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ABSTRACT

A new numerical method for efficiently computing vortex-dominated flows
over complex aerodynamic configurations is developed . This method uses only a
fixed, uniform Cartesian grid, no body conforming grid is required. The complex
geometry surface is described by a smooth scalar function “F”; which is defined at
each grid node. By using Vorticity Confinement, this method effectively confines
the vorticity to a narrow region even on coarse computational grids and for low
order discretization schemes. The flow both inside and outside the configuration
is considered, although in aerodynamic applications, the internal flow is fictitious.
The no-slip boundary condition is imposed on solid body surfaces by eliminating
the flow inside the configuration. Unlike other general Cartesian methods, no
specific logic is needed to determine the body surface in the present method. Also,
the vorticity can be shed from smooth surface as well as surfaces with sharp corners.

Vorticity Confinement involves adding a simple term to the Navier-Stokes
fluid dynamic equations. When discretized and solved, these modified equations
admit convecting, concentrated vortices which maintain a fixed size and do not
spread, even if there is numerical diffusion.

Numerical results are presented for flows around simple and complex con-
figurations which were investigated with the present method. As an application of
this method, preliminary numerical flow solutions of a combined helicopter blade
and real helicopter body are presented.

The code developed in the present method uses a relatively coarse, fixed,
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Cartesian grid and requires much less computing time compared to high order
accurate flow solvers, while capturing the vorticity efficiently and accurately. The
code will be very useful for engineering analysis and design of aircraft as well as

automobile.
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NOMENCLATURE

Weighting factor used in vorticity confinement

Distance from point ¢ to point p

A smooth scalar function that defines the solid body surface
An unit vector points away from the centroid of the vortex
Pressure

Velocity which is defined at the grid node

Free stream velocity

Velocity components in z, y, z direction respectively
Coordinate of point (¢, j, k) in Cartesian grid
Computational time step

A small number for avoiding numerical overflow

Vorticity confinement parameter

A scalar field that has a local minimum on the centroid of the

vortical region
Diffusion coefficient

Density
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¢ Velocity potential

w Relaxation factor

Vorticity
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Chapter 1

INTRODUCTION

1.1 Background

Computational Fluid Dynamics (CFD) is playing an important role in
the design, analysis and support of aircraft, automobile, and ship, as well as other
transportation systems. The value of CFD to industry is in its application. Two
essential characteristics of a valuable CFD method are timeliness and the ability
to handle complex geometry. Most aerodynamic configurations are geometrically
complex. For example, the Apache Helicopter, shown in Fig. 1.1, has wing, tail,
fuselage, sensor pod and etc. To aid in the design of such a complex configuration,
the computational method must faithfully represent the dominant flow physics and
the required geometric complexity and be capable of providing reliable solutions
in a timely, affordable manner. Most of these flow are vortex-dominated flows.

Because of the importance of vortex-dominated flows, many researchers
have attempted to find viable numerical methods for their prediction over the past
several decades. In spite of these efforts, accurate and efficient methods still do
not exist for the computation of general flows with strong, concentrated vortices.

As stated in Reference [1]:

Conventional computational methods for vortex-dominated flows

can be grouped into two classes: Eulerian Method and Lagrangian
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Figure 1.1: Apache Configuration with Mesh.



Method. In the Eulerian approach, body—fixed grids can be used effec-

tively with discretized flow equations for flows at low Reynolds number
where shed vorticity is spread over a rather wide region. However, for
large Reynolds number flows, where this region is thin, that is, vorticity
is concentrated, it is very difficult to include the number of grid points
required for adequate resolution.

There are two conventional numerical techniques that have provided
some improvement in treating thin vortical regions: high-order dis-
cretization and adaptive grid schemes. Examples of these approaches
include the use of a fifth—order discretization of the Navier-Stokes equa-
tions to solve the problem of a vortex impinging on an airfoil, together
with a fine, regular grid in the entire domain [2]. This requires a large
amount of computing since the grid must be fairly fine, even though
fairly efficient implicit solvers can be used since the grid is regular. In
the other approach, adaptive grid schemes have been used for problems
involving, for example, a vortex impinging on an airfoil [3], a steady
vortex shed at the tip of a straight wing [4], and a vortex sheet shed
from the leading—edge of a delta wing [5]. It can be shown that de-
spite the adaptive embedding of extra grid points in the vortical region,
these methods apparently are still not able to capture the shed vortex
without having it spread over a region much larger than measured in
experiments. In addition, the unstructured and moving grids require

complex logic and bookkeeping. Without regular grids, conventional



and efficient implicit methods usually cannot be used.

In the many Lagrangian approaches, use is made of the fact that
the internal structure of vortical regions, such as vortex sheets, are not
important since the dimension of these structures are small compared
to other dimensions of the problem. As long as the centroid surfaces
of these vortex sheets are accurately computed, together with the total
vorticity surrounding each point on the centroid surface, the overall
flow solution will be accurate. An ad hoc structure can then be used
instead of resorting to a detailed, high-resolution Navier-Stokes solver.
Usually a “spreading” function is specified that, effectively, defines the
internal structure of vortical regions treated with this approach. For
these reasons, some of the most efficient methods for treating thin vor-
tical flows currently involve Lagrangian marker-based schemes, where
vorticity or circulation is assigned to individual markers which convect
through the flow field. These methods, in the form of “Vortex Lattice”
or “Vortex Blob” techniques for incompressible flows [6] and “Vortex
Embedding” techniques for compressible flows [7], entail representa-

tion of vortex sheets or vortex filaments by surfaces or lines defined by

markers.

Unfortunately, there are disadvantages to these Lagrangian meth-
ods. Since the vortical regions are defined by connected sets of markers,
the topology of each region should be known beforehand so that suit-

able arrays of markers can be computationally defined. In general,



the vortical regions may interact with solid surfaces and their topol-

ogy may change. This requires new specifications of the markers and
re—connection. In addition, vortical regions cannot easily be made to
merge in a natural way if they are defined by markers. Lagrangian
methods which use large numbers of unconnected markers with over-
lapping structure also appear to require information on the locations

of vortical regions for efficient allocation of markers.

A new computational technique, called Vorticity Confinement, developed
by Steinhoff [8]-[9], is fundamentally different from the previously described meth-
ods in that it involves adding a term to the flow equations, and therefore modify-
ing the basic equations. With the added term, the flow equations admit solutions
with concentrated vortices that can convect without spreading, even if the basic
equations have numerical diffusion. For this reason, simple, low order diffusive
numerical schemes can be used to discretize and solve the modified flow equations,
without resulting in vortices that spread as they convect. This approach is similar
to shock capturing where the detailed internal dynamics of shocks are not com-
puted, but rather a modified set of equations is solved which result in a shock
spread over a few grid cells. The resulting internal structure satisfies conservation
laws in integral form.

The Vorticity Confinement method has the flexibility and generality of
standard Euler/Navier-Stokes methods, but treats vortical regions without numer-
ical diffusion as they convect through the flow even in regions where the computa-

tional grid is relatively coarse. This method uses only a fixed, Eulerian grid with




no markers and no special logic concerning shed vortices: it consists, basically, of

a velocity correction to be applied at each time step at grid points where velocity
values are obtained by the basic solver. This correction is applied only in rela-
tively coarse grid regions, as vortical fluid is convecting. As such, it is capable of
being used in conjunction with conventional Euler/Navier-Stokes methods which
can serve as the basic flow solver.

The Vorticity Confinement scheme with a simple “split velocity” formu-
lation [10] has been used to solve a large number of flow problems including Delta
Wing [11] and Interacting Vortex Ring cases in 3-D [9] and Blade- Vortex Inter-
action problems in 2-D. It has also been used with a compressible formulation for

3-D Wing and 2-D Blade-Vortex Interaction problems.

1.2 Objectives and Organization of the Present Study

1.2.1 Objectives

The main objective of the present research is to develop a new com-
putational method that can be used to simulate flow with generated, convected,
concentrated vorticity in the vicinity of complex aerodynamic configurations. This
method uses only a fixed, uniform Cartesian grid. In this method, the solid body
surface is described by a smooth scalar function “F”, which is defined at each
computational grid node. No specific logic to determine the body surface is re-
quired. The flow solution can be obtained by a conventional Euler/Navier-Stokes
flow solver with the Vorticity Confinement method to capture the vorticity. By us-

ing a confinement function based on a smooth “F” function, vorticity can be shed



from smooth surfaces as well as surfaces with sharp corners, and can be confined
within a few grid cells. By incorporating a moving embedding grid technique, this

method can solve rotor/body flow problems.

