation of

state p = pRT, where T is the temperature and R is the gas constant. The ratio of specific

heats is y, and is treated as a constant in this study. The corresponding viscous flux

vectors R and S are

R

1— o »1 0 1

'^xx

'^xy
 S,=

"^yx

Xyy
(6)

.Sx. yS.

where

_  5u
txx = 2p—+ XV-U

ox

dv
Zyy = 2|J,— + A-V-U

dy

'Txy ~ Tyx — p
du. dv^

dy dx.

x  y^de
xy

(7)



dz

~  + VTyy

The Stokes hypothesis can be invoked to give X = - 2p/3. In the above equations the

velocity components are non-dimensionalized by freestream stagnation sound speed ao,

density by freestream stagnation density , and the pressure and total energy by .

For the remainder of this report, all variables should be considered non-dimensional unless

otherwise explicitly stated. The Boussinesq assumption has been used to ejq)ress the

Reynolds stresses in terms ofan eddy viscosity p, multiplying the velocity gradient. The

viscous terms are modified with the substitutions

p —>• p +

iL^iL + A
Pr Pr Prt

(8)

where Pn is the turbulent Prandtl number.

A detailed derivation of the algorithm is given in the Appendix. Using second-

order accurate central differences for the spatial derivatives and a second-order accurate

backward difference for the time derivative, the conservation equations can be discretized

in an implicit, approximate factorization fashion to give

I  2

At 3 ■

I  2

At ■'3^^

A- V-i-

B-W +
dv\

LI- 5,(v, 2RHS'"AQ =T—;—
3  At

~n AQAQ =
A

(9)

t

with the right-hand side given by



RHS'" = RHS" + y [v^ (a^ J Q j + V, (c. A, J Q j] -
(a^ A^ V, A, J Q j + V, (a. A, V, A, J Q j].

(10)

The operators V and A signify the appropriate backward and forward differences,

respectively. It should be understood that the system of equations is now expressed in

body-fitted curvilinear coordinates (^,t|). The blended second-fourth order dissipation of

Pulliam [17] is added to the system to ensure stability and avoid odd-even decoupling.

The quantities in brackets are taken as operators acting on the variables which are

multiplied by them. Definitions of the quantities cr^, a,,, 82, and 84 are given in the

Appendix. In particular the form of the unmodified RHS can also be found there.

Situations involving body motion can be treated assuming the grid moves as a part

of the solid body. As Thomas and Lombard [18] showed, grid motion can cause

additional conservation errors. Applying eq. (9) to a uniform stream gives

3Qr-4Q:+Qr
2At

n + (11)

This can be simplified to yield

rn+1

2 At

/ n+A f
/  \n+r

+

VI jj V
I jJ

/

= 0 (12)

which indicates that an error can arise unless the transformation Jacobian is updated using

the same time integration scheme used for the conservation variables.

For the 0-type grids used in this study, three specific boundary conditions are

needed. On solid surfaces, the no-slip condition is imposed, along with the condition of

10



adiabaticity. At farfield boundaries a non-reflective condition based on the work of

Thomson [19] is used, which automatically applies upwinding as needed based on the state

of the flow. Along grid cut lines, where the grid re-enters itself, averaging of the flow

variables is used. A complete discussion of the boundary condition development is given

in the Appendk.

Turbulence Modeling

In solving the Reynolds-averaged equations, the "Reynolds stress" term must be

evaluated in order to close the equation set. A host of candidate models exists, but the

applicability of turbulence models to massively separated flows is a subject of current

research. As observed by Huang and Lin [20], the behavior of a separated shear layer

depends strongly on the nature of the boundary layer at separation. The location of

transition, the position of the separation point, and the strength of the turbulence at

separation all affect the development of the shed shear layer. The ability of existing

turbulence models to represent these effects adequately is still an open question. In fact,

experimental evidence suggests that the Boussinesq assximption may not even be valid for

flows in which large streamline curvature is present (Warsi, [21]). The Boussinesq

assumption implies that the principal axes of the Reynolds stress tensor are parallel to the

principal axes of the mean strain rate tensor. But experimental data shows that while the

axes of the mean strain rate tensor can be changed instantly by the application of some

force, a non-zero relaxation time is required for the axes of the Reynolds stress tensor to

11



follow. Because of these concerns, a secondary focus of this study is to gain some insight

on the applicability of turbulence modeling for massively separated, unsteady flows.

Some work has been done in critically evaluating various turbulence models for

separated flows. Srinivasan, et. al. [22] applied a number of typical models to the

computation of dynamic stall. In this study, the following models were considered: a

Baldwin-Lomax (BL) algebraic model, a Re-Normalization Group (RNG) algebraic

model, a Johnson-King (JK) one-half equation model, and the Spalart-AUmaras (SA) and

Baldwin-Barth (BB) one-equation models. The results indicated that none of the models

provided satisfactory results over the entire range of flows considered. Perhaps not

surprisingly, the Baldwin-Lomax algorithm performed poorly for this class of separated

flows. The RNG algebraic model provided a significantly better simulation at a

comparable computation expense. However, for deep stall the Baldwin-Barth and

Spalart-AUmaras one-equations yielded better behavior over the entire pitching cycle. The

Spalart-AUmaras model did exhibit a tendency to predict early separation.

Rumsey and Vatsa [23] investigated four different turbulence models for two- and

three-dimensional transonic flows. The Baldwin-Barth and Spalart-AUmaras models

performed weU, with the Spalart-AUmaras model providing sUghtly better results. The

Johnson-King model used in the study also gave good results. The worst predictions

came fi"om a Baldwin-Lomax model.

Rogers, et. al. [24] examined the performance of the Spalart-AUmaras and

Baldwin-Barth one-equation models, and Menter's Shear Stress Transport (SST) and

Durbin-Mansour two-equation models in computing a three-element airfoU flow. AU but

12



the Durbin-Mansour model performed similarly well, with the Spalart-Allmaras and SST

models giving better comparison to experiment than the Baldwin-Barth.

In a later study, Kem [25] applied the Spalart-Allmaras, Baldwin-Barth, and SST

models to a multi-element high lift airfoil computation. His findings were inconclusive.

Each of the models did a good job of predicting the lift coefficient up to the stall angle of

attack. In the post-stall regime the Baldwin-Barth and SST models compared more

favorably to the experimental lift trend. But the Spalart-Allmaras and SST models

provided a better correlation of stagnation pressure loss in the outer boundary layer.

For this study, the Spalart-Allmaras model was selected to model the turbulence of

the flow field. The available data indicates that it should perform comparably to a two-

equation model, but with fewer programming difficulties. The Spalart-Allmaras model

also appears to handle adverse pressure gradients better than the Baldwin-Barth model.

The Spalart-Allmaras turbulence model computes a modified eddy viscosity as the

solution of the transport equation [26]

= Cm [l - f, JSv + V n ((v + i.)Vv)+ (VOy
Dt

V

d

^bl
C  f

2 ̂ t2
Iv

+ f„AU^
(13)

where the tripping terms are given by

f~ ''ti St ^12

f,2 = c,3exp(-c,4X^)

with

(14)
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g, = min
V
0.1,

AU'2  ̂

 (Dt Axy
(15)

The quantity d is the distance from a field point to the nearest solid wall, dt is the distance

from a field point to the point of transition, and cot is the magnitude of the vorticity at the

transition point. The constants are given in the original paper as Cbi = 0.1355, a = 2/3, Cb2

~ 0.622, K 0.41, Cw2 0.3, Cw3 2, Cvi ~ 7.1, Cti ~ 1, Ct2 ~ 2, Ct3 ~ 1.1, Ct4 ~ 2, and

Cwi = Cbi/ + (l + Cb2)/<7 • The following definitions apply:

S = I0I +

fv2 = l-

f.„ =

V

X

1+xf.vl

X^ + C^i
V

x = -

fw = gZ + ctsJ

g = r + Cw2(r^-r)

r =

SK^d^

The eddy viscosity is then obtained from

(16)

Vt = Vf,,

and from this the kinematic eddy viscosity can be computed for use in eq. (8).

(17)

14



The tripping terms can be set to zero for flows where the transition locations are

not known a priori. Although the turbulence model is not designed to predict the

transition location, this procedure provides a reasonable approach for flows where typical

transition models are not applicable, i.e. massively separated flows. The validity of this

approximation is discussed in a later section.

The transport equation (13) is solved numerically using an approximate

fectorization scheme similar to that used for the conservation equations. However, the

convective terms are treated using first-order upwind differences. This provides sufficient

diffusion for stability. Central differences with added diffusion could be used, but the

criterion used in computing the diffusion coefficients for the conservation equations does

not work well for turbulence algorithms. The non-linear production and destruction

operators can be handled explicitly, or in an implicit fashion. Preliminary results showed

that although the implicit approach made the model somewhat more robust, the overall

behavior was similar for either treatment. The model is implemented in an uncoupled

fashion, with the computation of the turbulence field occurring after the update of the flow

field.

Along solid surfaces the eddy viscosity is identically zero. From eq. (17) this

corresponds to v= 0. Along far field boundaries, a Neumann condition is used for the

eddy viscosity:

£ = 0. (18)
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Grid cuts are handled by averaging. The turbulence field is initialized to some firaction of

the kinematic viscosity, typically one-tenth.

Modifications for Overset Grids

When the body geometry is sufficiently complex, the development of a suitable

body-fitted coordinate system can be difficult. To alleviate this problem an overset grid

methodology may be used. In brief, smaller grids are constructed around pieces of the

geometry of interest. These small grids collectively cover the entire domain and overlap

one another, much the way swatches of cloth are pieced together to form a quilt. The

solution may then be obtained on each of these smaller domains and the complete solution

is reconstructed accordingly. It is important to recognize that these grid patches can be

entire grids, or grid fi-agments in which some sections have been removed. By judicious

grid generation and the removal of grid sections fairly complicated geometries may be

discretized using simple grid topologies.

Figure 2 illustrates how an airfoil with a small leading edge flap could be

represented. Grids are generated for both bodies, as shown. Some grid points fall within

the solid boundaries of the bodies, and are removed to produce holes in the grids as seen

in Figure 3. The points that make up the holes are called hole points. In this way the

problem of grid generation is simplified, but the question of grid-to-grid communication

must be addressed. Information firom one grid must be passed to another across inter-grid

boimdaries. On each of these boimdaries the solution must be updated much in the

manner of a physical grid boundary. A straightforward method is to interpolate the

16
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solution to a hole boundary point in one grid from valid field points in a "donor" grid. It is

recognized that this procedure does raise questions of conservation and mismatch in signal

propagation speeds, but it has been found to work well in practice. A bilinear

interpolation algorithm is used to perform the update. More details on the overset grid

method can be found in Steger and Benek [27].

The method of locating holes and hole boundaries is straightforward. Consider

two grids, the cutting grid and the hole grid. A set of level surfaces, given by ̂  = constant

or q = constant, within the cutting grid are selected. These surfaces define the basic

cutting surface. A search algorithm finds all points in the hole grid that fall within the

cutting surfece. These points are defined as holes by setting a flag (j) to zero. For a given

point <(► is defined as

Jl for a field point
~ 10 for a hole po int '

Once the hole points are defined a sweep is made across the hole grid, and points adjacent

to the hole are defined as hole boundary points. In order to provide a full five-point

difference stencil for the numerical difiusion, two layers of hole boundary points are

generated. The hole boundary points and the points within holes do not need to be

updated by the flow solver. The approximate factorization algorithm, given by eq. (9),

can be modified as
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I  2<|)

At 3

rr

w
U-«l'S^(v,[_])-<t»S2V,[^AjU AQ =

2(1) RHS'"
3  At

I  2<t)
B-W+-

d'Wr

w dr]
)U-«t>S,(wJ_])-<l>S3V^[^AjU

<t)AQ*

(19)

AQ" =

At

to prevent the inadvertent update of a hole or hole boundary point.

