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Abstract

The transonic, parallel blade-vortex interaction
{BVI) has been investigated numerically. Simula-
tions of the unsteady interaction are made using a
time accurate, high resolution Euler code based on
a second-order Godunov-type method. The incident
vortex has an assumed structure based on Sculley’s
velocity profile.

A local mesh refinement scheme along the lines of
that developed by Berger {Ref 1,2,3}, is described.
The method is based on embedded meshes and al-
lows the resolution of flow/geometric features to
be increased without prohibitive expense. The be-
haviour of the mesh interfaces for this scheme are
also examined.

Numerical test cases are presented which demon-
strate the ability of the code to simulate steady and
unsteady flows about a NACAQ012 aerofcil.

The nature of the interaction for a freec stream
Mach number of M. = 0.8, is considered in detail.
The ftow for this case is transonic and three sources
of noise generation have been identified. These in-
volve flow mechanisms at the leading edge, at the
trailing edge and at the shocks. The nature of the
noise generation is found to be highly directional.

For small vortex-blade offsets, the blade interacts
with the ‘near-field’ of the vortex, where the associ-
ated induced velocities and flow gradients result in a
highly impuisive interaction. For close interactions
the dependence of the interaction on the assumed
vortex structure is evident. This dependence is ex-
amined by considering the effect of core size on the
flow. As the vortex-blade offset is increased, and the
interaction becomes less intense, the change in the
nature of the noisc generation is also examined.

Neomenclature

a = local acoustic speed

oo = amhbient acoustic speed

A = normalised circulation, I'/T,

¢ = chord length

Cp, = lift coeflicient, L/$pU% ¢

Cp = pressure coefficient, (p — peo)/3pUZ,
I'; = total circulation of the vortex

I', = circulation at the core radius

[ = normalised circudation, I'/Uxc

Moo = Free stream Mach number

p = fheid pressure

0o = ambient fluid pressure

r = radial distance from the vortex centre
rp = core racdius

7 = normalised radial distance, v/,

p = fluid density

Poo = ambient fluid density

t = time

{ = normalised time, Uy t/c
g = circumferential velocity
Ueo = free stream velocity

# = velocity vector

Introduction

The interaction of convected disturbances with
blades is a commonly occuring phenomenon in mod-
ern day machinery within aeronautics. In particu-
lar the problem of blade-vortex interactions (BVI)
has been of interest to researchers for many years,
notably within the field of rotorcraft flow analysis,
where blades must operate in close proximity to their
own wake. In certain circumstances, such as during
powered descent or during particular airborne ma-
noeuvres, trailing tip vortices can be ingested into
the rotor disk, resulting in varying degrees of inter-
action. Another sxample of rotorcraft BVI occurs
when trailing vortices shed by the main rotor blades
are convected towards the tail rotors.

BVI is seen as being predominantly responsible
for the sudden changes in blade loading, resulting in
both impulsive noise generation and possible prob-
lems with fatigue failure. Most of the research into
BVI has been meotivated by the acoustic aspects of
the interaction as the generated noise is generally
considered to be the most annoying type — impul-
sive, directional, and in the middle of the audible
frequency range. Sound generation due to BVI is
also seen as a significant problem because it usually
occurs when the rotorcraft is landing. The nature of
the operational use of rotorcraft is such that this is
often in densely populated areas, where noise polle-
tion is highly chjectionable. The histerical interest
in BVI noise is detailed by Levertan (Ref 4).

