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Side Forces on Unyawed Slender Inclined
Aerodynamic Bodies

Hsiao C. Kao*
Northrop Corporation, Hawthorne, Calif.

Wind tunnel tests in recent years have indicated the existence of nonzero side forces and yawing moments on a
fuselage model, configuration build-up, and a complete airplane model at high angles of attack but zero angle of
sideslip. These forces and moments are a potential hazard to aircraft stability and control. Based on ob-
servations in some related experiments, theoretical consideration and finally some interpretation of our own, a
simple model is proposed to describe the flow characteristics of these nonzero forces and moments. A prediction
method resulting from this model with correlation parameters taken directly from the published papers is for-
mulated. The calculated results are compared with low-speed test data of a 10% scale F-5E fuselage model and a
circular tangent ogive with afterbody and show satisfactory agreement.

Nomenclature

A = model wing area, 1.86 ft?2

B, = empirical constant for prediction of critical angle of
attack

b = model wing span, 2.67 ft

C,, = circulation around body betweeng,, , and g,

C, - = yawing moment coefficient, moment/ Y2p o, U o, 2Ab

C, = side force coefficient, force/V2p o U 2A

d = diameter or mean diameter of afterbody

g, = distance of vortex line m along body axis

g = interval between two consecutive vortex lines

L = lift or lateral force per unit length

R, = cross-flow Reynolds number, U .. dsina/v

R, = Reynolds number based on diameter, U . d/v

S = Strouhal number

U . = freestream velocity

o = angle of attack

a. = critical angle of attack corresponding to onset of flow
asymmetry

g = angle of attack for a local peak m of nonzero side
force

I' = vortexstrength

O, = semi-apex angle

v = kinematic viscosity

P = freestream density

Introduction

N spite of the fact that flow separation has haunted

engineers for so long a time, the recent discovery of
nonzero side forces experienced by various bodies, ranging
from a fuselage model through configuration build-up to a
complete airplane model, reveals an additional adversity.
Nonzero side forces and hence yawing moments are defined
here to be side forces and yawing moments on a slender body
at an angle of attack but zero angle of sideslip. These side for-
ces and yawing moments, whose magnitude may become as
large as or even larger than the normal force at sufficiently
high angle of attack, are a potential hazard to the stability and
control of modern fighter aircraft and missiles.

The existence of nonzero forces has been known for a fairly
long time!2 but has received little attention until some recent
investigations. The scope of these investigations has,
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however, been largely limited to wind tunnel tests and
correlations of pertinent parameters (see, for example, Refs.
3-5), with two known exceptions that Lamont and Hunt ¢ and
Wardlaw” present semiempirical prediction methods in ad-
dition to test data. Unfortunately, it is also apparent that ex-
perimental results by different investigators are not always in
agreement. One of the reasons, apart from experimental inac-
curacy, may be that a small variation of one of many
parameters causes substantial deviation. This fact has been
amply illustrated by Keener and Chapman.*

A rather surprising finding from Franco’s test data? at
Northrop is that such a nonzero side force and moment oc-
curred not only on fuselages but also on a 10% scale F-5E
complete airplane model (Figs. 1 and 2). A possible ex-
planation is that the geometry of the forebody being a
dominant factor in producing nonzero side forces (as also
pointed out by Keener and Chapman) overwhelms the effect
from wing and tails. Thus, addition of these elements merely
changed its magnitude and ‘‘frequency’’ but did not hinder its
occurrence. (The word frequency is used loosely here to in-
dicate the status of repeated occurrence of the peaks and
valleys of the nonzero side force and yawing moment).

After Franco’s test data became known, an analysis was
subsequently made to identify the source of these nonzero side
forces, from which the present semiempirical approach
resulted. This method in the present form applies only to
fuselage or slender inclined bodies; it is, however, hoped that
a modified version will be developed for application to a
fuselage with interference surfaces, such as wing and tails,
and with the influence of Mach number included. The predic-
tions made so far have been found to agree with most of the
salient features observed in Franco’s experiment. These
calculations were made independently and prior to the
publication of Lamont and Hunt’s work. Thus, even though
both methods are based on the cross-flow analogy, the details
are radically different. However, an additional reason to
prompt writing of this note is that Franco’s test indicated un-
mistakenly the periodic nature of these nonzero side forces
against angle of attack with alternate sense, whereas Lamont
and Hunt’s experiment revealed only wavelet oscillations on a
dominant hump. The Reynolds numbers in these experiments
may have been somewhat different, but the bodies were of
comparable fineness ratios.? Modelled from the test data, our
calculations, therefore, show periodicity and theirs does not.
To resolve these questions, it is evident that further studies are

TThe Reynolds number in Franco’s experiment based on the mean
diameter of the fuselage model was approximately 0.6x 109; the
cross-flow Reynolds number at a typical incidence of 35° was then
about 0.3 x 10.6
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Fig. 1 Side force coefficient on 0.1 scale F-5E complete con-
figuration model (fuselage, wing, vertical and horizontal tails) at zero
sideslip angle.
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Fig. 2 Side force coefficient on 0.1 scale ¥-5E complete con-
figuration model with center-line 275 gal tank (fuselage, wing, vertical
and horizontal tails, and external tank) at zero sideslip angle.

required and the purpose of this paper is to stimulate this un-
dertaking in addition to presentation of our method.

