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FOREWORD

This report has been prepared by the Department of Mechanical,
Industrial, and Aerospace Engineering, Rutgers University, New Brunswick;
New Jersey, under Grant No. AFOSR-77-3300 and covers the period | March
1977 - 30 June 1978.

The work reported herein was performed for the Department of the

Air Force, Air Force Office of Scientific Research, Bolling Air Force

Base, D.C. 20332. The technical direction was provided by Lieutenant

Colonel Robert C. Smith of AFOSR/NA.
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ABSTRACT

The boundary layer separation process associated with the flow field
around a slender body of revolution at moderate to high angles of attack
was investigated. Based on extensive comparisons with existing, two-
dimensional turbulent separation data, flow separation criteria by Strat-
ford, and Sandborn and Liu were selected for the slender body calculations.
The two primary, axial separation |ines were obtained by applying the sep-
aration criteria to the measured, surface pressure distributions in numerous
crossflow planes. The location of the origin of the asymmetric vortices
were predicted by applying Stratford's separation criterion to the pressure
distribution along the previously calculated axial separation lines. Good
agreement between the analytical and experimental points was obtained.
Correlation between the side force maxima or minima and the location of the

origin of the asymmetric vortices was inconclusive. The need for more de-

tailed experimental data is discussed.
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NOMENCLATURE

! X = distance from the actual leading edge
| x = distance from the equivalent leading edge
' U,V - velocity
| . Cp - pressure coefficient
E : C¢ - local skin friction coefficient
é ) Cd - drag coefficient
? Re - Reynolds number
i vV - kinematic viscosity
é %- - blockage ratio (see reference 14)
E H - shape factor
' & - displacement thickness
i § - boundary layer thickness
| C - constant
8 - angular location measured from stagnation point
o = angle of attack
¢ - roll angle
M - Mach number
R - radius of model
D - diameter of model
Subscripts
o - start of adverse pressure gradient
© = free stream condition
t = fransition
s. = separation
p.s. - pre=-separation
prime - measured quantity which has not been corrected for blockage effect
(see reference 14)
vi
e ——— -




1.0 INTRODUCTION

Slender bodies of revolution moving at high angles of attack at
subsonic/superscnic speed are known to experience large side forces and
yawing moments (l). These forces and yawing moments have been of major
concern in the design of modern aircrafts. Especially in recent years,
with the advent of missiles and supersonic aircrafts, where the body is
a major contributor to the aerodynamic behavior of the system, a thorough
understanding of this aerodynamic problem has become more and more crit-
ical.

When a supersonic aircraft with a pointed fuselage forebody is flying
at extremely high angles of attack, such as those occuring during post-
stall flights and spins, large asymmetric yawing moments may be produced
by the vehicle geometry. These moments can be significantly larger than
the moments generated by the deflection of conventional control surfaces.
As a result instabilities and control difficulties may be experienced by
the aircraft. As a matter of fact, some recent losses of modern aircrafts
are atfributed tfo this problem. As to missiles, one of the possibilities
of launching the MX missile is to use a transport aircraft. During the
launching stage, the missile is exposed to high subsonic/transonic flow at
high angles of attack and at high free stream Reynolds numbers. The same
flight environment also exists during the launching of air fo air missiles
from strategic aircrafts. Although in both cases this unfavorable situa~
tion exists for only a very short period of time, the determination and

control of the side forces and moments is crucial fo the completion of the

desired mission.




In viewing the overal! fluid dynamic problem of the flow about bodies

of revolution, it is essential fo fully understand the various flow pat-
terns associated with the entire spectrum of angles of attack. |t is now
wel l-established that a slender body of revolution moving in a real fluid
field may develop several distinct flow patterns, dépending upon its angle
cf attack. For angles of attack from O to 5 degrees, the flow does not
separate and can be described by a potential flow field and an attached
laminar or fturbulent boundary layer. For angles of attack between 5 and

