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PREFACE

This technical report covers the work performed under Contract
N00014-74-C-0344 from 1 May 1977 to 31 July 1978 and is the fourth
and summary technical report published under the program.

Dr. Robert Whitehead and Mr. David S. Siegel, Office of Naval
Research, were the Navy Scientific Officers.
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PREDICTION OF LATERAL AERODYNAMIC LOADS ON FIGHTER
AIRCRAFT AT HIGH ANGLES OF ATTACK

1. INTRODUCTION

This is the Final Technical Report on a program conducted by Nielsen
Engineering & Research, Inc. (NEAR) for the Office of Naval Research to
develop engineering techniques for predicting the lateral aerodynamic
load distribution on fighter-bomber aircraft at incipient departure flight
conditions. The problem considered is one in which the aircraft is in the
range of angle of attack (generally 30° to 45°) in which a steady asym-
metric vortex system is formed on the nose. The vortices induce a side-
force on the nose and pass oves the wing and tail to induce a side-force
on these components. This vortex system is an important source of lateral

aerodynamic effects causing departure for many aircraft.

This program has been conducted over a four year period. The work of
the first two years was primarily analytical. Preliminary work was done
on asymmetric vortex shedding from circular cross section noses and the
subsequent interaction of these vortices with the wing, body, and tail.

A vortex lattice program was developed to calculate the properties oi the
vortices over the wing/body, to calculate the interaction of the nose and
strake vortices and to calculate the lcads on the wing/body in the pres-
ence of tiue nose and strake vortices. Tail vortex interference methods
were used to calculate tail loads in the presence of the nose and wing/
strake vortex systems. This work is described in reference 1. This vor-
tex lattice program was subsequently modified to perform these calcula-
tions in the presence of small sideslip. That work is described in refer-
ence 2.

It was apparent in applying these methods to real aircraft config-
urations that it would be necessary to consider more realistic nose
shapes, since it was becoming clear that tailoring the shape of the nose
can greatly improve the aerodynamic characteristics and handling qualities
of the aircraft at high angles of attack. Since no experimental work had
been done on noncircular nose shapes in which flow fields and vortex
positions were measured, some tests were conducted in the third year to

provide guidance to analytical work on noncircular nose vortex shedding.




In addition, an analytical model was developed for noncircular nose vor-

tex shedding. This work is summarized in reference 3.

The final year's work has been directed to analysis of the data,
application of the analytical methods,to the test configurations, and
comparisons between predicted and measured results. This report briefly
summarizes the results of the earlier work and concentrates on the data

comparisons and assaessments of the methods.

2. OVERALL APPROACH

The problem of interest is the flow over a high speed fighter-bomber
at angles of attack in t .e asymmetric steady vortex-shedding range
{perhaps 30° tc 45°), small sideslip angles, and zero aagular rates.

The analysis and experiments have been limited to incompressible flow,
although they can be extended tc speeds up to the critical speed. The
configurations of interest are nose/wing/body/strake/tail configurations
typical of modern high speed aircraft. The flow is dominated by separa-
tion on the relatively sharp slender nose and leading edges of the wing
and strakes. The aerodynamic loads of greatest interest are the side
force and yawing moment which are strongly influenced by flow separation
effects and in the case of zero sideslip are due entirely to these

effects.

The general approach makes use of the body of potential flow methods
that have been developed over the past 15 years or so to calculate non-
linear wing/body/tail vortex interference effects on aircraft and
missiles. These methods have been used with considerable success in
many kinds of configurations. They represent the important physical
phenomena of the flow and provide good insight into the nature of the
interference loading and yet are relatively straightforward in application.

The aircraft configuration is divided into segments for purposes of
analysis: the nose, the wing/strake/body, the afterbody (if present) and
tail. Methods are developed to characterize the separated flow over the
nose in terms of potential vortices. 1In order to model the important
features of the flow, a large number, or "cloud", of vortices is used.
The distribution of vortices in the cloud is calculated aft to the axial
station of the strake-leading-edge intersection with the fuselage.
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e purposes of calculating the influence of the nose shed-vorticity
on the aft surfaces of the aircraft, the cloud is modeled by a small
number (two to six) of ~oncentrated vortices. The paths of these vor-
tices are computed over the axial extent . of the wing, and the induced
asymmetric flow field on the wing and body surfaces is calculated. A
lifting-surface method is then used to compute the load distribution on
the wing/strake in the presence of the asymmetric vortex system. Leading-
and side-edge separation on the wing and strake is treatcd using the
"vortex lift" analogy of Polhamus (ref. 4). The leading-, side-, and
trailing-edge wing/strake vorticity is modeled by a number of concen-

trated potential vortex filaments.

The nose and wing/strake vortices are then considered to trail aft
over the afterbody and tail, where they induce loads on these components.
Combinations of slender body and strip methods are used to calculate the
afterbody and tail loads. The load§ calculated are all components except
drag. Primary emphasis is given in this report to side force and yawing

moment, since these are a major influence on departure.

3. METHODS OF ANALYSIS

This section describes the essential features of the methods of
analysis. The purpose is to provide a basic understanding of the
approach, assumptions, and limitations of the methods. Reference is
made tc earlier reports for details of the derivations, equations, and

calculated results made to evaluate the methods. The discussion is

divided into nose, wing/body, and tail methods.

3.1 Nose Vortex Shedding

The major features of the analysis for vortex shedding from a non-
circular nose are shown in figure 1. The analysis uses potential flow
methods and slender body theory to model the steady three-dimensional
flow as an unsteady, two-dimensional problem, where time in the unsteady
problem is analogous to axial distance along the nose in the three-
Aimensional case. The basic approach is the circular cross sectiorn
model of Deffenbaugh (ref. 5), to which several features have been

added.
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Figure 1. Asymmetric vortex-shedding model for
noncircular cross sections.
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Initially, a mapping function is developed to map the body cross
section into a circle, using a numerical mapping scheme developed by
Jameson (ref. 6) for airfoils. At a given axial station, the pressure
distribution on the noncircular body is calculated in the presence of
the uniform crossflow and any potential vortices that are in the flow
fizld at that station. Velocities are calculated in the circle plane
where the vortex image system can be specified and are mapped into the
noncircular plane to calculate pressures. A windward stagnation point
is located, and a two-dimensional boundary layer is ccnsidered to exist
on either side of the body starting at the stagnation point.

In crder to calculate the location of the separation points on the
flanks of the body, a separation criterion based on surface pressure and
run length is used. 1Initially, the two-dimensional Stratford criteria
(ref. 7), either laminar or turbulent, were employed. These criteria
depend on Cp, the gradient of Cp along the surface, a distance "s" along
the surface, and for turbulent flow the Reynolds number, as shown on
figure 1. Since the criteria were developed for flat-plate boundary
layers subject to an adverse pressure gradient after an initial run
length at constant pressure, a virtual origin is used with circular
(or noncircular) bodies which provides the same displacement thickness
at the minimum pressure point on the body as exists on a flat plate at
the point where the adverse pressure gradient is imposed. The distance
s is the distance from this virtual origin.

Use of these criteria on three-dimensional bodies for which measured
separation line locations were available indicated that separation

occurred closer to the minimum pressure location than was predicted

using the criteria. Consequently a correction factor "“sin " was used

with the numerical Stratford criteria 0.102 and 0.35 which resulted in

earlier separation and better agreement for the three dimensional case.
The "modified" Stratford criteria, 0.102 sin a and 0.35 sin a, shown

on figure 1, were used for all calculations presented herein.

At each of the two separation points, a potential vortex is introduced
a small distance off the body surface. The strength of each vortex 1is
given by the vorticity flux in the boundary layer at separation, which
depends only on the boundary-layer edge velocity. Based on empirical
observations of body vortex sheddina, a factor of 0.6 is applied to the
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poundary layer vorticity flux to obtain the vorticity leaving the surface

and entering the flow at the separation point. With increasing time

these vortices remain constant in strength and
At successive

(distance downsiream),

move away from the body along streamlines in the flow.

increments in time, or distance along the body, the process of calcula-

ting boundary-layer separation and introduclinyg two vortices 1s repeated.

vortex positions are calculated in the circle plane and mapred into the
noncircular plane.