During the period of revision, Wardlaw’s” and Keener and
Chapman’s® work became known. The former introduces a
different and more theoretical-oriented approach for predic-
tion, but the test data seem to show fewer local peaks (a valley
is a negative peak) than those in either Franco’s test or Keener
and Chapman’s experiment of a tangent ogive with an at-
tached afterbody. And the latter is mainly a study of
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forebodies. Only limited data were presented with afterbodies
attached. Because of the slenderness requirement in the
present method, only these data with afterbodies were used to
compare with calculated values.

Prediction Method

The proposed model is based partly on theoretical con-
siderations and partly on experimental observations. The
parameters required in the calculation are nearly all taken
from the published papers in the related experiments. The fir-
st part of this section is devoted to justification or theoretical
consideration and the second part to basic formulas.

Justification of the Proposed Model

The concept of cross-flow analogy or the slender body
theory has been well known and widely used since Munk’s
paper of 1924, It was originally based on the observed fact
that “‘the air gives way to the passing slender body by flowing
around the axis of the body, not by flowing along it,”” and ap-
plied to the inviscid flow calculations. However, as the angle
of attack increases, the prediction of lift coefficient on a slen-
der body with abrupt base becomes increasingly worse by con-
sidering the inviscid force alone. Consequently, a
modification was made by Allen and Perkins! to include the
viscous separation effect which greatly improved the
calculated results. In the same vein, we adapt this idea to the
flow with separation inducing not only the normal force as
already accounted for by them but also the lateral force.

Based on this idea of similitude (called the impulsive flow
analogy in Ref. 8) the flow over the inclined body viewed in
the cross-flow plane is time-dependent and has a trailing vor-
tex wake, which grows with time much like the growth and
shedding of vortices behind a two-dimensional body im-
pulsively started from rest with a velocity equal to the cross-
flow velocity of U, sina. (U, is the freestream velocity and
o the angle of attack). A very illuminative depiction of the
trailing vortices and the cross-flow plane can be found in the
work of Thomson and Morrison?® and is reproduced here as
Fig. 3. The lateral force on the inclined body again viewed in
the cross-flow plane is then equivalent to the lift. As is well
known, a nonzero circulation around a cylinder sustains a lift.
This lift is furthermore independent of the form of the cylin-
der by the theorem of Kutta and Joukowski. Therefore, if we
associate the lateral force with the lift and find a way to
estimate the circulation, the nonzero side force on an inclined
body of arbitrary shape will be known. For this reason, the
occurrence and prediction of the circulation are the main con-
sideration in proposing the present model and prediction
method.

One complication, which has not been mentioned so far, is
that there now exist singularities (point vortices) in the
flowfield in addition to the circulation. The singularities will
also exert forces on the cylinder, much like the trailing vortex
sheet making contribution to the lift on an oscillating airfoil.
These forces are, however, considered to be small in the
present model and are assumed to be negligible compared to
the lift due to circulation. After a better description of the
vortex wake is given, we will return to this point.

Section B

Fig. 3 A sketch of vortex wake over a slender cylindrical body from
Thomson and Morrison.
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When a cylinder is started impulsively from rest, the flow is
initially in a state of potential flow but quickly forms a boun-
dary layer which, in turn, separates and develops into a pair
of symmetric “‘point”’ vortices. This pair of symmetric vor-
tices is, however, not stable. As time elapses, one of them will
be washed away and the flow becomes asymmetric. In Ref. 9
after observation of a motion picture, Sarpkaya concluded:
““The symmetrical vortices that form at the start of motion
oscillate back and forth, mainly in the direction of the am-
bient flow, and grow or diminish in intensity prior to the ac-
tual shedding of the first vortex.”” This observation is further
supported by the findings of Thomson and Morrison, 8 in
which the measured strength of two outmost vortices are
found to be unequal. Sarpkaya’s observation explains not
only the onset of circulation, for which some detailed
argument will be given, but also the occurrence of a number
of small, oscillatory side forces at moderate angle of attack.

Before the nose of a slender body first penetrates the cross-
flow plane, the flow is irrotational and will remain so at sub-
sequent time provided that the closed material line to be
followed is sufficiently large. However, as soon as the initial
pair of vortices oscillates, grows and diminishes in intensity,
an imbalance of the combined vortex strength results. This
imbalance will then be compensated for by a circulation about
the cylinder in accordance with the theorem of constancy of
circulation. Accordingly, the lateral force is expected to occur
at the same time as transition of the symmetric vortices takes
place. For example, the small oscillatory side forces prior to
the major peak at «=236.5° (in Fig. 4) are believed to be at-
tributed to this.