25 degrees, flow separation occurs. A steady symmetric vortex pair is shed,
as shown in Figure |I. No side forces are generated because of the symmetry
of the flow. AT angles of attack between 25 and 50 degrees, the symmetric
vortex cores become asymmetric and break away from the body from alternate
sides, as shown in Figure 2. This steady asymmetric flow field produces
considerable side forces. As the angle of attack increases to between 50
and 75 degrees, the steady asymmetric flow field becomes unsteady and alter-
nates back and forth. Finally, for angles of attack above 70 degrees, the
flow pattern degenerates into a classical wake normally associated with right
circular cylinders. The current study is primarily focussed on the range of
25 to 50 degrees of angles of attack where the vortex shedding is steady and
asymmetric, and large side forces exist.

In addition tfo the angle of attack, there are many other factors that
affect the flow. These include Mach number, Reynolds number, nose fineness
ratio, and nose bluntness (I). |t has also been shown by many investigators
that roll angle and/or nose misalignment play a very important role in the

variation of side forces and yawing moments. This implies that unless a
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AXIAL ORIGIN OF BOTH
VORTEX SHEETS

| Y, SYMMETRIC VORTEX SHEDDING FOR
| issiin %Eﬁgs OF ATTACK BETWEEN 5 AND 25 DEG.




NOTE: THE AXIAL ORIGINS OF
SHEETS 3 THROUGH 6 ARE ALL
DIFFERENT

FIGURE 2 ASYMMETRIC VORTEX SHEDDING FOR_ ANGLES OF ;
ATTACK BETWEEN 25 AND 50 DEG. :
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particular mode! has been tested at several roll angles, the selected
data may not represent the maximum side forces or yawing moments. From

numerous wind funnel investigations, researchers have generally agreed

that increasing Mach number, decreasing nose fineness ratio, and a slight
nose bluntness reduce side forces. Nevertheless, existing experimental _*
data have shown conflicting and often confusing results on the effect of
Reynolds number. For example, Fleeman and Nelson (2) showed significant
variation of both the side force and yawing moment with Reynolds number.
For a model with a tangert ogive ncse and a cylindrical afterbody, the
side force and yawing moment increase up to free stream Reynolds number

afi 2250 % 105 , and then decrease with increasing Reynolds number. Peak
values of the side force and yawing moment occurred at cross flow Reynolds

numbers between 1.4 X IO5

and 2.5 x 10°. However, for approximately the
same free stream Reynolds number, Coe, Chamber, and Letko (3) observed
no significant variation of side forces and yawing moments. Hence, more
work needs to be done to establish the Reynolds number dependency of these
large side forces and yawing moments.

As mentioned earlier, for large angles of attack the flow on the lee
side of an axisymmetric body separates and rolls up into regions of con-
centrated vorticity. To predict the order of magnitude of the resulting

side forces and yawing moments, Deffenbaugh and Koerner (4) extended the

method of calculating the flow about a body of revolution for moderate

cross flow Reynolds numbers, Re < |05, at angles of attack less than 25
degrees to high cross Reynolds numbers, lO6 < Re < IO7, by using Stratford's
separation criterion (9) to determine the separation of the turbulent
boundary layer on the cylindrical portion of the model. The necessary

pressure distribution was obtained from the inviscid outer flow calculation.




The viscous flow on the nose of the missile was calculated by solving the

unsteady laminar boundary layer finite difference equations. The results
gave good agreement with experimental data for the normal force coefficient
and pitching moment coefficient for sharp-nosed missile models. However,

the side force variation was consistantly underestimated.

In addition to developing some understanding of the boundary layer
separation and vortex shedding problems, it was the objective of the cur-
rent study to analyze some carefully selected surface pressure data, which
have been obtained in an on-going, multi-phase, wind tunnel fest program
designed to investigate the aerodynamics of advanced missiles. Since no
flow visualization data were available for these models, a suitable, tur-
bulent separation point prediction fechnique was selected and applied to
the surface pressure data in the cross-flow planes. The resulting axial
distribution of the two primary separation lines were then investigated by
comparing them with the calculated axial distribution of the side force.
Of particular interest was any characteristic angular location change in
the separation line at the axial location of side force maxima and minima.