The flow field around rotorcraft is highly three di-
mensional and extremely complex, and a comprehen-
sive theory which encompasses the many flow inter-
actions about the rotorcraft remains elusive. Many
of the helicopters in use today have high aspect ra-
tic rotor blades where the tip Mach numbers can
be transonic. The presence of shock waves in the
flow fleld further complicates issues, making the un-
derstanding of the relevant flow mechanisms more
difficult. For this reason all the analytical and nu-
merical work, up to this day, that has looked at the
BVI problem has incorporated simplifying assump-
tions, such as two dimensionality, incompressibiiity
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or inviscid flow, Lor example, Obermeier & Zhu
(Ref 5) examine the low speed (Mg = 0.4) inter-
action making incompressible approximations to the
governing equations. Jones & Caradonna (Ref 6)
and Caradonna & Strawn (Ref 7), however, consider
higher Mach number cases up to the transonic inter-
action, using potential methods. The assumption of
inviseid flow has been made by Srinivasan et al. {Ref
8) and Srinivasan & McCroskey (Ref 9}, in which the
prescribed vortex method is also used. The premise
of this method is that more accurate solutions can
be obtained by imposing the vortex on to the flow
field, and assuming that the vortex structure is unaf-
fected by the interaction. Although this counteracts
problems due to the numerical diffusion of the vor-
tex, it does not allow for distortion of the core, which
Caradonna and Strawn suggest may be important.

Experimental studies have also been restricted by
the complexity of the fow field, generally consider-
ing the interaction in the absence of the helicopter
bedy and tall rotor, with much work, such as that
by Booth (Ref 10}, Kalkhoran & Wilson (Ref 11),
Lent et al. (Rel 12) and Lee & Bershader (Ref 13)
focussing on the quasi-two dimensional problem.

Fhe present paper is directed towards the un-
steady numerical simulation of the inviscid, tran-
sonic BV, using & time accurate, high resolution
Buler code based on a second-order Godunov-type
method. The aims of this simulation are twofold, (i}
to investigate the near-field flow physics, and (ii} to
provide data for far-field acoustic predictions.

We intend to progress towards our eventual aim
of the simulation of the three-dimensional case, by
examining first the purely two-dimensional interac-
tion. This paper, therefore, is concerned with two-
dimensional interaction. Consideration of this casc is
useful as both a code validation exezcise, and also as
an approximation to one of the limiting cases of the
generic three-dimensional problem ~ parailel BV

Gieverning equations
g ey

For the results presented in this paper the flow
is assumed to be two-dimensional, compressible, n-
viscid and non-heat conducting. Therefore, compu-
tations nvolve the numerical solution of the two-
dimensional Euler equations,
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and I' and G are arrays of the flux terms,
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In the above cquations E is the total energy, and

the relationship between I and p is given by the
equation of state for a polytropic gas,

p=(y—1) |E - ép(u? +o?) (4)

Computational Method

The Euler equations are solved using an explicit,
second-order upwind Godunov-type solver, extended
by Hillier from the work of Ben-Artzi & Falcowitz
{(Ref 14). IHillier (Ref 15} has demonstrated the
solver’s ability to produce the high resolution cap-
ture of pressure and vortical features. Flow values
are held at cell centres and piecewise-linear spatial
gracdients are reconstructed using a monotone con-
straint. Having determined the flow gradients in
this manner, the fluxes at cell interfaces are calcu-
lated to second order accuracy by assuming a gener-
alised Riemann problem (GRP). For the solution of
two-dimensional problems an operator-split method
is used. The solution is explicitly time-marched from
a prescribed initialised state in a time accurate man-
ner.

Figure 1: Mesh about a NACA0012 aerofoil

The computational domain is discretised using a
structured mesh as shown in figure . The mesh
is body-fitted and curvilinear close to the aerofoil,
asymptoting to Cartesian in the far-field,  This
Cartesian geometry is secn as advantageous as it
does nob suffer from an intrinsic fall-off in resolu-
tion in the far-field, as would happen with a C-grid,
for example. The advantages of this are twofold.
Firstly the mesh is snited to the convection of the
incident vortex from upstream, anc secondly there
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are no major resolution penalties for simulating the
flow with different vortex-blade offsets.