With the appearance of circulation in the flow, the velocity
around the cylinder is asymmetric, being faster on one side
and slower on the opposite. This will further result in
promoting and sustaining the process of alternate vortex shed-
ding. However, as the third and subsequent vortices are being
cast off, alternating vorticity is continually added to the fluid.
To maintain the constancy of circulation along a material line
large enough to encircle all vortices and the cylinder, the in-
tensity of circulation around the body will have to alter. Since
the vorticity is continually being created in the boundary layer
and cast off through the ‘‘feeding sheet’’ to form a new vor-
tex, it is an endless attempt to achieve a balance in the system
that, in turn, results in endless cycles of alternate circulations
around the body. To confirm this argument, we refer to the
experiment made by Drescher and depicted in Fig. 5.
Although only the force is indicated in these diagrams, the
existence of circulation can be deduced from the occurrence of
lift. In addition, Plate 24 in Prandtl and Tiejens’
monograph ! would also suggest this sequence of events.

The circulation around the cylinder in the present model
coexists with a system of singulatrities (point vortices); these
singularities also give rise to forces on the cylinder in ac-
cordance with Lagally’s theorem (see, for example, Milne-
Thomson "' for more details). The total force is, however, the
sum of additive forces induced by individual singularities,
whose magnitude is proportional to the square of singularity
strength but diminishes with the distance from the cylinder at
a rate much faster than the first power. These forces can, in
principle, be included in the prediction method. (For a cross
section other than a circular cylinder, conformal mapping will
have to be employed). However, due to the approximate
nature of the method and the assumption that the circulation
is sufficiently large and no strong vortex is located near the
cylinder, we neglect these forces due to singularities and
assume the side force being simple equal to the lift induced by
circulation alone. It follows that in the cross-flow plane the
usual formula for lift applies

L=p,U.Tsina 1

The symbol L denotes the lift or the lateral force per unit
length of the cylinder, p .. is the density, T the circulation, and
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Fig. 4 Side force coefficient on 0.1 scale F-5E fuselage model at zero
sideslip angle.
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Fig. 5 A sequence of simultaneous pressure fields and wake forms at
R, =1.13x 105 from Drescher (Figure taken from Ref. 14).

U< sin « the freestream velocity in the cross-flow plane.

As noted previously, this force is independent of the body
shape. Consequently, if we have a method to estimate the cir-
culation, this formula will then give the side force per unit
length from which the yawing moment is known. It is,
however, not possible at present to give an estimate of this cir-
culation by theoretical consideration alone, since the for-
mation of the vortex wake behind a bluff body involves not
only the boundary-layer separation but also other complex
processes, and recourse to a semiempirical method is essen-
tial. One such method, that we propose to follow here, is to
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make prediction and give estimate of the sense and intensity
of free vortices on the basis of the existing experimental fin-
dings. Using this as an input and by means of the theorem of
constancy of circulation, we obtain the circulation.

The task now reduces to the treatment of the free vortices.
To formulate the problem, we have to describe these vortices
in terms of fluid mechanical properties. Some of these are: the
incipient condition for vortex shedding, the time interval bet-
ween each vortex breakaway, the relationship between the
body length and vortex shedding, and the spacing and
strength of these free vortices. Fortunately, most of these
questions have been investigated by Thomson and Morrison$
in an elaborate experiment. These experimental findings in
conjunction with others as quoted in Refs. 9, 13, and 14 can
be moulded to form an empirical but quantitative represen-
tation of this free-vortex system. A step-by-step procedure of
how this is to be done will be presented.

Prior to this, a word or two seems in order to qualify the
aforesaid Lagally’s theorem. The usual presentation of this
theorem is valid for a stationary system. If the free vortices in
a uniform stream change their position and strength with
time, modification will have to be made. For this we refer to
the work*® by Sarpkaya.!? These unsteady variations are,
however, to be neglected here under the assumption that the
rate of the change of the vortex intensity is not important and
the relative velocity of the free vortices to the body is small
compared with the cross-flow freestream velocity.

Basic Equations

The most important inputs required in the present model
are the quantitative representations of the number and the
total intensity of free vortices in the wake of every cross-flow
plane. The information for the number of free vortices, which
is clearly related to the mechanism of vortex detachment, may
be eventually related to the so-called “‘frequency,”’ i.e., the
condition of repeated occurrence of local peaks and valleys of
nonzero side forces. The total intensity is associated directly
to the strength of circulation, which, in turn, gives the
magnitude of the side force. To this end, we have two
equations for these two quantities. Once the frequency and
magnitude become known, the representation of the nonzero
side force and also the yawing moment is virtually complete.

