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SYMBOLS

Density

Strength of a vortex

Vorticity vector

Heat coefficient at constant pressure

=l;—;C’; distance from a point on the centerline of a vortex
Jacobian of coordinate transformation

Pressure

Effective core radius

Position vector

Position vector of a point along the centerline

Time

Temperature

Stagnation temperature

Velocity vector

Azimuthal velocity component

Distance from the solid wall

Cartesian velocity components in x, y and z direction

Perturbed Cartesian velocity component due to an inserted
vortex filament

Cartesian velocity components of background baseflow

Cartesian coordinates

- Coordinate system attached to some nominal center of a vortex

Computational coordinates
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SUMMARY

Interactions of a modern rotor blade with concentrated tip vortices from
the previous blades can have a significant influence on the airloads and the
aeroacoustics of a helicopter. A better understanding of the hlade/vortex
interaction process and a method of analyzing its flow field would provide
valuable help in the design of helicopters. The work discussed herein
represents an initial effort in applying a three-dimensional, time-dependent
Navier-Stokes simulation to the blade vortex interaction problem. The
numerical technique is the Linearized Block Implicit (LBI) technique of
Briley and McDonald. 1In this initial effort, consideration is given to the
interaction of a wing of idealized geometry and a vortex whose axis is
aligned at an arbitrary angle to the wing. The calculations are made for
laminar, subsonic flow and show the time dependent pressure distribution and
flow fields resulting from the interaction.

INTRODUCTION

Understanding and prediction of the flow field of a modern helicopter
rotor hlade is a problem of great practical importance. However, because of
the inherent complexity of the flows surrounding a rotor blade, especially
during forward fiight, manv important flow problems still require
considerable further investigation (Johnson, 1986; McCrosky, 1986; Schmitz
and Yu, 1986). One such problem is the unsteady transonic flow assoclated
with a rotor blade interacting with concentrated tip vortices from the
previous blades (Fig. 1). The interaction mechanism can have a significant
influence on the airloads and the aeroacoustics of helicopter rotor blades.
This is particularly true in the transonic flow regime, where shock-wave
positions and strengths are sensitive to small changes in the flow
parameters. The interaction between rotating hlades and concentrated
vortices is thought to be responsible for oscillatory blade loads, vibration
and impulsive noise. Further, it has been conjectured that separation
phenomenon may be taking place during a blade/vortex encounter of arbitrary
orientation. The vortex field will induce a radial velocity component on the
blade surface near the tip region (Fig. 2). This radial flow may occur in an
adverse pressure gradient, possibly leading to separation. In addition,
close encounters with a blade will probably alter the vortex core structure
significantly and may lead to vortex bursting due to severe deformation.

A general procedure for predicting such a complicated flow field 1Is a
very demanding, yet very important task for investigation. Such a general
prediction method would provide a major tool for both the research and the
design engineer to improve both performance and aeroacoustics of a
helicopter. Since the physical phenomena of these flows contain complex
unsteady three-dimensional viscous and highly nonlinear effects, calculation
techniques for predicting the detailed flow field must rely upon numerical
approaches. This motivation has led to a major effort in developing
numerical procedures of various degrees of sophistication. Some of the
previous studies on transonic blade/vortex interaction analyses are briefly
summarized here. Interaction between rotor blades and vortices can occur
with various geometries, as shown in Fig. 3. These range from the hover
case, where a trailing tip vortex is normal to a following blade, to forward
flight, when the vortex and blades are nearly parallel under certain
conditions. Most of the previous CFD analyses simplified the problem by

-]



HELICOPTER
ROTOR BLADE

TRAILING
TIP VORTEX
Fig. 1 - Schematic of helicopter-rotor~blade/vortex interaction.
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Fig. 2 - Schematic of flow field in the vicinity of tip due to
blade/vortex interaction.
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Fig. 3 - Types of blade/vortex interaction geometry.



limiting the encountering angle to zero or m/2; i.e., the vortex is either
parallel or perpendicnlar to the hlade. The interaction of the parallel vortex
with the blade becomes a two-dimensional unsteady problem, while the
perpendicular intersection of vortex with blade would be a three-dimensional
steady problem. Some investigators, for example, George and Chang (1984) and
McCroskey and Goorjian (1983), solved an unsteady two-dimensional small-
disturbance potential equation to model the interaction of an airfoil with
parallel vortex at transonic speed. Both Fuler and Navier-Stokes equations
(thin layer) were solved by other investigators (Srinivasan, McCroskey and
Kutler, 1984; Hardin and Lamkin, 1984; Hsu and Wu, 1986; Rai, 1987) to simulate
the same two-dimensional unsteady vortex interactions. On the other hand,
either the small-disturbance potential equation or Euler equations were used to
calculate the three-dimensional flow field when the vortex intersects with the
blade at normal angle (Caradonna, Desopper and Tung, 1982; Srinivasan, Chyu and
Steger, 1981). Since the helicopter rotor problem is very much three-
dimensional and unsteady in nature, both two-dimersional unsteady and three-
dimensional steady models are limited in their ability to provide information
for the improvement of performance and aeroacoustic properties of a rotor