Three two-dimensional, turbulent separation criteria, which are cur-
rently available in the literature, were investigated; and one separation
criterion was selected. The description of each criterion is given in the

following section.




2.0 LITERATURE REVIEW
Flow separation occurs when the pressure increase in the streamwise

direction becomes so large that the momentum associated with the fluid

near the wall is just balanced. In the design of airfoils, it is neces-

sary to avoid flow separation in order to keep drag levels low. Especially

in designing for high-1lift, predicting separation points is a crucial
part of the design probiem. Many methods have been derived to determine *

the location of separation based on the fact that the time-averaged, two-

dimensional flow separation is characterized by zero skin friction. Among

flow separation problems, steady two~dimensional laminar flow separation

L is the most fundamental. For laminar separation, high accuracy can be

obtained by using current prediction methods. For furbulent flows, how-

ever, because of the lack of thorough understanding of the mechanics of ’
k turbulence, empirical investigations are needed to justify the analytical

predictions. Thus, the predictions of separation in turbulent flows using

currently prevailing methods must be checked against experiments. The

current prediction methods on separation in turbulent flow can be divided

info two groups. The first group requires the detailed solution of the

boundary layer equations. Methods in this group require the solution of

4 either partial differential equations or momentum integral equations. For i
r two-dimensional and axisymmetric incompressible flow, Cebeci and Smith's
method (5) is an example of the differential method, and Truckenbrodt's
method (6) is an example of energy integral method, and Head's method (7)

is a momentum integral method. In solving the governing intergral equations,

the parameter used to predict the separation is zero wall shear stress, where-
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as, in the integral methods the shape factor H = §*/6 is used fo locate
the separation. Separation occurs as H reaches a value between 1.8
and 2.4 (8). The second group of prediction methods does not require
tedious calculations of boundary layer equations, but they use the com-
posite nature of the turbulent boundary layer. Separation is located
by simple differential equations together with some experimentally
determined factors or constants. For example, Stratford (9) divides
the turbulent boundary layer into inner and outer layers. His analysis
is based on two assumptions, namely (I) in the inner {ayer, the adverse
pressure is balanced by the shear force, and (2) in the outer layer,
the adverse pressure only causes a general lowering of the dynamic head.
Following the same concepts of treating the boundary layer as inner and
outer regions but with different mathematical approaches, Townsend (10)
and Sandborn and Liu (1), derived their prediction methods. These

thiree methods are discussed in detail in the next sections.

2.1 Stratford's Criteria (9)

Stratford's method (9) is based on the postulation that the turbulent
boundary layer in a pressure rise could be divided into two distinct re-
gions, fthe inner layer and the outer layer. |In the outer layer it is as-
sumed that the effect of pressure rise will only cause general lowering
of the velocity profile, i.e., the shear forces are small compared with
either inertia forces or the pressure gradient. Therefore, the back pres-
sure force is balanced by the fluid inertia force. |In the inner layer, due
to the fact that inertia forces at the wall are zero, the pressure forces

are primarily balanced by the gradient of the shear force. Joining the

AL O R, Bt it b




two layers and assuming that the skin friction is zero when the flow
reaches the separation condition, Stratford established his separation

criterion as follows:

dC 1 - =
cp{x—d)—(E}i(loéRe) B ()

This criterion is valid for an adverse pressure gradient following the
point where the pressure is minimum, as shown in Figure 3. The pressure
coefficient, Cp, is based on the conditions at the point of minimum pres-
sure. The distance x is measured from a ficticious stagnation point
corresponding to an upstream condition of flow over a flat plate with
zero pressure gradient. |f the upstream laminar region is very short

and an instantaneous transition is assumed then Xo’ the distance between
the ficticious stagnation point and the point of minimum pressure, can be

calculated by the following equation:

_ Xo Uy3
X, = L (U;] dx (2)

where X is the distance from the actual leading edge. In order to com-

pensate for the laminar and transition region, the following equation is

used:
5/8
3 N 3/8 UO |/8 x.'. U 5 % Xo U =
X = 38,2 hd®) = d == x_'_... — dx (3)
o] xfuf U+ 0o o X+ o

The Reynolds number is based on the properties at the point of minimum
pressure and the equivalent distance. C is a constant which is determined
from the concept of a mixing length in conjunction with experiments. For

C greater than 0.4, separation is predicted when C = 0.4, |f C lies be-
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tween 0.35 and 0.4, separation occurs at the maximum value of C. 1f C

is less than 0.35, no separation would occur.