After the hole boundary points have been obtained, the donor grid (which is

usually the same as the cutting grid) is searched for suitable interpolation stencils. Hole

boundary points for which no suitable stencil may be found are deemed orphan points, and

are updated via a weighted averaging of the surroimding field points. Where a valid

stencil does exist, a bilinear interpolation is used.

The use of bilinear interpolation introduces an error into the solution scheme that

is generally referred to in the literature as a non-conservation problem, which is a

convenient term that conveys little information. The problem is connected to the fact that

the linear approximations used for the flow variables cannot represent the correct

functional forms for all of variables and still satisfy the conservation equations. This

difficulty can be lessened significantly by having overlap regions made up of similarly-

resolved grids. In this case the functional reconstruction used in the bilinear interpolation

is not too different fi-om the functional representation introduced by Taylor series

approximation on an individual grid.

A second concern that arises in the use of overset grids is sometimes lumped into

the non-conservation category. In regions of overlap the signal transfer process typically

20



involves the passage of information from grid A to grid B, travel over a region common to

both grids, and then passage from grid B to grid A. If the grid characteristics are

substantially different in the common region, phase differences in the propagation of

information will develop. The value of the signal reaching a point in grid B due to the

flow solver will not agree with the value interpolated from grid A to the same point in B.

This error arises regardless of how the information is passed between grids, and thus is not

strictly speaking a conservation error. It can be mminiized by reducing the common

region of signal propagation between grids to a miiiimuin, and by placing regions of

overlap in areas of similar grid resolution. These are not hard and fast rules, but rather the

outgrowth of experience.

For problems that do not involve relative motion between grids, these hole

boundary points and interpolation stencils may be computed once at the beginning of a run

and stored for future use. However, when relative motion occurs, the hole and stencil

definition procedure must be performed at every timestep. Hole boimdaiy points are

recomputed as part of the overall boundary condition procedure, for both the flow solver

and the turbulence model.

The development of an algorithm to provide numerical solutions the Navier-Stokes

equations is not an overly difficult task. However, obtaining an algorithm that can provide

accurate and reliable results can take more effort. The next section focuses on the

validation of the algorithm described above.
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CHAPTER m

VALIDATION

Flow Over a Circular Cylinder

Before the numerical model can be applied to a study of massively separated,

turbulent flows, it must be validated. The purpose of this validation effort is multifold. At

a bare minimum, the code should faithfully reproduce well-established experimental data

for cases where such results exist. This is particularly important in situations where

simulations are to be made and no such data exist. In these cases the code is being xised as

a tool basically to extrapolate from an established baseline of known solutions to the

problem of interest. The veracity of the results can be determined only indirectly. The

ability to reproduce a sohd baseline serves to build confidence in the computational

results.

The algorithm's behavior should also be examined as the timestep and grid

resolution are varied. The solution for a calculation should be independent of timestep

and grid spacing if the results are to be physically meaningful. The effect of changes in

other input parameters, such as artificial viscosity and turbulence transition location,

should also be considered.

All of the validation calculations were performed on single grids. That is, no

overset grids were used in the validation. However, Meakin [28] found that the error

behavior of computations on overset grids followed that of single grid calculations if the

flowfield is sufficiently resolved on the individual component grids.
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For this study a set of flow simulations was selected which should be

representative of unsteady, massively separated, turbulent flows. The first case involves

flow over a circular cylinder at various Reynolds numbers, Reo, based on cylinder

diameter. The main quantities of interest for comparison are the drag coefficient Co, the

surface pressure coefficient Cp, and the Strouhal number (St) based on vortex shedding

fi-equency. The shedding fi-equency was obtained from spectral analyses of the drag

histories. Four runs, at Reynolds numbers of 5 x 10^ 7.5 x 10^ 1 x 10^ and 8.4 x 10^

respectively, were made. The range of Reynolds numbers was selected to focus on the

transitional range, where the drag coefficient and Strouhal number exhibit significant

variations. The same 0-grid, composed of 357 points in the circumferential direction and

129 points in the radial direction, was used for these four runs. The initial spacing in the

radial direction was such that y^ = < 5 for the highest Reo run. Figure 4 shows

this grid. The grid outer boundary is roughly 15 diameters fi-om the cylinder. A Mach

number of 0.2 was used to represent (nearly) incompressible flow, and the artificial

viscosity coefficients were set at (82,84) = (0.2,0.04). For these simulations the data of

Jones, et. al. [29] was used to obtain the transition roformation needed as input for the

turbulence model. Transition points were selected using plots of experimental pressure

coefficient, at locations where the Cp curve indicated the formation of a separation bubble.

At the highest Reynolds number of 8.4 x 10^, transition was assumed to occur at a poiut

midway between the forward stagnation point and the point of boundary layer separation.
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Figure 5 shows the computed mean drag coefldcients plotted along with

experimental data from White [30]. The curve representing the empirical data is his

fairing of data taken from Roshko [1], Jones, et. al. [29], and other sources. The

confuted mean Co does show a drop between Reynolds numbers of 10^ and 10^, and

increases for Rcd beyond 1x10^. However, the agreement with experiment is only

qualitatively good. Time histories of the lift and drag coefficients are given in Figure 6.

The amplitudes of Cl and Co drop as the Reynolds number moves through transition from

the sub-critical to super-critical regime, and then increase again as Rcd increases past

transition. Ejqjerimental evidence indicates that in this transitional regime periodic

behavior may disappear completely, although the data are not conclusive. The computed

results at least qualitatively represent this variation in the force amplitudes.

The variation in Strouhal number with Reynolds number is shown in Figure 7. The

faired curve is taken from White [30]. Again the qualitative behavior is in accord with the

experimental data, and the computed values fall within the variation of the experimental

value. The Strouhal number reaches a maximum as the transitional region is broached,

and then falls with increasing Rep to a uniform value of approximately 0.26-0.27. The

drag and Strouhal data is also summarized in Table 1.

Table 1: Drag and Strouhal Data for Cylinder Calculations

Reynolds Number C-Dmean Cdamplitude St

5.0 X 10^ 0.497 0.071 0.270

7.5 X 10^ 0.430 0.043 0.276

1.0x10' 0.389 0.039 0.286

8.4x10' 0.504 0.060 0.265
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Figure 8 shows the surface pressure coefficients for each of the runs. The

experimental data is taken from Jones, et. al. [29]. The flow solver tends to under-predict

the suction on the leeward side of the cylinder for Reo <1x10^. This could be related to

the observed tendency of the Spalart-AUmaras turbulence model to predict early

separation. Early separation also produces a thicker wake, resulting in a larger drag.

Conversely, at the highest Reynolds number the flow solver over-predicts the suction

peak, and appears to retard separation slightly. This would result in a thinner wake and

consequent lower drag coefficient. However, the overall qualitative agreement is good,

and the computed base pressure coefficients match the experimental data well. No grid

effects were considered in this phase of the validation. These cylinder calculations were

performed as a first check on the performance of the flow solver.

Flow Over a NAGA 0012 Airfoil

Flow over a circular cylinder is a good basic test of a solver's ability to handle

unsteady separated flows. In order to quantify fiirther the behavior of the flow solver,

flow over a NACA 0012 airfoil at various Reynolds numbers and grid densities was

considered. To begin, flow at a Reynolds number of 6 x 10^ was computed for angles of

attack from 0° to 20°. The objective of this set of computations was to reproduce the lift

and drag curves for the NACA 0012. The Mach number for these calculations was again

set to 0.2, and an 0-grid composed of257 x 129 points was used for each angle of attack.

The initial grid point spacing normal to the airfoil provided a y^ of 2 or less over most of
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the airfoil surface, with a maximum y"" of 5 near the leading edge stagnation point. The

outer boundary was located approximately 15 chords away from the airfoil surface.

Figure 9 shows the near-field region of the grid. The artificial viscosity coeflScients were

set at (£2,84) = (0.2,0.04). The location of transition was set at 1% of the chord for the 0°

angle of attack case. At other angles of attack the transition points were shifted along the

airfoil surface to keep the distance between the leading edge stagnation and transition

points roughly constant. This procedure ensured that along the upper surface the

transition point was located downstream of the suction peak, as it should be (see

Schlichting [31], for example).

The conqjuted lift curve is shown in Figure 10, along with experimental data from

Abbott and von Doenhof [32] and Jacobs and Sherman [33]. The drag coeflScient is

presented in Figure 11. The agreement in Cl is excellent, and the computed drag also

matches the experimental data well. For these runs, the variations in lift and drag were

less than 10'^ at convergence.

For situations where the transition points are not known a priori, the Spalart-

Allmaras turbulence model can be modified by setting the tripping terms to zero. The

assumption then is that the turbulence model will simulate transition with some degree of

fidelity. In order to evaluate this assumption runs at 6°, 10°, 16°, and 18° angles of attack

were repeated, using no explicitly set trips. Figure 12 shows the original tripped data

plotted along with the imtripped results. Although the results show some variation, it

appears that allowing the model to transition naturally is a satisfactory approximation for a

typical airfoil shape. In fact, the largest variation at 18° moves the computed lift
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coefiBcient closer to the experimental data. However, this should not be misconstrued as

evidence that the turbulence model can accurately predict transition.

An examination of grid density effects was also made using the NACA 0012

airfoil. A set of runs was made using the original 257 x 129 grid along with a fine grid of

513 X 257 points and a coarse grid of 129 x 65 points. At a Reynolds number of 6 x 10®

the corresponding values of are 3.5 and 8 for the fine and coarse grids, respectively.

Two angles of attack (6° and 16°) were chosen for the calculations, and the timestep was

held constant at Ax = 0.004 (non-dimensional) as the grid density was varied. The CFL

number ranged fi"om roughly 250 to 1000 as a result. The resulting lift and drag

coefficients are plotted in Figure 13, where the ordinate is the number of grid points in a

particular grid normalized by the number of points in the finest grid.

For the attached flows at 6°, the results are essentially grid-independent. The

variations in force coefficients could be attributed to the error in the numerical integration

used to compute the aerodynamic forces. For the 16° case, the results are clearly not grid-

independent as the grid density falls below that of the medium grid. A fiirther calculation

at 18° using the coarse grid was made at this point, as a matter of interest. In this case not

only were the force coefficients in error, but the flowfield exhibited massive unsteadiness,

as shown in the coefficient histories in Figure 14.

A comparison of the surface vorticity for the 18° coarse and medium grid cases is

shown in Figure 15. These results indicate that the flow separates much too early in the

coarse grid case. Whereas the flow separates at approximately the airfoil quarter-chord in

the medium grid case, the coarse grid calculation produces separation between 5% and
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10% chord. The results are similar to what might be expected at a much lower (laminar)

Reynolds number. This prompted another calculation using the coarse grid, but the

artificial viscosity coefficients were reduced by a factor of four fi-om the previous

calculation. This change resulted in dramatically improved behavior in the force

coefficients, as shown in Figure 16. The 16° coarse grid case was also run using the

reduced values of artificial viscosity. The resulting lift and drag coefficients of 1.297 and

0.047 agree much better with the medium and fine grid results. However, the pressure

contours show oscillations at the sohd surface, indicating that the solution is not without

some problems.

Thus, the coarse grid results can be brought in line with the results for the finer

grids by adjusting the artificial viscosity coefficients. In fact, some grid-dependent

function for the artificial viscosity could probably be found which would eliminate the

variation in force coefficients across the grid family. However, this is not really an

desirable practice. In fact, the sensitivity of the solution to these changes in the artificial

viscosity coefficients for a given grid renders the entire solution questionable, if an

arbitrary change has the abihty to effect dramatic changes on the nature of a solution.