1.2.2 QOrganization

The dissertation is organized into four main sections. First, the back-
ground of the present study is presented. Conventional methods for treating vor-
tex dominated flow are briefly reviewed. Second, the present numerical methods
used for the simulation of flow over complex configurations are described. Third, a
thorough analysis of the simulation results is given. Comparison with experimental
results is made whenever possible. Simulation results are presented graphically to
illustrate the qualitative character of all key flow structures. Finally, conclusions

and recommendations are presented relating to the present work.



Chapter 2

PHYSICAL PROBLEM AND NUMERICAL APPROACH

2.1 Physical Problem

The physical problems solved in the present study involve flows over a
complex aerodynamic configuration. Although the numerical method employed
here is applicable to both compressible and incompressible flows, only incompress-
ible flow is considered in the present study. Viscous effects, including flow separa-
tion from solid body surfaces are simulated in the present computational scheme,

as well as convection of free vorticity.

2.1.1 Governing Equation

The governing differential equations are the incompressible unsteady flow
equations:
Continuity Equation:

V.¢d=0 (2.1)
Momentum Equations:

0:¢ = —(7-V)§+ Vp/p+pV?q (2.2)

where t is time; p, p, and p represent pressure, density, and the diffusion coefficient,

respectively, and ¢ is the velocity vector. For example, in Cartesian coordinates, ¢



is given by
§=ul+v] + wk. (2.3)

In the present study, a “split velocity” scheme [10] is employed, the mo-
mentum equations 2.2 are solved in two steps, velocity convection and velocity

diffusion. The variables p, p, and p do not explicitly appear in the flow solution.

2.1.2 Boundary Conditions

At the far field, the flow is equal to free stream, i.e:

‘ﬂqu-'oo

where B indicates the far field boundary and g, is the freestream velocity.

At the solid body surface, the no-slip condition is imposed

(ﬂs=0

where s indicates the solid body surface.

2.2 Numerical Approach

To represent the complex configuration in the computational domain, a
scalar function “F” is introduced. This function is defined at each grid node. The
solid body surface is determined by F' = 0. The flow, both inside and outside the
complex configuration, is solved by a conventional Euler/Navier-Stokes flow solver
with Vorticity Confinement on a fixed Cartesian grid. The boundary condition on

the solid body surface is treated by applying a “confinement” method based on the
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F function. With a moving embedding grid technique, this method can be used

for solving rotor/body flows.

2.2.1 Salient Features of the Method

A significant feature of this method is that the flow is solved in a fixed
Cartesian grid. No body conforming grid is required. The solid body surface
is defined by a smooth scalar function—-F', so that there are no other logic and
bookkeeping required for determining the boundary region. Another advantage of
using a Cartesian grid is that a conventional flow solver can be employed in this
method. The governing equations can be easily discretized in the Cartesian grid.
With the vorticity confinement scheme, vorticity can be constrained to thin regions
in the flow field including those near the body surfaces. The velocity inside the
body, where F' < 0, is driven to zero during the solution process, and the no-slip
condition is imposed on the solid surface, where F' = 0. By using the confinement
method based on the function F, vorticity can be separated from smooth as well

as sharp surfaces, and, the total vorticity in simulated boundary layers is correct.

2.2.2 Numerical Procedure

1) As a preprocessor, a scalar function F' is generated based on a given
well-defined body surface geometry. This function F' is defined at each grid node

such that:
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< 0 inside body
F<{ =0 on the body

>0 outside body

2) The flow field is first solved by an existing flow solver. The primary
or primitive (p,u,v,w) variables are only used in this computation. Low order
accurate and diffusive schemes can be employed.

3) Vorticity confinement correction is added to the velocity field every-
where outside the solid body surface. It constrains the vorticity within 2 ~ 3 grid
cells.

4) For the region inside the solid body surface the modification scheme
is to reduce the velocity magnitude to zero, while simultaneously convecting the
vorticity gradually toward the solid surface during each computation. By doing
this repeatedly in the computation, no special treatments of the solid boundary
and the grid arrangement are necessary. The velocity inside the solid will become
zero and vorticity generated by the solid/fluid interface is correctly accounted for
in a near-surface, external layer on the simulated body in a robust way.

5) Finally, for incompressible flow, conservation of mass is ensured by
solving a Poisson equation. After Steps 3 and 4, the velocity field has the property
of confined vorticity (against numerical diffusion) in the vortical region outside the
solids and ever-diminishing velocity inside the solids. This velocity field, however,
may violate the mass conservation. To impose mass conservation, a Poisson equa-

tion derived from the continuity equation is solved. That is, a velocity—~correction
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potential is solved for from the equation
Vi¢=-V-§¢ (2.4)

where ¢ is the modified velocity vector obtained after Steps 3 and 4. The final
corrected velocity for the new time level is then obtained by adding the vector V¢
to the velocity vector ¢ obtained after Steps 3 and 4. Notice that the corrected
velocity V¢ does not change the vorticity field that exists after Steps 3 and 4.
The detail numerical computation formulations for each step above are

described in Section 2.4.

2.3 Vorticity Confinement Method

2.3.1 Description of Method

The Vorticity Confinement method is based on adding a simple term
to the Navier-Stokes fluid dynamic equations. When discretized and solved, these
modified equations admit convecting, concentrated vortices which maintain a fixed
size and do not spread, even if there is numerical diffusion in the computed flow
field. In many flows this is sufficient to provide accurate results. The main point
is that the final results are often not sensitive to the exact computed vorticity
distribution within the vortex core as long as it is not spread too much by the
numerical scheme. The solution only degrades if vortices spread so much that
their cores overlap or intersect solid surfaces; otherwise, it is accurate. (This is
obviously the case, for example, for interacting axisymmetric vortices since the

induced velocity outside a vortex core at a given point does not depend on the
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distribution inside - as long as the core does not grow so large that it overlaps the
given point.)

This modified scheme uses only vorticity and primitive variables on an
Eulerian grid, but has greatly enhanced vortex capturing and convection capability:
It allows the convection of highly concentrated vortices without numerical diffusion.

In this method, vorticity is represented on the computational grid as in
standard methods, but is captured in a minimal number of grid cells (~ 2), with
no numerical diffusion. As in conventional methods, only primitive variables and
vorticity are used, with no auxiliary, geometric variables.

Thus, it can be seen that a standard Navier-Stokes solver, used together
with the Vorticity Confinement technique, can provide very good results for cases
where concentrated vortices are shed from the boundary layer and their effects on

the creation of new vortices must be accurately accounted for.

2.83.2 Basic Formulation of Vorticity Confinement Method

The method involves adding a term to the momentum part of the con-
tinuum Euler/Navier-Stokes equations. The extra “Vorticity Confinement” term
is local and simple to discretize. It is non-zero only within the vortical regions
and does not change the total vorticity or mass within those regions. The basic
technique is applicable to general compressible and incompressible flows. For con-
ciseness, the “Vorticity Confinement” method is described here for incompressible

flow only.
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For 3D unsteady flows,
V.¢g=0 (2.5)

0 §=—(q-V)q+Vp/p+uV3i+es (2.6)

where ¢ is the velocity vector; ¢ is time; p, p, and u represent pressure, density,
and the diffusion coefficient (representing numerical diffusion), respectively. The
additional term, €3, is the “Confinement” term where the numerical coefficient ¢

controls the size of the convecting vortical regions. The “Confinement” term has

the form:
R (2.7)
where
n = Vy/|Vn| (2.8)
and
W=V x§q (2.9)

is the vorticity vector. 7 is a scalar field variable that has a local minimum on the

centroid of the vortical region:

n=—|d| (2.10)

For the confinement term, 7 is a unit vector pointing away from the centroid of
the vortical region and the term serves to convect & back towards the centroid as
it diffuses away. This convection increases the diffusion term and a steady-state
form results when the two terms become balanced. It is noted that steady-state

solutions exist for any positive value of €. For the present types of flows, it appears
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better to discretize the set of Equations 2.5 and 2.6 for problems which have thin,
well-behaved vorticity distribution, even in the presence of the numerical diffusion,
than to discretize the unmodified equations which only admit vorticity regions that

continue to spread, if there is any numerical diffusion.