The form of these two equations has actually been given by
Thomson and Morrison as a part of their theoretical con-
siderations under the concept of cross-flow analogy (or called
the impulse flow analogy by the authors). But these are merely
two relationships for different flow quantities. To use them as
working equations, we have to reduce the unknowns to one
for each equation. One method to meet this requirement is
that we introduce more empirical correlations. In this con-
nection, we refer to the work by Thomson and Morrison,?$
Peake, Rainbird, and Atraghji'® and Morkovin.

The dispositon of the vortex wake over a fuselage is
assumed to be similar to those observed in Ref. 8 over cylin-
drical bodies. On the basis of this idealization, the spacing,
position and breakaway points of vortices can be estimated in
a similar manner.

To do this and from the definition of the Strouhal number S
in the cross-flow plane, we have

S=nd/U, sin «

where the symbol d refers to the diameter of the cylinder and
n to the shedding frequency of like-sign vortices, from whose
definition it follows that the time interval between vortices of
like sign is simply 1/n. In reference to Fig. 3, this is also the

1The equation for the lift in this paper is incomplete in the sense
that the most important effect, the circulation around the cylinder, is
not accounted for. For a general distribution of vortices, which it im-
plies, the net intensity of all free vortices is not necessarily zero and the
circulation about the cylinder should not be omitted.
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time for a fluid particle to traverse a distance 2g°/U . cos «
with the freestream velocity equal to U , . Upon substitution
of this quantity, the previous equation takes the form

g'/d=0.5/(S tana)

If the cross-flow analogy were exact, the vortex wake were
completely stable, the spacing between vortex lines were
uniform, no Mach number and Reynolds number effects were
present, etc., the mean dimensionless quantity g’S tan «/d
measured in wind tunnel test would be equal to 0.5. Instead,
this value is chosen to equal 0.35 here, which agrees with the
lower limit indicated in Ref. 8. We thus modify the definition
to the form

g'/d=0.35/(S tana) 2)

This is then our first working equation for determining the in-
terval between vortex lines with the body diameter, incidence
and the Strouhal number given.

The question of what value to choose for the Strouhal num-
ber is still open. The following reasoning, however, indicates
that it is a constant under the intended conditions of the
present model. The cross-flow Reynolds number, which is
defined as R.=U .. d sin a/v, with v being the kinematic
viscosity, is estimated to be around 3 x 10° in our low speed
wind tunnel using the 0.1 scale F-5E model and with angles of
attack varying from 10° to 50.° The Strouhal number,
corresponding to this range of Reynolds number, for a two-
dimensional circular cylinder is known to be approximately
equal to 0.2 (see Fig. 6 for Morkovin’s compilation* of
numerous test results). To make certain that this value is also
applicable to inclined bodies and also to study the Mach num-
ber effect, Thomson and Morrison conducted a series of ex-
periments within their attainable Reynolds number range and
concluded that 0.2 is indeed an accurate representation of
Strouhal number for an inclined body at low speed. Hence, in
place of S in Eq. (2) we will use 0.2 for computation, in-
cluding the example of a tangent ogive with afterbody in Fig.
7. The cross-flow Reynolds number for this latter case was
estimated to be under 5x10.5 Thus far we have essentially
completed the discussion for the first working equation, save
some statements for qualifying the arguments so as to further
clarify the matter.

10

(Inverse Strouhal number)
=S
L

o

= -
10 102 10° 10 0% 10

Fig. 6 Strouhal number of circular cylinders across Reynolds num-
ber range based on diameters from Morkovin.
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Fig. 7 Side force coefficient in circular tangent ogive with attached
afterbody at zero sideslip angle.

For one thing, the correlation formulas, on which we base
the present prediction method, are mostly obtained from ex-
periments using cone-cylinder or ogive-cylinder com-
binations. The main configuration to be concerned here is,
however, a fuselage, which usually has an ogive-like forebody
but whose afterbody is generally quite different from a cir-
cular cylinder. The assumption made here is that the forebody
and the fineness ratio are the dominant factors to the
disposition of the vortex wake but not the detailed geometry
of the afterbody. To this end, the diameter ¢ in Eq. (2) may be
chosen as an average diameter of a fuselage. This point will be
further discussed after the second working equation is presen-
ted.

As mentioned previously, Eq. (2) will be eventually used to
determine the angles of attack corresponding to the local
peaks and valleys of nonzero side forces. Since it is not ob-
vious how this can be done, it is perhaps worth stating the un-
derlying elements at this juncture and leaving the details to the
next section. To connect the disposition of vortex lines
measured by g’ in the present formulation to the angles of at-
tack for local peaks (a valley is a negative peak), we have to
invoke the following idealization. Notice here that we have
drawn straight lines to approximate the actual vortex lines in
Fig. 3. When one of these simplified vortex lines comes in
contact with the base of the fuselage, we assume that the
lateral force exhibits a local maximum or minimum. This,
therefore, implies that the present prediction method is only
capable to disclose informations about the local peaks as
shown by open square symbols in Figs. 4 and 8. For practical
purposes these values are perhaps the most important quan-
tities to characterize the nonzero side forces.

