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m = mass flow through wake
U., V.. = freestream velocity components
u,v = velocity components in x, y directions
x = distance in horizontal direction
y = distance in vertical direction
v = circulation
Subscripts
¢ = ceiling
g = ground or floor plane
t = tunnel
Introduction

URING the planning and design stages of the 80- by

120-ft Wind Tunnel at NASA Ames Research Center,
a variety of circuit and test section configurations were con-
sidered for the new structure. It was desired that a test section
arrangement could be found that would permit the testing of
helicopters and augmentors from zero forward velocity, or
hover, up to full forward speed. If this were possible, one
experimental setup could be used to test the device over its
full speed range, thereby saving time and expense to obtain
the needed data. In order to accomplish such a goal, the
necessary wind-tunnel wall corrections must be available, and
the configuration of the test section must be such that exces-
sive interference does not occur. With the technology cur-
rently available, interference from the walls of the wind tunnel
when powered-lift models are being tested is a difficult but
manageable procedure when the freestream velocity is not
too small.!~> However, as the test section velocity ap-
proaches zero, the energized wakes of rotors and augmentors
may begin to recirculate so that a portion of the energized
wake re-enters the rotor or augmentor. A method of cor-
recting for interference of this kind is not currently available.
In order to test at hover and low wind-tunnel speeds, it is
therefore necessary that the sidewalls of the wind tunnel have
openings that allow the energized wakes to exit the facility
without recirculating (Fig. 1). It is then only necessary to
determine the factors, or procedure, needed to correct for
the presence of the floor (ground) and ceiling planes of the
wind tunnel (Fig. 2). In an effort to obtain an estimate of the
magnitude and variation of such a correction on the perfor-
mance of rotors, experiments’*-'* were conducted with a rotor
of 12.75 in. diam between large plywood surfaces that rep-
resent the ground and ceiling planes of the wind tunnel. Al-
though the configurations tested only covered one blade angle
and one rotor diameter, the combination of ground- and ceil-
ing-plane distances were extensive. In addition to the accu-
mulation of data on the variation of thrust with proximity of
ground and ceiling planes, it was found that the thrust of the
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Fig.1 Wind-tunnel cross sections that illustrate how energized wakes
of a rotor can exit the test section without recirculating. Side walls a)
partially and b) completely open.
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Fig. 2 Cross section of energized wake in the presence of ground and
ceiling planes when side walls are not present.
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rotor changes nearly linearly with the logarithm of distance
to the enclosing planes. A theory developed in order to com-
pute wall corrections for the rotor predicted approximately
the same characteristic.'® The analysis was based on the flow-
field models introduced by Knight and Hefner,'>:*¢ and used
Bartky’s method'”'® to numerically evaluate the resulting in-
tegrals.

Since the previous analysis'® did not treat the effect of con-
fining surfaces on the shape of the edges of energized wakes,
a theoretical study was carried out on that particular aspect
of wake structure. In order to limit the scope of the study,
attention was restricted to the shape of the edges of energized
wakes up near the actuator surface or the beginning of the
wake so that the influence of ground and ceiling planes on
wake shape could be identified. A representation of the down-
stream portions of the wakes had to be included, but a com-
plete simulation of all aspects of the dynamics of the wake
was not included. That is, it was assumed that the shape of
the wake edges up near the actuator surface could be ap-
proximated by steady-state, two-dimensional, incompressi-
ble, inviscid theory. All unsteady effects and flowfield insta-
bilities are suppressed in the analysis and numerical work.
The flowfield model was further idealized so that the energy
addition to the wake was uniform over the actuator surface
so that vorticity is shed only at the wake edges as shown in
Fig. 2, and not throughout.® In the theoretical study, both
conformal mapping and numerical simulation of the energized
wakes were carried out. In this Note, only the highlights of
the results are presented and the reader is referred to the
preprint version of the paper for more information on the
analyses.'®

