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Forward

This techrical note is the final report on & series of tests of
forward-svept wing and canard wake interactions. The tests in
‘ this document were couducted at the Aeronautics Laboratory of the
USAF Academy during the period 1 January 1983 to 29 July 1983.
This technical effort was sponsdred--dby-the-Defetisd Advanced
Research Projects Agency (DARPA) and administered as ARPA 4364 by
N Colonel James Allburn. Captain K.E., Griffin, the principal
investigator, was assisted by the staff and cadets at the USAF
Acadeny.

ERER I

This report documents the location of the canard wake and its
interactions with the upper-surface flow field of the
forvard-swept wing of the X~29, The flow field of a 1/10-scale
model of the X-29 is surveyed with the canard at different angles
of attack and with the canard removed. Comparing these

ot e P AR

i configurations by means of velocity and pressure plots revealed
f the effacts of the canard on the wing. The detailed pressure and
2 velocity dats is stored on a 9-track magnetic tape at the
% Asronautics Laboratory, where it is aveilabdle to any interested
! investigator.
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WAKE CHARACTERISTICS AND INTERACTIONS OF THE
CANARD/WING LIFTING SURFACE CONFIGURATION
OF THE X~-29 FORWARD-SWEPT WING FLIGHT DEMONSTRATOR

E.C. Haerter*, B.R., Smith*, and K.E. Griffin**
Abstract

‘4;Th1| technical note summarizes experimental lifting-surface
vake data taken from a 1/10-scale, reflection-plane model of the
X-29 Forward-Swept Wing Demonstrator. The model is configured
vith and without the canard to illustrate the canard/wing wake
iateractions.. The data collected comprises total, dynamic, and
static pressures as well as local velocity magnitudes and
directions for a series of points around this model. The data
points are arrayed to include flow regioms near the model as well
a8 the freestream wvake regions downstreéam of its canard and wing.ﬁé,

. -

I. Introduction

Placing lifting surfaces, such as canards, upstream from the
primary lifting surface introduces new flow-field uncertainties.
These surfaces 'produce aircraft trimming loads that introduce
trioming surface/primary wing flow-field interactions that are not
found in conventional aft-taill configurations. The 1/10-scale,
reflection~plane model, shown in Figure 1, is used in this test
effort to examine the major pressure and velocity field effects
of the interaction between the wake from the canard and the flow
field of the Jorward-swept wing. The configuration i{s modeled
from the X-29 Forward-Swept Wing Demonstrator Aircraft. The
measurement of freestreum values of total, static, and dynamic
pressure and of the local velocity vector in the cocmplex flow
fields aft of 1lifting surfaces is made possible by a seven—-hole
pressure probe and data acquisition system. This system was

developed at the Aeronautics Laboratory at the USAF Academy for

*Cadet, USAF Academy .
**Captain, USAF Academy, Assistant pProfessor of Aeronautics,
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the purpose of surveying unknown flow fields. Sample data, along

with some interpretation, is presented to illustrate the flow

interactions at selected locations along the model. This effort

culminates a thiee-part investigation into lifting-surface wakes.
Part one examined a simple, generic forward-swept wing

| configuration, as is documented in USAFA-TN-82-4 (Ref, 1), The

second part examined two simple lifting-surface planforms used in

the past to study wake characteriatics: a* low aspect-ratio delta
and a low aspect~ratio flapped plate. These tests are documented
in USAFA-TN-83-6 (Ref., 2).

Different canard angles were tested to observe their
effects on the wake interactions, The data summarizing these
effects is presented here in graphical form, showing velocity
and pressure values. The progression downstream of the
interactions is suggested by the plots of the lifting-surface wake

regions at successive downstream locations.

I1. Background

The presence of lifting zrrfrras or bodies in otherwise
uniform flow causes changes in total presszure that are carried
downstream as well as velocity :hanges that sesult in downwash.
These total pressure changes are “iused by irreversibl. changes
in the energy of the flow due to vis. ' logses. These viscous

losses occur in all boundary layers as well as \@&~r :hc core of :

vortex systems and are caused by large velocity gradients. The




loss in total pressure is apparent in these regions when
measurements of total pressure are made with a pitot probe. The
calibration of a pitot probe assumes the total reversible recovery
of the dynamic pressure at the pressure port. The irreversible
energy changes due to viscous effects just mentioned do not allow
this fully reversible pressure recovery at the pitot port. The
downstreax location of the wakes of wings or bodies as well as the
vortex systems that they generate can be obtained, then, by
observing the loss in total pressure och;ing in the streamlines
that have passed near them.

