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Model for Rotor Tip Vortex—Airframe Interaction
Part 3: Viscous Flow on Airframe
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and

J.M. Kim* and N. M. Komerathl
Georgia Institute of Technology, Atlanta, Georgia 30332-0150

The behavior of vortex systems in the vicinity of solid surfaces is a matter of intense interest in rotorcraft
aerodynamics, as well as in many other areas of fluid dynamics. We consider the viscous flow on a simplified model
of a helicopter airframe due to a helicopter rotor tip vortex both experimentally and computationally. As the tip
vortex approaches the airframe, the computational results predict the genesis of a region just upstream of the
main vortex, characterized by reversed flow and rapid growth in size. The experiments clearly show evidence of
such a region under the tip vortex in the region predicted by the computations and at roughly the same time. The
secondary vorticity field in the computations is of a sign opposite to the vorticity associated with the tip vortex.
Results for the streamline patterns and vorticity field during the genesis of the secondary eddy are presented and
compared with experimental flow visualization results.

I. Introduction

HE interaction of vortices with solid boundaries is important
in the study of impinging shear and mixing layers, in the study
of the wakes of low-flying aircraft, in the flow within gas turbines,
in the dynamic stall process, and in the study of the induced load on
the fuselage of a helicopter, among many other areas. In particular,
in the rotorcraft area, it has been recognized that many different
interactions between many different components of the helicopter
can adversely affect performance.! The present work is concerned
with the viscous flow due to the impingement of a rotor-tip vortex
on an airframe. Both experimental and computational results for
the three-dimensional viscous flow on the cylindrical airframe are
presented. This is the third part of a series of papers on vortex/surface
interaction.?-3
The objective is to identify and understand the primary features
of the viscous flow on the airframe due to the impinging tip vortex.
However, the difficulties associated with such a study are severe; it
is well known from previous work that a primary feature of bound-
ary layers induced by vortical structures is the development of a
secondary eddy in the boundary layer on the airframe, which grows
in time and is eventually ejected from the boundary layer. The ori-
gin of this reversed flow, i.e., relative to the main stream velocity,
begins on the subboundary-layer scale and may grow to the body
scale. For the parameters of the flow of interest here, the genesis
of the reversed flow region occurs on the scale of less than 1 mm
and, consequently, the genesis of such a secondary structure is dif-
ficult to resolve experimentally using present-day, state-of-the-art
techniques. Because the size of the secondary eddy may eventually
reach body scale, a fully computational approach cannot be used to
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describe the full range of development because of resolution prob-
lems associated with the wide range of length scales, i.e., from 0.1
to about 70 mm. Despite the wide range of scales, the initiation of
the reversed flow region may be captured both computationally and
experimentally.

The experimental work reported here was carried out at Georgia
Institute of Technology, and the present results are an extension of
previous work to focus on the primary features of the separating
boundary-layer flow. Liou et al.* captured the dominant features
of the potential flow interaction in the plane along the top of the
cylinder, and comparisons of computations with these experimental
data have been reported by Affes et al.3 That work focuses on the
pressure distribution on the top of the cylinder and on the prediction
of the vortex path.

In the computational work, the tip vortex is assumed to be in-
finitely long; this filament geometry is an idealization of the actual
case where the tip vortex shed from a helicopter blade consists of a
continuous helical line of concentrated vorticity. The radius of cur-
vature of the helix is approximately the rotor blade radius, which is
usually much larger than the average radius of the airframe; conse-
quently, as the tip vortex approaches the airframe, it appears only
mildly curved. The physical problem of interest is shown in Fig. 1.
The three-dimensional boundary-layer problem for the case where
the inviscid flow is symmetric about the y axis has been considered
computationally by Affes et al.’ and the purpose of this paper is to
consider the asymmetric viscous flow on the airframe corresponding
to the inviscid flow problem considered by Affes et al.,? Liou et al.,*
Brand et al.,® and Brand.” The inviscid problem for the symmetric
mean flow has been considered by Affes.® The fluid is assumed to
be incompressible, inviscid, and irrotational outside the core of the
vortex and away from the airframe boundary.