Analysis by Simulation of Wake Edges
with Singularities

The numerical calculations of the structure of energized,
two-dimensional wakes were accomplished by simulating the
edges of the energized fluid with either lines of point vortices
(all of the same strength), or with segments of vortex sheets
connected to form a continuous sheet. Since the wake was
assumed to have the same amount of energy added to it every-
where across the actuator surface, vortex sheets are shed only
at the edges or boundaries of the wake. The vortex elements
are initially placed on lines that roughly approximate the ex-
pected wake shape (Fig. 3a). An iterative process is then used
to find the steady-state locations of the vortices (Fig. 3b). The

~locations of the vortices downstream of the ones located at
the entry of the wake are determined by the velocity and
direction of the streamline through the entry or beginning
point of the vortex sheet. An updated position of the vortices
is determined by finding the new streamline path through the
entry point based on the velocity field of the previous positions
of the vortices. In order to suppress instabilities, the vortices
are moved from their old positions to the new predicted or
updated ones by an amount that ranges from 0.1 to 0.5 of the
change in location, depending on the restraint found to be
necessary for stability. When boundaries are placed in the
flowfield or the spacing of the vortices are decreased, the
computation becomes more unstable. A closer spacing (and
a corresponding decrease in voitex strength) yields about the
same shape for the wake edges, but the solutions become
more unstable and the time required for each solution be-
comes longer. The final locations of the point-vortex arrange-
ment for the finite wake length chosen in Fig. 3 is the same
at both ends because the flow circulates. If the length of the
vortex wake is much larger than the size of the actuator disk
(e.g., 20 to 100 times), the results appear more like a jet of
infinite length (Fig. 4).

When the calculations were first made it was found that
the steady-state wake configuration was a vortex arrange-
ment, wherein the spacing was approximately constant along
the entire wake, not only far from, but also up to, the actuator
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Fig. 3 Energized wake in free space as represented by point vortices:
a) initial arrangement of vortices and b) final iterated vortex config-
uration.
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Fig. 4 Comparison of point-vortex representation of energized wake
in free space when spacing is held constant and when allowed to be
variable. Wake of a) finite and b) infinite length.

surface. That is, not only is vorticity produced at a constant
rate, but it moves at a constant velocity so that the strength
of the vortex sheet is also constant. This result suggests that
each wake edge is a boundary between a layer of fluid that
is stationary, or nearly so (the ambient fluid), and a layer of
energized fluid just inside the wake that is moving at a con-
stant velocity. Fluid further inside or near the center of the
wake may, of course, be moving at some other velocity. If it
is assumed that the vorticity (or circulation per unit distance)
in the wake edge is exactly constant in strength with distance
along the wake, and moves at constant velocity, the edges of
energized wakes can be treated as free streamlines that move
at constant velocity and pressure. With such an approxima-
tion, the analysis can be carried out by use of hodograph and
mapping methods.?*2! Such an assumption must have been
made by Lighthill* when he analyzed the flow of an energized
wake as it impinged onto a ground plane.

As a result of the observation made in the previous para-
graph, two methods were used to determine the spacing be-
tween vortices in the various sheets that represent wake edges.
In the first and most stable method, the vortices are assumed
to be spaced at equal distances ds along the streamline as an
approximation to the free-streamline approximation (dashed
lines in Fig. 4). In this way, only the direction from one point
to the next needs to be determined by the computations. In
the second method, both the direction and the spacing are
allowed to change between vortices. Since a direct approach
that adjusts both parameters at once causes the iterations to
be less stable, the finalized vortex arrangement found for
constant spacing is used for the starting configuration for the
variable spacing solution (solid lines in Fig. 4). The fully re-
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laxed or iterated solutions found by the constant and by the
variable spacing conditions are illustrated in Fig. 4 for a finite
and for a much longer wake. Not much, if any, difference is
apparent in the wake shape near the actuator disk or entry
region. The fact that the fixed-spacing and the variable-spac-
ing solutions predict a different wake width and length indi-
cates that the velocity and mass flow through the vortex duct
are different, even though the strength of the input vorticity
at the actuator surface is the same.