This loss in total pressure, which is discernible in the flow
for some distance downstream, is measured in this test effort with
the seven-hole pressure probe. The velocity fields downstream of
lifting surfaces and bodies are highly complex, with widely
varying velocity vectors that usually cannot be predicted. Given
this unpredictability, a single-port pitot probe cannot be used
to measure total pressure, since the velocity vector must be known
beforehand at all data point locations in order to properly orient
the probe to measure total pressure. The seven-hole pressure
probe is not limited in this weay.

The seven-hole pressure probe, developed at the Aeronautics
Laboratory of the USAF Academy under sponsorship of the NASA Ames
Research Center (Ref. 3), {8 shown in Figure 2. Six pressure
;orts are equally spaced on the conical face of the probe around

the seventh port, which 18 located at probe centerline. Using

these suven pregssure ports and a series of calibration equations,
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the total, static, and dynamic pressures as well as the local flow
velocity vector can be obtained for any data point location in the
flow field where the probe can be positioned. The velocity vector
can be as much as 80 degrees off-angle with respect to the
seven-hole probe centerline without affecting the accuracy of its
measurements (Ref. 4). Therefore, even the complex and
unpredictable flow fields downstream from canard/wing combinations
can be safely surveyqd without concern that the probe is too
greatly misaligned with the flow. The prvbe in use at present has
been calibrated to measure flow velocities up to Mach 2, but the
local flow velocities for the low-speed tests documented here
rarely exceed Mach ,5, The ability to extract these pressures and
velocities from the seven-hole probe lies in the high-speed
digital minicomputer contained in the probe data acquisition
system. Seven sets of fourth-order simultaneous equations,
defined for seven possible flow angle regionas, convert the raw
pressure values at the seven ports to the total, static, and
dynamic values on a real time basis during testing, The
coefficients in these equations are defined .n calibration tests
using known flow conditions and probe orientations. This real
time data reduction permits data plotting during the tests to
avoid missing unexpected flow characteristics or characteristics

in unexpaected locations.

IIl. Experimental Apparatus

A. Wind Tunnel

...................................
-----------------------
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Tests wvere conducted in the subsonic continuous=flow wind
tunnel at the Aeronautics Laboratory shown in Figure 3. It has
8 2-foot by 3-foot test section that is 70 inches long, permitting
the use of the 1/10-scale, reflection-plane X-29 model. D-=sgity,
temperature, and pressure in the wind tunnel are prescribed by
local atmospheric conditions. Speeds are available from 50 tc 400
feet per second providing Reynolds numbers in the range of .2 x
10 to 1.6 x 10 per foot. The flow speed used for this test is 150

feaet per second.

B. Model

The model used for these tests is the 1/10-scale,
reflection=plane representation of the X-29 shown in Figure 1.
It is constructed of steel- and fiberglass-reinforced epoxy. The
inlets are vented to the tail cone. The model is mounted in the
wind tunnel (with the wings horizontal) by means of a vertical
splitter plate, which minimizes the wind tunnel boundary layer
effects near the model body. Two wing configurations are
possible: a low-speed, high-1ift flap configuration (used for
these tests) and a high-speed, high-1ift flap configuration (that
will be tested in the future). The canard has unlimited angle
travel, with its angle of attack measured in relation to the
aircraft centerline (which is also the engine thrust line). The
canard is also removable to allow wing=-only flow field
comparisons. The model angle-of-attack range is between plus and

minus 20 degrees with respect to the wind-tunnel centerline. The
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model angle used for all of the data presented here is 6 degrees.
This model angle permits smooth and attsched flow over the wing
(without the canard) while avoiding any separation effects about

either the leading or trailing edge.

C. Seven-Hole Probe Systen
The seven-hole probe and positioning hardware are shown !

in Figure 2. Each pressure port at the probe tip is counected by
flexible tubing to electronic pressure :;anlduceru just outside

the wind tunnel. These transducers create an electrical analog

signal of the port pressures for input to a digital computer. The

dvell time of the probe at each data point location is such that

all pressure transients have besen -‘amped out before recording the

port pressuraes.