blade. Moreover, the transonic small-disturbance calculation can cause errors
In the important region near the leading edge unless special precautions are
taken (McCroskey and Srinivasan, 1983). These considerations, combined with the
potential viscous effects including shock-wave/boundary layer interactions,
possible separation due to an adverse radial pressure gradient near the blade
tip, and vortex instability leading to bursting due to severe deformation during
close encounters, argue strongly for a Navier—-Stokes approach to this problen.
Furthermore, near-field of blade/vortex interaction (BVI) is strongly influenced
by the leading edge boundary layer. For some types of BVI, generation of
secondary vortices have been observed experimentally (Kaykayoglu and Rockwell,
1985). A Navier-Stokes approach, which also allows arbitrary vortex angle
relative to the blade, is the focus of the present effort.

This effort represents an initial study in the application of the three-
dimensional, time-dependent Navier-Stokes equations to the analysis of the
transonic rotor blade/vortex interaction prohblem. It was designed to explore
the basic features of blade/vortex interactions and to develop prediction
methods for calculating such interactions in three dimensions under simplified
geometry and flow conditions. The present effort focuses upon two tasks:

1) Generation of a grid system with special emphasis placed on the location
of grid points to resolve the gradients of dependent flow variables within
viscous regions. Then, as a baseline solution, ohtain the steady state solution
which could be used as initial conditions for the unsteady calculation.

2) Investigation of the modeling method of an incident free vortex and
then, based upon the chosen model, calculate the time-dependent flow around the
blade interacting with an oncoming vortex to demonstrate the capability of the
present Navier-Stokes approach. Finally, analyze the results to assess the
capahility of the proposed numerical procedure and the effects of a vortex on
the unsteady airloads.

ANALYSIS
General Considerations

As a first step in applying the three-dimensional, unsteady Navier-Stokes
equations to the transonic rotor blade/vortex interaction (BVI) effects on an
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actual helicopter performance and noise, the problem of a vortex interacting
with a blade section was investigated for a simple hlade geometry. The
techniques to be investigated and demonstrated apply equally to more complex
geometric configurations, including rotor blade tips. However, in the present
effort, the emphasis is on a demonstration of the basic aerodynamic phemnomena,

and this does not require the more complex geometries.

The innovation of the present study is twofold. First is the inclusion of
the viscous effects in the computations, thus allowing the vortex structure to
change as the flow proceeds downstream, allowing hlade viscous displacement
effects to influence the vortex path, etc. Secondly, in the present study, a
vortex is allowed to encounter a blade at an arbitrary angle, unlike the
previous studies which were limited to either 0° or 90°.

Governing Equations

The unsteady, three-dimensional, compressible Navier-Stokes equations,
supplemented by an equation of state and together with the constant total
temperature assumption, form the system governing the flows in the present
effort. The total temperature assumption was made solely to conserve computer
run time and can be easily removed through inclusion of an energy equation.

The specific scalar momentum equations to be solved are the x, y and z Cartesian
momentum equations. The dependent variables chosen are the physical Cartesian
velocities u, v, w and the density, p.

The equations are then transformed to a computational coordinate system in
which the computational coordinates (£, n, ) are related to the Cartesian
coordinates (x, y, z) by

E(x,y,z,t)

n(x,y,z,t) ()
5(x,y,z,t)

=t

- ¥ 3 M
]

Use of the general coordinate system allows solid boundaries to be specified as
coordinate lines. This, in turn, allows accurate application of boundary
conditions at wall no-slip surfaces, which has proven to be a very important
consideration in obtaining an efficient and accurate solution procedure. Since,
in general, the computational coordinates may be a function of time with a
time-dependent Jacobian, the equations are cast into the so~called 'strong
conservation form' (Thomas and Lombard, 1979):

aW/D+__§.(w£t+FEX+GE!+E§£)+L(w”t+F"X+GnV+H£)
D

. 3_ (WCt + ng + G§1,+ “Cv) =_3_ (Elé& + Eiél + ELEE) (2)
3% 'D D D D 3 D D D

+ _a_ (Flnx + Glny + Han) + _a_ (Flcx + Glcy + HICZ)
an D D D 14 D D D
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and

p = ORT (3)
q2
Tg = T + —— = constant (4)
2C
)
where
Ex Ey €z
D = Nk Ny Ny (5)
Zx Oy &z
and
. — — —
p pu pv
W= pu F = pu2+p G = puv
pv puv pv2+p
ow puw ovw
L | — - _ (6)
— — e i o i — ——
ow 0 0 0
H = puw » F1 = Txx » G} = Txy , Hp = Txz
pvw Txy Tyy Tyz
pw?4+p Txz Tyz Tzz
= - - - - - | -

Equation (2), as supplemented by Eqs. (3)-(6), forms the governing equations for
the system.