Analysis by Use of Free-Streamline Method

As mentioned in the previous section of this Note, numer-
ical analysis of vortex sheets indicates that the spacing of point
vortices along the entire sheet is nearly constant. This suggests
that the free-streamline method might be a valid approxima-
tion to the edges of energized wakes in some circumstances.
The advantage of free-streamline solutions is that they have
an analytical basis. It is also their main shortcoming because
the necessary mapping functions are often difficult or impos-
sible to find and the integrations necessary for a solution may
need to be carried out numerically. In brief, the free-stream-
line method?°2! assumes that the vortex sheet that represents
an edge of the wake is of constant strength along its length.
Since the vortex sheet lies along a streamline, there is a ve-
locity, but not a pressure difference across it. Therefore, in
the free-streamline approximation, the velocity just outside
the sheet is everywhere zero and the velocity along the inside
surface of the sheet is everywhere constant. Far downstream
from the actuator disk, the velocity across the entire wake is
constant.

Of the free-streamline solutions presented in the preprint,?
only the final result for the solution for the wake in free space
is included here (Fig. 5). The boundaries of the flowfield in
the hodograph plane are formed by use of the functions?! that
map the real axis into a curvilinear polygon composed of
circular arcs. The resulting integrals are then evaluated
numerically'”-'® to determine the equipotential and stream-
lines in the flowfield of an energized wake in free space. The
flowfield or physical plane presented in Fig. 5 illustrates the
convergence of the wake as it descends. The flow at the entry
region where the vortex sheet begins first moves inboard be-
fore beginning any downward velocity. The characteristic of
wakes to first move inboard is regularly observed in helicopter
wakes.?~!2 The amount of convergence of the wake (i.e., 50%)
is in agreement with one-dimensional theory.?? The stream-
lines show how fluid is drawn into the wake and driven down-
ward. Not quite so obvious is the fact that the velocity just
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Fig. 5 Physical plane for energized wake in free space.
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outside of the wake region and close to the vortex sheets is
vanishingly small, as assumed in the free-streamline method.

Discussion of Results

Comparison of Free-Wake Solutions by Different Methods

The comparison in Fig. 6 is made to determine the degree
of agreement of the different methods that are used in this
Note to predict wake shape for an energized wake in free
space with no nearby boundaries or freestream velocity. The
wake shape calculated by use of the free-streamline and map-
ping method is shown as a solid line. The wake shapes pre-
dicted by the point-vortex and the vortex-sheet segment meth-
ods for an energized wake in free space are shown as a dotted
line and as a dashed line, respectively. In these two solutions,
the spacing of the point vortices and the lengths of the seg-
ments were allowed to vary with distance along the vortex
sheets because a variable spacing is the most representative
of the wake shape. It is noted in Fig. 6 that all three results
predict that the wake edges first move inboard before moving
downward. As mentioned previously, this characteristic of
wakes is regularly observed in helicopter wakes.’~'> The
agreement in the shape predicted by the three methods (Fig.
6) is quite good everywhere except near the beginning of the
sheets where the differences are small. Of the two solutions
obtained with singularities, the point vortex is in better agree-
ment with the free-streamline solution than the sheet-segment
method. A possible reason for the improved agreement is that
a point vortex provides concentrated circulation at the begin-
ning of the vortex sheets which does a better job of supplying
the needed flow-turning power than does a segment of vortex
sheet. Since the free-streamline solution and the singularity
solutions with ds = variable are in quite good agreement with
the free-space solution obtained by mapping, a constant ve-
locity assumption for the edges of energized wakes appears
to be an approximation that serves to improve the intuitive
understanding of energized wakes.