This is especially unsettling since the artificial viscosity coefficients then become tuning

constants. The solution procedure for an arbitrary case would have to include a detailed

study of parametric changes in these constants. It is better to set these parameters to

some reasonable values and recognize the limitation in grid density to ensure grid-

independency. Of course, these values should be as low as possible without producing

spurious oscillations in the surface pressure behavior.
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The efifect of varying the timestep size was also examined for the 6° and 16° cases

described above, although the procedure was less formal in that a variety of timestep sizes

were used. Table 2 contains the results for the 6° calculation. Results for the 16° case are

also summarized in Table 2. The data do indicate some variation as Ax is changed, but for

a given grid density the results are reasonably consistent. In fact, changing the timestep

does little to improve the 16° results, implying that the artificial viscosity and grid

resolution seem to be the dominant factors affecting the quality of the results.

Table 2: Effect of Timestep Variation for Reynolds Number = 6x10^

Angle of Attack Grid Size Ax Cl Cd

6° 129x65 0.0040 0.696 0.014

129x65 0.0080 0.696 0.014

257x129 0.0010 0.650 0.011

257 X 129 0.0040 0.632 0.013

257 X129 0.0060 0.659 0.011

Clbxp — 0.65 Coexp ~ 0.008
16° 129x65 0.0040 0.852 0.155

129x65 0.0080 1.000 0.113

257 X129 0.0008 1.423 0.035

257 X129 0.0040 1.392 0.041

257 X 129 0.0080 1.360 0.040

Clbxp =1.41 Coexp ~ 0.028

It is clear that for flows that involve little or no separation, the results are

reasonably insensitive to variations in the grid density. However, in regions where flow

separation is a dominant feature of the flow, more care must be taken to ensure that grid
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resolution does not adversely affect solution quality. In other words, massively separated

flows require finer grids than do flows with little or no separation.

This observation concerning grid resolution effects on separated flows is not

altogether surprising, since a number of critical details in a separated flow can be lost or

corrupted by a low resolution grid. One such quantity is the tangential pressure gradient

on the surface. It controls the location of separation along a smooth surface, drives the

creation of vorticity at a solid surface, and can have a strong impact on the development

of turbulence. These factors in turn directly affect the structure and behavior of the wake,

and the wake behavior can have a global effect on the flowfield. At high angles of attack,

the pressure gradient after the suction peak can be quite strong, and can oscillate due to

separation bubbles. Insufficient grid resolution will smear this gradient. This smearing

can result in poor predictive ability by the flow solver.

A second, more subtle concern stems from the fact that large-scale separated

flowfields can be quite unstable to small perturbations. In flow over a cylinder,

TryantafaUou, et. al. [34] showed that the instability of the mean separated velocity profile

is critical to the development of a vortex street and the frequency selection of the

shedding. Oertel [35] performed a similar analysis for the flow separating from a finite-

thickness flat plate. In particular, the presence of a small region of absolute instability is

necessary in order for a large-scale instability to form. In order to obtain the correct

unsteady behavior in a simulation, the algorithm needs to capture the velocity profile

accurately, and not introduce spurious perturbations which would trigger a non-physical

wake instability. Conversely, numerical damping of physical modes that should exist can
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make a steady flow out of what should be an unsteady flow. A failure in either aspect, or

both, will lead to non-physical results.

To complete the validation two unsteady cases were also considered. At very high

angles of attack it is known that vortex shedding will take place from a NACA 0012

airfoil. To begin this part of the validation, flow over the NACA 0012 airfoil at a 45°

angle of attack was computed. The flow parameters were selected to correspond to the

experimental data of Critzos, et. al. [36]. Due to damping of the force balance, Critzos'

report shows effectively time-averaged behavior, but includes lift and drag coefficients for

a NACA 0012 airfoil in a 0° - 360° angle of attack range. The Reynolds nmnber for the

computation was 2x10^, and the same coarse-medium-fine grid set from the previous

calculations was used, with the timestep fixed at 0.002. The Mach number was set to 0.2,

and the artificial viscosity coefficients were held fixed at (£2,84) = (0.2,0.04). At this

Reynolds number the maximum values of y^ for the grid set were 3.0, 0.8, and 0.5,

respectively. A comparison of the mean lift and drag coefficients is given in Figrore 17,

and the data is summarized in Table 3.

Table 3: Effect of Spatial Resolution for Reynolds Number = 2 x 10^, a = 45°

Grid Size CLmean Comean St

513 X257 1.487 1.508 0.148

257x 129 1.327 1.363 0.148

129 X 65 0.879 0.891 na

Clbxp = 1 -20 Coexp — 1 -24 not available
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Critzos, et. al. reported a value of approximately 1.2 for the lift coefficient, while

the drag coefficient was given as roughly 1.24. Agreement with experiment is reasonable,

except for the coarse grid calculation. The over-prediction of lift and drag at this angle of

attack is probably related to the same effect that caused the over-prediction of suction

pressure in the cylinder calculations discussed previously. More interesting results are

presented in Figure 18, which shows the lift coefficient behavior for the three cases. The

most striking feature is the diminishing of oscillatory behavior in the coarse grid

computation. In the previous calculations coarsening of the grid induced oscillatory

behavior through a (presumed) pseudo-laminar shift in the separation point. However, in

the present case all oscillatory behavior has been suppressed due to coarsening of the grid

with the artificial viscosity held fixed. A comparison of the smface vorticity in the leading

edge region is shown in Figure 19. It indicates that the change in location of the

separation point is much smaller than in the lower angle of attack calculations. This is not

surprising, since the separation point will be very close to the leading edge at a high angle

of attack, and there is correspondingly less room for the separation point to travel. The

implication is that the near-field, mean velocity profiles should be similar for the varying

grid densities. Regarding the oscillation suppression, the supposition is that the high

fi-equency, low level perturbations required to initiate the wake instability are being

damped out. This assumption is supported by the results shown in Figure 20. Here, the

coarse grid case has been recomputed with artificial viscosity coefficients reduced by a

factor of four. The lift coefficient now shows a nicely oscillatory behavior in agreement
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with the resvilts from the other grids, although once again pressure oscillations were found

at the solid surface.

The medium grid case was also run at a timestep Ax = 0.0008. A comparison of

the lift histories for the two medium grid cases is given in Figure 21. Some small variation

is present, but the results are essentially independent of the timestep size.

Based on earlier works, a set of calculations using a NACA 0012 at an 18° angle

of attack was also performed. A Reynolds number of 5 x 10^ was selected, and the Mach

number was set to 0.3. Again the fine-medium-coarse set of grids was used, and the

artificial viscosity coefficients were held constant at (S2,£4) = (0.2,0.04). A timestep of

0.002 was used for this set of computations. The choice of this Reynolds number and

angle of attack is significant, because a small body of experimental data exists which

indicates that the developed wake instability occurs at a much lower frequency than the

Strouhal frequency in a neighborhood slightly past the onset of stall. Zaman, et. al. [5]

performed a thorough study of low Reynolds number flow over airfoil shapes in which

anomalously low shedding frequencies were foimd. In a second study (Zaman, McKinzie,

and Rumsey [37]) the effects of various external sources of forcing were examined, and it

was determined that the low frequency was caused by a self-induced flow instability. This

instability was the result of the transitional state of the boimdary layer at separation.

Rumsey [38] performed calculations of the flow over a NACA 0012 at a Reynolds number

of 1 X 10^ and an 18° angle of attack and also detected low frequency oscillations. As far

back as the 1930's, Jones [39] was describing his observations of similar low frequency
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shedding behavior. The experimental data of Critzos, et. al. also contain results at a

Reynolds number of 5 x 10^ for comparison.

The lift coefficient histories are shown in Figure 22. Figure 23 presents a

comparison of the mean lift and drag coefficients. The data in Figure 23 is summarized in

Table 4. The coarse grid solution is oscillatory, with mean force coefficients that are not

unreasonable. However, the Strouhal number is larger than the value of 0.022 suggested

by the data of Zaman, et. al. [37]. The medium and fine grid solutions yield Strouhal

numbers in good agreement with the findings of Zaman, et. al., and also with

computations of a similar nature performed by Rumsey as a part of the same study. The

mean force coefficients also agree nominally with the data of Critzos, who reported values

of approximately 0.67 and 0.24 for the lift and drag, respectively.

Table 4: Effect of Spatial Resolution for Reynolds Number = 5 x 10^ a = 18°

Grid Size CLmean Comean St

513x257 0.711 0.235 0.022

257 X129 0.695 0.210 0.023

129x65 0.700 0.225 0.034

Cbexp = 0.67 Coexp ~ 0.24 StexD ~ 0.022

The upward fi-equency shift in the coarse grid calculations is similar to the behavior

seen in the higher Reynolds number solutions at this angle of attack. This implies that the

base velocity profile is incorrect for the coarse grid solution, leading to unphysical stability

characteristics in the flowfield. The effect of changing the artificial viscosity coefficients
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to (0.05,0.01) is shown in Figure 24. The Strouhal number for this run is 0.025, which is

much closer to the (assiuned) correct values.

Variations in the timestep size were also considered for this configuration. The

results are collected in Table 5, and show slight variations in forces and frequency for a

fixed grid density, even for the largest Ax considered. This indicates that the physics of

the flow appear to be well-simulated if the grid resolution is sufficient.

Table 5: Effect of Timestep Variation for Reynolds Number = 5 x 10^, a = 18°

Grid Size Ax CLmean CDmean St

129x65 0.002 0.799 0.224 0.034

129 X 65 0.006 0.801 0.220 0.037

129 X 65 0.016 0.746 0.225 0.032

257 X 129 0.002 0.792 0.191 0.023

257x 129 0.008 0.777 0.200 0.020

Clbxp — 0.67 Coexp — 0.24 Stexp ~ 0.022

All of the results obtained above, along with data from other sources, can be

represented in a flow map for the NACA 0012. Such a map is shown in Figure 25. The

region descriptions and boundaries are tentative. However, this figure serves to illustrate

how complex the flow (and its calculation) over even a simple geometry can be.

An additional caveat should be noted here. All these calculations are two-

dimensional. As is well-known, turbulence can introduce significant three-dimensionality

into a flow. Thus, a map such as that in Figure 25 must be considered in light of such a

62



1 
7
5

I 
2
5

0
.
7
5

0
.
5

0
.
2
5

2
0
0

No
n-

Di
me

ns
io

na
l 
T
i
m
e
,
 T

3
0
0

0
\

0
.
4

0
.
3

No
n-

Di
me

ns
io

na
l 
Ti

me
, 
T

2
0
0

3
0
0

Fi
gu
re
 2
4:
 Fo

rc
e 
Hi
st
or
y 
fo
r 
N
A
C
A
 0
01

2 
at

 1
8°

, R
e
 =
 5
 x
 1
0^

 1
29

 x
 6
5 
Gr
id
 -
 S
ma
U 
A
V



5
0

O
N

Of
i
u T
3

4
5

4
0

3
5

3
0

2
5

2
0

1
5

1
0

N
A
C
A
 0
01
2 
- 
Al

l 
da

ta
 t
ak

en
 fr
o
m
 e
xp
er
im
en
t 
un

le
ss

 n
ot
ed

Sh
ad
ed
 r
eg

io
ns

 d
en

ot
e 
te
nt
at
iv
e,
 ap

pr
ox
im
at
e 
bo
un
da
ri
es

0

n
 M
ax

 c
u
 N
A
C
A
 T
R-
58
6

^
 M
ax
Cl
^N
AC
AT
N-
!W
5

O
 St
al
l C

al
cs
. 
wi

th
 S
-A
 T
ui

b.
 M
od
el

^
 La

mi
na

r S
he

dd
ii

^,
 N
AS
A 
TM
-7
84
46

<^
] 

a«
dd
in
g 
Ci
lc
s.
 wi

th
 S
-A
 Tu

rb
. M

od
el

[
>
 

La
mi
na
r S

he
dd
in
g c

al
c.