Model of the Incident Free Vortex

Although the present study determines the dynamic interactions of a vortex
with a blade via a solution of time~dependent, three—-dimensional Navier-Stokes
equations, it 18 necessary to specify an initial flow field, i.e., a flow field
at t = 0, which includes an initial vortex structure. The initial vortex is
approximated by a slender tube-like region of infinite length in which the bulk
of vorticity is concentrated, as in Fig. 4. Tip vortex generation is excluded
from the present study. Over each cross-section of this tube-like region, a
mean direction, §s, as well as the strength, T, of the concentrated vorticity
can be determined. Further, inside of this compact region, a spatial curve can
be found such that its tangent is parallel to & at each cross-section. This
spatial curve is considered as the effective centerline of the slender yet
highly vortical region. The position vector of this effective centerline is
denoted hy ?c and a segment of this line is denoted by dg = dsgé.
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Fig. 4 - A schematic of a vortex



When viewed from a region sufficiently far from the effective centerline,
the slender vortex is reduced to a curved line vortex of strength, T, and with
position vector, fc. The signature of the vortex in this outer region is then
the induced velocity field given by the Biot-Savart law:

> I"(+ _*) >
V(;):—_.];f—___t-_c—[;_.xds (7)

RN

where T i{s the position vector of a point, P, in the space and ¥, is the
position vector of a point along the line vortex, C.

However, when a point, P, is located in the proximity of the vortex, the
effects of the inner structure of the vortex on the induced field must be taken
into account. Although this can be accomplished by using a so-called optimum
similarity solution (Ting, 1980) to prescribe the diffusive core structure, the
present work employs a simpler model to account for the influence of the
diffusive vortex core by multiplying the induced velocity obtained in Eq. (7)
with a factor (Liu, Shamroth and McDonald, 1986).

d2
f(d,rg) = ———— (8)
d +r02

where d = lf-fcl and rg is the effective core radius. Note that if the solid-
body-rotation model were used for simulatin% the core structure, the multiplying
factor would be the minimum between 1 and d“/rj. A model of the tip vortex as a
whole must induce a shear layer within the pre-existing boundary layer around a
blade section such that the induced velocity field also satisfies the no-siip
condition on the wall. Very little 1is known about the structure of this
induced, unsteady shear layer. The present model of the tip vortex neglects the
detailed structure of an induced shear layer in the vicinity of the wall. It is
assumed that the effect of their presence is to provide a rapid change of the
induced velocity field in the region very close to the wall such that the no-
slip condition is satisfied. These effects are accounted for by multiplying the
induced velocity fields with a factor (Liu, Shamroth and McDonald, 1986).

g(y) = 2(y)/ 2 (9)
where y is the distance from the wall and
2(y)/ 2 = tanh(ky/%9) D (10)

with
D=1- exp(-y/ %;) (1)

and k 1s the von Karman constant; 23 and 2; are some characteristic length
scales. In the present work, both £; and %; are assumed to be equal to an
estimated boundary layer thickness. Since this model of induced shear layer is
used only for constructing the initial induced flow field associated with an
inserted vortex, and not used in the suhsequent calculations, rough estimation
of characteristic length scales does not affect the final results.

As mentioned before, the tip vortex is generally curved during its
interaction with a blade. The Biot-Savart integral, i.e. Eq. (7), for a curved
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vortex filament formally contains singular terms. Although these singular terms
can be removed by analytical cancellation (Ting, 1980) in addition to the
prescription of models of diffusive core structure such as the one given by Eq.
(8), considerable mathematical and computational complexities are involved with
the evaluation of the induced velocity field of a curved vortex filament. The
present work assumes that the precise shape of the tip vortex is not of major
importance; therefore, for simplicity in setting the initial flow field for the
Navier-Stokes simulation, the tip vortex will be assumed to be straight.
However, it should be emphasized that this assumption is not required during
unsteady simulation of blade/vortex interactions, i.e., the vortex filament is
allowed to deform during its convection downstream. For a straight vortex
filament, the Biot-Savart law reduces to a simple form as