2.2 Townsend's Criterion (10)
Townsend fol lowed Stratford's general ideas and derived a more com-

prehensive theory. His criterion was given in the expression:

u 1.5 e C 1/2
o| [dx 3 §.E | P e 8
Log3f \F5| Ceo = lzome=t* 2.7 * Log|lzom o * 2.7 ll-c (&)
ps fo

In the equafion,(%%f]ps is the pressure gradient prior to the separation
point; C¢, is the skin friction at the point where the adverse pressure
starts growing, and C is a constant, which, Townsend suggested from exper-
iments, to have the value of 3.472. [ownsend's criterion is sometimes
difficult to apply, for it is often very difficult to determine the pres-

ggglps' Also, Townsend's

sure gradient upstream of separation, namely, [dx
criterion is a strong function of the skin friction at the point of minimum
pressure, Cfo' Furthermore, Townsend's criterion predicts only the separa-

tion pressure, not the separation point location.

2.3 Sandborn and Liu's Criterion (11)

Following an analytic approach similar to Stratford, Sandbcrn and Liu

derived their prediction criterion which has the form:

1/2
c!/4(2n=1) [x dC—"} = 0.22 C (5)
p s dx

In the expression, n is an integer from the power law of the velocity pro-
file; C is a constant which has the value of 0.377 for n = 6 and 0.24 for

n =8. The selection of n Is that the highest value of n will give the
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highest possible separation pressure.

In his research, Sandborn recognized an intermittent separation

region before the steady separation occurs. |In this region, inter-
mittent streaks of back flow were observed which most experimenters !
identified as turbulent separation. To incorporate both the inter-
mittent and fully developed turbulent separated flow regions, Sandborn ﬂ
postulated that: (1) the intermittent separation velocity profile, which
still has a finite value at the surface, would be equivalent fo an

adverse pressure gradient in the laminar boundary layer, and (2) the

fully turbulent separation profile would be equivalent to a laminar

L separation profile. Through empirical means, the velocity distribution
for intermittent separation was correlated with the form factor, H, where
H=14+ (I - g: )-I. The minimum value of H for intermittent separation
is 2. With these assumptions, the boundary layer equations can be
solved. In solving the boundary layer equations, instead of using mix-
ing length theory as in Stratford's criterion, an eddy viscosity theory
was used. Combining the solution of the boundary layer equations and an

upstream power law velocity profile, the location of separafion, x is

S,

obtained from the relation as shown in the beginning of this section.
Constants in the formula were estimated experimentally. It is worth-

while to note that Sandborn and Liu's criterion is independent of the

Reynolds number.




3.0 APPRAISAL OF SEPARATION CRITERIA

Five experimentally determined separated flows were used to
evaluate the applicability of Stratford's and Sandborn and Liu's
criteria for the prediction of separation in turbulent flows. Be-
cause of the lack of tabulated data in some of the reported results,
the necessary pressure data were acquired from the pressure distribu-
tion curves. This procedure had some detrimental effect on the over-
all accuracy of the calculation. However, the primary purpose of using
these experimental data was only to establish the general validity of

these two criteria.