Affes et al.’ have considered the fully three-dimensional unsteady
problem for the case where the vortex is symmetric about the y axis-
of Fig. 1. The boundary-layer flow is assumed to be impulsively
started. Those results show the appearance of a three-dimensional
region of reversed flow, which grows in time and reaches about one-
third of the boundary-layer edge in height. The eddy spans about
20 degto either side of the top of the cylinder on Fig. 1. Complicating
the situation is the emergence of a three-dimensional separation sin-
gularity, which occurs as the displacement velocity grows; this sin-
gularity is characterized by the edge velocity behaving as v, ~ (t, —
£)~7/*, and this behavior is confirmed by the numerical solutions.
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Fig. 1a Wake of a single-bladed rotor in low-speed forward flight.
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Fig. 1b Experimental configuration and coordinate system.

The vortex/boundary-layer interactions described have been ob-
served experimentally by Harvey and Perry® and in the experiments
described in Ref. 10. In particular, explosive boundary-layer growth
and eventual ejection of a secondary vortex ring were observed to
occur. Ersoy and Walker!! and Hon and Walker'? have computed
the boundary-layer flow due to a loop vortex and a hairpin vortex,
respectively, along a symmetry plane present in each case.

The purpose of the present work is to elucidate the initiation of
the secondary eddy in a configuration typical of applications in the
rotorcraft environment. The early stages of the development of the
secondary eddy in the boundary layer under the main tip vortex have
been captured both computationally and experimentally. The exper-
imental results support the computational results and indicate the
appearance of a secondary flow under the main vortex that is clearly
discernible in the experiments at a rotor phase angle ¥ =36 deg.
The rotor phase angle is defined as the angle between the advancing
blade and the generators of the circular cylinder used to model the

_airframe (see Fig. 1).

The genesis of this secondary flow is indicated by the computa-
tions, which show a reversed flow region developing under the main
vortex just prior to ¥ = 30 deg; the vorticity in the reversed flow
region is of a sign opposite to that of the main vortex and, in the
computations, begins to increase rapidly just after ¢ = 30 deg.

II. Inviscid Flow

The procedure to advance the vortex and to obtain the surface
speeds is described in detail by Affes and Conlisk? and Affes,® and

what follows is a short summary of that work. The vortex is advanced
according to the evolution equation

1.6
S &n=U e))

where the timescale ¢ is defined by
t = Wy /a)t* (2)
where t* is dimensional, W, is the velocity scale, and
U=U;+Uy+Uy 3

where Uy is the velocity distribution induced by the vortex itself,
U, is the image distribution in the cylinder, and Uy, is the mean flow
distribution. In Eq. (1), s is a parametric value measuring distance
along the vortex. The velocity U has been nondimensionalized on
W, and lengths have been scaled on a, which is the radius of the
cylinder (0.067 m). Here W, is taken to be the axial mean flow
component, and the dimensionless circulation is defined by

I'=T"/(Wya) @

The initial position of the vortex is specified from experimental
data as described by Affes et al.3 The vortex-induced velocity Uy is
defined by the standard Biot—Savart law!? with a cutoff parameter
based on the Rankine vortex.!!:* We consider only the case where
there is no axial flow in the vortex.

The mean flow distribution corresponds to the asymmetric distri-
bution discussed by Affes et al.> Accounting for the asymmetry of
the vortex geometry about the y axis is not trivial and involves the
modification of the uniform flow condition at upstream oo in both
the z and r directions, as discussed in Ref. 3.

The image of the vortex in the cylinder is calculated using the
Fourier transform in the z and @ directions, and the details of this
calculation is described in Ref. 3. The pressure gradients are calcu-
lated from Euler’s equations in a coordinate system traveling with
the head of the vortex. Let (r, 8, Z) denote the fixed polar coordi-
nate system,; then the new coordinate system, whose origin is moving
with the vortex head speed U,, is given by (r, 0, z) where

z2=2Z~— ZVL’(t)

Here, Zy, is the position of the vortex head in the z direction. The
third-order upwind differencing scheme, which is used to treat the
nonlinear terms in the boundary-layer equations, is also employed
to compute the nonlinear terms in the Euler equations. The up-
wind scheme is discussed in Sec. III. Details of the calculation
of the surface speeds and the pressure gradients are presented in
Ref. 8.