Local Mesh Refinement

The results presented in this paper have been com-
puted using structured meshes similar to the one
shown in figure 1. However, there are two particu-
lar problems associated with this technique. Firstly
increasing refinement in areas of interest in the flow
also results in an increase In cell density where 1t is
not necessarily required. Secondly, the time march-
ing of the solution is restricted by the stable time
step of the smallest cell in the domain. In response
to these problems a local mesh refinement technique
has been developed, based on the adaptive mesh re-
finement (AMR) scheme established by Berger (Ref
1,2,3) and developed by Quirk (Ref 16}.

Refinement of the mesh is made by ‘embedding’
additional meshes in the regions of the flow where
increased geometric/flow resolution is required {see
figure 3). The main characteristics of these embed-
ded meshes are,

+ There is a hierarchical system of meshes, the
coarsest of which defines the extent of the com-
putational domain. See figure 2

o Meshes at different levels of resolution can co-
exist in the same regions of the computational
domain ie. finer meshes overlay coarser ones.
See figure 3

e Finer meshes are generated by the subdivision
of cells of coarser meshes. Therefore, the bound-
aries of the finer meshes coincide with the cell
walls of underlying mesh.

Figure 2: Local mesh refinement - generation of fine
meshes by cell subdivision

The overall grid, thersfore, is composed of the base
mesh and a nuiber of overlaid refined meshes. All
of the meshes are structured and at each time step
their associated How fields are solved independently.
The actual flow solver 1s ‘unaware’ of relationship be-
tween meshes, [t should be emphasised then that the
meshes are to a large degree autonomous, possessing

their own mesh data and flow solution. Communica-
tion between meshes takes place at interfaces prior
to integration and when fine solutions are projected
down on to coarse meshes after integration.

Figure 3: Local mesh refinement - embedding of fine
meshes

Figure 4 shows a grid which has been designed
for the simulation of a vortex passing beneath a
NACADOL2 aerofoll. Meshes have been embedded to
increase the geometric resolution of the blade, and
fow resolution of the near field and the convecting
vortex. Note thal at the moment, although the mesh
can be refined, the mesh is not adaptive.
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Figure 4: Local mesh refinement — grid for 2D BVI

As well as local r sh refinement, another key fea-
ture of this scheme is the time marching of the so-
lution. Cells are ne longer all updated by the same
time step. Instead meshes are updated by time steps
which vary depending on their level of refinement
le. the higher their level of refinement, the smaller
the time step. In order to maintain time accuracy,
therefore, it 1s lmportant to carefully coordinate the
updating of each of the meshes.

Despite the increased complexity of this coordina-
tion process, temporal refinement has the advantage
that the updating of coarse meshes is not unduly ve-
stricted by the stable time step of the smallest cells
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of the grid. This is the main reason for the increased
efficiency of the code.

Boundary Conditions

The numerical simulation of any flow mechanism
inevitably involves a compromise between the de-
sire to model the physical flow as closely as possible,
and the limitations imposed by computer resources.
A general consequence of this compromise is the re-
striction of the simulation to a finite region of the
physical flow field. This inexorably leads to errors
in the solution, and the role of the far fiekd bound-
ary conditions becomes crucial in minimising these
errors. It s important, therefore, that the bound-
ary conditions are carefully considered and provide
a good appreximation of the effect of the far field on
the numerical domain.

At the far field boundaries the boundary condi-
tions proposed by Giles (Ref 17) have been imple-
mented.

The analysis by Gites considers boundary condi-
tions for the one dimensional characteristics, which
are defined below,

¢ —a® 0 0 1 5p

c2 | . 0 G pa O Gy, -
cz | 0 pa 0 1 Sy )
¢4 6 —pe 0 1 dp

where §p, dv,, Svy, &p represent perturbations
from uniform conditions . It can be seen from this
definition that ¢; represents an entropy wave, ¢y a
vorticity wave and ca and ey the right and left acous-
tic waves respectively.