A PDP 11/45 digital computer is used to convert the rawv port
pressures to readily usable data. The computer reads these port
pressures directly through an analog-to-digital converter. The
digitiszsed port pressures are then converted (on a real-time basis)
to total, static, and dynamic pressures and velocity vectors by
means of predevLermined calibration equations stored in the
computer. The data is then stored on a magnetic disk for quick
retrieval. After the pressure port data is recorded at a
preselected geometric location, the computer directs the
mechanical traverse to position the probe at the naxt data point

location. These geometric data point locations are pre-selected

and stored in the computer in groups of 100, organized in
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trapezoidal grid patterns. Opportuni:ies to plot the accumulating
data during a test sequence are available periodically to refiune

the grid work of data points.

IV. Results

The test results are highlighted and summarized here in a
series of plots depicting the cross velocities and total pressures
using 5 sets of data points. These sets are organized within 5
planes that have constant streamwise loc;tlonu within the wind
tunnel. The streamwise locations of these planes ralative to the
model are illustrated in Figure 4. All data planes are oriented
so that their unit normals are parallel to the test section’s
centerline, Data Plane 1 is «2 inches downstream from the crank
in the canard’'s trailing edge. Plane 2 intersects the
leading~edge crank of the forward-swept wing. Plane 4 is .4
inches downstreanm from the exposed wing root trailing edge. Plane
3 {s half way between Plane 2 and Plane 4 streamwise. Plane 5 is
.2 inches dovnstream from the strake trailing edge. 1In exzch of
these planes a serias of data points 18 placed so that the
upper-surface flow field or the freeastream wake of the canard
and/or wing can be adequately defined 1sing measurements taken at
these points. The data point locations are also chosen so that
the probe positioning system can locate the probe at each point
without atriking the model.

The cross-velocity vectors and the contour lines of constant

loss in total pressure are plotted for each plane. This
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combination of velocity and total pressure loss provideas the best
graphical display of the flow field and wake characteristics. The
data planes are ordered according to streamwise location, with the
most upstreasm location presented first. A sense of the movement
and development of the wake characteristics from a lifting surface
can be gained by comparing figures as they represent progressively
more dovnstream locations.

The velocity field in and around a lifting surface is the
easiest form of flow-field datas to vt.uniizc. Therefore, the
velocity pattearns are most useful in interpreting the results of
these wake surveys. In this data the velocity patterns are
depicted by means of cross-velocity vectors representing the cross
flov and downvash at each of the data point locations. The length
of the vectors indicates relative magnitude; their tail defines
the geometric location of the data points; and the arrovwhead
indicates the positive flow directions. The component plotted in
these cross~velocity figures is the component of the total
velocity vector that lies in the plane of data points. The
downwash is thus defined in terms of the freestream flow direction
¢t wind tunnel ceaterline rather than a coordinate system attached
to the model. Streamwise vorticity appears as localized rotary
m~tion, downwash appears as uniform downward motion, and lifting
surface wakes appear as discountinuicies in the vector directions
el {uwe duwnwash.

Tr cocuplement the plots of cross-velocity vectors, contours

of constant values of total-pressure loes are also plotted. Total
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pressure losses are recorded here in non-dimensionalized form for
ease in plotting. The total pressure coefficient, CPo’ is defined

so that, as the local total pressure at a particular data point,

P P
dr below that of the freestr value the
®Local * ‘P8 PO ean > °Tunne1 '’
coefficient cp becomes negative.
)
P - %
Cp o Local Tunnel ()
o P P

°Tunnel - °°Tunnel

This pressure difference is non-dimensionalized by the tunnel
dynamic pressure. Using the same data pof;t locations found in
the velocity plots, contours of cpo define wake locations and
vortex concentrations. For this paper a cpo range of 0 to =.4 is
used for the pressure plots. In and around the vortex cores and
the midplane of the strongest regions of the wakes, the loss in
this total pressure coefficient can be much larger than =-.4.
However, to observe the more subtle wake signatures in the size
of plots used in this report, only this narrow range in CP is
plotted. °