^
 Lo
sv

Fr
eq

, Z
am

an
, e

t. a
l,

 JF
Mv

.2
02

, 1
98

9
Q

 Lo
w F

re
q.

 Ca
lc

. w
it

h S
-A

 Tu
rb

. M
od

el

L
a
m
i
n
a
r
 V
o
r
t
e
x

Sh
ed
di
ng

0

T
u
r
b
u
l
e
n
t
 V
o
r
t
e
x

Sh
ed

di
ng

La
mi

na
r 
St

al
l 
Bo

un
da

ry
(E

xt
ra

po
la

te
d 
fr
o
m
 D
at
a 
in

 N
A
S
A
 T
M
-
7
8
4
4
6
)

'
 
'

m
i

Tu
rb
ul
en
t,
St
ea
dy

□
 St

al
l 

□

tr

□

I
■T

- 
"
f

Tu
rb

ul
en

t S
te

ad
y

A
tta

ch
ed

 F
lo

w

'
 ' 

'

10
'

'
 ' 

I 
' 

' 
' 

I

10
" 

10
'

Re
yn

ol
ds

 N
o.

10
"

10
'

Fi
gu

re
 2

5:
 T

en
ta

tiv
e 

Lo
w-

Sp
ee

d 
Fl

ow
 M

ap
 fo

r N
A

C
A

 0
01

2 
A

irf
oi

l



limitation. Although grid refinement and timestep tests can establish the numerical validity

of a solution, physical validity can only be founded in a solid connection to empirical data.

This rather lengthy validation effort has shown that the algorithm works well in

simulating steady, attached and separated flows, and massively separated, unsteady flows.

With suitable grid fineness, the unsteady behavior predicted by the algorithm seems to be a

feir approximation of the flow physics represented by this level of modeling, and is

independent of the various numerical parameters. Although this effort has not been

exhaustive, the findings can serve as a guideline in determining grids and bounds on the

artificial viscosity for the calculations described in the remainder of this work.
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CHAPTER IV

RESULTS

Flow Over a Backward-Facing NACA 0025 Airfoil

The focus of this study is the analysis of mechanically-excited lift augmentation.

To this end two cases involving such forcing were examined. The first case was taken

fi-om the experimental work of M. D. Zhou and H. H. Femholz, as cited in [9]. Zhou, et.

al. considered the flow over a NACA 0025 airfoU that was rotated such that the sharp

edge became the effective leading edge, with an angle of attack of 27°. In this way, the

separation line was well-defined. A small flap placed near the effective leading edge was

oscillated at various frequencies. With forcing anqjlitudes as low as 1.3° at a test

Reynolds number of 6.6 x 10^, an increase in the lift of as much as 60-70% was reported.

These results showed that in a time-averaged sense a vortex was "captured" over the

airfoil when the forcing frequency was of the same order of magnitude as the convective

frequency scale, given by Uoo/L.

The airfoil section in the empirical study had an aspect ratio of 1, and was centrally

mounted in the wind tunnel. The data was obtained in the 2m x 1.4m (W x H) wind tunnel

at the Hermann-Foettinger Institute, Technical University Berlin. This is a low-speed

wind tunnel with a solid-wall test section, according to a personal communication with

Prof. Zhou. Nominally the tunnel blockage was 8.9% for zero angle of attack. However,

at the 27° airfoil angle of attack used, the effective blockage was probably closer to 16%.

End-plates were used to suppress the development of three-dimensional flow behavior.
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In the hope of gaining insight into the physical mechanisms at work in this

experiment, a set of computations following the experimental configuration was

performed. A baseline flow was computed. Once the startup transients disappeared and

oscillatory behavior had been established, the flap motion was initiated according to a

prescribed behavior given by

A 0 = ©A sin 271 f (t - T i) (20)

Here ©a is a user-defined amplitude, f is the forcing fi-equency, and Ti is the time that the

flap motion begins.

A two-dimensional calculation was used in this study, since the end-plates should

have suppressed the development of three-dimensional flow. It is recognized that three-

dimensionality of the flow could have been strong. The initial calculation was pierformed

on a two-grid set where the 0-grid wrapped around the airfoil possessed 513 points in the

circumferential direction and 257 points in the transverse direction. The flap grid was

conqxised of 201 x 169 points. Figure 26 shows the grids -with the holes created by the

overset grid algorithm. As can be seen, the flap is quite small, having a length equal to

2.2% of the airfoil chord. The maximum value of y^ was 0.7 for both the airfoil and flap.

A non-dimensional timestep of 0.005 (CFL = 500) was used for the computation. This

calculation wiU be referred to as Case 1.

Baseline results, i.e. with no forcing, for Case 1 are shown in Figures 27 and 28.

Figure 27 gives the lift and drag histories. The flow is clearly unsteady, with a Strouhal

number of approximately 0.1. The mean lift coefficient is 0.6. Zhou, et. al. reported a

mean lift coefficient of roughly 0.7, and the experimental Strouhal number was reported as
67
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0.23. For further comparison, the mean pressure coefBcient on the upper surface of the

airfoil is shown iu Figure 28.

In order to minimize the amount of computer processor time required to calculate

the solution in the presence of a moving flap, a second case, hereafter referred to as Case

2, was developed in which the airfoil grid density was reduced to 301 x 201 points. For

this grid the spacing off the body was set to the same value used in the finer grid, so the

maximum y^ value was essentially unchanged. The maximum CFL number was held fixed

at approximately 500, so the effective timestep was increased. All other parameters were

held fixed. The results for this run are given in Figures 29 and 30. The comparison of

force coefficient histories in Figure 29 indicates that the agreement between solutions of

Cases 1 and 2 is quantitatively excellent. The computed mean pressure coefficients are in

good agreement also, as seen in Figure 30.

The variation between calculation and experiment is not insignificant. One

possible source of the discrepancies is the interference of the tunnel walls. Zhou did not

provide any information on correction fectors or the level of tunnel interference, but an

estimate may be determined by recomputing the flow over the airfoil/flap combination in

the presence of solid walls. This was done using the grid set fi-om Case 2 and a tunnel

grid, shown in Figure 31. The tunnel grid was extended for five chords upstream and

downstream of the airfoil. It can be seen that the airfoil represents a significant obstacle to

the tunnel flow. For this calculation the flow solver was slightly modified to include

appropriate boundary conditions at the tunnel iolet and exit. At the inlet, the momentum

and temperature were held fixed and the pressure was extrapolated fi-om the interior using
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a &st-order scheme. Density was then computed from the equation of state. At the exit,

Neumann conditions were applied to the temperature and velocity, and the pressure was

extrapolated from the interior. The density was updated via the equation of state.

Mean surface pressure coeflBcients are shown in Figure 32. The effect of the wall

presence is obvious. The lower surface and tunnel wall produce a significant acceleration

in the trailing edge flow, resulting in lower pressure and altered separation characteristics

in the trailing edge region. For comparison the experimental upper surface Cp is included

in the plot. In the leading edge region, the separated shear layer is stronger, due to the

upper wall. The separation vortex trajectory also changes, and the vortex travels closer to

the upper airfoil surface. The instantaneous vorticity contours in Figure 33 suggest that

separation occurs along the tunnel walls. It should be pointed out that the blockage effects

computed in this way are approximate, since the actual tunnel flow was probably three-

dimensional. However, the results provide some insight, and the effects described above

are at least qualitatively correct. Given the level of tunnel interference that was probably

present in the experiments, the discrepancies between the free-air calculations and

experiment were deemed to be less important than first thought.

With a baseline flowfield established, the flap motion was initiated. In the

experiment, a flap oscillation with a linear amplitude of as little as 0.05% of the flap chord

was used. This translates to an angular amplitude of approximately 1.3°. A range of

frequencies was investigated in the experimental study. The maximmn effect occurred for

a non-dimensional frequency f* = f L/Uoo between 1 and 2. For the computations
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discussed below, a non-dimensional frequency of 2 was used, with an angular amplitude of

1.3°.

Figure 34 shows the computed mean pressure coefficient on the airfoil upper

surface with and without forcing for Case 2. Little change is seen between the

calculations. This is in sharp contrast to the pubhshed data, shown in Figure 35. The

experimental data seems to indicate that the flap oscillation has resulted in a time-averaged

vortex positioned approximately over the airfoil quarter-chord. This effect is not

reproduced by the computation. The computed effect on the lift is also negligible, as seen

in Figure 36. This is in strong disagreement with the empirical result that the forcing

produced a 70% increase in the lift coefficient.

The grids used in Case 2 were developed to reduce the time required for a

computation involving a moving flap. Although the baseline results were good, it is

possible that the grid density was insufficient for capturing the flap effect. Thus, a short

moving flap calculation was performed using the grid set for Case 1, until it was obvious

that no significant differences developed between the cases. The mean pressure coefficient

is given in Figure 37. Again the results are disappointing. The higher grid density had no

real effect on the solution. The Cp curve is still relatively flat and shows no change from

the baseline due to forcing.

The failure of the computation to agree with the experimental data could result for

a variety of reasons. Certainly, questions about the experimental procedure can be raised,

given the cursory results on wall interference discussed above. However, this merely

avoids the issue, and the author feels that changes of the magnitude described by Zhou and
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Femholz are not simply the result of the experimental technique. A second possibility is

that the presence of three-dimensional flow is a prerequisite for the flap effect to be

manifested. Although the wind tunnel flow probably was three-dimensional over a large

region, the main physical effect due to the flap should have been concentrated along the

leading edge region in a fairly two-dimensional maimer. This assumes that the flap

oscillation served primarily to promote the excitation of the shear layer, initiate an earlier

roll-up, and create a more ordered sequence of vortices in the developing layer. This

assumption is consistent with the size of the input amphtude used by Zhou and Femholz,

which seems to be too small to act on any scale larger than the shear layer. Thus a two-

dimensional computation should be sufficient.

A larger concern can be associated with the turbulence modeling. A turbulence

model is used to simulate the smallest length and time scales associated with turbulence,

without resorting to extremely fine grids. These scales are essentially removed fi-om the

problem, and replaced with an "average" behavior, represented as an eddy viscosity. Most

turbulence models in use at present use some function of the vorticity as a production

source term. This generally should not cause any diflSculties in computational simulations.

However, for separation at a sharp leading edge, the vorticity becomes quite large. This

can lead to an over-production of eddy viscosity in the region of the flap, damping the

very effect which is sought in the computation. In Figure 38, the eddy viscosity contours

give an indication of the level of eddy viscosity in the leading edge region. Values of eddy

viscosity in the region of the flap tip and immediately downstream range fi-om 1-100 times
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the value of the kinematic viscosity, creating very large gradients in the difiusive

coeflBcients.

In many computations no problem arises due to over-production of eddy viscosity

in a limited region. However, in this case, the limited region could be critical to the

flowfield behavior under the eflfect of forcing. In their experiment, Zhou and Femholz

used excitation frequencies in a range around the shedding frequency. The presence of

multiple frequencies in a flow system can give rise to sideband frequencies, due to the

convective nonlinearity. For example, if an initial flow state can be represented as a sum

of two harmonic sinusoidal terms, the convective terms in the governing equations will

give birth to components given by products of the sinusoids, or equivalently, a sum and

difference of the two distinct frequencies. These sums and differences constitute the

sideband modes. If the amplitudes of these sideband modes grow sufficiently, further

nonlinear interaction will produce additional side frequencies.