This idealization may sound arbitrary at first glance, but it
is possible to find some evidence from Drescher’s experiment
to show its validity. A close inspection of four pictures in time
sequence given in Fig. 5 will lead to the conclusion that the lift
is maximum when the vortex around the cylinder reaches its
maturity and begins to detach.

Equation (2) is derived on the basis of the so-called regular
vortex disposition, i.e., the first pair has been excluded. Since
these two vortices are initially formed at the ogive-like nose
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region and detached by a different mechanism as stated
earlier, it is natural to make a separate estimate. For the
detail, we again defer it to the next section. Here we only
remark parenthetically that the interval g’ in Fig. 3 begins at
point D; the distance between C and D is not marked but is
notg.’

Returning now to the second working equation, once more
we idealize the complex situation by making an assumption
that as far as the intensity is concerned, the regular vortices
viewed in the cross-flow plane are similar to the Karman vor-
tex street of infinite extent.’ Using the cross-flow analogy
leads immediately to the formula8!!

r 2X(1—X) b wh 3

U..d sine s o) ®

where I' is the strength of a detached vortex, h the lateral

spacing between the vortex rows, and £ the normal spacing

between vortices of like sign. The symbol X is defined as

X =tan £/tan «, with £ being the inclination angle of a vortex

line (Fig. 3). The quantity h/£ is the ratio of the transverse to

the longitudinal spacing; its average value is known to be ap-

proximately a constant and equal to 0.19 by estimating from
schlieren photographs (Ref. 8).

Application of Eq. (3) requires determination of X. For-
tunately, it was again found in Ref. 8 to be approximately a
constant. We choose X=0.8 for the present purpose in com-
pliance with the line of best fit.

Thomson and Morrison? stated that Eq. (3) over-predicted
the vortex strength. This over-prediction is actually con-
siderable; the ratio of the vortex strength I'/U . d sin « com-
puted from Eq. (3) to the mean value of measurements made
by these authors is approximately 3:2 in the low-speed and
low Reynolds number range covered (R, =10%). We,
however, use this equation directly without modification in
calculation of the nonzero side force and yawing moment on
the F-SE fuselage model. This implies in effect that a
geometric factor has been included to account for the
irregular shape of the afterbody, for it is conceivable that the

§The wake behind a cylinder in a two-dimensional flow is known to
exhibit some form of periodicity in a fairly wide range of Reynolds
numbers. However, the periodic wake referred to the Karman vortex
street, which is mostly laminar and has a stable configuration with the
ratio of the transverse to the logitudinal spacing equal to ap-
proximately 0.28, makes its appearance generaily in the Reynolds
number below 150-300 based on the body diameter. Although the
cross-flow Reynolds number in Thomson and Morrison’s experiment
was around 7.5 % 104, the wake in the schlieren pictures appears to
resemble the Karman vortex street and the intensity of a vortex may be
estimated by Eq. (1)-(3). The ratio #/ £ was, however, found to be dif-
ferent from 0.28 and fixed approximately to be 0.19 after analyzing
the data.
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intensity is reinforced by lack of regularity. The agreement
between the prediction and test as shown in Fig. 4 and 8 seems
to attest this argument.

For the side force predication on the cylindrical afterbody,
such as the one indicated in Fig. 7, we will reduce the intensity
calculated from Eq. (3) by a factor of 2/3. This additional em-
piricism could have actually been avoided, provided that we
make use of the so-called sweepback principle (Ref. 8) rather
than the cross-flow analogy. The reason that the latter is
retained is simply because we place more emphasis on the
fuselage prediction.

With the vortex intensity now specified, application of
Kelvin’s circulation theorem gives the circulation around the
fuselage which, in turn yields the lift (side forec) per unit
length by means of Eq. (1).

Calculation Procedure

In this section, we will present mainly the procedures of ap-
pying Egs. (2) and (3) to result in numerical values.

Prediction of Angle of Attack for a Local Peak

To begin with, we must deal with a more difficult problem
of how the first pair of vortices detach themselves, their con-
trolling paramecters, and the critical angle of attack for the in-
cipience of asymmetric forces. To answer these questions, we
have recourse to experimental results. Here we quote only the
relevant work by Peake, Rainbird, and Atraghji!? and Keener
and Chapman. 3

Equation (2) as it stands is merely a relationship of the in-
terval between vortex lines, the incidence, and the Strouhal
number. By means of the idealization stated earlier that when
one of the simplified vortex lines reaches the fuselage base the
side force exhibits a local peak, we associate this equation
with the local peak but we still cannot obtain a numerical
value, because the initial distance g, (Fig. 3) is not known.
This information cannot be acquired theoretically at present,
since the mechanism for detachment of the initial pair is too
complex to be handled properly.