2.3.8 Salient Features of the Vorticity Confinement Method

An important feature of the vorticity confinement method is that the
correction is non-zero only in the vortical regions. The correction of the velocity
effectively convects vorticity back towards the local maximum of the vortical region
and therefore the total vorticity is conserved. It can be shown that the correction
also conserves mass and averaged momentum. Unlike artificial viscosity-like terms
which are non-zero everywhere except near discontinuities, this correction vanishes
outside of vortical regions. Another important feature concerns the total change
induced by the correction in mass, é1,, and velocity, 51_;,, integrated over the
vortical regions. In general 3-D flows, because of the vanishing of the correction

3, outside the vortical regions,
5Ip=e/V-.§‘dv=0

61-;:6/V><§'dv=0

where the integration is done over the vortical regions. Another important quantity
that can be conserved with the method is momentum. Consider a thin vortical

“line” that is slowly varying along its length, and a 2-D section of this line, and
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write for the change in momentum there:
6T = [ 5dA
where the integral is over the 2-D section. In this case:

§S=W X — Xk
§=Q Vel

o
where w is the value of & in the direction of a vortex line, k, and Vw and § are in

the 2-D plane of the section. Then
81y = epJ x k

where

- Vw

In general, J will not be zero. However, for the class of w distributions
that have two axes of symmetry (such as elliptical distributions) J will vanish due
to symmetry. The confinement term is intended to be used where thin vortical
regions are convected over relatively long distances and where the velocity (except
for that due to the vortex) varies slightly on a length scale of the vortex diameter.
In that case the viscous terms are expected , either due to the basic numerical
convection process or added explicitly, to symmetrize the w distribution, since any
strong, concentrated vortex will be spinning rapidly. As a result, the time averaged

values of J and hence 81y are expected to be small.

2.8.4 Closed-Form Solution: Azisymmetric Vortez

The results of applying of the “Vorticity Confinement” method can be

illustrated by a computation of a simple 2D flow, where an isolated axisymmetric
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vortex moves in a uniform flow. If 7 is a position vector defined with respect to

the center of the vortex, then Equations 2.8 and 2.10 will give
n=7/r (2.11)
where r = |]. The velocity of the flow field can be represented by
q=Goo + T(r,t)€ (2.12)

where g, is the uniform velocity, T is the azimuthal velocity magnitude contributed
by the vortex, and €p is a unit vector in the azimuthal direction. Substituting this

into the modified momentum equation, 2.6, in a frame convecting with ¢, one has
&G=uVi§—en x 3 (2.13)

If ¢ = 0, the solution is
T = [To/r)(1 — e™"*/24) (2.14)

where Tj is a constant. This, of course, results in a continually spreading vortical
region with radius proportional to 1/2ut and no non-trivial steady solution.

When € > 0, the steady solution of Equation (9) with 8, =0 is
T = [To/r]ll = (1 + r/a)e”"% (2.15)

where a = p/¢ is the length scale. The existence of the steady solution shows that
the added confinement term effectively balances the diffusion by convecting the

vorticity back toward the vortex center.
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2.3.5 Confinement Term

The confinement term is added explicitly at each time step. A formulation
that has a bias towards smaller values of n(—|Vw|) is used. The correction then
transports vorticity towards regions of small 5, while conserving total vorticity.
This has proven to be a robust scheme. If a grid cell with velocity defined at the
nodes is considered , then the box-type central differencing used to compute the
curl results in an w defined at the cell center. Then average values of 7 at the nodes
are computed, and a unit vector pointing away from the centroid of the vortex are

evaluated at the cell center:
V.
[Vn|

n=
The correction to be added to the velocity is then simply
0, = —eAtait X & (2.16)

where ¢ is a relaxation factor (which can depend on grid cell dimensions) and q;
are weights computed at cell nodes (labeled !) to enforce the biasing. A simple

form of weighting function is used:
a; = min(0,m — 7)
where

a

a) = —
Zlaf

and where 7 is the averaged value of 7, over the cell nodes.
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2.4 Cartesian Grid Method

A scalar function F is first defined on the entire grid to describe the
complex configurations. It is convenient to define a function that is zero at the
solid surface, positive outside the solid, and negative inside the solid. This function
can be defined analytically if the solids are of simple shape, or defined numerically
if the solids are complex. The whole region is solved by the following numerical

steps, where an initial uniform flow is assumed:

1. Velocity convection and diffusion: the velocity at every grid node, except the
far boundary, is solved by an existing 3-D incompressible Navier-Stokes flow

solver;

2. Velocity correction using vorticity confinement: the velocity within the ex-
terior region, where F' > 0, and vortical, is modified by use of the vorticity

confinement where 7 is based on Equation 2.8;

3. Body surface boundary condition: the velocity within the interior region,
where F' < 0, is first multiplied by 1./(1 — F)2. The velocity is then modified

by the confinement but with the normal vector, 7, based on n = |F|

4. Mass conservation: the velocity field is updated and corrected by enforcing

the continuity condition of equation 2.1.

The details of the numerical computational procedures are described in

the following sections.



2.4.1 F Function

A scalar function F is defined on the fixed Cartesian grid. Several nu-
merical methods have been used to obtain distributions of this function that define
solid body surfaces. Numerical methods used in this study are summarized below.

a) A simple analytical geometry body surface.

The F' function can be obtained from an analytical function for a simple
body geometry. For example, for an ellipsoid in a 3-D Cartesian coordinates,

(z,y, z). The following can be written for the function F' in such case:
F = oz — 20)* + Bl(y — o)’ + (2 — 20)*] — @ (2.17)

where z¢, yo, and 2o are the center of ellipsoid, a, £, and a the parameters to
determine the shape of ellipsoid. The ellipsoid surface is defined by F = 0. The
outside region, F' > 0, is where the flow physically exists.

b) Body surface is given by a number of points.

An iterative method is employed in this case. Initially, a positive number,
eg. 1, is assigned to F at outer boundary while a negative value, eg. —1 is set
at a point inside the body surface. (These F' values are fixed during the iteration
procedure). F value of zero is initially assigned in elsewhere. At each iteration,
the F' value at each given point is calculated, then the F' values at the neighbor
grid points are redistributed to ensure the F' value at the given points to be zero.

A simple iteration method is used here for computing the F' value at a
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grid node for the next iteration.

Fif = wFl+ Qe (Fry g+ Flyjut (2.18)
Flive + Flioy e+ Fliker + Flieo)
where w is the relaxation factor.
At each given surface point p, the value of F' is computed by the inter-

polation function:

F,=I(F,X,) (2.19)

where Xp is the location of the surface point p and [/ (Q,)? ) is an interpolation
function for calculating the value of @ field at location X. A standard bilinear
interpolation is used here. For a uniform Cartesian grid in 3-D, dr = dy =dz =1,

the function 1(Q, X) has the following form:

I(Q,X) = (1=r)1=ry)(1=7)Qijk + ra(l = 1y)(1 — 1) Qugr,ipt
(1 - rl‘)ry(l - rz)Qi1j+l,k + (1 - rz)(]‘ - ry)eri|j1k+1+ (2.20)
r2Ty(1 = 12)Qiz1 41k + T2(1 — 1y )72 Qi j ka1 +
(1 = re)ryrzQijarkes1 + TaTyT2 Qi j41,k41
where 1, 7, k are the index of the grid cell, in which the point X is located, in z,y, 2

direction respectively, and

X = {=z,y,z}
Te =T = Tijk
Ty =Y — Yisk

T =2 — 2{jk-
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Then the value of F at the neighbor grid nodes of p is redistributed by a

distance weighting procedure

Fi=F - F,W, (2.21)
where the weighting factor
W= /3y L
o dpy’ 15 dp,
where d,; = |X) — X',,| is the distance from grid node { to surface point p.

As the result, although the F' values at the given points are not exactly
zero, the F' function varies smoothly from negative to positive F-regions, and the
points F' = 0 define the body surface.

c¢) The body surface is given by a number of panels.

In most cases, the complex geometry will be given by a number of con-
nected panels. In such a case, the F' function can be defined as a distance function.
The F value at each grid node is defined as the normal distance from that grid
node to the closest panel with an assigned positive sign outside the body, and a
negative sign inside the body.

To simplify the computation, for each grid node, the normal distance
from that grid node to the closest panel is approximately equal to the minimum
distance from that grid node to the center of all panels.

For a panel with n nodes, the center of this panel is obtained by:

X. = %( z"jl Xn). (2.22)
m=

To compute the F function at each grid node, 7, the distances from that
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grid node to all panel centers are calculated first:

d, =X, —Xi 2.23)

= (@pe = 22 + (e — ) + (2. — 2)?
where )_(‘pc is the coordinate of the center point of panel p. Then the distance from

the grid node X; to the center of closest panel is
di = min(d,-,l, d,’yg, ey d,‘yp, e ,d,',np)

where np is the total number of panels.
To determine the sign of the F' value, the normal direction of the closest
panel p, Np, is calculated.
N, = AB x AC (2.24)
(NP). = (y8 — ya)(zc — 24) — (yo — ya)(28 — 2a)
(NP), = (25 — za)(zc — Ta) — (20 — 24)(zB — T4)
(NP). = (z5 — z4)(yc — ya) — (zc — 24)(yB — ya)
where AB, AC are the sides of panel p shown in Fig 2.1.
The sign of an F value is calculated as:

$ = sign(Np - PH) (2.25)

where PH is a vector from the center of closest panel p to the grid node 7, and



Figure 2.1: Distance from Grid Node i to Surface Panel p.
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-

(PH). = (2 — %)
NP . PH = (NP),(PH), + (NP),(PH), + (NP),(PH)..