In these experiments, the relative closeness of the forcing frequency and shedding

frequency would generate sideband frequencies that span a frequency range from nearly

zero to roughly twice the shedding frequency (for the frequencies where the largest lift

increment was foimd). Any unstable modes (i.e. the shear layer instability or a cavity

resonance caused by the flap/TE cutout) in this range could potentially be excited, and

create a significant variation in the evolution of the shear layer downstream of the flap. It

is possible that some of this frequency range was over-damped by the introduction of the

turbulence model, killing off the growth of the essential modes.
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As stated earlier, it is also possible that the Boussinesq assumption is not valid in

flow regions possessing large streamline curvature. If this assumption is invalid in the

region of the sharp leading edge, then no eddy viscosity model will provide adequate

modeling of the turbulence.

To partially address these concerns, a third calculation was performed using the

grids of Case 2 and assuming laminar flow. Although the flow was most likely turbulent

over much of the airfoil, an argument can be made that at the sharp leading edge the flow

could very well have been laminar. According to Schlichting [31], the location of initial

flow instability generally lies between a minimum pressure point and the separation point.

Given the test geometry, it is reasonable to assume that between the forward stagnation

point and the fixed separation point, the pressure gradient along the surface must have

been favorable, with the pressure steadily decreasing as the leading edge was approached.

This favorable gradient would serve to suppress transition, leading to a laminar separation.

Therefore, a laminar calculation, denoted as Case 3, should provide some illumination.

Results of the baseline laminar calculation are given in Figures 39 through 41. The

instantaneous stream traces in Figure 39 clearly indicate a series of small, strong vortices

forming just downstream of the separation point. This behavior is noticeably absent in the

results for Cases 1 and 2. For comparison. Figure 39 also shows the stream traces for

Case 2. The mean surface pressure coefficient, plotted in Figure 40, reflects this with a

pronounced suction peak over the forward part of the airfoil. The lift coefficient, shown

in Figure 41, demonstrates a degree of apparent randomness, but a spectral analysis
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revealed a first harmonic at a Strouhal number of approximately 0.1. The mean lift

coefBcient is 0.86, showing some agreement with the experimental baseline.

The addition of flap motion does have some effect on the flow in this calculation,

albeit a small one. The mean pressure coefficient shows an increase in the suction peak, as

seen in Figure 42. However, the pressure increases more rapidly as the trailing edge is

approached. This does indicate some modulation in the vortex formation. Variations in

the force coefficients are essentially lost in the noise. But the results do tend to support

the argument that the forcing effect is overwhelmed by the eddy viscosity in the turbulent

calculations.

The actual effect would seem to lie somewhere between the cases considered here.

The unforced baseline tends to be reflected more accurately by the turbulent calculations.

However, physical arguments support the notion of laminar separation, probably followed

by a transition to turbulence. The laminar calculation certainly indicates that a small flap

oscillation can have some effect on the flow behavior. This would make some sense,

because the shear layer instability frequency range for laminar flows is quite different from

the turbulent range. Perhaps the laminar calculation was capable of capturing some part

of the instability growth. As an aside, in a personal communication with Prof. Zhou he

echoed his belief that the experimentally observed flowflelds did fall somewhere between

those plotted in Figure 39.

It is possible that the real flow was turbulent from the separation point onward,

and the numerical scheme does not adequately capture the instability of the mean flowfleld

owing to excessive dissipation. Then the flap motion could not trigger the critical
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instability which gives rise to the vortex enhancement. Additional calculations using a flap

amplitude four times larger than the experimental value proved fruitless, indicating that the

flap amplitude was not a critical parameter in this failure.

A set of computations using the Baldwin-Lomax turbulence model with the

Degani-Schiff modification was also made. This turbulence model is an algebraic relation

that is not generally recognized as being useful for massively separated flows, but it is

simple to program. The results were likewise disappointing, showing no ability to capture

the experimental behavior. Thus, the detailed results are not presented.

Flow Over a NACA 63^-018 Airfoil

The resiilts using the NACA 0025 configuration were disappointing. However, it

was felt that the underlying problems in the solution were not the result of an error in the

code, but rather a limitation on the level of modeling detail and possibly problems in the

experimental data. A second case was selected based on the work of Hsiao, et. al. [8].

Hsiao and his colleagues considered the flow over a NACA 633-018 airfoil with a small

flap positioned near the leading edge separation point. The flap length was equal to 4% of

the airfoil chord. Angles of attack were between 28° and 35°, so the flow was massively

separated and unsteady, with periodic vortex shedding. Reynolds numbers of 1.9 x 10^

and 3.1 x 10^ were used. By oscillating the flap at a frequency equal to the shedding

frequency, an increase in the lift and drag of as much as 50% was obtained. The effect

was strongly frequency-dependent, with the increase narrowly centered around the

shedding frequency. At the highest angle of attack, much smaller increases also appeared
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at the first harmonic above and below the shedding fi-equency. Amplitude effects were

also examined in the experimental work, where the flap amplitude was varied firom 6.7° to

21.2°. The key finding was that the flap needed to be in physical contact with the

separating shear layer in order for the force increase to occur.

Hsiao, et. al. performed the work in a wind tunnel with a 90 x 120 cm test section.

The airfoil model had a chord of 30 cm and a span of 60 cm. The resulting blockage was

approxhnately 2% at an airfoil angle of attack of zero, which was significantly smaller than

the blockage in the experiments of Zhou and Femholz. Additionally, the flap was located

along a smooth separation edge, suggesting that adverse effects fi"om the turbulence model

would be much smaller. Because of these differences it was felt that a numerical

simulation would have a good chance of success.

For the simulation, an 0-grid with 413 x 257 points was used for the airfoil. The

flap was modeled with an 0-grid having 201 x 151 points. For both grids, the initial y^

spacing was less than 0.5 over all solid surfaces at a Reynolds number of 1.9 x 10^. Figure

43 shows these grids. The Mach number was set to 0.2, as in other computations. A

single angle of attack of 28° was selected fi-om those used by Hsiao and his co-workers.

The initial flap position was chosen such that the flap chord made an angle of 30° with the

fi-eestream direction.

A baseline flowfield, i.e. with no forcing, was computed first. A time history of the

force coefficients is given in Figure 44. These coefficients clearly show the unsteady

nature of the flow. The Strouhal number, computed fi"om the lift coefficient history, is

0.153. The mean lift coefficient is 0.84, and the time-averaged drag coefficient is 0.49.
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The experimental value of Strouhal number was approximately 0.16 at this Reynolds

number, and the mean lift and drag coefficients were 0.83 and 0.48, respectively. The

time-averaged mean surface pressure coefficient is given in Figure 45, along with

experimental data. The agreement between computation and experiment is good. The

small peaks in the computed pressure distribution near the leading edge are caused by the

flap presence.

Once a good baseline flowfield was established, the flap motion was initiated. For

this study, three dynamic cases were selected. These were chosen to examine variations in

the forcing frequency and flap amplitude. The first case. Case 1, consisted of a flap

anqilitude AO = 12.5° and a non-dimensional forcing frequency f* = 1. Here f* is defined as

the ratio of the forcing frequency to the vortex shedding frequency. Case 2 corresponded

to a flap amplitude of 12.5° and a forcing frequency of 2. The last case, referred to as

Case 3, used a forcing frequency of 1, but the flap amplitude AO was 6.7°. These

amplitudes were taken from the experiments, as were the non-dimensional forcing

frequencies.

The results can be summarized in Figures 46 to 50. The variation in the time-

averaged surface pressure coefficient is presented in Figure 46. For the experimental

results a flap amplitude of 12.5° was used. The mean force coefficients are shown in

Figures 47 and 48, plotted with the test data for comparison. The variation with respect

to forcing frequency is well-represented by the numerical simulation. The effect of varying

the flap amplitude, presented in Figures 49 and 50, is also captured by the computation.
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The lift coefficient histories are shown in Figure 51. The forcing by the flap

significantly alters the instantaneous behavior of the lift as well as the time average. In

Case 1, the flap forcing creates a higher average value of Cl, and the amplitude of the lift

oscillations also increases by a sizable amount. For Case 2, the higher frequency flapping

appears to have very little effect on the time average. The pattern of the lift coefficient

suggests the introduction of higher harmonics into the flowfield, along with a weakening

of the fimdamental periodic behavior present in the unforced flow. In Case 3, the forcing

does result in a slight increase in the lift coefficient. The oscillations are also weU-ordered,

as in Case 1. The drag coefficient histories are shown in Figure 52. The behavior is

similar to that of the lift coefficient. Forcing at the shedding frequency increases both the

mean drag value and the amplitude of the instantaneous drag. The periodicity of the drag

also appears to be reinforced. Forcing at twice the shedding frequency does not provide

any real increase in the time-averaged drag, and introduces a degree of apparent

randomness ia the instantaneous drag data.

The behavior of the aerodynamic loads tends to support the conclusion of Hsiao,

that the principal effect of the flapping is to organize and energize the large-scale vortical

structures passing over the upper surface of the airfoil. The time-averaged surface

pressure distribution shows no trace of a vortex "capture" phenomenon, which would be

marked by a characteristic suction peak on the airfoil. However, it is not obvious how a

small perturbation at a specific frequency can trigger such a large effect. For a forcing

frequency { = 1, the ratio of maximum flap-tip velocity to freestream velocity is

approximately 1.5% when the flap amplitude is 12.5°. The level of forcing rises to 3% in
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Case 2, and drops to roughly 0.8% for Case 3. These forcing levels are quite small

compared to the magmtude of the flowfield changes due to the forcing. A wealth of data

can be extracted from the numerically simulated flowfield. This data is next used in

conjxmction with the experimental findings to provide a better understanding of the physics

involved in this vortex control.

The baseline flowfield is examined first. Figure 53 is a sequence of instantaneous

streamline traces spanning approximately one shedding cycle. For unsteady flows the

instantaneous streamlines do not convey as much information as particle traces or vorticity

contours, but they can be useful in visualizing the flowfield. The streamlines are colored

by pressure coeflScient as an aid in visualizing the low-pressure vortex cores. Time during

the shedding period is given by the cycle time, denoted by Tcycie in the figures. For a

Strouhal number of 0.16, the non-dimensional shedding period is approximately 15-16.

The periodic behavior of the flowfield can be broken down into several distinct phases. In

the first illustration, a large leading edge (LE) eddy can be seen over the airfoil surface.

The leading edge eddy expands and begins to convect away from the surface in the next

two frames. During this time, a trailing edge (TE) vortex is formed as the flow at the

trailing edge separates and is entrained by the LE eddy. As the trailing edge vortex grows,

the LE vortex is caught between the strengthening TE vortex and the outer flow, and is

stretched and flattened by the opposing streams. Meanwhile, the trailing vortex moves

upstream under the action of the remnants of the LE vortex. When the TE vortex reaches

a certain size, the shear layer and the remnants of the LE eddy are entrained down toward

the airfoil surface under the induction of the TE vortex. This occurs at approximately
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Tcycie = 9 in the sequence. This induced turning marks the beginning of the formation of a

new leading edge vortex. It also marks the end of the upstream motion of the trailing

edge vortex. The trailing edge eddy begins to move downstream under the action of its

image vortex located within the airfoil surface. As the TE vortex moves away, it also

helps to accelerate the flow in the leading edge vortex core. The leading edge vortex

grows as it entrains more of the shear layer leaving the leading edge. This vortex grows

along the surface, bringing the cycle back to the starting point, at roughly Tcycie 15.75.

Figure 54 shows vorticity contours for the baseline flowfield during the same

sequence presented above. The contours show the periodic growth of vortex eddies at the

leading and trailing edges. However, the structure of the eddies is not strongly defined.

In fact, the leading edge eddy shows very little variation during the cycle. The leading

edge shear layer is slightly displaced upward into the oncoming flow as the trailing edge

vortex grows, but this motion is nearly imperceptible.