2nd

Thus, the signature or the induced velocity field of the tip vortex modeled
by a straight line vortex filament at a point, p, with position vector, ¥, is
then given by

W(t) = f(d,rg) x x g(y)

with
d2
£(d,rg) = (13)
d2+r02

and

g(y) = tanh(ky/2q) [1-exp(-y/2)]
where ¢ 18 the effective centerline of the vortices and d = Ifb-f.. The

corresponding vorticity distribution is obtained from

&= uxt (14)

In the present study, an interaction of a vortex with a blade at an arbitrary
orientation is the major focus. For the unsteady computation, a vortex filament
could be placed in the baseline background flow at swept angle to generate the
initial induced flow field. FEstimation of the induced flows can affect the
initial start-up of the computation. However, an alternate procedure to induce
an orientation of the vortex filament was utilized. The fundamental concept of
this procedure is to put a straight vortex filament in a flow field which varies
linearly in the axial direction of the vortex as shown in Fig. 5. Initially,
the vortex filament is oriented in the spanwise direction of the blade.

However, as the vortex convects at local flow velocity, the vortex gradually
changes its orientation and interacts with a blade at non-~zero intersection
angle. As a result of this procedure, estimation of the initial flow field
becomes straightforward. In addition, it should be noted that in the actual
rotor case an observer sitting on the rotor does see an oncoming flow with a
spanwise gradient.
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Initial and Boundary Conditions

At any instant, the composite flow is considered as consisting of the
background flow and the variation from the background flow. Obviocuslv, such a
variation contains not only the evolution of the initially introduced tip
vortex, but also the subsequent distortion of the background flow due to this
vortex. Let (u,v,w,p) denote the Cartesian velocity components and the pressure
_of the composite flow obhserved in a ground-fixed system (x,y,z) where x is in
the streamwise direction, y is the distance normal to the wall and z is in the
spanwise direction, then

u(x,v,z,t) = u'(x,y,z,t) + U(x,y,z) (15)
v(x,y,z,t) = v'(x,y,z,t) + V(x,v,z) (16)
w(x,y,z,t) = w'(x,y,z,t) + W(x,y,z) (17)
p(x,y,z,t) = p'(x,y,z,t) + P(x,y,z) | (18)

where U, V, W and P are the velocity components and the pressure of the
background flow which is considered as nominally steady. The variations from
the background flow are denoted by (u',v',w',p').

Solutions of the governing equations with specified Reynolds number and
freestream Mach number subjected to prescribed initial conditions, and
appropriate boundary conditions are sought by a numerical solution procedure.
Generally speaking, the initial condition, as well as the boundary conditions,
depend on the initial arrangement of the introduced vortex. The current effort
focuses upon the dynamical effects of a straight line vortex filament, submerged
and convected in a haseline steady flow around the blade, modeled as a flat
semi-infinite plate with thickness.

The base background flow is supplied by performing the usual Navier-Stokes
calculation, as will be discussed in detail subsequently. The initial, induced
velocity field associated with the introduced straight line vortex filament is
constructed with the aid of Biot-Savart law, supplemented by modifications
accounting for the effects of a diffusive vortical core and the effects of an
induced internal shear layer, as described by Eq. (13). Since the induced
velocity is obtained with Biot-Savart integral, this fileld is evaluated with
respect to a coordinate system (x,y,z) which is attached to some nominal center
of the vortex. Note that this center can be in motion. It is assumed here
that, at t = 0, a fixed vortex 1s suddenly introduced into some region of the

background flow such that

0) = u(x, ;, z,)

T
[}

u'(x, Y’ Z,

~ o~ ~ ~

0) = v(x, vy, z,)

v'(x’ y, z’ t

~ ~ ~

0) =w(x, vy, z,)

w'(x, vy, z, t

with
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~

x = x + X

~

y =y

z =z + zjg

i.e., this initially fixed nominal vortex center is located at the midpoint of
the vortex span,and it has a streamwise position, x = x;. As mentioned before,

4, Vv and w are obtained from Eq. (13).

Thus the -incipient conditions for u, v and w are completely prescribed.
The incipient condition for the composite pressure field, p, must be specified
in such a way that 1t is consistent with the prescribed composite velocity
field. By noting that (i) the induced field falls off rapidly in regions away
from the vortex, and (1i1) over a very short time span, At + 0; it is quite
valid to consider the induced field as frozen. Then, the starting pressure
field of the composite flow can be obtained hy using the prescribed velocity
field and by solving the Polsson equation of pressure subjected to the following
boundary conditions (Liu, Shamroth and McDonald, 1985).

p(f-rco, t=0)=P(f+oo) (19)

i.e., p' + 0 as ¥ » », It should be noted that this condition is used only to
compute starting pressure field consistent with the frozen induced flow field
obtained from the Biot-Savart law. The effects of this condition on the final
far-field unsteady pressure field is assumed negligible.