Then, the F' value at the grid node i is determined by

Finally, the values of the F' function are normalized by dividing all F
values by the minimum value of F, F = F/Fy, so that the minimum F which

appears in the center of the solid body is equal to —1.

2.4.2 Velocity Convection and Diffusion

“Convected” velocities are first computed on the Cartesian grid,

Ft = CF (2.26)

where C is the convection procedure, §7*!

is the velocity field after convection, ¢*
is the velocity field in previous time step. In the continuum limit (for small time

step At), 2.26 can be written:
ot =q - ATV (2.27)

Any existing accurate numerical convection routine could be employed here. A
simple, first order in time and space, robust explicit scheme was used in the present
study.

First, the location of a flow particle is found by a one step backward Euler

method, in 3-D Cartesian grid system, for each inner grid node ¢, 7, k, it can be
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formulated as:
ikimag = Xirqge — O 4 (2.28)

for 1 < ¢ < tmaz, 1 < jJ < jmaz, 1 < k < kmaz, where At is the time
step, i; velocity at the grid node ¢,j,k, )?i,j,k coordinate of grid node i, j,k.
imaz, jmaz, kmaz are the total number of grid nodes in ¢, j,k direction respec-
tively.

Then, the velocity field at next time level at node i, 3, k, is interpolated
from previous velocity field:

at point Xi,j,k

tmag
q;zi-,t:,lk = I(qﬂ3xi7jykimag) (2.29)

where [ is the interpolation function described in Section 2.4.1.

This numerical procedure is equivalent to a first order upwind scheme if
the time step At is small such that the CFL number less that 1. The advantage
of using the present method is that the flow is stable even if the time step was
relatively large.

A velocity diffusion step is applied to velocity field after velocity convec-
tion, to simulate the physical viscous effects whish are not computed in the present

study. For each grid node,

ntl _ e+l 101 n+1’ 41’
ql."j‘k - agl,‘,J,k + 6(1 a)[ql,'.*,l’j’k + qli—l,j,k+ (2 30)
e S LN S L NS L as L '
ql.‘,J’+1,k + qli,j—l,k + qli,j,k-{-l + qli,j,k—l]

where 0 < a <1 is the smoothing factor.
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2.4.3 Velocity Correction Using Vorticity Confinement

To overcome the effects of numerical diffusion and capture the vorticity,
vorticity confinement is employed after the calculated velocity convection. A ve-
locity correction, dgs, is made on the grid so that, at each grid node, vorticity is
confined:

G =gt + gt (2.31)
where g7t is the velocity field after convection.

The function of this correction, as described in Section 2.3.1, is to con-
vect the vorticity toward vortex center. Fig. 2.2 shows the functions used in this

correction.

First, the vorticity field is computed at each cell center:
o=V xgh (2.32)

where

G = w4+ ol 4wtk (2.33)

Then the vorticity components in each direction are:

aw;t+1 av;H'l
Wy = -
‘ dy 0z

o = oult!  Qutt?
v 0z Oz
_ av?ﬂ aurlz+1

Y= "oz Oy

Numerically, in a uniform 3-D Cartesian coordinate system, Az = Ay =



o

eridnode @ F, 1,8

Figure 2.2: Vorticity Confinement Grid and Functions.
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Az =1, these can be discretized as:

Wi jx = %(w?:il,k - ?‘tlk + 111:1,141,:: - w?-tll,j,k"'
;l"-:il,k+l - wm.lm + w;li-tll..1+l,k+l - w?::,hk-f-l)_
3 ?.T,-,lw - v?i-,';,lk + v?:}.j.m - U?‘ﬁ,,-,k'*'
ﬁti,;,lﬂl - vﬁtia,k + v?ati,ﬁx,ku - vﬁti,ﬂl.k)
Wy, 5k = %( 711-'-;;+1 - u?ttlk + u?:ll.j.kﬂ - u?:llyj.k+
111:;11,1,)&1 - u?-tluk + u?:ll,jﬂ,ku - u;“_tll,j“’k)—
%( ?:iak - w?:lk + w?:i.ju,k - w?:,-il,k‘*‘
?:11,1,k+1 - w;",“:,lk“ + w?:f,ﬁl,kﬂ - wﬁ;ix,ku)
Wzijk = 41?( ?iti,j,k - ?.-tlk + ;li-ti,j+l,k - v;li-:-li-l,k-'-
'{Lit},J,"'f'l - Ili-:,lkﬂ + v?«ﬁ,ﬁl,kﬂ - ”?«ﬁil,m)‘
%( ;Lj_-:{-lk - u?.tlk + u?:ll,j+l.k - u;lltll,j,k+
u?::lwtl,kﬂ - u?jjkﬂ + u?:ll.j+l.k+l - u?itll,;,kﬂ)‘

where w;, wy, w, are the components of vorticity in ¢, j, k direction respectively.

The vorticity magnitude is also calculated at each cell center by:

& = \J/w? + w2 + w? (2.34)

or, in discretization form,

S = 2 2 2
liin = \/wx-',j,k F Whn T 9

Then, the scalar field 5, which has a local minimum on the centroid of

the vortical region, is computed at each grid node by equation 2.10:

n = —|d|
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niijk = _%(|5|11]1k + Id)‘lt,]—l,k + |‘b‘l'1]1k—1 + |5|’1J_11k_1+
15—,k + |Gli-1,-1,6 + 1Bli-1,56-1 + [Bi-1,5-1,8-1)-
The unit vector 7, which points away from the centroid of the vertical

region, is computed at the cell center by equation 2.8:

= Vn/|Vn|
where
Vi = %h g—zg“’+ %/}' (2.35)
and
ol = (Gl + Gl + By (2.30

5 1
(32)iik = s(Mit1,5k = Wik + Midr,j41k — Mij1,6+

Mit1,ik+1 — k41 + Mid1,j41,k41 — Dij+1,k4+1)

9 _ 1( . o o
(5p)iik = 3(Migrrk = Mgk + Mitrjerk = Titr ikt
Mi+1k+1 = Mg b+l + DL j+1k+1 — it b+1)
2] _ 1
(3)igk = 3Mijks1 — Mgk + Mirrke1 — Mitr,ie+

Mij+1,k+1 = Mit1,5k + Mit1,541,k41 — 77i+1,j+1,k)

so that the mesh values of [Vn]| are computed from:

0 0 0
(197 = \/ (G2)hse+ (;93 2wt GG

Hence, the numerical evaluations of the unit vector components on the

mesh are given by
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a
o (3R)igk

ook = oY o

PP (IVal)isk t+ €
o (5)isik

P (V)i €

ol
I &) A
T (IVnDisk + €

where € is a small number for avoiding numerical overflow. By using equation 2.7,
the confinement term, 3, is evaluated at the grid node.

The components of § are

Sziin = Mz Wy ™ Tyi;xWai ok
Syige = Mz xWaijn = Moy Wz 54
Szijk = My aWrije — Mo kWi x
so that
-‘. i —
Sijk = (Sx.',J,k’sy-‘.j,k’sZ-',j,k)
The value of the F' function at the cell center is averaged from F' at the

neighbor grid nodes:

Fo.,o = §(Fijk+ Fijnip + Fijper + Fijrrpn+
Firvik + Firrjenk + Fivjper + Figrie i)
For each cell center, if Fo > 0, the velocity correction that confines

vorticity is calculated by the equation 2.16:

5(}3“ = —eAtait X @
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The average value of n at cell center is calculated by:

— 1
Tigk = 5k + Migrrk + Migksr + Mj+1he1+
8

(2.37)
Ni+1,5,k + Mij+1,k + Nigk+1 + 771',1'+1,k+1)
and weighting factors are
! N n.
a, = mzn(0,77£+1,j+1,k+1 - Ui,j,k)
: _ _
a; = min(0, Nit1,541,k — ﬂi.j.k)
ag = mZN(O, Ti+1,5,k = ﬁi,j,k)
' : 7
a; = min(0,ni41,5k+1 — Ui,j,k)
ag = min(0, 7 j+1,k+1 — Tijk)
aé = min(O,T]i,j+1,k - ﬁi,j,k)
ay = min(0,mk — Tijk)
ag = min(0, Mijk+1 — ﬁi,j,k)
so that with
8
=1
the weighting factors are normalized to
% forl=1,8 (2.38)
Q= —-—" = )
T d, e ’

where, again, ¢’ is a small constant added to avoid overflow.
Then the velocity correction at this numerical step, for the grid nodes

around each cell center, is:

n+1

— m+l
DRigrjirhm1 =

Nigrmer EAta1Sit1,j+1k+1
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Gitsmn = Bln — OGSk
‘E:i,j,k — d?it},j,k — eAtasSiy1,jk
Goornr = Biyuen — EO1S ke
(j;l-’.:il,k+l = q;l-‘-,til,k“ B eAtasgi,j+l,k+1
q;-‘-:'il,k = d?:;ily" - 6Ata6§‘i'j+l'k
‘j;l.-,t-,lk = q’i"tlk ~ eAtarS; jk
q;l.'-:,lkﬂ = q?i-:,lkﬂ - 6Ata8§i,j,k+l

where ¢ is the relaxation factor, At the computational time step.
Notice that this correction is explicitly performed for each grid cell, hence
velocity at some grid nodes may have more than one correction in the same time

step.