The addition of flap forcing is revealed in the next two sets of vorticity contours.

Figure 55 shows the flowfield behavior for Case 1, with f* = 1. The flowfield is marked by

weU-defined vortical eddies that develop and convect away fi-om the airfoil. Compared to

the baseline contours, the leading and trailing edge vortices can be easily observed. The

illustrations begin as the trailing edge vortex is starting to convect away from the airfoil.

The leading edge shear layer shows evidence of coalescence into strong, individual eddies.

At Tcycie = 5.4, the TE vortex is moving out of the picture, and the leading edge shear

layer shows a well-defined eddy developing. By Tcycie = 8.1, a strong leading edge vortex

has formed and is beginning to convect away. The trailing edge vortex has moved out of
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the picture entirely, and a new TE eddy is beginning to form. As the trailing edge vortex

increases in strength, the fluid in the LE shear layer is stretched out between the TE vortex

and the oncoming flow. Distinct eddies can be seen forming just downstream of the flap.

By the time Tcycie = 13.5 the trailing edge vortex has reached maximum growth and begins

to convect away, and in the final frame the flowfield has essentially returned to the starting

point in the cycle.

In Figure 56, vorticity contours for Case 2, f* = 2, are shown. The cycle is entered

at a point when a strong leading edge vortex is moving downstream, and a trailing edge

vortex is beginning to form. Unlike Case 1, a second strong vortex is generated at the

leading edge during the development of the trailing edge vortex, at Tcycie = 5.4. This

effectively negates the impact of the trailing edge vortex on the aerodynamic coefficients.

The growth of the trailing edge vortex is also limited from that seen in Case 1. As the

cycle progresses, the trailing edge vortex grows and moves away from the airfoil, and

another leading edge vortex develops, as seen at Tcycie = 13.5. Thus, two strong leading

edge vortices are formed during the shedding cycle for the case where the flap excitation is

at twice the shedding frequency.

Based on the qualitative behavior of the flowfield seen in the vorticity contour

plots, the most significant effect of the flap motion seems to be a modulation of the

vorticity feeding from the leading edge into the LE vortex. If the vorticity is introduced

into the flowfield at the right instant in the global cycle, the leading edge vortex is

strengthened, and the trailing edge vortex is not destructively affected. This "global

receptivity" appears to be the key mechanism controlling the flowfield behavior.
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Receptivity describes the ability of a particular system to respond to an input. In order for

a forcing function to drive a system response, the forcing signal must occur in a way that

the system can "see" it. In the study of vibrations, the concept of receptivity is similar to

the transmissibility of a signal, which indicates how much of an input signal can be

transmitted to a vibrational system. As a simple example, consider a spring-mass-damper

system. Such a system possesses a natural frequency. Forcing at this frequency leads to a

condition of resonance, even if the forcing amplitude is quite small. Forcing at frequencies

far above the natural frequency have little or no effect on the system. In fact, the

amplitude response of such a system asymptotically approaches zero as the input

frequency goes to infinity.

An inspection of vorticity and velocity data in the leading edge and trailing edge

regions can serve to quantify some of these observations. Figure 57 shows the vorticity in

the proximity of the leading edge separation point for the baseline flovvdield. This data is

presented as a time history and in a Fourier decomposition, where Q is the transformed

vorticity. As expected, the spectral analysis reveals a harmonic component at the shedding

Strouhal number of approximately 0.16. A second harmonic component exists at a

Strouhal number of 7.2. This high frequency corresponds to a periodic behavior seen in

the shear layer at the separation point, and is in fact the shear layer instability frequency, as

discussed below. The existence of the sidebands surrounding the high frequency peak

appears to be related to the non-linear interaction between the shedding frequency and the

shear layer instability frequency. The trailing edge vorticity content is shown in Figure 58.
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At the trailing edge, it can be seen that the vorticity is very nearly unimodal, at a Strouhal

number of 0.16. A super-harmonic at a Strouhal number of 0.32 is also present.

The introduction of flap motion results in the leading and trailing edge vorticity

behavior shown in Figures 59 to 62. For f* = 1, the harmonic component at the shedding

frequency is significantly increased at the leading and trailing edges. The super-harmonics

of the shedding frequency are also larger for f* = 1. For f* = 2, the leading edge vorticity

shows some increase at the fundamental harmonic, although this increase is not as large as

that for f* = 1. In addition, the bandwidth spread at the shear layer instability frequency is

somewhat larger than that for f* = 1, due to the injection of a third separate frequency into

the system. However, the trailing edge vorticity shows a sizable decrease in the harmonic

component when the flap forcing frequency is 2. The trailing edge vortex experiences

significant interference due to the presence of the co-developing leading edge vortex at

this forcing frequency. However, in all cases the fundamental harmonic frequency does

not change, i.e. the shedding frequency is basically unaltered.

It should also be noted that the shedding and shear layer instability modes remain

clearly distinct, even with forcing. Some small variation of the harmonic content at the

shear layer instability frequency is seen. However, nothing is present to indicate a

significant change in the shear layer instability growth beyond that seen in the baseline

case. For example, the spectral peak at St ~ 7.2 remains nearly constant for all cases, and

there is no indication of any pairing and merging of vortices created by the shear layer

rollup. Such behavior would be revealed by a spectral peak armmd St ~ 3.6, but no such

peak is observed. The main observable change is the increase of energy in the shedding
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frequency mode and several of its superharmonics. If anything, the forcing at f* = 1

appears to reduce some of the energy around the shear layer instability frequency. The

small amplitude forcing at f* = 2 produces a low-level growth of a wide spread of

frequencies, which is commensurate with the injection of a third distinct frequency into the

flowfield, but there is no substantial change in the overall mode shapes.

The velocity phase plots shovra in Figures 63 through 65 reinforce the previous

discussion. The baseline flowfield shows a fairly well-ordered behavior at the shedding

edges. Forcing at a frequency of unity yields a sizable increase in the velocity amplitudes.

Forcing at f* = 2 results in only a slight change in the velocity component amplitudes

compared to the t* = 1 case. However, in both dynamic cases the forcing introduces

additional frequencies at multiples of the forcing frequency into the flowfield. This

accoimts for the increased spread seen in the leading edge phase plots.

The source of the high frequency signal seen in the figures above is foxmd in the

behavior of the leading edge shear layer at the separation point. The leading edge flow

separation possesses its own cyclical behavior, due to the shear layer instability at

separation. A small, unstable leading edge bubble forms a distance of approximately one

to two wavelengths from the separation point, where the wavelength is that of the most

unstable shear layer perturbation. This wavelength is computed from Xs ~ U/2(0s, where U

is the freestream velocity and cOs is the shear layer instability frequency in rad/s. It is

assumed that the velocity in the shear layer varies from zero to freestream. Using the high

frequency corresponding to a Strouhal number of 7.2, this wavelength is about 0.5% of

the airfoil chord. The bubble grows to form a smaU, strong eddy. This eddy leaves the
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surface and travels downstream, where it merges with an eddy trapped by the juncture of

the leading edge flap and airfoil surface. As this merged eddy grows, part of it spills over

into the shear layer moving downstream. The formation of the leading edge separation

eddies is what causes the high fi-equency pressure and vorticity fluctuations. The stream

traces in Figure 66 show the typical leading edge flow structure at several instants in the

high frequency cycle. It should be noted that the eddy viscosity in the region of the flap

was generally an order of magnitude smaller than the kinematic viscosity for these

calculations, unlike the computations for the backward NACA 0025 airfoil with sharp

leading edge separation.

It is interesting that the baseline solution does seem to capture the higher

frequency behavior of the shear layer, unlike the solutions using Zhou's configuration.

The separation behavior occurs in a region of nearly laminar flow, where the eddy

viscosity computed by the turbulence model is quite small. The flow remains nearly

laminar over the flap length, and the momentum thickness does not vary greatly from the

separation point to the end of the flap. A rough calculation of the momentum thickness

using the velocity distribution just downstream of the flap was performed. With this value

of momentum thickness, an estimate of the most unstable shear layer mode was calculated.

The computation yielded a Strouhal number for the most unstable mode between

approximately 6.8 and 8.5, depending on whether the formula for laminar or turbulent

flow was used. The value from the numerical simulation was ~ 7.2.

To further explain the effect of the flap motion, consider the data presented in

Figure 67. The first curve shows the vorticity in the flow at a point slightly downstream
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of the flap trailing edge, and parallel to the flap upper surface, for the baseline. The

remaining curves show the vorticity for the three forcing cases. It is this vorticity that is

convected downstream into the main body of the flowfield over the airfoil surface and

feeds into the LE vortex. The flap position AG is also given as a dashed line for the three

dynamic cases. It should be noted that a positive flap displacement corresponds to a

downward flap stroke, due to the definition of positive AG used in this study.

For the baseline, the vorticity possesses harmonic components at the shedding

fi-equency and the shear layer instability frequency. The component of vorticity at the

shedding fi-equency varies between -59 and -75. The addition of forcing has a dramatic

effect on the vorticity downstream of the flap. In all the dynamic cases the flap motion

synchronizes the vorticity to the flap forcing frequency. The vorticity amplitudes are very

similar in the two cases having an amplitude of 12.5°, with the vorticity varying between

approximately -5 and -99. As the flap moves up (AG becomes negative) the vorticity

becomes strongly negative. This makes sense, as the flap rotation increases the relative

velocity between the flow and the flap solid surface. On its upstroke, the flap pushes into

the shear layer and into the freestream. This forces the flow to separate fî om the flap

edge, in a manner similar to the flow around a spoon which is suddenly stirred in a cup of

cocoa. The separated flow roUs up quickly to form the small eddies observed in the

vorticity contours above. These small eddies possess significant vorticity, which is shown

in the figures. The downstroke of the flap causes the separation to vanish, with the result

that the vorticity (contained in the eddies) reduces nearly to zero. The results for Case 3,

given by the last curve, are qualitatively similar to the results of Case 1. However, it can
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be seen that the smaller flap amplitude has less of an eflFect on the vorticity amplitude. For

the small-amplitude excitation the vorticity varies between -40 and -95. For all cases, the

result is the creation of a series of well-defined eddies with enhanced strength. This

stream of eddies constitutes a periodic vortical signal, and these eddies, with then-

enhanced vorticity, are carried downstream and into the leading edge vortex. It should be

pointed out that the vorticity levels shown in the figmes are approximate, since the

trajectory of the eddies will vary firom case to case and the eddies may not pass through

the measmement point. Thus, the similarity in vorticity levels for Case 1 and Case 2 may

be nothing more than a coincidence.

It is the receptivity of the fluid/soUd system that allows a vortical signal of a given

fi*equency to trigger growth in the aerodynamic coefficients, and essentially lead to

resonance in the system. The fluid/sohd system possesses a natural fi-equency given by the

shedding fi-equency. The system is receptive to appropriate disturbances at this fi-equency.

A vortical signal at the shedding fiequency supphes vortices at the right instant to

strengthen a developing leading edge vortex, and diminishes the leading edge vorticity

during trailing edge vortex development. A signal that is not synchronized to the natural

fiequency of the system cannot reinforce the natural harmonic behavior of the system. It

is important to note that this is a global receptivity mechanism. It is not based on the

receptivity of the shear layer, as Hsiao and his colleagues contended. The shear layer

possesses a receptivity behavior of its own, but the typical response spectrum of the shear

layer is in the fiequency range of St ~ 7.2. The forcing has little interaction with the high

fiequency harmonic at St ~ 7.2, as discussed above. However, shear layer instability does
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play a part, since the rolling-up of the separated flow created by the moving flap is similar

to the shear layer instability. But in this case the flap motion does not act directly on the

shear layer instability. In fact, any other mechanism which could introduce vortical eddies

into the flow at the proper phase could cause the same global flowfield modulation,

without resorting to any shear layer instability.