The pressure distribution on the nose is calculated using the un-
In order to avoid a singularity in the

steady Bernoulli equation.
improve the model of the thick-

velocity-potential derivative term, and

ness effect, a three-dimensional source distribution is used to represent

the nose area distribution. Pressures are integrated to obtain locads.

For the case of a nose shape with a vertical plane of symmetry at

zero sideslip, the vortex system wants to develop symmetrically, and some

form of asymmetric disturbance is necessary to perturb the symmetric
the disturbance took the form of rotating the two
through a

solution., Typically,
computed separation points clockwise (or counterclockwise)
(the order of one-half degree) over the first 5 to 10 per-

small angle AR
Thereafter,

cent of the length of the nose, as shown in the sketch below.

'_\
™

\*-Computed {synmetric)
separation points

vV sin a
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the separation point locations used are those calculated from the modi-
fied Stratford criteria., The rapidity with which an appreciable asym-
metry developed was found to depend on angle of attack, with little
asymmetry in the shedding developing at angles of attack below about

25 degrees. Gitor sideslip with noncircular bodies; no initial disturbance

iz required.

Typically about 40 pairs of vortices were used in the nose calcula-

tions for fineness ratios of about 5. Since the computer time goes up

rapidly wi:h the number of vortices, provision was made in the computer

proaram co combine vortices. This was done on two bases. First, if two

TN

vortices got very close to each other, the two were combined into a
single vortex at the "center of gravity” of the two with a strength egqual
to the sum of the two. Secondly, if a group in the cloud of vortices
separated itself from the others, as occurs when a third vortex is formed,
this group would be represented by a single vortex when the group got
sufficiently far away from the body and other vortices in the cloud that
its influence on the body surface pressures and the motion of the other
vortices could be approximated by a single vortex. In practice, the
latter option was not used in the present study.

The details of the method are described more extensively in refer-

ence 3.

3.2 Wing/Body/Strake Loacds

The method for predicting loads on the portion of the aircraft betwzen
the leading- and trailing-edg2 wing stations has two parts. The first is
a vortex lattice method for calculating loads in the presence of a given
frce-vortex system. The second is a crossflow plane method for locating
the free vortices and calculating their induced velocities on the wing

and body. The methods are described in detail in reference 2.

A vcrtex lattice model is used to calculate loads on the wing/body/
strake at combined angles of attack and sideslip in the presence of an
arbiltrary asymmetric vortex system originating on the nose and passing
over the configuration. The model considers arbitrary planforms having
breaks in sweep on the leading and trailing edges, camber, and dihedral.
The lifting surface is divided into chordwise rows of panels, with each
row along the span having the same number of panels. The leading and

13




trailing edges of each panel correspond to constant-percent-chord lines
on the wing. A horseshoe vortex is placed in each panel, with its »ound
leg at the guarter chord of the panel and its trailing legs along the
sides of the panels. The vortices are located in the chordal plane of

the wing, and the trailing legs of the horseshoe vortices are constrained

to be parallel to the wing rcot chord, whether or not sideslip is present.

For purposes of modeling the fuselage, an equivalent circular body
is defined having the same area distribution as the noncircular fuselage.
An image system is used consisting of an image horseshoe vortex witnin
the body for each horseshce vortex on the lifting surface. The trailing
legs of the image horseshoe vortices lie at the inverse points within
the body. The image system is such that the wing is not reguired to be
located vertically at the mid-height of the fuselage.

A crossflow plane analysis is used to locate the ncse vortices rela-
tive to the wing/body. For this purpose, the "cloud" of vortices at the
aft end of the nose is approximated with from two to six concentrated
vortices whose locations are the centers of gravity of the portion of
the cloud each represents. At successlive axial stations, the wing/body
is mapped into a circle, and tho ncse vortices are permitted to move
along streamlines in successive crossflow planes from the wing leading
to trailing edge and along the afterbody, if present. Once the locatiocns
of the nuse vortices are established, induced velocities in the crossflow
plane at the contrel points on each panel of the lifting surface are
calculated. The vortex lattice solution is then calculated with these
vortex-induced interference velocities added to the free stream and self-

induced velocity components in the wing boundary conditions.

Leading~edge separation on the wing and strake is treated using the
Polhamus vortex lift concept (ref. 4). In an initial calculation in the
presence of nose vortices, the leading-edge suction is computed on the
strake and wing. According to the vortex-lift concept, a portion of the
suction is rotated into the normal force direction when leading-edge
separation occurs. The fraction of suction rotated is a function of
leading~edge sweep angle and i1s obtained from reference 8, based on a
correlation of data mostly from delta wings.

Most of the configurations of interest have wings with leading edges
that are swept less than 45 degrecs and leading-edge extensions, or
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strakes, that are swept at least 60 degrees. Under these circumstances,
in accordance with the recsults of reference 8, the strake develops full
vortex lift, a strake leading-edge separation vortex is formed, the wing
leading edge separates but does not develop vortex lift, and the strake
vortex is "torn" from the leading edge at the strake-wing junction and

passes aft over the wing,

This condition is mcdeled in the following approximate way in the
calculation method. After the first vortex-lattice calculation is made
and the vortex 1ift known, a free strake vortex is considered to start
above the wing~straka junction, and its position downstream of that point
is calculated with the crossflow plane analysis, much like a nose vortex.
lnteraction between the strake and nose vortices occurs, which generally
is sigrificant because trne strake vortices are stronger than the nose
vortices. The strake vortex is assumed to originate laterally at the
wing-strake junction, and the strake vortex strength is determined from
the vortex span and vortex normal force calculated from the Polhamus
analogy. The strake vorte< height above the wing plane 1s chosen on the

basis of observations of lexding-edge separation on delta wings.

Loads are calculated on the body by locating a number of nodal points
on the surface, calculating the velocity at these points, using the full
Bernoulli equation to calculate pressures, and integrating over the

surface area.

3.3 Tail Loads

Tail loads consist of the forces on the tail surfaces due to angles
of attack and sideslip and contributions due to vortex interference from
nose and wing vortices. The former are calculated using panel alone
aerodynamic coefficients, from a source such as reference 9, together
with the wing-body interference factors of reference 10 to account for
the force carried over onto the body plus the influence of the body on

the tail panel force.

Vortex interference loads are calculated using the basic approach of
reference 10. The method is generalized to calcuvlate the vortex-induced
velocities along a single tail panel due to a single vortex passing over

the tail, with the loads computed using a section lift-curve slope. The

loads for all tail panels in the presence of all vortices are then




obtained as the sum of individual loads. The methods arec described in

more detail in reference 1. 3

4. DATA SOURCES

Sereral principal sources of data were used for purposes of evaluating
individual aspects of the analytical methods and overall force and moment

predictions. These are summarized in this section.

4.1 Water Tunnel Tests

An experimental investigation was made .n the NEAR water tunnel to
obtain information on vortex shedding and loads on noncircular nose
shapes. Tests were conducted on three nose models, shown in figure 2,
chosen to complement other parts of the investigation. One is an F-5
nose configuration, one is identical to the nose of the lLangley Research
Center V/STOL fighter (see section 4.2), and the third is a tangent ogive

with a 1.44:1 axis ratio, elliptical cross sec.ion. 1

The models were mounted on a 5-component strain-. "..lance which
meas-ired all force and moment components except axial force. 1In addition,
flow visualization measurements were made to locate the vortex system
relative to the nose. For this purpose, a stream of air bubbles was
allowed to impinge on the windward side of the model just downstream of
the nose. These bubbles streamed around the nose and flowed into the
cores of the vortices, which could be located relative to the body from
photographs.

The models were operated over an angle of attack range from 20 to 40
degrees and sideslip angles of 0, *5, and *10 degrees. The water tunnel
speeds varied from 1.6 msec to 6.1 m/sec (5 to 20 ft/sec). The loads
were measured without the air bubble probe present. Flow visuvalization
was all done at a tunnel speed of about 1.8 m/sec (6 ft/sec). Force and

moment measurements were made during the flow visualization tests to

determine the influence of the probe and air bubbles on the model loads. ¢

The details of the experimental apparatus and technique and the

[P

force and moment and vortex position data are given in reference 3.
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4.2 V/STOL Tunnel Tests

A cooperative test program was run by the Langley Research Center,
NASA, for the Office of Naval Research in support of this investigation.
The tests were run in the V/STOL tunnel on an existing model of a V/STOL
research fighter configuration. A photograph of the model 1n the tuanel

is shown in figure 3.