As has been mentioned earlier, extensive experimental and an-
alytical/computational results for the vortex evolution and for the
pressure distribution on the airframe prior to vortex impact with the
top of the cylinder have been presented elsewhere. The dominant
interaction of the tip vortex and the boundary layer is expected to
be located near the top of the cylinder, and the experimental results
show that the effect of the tip vortex appears to be significant from
about ¥y ~ 10 to 72 deg for an advance ratio of 0.1 (Ref. 6). To carry
out the computational work, the pressure gradients and the surface
speeds from that work are required, and we discuss some of those
results now. The following results are from Ref. 3.

In Fig. 2 are two views of the vortex trajectory for an advance
ratio of u = 0.1, where p is the advance ratio defined as the forward
flight speed to that of the rotor tip speed. The circles denote the ex-
perimental results (not to scale for the vortex core); the times shown
are for ¢ = 0 (the initial condition), 30, and 60 deg. Here y is mea-
sured from the beginning of the period; in general, the absolute age
of the vortex in the experiments is ¥, =¥ + 180 deg. The error
bars correspond to about 15 mm, which is about one vortex diame-
ter. Note the substantial agreement between theory and experiment,
especially at ¥ =30 deg. At ¢ =60 deg, the vortex is about one
core radius from the airframe, and some uncertainty in the precise
position of the vortex near impact does exist; consequently, those
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Fig. 2 Vortex trajectory for advance ratio o = 0.1; error bar in the

experiments is shown: A, advancing side of the rotor and R, retreating
side.
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Fig. 3 Axial pressure gradient imposed on the viscous flow on the air-
frame at several times corresponding to ) = 18, 24, 30, 36, and 42 deg;
o, side views of the computed vortex head position.

experimental data points nearest the airframe should be viewed with
caution. In Fig. 3 the time evolution of the axial pressure gradient on
the top of the airframe is shown. Note the strong adverse pressure
gradient that develops as the vortex approaches the airframe. More-
over, as ¥ increases the pressure gradient becomes more focused
locally in space; in addition, it is apparent that a short timescale is
also emerging, as evidenced by the rapid increase in the amplitude
of the pressure gradient from ¢ =42 to 54 deg.

III. Viscous Flow

The governing equations are the three-dimensional, unsteady
boundary-layer equations; these equations are discussed in detail
elsewhere,>® and the final form of the equations is

duy g ity

an + 30 ' oz =0 ®
4t?§—2ng—j—g=—4tP+R 6)

where F = (g, it,), P=(dp/36, 3p/dz), and R = (Ry, R,), where
Ry = —4t (2‘:’[2“9 + gaﬂ+uz%“z”-) %
—4t(21i'/_% + 931‘2 +uzaa—uzz) 8)

and the Rayleigh variable 7 is defined by n = y/2.4/t.

Equations (5) and (6) are subject to the following initial and
boundary conditions: #g and i, specified at ¢+ = 0; u,, itg, and ﬁz
speciﬁedasz — Foo;it, =ilg =, =0aty =0;itp > U9—U
asy — ooy it, > U, — U" asy—> oo; and iy and #, periodic in
6 as y — oo; where U and U} are the inviscid surface speeds at
t = 0 and U, and Uy are the corresponding inviscid surface speeds
at subsequent times ¢. The velocities denoted by tildes are defined
by

ug = g + ug (&)

U, =ﬁz+u?, U, =2x/z:(12,+u(,’) (10)

where?: 11

uy = Ujerfn, u) = Ulerfn 11

The dimensionless variables are defined by

6 =6, y =[0"*/a)=1]Re?,
and the velocities are scaled on W,,. Here a is the radius of the
cylinder and Re = Wya/v is the Reynolds number; the pressure
p* is nondimensionalized on pW2.