Analysis carried out by Giles results in the follow-
ing approximate, two dimensional boundary condi-
tions,

Inflow boundary conditions
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These boundary conditions provide conditions for
the three incoming characteristics. The outgoing
characteristic, ¢4 s extrapolated from interior values
which is consistent with the physical one dimensional
probiem.

Outflow boundary conditions

151
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These boundary conditions are found to be sec-
ond order accurate and provide values for the one
incoming characteristic, c4. The other three outgo-
ing characteristic variables are extrapolated from the
interior.

Vortex Model

In the physical blade-vortex interaction the vortex
is generated upstream of the acrofoil at a preceding
blade. However, given the limitation of computa-
tional resources, simulation of this vortex forming
process is impractical and so a vortex must be in-
stantaneously initialised in the flow field upstream
of the blade, at the start of the computation. This
imposition of an asswmed vortical flow field naturally
raises the issue of how this vortex should be mod-
elled, and how important the vortex structure is to
the computation.

Experimental results from Tung et al. (Ref 18)
suggest that under typical operating conditions the
strength of the trailing tip vortex equals the max-
imum bound circulation, irrespective of the blade
configuration. The vortex is also found to be turbu-
lent, and following work hy Hoffman & Joubert (Ref
19) a model for the turbulent vortex is proposed that
divides the vortex in to four distinet flow regions,

1. Viscous core. This is the laminar innermost re-
gion where viscous diffusion is dominant and the
rotation is solid body type le. rotational flow
with the circulation increasing as the square of
thie distance from the centre.

2. Turbulent mixing region. Flow within this re-
gion is dominated by turbulent diffusion and the
tangential velocity reaches a maximum.

3. Transition region. This is where the turbulent
region males a transition to the outer, invis-
cid region. It is an extremely variable part of
the vortex and the transition is not a smooth
one, especially for voriices in the early stages of
development. Transition appears to happen in
discrete jumps due to the effect of the vorticity
sheet spiratling into the vortex.

4. Irrotational region. This is the cutermost region
of the vortex where circulation is constant.

Based on their experitnental data Tung et al. de-
rive empirical expressions for the variation of circu-
lation with distance from the vertex centre. This
circulation profile 1s shown in figure 5.

79.4



Lee & Bershader (Ref 13) derive similar expres-
sions, based on experimental measurements of a
guasi-two dimensional starting vortex generated in
a shock tube, These are given below and are also
shown in figure 5.

Region 1: A = 0.80r2 0<r. <0.62
Region 2: A = 0.5] + 0.431n{re) 062 <7, < 1.8
Region 3: A = 1 — 0.8exp[—0.65r,] 1.8 < .

Srinivasan et al. (Ref 8) and Caradonna & Strawn
(Ref 7) show that the effectiveness of any numerical
simulation of BVI is strongly dependent on the as-
sumed vortex structure, since the miss distances of
interest are of order of the core radius. A commonly
used algebraic model is Sculley’s (Ref 8) velocity pro-
file,

r v
T 2wt o a? (8)
which gives a distribution for the tangential veloc-
ity, Up.

Another common modei for the tangential veloc-
ity profile, is the Rankine vortex, which has a solidly
rotating core and zero vorticity away from the core,
The circulation profiles of both of these models is
shown in figure 5. It is apparent from this figure
that there is a good agreement between Sculley’s
model and the experimental results of Lee & Ber-
shader. Since we are concerned primarily with the
two dimensional case, the empirical profile of Lee &
Bershader is seen as the more relevant case.
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Figute 5. Circulation profiles of vortex models com-
pared to experimental data

For all the computations presented in this paper
the initialised vortex structure is defined by Sculley’s
velocity profile together with, the radial momentum
equation,

dp Uz
ar _ PV (9)

dr e

T9.5

- and assumptions of a constant temperature core,

p=pRT , 7<1 (10)

and constant entropy elsewhere,

p=kip? , ¥F>1 (11)

Numerical Test Cases

The following test cases have been used to exam-
ine the ability of the current code to simulate flows
about a NACAD012 aerofoil. The effect of using em-
bedded meshes is also examined. Of particular in-
terest is the behaviour of the solution at mesh inter-
faces, where there is a discontinuity in mesh resolu-
tion.