The principal objective of the program was to obtain simultaneous
measurements of both the flow field above the model and the loads on the
model for a research configuration having certain essential features of
a modern fighter-bomber aircraft, since no such measurements exist (at
least in the available literatvre). Specifically, a configuration
exhibiting a noncircular nose and strakes (leading-edge extensions) was
desired. The results were obtained at low speeds (no compressibility
effects) and at high Reynolds numbers. The data were desired for
evaluating the thecry on vortex shedding from noncircular cross-~section,
pointed noses at high angles of attack. Thus it was necessary to measure
at least two components of velocity over a large enough grid to permit

the vorticity field to be well defined.

The model used is an existing NASA model da2veloped for investigating
high l1irft features on a fighter configuration. The principal character-
istics are shown in fiqure 4. The body has a pointed nose and a cross
section consisting of two circular arcs and straight sides. The wing is
a clipped delta planform with a taper ratic of 0.228, aspect ratio of
2.5, and a circular arc airfoil section. The NASA model is designed to
have canards, which were not used in these tests. The canard mounts were
used to support strakes, as shown by the dashed lines. The strakes have
sharp leading edges and uniform thickness. An internal six component

strain-gage balance was mounted within the body to measure loads.

A seven-probe rake was used to measure the flow field above the body
and wing. This rake was mounted on an actuator located on the sting
behind the model, as shown in figure 3. The probes were individually
calibrated to measure the magnitude and direction of the onset flow up
to flow angles of about 60 degrees from the probe axis (or alternately
three velocity components; one along and two perpendicular to the probe
axis). Scanivalves were located on the sting just aft of the actuator

to record the probe pressures.

18

——————————— === ——

b e

il

L

syl

i

il i o blsin s b,

sl a1

o0t L

Ll 3l

el ¥,

Ay

sl v




hmnrm"""hm

.

-

‘—-Mvw-'—-wwww -

T M._-_ﬁ,,

Figure 3, V/S70L fightey mode ] and rake Mounteqg

in V/STOL Wing tunnel.

%-‘:.N‘_N*\..‘K~x,4;‘< T e Ao s -



20 1n.)
l"'_‘_')l cn -

.2 in.):
N

S
|_<__ 71.6 cm (28
B
\\

: L
= \
/ (=3 |
/ = I
/ |
\ / & ,
\ / o) |
/ o~ l
BS 52 —~—-- { ~
Y
BS 20 — — ——
—— 122 cm (48 in.)
1

2
Figure 4, langley Research Center V/STOL fighter model.

20

3 —
A .

ku



Force and moment tests were conducted 1nitially over the

range f{rcm

20° to 40° to find angles of attack at which tne forces were repeatable

and the nose separation vortex system appeared stable. These tests wcre
conducted at speeds of 19 m/sec (62 ft/sec) and 60 m/sec (200 ft,sec).
Basea on these results, angles of attack of 20° and 35° and sideslip
angles of 0° and 10° were selected for the flow ficld testing. The 20°
case gives a symmetric vortex pattern with little side force and the 35°
case glves an asymmetric vortex system with considerable side force.

vhe flow field measurements were all obtained at speeds of about 60 m/sec.

The measurements consist of sSix components of forces and moments on
the body and the flow field measurements. The latter were taken at 3
axial stations, shown on figure 4. The first, at Body Station (BS) 51.9,
corresponds to the intersection of the strake leading edge and the body.
The second, BS 69, corresponds to the intersection of the basic wing
leading edyge and the body and was used only with nc strake present. The
third, BS 98, ccrresponds to the intersection of the wing trailing edge
and the body.

The flow field and force data are presented in reference 3, together
with a more detailed description of the test program.

4.3 NASA F-5 Tests

An important source of data for this program is the series of tests
that were run by NASA on a .17 scale model of the F-5 aircraft (ref. 11).
Tests were run on several configurations, irncluding nose alone, complete
configuration, and the basic configuration with different wing planforms
and placements. Overall forces and moments were measured 1n euch case.
The tests were run in the Full-Scale Tunnel at Langley Research Center

at low dynamic pressures, such that the Reynolds numbers could he duplica-
ted 1n the NEAR water tunnel.

5. COMPARISONS WITH DATA

The comparisons with data were done first for the nose vortex shedding
case, because these results are an important input to the complete con-
figuration calculation. Subsequently, calculations for the complete con-

figurations were made. The calculations were done for the V/STOL
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configuration, where the most complece set of data exists, and the F-5.
The results are discussed in this section, with emphasis on the modecling
of the flow phenomena as well as the comparisons of the predicted results

with data.

5.1 Nouse Alonre

5.1.1 V/STOL configuration.- The data available for this configura-

tion consist of forces and moments and vortex flow visualization from the
water tunnel and flow field velocity distributions above the nose from
the Langley wind tunne) testc. The flow conditions tested in both water
and wind tunnels are a = 35° and ¢ = 0° and 10°. Comparisons are made

on velccity and circulation distributions obtained from the win< tunnel

flow field data and forces and moments.

In the prediction method, a basic source of asymmetry 1is present with
a noncircular nose shape at combined angles of attack and sideslip, and
no initial asymmetry is required in the initial conditions to develop an
asymmetric vortex pattern. At zero sideslip, however, a symmetric separa-
tion vortex system will develop if the body has a vertical plane of sym-

metry. In this case, an asymmetric initial disturbance 1s required.

A number of calculations were performed to investigate the sensitivity
of the predicted flow to the size and form of the asymmetric disturbance
for zero sideslip. The .mechanism used in all cases is a small initial
asymmetrsic xotation either (lockwise or counterclockwise of the two
separation polints that are calcuiated using the modified Stratford
criterion. The first set of calculations made involved rotations of the
separation points through 1/2, 1, and 2 degree arcs along the body for
the first five integration steps along the nose, which cover approximately
the initial 10 percent of the length of tnhe nose. The water- and wind-
tunnel data on forces and separated flow fields were used as a guide in
assessing the results. The flow was found to be very sensitive to small
disturbances at the nose, and the 1/2 degree rotation was found (o give
results most closely agreeing with the data, whereas the 1 and 2 cdegree

disturbances provided a greater asymmetry than was indicated by the data,

As a further examination of the means by which an asymmetric dis-

turbance is created, some calculations were made in which a Z-degree

shift in separation pcints was made over five integration steps at about

PO T NP [T

il e

bl i —

ettt lle o

il




the 60 percent nose length station. This approach was based on the fact
that the scparation vortex pattern showed little asymmetry up to the
first flow field measuremen* staticn (BS 51.9 of figure 4) and consid-
erable development of asymmetry thereafter. Typically the (symmetric)
separated flow field was well developeé at this station, and a 2-degree
disturbance had little influence on the downstream flow. Comparisons

are presented to show this result.

Consider first the results for zero sideslip and « = 35°. The pre-
dicted distributions of vortices in the flow at BS 51.9 are shown in
figures 5a and 5b fbr two asymmetric disturbance inputs. The 1/2-degree
disturbance (fig. 5a) shows some asymmetric development, whereas the
2~degree disturbance (fig. 5b) shows very little. The values of the
vorticity on each side, shown on the figures at the centers of vorticity,
indicate little difference between the two cases, with the left hand or

lower vortex being the stronger in both cases.

The flow-field data presented in reference 3 can be used to perform
contour integrations over portions of the flow field to determine the
circulation distributicn in regions above the body. A direct comparison
with predicted values can be obtained by summing the strengths of all the
individual vortices within the same regions to obtain a predicted cir-
culation distribution. Such a comparison is particularly useful when
the vorticity is not concentrated in two small core regions, as is the
case for this configuration. Some results for Body Stations 52 and 69

are shown in figures 6a and 6b.

The regions are defined by the arcs that were swept by the tubes of
the rake shown in figure 3. The innermost region is bounded by the arc
of the lowest tube of the rake and is about 2.5cm above the body. No
data were obtained between that arc and the body, although some circu-
lation is predicted to occur in this region and is shown in figure 6.
The regions are closely spaced radially near the body where the circula-

tion is the highest and more widely spaced away from the body.