In the present effort, the pressure field induced (by an embedded vortex)
is determined by introducing a further physical assumption. For simplicity, the
vortex 1s assumed to be located in a uniform steady base flow. Then, the
pressure can be obtained by integrating the radial momentum equation

dp _ pVe®
dr r

where r is the radius and Vg is the velocity component in the circumferential
direction.

A consistent, incipilent density field of the composite flow must also be
supplied. 1In general, this can be accomplished by several iterations between
the results of the integration of the radial momentum equation and the solution
of the equation of state. For nearly incompressible or low Mach number flow
cases, such an iteration procedure usually can be by-passed.

As for the boundary conditions, no-slip condition is applied on the wall
plane and the density on this plane 1s calculated from the normal momentum
equation. The streamwise boundary conditions used in the present simulation
specify upstream velocity profiles and downstream static pressure distributions.
The three~dimensional case allows for spanwise variation of the streamwise
component of velocity on the upstream boundary. Other velocity components were
set equal to zero. However, for the two-dimensional case upstream total
pressure was specified Iinstead of the streamwlise velocity component. The
upstream total pressure determines the actual values of the streamwise velocity

-12-



component at the inflow section. Other velocity components and the second
derivative of the static pressure are set to be zero. At the downstream
boundary, the pressure is specified and the second derivative of all velocity
components are set to be zero. On a plane (or a line for a two-dimensional
case) which is parallel to the rigid wall, and is located sufficiently away from
the outer edge of the boundary layer, the pressure distribution is specified and
the second derivatives of all velocity components are considered as zero. These
boundary conditions are expected to be appropriate so long as the inflow,
outflow and the outer freestream planes are sufficiently far away from the
evolving vortex throughout the course of the simulation. For the three-
dimensional case, in view of the present approach to the modeling of the
blade/vortex interactions, symmetrical conditions are applied as boundary
conditions on the plane in the spanwise direction (Fig. 6).

Numerical Procedure

The numerical procedure used is a consistently split, linearized block-
implicit (LBI) scheme described by Briley and McDonald (1977; 1980). The method
can be briefly described as follows: the governing equations are replaced by an
implicit time difference approximation. Terms involving nonlinearities at the
implicit time level are linearized by Taylor series expansion in time about the
solution at the known time level, and spatial difference approximations are
introduced. The result is a system of multidimensional, coupled (but linear)
difference equations which is solved in block-implicit form using an ADI scheme
with consistent Intermediate steps. For a linear scalar diffusion equation,
this algorithm reduces to a classical ADI scheme considered by Douglas and Gunn
(1984). Warming and Beam (1977, 1978) have introduced a very concise derivation
of this algorithm using approximate factorization of the linearized
approximation written in 'delta' form. Further development and applications
have been investigated by Pulliam and Steger (1980), Thomas and Lombard (1979)
and Shamroth, McDonald and Briley (1984) and others.

The method centers around the use of a formal linearization technique
adapted for the integration of initial-value problems. The linearization
technique, which requires an implicit solution procedure, permits the solution
of coupled nonlinear equations in one space dimension (to the requisite degree
of accuracy) by a one-step noniterative scheme. Since no iteration 1s required
to compute the solution for a single time step, and since only moderate effort
is required for solution of the implicit difference equations, the method is
computationally efficient; this efficiency is retained for multidimensional
problems by using ADI techniques. The method is also economical in terms of
computer storage, in its present form requiring only two time-levels of storage
for each dependent variable. Furthermore, the ADI technique reduces
multidimensional problems to sequences of calculations which are one-dimensional
in the sense that easily-solved narrow block-banded matrices assoclated with
one-dimensional rows of grid points are produced. Consequently, only these
one—dimensional problems require rapid access storage at any given stage of the
solution procedure, and the remaining flow variables can be saved on auxiliary
storage devices 1f desired. Since each one-dimensional split of the matrix
produces a consistent approximation to the original system of partial
differential equations, the scheme is termed a corsistently split linearized
block implicit scheme. Consistent splitting has been shown by a number of
authors (e.g. Briley and McDonald, 1980) to considerably simplify the
application of the intermediate split houndary conditions.