Steady test case

The first case is an AGARD Fluid Dynamics Panel
test case ! {Test Case 01) for the steady flow around
a NACAOQQ12 aerofoil at a Mach number M, = 0.8,
and angle of incidence, o = 1.25°,

This fiow has been computed using a the single
structured mesh shown in figure 1 as well as the lo-
cally refined version of this mesh.
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Figure 6: Surface pressure distributions for AGARD
Panel Test Case 01
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Figure 6 shows calculated distributions of the
pressure coefficient along the upper and lower sur-
faces of the aerofoil, for the above test case. Results
from the current computation (both for a single and
embedded meshes) are compared with solutions from
group 9 (Schmidt W & Jameson A) of the AGARD
Panel, in figure 6(a) and with the improved shock
capturing scheme of Van der Berg et al. (Ref 20) in
figure 6(b).
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Figure 7: Convection of a vortex in to, then out of
a region of local refinement,

The pressure distributions from the current com-
putations demonstrate the ability of the code to cap-
ture the shocks sharply both above and helow the
aerofcil. The position and strength of the shocks are
also generally in good agreement with the previous
calculations.

It can also be seen that the use of local mesh re-
finement enables the shocks to be captured more
sharply.

Convecting vortex test case

Since a particular area of interest for this problem
is the convection of the incident vortex, this test case
was designed to examine the behaviour of the solu-
tion as a convecting vortex crosses a mesh interface.

Figure 7 shows pressure contours of a convecting
vortex as it crosses in to and then out of a refined
region of the mesh. The box marked on the plots
represents the outline of this refined region. The
free stream Mach number of the flow, M, is 0.8,
the vortex strength, I', is 0.2, and the refinement
factor of the embedded mesh is 2.

These plots suggest that the mesh interfaces cope
very well with the convecting vortex, despite the
mesh discontinuity.

Interaction test case

The second case is the unsteady 2D blade vortex
interaction, in which the aerofoil is considered sta-
tionary and a vortex is convected towards the blade.
The conditions chosen were the interaction of a vor-
tex of strength T' = -0.2 (ie. clockwise), core ra-
dius r, = 0.05¢, with a NACA0012 aerofoi], in free
stream flow of Mach number, M, = 0.8, and an ini-
tial vortex-blade miss distance of y, = -0.26¢c. This
is the case considered numerically by Srinivasan et
al. (Ref 8), and Damodaran & Caughey {Ref 21}.
The non-dimensional timescale used is defined as
= [Ut/c, ie. the number of chord lengths travelled
by the free stream.

The computation was initialised by taking the
steady flow fleld computed for the non-lifting aere-
foil with a free stream Mach number, M, = 0.8,
and superimposing the flow field of the incident vor-
tex, which is then allowed to convect towards the
aerofoil. The vortex, therefore, is instantaneously
imposed on the flow field at { = ¢, resulting in the
generation of pressure waves at the solid surfaces,
as the flow adjusts to the presence of the vortex.
This instantaneous imposition of a vortex is clearly
an approximation of the idealised two-dimensional
case {in which the vortex approaches from an infi-
unite distance). Discrepancies between the two cases
can be reduced by placing the incident vortex as far
upstream as possible. This approach is clearly re-
stricted by the computational expense of the simu-
lation, and in the following computations the vortex
has been initialised 5 chord lengths upstream of the
leading edge.
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Present computations have been made without the
local refinement procedure and are compared $o re-
sults of Damodaran & Caughey, in terms of the sur-
face pressure disirihutions and the variation of the
pressure flelds.

The variation of the global pressure field during
the interaction is shown in figure 8. These plots pro-
vide some insight into the nature of the interaction,
and are in qualitative agreement with computations
of Srinivasan et al. , and Damodaran & Caughey.