The angular boundaries between the right and left regions were
selected by making contour integrations of the data over very small areas
along the arcs, plotting these circulations against distance along the
arcs and selecting the angular location where the circulations on the

small areas changed sign. These angular boundaries were then used with
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the calculated results to compare circulation distributions. For the
most part, these boundaries separated both the measured and predicted
pocsitive and negative circulations reasonably well. There were some
cases, however, where the boundary based on the measured results did not
fit the predicted bounaary well, and with positive and negative vortices
surmed in one region, the predicted circulations, both right and left,
are low. Where important, this effect is noted.

Three sets of circulations are given in figure 6 for each region.
These are, in order, the measured value, the predicted value for the
1/2~degree disturbance and the predicted value for the 2-degree distur-
bance. For the area between the innermost region and the body, predicted
circulation values are noted, but the sums of the predicted values for
the positive and negative circulation do not include these predicted

values closest to the bedy, for which no comparable measurements exist.

For BS 51.9 (fig. 6a), the two sets of predictions on the left side
tend to produce too much circulation away from the body, with the 1/2-
degree prediction being closer to the data. O©On the right side, the samc
trend occurs, with both predictions being similar. The predicted sums
are similar and show more circulation on the right side, as dces the
data, but the predicted differences between right and left sides are not

as great as the data indicate.

For BS 69 (fig. 6b), the two sets of predictions yield too high a
circulation in the innermost region and reasonable values in the outer
regions, with the 1/2-degree values being closer to the data in virtually
all regions. For the 1/2-degree case, the sums show the same difference
and sense of difference between the two sides, whereas the 2-degree
results do not show the correct trends.

On an overall basis, the predicted circulation distributions show
the same behavior as the measured values and show reasonable agreement,
particularly for the downstream station which has a complex distribution

of circulation.

Results for induced velocities in the region above the body at BS 5¢
are shown in figures 7a and 7b. Figure 7a shows induced sidewash (v/V)
and upwash (w/V) along a radial line above the body in the body symmetry
plane (& = 90°) and fiqure 7b shows similar results along a line 18° from
the vertical (£ = 108°) through the left vortex. The results shown are
the data and the predictions for 1/2- and 2-degree disturbaaces.
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The two sets of nredictions are generally very similar and show
reasonable agreement with the data except 1n regions of high vorticity
near the body. The predicted curves are irregular in some places because
the points at which the velocity is calculated fall very close to a vor-
tex, which unduly influences the contribution from that vortex. These
results are typical in that the general form of the data is predicted,
but no clear superiority of either prediction is evident.

A comparison cof predicted side-force and yawing-moment coefficients
with water tunnel measurements is shown in figure 8. The Reynolds num-
bers in the water tunnel correspond to the maximum tunnel velocity at
which flow visualization could be obtained (Rep = .911105) and the
maximum velocity of the tunnel (ReD = 3.3Xl05), which still provides
less than half the Reynolds number at which the wind tunnel results of
figures 6 and 7 were obtained. There is a strong Reynolds number
dependency shown by the water tunnel data. The 2-degree disturbance
prediction shows little side force or yawing momenrt and agrees well with
the high Reynolds number data, whereas the 1l/2-degree prediction shows
magnitudes approximately midway between the two Reynolds number data.

Consider now the results for 10 degrees of sideslip at o = 35°. 1In
this case the flow is asymmetric over the body and nc disturbance is
necessary in the vortex shedding calculation. The predicted distribution
of vortices in the flow field at RS 52 is shown in figure 8. 1In this
case, the distribution cn the leeward side is such that a group of vor-
tices appears to be moving away from the bheody as a second group is
forming near the separation line. This would indicate that the initial
area of concentrated vorticity on the leeward side has "torn" itself

from the body, and a second area is forming near the body.

This behavior is not just & mathematical quirk but appears to be a
representation of the fluid mechanical behavior of the analytical mcdel,
because other calculaticns run for longer bodies indicate tihe agglomera-
tion and moving away not only of the first "torn" group of vortices but
a second group on the opposite side as well.

The comparison of predicted circulation distribution with that
calculated from the wind tunnel flow field data is shown in figures l0Oa
and 10b for BS 52 and 69, respectively. At the upstream station (fig.
10a}, the predicted vorticity distribution tends to be centered farther

from the tody than the measured values. In particular, there is a strong
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area of predicted vorticity associated with the upper left group of
vortices in figure 3, which does not show 1n the data. The predicted
net positive and negative circulation values do not show as much dif-

ference as the measured values.

The boundary between the positive and negative circulation areas
has an influence on these comparisons. The boundary was selected in the
follcwing rianner. Because of the large number of data points included
within the region through which the rake was moved, it is possible to
form small sectors consisting of four adjacent data points, calculate a
circulation for each small sector, and plot these circulation values
against angular position of the rake. Typically, these plots will show
a varjation from positive values on the right to negative valu=s on the
left, and the angular boundaries in figqure 10 were selected as those
locetions where the sign of the local circulation changed. One can see
from the predicted distribution of figure 9 that the boundary of figure
l0a passes through the cloud of positive vortices over the top of the
body. Thus some of the positive vortices ar2 included in the negative
vorticity side, which tends to reduce the predicted magnitudes of both
the positive and negative circulations, wolh in the individual regions
and the total. While this effect would improve the comparisons 1in the
regions near the body, it does not account for the large predicted

nejative circulations away from the body.

For the downstream station (fig. 10b), the general form of the
circuiation distribution on the windward or right side is well predicted
and shows both predicted and measured concentrations of circulation near
the body that is shown by the theory, but as in the previous case there
is a very large predicted circulation well above the body that does not
appear in the data. At intermediate heights above the body on both
right and left sides, both the predicted and measured values of circula-
tion are low.

This is a case where the selection of the angular boundary between
the positive and negative circulation regions has a cons:i:derable influ-
ence on the predicted distribution and the comparison with data. The
same case was calculated with the boundaries between the right and left
sides rotated five degrees to the right for all regions. The measured
distribution does not change a great deal with the boundary change,
although the values of negative circulation on the right and positive
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circulation on the lef* become smaller. However, in the prediction
there are many positive vortices along the boundary between the right
and left sides, and with the small change in boundary, about one-third
of the positive vorticity is changed from right to left regions, greatly

reducing both the net positive and negative circulations.

A comparison of induced velocities in the flow above the body is
shown in figures lla and llb. Figure 1lla shows the u/V and w/V velocity
components along a line above the body in the plane of body symmetry
(6 = 90°), and figure 1llb shows similar results along a radial line 18°
to leeward o. the plane of symmetry (8 = 108°). As in the zero sideslip
case, the predicted velocities show the same form as the measured valurs
in three of the four cases. For the upwash velocity, w/V, at 6 = 108°,
there is a region of large discrepancy at about two diameters, which
corresponds to the large predicted area of vorticity noted in figure 1l0b

which was not seen in the data.

These results are typical of a large number of flow field comparisons
made. The agreement is not consistent and is good in some cases and
unsatisfactory in other cases. The data show a progression from a pair
of relatively concentrated vortices at the upstream station (BS 52) Lo a
rather complex vorticity distribution at the downstream station (BS 69).
In a qualitative way, the water-tunnel flow visualization results ccn-
firm the wind tunnel measurements, in that no well defined core was
visible with this nose shape, unlike the results with the F-5 nose. It
would be desirable to have flow field data on a noncircular shape
exﬁibiting the more concentrated vortex system of the F-5 to evaluate
the method further.

The comparison of predicted and measured side-~force and yawing-
moment coefficients is shown in figure 12. The data are from the watexr
tunnel tests at Nielsen Engineering & Research. There is a large Reynolds

number effect in the data that is probably associated with a change from
subcritical to supercritical crossflow. The high Reynolds number case is
more representativa of the wind tunnel tests which were run at about
twice the maximum Reynolds number available in the water tunnel. The
predicted side-force and yawing-moment coefficients agree very well with
the high Reynolds number data.

Some predicted results for the location of the two separation lines

on the V/STOL nose at a = 35° and B = 10° are shown in figure 13. Two
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sets of results are shown for two different separation criteria. The
first is the modified Stratford criteria, 0.35 sin ag which was found
to give good results in comparison with measurements on circular cross-
section ogive-cylinders at low speeds. For this case, the resultant
factor is 0.2i. The second criterion used is a value of 0.25, which was
chosen to provide a somewhat longer run length before separation than

the 0.21 value gives.