-13-
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Fig. 6 - Boundary conditions for three-dimensional case.
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RESULTS

Under the current effort, the major goals were (l) to generate a grid
system and perform a steady base flow calculation, and (2) to investigate a
modeling method of an incident free vortex and to perform a time-dependent flow
simulation based upon the chosen vortex model. Then the results are analyzed to
assess the feasibility of the method utilized in the present study. As a means
to achieve these goals more effectively, subtasks were added. These are (1) to
investigate a two-dimensional case for the qualitative comparison with other
existing computational results, and (2) to assess the numerical stability of
the computation when a vortex convects in a sheared flow without a blade.

As discussed previously, the present effort focused upon the investigation
of the unsteady three-dimensional flow associated with the interactions of the
blade with vortices for a relatively simplified geometry and flow conditions.
This configuration assumes an elliptical leading edge geometry which does not
vary with span (Fig. 7). Similarly, the computational region is limited to the
leading edge interaction region, thus computing the flow in the region upstream
of the airfoil and the portion of the blade, as shown in Fig. 8. The
computation domain is that enclosed within boundary ABCDEFGA of Fig. 8.
Further, the flow is currently assumed to be subsonic and laminar. This
allows the present effort to focus upon demonstrating the bhasic interaction
fluid dynamic phenomena via a Navier-Stokes simulation without including the
more complex geometric and flow condition effects at this time. Basic strategy
of the present study is shown in a simplified flow chart in Fig. 9.

The Coordinate System

The choice and construction of a coordinate system is an important
component in the successful solution of the blade/vortex interaction problem
based upon the Navier-Stokes approach. Therefore, generation of a viable system
is mandatory. The coordinate system must resolve flow regions such as boundary
layers and vortex where rapid flow field change occurs. Finally, coordinates
should allow accurate implemenation of boundary conditions. The specification
of boundary surfaces which do not fall upon coordinate lines or at specific grid
points may present a difficult problem for Navier-Stokes analyses. Thus, a
body-fitted coordinate system is generated in the present work.

Many alternative approaches are available for generating body-fitted
coordinates, although in general they can be categorized into three generic
groups. These are conformal, algebraic and elliptic. In the present work, the
constructive algebraic approach has been adopted. The grid system obtained
through the constructive approach requires a calculation or specification of arc
lengths on the boundaries. Then, the distribution of grid points on and within
the boundaries are obtained based on the parameterized length. A grid
distribution is required which ohtains high grid resolution in regions where
rapld flow variations are expected. In particular, a cluster of grid points is
required in the regions of both the free vortex and the boundary layer. This is
accomplished by the use of a hyperbolic tangent function. A typical C-grid
generated by this method is shown in Fig. 10. The grids of Fig. 10 are 113 x 50
in size (but 99 x 35 for the two-dimensional case) and extend four chord lengths
in the radial direction. The spacing of the first node normal to the surface 1is
1.3 x10~2 chords. The present grid distribution was assessed against a more
tightly packed grid distribution in the boundary layer region. Comparison
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Fig. 7 - Flow geometry

COMPUTATIONAL

Fig. 8 - A schematic of computational domain (side view)
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indicated that coarse grid distribution in the boundary layer does not affect
the pressure distribution. Thus, more grid points could be distributed to
maximize the resolution along the path of a vortex. For a three—dimensional
case, the domain extends one chord length in the spanwise direction. Thirty
spanwise mesh points were distributed uniformly. Preliminary investigation
using a vortex filament in the sheared flow, as described later, indicated no
need to use a non-uniform distribution.

Two-Dimensional Results

Having generated a viable coordinate system, the next step in the process
is to obtain a solution of the Navier-Stokes equations for the specified
coordinate system and flow conditions. Before computing the proposed three-
dimensional case, a limiting case for a zero vortex interaction angle is
considered as a means to get useful experience and information for the
three-dimensional case to be considered later (Fig. 11). Since this has been a
popular case among many investigators, it 1is expected that a qualitative
validation against the other existing calculations can be ohtained even if
geometry and flow conditions are somewhat different.

The analysis consists of two steps. First, a steady base flow is obtained
by converging the solution of Navier-Stokes equations. Then, a vortex of the
specified size and strength is Inserted into the steady base flow by adding the
induced flow field consistent with the governing equations. This composite flow
field is used as initial conditions for the unsteady simulation of blade/vortex
simulation. The computation was performed at subsonic Mach number under laminar
flow conditions. The Mach number was 0.4 and the Reynolds number was 200, based
on the blade chord length. Mesh points used in this two-dimensional calculation
are 99 and 35 points in the circumferential and radial direction respectively.
As shown in Fig. 10, the computation utilized a C-type grid system. Baseline
flow field is represented by the steady state solution of a stationary blade
section in a uniform freestream. The blade section considered 1s a thin
semi-infinite blade with an elliptical leading edge shape. The flow moves at
zero angle of attack. 1In this case, it is not necessary to accurately follow
the transient motion, and indeed it may be advantageous, from a computational
efficlency viewpoint, not to follow the transient motion accurately if this
accelerates convergence to the steady state, The present approach utilizes the
matrix conditioning technique of Briley, McDonald and Shamroth (1983) to
accelerate convergence to a steady state. The steady state solution so obtained
for a blade section is shown by the symbol A in Fig. 12 in terms of coefficients

of pressure (Cp).