Features of the interaction which are predicted by
both the current computations and also these pre-
viously published results include: the generation of
an acoustic wave alb the leading edge; distortion of
the lower shock; and noise generation due to vortex-
shock interaction.

Figure 9 shows the variation of the distributions
of surface pressure coefficient during the interac-
tion, for the current computation and also those of
Damodaran & Caughey. The parameter x, repre-
sents the position of the vortex, relative to the lead-
ing edge, normalised by the aerofoil chord length,
and 1s directly related to the non-dimensional time
t {z, =1~ 5). A comparison of the two sets of re-
sults shows that the current computation is in good
qualitative, and quantitative agreement with these
previous computations.

Flow Field Analysis

To examine the noise generating mechanisms in-
volved in the 2D BVI, the interaction is considered
for a vortex of strength I'=-0.2 (clockwise in sense)
and core size r,=0.05¢ with a NACAD012 aerofoil, at
zero incidence, The free stream Mach number is set
to Moo=0.8 with a vortex-blade offset of 1, =-0.19c,
te. such that the vortex trajectory passes beneath
the blade. Figure 12 show the pressure field and fig-
ure 13 shows the verticity field about the aerofoll,
during the interaction.

Pressure Field

The sequence of pressure plots in figure 12 shows
that there are three noise generating mechanisms,
1. Leading edge: As the vortex approaches the aero-
foil, there is an induced downwash at the leading
edge, causing the stagnation point to move upwards,
slowing the flow along the upper surface and speed-
ing up the How on the lower surface. Consequently
the shock on the upper surface moves upsiream and
weakens, whereas the shock on the lower surface
moves downstrearn and strengthens. The vortex
then moves past the leading edge and the stagnation
point moves back down again. This moverment of the
stagnation point at the leading edge is linked with
the generation of an acoustic wave which propagates
upstream. This ‘leading edge wave’ is labelled L in
figure 12. Figure 11 shows pressure histories at three
positions upstream of the aerofoil. The position of
these three stations are shown in figure 10 and are

fixed refative to the blade. The pressure histories
give an indication of the nature of the acoustic wave
generated at the leading edge. Note that the drop in
pressure at B and D are due to the movement of the
pressure field associated with the incident vortex.
These variations of pressure show that the acoustic
wave involves an impulsive increase in pressure at
all three points. At E, the pressure variation is in
the form of an impulsive, positive pressure pulse. At
B (directly ahead of the leading edge) this pulse is
preceded by a small pressure trough, and at D this
pressure trough has deepenad.

Figure 10: Points in the flow field where pressure
histories are taken
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Figure 11: Pressure histories at three points in the
flow-field during BVI, with a NACAO0012 aerofoil. I’
=-0.2, . = 0.05¢, My, = 0.8, and y, = -0,18¢

2. Shock: When the vortex is convected through
the shock beneath the aerofoil, there is a clear dis-
tortion of the lower shock (f = 5.8). The interaction
of the shock and incident vorticity also results in the
generation of an acoustic wave which can be seen
propagating down and away from the aerofoil, just
downstream of the shock {figure 12, f =6.0-6.8, la-
belled 8). This acoustic wave is consistent in nature
with the ‘secondary wave’ predicted by Ellecy ef af.
(Ref 22), or a reflected ‘primary wave’ predicted by
Ellzey and observed by Hollingsworth & Richards
(Ref 23).
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Figure 12: Pressure contours for the 2D BVI,  Figure 13: Vorticity contours for the 2D BVI,

NACAD012, T = -0.2, 7,=0.05¢, M=0.8, y,=- NACAQ0I2, ' = -0.2, r.=0.05¢, M=0.8, 1=-
0.10¢, AP=0.02, bold contour represents ambient  (0.10c, Aw=0.02
pressure
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3. Trailing edge: The passage of incident vorticity
past the trailing edge appears to generate an acoustic
wave which travels upstream, above the blade (figure
12, ¢ =6.8, labelled T}.