3.1 Schubauer'sAir Foil (12)

This experiment was carried out in an open-air wind tunnel with a
10 feet (3.05 m) high test section at the National Bureau of Standards.
The test model was a |0 feet (3.05 m) high, and 27.9 feet (8.5 m) long,
air-foil-like wall, constructed of 1/4 inch (6.35mm) transite on a wooden
frame, and finished and polished on the working side. A schematic draw-
ing of the model is shown in Figure 4. During the test, the actual flow
conditions were incompressible, two-dimensional, and with 0.5% turbulence
in the free stream. All the measurements were taken with a static pres-
sure fube 0.004 inch (0.l mm) in diameter at free stream velocity of about
160 fps (48.77 m/s) at the 17-1/2 (5.33 m) position. The static pressure
distribution is shown in Figure 5. The boundary layer thickness at 17-1/2
feet (5.33 m) on the model was equivalent to that on a flat plate 14.3
feet long (4.36 m) with a fully turbulent boundary layer and a zero pres-
sure gradient. The Reynolds number for a flat plate corresponding to 160

fps (48.77 m/s) is 14.3 x 106. Separation was located at 25.7 + 0.2 feet
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FIGURE 6 PRESSURE DISTRIBUTION CURVE FOR
THE ELLIPTIC CYLINDER MODEL
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(7.83 + 0.061 m) in the experiment.

3.2 Schubauer's Elliptic Cylinder (13)

In this experiment, Schubauer investigated flow separation over
an elliptic cylinder 4-1/2 feet (1.37 m) long with major axis 11.78
in (299 mm) and minor axis 3.98 in (10l mm). Measurements were taken
with 21 orifices located 2-1/2 feet below center of the model. Eighteen
of the orifices were around the side to measure static pressures in the
boundary layer, one at the leading edge, and two on the opposite side
near the leading edge to align the model with its major axis parallel
to the free stream. A one inch mesh wire screen was placed at |8 inches
(457 mm) ahead of the leading edge of the model to increase the turbulence
in the flow. The free stream velocity was 16 ft/sec (4.88 m/sec). The
Reynolds number based on the free stream velocity and the minor axis of
the model was .18 x 10°. Separation was observed at X/D = 2.91, where
D is the length of fthe minor axis. Pressure data used in the current
study was obtained from the pressure distribution curve as shown in

Figure 10 in Schubauer's paper. A copy of this curve is in Figure 6.

3.3 Roshko's Circular Cylinder (l4)

Roshko's experiment was conducted in the Southern California Co-
operative Wind Tunnel, which was disassembled after the experiment. This
tunnel had a test section of 8-1/2 feet (2.59 m) high and |l ft (3.35 m)
wide. In the experiment, the flow speed was limited to about M = 0.25

in order fo eliminate compressibility effects.

e - . N 230 i v
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The model used in this experiment was made of a seamless black
steel pipe, 18 inches (457 mm) in diameter. |t was sandblasted to
remove the protective paint and scale. The resulting surface rough-
ness is 200 pin (5.08 x IO-Smm). The model was mounted in the center
of the test section and spanned the entire 8-1/2 ft (2.59 m) height.

Pressure orifices were located every |0 degrees over half of the
circumference. They were connected to a pressure measuring system.
The sensitivity of the system was set to give full output at the high-
est dynamic pressure. Furthermore, a splitter plate was installed on
the center line behind the cylinder. [t also spanned the entire height
of the test section and extended 4ft (1.22 m) along the center line.

Corrections were made with the following equations to compensate for

the wall interference upon the velocity and pressure coefficients:
VA T g di o2
vio= = 4/4 Cd ( F') + 0.82 ( F') (6)
v 2
(@ == —— (G =) (7
p v i

The Reynolds number was also corrected with the same equation as for

velocity. A curve of corrected pressure coefficients, Cp, against 6,

the angle measured from the stagnation point, at Reynolds number of 8.4
X lO6 was shown in Figure 7. This curve was selected in the present re-
search for verification of the separation criteria.

Roshko did not give the experimental separation point. Nevertheless,
Cebeci (8) used the same set of data on separation prediction with vari-

ous criteria, in which Stratford and Sandborn and Liu's methods were also
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FIGURE 7 PRESSURE DISTRIBUTION CURVE FOR
ROSHKO'S CIRCULAR CYLINDER




included. The results of Cebeci's calculation and the calculation
in this paper are not exactly the same. The reason for the differ-
ence is assumed to be due to the inaccuracy introduced in the reading

of the data from the curve. The results are shown in Section 3.6.