Over the forward part of the body (the first two diameters of
length), the two sets of separation angles are very similar in shape and
are about S degrees apart. On most of this part of the body, the cross
section is circular or near-cirscular. Further aft, on the part of the
body which has flat sides, the two sets of results still look similar on
the right hand or windward side. In this case, separation occurs at the
top of the flat side where the flow first encounteres an adverse pressure

gradient.

On the left or leeward side, the flow must travel a longer distance
to reach the flat side. With the modified Stratford criterion and the
very small pressure gradients on the flat surface, the predicted separa-
tic point was found to jump between 250° and 290¢ across the flat sur-
face as distance along the body changed. The jumps in separation point
cause the vortices to be introduced into the flow at different locations,
which influences the mction of the vortices and, more importantly,
influences the surface pressure distribution and separation at the next
axial station. When the criterion was changed to 0.2% to provide a
slightly longer run length, the predicted separation point was stabilized
at the upper end of the flat surface (86 = 250°)., There are no separation
data available to provide guidance to the theory on the accuracy with
which the separation line location is predicted, and such a verification
would be very desirable, both for bodies which have relatively flat sur-

faces with low pressure gradients and for curved surfaces.

5.1.2 F-5 configuration.- The data available for this nose con-

figuration consist of water tunnel forces and moments and vortex loca-
tions and wind tunnel forces and moments, all at comparable Reynolds
numbers. The Langley Research Center nose model has a length of 32
percent of the fuselage, which includes a short portion of the canopy,
whereas the NEAR model has a length of 41 percent of the fuselage, which
is the length back to the intersection of the strake leading edge with
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the fuselage. For purposes of applyirng the nose separation flow model,
the inflection in curvature of the cross sectiun shape where the canopy
joins the fuselage could not be modeled accurately by the numerical
mapping and this region was smoothed to permit the mapping analysis to

work properly.

The flow conditions examined were « = 30° and 40° and 2 = 0° and
10°. For the zero sideslip case, an asymmetric disturbance to the calcu-
lation of 1/2-degree rotation of the separation points over the first
10 percent of the nose length was used, as in the V/STOL mcdel.

Predicted vortex cloud distributions are shown for a number of cases
in figure 14. 1n the cases with sideslip, the calculations were made
with a negative sideslip for cconvenience, but a positive sideslip would
merely reverse tie two sides of the vortex pattern. All cases except
figure l4c show the vortex positions at the 41 percent body station
corresponding to the length of the water tunnel model. That figure shows
the vortex positions at the 32 percent bedy station. In some cases, the
computer program will combine two vortices, if they are very close
together, 1nto a single vortex having the streongth of the two and a
position which is the "center of gravity" of the two. 1In these cases,
the number of vortices shown “n figure 14 may not be the same on the
right and left sides, althcugh an egual number are shed.

For o = 30° and zero sideslip (figy. l4a), the vortex cloud shows an
appreciable asymmetry which increases substantially at o« = 40° (fig. 14b).
A comparison of vortex clouds between the 32 and 41 percent stations for
the o = 40° case is shown in figures 1l4b and l4c. There is & concsiderable
increase in asymmetry between these two stations. For 2zero sideslip, the
total vorticity on the right and left sides differ by less than 3 percent,
with the vortex group closest to the body having the higher strength.

At ten degrees sidecslip, the sidewash forces the windward vortex
over the top of the body and the leeward vortex away from the body. The
sums of the strengths of the right and left vortices are not as close in
this case (within 10 percent), with the windward side being higher at
40 degrees angle of attack and the leeward side slightly higher at 30
degrees angle ot attack.

The predicted vortex clouds are somewhat more concuntrated for the
F-5 than for the V/STOL nose, particularly at sideslip, ind somewhat
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further trom the body. This tends to agree with the gualitative obser-
vations of the flow visualizatich experiment in the water tvanel, which
showed well defined cores for the F-5 nuse and a more diffuse structure
for the V/STOL nose (figs. S and 6 of ref. 3).

A comparison of predicted centers of vorticity with core locations
determined from water tunnel tests is shown in figure 15. 7The core
locations were obtained from air bubble photographs which showed “ather
clear, small, well-defined cores. The accuracy of core locat.on mncasure-
ment 1is about .05 deq. The predicred centers include all vor‘.ices
in the cloud on each side, some of which might be interpreted tu consist
of the feeding sheet rather than rolled up verticity (for example the
right side in fig. l4e). For clarity of presentation, all ccordinatcs
are consi:diered positive and the curves for the right and left hand
vortices are separated. In the case of nonzero sideslip, the right
hand vortices are the windward vortices. For zero sideslip (figs. 1l5a
and 15b) the heights of the vortices above the body arc generally under-
predicted whiie the predicted lateral positions of the vortex cores are
in reasocnable agreement. If the "feeding sheet" vortices were i1eft out
of the center of vorticity calculation, the predicted heights of the
centers would be higher and in better agrecement with the measured vzlues.
For the case of 10 degrees sideslip (figs. 15c and 15d), the agreement
as presented 1s guite good, and the foregoing feeding sheet consideration

would not necessarily improve the agreement.

Comparison petween theory and experiment for side-force and yawing-
moment coefficients are shown in fiqgures 16 and 17 for the 4l-percent
body length and 32-percent body length models, respectively. The longer
model data are the NEAR water tunnel data and the shorter model data are
from the NASA tests. Val:es are presented only at 30 and 40 degrees
angle of attack. In the case of the water tunnel results, data are
available at two Neynolds numbers, whereas the calculations were made
only for the lower Reynolds number.

Figiire lb shows for zevro sideslip on.y small measured values of
forec: +*ad moment at both 30 and 40 degrees. The predicted loads at 30
degrees are small and agree well, but at 40 degrees the predicted loads
are considerably higher than the data. The degree of asymmetry in the

predicted vortex system 1s too large in this case.
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At 10 degrees sideslip, the data show a destabilizing yawing moment
at 30 degrees and a stabilizino moment at 40 degrees for both Reynolds
numbers, with a considerable effect of Reynolds number on the results.
The theory shows good agreement with the low Reynolds number data at 40
degrees, but too high (tco stabilizing) a load at 30 degrees. In the
absence of separation, the predicted loads are negative (destabilizing;
at both angles of attack, and the predicted influence of ceparation is
to cause a stabilizing force, as is shown by the data, but of too large

a magnitude.

For the shorter NASA nose model (fig. 17), the same trends are
evident. The wind tunnel and water tunnel data are consistent in showing
the reversal of sign of side force between 230 and 40 degrees angle of
attack. At 10 degrees sideslip, the predicted and measured yawing
moments are in better agreement than is the case for the longer model.

5.2 Complete Configuration

In applying the wing, body, and tail methods to a complete config-
uration, several decisions have to be made regarding use of the method.

These are discussed first and are followed by presentation of results.

As an input to the wing/body calculation, the nose vortex system
nust be specified. Typically there are some 60 to 80 vortices in the
cloud representing the distributed vorticity at the aft end of the nose.
In order to limit computation time, the vortex chasing routine that
determines the positions of the free vortices passing over the wing/body
and the velocities induced on the wing/body is limited to 12 vortices
made up of nose, strake and wing vortices. Thus the nose vortex cloud
had to be represented by only a few vortices, and in practice between
2 and 6 vortices were used. Some calculations werec made with two dif-
ferent fits to a given nose vortex system to determine sensitivity to
the way in which the nose cloud was represented. These results are

discussed belcw.

The calculation of wing/body load:s uses the vortex )lift concept
(ref. 11) to account for leading edge separation. In the work of refer-
ence 8, it was found that the amount of suction that was rotated into
the normal force direction was dependent on aspect ratio for delta wings,

and this dependency was ascribed to leading edge sweep. Using the work
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of reference 8 as a gquide, the strakes on both the V/STOL and F-5 config-
urations have sufficient sweep that full vortex lift is produced. Full
vortex lift was also assumed to occur at the wing tips, although the con-
tribution is small. On the wing leading edges of both configurations,
however, the sweep 1is sufficiently small that no vortex lift is predicted
to occur, and none was assumed to exist on either the V/STOL or F-15

contigurations.