For future reference, it is useful to investigate the induced vorticity
field. Using the boundary-layer scaled variables just defined and
dropping the terms of the order (Re~'/2) the scaled vorticity field
takes a simpler form and is defined by

z=2"/a, t = (Wo/a)t*

Re™ 1w = wyly + wyi, (12)

where wy and w, are the azimuthal and the axial scaled vorticity
components, respectively, given by

1 du,

=——— 13
wp 247 o (13)
and )
1 3149
= 4
@, N (14)

The numerical scheme used to solve the three-dimensional
boundary-layer equations is a combination of finite difference meth-
ods and Fourier transform methods; the details of the scheme are
presented in detail elsewhere.’ In the 5 direction, a coordinate trans-
formation is employed to cluster the grid near the wall of the cylin-
der, and central finite difference formulas are applied to the result-
ing derivatives in the normal direction. The implicit Crank—Nicolson
marching technique is employed to advance the solution in time, and
the standard third-order upwind scheme is employed to discretize
the viscous terms.

All of the relevant inviscid flow parameters are for the case where
the advance ratio i = 0.1. The time step employed in these calcu-
lations is At = 0.00444, which corresponds to Ay = 0.375 deg.
There have been tested 31, 61, and 121 grid points in #; 32, 64, and
128 grid points in 6; and 61, 121, and 241 grid points in z, and it
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was found that the grid (61, 64, 121) corresponding to the direction
(n, 6, z) gives at least two-digit accuracy for the finest two grids.

The axial coordinate for the viscous calculations has its origin
directly under the vortex at 0 = /2 at time ¢ = 0, and the results
are computed in this fixed frame of reference in contrast to the
coordinate system shown in Figs. 1 and 2b. All other computational
details may be found in Refs. 8 and 15.

IV. Computational Results

The response of the viscous flow on the airframe to the approach
of the tip vortex is characterized by the development of a secondary
eddy, whose genesis is located deep within the boundary layer about
(for the parameters of the experiment) 1 mm from the airframe. The
character of the secondary flow is associated with a rapidly focus-
ing region of concentrated vorticity of sign opposite to that of the
primary tip vortex. To describe the genesis of the secondary flow
region, the three-dimensional streamline patterns associated with
the boundary-layer flow have been calculated for several instants in
time in the same way as described in Ref. 5. To compare with the
experimental flow visualization results, a dimensionless circulation
of ' = —2.33 has been used. This value of the dimensionless cir-
culation is based on an estimate of the dimensional circulation of
I'* ~ —1.5m?/s, which was obtained from a detailed analysis of
the relevant velocity contours on the top of the airframe.*

Figure 4 shows streamline patterns for two times indicating the
inception of a secondary eddy. The surface streamlines are also
shown in Fig. 4. The second eddy is absent at t = 0.1421, as can be

a)t = 0.1421 (v» = 12 deg)

b) t = 0.3554 (1) = 30 deg)

Fig. 4 Streamline patterns for two tin:es in the laboratory or fixed
reference frame.
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Fig.5 Azimuthal vorticity att = 0.3554 (¢» = 30 deg) plotted for values
ranging from —1 to 3.0 in even increments.