Insertion of a vortex into the steady baselirz flow destroys the symmetry
of a Cp distribution around the blade where t indicates the ellapsed time
after the vortex is Inserted. The vortex was initially positioned at a location
upstream of the blade (x(,z3) and then made to convect with the flow. The
strength of the vortex initially located at (xg = 2.5, zg = -0.25) was T = 1.0.
In order to obtain the composite flow field to be used as initial conditions for
the time-dependent simulation, the vortex-induced flow field was computed as
described previously. The vortex was assumed to have a core size of radius

equal to 0.1,

Computational results for the case considered are presented in the form of
Cp plots and both vortex contours in Figs. 12 and 13 at several temporal
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stages (ellapsed time) of vortex movement. The pressure distribution, (Cp),
presented in Fig. 12, generally illustrates the evolution of the BVI effects.
Figure 13 shows the computed solution in terms of vorticity contours during the
vortex/blade interaction. The figure shows a sequence of plots illustrating the
evolution of a vortex which was inserted upstream. The vortex was located one
and one-half chord lengths upstream and 0.25 below the chord line. For this
calculation, the initial radius of the vortex was J.l and its strength, defined
in terms of circulation, was 1.0. As shown In the figure, the vortex is
deformed and diffused rapidly as it approaches the hlade. The size and strength
of the vortex was chosen such that it can reach the leading edge of the blade
with strength enough to induce observable unsteady flow field at this low
Reynolds number. It should be noted that to identify the convecting vortex
effectively, only positive vorticity contours in the range of 0.0 to 8.0 were
plotted at intervals of 0.5.

It is observed that the vortex decelerates as it begins to feel the
presence of a blade section. The trajectory is also deflected due to the mean
flow field around the blade. The vortex, which was originally circular, is
distorted in shape due to the velocity gradient associated with the blade mean
flow. Such distortion leads to a substantial increase in the diffusion of the
vortex, particularly at this low Reynolds number condition. As a result, the
vortex after the Interaction becomes very weak, as shown. The effects of mesh
distribution must still be investigated. Figure 12 shows the evolution of
static pressure distribution while a vortex passes underneath the blade. At t =
0, steady pressure distrubution shows that there is no 1lift generated due to the
symmetry of the configuration. However, when a vortex is inserted and allowed
to convect with the moving stream, the flow field becomes asymmetric as a result
of negative angle of attack (downward effect). As a result, negative lift force
is generated, as inferred from the figures. The trend of 1ift force vector
agrees qualitatively with other works (Srinivasan, McCroskey and Kutler, 1984;
Hardin and Lamkin, 1984; Hsu and Wu, 1986), i.e., an inserted positive vortex
induces negative lift force which increases in magnitude as the vortex
approaches the blade section. As soon as the vortex core passes the leading
edge, the trend reverses.

Three~Dimensional Results

The primary objective of the present study 1is to compute the BVI when the
interaction occurs at arbitrary intersection angle. The analysis requires a
specification of the induced flow field for the time-dependent simulation. One
way to let the vortex convect at swept angle 18 to construct the induced flow
field of the swept, but straight, vortex filament of a finite core size and
combine it with the uniform flow. The procedure to generate a consistent
initial induced flow field based upon this approach 1is feasible, but complex.

In the present study, an alternative method was utilized to generate a swept
vortex convecting with steady base flow. The base flow is assumed to be sheared
in the spanwise direction so that the straight vortex filament in the flow can
be allowed to change 1its orientation slowly as it is convected downstream. This
sheared baseline flow models a rotor blade of a helicopter which has mean flow
linearly varying in the radial direction. However, a question arose as to the
stability of the vortex column in the spanwise direction under the influence of
a sheared mean flow. Therefore, it was decided to perform a computational
experiment under the idealized flow situation. The blade was excluded from the
consideration to simplify the problem. The simulation was performed in the
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physical domain, as illustrated in Fig. 5. A grid of 50 x 22 x 35 points were
distributed in x, y and z direction, respectively. When the steady state
solution was obtained, a vortex of the same size and strength as used in the
two—-dimensional case was introduced into the background flow through the induced
flow field. The background flow varies linearly from 0.9 to 1.0 in the spanwise
direction. A straight vortex filament inserted in the baseline flow is
-estimated to have an intersection angle of approximatly 10°. Computational
results, as shown in Fig. 14, confirmed that the vortex is stable in the
spanwise direction. The figure shows the contours of the velocity component in
z~direction on the plane which passes through the vortex center. These
contours, primarly due to the induced field of the vortex, clearly illustrate
the orientation of the vortex.