Vorticity Field

The vorticity plots in figure 13 show the effect of
the interaction on the incident vortex, and shocks.
Even before the incident vortex has arrived at the
leading edge, it is clear that vorticity has been gen-
erated around the blade and convected downstream.
This vorticity is a result of numerical errors at the
blade surface.

The incident vortex is split by the acrofoil lead-
ing edge and although most of the incident vorticity
passes beneath the blade | a small portion can be
seen moving along the upper surface. At { = 5.8,
the lower shock has clearly been distorted as an ef-
fect of the vortex passing through it.

Variation in Lift

As the vortex is convected towards then past the
aercfoll, there is firstly an induced downwash, then
upwash on the blade vesulting in a variation in kft.
The lift flnctuation of the blade for this case is shown
in figure 14 as a member of a family of curves. The
non-smocth behaviour of the lift coefficient, when
is less than 1, is an effect of the instantanecus flow
initialisation. This plot shows the impulsive nature
of the lift fluctuation, the lift reaching a minimum
value as the vortex passes the leading edge of the
blade. The computations have all been stopped be-
fore the lift has returned to zero.

Parameter Study

In the context of noise reduction due to BVI, aerc-
foil profile, T and M, are very closely tied to rotor
performance (and hence overall rotorcraft design)
and so the most likely candidates for parameter ma-
nipulation have traditionally been g, and r.. For this
reason these twe parameters have received the most
attention i attempts to study noise generation.

Effect of vortex-blade miss distance

Figure 14 shows the effect of miss distance on
the Lt histories of the interactions, when voriex
strength and core size are fixed. This shows that the
I fluctuation becomes larger and more impulsive as
the offset is decreased. The relationship between O,
and y, also appears to be non-linear. The nature of
thig relationship is more obvious in figure 15, which
shows the variation of Cy,,,,,, with y,, where 7, is
the most negative value of the lift coefficient during
the interaction. Again this shows that the magni-
tude of €y decreases as the offset is increased,
which is due to the fall in the induced downwash ve-
tocity of the vortex with increasing radial distance.
Clow 18 most sensitive to variations in vy, for offsets
between 2 to § core radil. For miss distances of less
than ore core radius, however, there is only a small

variation of Cy, . with y,. This reduced sensitivity
of Cp,,,. to variations in y, is due to the distributed
vorticity within the core which is split by the leading
edge.
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Figure 14: Effect of miss distance on lift coeflicient
for a NACAOGC12 aerofoil. [' =-0.2, r, = 0.05¢, M
= (1.8
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Figure 15: Effect of 1}1iss distance on Clyi, for a
NACADRIZ aerofoil. 1" = -0.2, r. = 0.08c, Mo =
0.8

In figure 16 the effect of miss distance is described
in terms of the acoustic wave generated at the lead-
ing ecdge, This leading edge wave is observed at the
three sample points B, B and D in the flow field
upstreamn of the blade, and defined in figure 10. It
shoukd be noted that the large drops in pressure at
B oand D at { & 4.5, are due to the pressure well
associated with the incident vortex.

At 10 the general trend is lor the pressure varia-
tion to become stronger and more unpulsive as the
offset is decreased. Interestingly, however, the excep-
tion, to this trend is the head-on collision for which
the positive pressure perturbation is actually smaller
than all the other cases presented.
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Figure 16: Effect of miss distance on noise genera-
tion for a NACAQ012 aerofoil. I' = -0.2, r, = 0.05c,
M = 0.8

At B (divectly upstream of the leading edge) the
acoustic wave is of a slightly different nature, the
pressure variations showing less symmetry in time.
For example at an offset of y, = 0.10c, there is slight
fall in pressure before the dominant increase. How-
ever, the trend is the same as at E - pressure var-
ations becoming larger and more impulsive as offset
is cecreased. Again the head-on collision is the ex-
ception to this trend, as the pressure variation is
actually negative. 'The magnitudes of the pressure
vanations al B are smaller than the corresponding
variations at E.