To help the reader interprete data presented later, a plot
of the cross velocity vectors of Data Plane 4 (as they would be
seen relative to the wind tunnel model) has been constructed and
is shown in Figure 5. The velocity plot is mounted on a glass
plate thet occupies the spatial location (relative to the model)
of the data pointe of Data Plane 4. The wind tunnel model is
vieved from the port side as mounted in the test section. The

coordinate system used in all the data plots has its origin at the

lower corner of the port side of the test section, which is the
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near lower corner of the plane as saen in Figure 5. The x-
coordinate i1s horizontal and positive, moviorg port to starboard
relative to the model. The y-axis is vertical and in the positive
lift direction relative to the model. The figure shows a
porapecfive view of the data plane. A second view of this cross
yolocity plot from that plane is shown in Figure 6. This 1is a
streamvise view of the same plane, showing the velocity field
downstream of the lifting surfaces that created it. The view in
Figure 6 is upstream towards the model, ;howing its port wing and
canard upstream of the data plane. The association can be seen

in this figure between the lifting surface tips and the downstreanm

flov rotation from their tip vorticity.

A. Wing Only

In order to observe the effects of the canard wake on the
flow field and wake of the wing upper surface, the velocity and
pressure characteristica of the wing flow field with the canard
removed are needed for comparison. In Figures 7 and 8 these
charact ristics are plotted for Data Planes 2 through 5. Figure
7 presents the cross-velocity vectors, and Figure 8 shows the
pressure contours.

Four velocity plots are shown in Figure 7. Data Plane 2 (at
the top) occupies the most upstream location, while the plots
below (when viewed in sequence) show the flow field developement
streamvise. Again, the view is upstream with the wing tip lying

on the left of the plot and the fuselage on the right. Positive
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1ift is upwards in the y direction. The velocity vectors show
both the wing tip vortex and the interior downwash that contains
the wake. The discontinuity in this downwash field indicates the
wake direction. |

Figure 8 contains the total pressure contours corresponding
to the data points and conditions illustrated in Figure 7. 1If the
pressure coefficient range of .0 to —-.4 1is used, several wake
charscteristics can be seen. The tip vortex is shown at the left
of each plot, and the wing wake is Vilibll.ll the band of total

pressure loss. Since the wing intersects significant parts of

Dats Planes 2 and 3, the upper-surface boundary layer is visible

‘where the probe can come sufficiently close to the upper surface.

The large disturbance in these boundary layers caused by the
leading edge crank can be seen at approximately 19 inches on the
x-axis. The crank disturbance can also be seen in the velocity
plot of Data Plane 2 (Figure 7). Note the spanwise change in the
flow direction at the crank location.

Keeping in mind the plots of the wing flow field without the
canard (Pigures 7 and 8), consider the flow fields in Figures 9
through 18. In these figures, the canard is in place and its
position is varied from =20 to +20 degrees angle of attack. These
plots ara organised by data plane. Figures 9 and 10 are the
velocity and pressure plots for Data Plane 1, Figures 1l and 12
are the same for Data Plane 2, etcs In each figure the 4 plots
are taken from a single set of data points with the canard set at

20, 10, 0, and -20 degrees, regspectively. The effect of canard

11
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angle can be seen by comparing the plots to each other and to

Figures 7 and 8.
B. Data Plane 1

to the canard, since the wing is downstream of this location.

Beginning at the =20 degree canard angle (the lowest plot in the g
figure), a well-defined tip vortex and upwash (negative downwash)
appears. In reality, the canard is flyig; at only ~14 degrees

angle of attack, sionce the body is at +6 degrees with respect to

the freestream. At the next plot up in the figure, O degrees, the

- canard 1s flying at a 6 degree absolute angle of attack, and the

direction of the tip vortex rotation corresponds to a positive
11ft condition on the canard. Note that the downwash from the

canard at this angle is strongly affected by the upwash that

‘precedes the wing leading edge. The entire canard downwash is

luéh strounger in the nsext plot above (the 10 degree canard angle).
The flow field is atill well defined. However, the plot of the
flow field with the canard at 20 degrees shows irregular or
1l11-defined flov near the canard wake location. At this angle,
the canard is producing &« totally separsted upper—surface flow
field. This separated region is easily seen in the irregular
vector directions inboard of the canard tip region. The strong
downwash field above this region, extending to the region just
outboard the canard tip, is curious. Since the extremely low