After the successful confirmation that the vortex does not develop
instabilities in the spanwise direction, a final three-dimensional case was
considered (Fig. 15). The computational domain utilized in this case is
obtained by extending the two—-dimensional domain in the spanwise direction. The
same Mach and Reynolds numbers as for the two-dimensional case were used in the
computation. Based upon the experience of both two- and three-dimensional
preliminary cases, vortex magnitude and core size were changed to 1.5 and 0.2.
To obtain the best resolution of the flow field, 113 x 50 x 30 mesh points were
distributed in the circumferential, radial and spanwise direction, respectively.
The mesh points were uniformly distributed in the spanwise direction. 1In order
to produce a little larger intersection angle at the encounter of the vortex

with blade, the spanwise variation of the freestream was changed. It should be
noted that this is imposed at the upstream boundary as a boundary condition. In
the present three-dimensional case, the velocity component varies from 0.8 to
l.0. When a blade is present in the flow, the vortex convects at slower speed,
in particular in the neighborhood of the leading edge. The actual intersection
angle should be expected to be smaller than that estimated based upon the
freestream flows. The initial vortex—-induced flow field was assumed not to
change in the spanwise direction. However, as the vortex changes its
orientation, as well as experiences the axial stretching, the spanwise velocity
gradually develops. The computational results are presented in Figs. 16-18,

The results are shown at two different spanwise locations, i.e. 0.138 and 0.828,
to illustrate the effects of BVI due to the swept vortex filament. Fig. 16
presents the contours of the vorticity component in the direction perpendicular
to the paper. The ranges of the contours were limited from 0.0 to 8.0 at
intervals of 0.5 in order to identify the moving vortex filament. The figure
clearly indicates that the vortex encounters the blade section earlier, at

y = 0.828. The intersection angle estimated from the figure is approximately 13
degrees. The contour plots indicate that the vorticity magnitude at the center
of core reduces by a factor of 3 before reaching the leading edge. As discussed
in the two-dimensional case, physical diffusion at this low Reynolds number is
believed to contribute to the substantial diffusion of the vortex, however, mesh
studies are still required. Figures 17 and 18 show the plots of the blade
surface pressure distribution as a function of time at two spanwise locations.
As expected from experience with the two-dimensional case, the vortex initially
induces downwash effects (negative angle of attack) on the blade. Negative lift
force results from the negative angle of attack. As the vortex core approaches
the leading edge, the magnitude of lift force increases. The trend changes the
other way after the vortex passes the leading edge. The vortex induces upwash
effects and thus reduces the 1lift force.
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The effects of non-zero intersection angle during the three-dimensional
interaction can be seen verv clearly; for example, at t = 2.36, represented hy
the symbol A in both Figs. 17 and 18. The vorticity contours at y = 0.828
indicate that the center of the vortex core passed the leading edge. 0On the
other hand, vortex core at y = 0.138 is still located upstream of the leading
edge due to the slower convection velocity as expected. The sectional lift
force acting in the negative direction at y = 0.138 is larger than that at
y = 0,828, as other two-dimensional calculations by both the present authors and
other investigators indicated. This clearly demonstrates the capability of the
Navier-Stokes calculation procedure for the analysis of three-dimensional

blade/vortex interactions.

CONCLIISIONS

The present effort has demonstrated capability of the Navier-Stokes
procedure to compute the time-dependent flow field when a vortex filament passes
underneath the blade, as in the case of a helicopter. A simple, but effective
method of modeling a tip vortex encountering a bhlade at arbitrary angle was
developed and utilized in the computation. Both two-dimensional BVI and
three-dimensional vortex/sheared flow interactions were considered. The two-
dimensional studies showed the qualitative nature of the interaction previously
shown by other investigators in regard to the time dependent behavior of the
surface pressure distribution. The three-dimensional simulation required an
intersection angle between the vortex and the blade which was non-zero. This
was created by immersing the vortex in a spanwise shear flow and a three-
dimensional simulation was performed. A qualitative assessment of the results
was made and the expected flow features were shown.
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