3.4 Yi's Elliptic Afterbody (15)

Yi's study was focussed on the separation of an incompressible
turbulent boundary layer from an axisymmetric curved afterbody. The
basic model was a circular cylinder with a diameter of 2-1/2 inches
(63.5 mm). A semi-ellipsoidal base of axis ratio 4:1 was attached.

In the experiment, the free stream velocity was kept at 155 ft/sec
(47.2m/sec) with acorresponding unit Reynolds number of 0.939 x 106

per foot and Mach number of 0.136. A ring-shaped trip with a 1/2 inch
(12.7 mm) high friangular cross-section was mounted at 10 radii up-
stream from the base of the model to insure a fully developed turbulent
boundary layer in the test model. Measurements were made by pressure
probes and hot wire probes. A graph of the static pressure distribution
is shown in Figure 8. Separation was located by various techniques,

such as oil film flow, "tell~tail" traverse, and smoke and water injec-

tion. Separation was located at 0.38 model radii upstream from the base.

3.5 Achenbach's Circular Cylinder (16)

This experiment was performed in a pressurized wind tunnel which
had a rectangular test section of 19.7 in x 35.4 in (500 mm x 900 mm).
The model was a brass tube, 5.9 in (150 mm) in diameter and 19.7 in

(500 mm) in length. A schematic diagram is shown in Figure 9. Pressure
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data along the circumference were measured by rotating the cylinder
at 5° increments. A plot of pressure coefficient versus peripheral
rotating angle, 6, is shown in Figure |0. The Reynolds number for
this set of data was 3.6 x 10°.
In this experiment, skin friction was also measured, and sep-
aration was determined by locating the point where the skin friction ,

curve crossed the zero line. The results are in Section 3.6.

3.6 Results

For Schubauer's air foil model, the pressure data used in the
computations were taken directly from Table | in the NACA report.
The experimental separation point was found at X = 25.7 + 0.2 f+
(7.83 + 0.061 m), where X was measured from the nose of the model

along the model surface. With Stratford's criterion, the separation

point was predicted at X = 24,2 ft (7.38 m) by interpolation. This
gives an error of 5.8%. The same set of data was used by Stratford

and the result was 24 ft+ (7.32 m). Using n =6 and n = 8, the sep-

aration point was calculated at 25 ft (7.62 m), which represents a

2.7% error in Sandborn and Liu's criterion.
For Schubauer's elliptical cylinder, both methods give very close

predictions. Stratford's method predicts the separation point at X/D =

2.89, 0.7% error; Sandborn and Liu's criterion predicts X/D = 2.89 for
n=6, and X/0 = 2.95 for n = 8. These compare to the experimental re-
sult of X/D = 2.91. However, the results of the calculation are quite
different from Cebeci's result (8) using Stratford's method. The reason,
as indicated in the previous section, may be due to the inaccuracies in

obtaining the data.
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For Roshko's circular cylindrical model, Stratford's method did

not predict separation. However, when the velocity distribution was
extrapolated, separation was predicted at 8 = |05 degrees. Cebeci
observed the same problem, but then calculated separation at 120

degrees using Stratford's method. Sandborn and Liu's method predicted

separation at 6 = [05 degrees for both n = 6 and n = 8.

For Yi's elliptic afterbody model, Stratford's method predicted
separation at X = -0.45R; Sandborn and Liu's method predicted sep-
L aration at X = -0.447R for both n = 6 and n = 8. The negative sign

means that X was measured in a direction opposite to the free stream.

These compare to the experimental result of X = -0.38R. R is the radius
of the cylindrical portion of the model.

Finally, for Achenbach's circular cylinder, the experimental sep-
aration point was found at |15 degrees. Stratford's method gave 105 i
] degrees, 8.8% error. Sandborn and Liu's method gave |10 degrees, 4.6%
error, for both n = 6 and n = 8.

From the above analysis, it was observed that both Stratford's,

and Sandborn and Liu's criteria tend to predict the separation point

i earlier than the experimental results. The error is less than 10%.