pressure region on the canard’s uppar surface has been lost, the

12




strong pressure recovery at the canard tip is not there to create
a strong, well-defined, canard=-tip vortex. 1In addition, the flow
ﬁ conditions for all the data planes near the fuselage are strongly
A influenced by flow separation caused by the large inlets just
upstrean of the canard.
The total pressure contours in Figure 10 display lines
raprasenting constant values of cpo. The rings corresponding
. to the tip vortex encircle the canard-tip vortex core. Near the
core, very large negative values of CPo (on zho order of =6 in |
some cases) are measured. Therefore, these core values are ;
outside the range used for plotting in Figure 10, and a blank
space appears at the vortex cora. In the plot for the O degrees i
canard angle, the canard ﬁako is clearly defined. The wake at the
larger positive canard angles is not visible because the wing
prevents the the probe from being positionad in thaese lower
regions. Note that as the angle of the canard is increased to 10

degrees, the region of large cp losses increases. This tip
o

vortex is stronger due to the large canard angle of attack.

C. Data Plane 2 !

The velocity vectors and pressure contours for Data Plamne

2 appear in Figures 11 and 12, respectively. The wing tip is 1

upstream of this data plane, and the wing/plane intersection |

containg nearly the complete wing semi~span. Therefore, only the
wing-tip vortex can be seen at this location. The wing wake

begine at the more downstream wing trailing edge. This wing-tip
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vortex does not change its core location vwhen the canard angle is
changed. The canard influence on the wing flow field becones
significant just outboard of the canard-tip vortex. The
canard-tip vortex location is influenced by the wing and moves
upward with the streamlines that follow the wing upper surface.
Note that the spanwise location of the canard=-tip vortex moves
inboard as the absolute value of the canard angls increases. The
downwvash inboard of the wing—=tip vortex must also change to upvash
Just outboard of the canard=tip vortex. Evcn though the
canard=tip vortex moves iunboard with canard angle increases, this
wash transition appears at the same spanvise location. Finally,
note the large differences in the upper surface vash on the wing
with the canard at positive angles when compared to this data
plane with no canard pressant. This large influeance towards
dowvnvash illustrates the separation delay available for forward

- aveap when & canard trimming surface is used.

The pressure contours for Data Plane 2 (Figure 12) show the
canard wake moving closer to the wing upper surface with increased
canard angle of ettack. The wing tip vortex is also shown. The
boundary layer on the wing upper surface is visible with positive
canard angles: The large disturbance near the fuselage moves
vertically; with the canard angle at =20 degrees, it is barely

visible at the wing root.

D. Data Plane 3

Downstream at Data Plane 3 (Figures 13 and 14) a
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- sigunificant portion of the wing wake can be observed outboard of
the canard-tip vortex. The velocity plots in Figure 13 show the
strong wing~tip vortex maintaining its position and containing e
well-defined, rotation-velocity profile that appears to be
independant of the canard angle of attack. The canard-tip vortex,
hovever, shows considerable degeneration when the canard is at 20
degrees angle of asttack. With the canard at 10 degreaes or less,

" & strong lateraction appears between the inboard spanvwise flow (at
the immediate upper surface of the dnployod.trailing-cdgc flap of
the wving) and the rotational flow of the canard-tip vortex. This
interaction creatss an 5 pattern, vhich is most evident in the
‘plot for the 10 degreeas canard angle. Note also the strong

‘inboard flow component in the wing upper-surface flovw downstrean
6f the canard when the canard is at negative angles of attack.

“The “discontinuity in the spanvise flow component of the wing
dowavash can now be used to define the wing wake location.

‘The pressure contours of Datea Plane 3 (Figure 14) confirm the
locations of the wake characteristics. Tha plot for the 20 degree
canard angle aloo verifies the degeneration of the canard-tip
vortex. The disturbance in pressure is now an amalgam of wing
boundary layer, canard wake, and tip vortex without sharp
definition of each charscteristic., Note also that the location
and strength of the wing wake secenm relatively unaffected by

different canard anglaes.