2.4.4 Body Surface Boundary Condition

The flow field is solved in the whole computational domain, including
inside the body where F' < 0. At each computational step, the velocity inside

the body is corrected by using the F' function confinement to convect the vorticity

toward solid body surface.

First, the velocity is multiplied by a factor o:
Gt = oqpt (2.39)

where

m fO‘I'F<0
1 F>0
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@3+t is the velocity field after the vorticity confinement correction has been made.

As the result, the velocity inside the solid body is gradually reduced.

Then, the correction is applied by:

qg+l _ q§+1’ n é-qgﬂ (2.40)
where
ST = epfip x &

. _VF

T VF]
e forF <0

Ep =

0 F>0

€ is the confinement parameter same as described in Section 2.4.3 and & = Vx g+"
the vorticity after the vorticity confinement step has been conducted.

The numerical computations in this correction step are similar to the
vorticity confinement step described in Section 2.4.3.

Notice that this correction is only carried out inside the body surface,
where F' < 0. As such, the vorticity generated inside body surface is convected

toward the body surface.

2.4.5 Mass Conservation

A potential is solved on the Cartesian grid so that the sum of the gra-
dient of the potential and the convected velocity with corrections enforces mass

conservation.

FHl = @t 4 ygrH! (2.41)
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The potential, V¢"*!, satisfies the Poisson equation
Vit = -V . Gt (2.42)

where
Oul 1 ovy 1 ows 1
v - -n+1 3 3 | 3

% Oz Jdy 0z
The right-hand-side of the Poisson equation 2.42 is evaluated at the cell center:

(2.43)

(—V . q_gﬂ)i,j,k = _%(Ug:lx,;’,k - ugctlk + ug;:-ll,j'fl,k - u:r;"-vti""-*-
ugitll.j.k+1 - ugj;kn + ug-'tlx,ju,k“ - uélfil*""“)
—31{( g.'-:‘lﬂ,k - vga‘-:',lk + vg.ti,nl,k - ;‘ﬁ'j"‘+ (2 44)
Ug::i-l{-l,k+l - Ug.-,t,lkﬂ + vgiti,j-#l,k-#l - vg‘ti’f""“)
—1l g.t}k+1 - gntlk + g:‘ti,j,kﬂ - g:*i'i"‘+
giti.:,kﬂ - wg{-—tlld,k + g:i,j+l,k+l - g:i'f“'“)

Any existing Poisson solver can be used for this step. A Cartesian grid
Poisson solver, consisting of FORTRAN subprograms HW3CRT and HWSCRT of
“FISHPAK?” [12], was used in the present study for 3-D and 2-D Poisson equation
solutions respectively. The Neumann boundary condition, gg = 0, was imposed

on each boundary of computational domain.

2.4.6 Initial Flow Field and Far Field Boundary Conditions

Initially, the flow field is set to uniform flow in the computations of flow
over a complex configuration .

Assume the freestream is in the ¢ direction in 3-D Cartesian system. The
velocity, § = (u,v,w), at time t = 0 is set to:

P =Vei
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which numerically is, for each grid node in the computational domain:

0 —

Ui jk = Voo
0 —
ik =0
o _
w; ;e =0

where u, v, w are the velocity components in ¢, j, k direction, respectively.

The far field boundary condition is explicitly imposed after velocity con-

vection and corrections, at every time step. At the upstream boundary, the velocity

is set to the free stream velocity:

-n

q,k =

n-1 _ -0 _ 7
Wik = Qi = Vool

The velocity at other boundaries of computational domain are linearly

extrapolated from the inner domain:

(j?ma.r,j,k
Qi1 k
qz:jma:c,k
@hia

-
q; Jkmazx

2(-1?maz—l,j,k - qzlmax-—2,j,k
2@ o n — Giak
26::jma.1:—l,k - qztjmaz—Zk
2Gi52 — Giia

-n —n
2qi,j,lcrrm.z:—l - qi,j,kma:c—2
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2.4.7 Pressure Computation

The pressure coefficient C,, is derived from the modified momentum equa-
tions 2.6 and the numerical procedures for solving that equation.

Starting with the inviscid modified momentum equations,

8= —(q-V)§+Vp/p+es (2.45)

and the numerical relationship of equation 2.41 where

gt =gt + vert! (2.46)

and, where @3*! is the velocity field after velocity covection, diffusion and correc-

tion, ie.

G =7 - A" V)T +€d) (2.47)

then equationo 2.46 can be written as:

T = +q = AT V)" +e3) + Vgt (2.48)

with equation 2.45 discretized as shown below,

T =7 - A V)T + Vp/p +€3) (2.49)

then by combineing equations 2.48 and 2.49, the relation between the pressure,

p, and potential, ¢ can be derived:

Vp = -éw"“ (2.50)
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Then:

p=—4 (8" +C . (2.51)

where C is a constant. To determine C, assuming ¢ = 0 at far field boundary,

then C = p,,. Hence

P— Do = __Af’t(¢n+l) (2.52)
By definition:
P~ Po
= 2.
@ %PooVoQo (2.53)

The C, for present method has the form:

__2¢
AtV2

C, = (2.54)

Notice that, for incompressible flow, p,, = p.

2.5 Helicopter Rotor and Body Flow

A major application of the present method was to compute rotor/body
flows. A rotor/body flow can be solved by using a moving embedding grid technique
together with the present method. The rotor solution is first obtained from a
separate rotor solver, the Transonic Unsteady Rotor Navier-Stokes(TURNS). This
solution is then interpolated into the body grid which is the fixed Cartesian grid.
Finally, the rotor/body solution is obtained by the present method on the body

grid.
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2.5.1 The Computational Grid

Two grid systems are used in rotor/body flow computation. A C-H type
grid is used for the rotor solution and a Cartesian background grid embeds the
entire flow field and body. The approach used for geometry decomposition and
domain discretization was a combination of a background Cartesian grid and a
topologically simple, body-fitted grid. The background Cartesian grid is a simple
way to efficiently discretize the overall domain and resolve the dominant flow fea-
tures away from the rotor. A body-fitted grid was used to resolve the geometric
detail of the configuration and the viscous dominated regions of the surrounding
flow field in rotor solution computations.

A C-H grid is used for rotor computation in the TURNS code. In order
to obtain a better vorticity distribution, the C-H grid behind the blade tip has
been modified. At each rotor cross section in the span wise direction, the grid was
made uniform instead of being stretched. Fig. 2.3 shows the C-H grid that has
been using for a fixed wing computation. Fig. 2.3(a) shows a cross section view of

whole grid. Fig. 2.3(b) shows the grid near the wing surface.

2.5.2 Blade Solution

In the present study, the blade solution was supplied by Mr. John Bridge-
man [1] using a compressible Euler/Navier-Stokes flow solver TURNS.
The governing differential equations solved in TURNS code are the thin

layer Navier-Stokes equations. These can be written in conservation law form in
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Figure 2.3: C-H Grid Used for Wing Solution. 2.3(a): Cross Section near the

Wing Tip. 2.3(b): Grid near the Wing Surface
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a generalized coordinate system as follows:
R . . .1 .
0:Q + 0:E + 0,F +0,G = E&S (2.55)

where, Q = J~[p, pu, pv, pw, €]7 is the column vector of the conserved variables,
density, momentum components, and energy, scaled by the transformation Ja-
cobian and, E, F ,G,S’ are the scaled inviscid and viscous flux vectors, Re the
Reynolds number [13].

The vorticity contours of the blade solution are shown in Fig. 2.4. The
isosurface corresponds to a vorticity level at 30% of the maximum tip vorticity
magnitude. The figure shows that vorticity is highly concentrated in the rotor
tip wake within two chord lengths down stream which is the region in which the
velocity will be interpolated to the background Cartesian grid for rotor/body com-

putations.

2.5.8 Interpolation

Flow around a combined rotor and body configuration was computed
by a procedure that utilizes both a rotor solver code and a body solver code.
First, a flow solution for a rotor blade at a given angle of attack was obtained
from a solution provided by the rotor solver code, TURNS. The solution was then
transferred onto the body grid, and the subsequent body flow was computed by
the current method. There are basically two grid systems involved in the combined
solution: the blade grid and the body grid. The blade grid is fine around and near
the blade, where the body grid is relatively coarse in this domain. To be able to

transfer the blade solution to the body grid, a simple yet effective interpolation



Figure 2.4: Isosurface of Vorticity Contour of Wing Solution
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procedure was required for the present computations.