Although the onset of flow asymmetry is probably in-
fluenced by many parameters, the more important ones seem
to have been investigated. For instance, Fig. 9 is a graphical
representation of these parameters. (A similar depiction is
also included in Ref. 5). In reference to this figure, we notice
that for a given Mach number and Reynolds number the
semiapex angle ©, appears to play a dominant role. The
fineness ratio also shows its effect but to a less extent. To
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Fig. 9 Critical angle of attack for onset of flow asymmetry about
slender cylindrical bodies from Peake, Rainbird, and Atraghji.
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make the estimate, we assume that the form of Eq. (2) is also
applicable to the detachment of the initial pair, provided that
a new empirical constant, which was fixed to be 0.35 earlier,
can be properly selected.

In the process of increasing angle of attack, we will first en-
counter a situation where the vortex wake over the body base
viewed in the cross-flow plane consists of two vortices, one of
which has been washed away and the remaining onc is on the
verge of detachment. In other words, the distance g, is equal
to the body length. We construe this to indicate the incipience
of asymmetric force.

For the simple configuration, such as the tangent ogive with
afterbody in Fig. 7, which has a semiapex angle of 16.5° and
the fineness ratio equal to 7, the critical angle-of-attack o .for
the onset of flow asymmetry has been determined and is
estimated to be 30° from Ref. 5. Invoking the aforesaid
idealizations, we obtain the empirical const B, from Eq. (2) as
follows:

B, =(g,/d)S tan «.=0.809

where the Strouhal number has been taken to be 0.2 for the
reason previously noted. The angle-of-attack «; for the next
local peak for which g;/d =(g,+g")/d="7is given by

(g,+£)S

tana;=(B,+0.35)+ 3

=0.827

Similarly, «y . .
bolically, we have

. «,, can be evaluated. To write sym-

B.+0.35(m—2)
S8

tan o, = for m=3, 4)

where f, refers to the fineness ratio. The angles so computed
for this case are shown in Fig. 7.

Since the experimental data for the critical angle of attack
are not always available especially for the more complicated
configurations such as a fuselage, to claim this to be a predic-
tion method we must find a way to evaluate B, from test data
of related experiments conducted for bodies other than the
one to be examined. To illustrate how this is done, we use the
F-SE fuselage model as a working example and make a cross-
reference to test data on a cone-cylinder combination. The
critical angle-of-attack e, for this body with the fineness ratio
of 9 (their short afterbody) and the semi-apex angle of 15° is
found from Fig. 9 to be approximately 22.5°. It follows by
means of the aforesaid idelaization that g,/d is equal to the
fineness ratio 9 and Eq. (2) reduces to

B,=(g,/d)S tan a. = (9 tan 22.5°)D ()

The Strouhal number in this equation is, however, not equal
to 0.2, because the Reynolds number based on the diameter in
their experiment was 1.4 X 10,6 which is believed to be in the
transition region instead of the laminar flow in the previous
case. The Strouhal number in the transition region is much
different from that of laminar flow (Fig. 6), and the value of §
in Eq. (5) is estimated to be 0.35. With this specified, B, is
found to be 1.3. The F-5E fuselage model has an ogive-like
forebody with the mean semiapex angle ©. of 15.° The
overall length is 4.5 ft and the mean base diameter is about 0.4
ft; the fineness ratio is then approximately 11.2. Since the
semi-apex angles of these two bodies are the same and the
finess ratios are comparable, we assume that the empirical
constant B, obtained for the first body stays unchanged for
the second. The test for the fuselage was, however, conducted
in the laminar region; the critical angle-of-attack «a, would
necessarily be different from 22.5.° To estimate this, we again
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make use of Eq. (2), which leads to
tan «,. =B,/ (g,5/d)=0.58 ©6)

The angles of attack for other local peaks «; ... «,, are deter-
mined by application of Eq. (4). Shown in Figs. 4 and 8 are
the results.

Intensity Prediction

As noted earlier, Sarpkaya’s experiment indicated an
oscillatory movement of several cycles prior to the final
detachment of the first pair of vortices. This, according to our
argument, would give rise to several small peaks in the non-
zero side force plot. Unfortunately, since there are as yet no
quantitative measurements or correlations, accurate predic-
tion cannot be made at the present stage. There is, however, a
reason to believe that the critical angle plotted in Fig. 9
corresponded to the first major local peak, and the smaller
peaks prior to this were neglected in their measurement
because the onset of flow asymmetry was estimated by the
criterion that the lateral force exceeded 5% of the normal for-
ce. For this reason, nonzero side force prior to the critical
angle is not considered.