The existence of this global receptivity explains other features of the experimental

data. The frequency spread over which a significant increase in the aerodynamic

coefficients occurs because the developing leading edge vortex can still entrain and utilize

a significant portion of the vortical signal, for flap forcing at frequencies shghtly below and

above the shedding frequency. In other words, the global system can receive and utilize a

significant portion of the energy over a small range of frequencies, with the maximum

amount occurring at the shedding frequency.

In summary, the flap motion serves to synchronize and strengthen the vortices

when the motion occurs at the shedding frequency. As the flap moves up, it creates a

significant increase in the development of negative vorticity in the leading edge region due

to flow separation from the flap edge. This separated flow rolls up into small eddies that

convect downstream into the LE vortex region. As the flap moves down, the strength of

this vorticity drops to almost zero, providing a zone of demarcation between the strong

vortical eddies created by the upward flap motion. At a forcing frequency of 1, the eddies

thus formed merge with the developing LE vortex to strengthen and synchronize it,

because of the receptivity of the fluid/solid system. The stronger LE vortex in turn

generates a stronger TE vortex. When the flap motion occurs at twice the shedding
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jfrequency, the energy input via the vorticity signal cannot be received by the system, i.e.

the leading edge eddies do not merge effectively with the developing LE vortex. In

addition, the trailing edge vortex growth is diminished through destructive interference

from the leading edge vortices. Although shear layer instability leads to the creation of the

eddies by the flap, the main element in the flowfield modulation is the global receptivity.
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CHAPTER V

CONCLUSIONS AND RECOMMENDATIONS

Within the restrictions of the physical assumptions contained in the numerical

modeling scheme, this study has demonstrated that computational fluid dynamics provides

a valuable tool for examining massively separated, turbulent flows. By incorporating an

overset grid methodology, problems involving relative body motion can be analyzed. In

this study two cases involving vortex control by mechanical oscillation were considered.

Excellent results were obtained for the case involving vortex control by mechanical

excitation taken from work done by Hsiao, et. al. [8]. In this case the fundamental physics

involve the perturbation of a shear layer which can be realistically modeled xmder the

assumptions involved in the Reynolds-averaged Navier Stokes equations. The interaction

of the shear layer frequency and the shedding/forcing frequencies is quite limited, owing to

the large separation in these frequencies. Computational results demonstrated good

agreement with the experimental data compiled by Hsiao and his coworkers. The

numerical results were used to explain the effect of the flap motion on the global flowfield

behavior in terms of a global receptivity mechanism. The separated flow from the leading

edge provides a source of energy to the flowfield. By periodically perturbing the shear

layer at the shedding frequency, the flap motion produces a vortical signal that the global

flowfield can easily receive. In this way, the flap oscillation synchronizes and therefore

strengthens the vortices formed at the leading and trailing edges.
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The successfiil simulation of the experiments of Hsiao, et. al. using overset grids

would seem to vindicate the domain decomposition methodology. Ironically, the

simulation of the results of Hsiao and his colleagues may lend additional support to the

presumed cause of failure in the computation of the backward-feeing airfoil. In the case of

the NACA 633-018 airfoil, a high frequency shear layer instability frequency was

computed. This flow involved separation from a smooth surface, and the eddy viscosities

computed by the turbulence model were not as large as those from the sharp leading edge

separation of Zhou, et. al.

Future work could follow one of several paths. In order to investigate the physics

involved in backward-facing NACA 0025 configuration, a Large Eddy Simulation (EES)

or Direct Numerical Simulation (DNS) technique should be considered, since current

turbulence models are incapable of adequately rendering the small-scale motions that

appear to play a role. These methods are time-consuming, but given the success of the

simpler computational model m the case of the NACA 633-018, it is felt that numerical

modeling can play a significant role in analyzing more complex flowfields if the proper

physics are included. In conjunction with a more detailed numerical study, an effort to

establish a more rigorous set of experimental data should also be considered.

For practical applications DNS or EES computations are stiU too expensive. Thus,

the question of applicability of existing turbulence models to massively separated,

unsteady flows should continue to be pursued. Such computations are becoming more

commonplace, as the perception of the power of computational fluid dynamics grows.
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However, the results obtained in this study certainly raise suspicions about the ability of

turbulence modeling to capture the flow physics accurately, in some cases.

Given the way the flap works to control the flow in the NACA 633-018

configuration, a logical extension of the work presented here would be to investigate other

methods of excitation. The appropriate use of a periodically pulsing jet could provide

vorticity perturbations similar to those produced by the flap. A recent numerical study by

Wio, et. al. [40] provides some interesting results for such forcing applied to flow over a

NACA 0012. With a validated numerical model (conqiared to experimental data for

carefully controlled experiments), such designs could be explored in a cost-effective

manner in the computer. In addition, examinations of other airfoil geometries should be

considered. A different airfoil geometry might possess secondary and tertiary separations,

which would alter the global receptivity and could significantly affect the flowfield

behavior under forcing. Also, forcing at a frequency compatible with the high frequency

shear layer instabihty should be explored.

This current work underscores the fact that the term "vorticity control" is a

broadly defined concept that still needs refinement. The cases considered in this effort

included one case that clearly depended on a global receptivity mechanism, and another

case that appeared to be a manifestation of a localized shear layer receptivity. In addition,

the dependence of such control on geometry is still poorly defined in many cases. A

validated numerical simulation provides data which could be obtained experimentally only

with great difiBculty, if at all. An analysis of this data can yield a much deeper

understanding of the different aspects of vorticity control.
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APPENDIX

ALGORITHM DEVELOPMENT

The equations of motion are written as

ag a(F-R) s(g-s) „
a ax sy

where the vectors Q, F, G, R, and S are as defined in Chapter 11. In this form, the

equations are expressed in terms of a rectangular Cartesian coordinate system (x,y) in

physical space. In the interest of computational efficiency and accuracy, and to simplify

boundary condition development, the equations are transformed into a computational

domain (^,r|). This is also referred to as a body-fitted coordinate system, since one or

more of the coordinate planes ̂  = constant or ti = constant are coincident with the

surfeces of the body. The details of the coordinate transformation can be found in a

number of references, such as Hoffinan and Chang [41]. The results are given here

without derivation for the convenience of the reader.

A general mapping between the (x,y,t) system and the (^,11 ,t) system can be

written as

x = x(^,ti,t)

y = yfeTl,i^) (A2)
t = t(^,Tl,T).

The Jacobian of the transformation is
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J =

5x 5x 5x

dr\ dx
dy dy dy

dx\ dz
di dl dt

dr\ dx

(A3)

Assuming that t = t, this reduces to

5x 5y dy dK

^ ^dx\ d^dxx (A4)

The condition J > 0 is sufficient for the mapping to be well-defined over the domain. The

partial derivatives in the Jacobian are the metrics of the transformation. Given the metrics

of the transformation fi-om one system to the other, say (x,y) to (^,r\), the reciprocal set

can be computed as

-y^ 1 / \^x =—'Tiy = y'^t = yixxy^-ytX5j

(A5)

(A6)

and the subscript notation refers to the partial derivative. Using the defimtions in

equations (A5) and (A6) and the chain rule of calculus the conservation equations can be

written as

dQ 5(F-R) a(G-S)
^  "f"
d 54 5x n

= 0 (A7)

after some algebraic manipulation. The transformed vectors Q, F, G, R, and S are given

by
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•^ = 7

P
pu

pv

et

F =

pU
puU + ̂̂ p
pvU + ̂yp

(e, + p)U-^,p

(A8)

(A9)

R = i
J

pV
puV + p^p
pvV + TlyP

(et + p)V-'n,p

0

^xy

^x'^xy + ̂y'^'-yy
^X^x + ̂y Sy

^=7

0

^x ̂XX "^xy

^x ''■xy + ^y T^yy
T1^6x + Tly5y

(AlO)

(All)

(A12)

and the quantities U and V are the contravariant velocity components,

U = §t + ^xU+^yV

V = 11j + Tl^U + Tl V.

(A13)

(A14)

The conservation equations are solved using an implicit Beam-Warming [42] type

approximate factorization scheme. To begin the development, the time derivative is

approximated using a second-order backward difiference, and the convective flux vectors
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are expressed at the (n+1) time level. Additionally, the viscous flux vectors are split such

that the parallel terms (denoted below asRj ,S,) are also evaluated at the (n+1) time level.

The cross terms in the viscous fluxes (Rj, Sj) are lagged at the n"' time level. This results

m

3Q"^'-4Q" + Q" '
2At

n  -R" = (r")^ + (§2)^ (A15)

where the metric quantities are also evaluated at the (n+1) time level. The convective flux

vectors can be written as functions of the conservative variables Q. Thus the convective

flux vectors at the (n+1) time level are linearized as

F° + ̂
dQ

dQ

.(q"^'-q") = f"+a-aq"

.(q"^'-Q") = G" + B.AQ"
(A16)

The viscous fluxes are functions of Q and gradients of Q. Consider Ri for example.

Formally

fi, = R,(Q.Q5)

SO that a time linearization may be expressed as

Rr'«R° +
5Rl

w
AQ +

8R\

dQ,
AQ,

(A17)

(A18)

The last term can be rewritten to give
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Rr'.
dQ

AQ +
5^

dRi

aQ;
AQ

aRi

aQ;
•AQ. (A19)

Similarly,

wn+i a-n

»>! « Oi +
dS

dQ •«*s
as.

^Qr,V  11

AQ
an

as.

aQ
V^il

AQ.

IK

With the following definitions

V =
aRi

aQ
,w =

asi

W
aRi

aQ,

asi

eq. (A 15) can be written in "delta" formulation as

-AQ° + At

At

^  ~ dy^^ a(v?AQ'A-V + ̂  AQ"- ̂
a^

n

a§
V

n

+

r

B-W+
an an

= RHS°At

(A20)

(A21)

(A22)

with the residual RHS" given by

rhs" = -(f"-r")-(g"-s") +4^
^  ̂ ^ 2At

(A23)

Complete expressions for the flux Jacobians in eqs. (A16) and (A21) can be found in

numerous references, particularly Visbal [43] and HoiBBaian and Chang [41]. The

derivatives of and that appear in the first set of terms in each of the large brackets

combine with the viscous Jacobian terms to cancel exactly for rectilinear Cartesian

coordinate systems, but for curvilinear systems there is no cancellation. For curvilinear
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systems the remainder is proportional to spatial gradients of the metric terms and viscosity

coefficients. To the best of the author's knowledge these terms are typically left out of

developments of implicit treatments of the viscous terms, even though they do not

disappear for curvilinear coordinate systems. Several runs were made with and without

these terms during the development of the algorithm, and the results did not indicate any

conclusive difference either way. However, for the sake of completeness these terms were

included in all the results reported in this work.

Equation (A22) is now approximately factored to reduce the system to a set of

block tridiagonal equations. The result is

I  2

I  2

u

vv

A-V +

B-W+-
a

V

w,

an

AQ =
2RH^
3 At

(A24)

~n AQ
= AAt

where the spatial derivatives are approximated using second-order central differences,

designated by the operators bg,,!. The notation used above is meant to indicate that the

terms in square brackets form operators which act on the A-quantities. It is understood

that the independent variables (^,n) are discretized as (^i,nj), i = l,2,3,...Imax, j =

1,2,3,...Jmax.

To avoid the introduction of conservation errors, the metric quantities are

computed using central differences also. The blended second-fourth order dissipation of

Pulliam [17] is added to the system to ensure stability and avoid odd-even decoupling.