Within the body grid system, where the blade is located, two flow domains
were defined. These two domains are centered on the blade and are designated
as the inner, and the transition domains. The inner domain is surrounded by the
transition domain. That is, the flow solution on the inner domain is identical to
the blade solution. The flow solution on the transition domain is blended from
both the blade and the body solutions. Outside the transition domain, the body
solution is sought. It is noted that as the blade rotates above the body, the two
domains also rotate within the body grid. On the points of the body grid located
in the inner and transition domains, the velocity is first obtained by interpolation
from the blade solution. The interpolation process is accomplished by a simple
bi-linear interpolation scheme. In the transition domain, the interpolated velocity
is then blended with the existing body solution. The transition domain velocity
field is smoothly varied from the blade solution at the inner domain to the outside
existing body solution. In the present computation, blending is accomplished by
using a weighting function which is dependent on the distance from the inner
domain. Notice that the inner domain is large enough to include the blade and its
near flow field. In the computation of the body solution, the flow field in the inner
domain does not directly enter into the computation procedure for the body flow.

Hence, for each grid point on body grid at each time step,

q-?:c;; = leadef + qf(l:ciiy( f) (256)
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with weighting function:

1 forr<rl
J =19 cos((m/2)(r —r1)/(r2 = r1)) forrl <r <72
0 for r > r2
where r1 is the radius of the inner domain, r2 is the radius of transition

domain, r is the distance of body grid point to the center of blade.

2.5.4 Combined Solution

The combined solution is computed on the background Cartesian grid.
The helicopter body is defined by the F' function. The blade solution which was
obtained by TURNS code is first read in, then interpolated on to the background
grid. At selected time intervals, the blade solution is rotated through a defined
number of degrees, then the convection step is performed. As described in Section
2.4, the correction using vorticity confinement is added to convected velocity field
where F' > 0, and the boundary condition on solid body surface is imposed by
the correction based on the F' function. Finally, a potential is solved to generate

correction velocities that enforce mass conservation.
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Chapter 3

COMPUTATIONAL RESULTS AND DISCUSSIONS

3.1 Vorticity Confinement

3.1.1 Non-Diffusing Azisymmetric Vortex

To demonstrate the Vorticity Confinement method, an axisymmetric vor-
tex was treated and discretized on a 32 x 32 Cartesian grid. Numerical diffusion
was simulated by averaging the Cartesian components of velocity at each of a

sequence of computational steps using:
1
Gt = gl@h + @t @ + @y + 4G (3.1)
8

Then, at each step, a correction was applied as described in Section 2.3.1. This

was based on computed vorticity values, &" = V x §* and (constant) it = —F/r:
Gt =gt —en x " (3.2)

To illustrate the effects of the correction, an initial vorticity distribution
was set as constant within a certain (small) radius, and zero outside. This form,
of course, will evolve due to the applied diffusion and corrections and reach a
(different) steady state. In Fig. 3.1, initial vorticity contours of .4 and .8 of the
maximum value are plotted, together with the grid lines. Vorticity is plotted in
Fig. 3.2 along a horizontal line through the center. It is also plotted after 50 and

100 diffusion cycles, with no corrections. The vertical velocity is also plotted in
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Figure 3.1: Initial Vorticity Contours.
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Fig. 3.3 along thesame line for the same stages. The strong effects of numerical
diffusion can clearly be seen. This is expected, since the vortex is spread over only
three cells. In Fig. 3.4, vorticity at 0, 50, 100, 150, and 200 cycles are plotted, but
with one correction applied after each diffusion step. It can be seen that the vortex
quickly attains a steady-state form, as predicted by the closed—form solution. The
width of this form varies inversely with the constant, €. Vertical velocity is plotted
in Fig. 3.5 for the same stages. Since the velocity at a point away from the center
does not decrease in time, it can be seen that total vorticity, or circulation, is
conserved and does not decrease. It can be seen that with vorticity confinement,
the steady state form represents a highly concentrated, non-diffusing vortex, even

on a coarse grid.

3.1.2 Crow Instability Calculation

For this demonstration, the flow is initialized with a counter-rotating pair
of line vortices. The distance between the vortices is b, and the initial downward
migration speed of the pair is V,, which is approximately equal to I',/27b, where
[, is the initial circulation magnitude about one of the vortices. The approximate
time required for the vortices to travel downward a distance b, is thus b,/V,,, which
is denoted as T,. The downward migration of the vortices has been computed
and tracked in the present study, and the results are compared with observations.
The data of Tomassian [14], Sarpkaya [15], Liu and Srnsky [16], and Delisi and
Greene [17] are used for this comparison.

The initial parallelism of the line vortices is slightly perturbed in order
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Figure 3.4: Vorticity Diffusion With Confinement.
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to promote the onset of linking instability (also known as Crow instability). The
perturbation is sinusoidal and anti-symmetric with the peak-to-peak amplitude of
the perturbation equal to one per cent of b,. The perturbation wavelength is cho-
sen to be approximately 8.6b, , which according to Crow [18] is the wavelength at
which maximum perturbation growth should occur. Again the computed down-
ward migration is to be compared with observations, the data reported by Delisi,
et al {19]. According to this published data, the time at which vortex linking occurs
is approximately 1075.

A wavelength of 8b, was used, which was slightly more convenient than
the 8.6b, value described above. The core diameter for this case was specified to
be 0.25 b,. The computational grid, as in the first case, was equally spaced with

96 x 64 x 64 cells with 96 in the axial direction. Periodic conditions were used

| on all boundaries, so that as the pair descended through the lower boundary they
reappeared at the upper one. It was determined that the perturbations resulting
from the finite size of the computational domain were very small compared to the

mutual interaction, and did not affect the development of the Crow instability.
Results are presented in Figs. 3.6(a)-3.6(i) for an isosurface of constant
‘ vorticity magnitude corresponding to 30% of the maximum value of the initial
i state. Each figure shows a top view and a side view. Figure 3.6(e), which cor-
responds to 5.337T, clearly shows the onset of linking. This agrees closely with
the value of 5T, obtained by Robins [19], using standard numerical methods, for

a 0.20b, core diameter and a 7.6b, wavelength, and is within the range 5-9 b, ob-

served in the laboratory. (The wide range observed in laboratory experiments is
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due to the vortices having more than one wavelength.) After linking, the vortices
clearly form rings with no sign of numerical dissipation, as expected for confine-
ment method. This corresponds to the physical case, where viscous dissipation

effects do not cause any significant spreading over this time scale.

3.1.3 Computation of the Impingement of Concentrated Vortices on Surfaces

This case was used to study the interaction of descending vortices with
the ground. Cases (for different vortex starting heights) described by Barker and
Crow [20] and Delisi, et al [21], are simulated and compared. The numerical results
are qualitatively compared with these observed data sets.

The first simulated case, corresponding to the 34 cm case of Delisi et.
al. [21] involved a pair of opposite signed vortices with circulation of 250 cm?/sec
and 0.2b, core radius, with an initial separation of 10 cm, and height above ground
plane of 34 cm. The Reynolds number was 25000. The computational results and
their comparison with experiment were all very good.

In Figs. 3.7(a)-3.7(f) vorticity contours are plotted for the numerical
simulation. The ejection of surface boundary layer vorticity can clearly be seen.
A visualization of the experimental results is shown in Fig. 3.8 (from Delisi, et
al [21]). The trajectories of the centers of the computed vortex are shown in this
figure with solid circles. It can be seen that agreement of the computed simulation
with experiment is very good. Of particular importance is the distance of closest
approach to the ground. The experimental value was 12 cm as was the computed

value. (The asymmetry in the experimental data is apparently due to measurement
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Figure 3.7: Vorticity Contours for Vortices with Core Radius of 0.20b, Interacting
with the Ground.
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error. The computation was symmetric).

For comparison, the same case as above was simulated, but with core
radius of 0.12b,. The vorticity contours in the simulation at the same times as
above are depicted in Figs. 3.9(a)-3.9(f). It can be seen that separate, secondary
(and tertiary) vortices are ejected from the boundary. These orbit around the
primary vortices, altering their trajectories. This is seen in related experiments
on normally impinging vortex rings [22], as shown in Fig. 3.10. The effects of the

smaller core radius can clearly be seen.

3.1.4 Effect of Shear on Vortezx Filament Evolution

To study the effects of a shear layer on vortex convection, an unperturbed
counter—-rotating pair of line vortices were allowed to migrate in a flow field having
sufficient shear to annihilate the vortex rotating in a sense opposite to that of the
shear. Qualitative comparisons are made with the calculation of Bilanin, et al [23].