The strake leading-edge separation vortices are specified in strength
and lateral position by the vortex lift that they represent. The vertical
position, however, is not defined and has been specified on the basis of
known vortex locations on delta wings. Thas=2 data show that the vortex
above the leading edge follows a path that in height lies about half way
between the plane of the wing and the free stream direction, as shown by

the sketch. The wind tunnel data permit an evaluation of this assumption

_~
-

/
~
/ °
—~ =lanc of

r‘ -
- vortices

V// \-wing

for the V/STOL configuration, and results are presented on this evaluation.

For che V/STOL model without vertical tail and the F-5 model, a
section of afterbody is present. The positions of the nose vortices (ard
strake vortices, if present) and wing trailing edge vortices are deter-
mined over the length of afterbody to determine vortex-induced loads on
the afterbody. In the case of the F-5, the atterbody is considered to
extend from the wing trailing edge aft tc the leading edge of the mean
aerodynamic chord of the vertical tail. For calculating tail loads, the
vortex positions at the leading edge of the mean aerodynamic chord of the

vertical tail are used with the tail vortex-interference model.

In the case of sideslip, the vertical tail produces a direct side
force which must be added to the side force induced by the vcrtices.
This direct side force was predicted using the results of reference 9,
together with slender body factors for the influence of the body on tail

force. In both configurations, vertical-tail-on and tail-off data are
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available at low angles of attack and sideslip which verified the pre-

dicted direct side forces on the vertical tail.

5.2.1 V/STOL model.- Consider first the results at zero sideslip
and 35 degrees angle of attack. For the case of no strakes and no
vertical tail, the nose vortex cloud at BS 6% was fit with both a two
vortex and a six vortex model to determine the sensitivity of the results
to the way in which the cloud is modeled. The results for vortex posi-
tions over the configuration downstream of the ncse are shown in figures
18a and b for 2 and 6 nose vortices, respectively. These figures show
the locus of vortex positions in successive crossflow planes, with
several values of the body axial station noted on the vortex trajectories.
The strengths of the vortices are noted at the initial axial station
(BS 69). For purposes of calculating vortex positions, the body is
assumed circular, and both the actual shape and the eguivalent circular

shape are shown.

For the six-vortex fit (fig. 18b), a more complicated interaction
between nose vortices and the free stream occurs. The two upper vortices
move generally upward with little lateral movement. The lower two
positive vortices con the right side move towards the left. rhe lower
two negative vortices move upwards, one rising to a high height above
the body and the other rising much less and to the left. The "center of
vorticity"” of the positive and negative groups of vortices at the wing
trailing-edge station are quite different tharn the positions of the two
vortices of figure 18a. For the positive circulation group, the height
is slightly greater, but the lateral position is to the left of the body
symmetry plane rather than on the right side as in figure 18a. For the
negative circulation group, the height is also slightly greater, but the
center remains on the left side rather than on the right as in figure 18a.
These differences result in a different sign of the vortex-induced side
force coefficient on the wing/body portion of the configuration, which
changes from -.009 for the two-vortex model to +.004 for the six vortex
model. These differences are discussed further in a subseguent presenta-

tion on overall forces and moments.

A measured distribution of vorticity at the axial statiun of the
wing trailing edge (BS 98) is shown in figure 19. These results show a
high positive circulation about 3 diameters above the right side of the
body and negative circulation closer to the body on both the right and
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Figure 18, Predited yortex pesitions over length of V/STOL model
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left sides of the vertical plane. While it 1is difficult to make com-
pariscons between fiqures 18 and 19, 1t appears that the two-vortex model
of fijgure 1Ba better fits the measured results than the six-vortex model

of figure 18b.

The influence of initial strake vortex height 1s shown in figures
20a and 20b for the case of strakes on and vertical tail off and a two-
vortex nose model. The two strake vortices originate as free vortices
at the strake-wing intersection along the leading edge (BS 56) and
generally move upward under the influence of the free stream. Figure 20a
shows the resulting vortex motion for the case of the initial strake
vortex height being given by delta wing data; that is, half way between
the free stream direction and the wing surface. Figure 20b shows the
same results for an initial vortex height half that given by the delta
wing data. Also shown on these figures are measured strake vortex core
positions as obtained from the flow field survey data.

The results of these two figures show that the predicted strake
vortex position is higher than the measured value when started in accord-
ance with delta wing results (fig. 20a), whereas a lower 1initial position
results in better agreement. There is a considerable difference between
the predicted paths of the nose vortices in these two cases, because the
lower strake vortex positions cause more movement of the nose vortices.
In the flow field data, the strake vorticity so dominates the flow that
there is no apparent indication behind the wing of any nose vortex
system, so no experimental evidence is available to evaluate nose vortex

pesitions.

A series of comparisons of predicted and measured loads is given in
Table I. The configurations considered are vertical tail on and off and
strakes on and off. The "standard" case will be considered the nose
vortex system that is produced with a l/2~degree disturbance at the nose
and represented by two concentrated vortices and a strake vortex system
with an initial height given by the delta wing data. Compared with this
case are predictions for cases in which one part of the ~alculation is
changed. These include a nose vortex system produced by a 2-degree dis-
turbance midway along the body, a strake vortex system with an initial
height half that given by delta wing data, and finally & nose vortex

system represented by six rather than two concentrated vortices.
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TABLE I.- CCMPARI:ON CF PREDICTED AND MEASURED SIDE FORCE AND YAWING MOMENT

Effect of Initial Asymmetry

Tail

Off

Off

On

On

Strakes

oOff Nase
Wing/Body
Tail

Sum
on Nose

Wing/Body
Tail

Sum
Qff Nose

Wing/Body
Tail

Sum
On Nose

wing/Body
Tail

Sum

COEFFICIENTS FOR V/STOL CONFIGURATIONS AT a = 235° FOR 2ZERO SIDESLIP

Wing-Strake Vortex Initially at z; = 4

Off

On Nose
Wing/Body
Tail

Sum
On Nose

Wing/Body
Tail

Sum

Nosc Vorticity Fitted with & Vortices

Off

off Nose
Wing/Body
Tail

Sum

off Nose
Wing/Body
Tail

Sum

[\ C
Y n
Lata SB==1/2 £=2 Data Li==1/2
-.052 -.000 ~.0l0
-.009 -.089 -.002
0 _0 0
-.034 -.041 -.089 -.012 -.Cl2
-.012 -.001 -.006
-.002 -.099 -.007
C 0 0
-.03 -.014 -.100 +.001 -.C13
-.032 ] -.0l0
-.010 -.148 -.00C
-.118 +.027 +.082
-.04 -. 180 -.121 -.01 +.270
-.012 ~.001 -.006
-.007 -.029 -.003
-.07S +.007 +.052
-.048 -.094 -.023 +.012 +.043
-.012 -.006
-.03 +.011
0 0
-.03 -.042 +.001 +.C05
-.012 -.0C6
~.011 -.001
-.016 +.u0ll
-.048 -.039 +.012 +.004
-.032 -.010
+.0C4 -.301
o _5
-.034 ~.028 -.012 -.C11
-.032 -.010
+.005 -.002
—-061 +.042
-.04 -.088 -.010 +.039
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(a) Initial strake vortex height given by
delta wing data.

Figure 20. Predicted vortex positions over length of V/STOL model

for a = 350, B o= 00, LB = ~l/2°, strakes on.
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Considering first the “standard" case,
source of all the lateral effects,
mcment.s. Thre

the ncse, although it is the
dces not dominate the forces and

forces on the wing/body portion are the smallest of the

contributions and the tail forces are substantially larger than the nose

fcrce contribution. The predicted and measured values have the same

trend and levels except for the case of tail on and strakes off. 1In

this case, a large predicted interference lcad on the tail occurs which

dominates the total predicted force and moment. An examination of the

flow field data at the wing trailing edge (BS 98) shows a large separated

wake region due to the wing without strakes, with axial velocities at the
tail location about half that of the free stream.
1s then one quarter that of the free stream,

value assumed in the calculations.

The dynamic pressure
rather than the free stream

This effect would reduce the taii

contribution to a quarter that shown in Table I, which would considerably
improve the agreement for that case.

With strakes to energize the flow
over the wing,

the mecasured axlial velocities at the tail range from 0

percent less than free stream to 25 percen: greater

+*han free stream.
Thus,

-.1ly on the high-

2tfectiveness of the

the strakes have a very beneficial effect
aagle longitudinal aerodynamics but on the contro..

verticacl tail as well.