The observations made in the published work and therefore
the conclusions drawn were mainly for the purpose of un-
derstanding the phenomenon. It is not altogether satisfactory
to apply them directly for calculation. Supplementary in-
terpretation seems to be needed. To this end we introduce an
idealization as follows: The initial formation from two sym-
metrical vortices to two asymmetrical ones takes place in the
distance between g, and g ,. These two vortices at the point of
g, viewed in the cross-flow plane are assumed to have the
relative positions and strengths shown in Fig. 10a, in which
the strengths of the vortices are dimensionless quantities in
reference to the regular one. When the angle of attack is fur-
ther increased, the next special state emerges in which g,
moves forward and g ; comes into contact with the body base.
The formation of these two vortices reaches the second stage
between g, and g; and comes to maturity at g;. The relative
position of the vortices is seen to be reversed and the intensity
adjusted, with the vortex closer to the body growing stronger.
Shown in Fig. 10b is the profile at g;. If the incidence in-
creases further, g, and g; will both move forward and
decrease their absolute lengths simultancously, leaving room
for g, to contact the base lip. In the meantime, the third vor-
tex begins its formation at g ; and completes its process at g ;.
This then is the first regular member of the vortex family with
its intensity given by Eq. (3). This process of casting off more
vortices in a given distance with alternate shedding of vorticity
will continue as lonr as the incidence keeps increasing. The
highest angle of attack before the change-over takes place is
found to be a5 =46.5° for the F-5E fuselage model of which
the vortex pattern is shown schematically in Fig. 10c¢.

At first sight, the value of vortex intensity in Fig. 10 are
seen to be arbitrary. However, they are not chosen without
any base. The careful measurement made by Thomson and
Morrison and their schlieren pictures revealed that the first
vortex is very weak and cannot be easily discerned or given a
value of circulation. The second vortex is found to possess ap-
proximately one half the intensity of the regular vortex. The
vortex model after g; is therefore established on the basis of
this finding, with the first vortex obliterated altogether. Tur-
ning now to the vortex system prior to g;, we reason that
because the magnitude of the circulation C,, Cs, . . . is only
one half the intensity of each regular free vortex, the values in
the formative stages must be smaller. To approximate this,
two values C,=C/4 and C;=3C/4 were thus selected with
C=I1C,| or |Csl. It turned out that the estimated forces
using these two values agree reasonably well with the test
data. The intensity level for the circulations is thus fixed ten-
tatively. The possibility of furture modification, of course,
exists when further experimental data become available. The
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Fig. 10 Sketches of disposition of vortices in cross-flow planes.

strengths of field vortices are not really relevant to our predic-
tion. However, for the sake of completeness, we still assign
certain values to be found in Fig. 10.

The work which remains to be done before the actual com-
putation is then to determine the strength of a regular free
vortex by Eq. (3). For the fuselage model, Eq. (3) is used as it
is but for the regular configuration such as the circular
tangent ogive with afterbody the intensity obtained from Eq.
(3) is reduced by a factor of 2/3, a ratio of the mean test data
in Ref. 7 to the calculation. We have actually commented on
this point earlier, but is repeated here for completeness.

Finally we shall introduce a further simplification that the
circulation C,, be distributed uniformly in its interval from
g.m—; to g,,. Application of Eq. (1) will then result in side force
per unit length.

Since the computational procedure previously detailed is
fairly involved and was not introduced in a sequential man-
ner, it is perhaps worth recapitulating it. Following are the
steps for making prediction of nonzero side force on a given
body: a) Find the semiapex angle O, the fineness ratio f,,
and the mean diam d of the afterbody. b) Select the critical
angle-of-attack «, from the diagram for the onset of flow
asymmetry (Fig. 9 or similar). ¢) Use Eq. (5) to determine B,
the empirical constant. d) If the information for the onset of
flow asymmetry was based on tests conducted at different
Reynolds number range from the case under consideration,
re-compute «,. as demonstrated in Eq. (6). ¢) Obtain angles-
of-attack «,, for consecutive local peaks for m=3 from Eq.
(4). f) Determine the intensity I" of a regular free vortex by Eq.
(3). g) Select the circulation C,, for m =2 in the interval g’ bet-
ween g ,,_; and g, in accordance with disposition of vortices
shown in Fig. 10. h) Compute the lateral force per unit length
from Eq. (1). 1) Sum the lateral forces in intervals of g’ to give
the nonzero side force on the body.

Calculation and Remarks

The calculated nonzeros on a F-5E fuselage are indicated in
Figs. 4 and 8 and compared with the test data in the same
figures. The moment center for the yawing moment is 1.8 ft
from the base of the 0.1 scale model; the symbol C, and C, in
these figures are the lateral force and yawing moment coef-
ficients given by force/V2p .. Ux 24 and moment/V2p ., U2,
Ab respectively, with A (model wing area)=1.86 ft 2 and &
(model wing span)=2.67 ft. The yawing moment is obtained
by considering lateral force only. The ‘‘static’’ pressure due to
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the big-scale flow ! can affect the drag but will not have any
contribution to the yawing moment for the moment center is
located on the symmetric plane. The side force coefficient
shown in Fig. 7 is based on the data plotted in Ref. 5 but is
made dimensionless by referring to the present model wing
area instead of the original reference base merely for the sake
of consistency and facilitating comparison to the fuselage
data.