The computed sequence of vorticity contours in a 2-D plane are depicted
in Figs. 3.11(a)-3.11(h). (Note that the vortices are swept by the current out the
left side and back in the right side of the computational box since the side boundary
conditions are periodic.) It can be seen that the vortex having the same rotational
sense as the shear vorticity grows and the opposite one decays. The parameters
of the simulation were: T, = 28.3cm?/sec, b, = 7.5¢cm, core radius 0.2b,, and
the shear, dU/dz = 0.08sec™!. These were chosen to be the same as that of the
experiment of Liu and Srnsky [16]. A sequence of photos from the experiment is

presented in Fig. 3.12, which shows dye entrained by the vortices as they evolve.
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3.9(c)

Figure 3.9: Vorticity Contours for Vortices with Core Radius of 0.120b, Interacting
with the Ground.
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Figure 3.12: Laboratory Visualization of Vortices in Shear from Liu and Srnsky.
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Qualitative agreement between the computation and the flow visualization can be
seen. Note that the rotational sense of the shear in the calculation is opposite to
that in the experiment. In addition, the results of Bilanin’s calculation, referred
to above, have been compared and are in close agreement with this computation.
A 3-D isovorticity contour plot of the computation taken at the same time as the

data of Fig. 3.11(e) is shown in Fig. 3.13.

3.2 Cartesian Method

3.2.1 Flow Quer the Circular Cylinder

As a basic 2-D test case, the flow over a circular cylinder has been com-
puted. The computational grid was 192 x 64. A circular cylinder with radius equal
to the spacing between 16 grid cells was located at : = 33. Figs. 3.14- 3.16
show 3 different computed cases made with different values of the confinement
parameter, which simulates different Reynolds numbers. The vortices shed from
the cylinder surface form a Karman Vortex Street. Fig. 3.17 is a schematic di-
agram of flow regimes for a cylinder by Panton [24](page 388). In a qualitative
comparison, the results of a computational case with ¢ = 0 are similar to case (c)
in the diagram, which is for 4 < Re < 40. The computational case with € = 0.1 is
similar to case (d) in the diagram, which is for 40 < Re < 60 — 100. Finally, the
computational case with ¢ = 0.3 is similar to case (e) in the diagram, which is for

60 — 100 < Re < 200.



Figure 3.13: 3-D View of Vortices in Shear Corresponding to Fig. 3.11(e).
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Figure 3.14 (continued)
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Figure 3.15: (a) Vorticity Contour and (b) Stream Lines for Flow over Cylinder
(e =0.1).
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3.16(a)

Figure 3.16: (a) Vorticity Contour and (b) Stream Lines for Flow over Cylinder
(e =0.3).
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Figure 3.17: Flow Regimes for a Cylinder:
(a) Re = 0, Symmetrical; (b) 0 < Re < 4; (¢) 4 < Re < 40, Attached Vortices; (d)
40 < Re < 60 — 100, Karman Vortex Street; (e) 60 — 100 < Re < 200, Alternate

Shedding; (f) 200 < Re < 400, Vortices Unstable to Spanwise Bending.
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2.2.2 Flow QOver an Automobile

The flow over a generic automobile has been considered for the first 3-
D computational case. The computation was carried out on a Cartesian grid
with dimension of 128 x 64 x 64, indexes 7, j, and k, corresponding to z, y, and 2
directions, respectively. The surfaces of the automobile were generated by orienting
two rectangular boxes. The F function is first set as shown in Fig. 3.18:
—1 inside the boxes

FO =
1 elsewhere

To obtain the round shape of the body surface, the F' function was smoothed by
averaging the F' values at the neighborhood points for several cycles. A simple
iteration method was used for smoothing the F' function:

Flp= wFY+ U5 (FY 0+ FLyjut

0 0 0 0

where w is a relaxation factor.
The F function then was modified by convection in the z direction to
simulate the car shape. The convecting velocity, for each grid node, was set to

- _ 2 o i
Aeijx = czi,j,k(l - ‘Tm,k)z

where c is a constant.

The one step Euler backward scheme, which was described in Section 2.4.2,
was used for convecting the F' function with velocity g;. Notice that the convection
is only performed in z, or ¢, direction. First the location of the flow particle is

found by:

xi!jykima = ziv]vk - uci,j,k



78

Figure 3.18: Initial F' Function for Generic Car.
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where u. was the convecting velocity (g.) component in z direction. Then, the F

function was obtained by the following interpolation steps:

. Ti 5,k
tima — ,dxlma + 1

T2 = Tijkima — (lime — 1)dT

Tz

Fiid = (it (1= DV
where dz = 1 for the uniform Cartesian grid.

The final F function for computing flow over the generic automobile is
shown in Fig. 3.19.

The flow field was initially set to free stream velocity V41 in the entire com-
putational domain. A convergent solution was obtained in 80 time steps. Fig. 3.20
shows the vorticity contour at the mid plane of the generic automobile. The con-
centrated vortices generated from body surface can clearly be seen. Fig. 3.21 shows
the streamlines along the car mid plane. Figs. 3.22- 3.23 show the velocity vectors
near the body. The flow separates from the car surfaces as expected in the physical
phenomena. The pressure distribution on the car surface is shown in Fig. 3.24.
High pressure areas occurred at front of the car and the window, while the low
pressure areas were at the back of the car.

The flow over a real automobile body was also computed in the present
study. The geometry data, which contains 36864 panels and 37992 node points for
a half body, is that of a Passat Limousine B3, which was provided by Volkswagen
Automobile Company of Germany. The F function was generated by the numerical

method (c) described in Section 2.4.1. The geometry configuration with surface



Figure 3.19: Final F' Function for Generic Car.
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Figure 3.20: Vorticity Contour at Mid Plane.

Figure 3.21: Particle Trace.

81



82

: \ R TR
eSS NN AT '~._/,/,/‘L\
S R R R R R R R A = e e 4 ¢\‘}.‘\"'V" rs!_“_%
A NAONNNNN N N Y Ny e F PR e
R e N N S N U N PSS
ARSI N N L g .. "
LE S S SC S S S e N R g

P et e I T T NN NN N s s

e o - - o

e e B a6 W e e
*~.-==-:-=-:-:-===un'~wu:a:xx:xx'lxs.1.\.Ln:"’//

Figure 3.22: Velocity Vector Near the Surface (Side View).

Figure 3.23: Velocity Vector near the Surface (3-D View).
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Figure 3.24: Pressure Distribution on the Generic Car Surface.

mesh was shown in Fig. 3.25. The isosurface of F' = 0 is shown in Fig. 3.26.
Fig. 3.27 shows the F' = 0 contour line at the mid plane of the car within the
computational grid. Fig. 3.28 shows the contour lines of F' function in the same
plane. Fig. 3.29 shows the F' = 0 contour line at the mid plane in axial direction
of the car with computational grid and Fig. 3.30 shows the contour lines of F
function in that plane. The computational grid for flow over the Passat Limousine
B3 was 128 x 48 x 48, the body was 92 cells long in ¢ direction, 33 cells in width in
j direction, and 24 cells high in k direction. Due to the coarse grid, the F' function
was not as smooth in the roof and hood areas as in the other regions.

Fig. 3.31 shows the computed pressure coefficient (C,) distribution on
the body surface. The pressure value shown is interpolated to the physical body

surface, not the computational body surface which is defined by F' = 0, from the



Figure 3.25: Passat Limousine B3 Configuration with Mesh.
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Figure 3.26: Isosurface of F' = 0.




Figure 3.27: F = 0 Contour at Mid Plane with Grid.
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Figure 3.28: Contour Lines of F' Function at Mid Plane.
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Figure 3.29: F = 0 Contour at Cross Section with Grid.
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Figure 3.31: Pressure Distribution on Passat Limousine B3 Surface.

computational domain. The highest pressure (stagnation point) appeared at the
front of car, as it should. Fig. 3.32 shows the C, distribution in the mid plane.
Fig. 3.33 shows the velocity vectors near the car surface. The velocity is interpo-
lated to F' = s (where s is a small positive value, eg. 0.1) which corresponded to
regions outside the body surface. Flow separation zones from front, side, roof, and
back of the car are visualized. In the back of the car, the rear wake vortex is well

generated.

3.2.3 Realistic Helicopter (Apache) Body in Forward Flight (Rotorless)

The geometry of a realistic helicopter, an Apache-A was provided by
NASA Langley Research Center. The body surface consisted of 29562 panels with

14779 node points. The configuration of the Apache helicopter body is much more
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Figure 3.33: Velocity Vector near the Passat Limousine B3 Surface (a) Left-Front

View (b)Right-Back View.
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complicated than the automobile previously computed. It contains wings, tail and
fuselage in its configuration. The numerical configuration of the Apache helicopter
body with mesh points is shown in Fig. 1.1.