seen in Fig. 2a. The streamlines begin to kink at about ¢+ = 0.2843
(¢ = 24 deg) and by time ¢ = 0.3554 (¢ = 30 deg), the eddy is
well developed. At time ¢ = 0.3953 (¢ ~ 33.3 deg; not shown) it
encompasses about 10 deg from the vertical on each side. Note that
these streamline patterns are plotted in a fixed reference frame.
Figure 5 shows lines of constant azimuthal vorticity wy plot-
ted at various azimuthal locations around the cylinder at the time
t = 0.3554. The constant vorticity lines are plotted for values from
—1.0to 3.0. The increment for the positive vorticity values that oc-
cur inside the zero-vorticity line (and marked with an arrow) is 0.5
and the increment for the negative vorticity values that occur outside
the zero vorticity line is 0.2. Figures 5a—5c correspond to distribu-
tions of azimuthal vorticity across the boundary layer in the planes
6 =90, 101.25, and 112.5 deg, respectively. The vorticity patterns
show that the region associated with positive vorticity, i.e., opposite
to that of the tip vortex, diminishes in size at locations removed from
the vertical plane of symmetry. At this time, the maximum value of
the vorticity is not large (~ 3.0); the maximum azimuthal vorticity
occurs around 6 = 90 deg and decreases for > 90 deg. Note that the
maximum positive vorticity shown in Figs. 5b and 5c is wp =2.5.
On the other hand, at time #=0.3953 the vorticity (not shown)
has increased substantially to wy ~ 10 near 6 = 100 deg indicating
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the emergence of a high vorticity region off 8 =90 deg on the re-
treating side of the rotor.

Concurrent with the rapid increase in magnitude of the vortic-
ity field is a rapid increase in the radial velocity. Figure 6 is a
three-dimensional plot of the radial velocity u, at the edge of the
boundary layer plotted around the cylinder for the time ¢ = 0.3554
(¢ =30 deg). Note that u, is the edge velocity in the boundary-layer
scale and u, = ./Reu* / W,. As for the symmetric flow case,’ these
results show that large variations of the radial velocity occur at lo-
cations directly under the main vortex. At points removed from the
vicinity of 6 ~ 90 deg, the edge velocity is small, although the edge
velocity seems to be larger on the retreating side of the rotor than
on the advancing side at this time. This behavior is symptomatic of
a subsequent eruption of fluid from the boundary layer. This erup-
tive region is clearly visible in the experimental flow visualization
results, which will be discussed in the next section.

The azimuthal vorticity component wy at t = 0.3953 forn = 0.5
and 1.2 off the cylinder surface is shown in Fig. 7a. We see that
the azimuthal vorticity is highly concentrated in a small region near
the top of the cylinder. The maximum azimuthal vorticity occurs at
z ~ 0.275, which corresponds to the position where the boundary
layer is expected to erupt into the inviscid flow region.

As with the symmetric calculations of Affes et al.,’ a singularity
is expected to emerge in the radial velocity component in a finite
time. Because the variation of the flow in the cross stream (here
the 6 direction) is mild compared to the variation in the z direction
and in the radial direction within the boundary layer, the singularity
should develop as predicted by Elliott et al.,'® who predict that Uy cdge
behaves as

MaX (Uyegge) ~ (s —1)°F  as 11, (15)

200 05

z

Fig.6 Three-dimensional plotof the radial velocity around the cylinder
at 1» = 30 deg; note the large spike around where the tip vortex will
eventually impact the airframe. :

200 05 z
a) y = 0.5, maximum value wg = 4.0

The numerical data show that the variation of max (uy, egee) ™7 vs t
is linear in the latter stages of the calculation, and the time of the
van Dommelen—Cowley!” type singularity is predicted to be about
0.48 (about ¥ = 40 deg). The linear curve fit of log[max (4, eqge)]
vs log(t, — t) indicates that the power of (¢, — ¢) is —1.747, which
is very close to the asymptotic value —%. Similar results have been
obtained by Affes et al.” The location where the maximum normal
velocity occurs is at z = 0.275 and 6 = 78.75 deg.

V. Experiments

Experimental work at the Georgia Institute of Technology has
continued since Liou et al.* captured the dominant features of the
potential flow interaction in the plane along the top of the cylinder.
Recent experiments have focused on the events occurring upstream
of the main vortex immediately before it collides with the surface.