The results with the 2-degree listurbance on the nose show lower

>se forces but greater wing/body interference forces and tail forces

of opposite siygn, compared to the "standard" case. Generally, tne pre-

dicted results do not agree as well with the data, but no conclusive

statements are possible. The results do indicate the sensitivity of

the wing/body and tail interference loads to the nose vortex system.

The resu.ts for the six nose-vortex fit for the strake-off case are

shown in Table 1 for comparison with the "standard" case. The direction

of the side force induced on the wing/body is opposite that of the

"standard" case and about half the magnitude. The vortex-induced tail

side force 1is the same direction and about half the magnitude. The totail

loads compare more favorably with the measured values in general than do

those of the "standard" case, again considering the tail q effect noted

previously for the tail-on case. It is clear from these comparisons that

a more detailed modeling of the nose vorticity distribution is desirabie,

with consideration of the entire cloud as the ultimate objective.
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The final comparison shown in Table I is that of initial strake
vortex height. The results for both tail-on and tail-off with the
initial strake vortex height half that given by the delta wing data
indicate generally better agreement with the data than do the "standard"

results.

Consider now the results at 10 degrees of sideslip and 35 degrees
angle of attack. Figure 21 shows predicted vortex positions over the
length of the wing/body for the strake-off case. A four-vortex model
is used to fit the nose vortex cloud. All four vortices move away from
the body generally in the crossflow direction with increasing distance
downstream. Figure 22 shows a measured circulation distribution above
the body at the wing trailing-edge station (BS 98), which can be com-
pared qualitatively with the predicted vortex positions at BS 98 from
figure 21. There is a region of high measured positive circulation 3
to 4 diameters above the body which corresponds to the predicted position
of the upper positive vortex in figure 21. To the left of this region
are areas of only small measured circulation, which corresponds to the
predicted positions of the lower positive and upper negative vortices in
figure 21, which have a small negative combined strength. In general,
the qualitative aspects of both the measured circulation distribution

and the predicted concentrated vortices are reasonably similar.

For the case with strakes (fig. 23), the strake vortex heights were
started at half the height indicated by the delta wing data, and their
positions agree well with the measured core positions at the wing trail-
ing edge (BS 98). The nose vortex cloud is fitted with a three-vortex
system. All three vortices tend to rise under free stream influence
until the strake vnrtices are introduced into the flow. Since the
strengths of the strake vortices are several times those of the nose
vortices, the strake vortices begin to force the nose vortices down.
Again the strake vortices so dominate the measured circulation at the
wing trailing edge that there is no possibility of identifying the nose
vgrticity and comparing its position with the predicted vortex position.

The predicted and measured loads on the V/STOL model with and with-
out vertical tail and strakes at 10 degrees of sideslip are shown in
Table II. The predicted side forces are in the same direction as the

measured values, but are considerably smaller in magnitude than the

measured values. The yawing moments are also too small in magnitude.
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COMPARISON OF
MOMENT

Tail Strakes
of¢ Off
off On
On Off
On On

TABLE II

PREDICTED AND MEASURED SIDE FORCE AND YAWING

COEFFIZTIENTS FOR V/STOL CONFIGCURATIONS

a = 35°

Nose
Wing/Body
Tail Dir
Tail Intf

Sum

Nose
Wing/Body
Tail Dir
Tail Intf

Sum

Nose
Wing/Body
Tail Dir
Tail Intf
Sum

Nose
Wing/Body
Tail Dir
Tail Intf

Sum

FOR 10°

Data

SIDESLIP

Cy

Theory

Data

-.17

-.12

-.216

-.136

66

~-.044
-.018
0
0

-.062

-.01i9
-.033

-.052

-.004
-.007
+.023
-.l08
-.019
-.021

-.080
+.,077

-.043

~.046

-.068

~.038

-.06

-.000
+.605
-.016

+.019
-.016
+.005

+.005
-.054

-.010
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Figure 21. Predicted vortex Positions over length of V/STOL model

for a =35, B = lO°, strakes off,

67



Circulation values,

T
27Va
eq
1.0
\
|
1 - | + . | 1 |
-2.0 -1.5 ~1,0 -0.5 0 0.5 1.0 1.5 2.0
y/’deq

Figure 22. Measured circulation distribgtion over V/STOL bedy
at wing trailing edge (BS 98) for o = 357, =10", strakes off.
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Figure 23, Predicted vortex positions over length of V/STOL model

for a = 35", 5 = 10°, strakes on.
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In order to have better agreement on both side force and yawing moment,

a larger negative nose side force is required. The predicted nose-alone
side force agrees well with water tunnel data (fig. 12), although the
Reynolds number was only half that of the wind tunnel tests. Since no
breakdown of forces on the model is available from the wind tunnel) tests,
the source of the differences cannot be identified.

It is interesting to note that without strakes the predicted tail
interference force is a small part of the no-interference tail force,
whereas with strakes, the tail interference forces essentially oifset
the direct tail load.

For this model, the y-'ing moments produced at a = 35° are destabi-
lizing for all the configurations shown in Table II.

5.2.2 F-5A model.- .ince no flow visualization or flow ficld data
are available for the F-5%, only the overall loads are compared with
predictions. The rezulrs are shown in Table III for angles of attack
of 30° and 40° and sideslip angles of 0° and 10°.

The division of predicted loads between nose, wing-body, afterbody,
and tail is shown, together with their sum and the measured overall value
from reference 1ll. Generally, the loads on each component are appreciable
and have differing signs, so the sum is about the same magnitude as the
individual components. For the two cases with sideslip, the vortex
interference forces on the tail are comparable to the direct loads on
the tail due to sidewash, and effectively negate the stakilizing direct

tail contribution to the yawing moment.

Generally, all measured and predicted results agree gualitatively
except the a = 30°, B = 10° case. For this condition, the source of dif-
ference in sign of the measured and predicted force and moment is very
prcbably an underprediction of tail vortex interference load. The nose-
alone data of reference 11 show a small negative side force on the nose,
whereas the prediction gives a small positive side force. With this
correction for the nose, the predicted total side force would be more
negative, and the ornly major source of a positive side fc which would
cause better agreement on total force is the tail intert 2 force.
For the other three flow cases shown in Table III, a change 1n the t.il
vortex interference side force to cause better agreement with total side

force would also cause better agreement with total yawing moment, whereas
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TABLE III

COMPARISON OF PREDICTED AND MEASURED SIDE FORCE
AND YAWING MOMENT COEFFICIENTS FOR F-5A

Nose
Wing/Body
Afterbody
Tail

Sum
Measured

Nose

Wing/Bcdy
Afterbody
Tail Dir
Tail Intf

Sum
Measured

¢ = 30°, = Q°

CY Cn
-.017 -.026
-.006 -.004
+.027 0
+.033 ~.053
+.037 -.113
+.010 -.083

.027

« = 40°, = Q°
CY Cn
-.063 -.026
-.015 -.028
+.077 -.100
-.090 -.144
-.153 -.010
-.062 -.069
a = 4Q0°, 1¢°
+,072 +.128
+.009 +.026
+.042 ~.045
~-.444 +.709
+.499 =.797
+.172 +.017
+.122 +.117
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a change in nose force would not improve yawing moment. The problem 1in
these cases is provably the way in which the nose vortex cloud is fitted
with discrete vortices, which influences the way in which these vortices
move back over the tail and tiie load induced on the tail, and/or vortex
bursting, at least at a = 40°.

6. DISCUSSION OF RESULTS

Several aspects of the physics of the flow, the calculations, and
comparisons with data are worthy of discussion. These include vortex
bursting, sensitivity of the results to separation location on the nose,

vortex tracking, and modeling of the nose vortex cloud.

Vortex bursting is known to occur on highly swept wing and wing-
strake configurations at high angles of attack (for instance, refs. 12
and 13). Bursting occurs first aft of the trailing edge and moves for-
ward over the wing as the angle of attack increases. The cncurrence of
bursting will have an influence on the load distribution on the wing and
fuselage (ref. 12), althouyh few detailed experimental data are available
for fighter aircr r(t configurations. ©Nc indications of bursting are

present in the .xisting data on body or nose vortices.