E«. Data Plane 4
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Figure 15 shows the velocity plots for Data Plane 4. This
is the most upstream location containing all of the wing wake, and
it does not intersect the wing itself. As in all the plots, the
wing-tip vortex is well defined and remains in the sanme x,y
location: The canard—-tip vortex, however, is well defined only
at the 0 snd =20 degrees canard angles. At 20 degrees canard
angle of attack, the rotary flovw of a canard-tip vortex is not
really defined. There are changes in the vwing downwash downstrean
of the canard, but vortex flow has dillp;;lt.do

The affect of the canard wake on the spanwise component of
the wing flow field can be seen at the O and 10 degree canard
angles. A natural “"wing fence” effect is formed just outboard of
the canard~tip vortex. At this span location, the cross—=valocity
vectors lose their spanwise component. Inboard of this location,
spanvise flow 1s outboard; conversely, outboard of this location,
the spanvise flow is inboard. The wing wake can also be seen in
the discontinuity in the downvash vectors. This is especially
noticeable at the -20 degree canard angle.,

The praessure contours of Data Plane 4 are plotted in Figure
16, The wing-tip vortex remains in the same location, but the
wing wake begins to drift dovnward with the downwaeh. The canard
wake can be fdentified just sbove the wing wake for the O degrae
canard angle, but for the larger canard angles the wiug wake and

canard vake pressure disturbances cannot be separatad.

F. Data Plane 5

16
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The velocity plots for Data Plane 5 are shown in Figure

17. The wing~tip vortex is estill well defined and unaffected by
the canard. 1Its vertical and horizontal positions remain fixed.
The canard=tip vortex velocity signature for the 10 degree canard
angle is faint at this streamwise location, while for the O daegrae
canard angle, it is still well defined. The downwash influence
from even the 20 degree canard angle is very strong; however, at
this streamwise location the velocity discontinuity of the wing
wake is not discernable, and the pressure c;;tourl nust be used
to find the wing vakes.

The pressure contours for this data plane are found in Figure
18. Although the wing wake signatures are becoming vary weak, the
pressure signatures of the canard tip, even for the 20 degrea
canard angle, remain very strong. Note how far down the wing wake
has drifted in the presence of the wing downvash. This downward
drift does not appear to be influenced by the presance of the

canard.

V. Conclusien

vortex systems for both the canard and the wing tips can be
easily identified using tha velocity and presssure plots. It
appsars that unless a tip-vortex core pssses near another lifting
surface, ite location remains constant downstream of the
s;norating lifting surface. The lifting-surface wake does drift
with the downwash and appears to "unwrap"” around the vortex core,

but the core itself does not move.
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The wake locations can best be identified by their pressure
signatures. The relative strengths of the wakes are discernable,
and locating parallel wakes in close proximity has been proved
possible. 1In all the tests at the 6 degree aircraft angle of
attack, no canard angle could be found that moved the canard wake
below the wing.

The astrong downvash influence of the canard on the inboard
portion of the wing can be sean easily. It appears, however, that

.

the upwash outboard of the canard (when it is at positive angles

of attack) does not influence the outboard wing flow field

- significantly. The dovnward movement of the outboard wing wakae,

-at progressively dovnstream locations, does not seem to be

affected by the canard.

rh; vortex system created by the canard at large angles of
attack (whera significant canard flow separation exists) breaks
dowvn more quickly when moving downstream than does the vorticity
created whan the canard is at low angles of attack. Tha breakdown
occurs from the inr‘de out rather than the reverse. Perhaps the
stronger vottex burets much *~oner than the weaker ones. This
seenms to be visible at the 20 degree canard anele - srcunk. Hers
the inner velocity vecirors 6f the canard vortex become randomw,
while the outer areas retain their rotary directlons. This
interior is thus a random, unsteady flow reg!~a that could be
identified as the interior of a burst vortex. It rei.ined
stationary and well defined in all downstream data planes. This

phenomenon could not be identified in the wing-tip vortex.
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Future investigations should attempt to identify the bursting
chnrqctoriltic ot_théoo vortices, and its possible implications
for the vwing flow field. The high-speed wing should also be
oxamincd,'nincc its smooth uppar-surface contours should provide

. a configuration that would allow higher aircraft angles of attack
beforas .ignificant flovw separation occurs. These higher angles
of ;ttack woﬁ&d change the geonmetric rclatioﬁlhipl of the canard

wake and wing upper surface, alloving more loparacioﬁ.
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