At D the general trend is again that the pressure
waves become larger and more impulsive as the offset
is reduced. The head-on interaction still proves to

be a special case, as there is an impuisive trough in
the pressure wave as it passes through D.

This dependence of noise generation on vortex-
blade offset is in agreement with the three dimen-
sional computations of Gallman (Ref 24).

Eftect of vortex core size

Figure 17 gives an indication of the effect of vortex
core size on the lift fluctuations experienced by the
aerofoil, for a fixed strength, I'.
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Figure 17: Effect of vortex core size on lift coefficient

for a NACAQ012 aerofoil. I' = -0.2, M,, = 0.8

At an offset of , = 1.0c doubling the core size has
no discernible effect on the lift history of the aero-
foil. In figure 17, therefore, the lift history curves for
core sizes of r, = 0.05 and 0.10, at y, = 1.0c are ac-
tually coincident. This suggests that for large miss
distances the vortex core structure has little influ-
ence on the variation of lift, ie. interaction is in the
far field’ of the vortex, and the dominant parameter
is the vortex strength.

For the closer interaction, however (y, = 0.10¢),
the core size has a much stronger influence on the
lift fluctuation. Results presented in figure 17 show
that the magnitude of the lift fluctuation is reduced
by increasing the core size of the incident vortex.

In terms of the numerical simulation of the in-
teraction, it would also scem reasonable to suggest
that the assumed vortex structure only significantly
affects the interaction when the offset is small.

Tgure 18 shows the pressure histories at three
points in the flow field, E, B and D (defined in figure
10) during interactions at T' = -0.2, M, = 0.8, y» =
0.1c and for varying vortex core sizes. At all three
stations the acoustic waves ohserved are generated
at the leading edge.

The top graph shows the pressure history at E.
The trend is quite clear ~ the pressure fluctuation
becomes smaller and less impulsive as the vortex core
size is increased.

In the middle graph the pressure histories of point
B (directly upstream of the leading edge) is pre-
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sented. Note that the fluctuation at € 2 4.5 is due to
the pressure field of the incident vortex. Again the
same trend can be observed - the noise generation
can be significantly reduced by increasing the vortex
core size.
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Figure 18: Tiffect of vortex core size on noige gen-
eration for a NACAQ012 aerofoll. ' = 0.2, My =
0.8

Finally, in the bottom graph the acoustic wave
passing through point D can be detected, and again
the magnitude of the fluctnations is clearly influ-
enced by vortex core size.

Conclusions

The two dimensional blade-vortex interaction he-
tween a vortex of strength [ = -0.2 and a NACA0012
acrofoil has been considered at a free siream Mach
nwmber of 0.8. Three noise generating mechanisms

have been identified, (i) at the leading edge (ii} at
the shock and (iii) at the trailing edge. The interac-
tion has also been found to be a dependent on both
the vortex-blade miss distance and the vortex core
size. The leading edge acoustic wave and hift fluc-
tuation have both been found to become larger and
more impulsive as the vortex-blade miss distance is
decreased. TFor close interactions decreasing the vor-
tex core size also leads to stronger more impulsive
noise and lift fluctuations. However, this dependence
on core size was found Lo decrease with increasing
vortex-blade miss distance,

A local mesh refinement scheme has been de-
veloped using embedded meshes and based on
the method of Berger. The method allows
flow/geometric features to be resolved cfficiently,
avoiding prehibitive computational expense.

The work presented in this paper represents the
first stages of a project almed at a comprehensive
analysis of the near-field interaction, including the
three dimensional cage. Use of a Cartesian mesh
in the far-field regions avoids the intrinsic tail-off of
resolution with C or O-type grids. [t is intended
that this type of mesh be used in conjunction with a
local refinement technique through cell subdivision,
for future computations.
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