The flow field data presented in reference 3 show axial velocities
in the cores of the nose vortices at stations BS 52 and 69 which are
typically 25 percent higher than those of the surrounding flow. Although
it is difficult to identify the nose vortices in the flow field measure-
ments at the wing trailing edge (BS 98), for the case of strakes off,
there are small areas that have high axial velocities and also high local

N\
circulation and would appear to be the nose vortices.

With strakes on, the wing trailing-edge flow-field data show regions
in the cores of the strake vortices with essentially zero axial velocity.
Since measurements were taken only at one axial station over the wing,
it is difficult to say where strake vortex bursting occurs, but it

appears to have occurred at or upstream of the trailing edge.

Vortex bursting is not included in the analytical methods nor the
predicted loads. While a reasonable amount of work has been done on

lifting surfaces having burst vortices (mostly delta wings), the mecha-

nism of bursting is not completely understood, and no reliable predicticn

|
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methods for burst locations are available, particularly for more complex
configurations with breaks in leading edge sweep and bodies. What is
perhaps equally important is that no work-has been done on developing a
model to predict the induced velocities on adjacent lifting surfaces
caused by a burst vortex, which probably retains its overall circulation
but with a much more diffuse distribution. The probable influence of
this phenomenon on the comparisons given in the preceding section is

difficult to assess.

One factor that was disc. *~"ed in the section on nése data compari-
sons is the location of the predicted separation points on the nose
(fig. 13). The Stratford criteria are empirical correlations for a two
dimensional flow that were derived from flat plate data. 1In earlier
work done under this contract (ref. 3), the criteria were applied to two
dimensional flows over cylinders and ellipses where other theoretical
methods and data are available and were found to agree well with the
other sources. Limited comparisons were made with three dimensional
separation line data on inclined ogive-cylinders, and the "sin a"
correction was deduced based on these comparisons. The modified Stratford
criteria are considered preliminary at this time, which is the reason why

the calculations typified by figure 13 were done.

The difficulty noted in connection with figure 13 was found with
both the V/STOL and F-5 nose shapes. In the latter case, there are
relatively flat sections on the side of the nose near the rear which
have small circumferential pressure gradients subject to local changes
due to the presence of adjacent vortices in the cloud. These changes
can cause the separation point to move circumferentially from one axial
station to the next, which changes the point where the vortex is inserted
iﬁ the flow field and tends to disturb the orderly movement of vortices
into the lee side flow field. In some cases the (axially) downstream
influence of variations in separation location damps out and does not
appear to influence the loads or vorticity distribution. In other cases
the disturbance tends to cause such events as driving a vortex towards
the body where its motion is then dominated by its image which forces
the vortex down along the body surface towards the windward side.

Some additional work needs to be done to evaluate and perhaps modify
the separation criteria used in the nose separation program. It would be
desirable to make more comparisons with separation line location data for
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circular and for noncircular cross section bodies inclined at various
angles to the flow. Based on the comparisons, 4 set of criteria should
be established which not only reflects the circumferential pressure
gradients imposed on the boundary layer but the axial run lengths as
well. This work could well eliminate the problem associated with flat
regions of very low pressure gradients. If not, spec:ial provisions could
be made in the ccomputer program to handle this case, again based on

placing the separation point properly as indicated by appropriate data.

The predicted results for complete configurations show appreciable
loads on the vertical tail due to the nose vortices. The tail loads
depend on the way in which the nose vortex cloud is modeled with a few
discrete vortices, the vortex tracking method, and the tail lead calcu-
lation method. The latter two methods have been used for many years in
connection with wing/body/tail interference calculations and have been
validated through comparisons with data on vortex positions and panel
loads, at least for circular bodies. The differences for the present
calculations not generally encountered in most missile and aircraft
cases are the noncircular bcdies approximated by circular bodies having
the same cross section area distribution and the low wing (in the F-5)
approximated by a midwing in the vortex tracking calculation. 7These
approximations will have some influence on tail loads, but the errors
involved are probably small compared to Qifferences between predicted
and measured loads.

The way in which the nose vortex cloud is modeled with several
discrete vortices can cause an appreciable effect on the predicted tail
locads. Figure 18 shows a comparison of a 2 and a 6 vortex fit to a nose
vortex cloud which indicates quite different distributions of vortices
at the tail location. Table I shows a factor of two difference in the
vortex—-induced tail loads between these two cases, with the six-vortex
fit giving better agreement with data. No systematic investigation was
made of this matter because the vortex tracking program used to locate
the vortices over the body length was held to twelve nose and wing
vortices to minimize program rununing time. It would be desirable to
modify the conmputer program to be able to track the entire cloud of
vortices aft to the tail, so a systematic study could be made of simpler
representations of the nose vortex system which retains the necessary

accuracy in vorticity distribution and induced velocity field.
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Finally, notice should be taken of the V/STOL model experimental
results regarding the importance of strakes in energizing the flow at
the tail. The probe velocity measurements at the wing trailing edge
indicate little loss in axial velocity from the free stream value
(V cos u) with strakes but a loss of half the free stream component (and
three-quarters of the dynamic head) without strakes. This effect occurs
e¢ven though the data indicate the strake vortices to be burst at the
wing trailing edge at a = 35°. Thus the strake vortices play an impor-
tant role in influencing dynamic pressure at the tail at angles of attack

for which leading edge separation occurs on the wing.

7. CONCLUDING REMARKS

A theoretical and experimental study has been conducted to develop
analytical techniques for predicting the lateral aerodynamic loads on
fighter-type aircraft at high angles of attack that influence departure.
The experimental work was done both in NEAR and NASA facilities and was
designed to provide specific, detailed data to support development of the

analytical methods.

Analytical methods were developed to predict locads on all components
of a typical aircraft configuration. The most important of these is a
method to predict the pressure distribution, location of separation, and
vorticity field in the wake of an arbitrarily shaped, noncircular cross
section nose. The noncircular nose shapes used on modern fighter air-
craft play a very significant role in the high angle-of-attack handling
qualities of the aircraft, and the method developed in this work is the
only existing method capable of treating such shapes. Furthermore, the
flow field measurements obtained at Langley Research Center are the first
such measurements obtained on a noncircular cross section, fighter~-type
configuration and were extremely useful in evq}uating the analytical
methods.

The results of data comparisons both on noses alone and on complete
configurations show the corvect qualitative behavior and in many cases
show goo¢ quantitative agreement. However, the comparisons are not
sufficiently consistent in prediction of magnitudes of forces to be
considered reliable design or analysis techniques. Additional work is
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needed in data comparisons to validate completely, and rcrhaps improve,
the flow models. The critical data required, for the most part, Qo not
exist, and some additional experiments are desirable.

In particular, the kiads of measurements that need to be made are
flow field, pressure distributicn and flow separation location data on
noncircular nose shapes of interest to modern fighter aircraft, vortex
flow field measurements on complete configurations to define the loca-
tions of vortices, their burst points, vorticity distributions, and
induced flow fields, and breakdown of loads on complete configurations.
Attention also needs to be given to prediction of rurst points for
strake and hood vortices and the induced velocity fields of burst
vortices, with such analysis supported by critical experiments.
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yawing moment coefficient, nondimensionalized by base area
and equivalent base diameter for noses alone, wing area
extended to model centerline and wing span for V/STOL
aircraft, and basic wing area extended to centerline and
mean aerodynamic chord for F-5 aircraft

pressure coefficient, (p-p_)/d

side force coefficient, nondimensionalized by kase area for
ncses alone and wing area extended to centerline for com-
plete configurations

diameter of a circle having same <ross section area as
base of body

nose length

free stream dynamic head,

M=
%

Reynolds number, VD/v
Reynolds number, Vs/v

distance in crossflow-plane along body surface from virtual
origain

base area of body

velocity components along x,y,z directions, respectively
boundary layer edge veloc:ity

free stream veloc:ity

cuordinate system with origin at nose, x aft body
axis, y to right, and z vertical upwards

coordinates cf vortex in crossilow plane

initial height of strake vortex at strake-wing intersection

angle of attack

included angle retween velocity vector and body axis for
combined angles of attack and sideslip

angle of sideslip

shift of two separation angles in crossflow plane used tc
induce: asymmetry in n- se vortex shedding

i
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SYMBOLS (Concluded)

A

OO {5

r vortex strength

v kinematic viscosity :

e free stream density ;

i polar angle in crossflcw plane measured from negative z axis ﬂ
positive counterclockwise

& angle nf separation
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