Wake-Shape Changes with Ground and Ceiling Height

Based on the comparisons made in Fig. 6 and in Ref. 19,
itis concluded that the point-vortex and vortex-sheet-segment
methods yield results acceptably close to the solutions ob-
tained by mapping methods. Since it is much easier to use
either of the two singularity methods than the mapping meth-
ods, results obtained with the point-vortex method, ds =
variable, are chosen for presentation. The presence of a nearby
ground or ceiling plane is simulated in the computations by
use of an image system of vortices so that the ground plane
becomes a streamline. The routine used previously to com-
pute the steady-state vortex positions for a wake in free space
is again used here. It was found that greater care is required
when an image system of vortices is included if instabilities
are to be prevented from occurring.

Consider first the effect of the proximity of the ground plane
on wake shape (Fig. 7). It is noted that the thickness of the

vortex sheets

N b
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Fig. 6 Comparison of Shape of energized wake in free space as cal-
culated by three solution methods.
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Fig. 8 Typical wake shapes for several locations of ceiling plane
relative to actuator surface as predicted by point-vortex method.
h./b = a) —0.1, b) —0.2, and ¢) —1.0.

energized wake increases as the ground plane approaches the
actuating surface. In contrast, when a ceiling plane ap-
proaches the actuator surface, the wake constricts more than
when in free space (Fig. 8). As a consequence, the presence
of a nearby ceiling plane causes the shear layer to remain in
the plane of the actuator much longer than when the wake is
in free space. These results suggest that if the wake is gen-
erated by a rotor, the noise produced by blade-vortex inter-
actions will probably be aggravated by the presence of a nearby
ceiling. Conversely, the presence of a nearby ground plane
will tend to alleviate the noise generated. A compromise be-
tween ceiling and ground plane distances at which the wake
contraction is the same as in free space can probably be found.
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Fig. 9 Minimum width of energized wake as function of the distance
of the actuator surface from the ceiling or ground plane.

Other wake characteristics will, however, probably not be the
same as the free-space solution.

One way to characterize the effect of ground and ceiling
planes on wake shape is to compare the size of the minimum
width of the wake as the height of each surface changes (Fig.
9). The results show that a ground plane enlarges the wake
width as the actuator disk becomes nearer until the minimum
width occurs at the actuator itself. Since such a situation oc-
curs before the ground height /2, vanishes, the minimum wake
width is constant for a range of ground heights just above
zero. As the actuator surface approaches the ground plane,
the mass flow through the wake decreases so that the layers
of fluid moving parallel to the ground plane become thinner.
As noted previously, the ceiling plane causes the wake to
constrict more and more as the actuator approaches the ceiling
plane. It is somewhat surprising that, for the idealized, two-
dimensional wakes analyzed here, the influence of floor and
ceiling planes persists to the large spacings indicated in Fig.
9. The two curves come together with a wake width of about
0.53b when the ground and ceiling planes are both about 5
spans from the actuator surface. The proper combination of
ground and ceiling heights for minimum influence on rotor
thrust was determined in Ref. 13.

Concluding Remarks

Results are presented here that provide insight into the
structure of energized wakes in general and in the presence
of ground or ceiling planes when powered-lift devices are
tested at zero and low wind-tunnel velocities. It was first found
that the vortex sheets (that separate the energized wake from
the ambient fluid) are approximately constant in strength and
move at constant velocity. This characteristic permits the use
of free-streamline theory and mapping methods to obtain a
solution for an energized wake in free space. It is shown that
such a solution is in good agreement with those obtained with
point-vortex and vortex-sheet-segment approximations for the
wake edges. All three methods indicate that vortex wakes
first move inboard, and sometimes also upward, before they
turn and go downward, so that interference between the wake
and the energizing surface is more likely.

Several solutions were then presented to indicate how the
presence of a nearby ground plane causes the energized wake
to constrict less than when in free space. In contrast, another
set of solutions indicate that the presence of a ceiling plane
enhances wake constriction so that the wake width is even
smaller than when in free space. Hence, a ground plane tends
to reduce the chance for interaction between the wake and
the energizing elements, while a nearby ceiling plane tends
to increase the likelihood for interference.
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