A pulsed copper vapor laser beam, expanded into a sheet, was
used to illuminate desired vertical planes above the surface of the
cylinder. This produced 6300 pulses/s, each pulse lasting for only
25-50 ns. The scattering from the light sheet was recorded using an
intensified charge-coupled device video camera operating at 29.97
frames/s, each frame exposed for 100 us. Thus, the image contains
information from only one pulse of the laser, freezing the flowfield
with an effective 25-ns exposure. Each frame captures 1 or O flashes
of the laser sheet. A circular disk graduated in degrees was attached
to the rotor shaft and videotaped from above, with the resulting im-
age mixed into a window on the flow image, providing an indication
of the instantaneous value of rotor azimuth for each image. The de-
lay between the actual and indicated azimuth values was calibrated
by noting the indicated azimuth on frames, which showed different
portions of the blade leading edge passing through the laser sheet.
Averaging of values calculated from 10 such frames determined the
true azimuth to an uncertainty of less than 0.5 deg.

Smoke from decomposing wax, generated by heating several ver-
tical wax-coated wires upstream, was used as seeding in the flow.
Given the short pulse duration, the low light intensity, and the un-
certainty in the quality of seeding in the field of view at the instant
of interest, the probability of obtaining clear images with seeding in
the desired locations was not high. The images presented here are
the best we were able to locate after considerable searching of the
videotapes. However, the phenomena presented do occur repeatedly,
so that they are not random smoke patterns.

The initiation of the secondary region is evident in the experimen-
tal results at around ¥ = 36 deg. For these visualization results, the
rotor speed was 1050 rpm, which results in a Reynolds number
based on cylinder radius (0.067 m) of Re = 1.5 x 10°. Figure 8
shows vortex cross-sectional images captured at ¥ = 36 and 42 deg
with the laser sheet in the vertical plane & = 90 deg. The core of the
tip vortex is discernible as the darkened portion at the center of the
swirling fluid around it. The vortex core is designated by an arrow.
Just under the vortex we see a lifting up of streamlines very near
the wall (arrow), which is similar to the behavior of the computed

200 .05 z
b) y = 1.2, maximum value wg = 2.0

Fig.7 Three-dimensional azimuthal vorticity component at different y positions.
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Fig. 8a Vortex cross-section image at 1) = 36 deg in the plane 8 = 90
deg.

Separation Tip-vortex

i

BrYEYE s

Fig. 8b Vortex cross-section image at 1) = 42 deg in the plane 6 = 90
deg.

streamline patterns shown in Fig. 4. The emergence of the separated
region begins as a region of reduced velocity, which allows smoke
to accumulate there (arrow).

For a larger value of ¢ (Fig. 9), the velocities rise in magnitude,
the local vorticity field intensifies, and the smoke will vacate the
area leaving a void of high-vorticity, which in appearance resembles
the vortex core region seen in the figure. Figure 9 shows results at
Y = 53 deg in a plane 30 deg from the vertical on the retreating side
of the rotor (¢ = 120 deg). Note the darkened region just upstream
of the vortex; this is believed to be a region of high-vorticity fluid in-
dicating the development of a shear layer region as fluid is squeezed
under the action of the very large adverse pressure gradient. Also,
note that the secondary vortex and the main vortex are in the same
relative position as in the earlier times shown in Fig. 8.

In Fig. 8a, the vortex core radius is about 6 mm and the ver-
tical scale of the secondary flow is about 3 mm. At this time,
the boundary-layer thickness estimated from the Reynolds num-
ber based on forward flight speed and the airframe radius is about
1-5 mm so that the vertical scale of the eruptive region is nomi-
nally about half the boundary-layer thickness indicating a mech-
anism whereby boundary-layer fluid may erupt into the main-
stream.!0: =20 1 Fig. 2, the vertical extent of the separation re-
gion is about 1.5 mm at ¥ =30 deg, and this is consistent with
the experimental result quoted earlier for ¥ = 36 deg. Moreover, in
Fig. 8a, the separation region begins about 12 mm upstream of the
center of the vortex core, and converting to dimensional parame-
ters, the results of Fig. 4 suggest that the separation region in the
computations begins about 13 mm upstream (for Re = 10*), which
again is close to the experimental value.

——.

Shear laver

Tip-vortex

Fig. 9 Vortex cross-section image at ¢ = 53 deg in the plane 8 =
120 deg, which is on the retreating side of the rotor; retreating side is
indicated in Fig. 2a.