The F function was generated by method (c) described in Section 2.4.1.
Because of the complexity of the body geometry, the simple logic previously used
to determine the F distribution to define the car could not be satisfied in certain
helicopter regions. Extra work was done to check the F' function, especially the
] sign of the F, plane by plane in slices through the helicopter. For example, in the

region close to the tail, since the panels on the tail were not regularly ordered, it

‘ was difficult to use a simple logic to determine the normal distance from a grid
node to the closest panel with the correct sign. The isosurface of F' = 0 is shown
in Fig. 3.34 and is close to the body shape of the real Apache. Fig. 3.35 shows the
F = 0 contour line at the mid plane of the Apache within the computational grid.
Fig. 3.36 shows the contour lines of F function in the same plane. Fig. 3.37 shows
the F' = 0 contour line at the cross plane in axial direction of the Apache, : = 44,
with computational grid and Fig. 3.38 shows the contour lines of F' function in
} that plane.

The computational grid for flow over the Apache helicopter body was
128 x 128 x 64, the body being 82 cells long in i direction, 24 cells in width in 3
direction, and 20 cells high in k direction. Three cases have been investigated for
the Apache helicopter body in forward flight without a rotor included.

A zero angle of attack case was first computed. Fig. 3.39 shows the

surface pressure distribution on the body surface of Apache-A in forward flight
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Figure 3.34: Isosurface of F' = 0.
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Figure 3.35: F' = 0 Contour at Mid Plane with Grid.




Figure 3.36: Contour Lines of F' Function at Mid Plane.
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Figure 3.37: F = 0 Contour at Cross Section with Grid.
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Figure 3.38: Contour Lines Close to F' = 0 at Cross Section.
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Figure 3.39: Pressure Distribution on Apache-A Surface with a = 0°.

with no angle of attack. Fig. 3.40 is the C, distribution in the mid plane of the
configuration. Both figures that show the stagnation point is in the front of the
body. Fig. 3.41 shows the vorticity contours of the whole flow field. For the
purpose of obtaining a better view, the vorticity on the body surface (for F' < 0.1)
was cut off. It can be seen that the vortices shed from the fan shell impact the
tail, which causes a high pressure region in that area.

The second computational case is Apache-A in forward flight with 20°
angle of attack, again rotorless. Fig. 3.42 shows the surface pressure distribution
for this case. The figure shows that the stagnation point is located lower on
the surface. The vortices generated by the body surface are well captured, and

travel downstream to the end of the computational domain at 20° angle. The C,
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Figure 3.40: Mid Plane Pressure Distribution a = 0°.
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3.41(a)

3.41(b)

Figure 3.41: Isosurface Vorticity Contour on Apache-A with a = 0° (a) Side View

(b) Top View (c) Perspective View.
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)

3.41(c)

Figure 3.41 (continued)
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Figure 3.42: Pressure Distribution on Apache-A Surface with a = 20°.

distribution in the mid plane is shown in Fig. 3.43. Fig. 3.44 shows the vorticity
contour in the flow field.

In the third case, a modified Apache-A body, denoted Apache-D, is
treated in forward flight with 20° angle of attack, also rotorless. This helicopter
configuration has a bigger pod on one side of the fuselage. The F function was
modified by stretching the F' value at the bigger pod location. The isosurface of
F = 0 is shown in Fig. 3.45. Fig. 3.46 shows the pressure distribution on the
body surface. Fig. 3.47 shows the vorticity contours in the flow field. This com-
puted solution is different from that of the second case. The vorticity generated by
the bigger pod travels under the wing and hits the rear fuselage, which has been

confirmed by experiment.
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Figure 3.43: Mid Plane Pressure Distribution a = 20°.
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3.44(a)

3.44(b)

Figure 3.44: Isosurface Vorticity Contour on Apache-A with a = 20° (a) Side

View (b) Top View (c) Perspective View.
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3.44(c)

Figure 3.44 (continued)
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Figure 3.45: Isosurface of F = 0.
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Figure 3.46: Pressure Distribution on Apache-D Surface.




3.47(b)

Figure 3.47: Isosurface Vorticity Contour on Apache-D (a) Side View (b) Top

View (c) Perspective View.




3.47(c)

Figure 3.47 (continued)
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3.3 Rotor/Body Flow Computation

3.3.1 Generic Helicopter with One Rotor Blade in Hover

The first computational study of a generic helicopter body, and a single
rotor blade, in a hover flight mode was carried out in the present study. The generic
helicopter body was generated by two ellipsoids connected together on their major
axes. The F function for the body was generated by method(a) in Section 2.4.1.
The isosurface of F' =0 is shown in Fig. 3.48

The body grid for this computation was 128 x 128 x 64 in the 1, 7, k
direction. The generic helicopter body was located in the middle of the computa-
tional domain. The rotor blade was simulated rotating in a plane 16 cells above
the body center line. The rotor blade was simulated with 5 cells in chord, and 45
cells along the span from hub to tip. The largest cross—section radius of the body
was about 8 cells. The rotor blade was assumed to rotate at a constant speed
which resulted in an angular displacement of about 6 degrees per time step. To
reduce computing time, an interpolation region was defined by a domain of size of
40 x 40 x 20 behind the blade tip. Since the rotor blade solution is a fixed wing
solution obtained with the TURNS code, a small downward freestream velocity
was initially added everywhere to the flow field to simulate the down flow induced
by the rotor blade in hover.

A global solution at 180 computational time steps is shown in Fig. 3.49.
The tip vortices traveled downstream in a helical path about 160 chord lengths. In

the same plot, also shown are the interactions of tip vortices with the body. The



Figure 3.48: Isosurface of F = 0.

112




113

Figure 3.49: Generic Helicopter with One Rotor Blade in Hover.
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vortices were then shed from the body after their interaction. It can be seen that

the surface pressure changed in the interaction region.

3.3.2 Apache with Four Rotor Blades in Hover

The last case discussed is a simulation of an Apache helicopter with four
rotating rotor blades in hover which was computationally simulated. First, how-
ever, four free blades were computed rotating freely in the flow field with no heli-
copter fuselage present. The results of this four free-blade simulation are shown
in Fig. 3.50. The Cartesian grid dimension utilized was 128 x 128 x 64 in the 1,
7, k direction. The blades were located at 3/4 of the height of the domain from
the bottom. The solution shows vorticity levels at 30% of the maximum vorticity
magnitude generated in the solution. The tip vortex from each blade traveled one
complete revolution (56 chord lengths). The computation was performed using a
CRAY-YMP supercomputer. The solution took about 1.25 hours of CPU time.

With the experience gained in computing the four isolated, rotating blades,
the next computational case attempted was the real helicopter (Apache-A) body
with four rotor blades in hover. The computational domain was again 128 x 128 x
64. The blades were treated as rotating in 8 cells above the body. Fig. 3.51 shows
the isosurface of the tip vortices contour at level 30% of the maximum computed
vorticity magnitude. The computed surface pressure distributions on the helicopter
body surface are also shown in the same figure. The interaction of tip vortices and

the body surface can be seen clearly.
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Figure 3.50: Tip Vortices Shed From Four Rotor Blades.
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Figure 3.51: Apache Helicopter with Four Rotor Blades in Hover.
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Chapter 4

CONCLUSION AND REMARKS

A new computational method for computing flows with concentrated vor-
ticity in a simple Cartesian grid over complex aerodynamic configuration has been
developed. Several examples have been presented which demonstrate the following

capabilities of the new numerical approach. The new approach can:

1. efficiently analyze arbitrary configurations in incompressible flow.

2. reduce the set up time to solve a complex geometry problem by generating

“F” function distributions that require only 1 ~ 2 days.

3. generate and track the flow separation from solid body surfaces using a rel-

atively coarse modeling grid.
4. confine concentrated vorticity to within a few grid cells.

5. overcome the effects of numerical diffusion in the flow domain solver on vortex

convection.

6. be used to analyze general rotorcraft flow.

The computer code developed in the present study can be used as a tool
in the aircraft industry, as well as in automobile industry, for design and analysis

of new products. Typically, a new geometry configuration might only require a
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weeks effort to get a flow solution. These solutions may be also used to assist the
scientists and engineers before a test by improving the conceptual design.

Future work recommended is:

1. Improve the “F” function generator. As discovered in the computation of
flow over a Passat Limousine B3, the flow solution was sensitive to the F

function distributions.

2. Investigate the relation between the confinement parameter ¢ and the Reynolds

number Re.

3. Do quantitative analysis for the computational solutions. Compare the nu-

merical results with experimental data as data becomes available.

4. Include a turbulence model for the flow. The flow behind automobiles and
in aircraft wakes usually develops large-scale turbulence that could not be

modeled in the present version of the computational method.
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