The modified equation is
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' 2,

± 2^
At ■'3®"

A-V +

//■

B-W+-
ari

2 RHS "
AQ =-——

3  At

[_]-8,(w4.])-S2V^[^A,J[_] ~n AQ
= AAt

with the right-hand side given by

RHS'» = RHS»+ (cj A5 J Q") + V, (o. A, J Q")]-
7(^5 h A? V5 A^ J Q") + V, (ct. A, V, A, J Q")].

The operators V and A signify the appropriate backward and forward dififerences,

respectively. The constants are given by

(A25)

(A26)

05 = 1 +

/  \P
a

= a, 1 +

r  ap'
0^

= |U| + + = | V| + a.fiWy
(A27)

The parameters 82, 84, and p are user-selected inputs. For most of the calculations

discussed in this study, p was set to 0.67, and (82,84) = (0.2,0.04). This is the form of the

equations used in this study.

Since the implementation of artificial viscosity seems to be something of an art, the

actual difference scheme used in this scheme is now presented. For simplicity only the

term in the ^-direction is considered, but the q-term is similar. In the ^-direction, the

dissipation is given by
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Ji+lJ Jij

JiJ Ji-lj

.  K:(Qi.2J-3Qi.,J + 3Qy-Qi_,j).

K2(QiJ-Qi-l,j)-
K4 (Qi+ij - 3 Qi j + 3 Qi_, j - Qi_2 j)_

(A28)

where

K2 = e2-max(Pi+ij,Py)
K2 = S2-niax(Pij,Pi_ij)
K4 ~ = max(0,84 - K2 ~)

\Pi+lJ+2pg+Pi-yi/

(A29)

It should be noted that the Q's are not divided by the transformation Jacobian. Along

boundaries the modifications described by PuUiam [17] are used, which basically consist of

using second-order differences in place of the third-order differences where the difference

stencil does not support the higher-order differencing.

Solutions to the system of equations (A25) are obtained using a block tridiagonal

solver. The original code was developed by Roach and Jenkins [44], but for this study

substantial modifications were made to the artificial viscosity, boundary conditions, and

metrics. The Spalart-AUmaras turbulence model was also added, along with the overset

grid capability. An implicit treatment of the parallel viscous terms was also developed,

and the time integration was changed to second order.

It is well-known that the solution of a system of partial differential equations is

determined by the particular boundary conditions which are imposed. Thus, it is essential

to use numerical boundary conditions which are good approximations to the physical
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conditions that exist in a given problem. For the external flow problems discussed in this

work, boundary conditions must be applied at solid surfaces, along the ferfield boundary,

and along grid cut lines.

Along solid walls, the no-slip condition requires the fluid velocity to be equal to

the velocity of the solid surface. For a prescribed surface motion the velocity of the fluid

at the surface is then given by

u = b (A30)

where b is the velocity of the solid smface. Ignoring the possibility of surface

deformation, i.e. considering only rigid bodies, the surface velocity b can be decomposed

into a translational and a rotational part,

b = Vcr + G) X r. (A31)

Here Vcr is the translational velocity of the instantaneous center of rotation, co = cok is the

angular velocity of the body, and r = Xji + yj is the vector distance fi-om the center of

rotation to a point on the body surface.

An equation for the pressure can be developed using the momentum equation.

Taking the normal component of the momentum equation and neglecting the viscous

terms yields

Db Sp + +
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It is assumed that the solid surface represents a surface of constant p in the

boxandary-fitted coordinate system, such that n = Vri/|Vri|. The normal component of the

surface acceleration is then given by

an = ̂  ̂ (- G) Xs - Xs) + Tly (® Xs - (D^ Y,). (A33)
If the grid lines are orthogonal at the surface, as will be the case for all grids in this study,

surfaces of constant r| are perpendicular to surfaces of constant Then the term r|x^x +

r\^y is identically zero. Approximating the normal derivative using a second-order

forward finite difference gives the following result for the pressure at the surface:

- Pi,ian = I + 4Pi,2 - PiJ (A34)
or

2V^l!^-P,,an + 4Pi,2-Pi,3
Pi., = ^ ^ (A35)

where the solid surfece is described by j=l, i=l,2,3,...Imax in computational space. In the

pressure equation, the density is held at its n"* level value. After the pressure is updated,

the density on the surface is computed assuming the solid wall is adiabatic. This condition

is expressed for a ideal gas as

n • VT = 0 = n • V

r  \

P

vpRy
(A36)
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For simplicity the inverse of density, the specific volume v, is actually solved for in the

algorithm. Combining equations (A32), (A33) and (A36) gives the desired result for the

specific volume,

dv an

This equation is differenced in a manner analogous to the pressure equation and solved

after the pressure update for the specific volume. In practice, the equations for the density

and pressure are updated in an iterative cycle for each time step in order to reduce the

effect of lagging the density in the pressure equation.

Thus, the flow at a solid surfece is updated by first determining the pressure and

density on the surface. Velocity components are computed based on the prescribed

motion of the surface. The conservative variables are then evaluated fi-om the new values

of pressure, density, and velocity.

Along the far field, a non-reflecting boundary condition based on Thomson's [19]

approach is employed. The basic idea is to diagonalize the conservation equations in the

direction normal to the boundary. The information in the eigenvalues is then used to

determine the appropriate direction of one-sided derivatives along the boundary.

Formally, consider the conservation equations,

aQ 5F ac

where it is assumed that the viscous terms are negligible in the far field. Following

previous developments, these equations can be recast using the flux Jacobians to give
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dO ~dQ ~aQ^ + A^ + B^ = 0. (A39)
di oq dr\

In this discussion, the far field boundary is assumed to be a boundary of constant r|, given

by ri = rimax (or j = Jmax)- In applying a difference scheme using equation (A39),

derivatives in the ̂ -direction can be approximated using centered differences. However,

in the q-direction no points exist for q > qmax- Thus only one-sided differences can be

written. But applying one-sided differences in an arbitrary fashion can lead to significant

errors and even instabilities, since the direction of signal propagation is not handled

properly. The essence of Thomson's approach is to utilize the eigenstructure of the flux

Jacobians (in this caseB) to select the appropriate differencing.

The flux Jacobian B can be diagonalized by means of a similarity transformation

as

B = XAX-'. (A40)

The matrix X is composed of the eigenvectors of B, and A is a diagonal matrix containing

the eigenvalues of B,

A =

0  0 0 n
0  >12 0 0
0  0 ?13 0

0  0 0

(A41)

where
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>.i = nt+TixU+'nyV

>^2 = 'n,+'nxU+nyV

>^3 = n, + nxU+TiyV+a^/n^7^'
A.4 = Tl, + Tl^ U + Tly V - ayjvil + Vil

Substituting (A40) into equation (A39) gives

aO ~ aQ ,aQ^ + A^ + XAX-'^ = 0
at oq or]

(A43)

or

aO ^aO ,aQ- = -A--XAX-^ (A44)

The right-hand side can be interpreted as the combination of terms that make up the local

time derivative of Q at a boundary point. Call

,aQ aO
XAX-'^ = —

a
(A45)

q ar

where the subscript notation is a convenience to indicate that this is the ri-part of the time

rate of change. This term represents the contribution to aQ/ar due to waves passing

through the boimdary in the q-direction. Equation (A45) can be shown to be

approximately equivalent to a set of one-dimensional characteristic equations in q. Let aj

be the entries in X"', and let be the i^ entry on the diagonal of A. Then the i* equation

in the set (A45) can be written as
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+ X^
dQ.

= 0. (A46)

Here the indices i and j refer to the number of entries in the vector of conservative

variables. Now assume that a new variable W can be defined as

dWi = aijdQj. (A47)

which can be expanded to give

dWi ̂ dWi

cn

aQj ^
dt + -:^dTi

ddi x\
(A48)

where dependence on ̂  has been suppressed. By comparing the terms in eq. (A48) that

multiply the independent variations dx and dq, eq. (A46) can be recast as

di dv\
(A49)

Then along curves where = dq/dx, clearly Wi is constant, indicating that (under the

approximations made in eqs. (A47) and (A48)) W is a set of characteristic variables.

A non-reflective condition is imposed by requiring that incoming waves contribute

nothing to the time rate of change of Q at the boimdary. The mechanism to enforce this is

developed by examining the signs of the eigenvalues Let

Hi = aij (A50)
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Along an rimax boundary, an inward propagating wave corresponds to < 0. If < 0,

then the corresponding Hj is set to zero. Otherwise the Hi is computed from equation

(A50), using backward differences formed from points within the domain for the needed

derivatives.

The Hi are then used to compute the Ti-part of the time rate of change of Q using

eq. (A45), and this result is then substituted back into equation (A44). Using centered-

difference approximations for the ̂ -derivatives, an algorithm for updating Q on the far

field boundary is thus obtained. The time integration is performed using a four-stage

Runge-Kutta scheme.

In practice some modifications to the above procedure are necessary. The

equations are expressed in curvilinear coordinates, involving metric terms that arise

through the coordinate transformation. As discussed previously, the metrics must be

computed in a fashion compatible wdth the differencing used for the spatial derivatives of

the inviscid flux terms to avoid conservation errors. However, the metrics calculated for

the flow solver do not maintain a uniform free-stream conservation when used with the

boundary algorithm. This is due to the mixture of differencing used, as well as the fact

that certain terms are reduced to zero as needed to maintain non-reflectivity. The simplest

solution to this problem is to subtract out a uniform free-stream from the appropriate

quantities. Since a uniform flow automatically satisfies the conservation equations this is

equivalent to subtracting out zero.

A second difficulty can arise from the explicit time integration used in the farfield

update procedure. All exphcit procedures are subject to a CFL timestep limitation. If the
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local CFL number for a boundary point (determined by the flow solver) exceeds the

maximum CFL number for the Runge-Kutta scheme, the Runge-Kutta algorithm will go

unstable. For many grid topologies this is not a problem, since the timestep used by the

flow solver is determined using the smallest cell in the grid. This cell is usually several

orders of magnitude smaller than any of the far field boxmdary cells, thus ensuring that the

local explicit CFL restriction is not violated in the boundary update. For situations where

this is not the case, a simple and eflective fix is to break the flow solver timestep up into

substeps which individually do not violate the local CFL constraint for the farfield update

using the Runge-Kutta scheme. The integration for a boundary point then proceeds over a

number of these substeps until the overall update is complete. This procedure is

admittedly approximate, but it seems to work well in the situations where it has been

applied. A second, and more exact, aflemative would be to incorporate the boimdary

condition in the implicit scheme used for the interior points. Chakravarthy [45] describes

this approach, which basically involves using the characteristic form of the equations along

the direction of interest (as developed above) to obtain the necessary entries in the

appropriate sweep equations.

Although the development of this update procedure relies on the inviscid

conservation equations, the viscous terms can be carried along in the analysis. A formal

procedure was developed by Poinsot and Lele [46], which embodies much of the

preceding analysis of Thomson's approach. A simpler method, suitable for problems

where the viscous influence at the boimdary is very small, is to compute directly the
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viscous terms tangent to the boundary, and use an extrapolation from the interior for the

normal viscous terms. Such an approximation is used in this work.

Lastly, since centered differences are used to represent the tangential derivatives,

explicit artificial viscosity is added to the numerical recipe to promote stability. This

artificial viscosity is the second/fourth order dissipation described previously, but is

computed only in the tangential direction.

The final boundary to consider is the grid cut line. A grid cut line, where a grid re-

enters itself, is handled by simple averaging. Assuming that the cut line is formed by the

surfaces ̂ min = 1 and ̂max = 11, over all ti, the dependent variables along the cut are

updated as

Q,j = Q„j = |(Q,,j + Q„-,,j), (A51)

where the update is applied to the untransformed dependent variables, and the subscript

indices again refer to the grid points in computational space.
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