Note that the rotor tip speed used to produce the results of
Figs. 8 and 9 is half of that used to produce the other results de-
scribed here (1050 rpm); this was done to facilitate visualization
of the boundary-layer evolution. However, it can be shown using
dimensional analysis that the dimensionless strength of the vortex
remains the same in each case, which means that in the limit of
infinite Reynolds number, the boundary-layer flows are equivalent.
To show this, it is necessary to note that for both values of the ro-
tor tip speed, the advance ratio defined as u = W,/ QR, where R =
0.457 m s the rotor radius, remains fixed. At constant advance ratio,
the value of the axial flow speed W, for 2100 rpm is twice the value
at 1050 rpm. However, from the work of McAlister et al.,?! the swirl
velocity and, hence, the dimensional circulation scale linearly with
rotor speed, and so from Eq. (4), the dimensionless circulations are
the same in both cases.

VI. Conclusions

In this work the viscous flow on the airframe due to a tip vortex
shed from a helicopter airframe has been considered both computa-
tionally and experimentally. The early stages of the development of
the secondary eddy in the boundary layer under the main tip vortex
have been captured both computationally and experimentally. The
experimental results support the computational results and indicate
the appearance of a secondary flow under the main vortex, which is
clearly discernible in the experiments at ¥ = 36 deg. The genesis
of this secondary flow is indicated by the computations, which show
a reversed flow region developing under the main vortex just prior
to ¥ = 30 deg; the vorticity in the reversed flow region is of a sign
opposite to that of the main vortex and, in the computations, begins
to increase rapidly just after ¥ = 30 deg.

One feature seen in the experiments is that the secondary flow
is much more visible on the retreating side of the rotor (6 = 120
deg), where the vortex is farther from the airframe. As discussed in
the results section, this is suggested by the evolution of the vorticity
distribution and the behavior of the radial velocity at the edge of the
boundary layer.

Moreover, the position of the secondary vortex in the early times
is consistent with the results of the experiments at the relatively later
times indicated. From the plots themselves, the axial location of the
center of the secondary flow in the computations is about 3 mm
upstream of the center of the main tip vortex position, whereas the
experiments indicate about 6 mm.

As noted by Sheridan and Smith,' the present problem is only one
of a number of interactions that occur on an operating helicopter.
To increase performance, it is imperative that these interactions be
addressed; however, the computational challenges are significant.
The scale of the sharp pressure gradients that generate the deep suc-
tion peaks in the pressure distribution on the top of the airframe are
short in both space and time; this feature of the flow suggests that
a purely computational approach to the present problem is likely to



AFFES ET AL. 415

fail. Consider, for example, in the present problem, a Navier—Stokes
computation in which there are 200 points in each of the three co-
ordinate directions; for simplicity, consider a Cartesian coordinate
system. Suppose that the computation is to be based on the Georgia
Institute of Technology configuration and that the total computa-
tional domain is based on the lengths L, = L, = 2R + AR,
where R is the rotor radius R = 0.457 m, AR = 0.36R, and
Ly = 2H + H + Dyigrame + 2H = 0.82 m, where H is the rotor
to airframe gap and is about 0.14 m. The diameter of the airframe
is 0.134 m. Then the grid sizes are Ax = Az = 0.00625 m and
Ay = 0.004 m. As already discussed, a typical vortex radius is about
0.3 in. = 0.0076 m and the boundary-layer thickness is about 0.002
m based on the airframe radius and axial speed W,,. Thus, in the
present hypothetical computation, there would be no points within
the boundary layer where separation begins and only one grid point
to represent the vortex core. Moreover, because the three velocity
components and the pressure need to be computed, for the present
number of grid points, a minimum of 32 x 10° words of memory are
required for a single time step. This is about the size of the typically
available memory in a standard supercomputer, for example, Cray
YMP, calculation. Clearly, under this situation it would be difficult
to resolve the Navier—Stokes equations on these length scales; this
is why the boundary-layer equations have been used here. An alter-
native approach is to use an adaptive grid Navier—Stokes solver, and
this is under investigation.
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