The sense for the “‘first”” peak at the critical angle of attack
cannot be specified in advance and is in fact undetermined.
However, once it is chosen, the remaining ones are fixed. This
uncertainty also shows up in experiment in the manner that a
slight change if alignment of the body axis will cause the entire
vortex system to switch its sequence (see, for example, Ref. 8).

The prediction is seen to fail at o =50° in Fig. 8. This is
probably due to the flow change-over. The fact that nonzeros
exhibit radically different characteristics at «>50° testifies
this assertion.

Test Facilities, Model, and Instrumentation

Since our test data are at variance with those reported by
Lamont and Hunt, it is worth stating some details. Particulars
have actually been given by Franco together with drawings.
However, since this report may not be readily available to
some readers, a summary is presented here and much of it is in
the form of quotations.

The test was conducted in Northrop 7 ft X 10 ft low-speed
wind tunnel. This is a single return, closed throat wind tunnel
with an operating static pressure of nominally atmospheric
pressure and a mean temperature of 80°F. Reynolds number
was approximately 1.6 X 106 per foot.

The model was a 10% scaled reproduction of the F-5E
fuselage measured 4.5 ft long (Fig. 11) with such accessories
as the nose boom, boundary layer gutter, antennas, etc in-
cluded. Engine air inlet ducts were simulated and allowed free
flowing internal air to exit at the model base. Boundary-layer
transition strips were applied at the lips of inlet ducts. In ad-
dition to the fuselage, tests were also conducted with build-up
configurations to a ‘‘complete’” airplane model. Two exam-
ples are presented in Figs. 1 and 2. For the complete airplane
model, all the control surfaces were at neutral positions.

The model was sting mounted on the Northrop-216 sting
and two-parameter sting support with image strut. The
aerodynamic loads were measured with the Northrop-18 six-
component internal strain gage balance. The blockage was
corrected using model projected cross-sectional area. The

R B s Bk
‘ﬁ }4 1.8 ft,

I 4.5 ft.

Fig. 11  10% scale F-5E fuselage and complete configuration models.
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flow angularity in the test section was nominally zero. Some
tests were done twice to check repeatability.

Conclusions

There is actually no lack of experimental work for an in-
clined body in a uniform flow, but for the most part the
problem is only partially covered. Investigation is usually
limited either to surveying the vortex formation and the field
properties or to taking measurements for the forces and
moments but not both. Although the present work is not ex-
perimental, it may still be regarded as an effort to bridge some
of this gap and to thread a few isolated findings together.

Based on the extensive experiments by Thomson and
Morrison?® and others, a simple model has been proposed to
describe low-speed flow characteristics of a slender body at
high angles of attack and with zero sideslip angle. A predic-
tion method resulting from this model with correlation
parameters given by various investigators has been for-
mulated to estimate nonzero side force and yawing moment
on a F-5E fuselage model and an ogive-cylinder combination.
The results obtained have been compared with test data and
showed satisfactory agreement.

There undoubtedly remain many unsettled questions. For
example, the inconsistency among test data from various
sources should be dealt with effectually. If further ex-
periments are to be conducted, some of the idealization and
assumptions made here should perhaps also be checked.

The test conducted by Keener and Chapman® shows an
abrupt rise in magnitude of nonzero side forces as R, the
Reynolds number based on the reference diameter, increases
from 0.8x106 to 2.0x10.¢® A further increase of the
Reynolds number to 3.8 x 10¢ did not, however, show any
significant change in side forces. In view of the fact that a
similar thing also happens in the Strouhal number plot of Fig.
6, this is perhaps not altogether surprising. We presume that a
change-over from laminar boundary layer to turbulent one
will cause such a rise. The present method is applicable to low
or moderately high Reynolds number cases as is evident from
the comparisons made in Figs. 4, 7, and 8. This limitation
seems to stem directly from the fact that the present method is
in the large part based on the correlations found by Thomson
and Morrison in their experiments of moderate Reynolds
number, believing to possess laminar boundary layer only.
These correlations would not be valid if the boundary layer is
turbulent. It is equally evident by seeing the experimental
result of Keener and Chapman for cases of R, =2.0x10%
and 3.8 x 106 that the present method is incapable of predic-
ting such a high-level side force. We must, therefore, conclude
that extension of this method to high Reynolds number cases
is only possible provided that further correlations similar to
the ones used here can be found. This may well be an im-
portant aspect to be considered in the future work, since the
scaling effect must be accounted for in the application of any
method to practical problems.
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