The results are summarized in the following table.
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SUMMARY OF SEPARATION ANALYSIS

Experimental Stratford's Sandborn and
Test | Data Source Results Criterion Liu's Criterion

| Schubauer's X = 25.7 f+ X = 24,2 ft X = 25,0 fT
Air Foil (7.83 m) (7.38 m) (7.62 m)

2 Schubauer's _ o =
Elliptical Cylinder X/D = 2.91 X/D = 2.89 X/D = 2.95

3 Roshko's 120 to 125 100 to 105 105 Degrees
Circular Cylinder Degrees Degrees

4 Yi's ) = =
Elliptic Afterbody X = -0.38R X = -0.45R X = -0.447R

1
: Achankac = 115 Degrees 105 Degrees 110 Degrees

Circular Cylinder
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4.0 MISSILE MODELS

In the previous discussion of Stratford's, and Sandborn and Liu's
prediction criteria for locating the separation line in furbulent flows,‘
it was pointed out that both methods were derived for two-dimensional,
incompressible flow fields. For missiles moving at high angles of at-
tack, the situation is much more complex, because it is basically a
three-dimensional, compressible, steady flow pattern. The concentrated
vortices break away from the missile on alternate sides in a spatial
sense, not in the temporal sense that is normally associated with the
classical von Karman vortex street. An illustration of this flow was
shown in Figure 2. For the current treatment of this problem, compres-
sibility effects were neglected. |t was also postulated that the free
stream velocity can be divided into two components which can be treated
independently. These were the axial component and the cross flow
component. In this analysis, the first step was to relate the angular
location of the separation points in the cross-flow planes taken along
the axis of the missile model to the axial side force distribution. The
second was to obtain two separation lines by connecting the separation
points in the cross-sectional planes. The pressure distribution along
these two lines was then investigated with respect to the vortex break-
away points and side force variation along the axis. In all calculations,
Stratford's separation criterion was used. The required pressure distri-
bution data were made available by AFFDL and AEDC. Details of the exper-

iments and their results are in the following sections.
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4.1 AFFDL Data (17)

These data were obtained by Turrelli in the Air Force Flight
Dynamics Laboratory's (AFFDL) Trisonic Gasdynamic Facilities (TGF)
located at Wright-Patterson Air Force Base in Ohio. The TGF is a
closed circuit, variable density, continuous flow wind tunnel, cap-
able of operating within a Mach number range of 0.23 to 4.76, and
within a range of unit Reynolds numbers of approximately 0.25 x 108
to 5.85 x 10° per foot. The model used in this experiment consisted
of a sharp, tangent ogive nose followed by a cylindrical afterbody
of one inch in diameter. A sketch of the model is shown in Figure
Il. Pressure data were measured with 84 pressure orifices located
at six axial stations of the cylindrical portion of the model, as
shown in Figure 2. The six axial stations were located at 3.5 to
7.0 model diameters aft of the nose tip. The free stream Mach num-
ber was 0.3 for the data used in the current calculations. The angles
of attack were 40 and 45 degrees, and the Reynolds number was kept at
2.0 x 108 per foot. A nose boundary layer trip was placed at 1.25 to
.75 inches aft of the nose tip, and only on one side of the mode |
in order to force a steady asymmetrical vortex pattern. It is infter-
esting to note that no significant side forces were measured with the
smooth model. Two curves of pressure distribution at 3.5R aft of the
model nose tip with/without the grit are shown in Figure i3 and Figure
l4. These curves were obtained by connecting the measured data points
with smooth curves. Data used in the current calculations were in-

terpolated along the curves at 5-degree increments. Figure |5 shows
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the side force distribution at M = 0.3, Re = 2 x 105/ft., 45 degree
angle of attack, and with grit, and also shows the same con-
dition but without grit. No measurements were made between zero
and 60 degrees on the windward side of the model. The results of
applying Stratford's separation criterion were very inconsistant.
The basic problem with the calculation was the lack of more detailed
information on the pressure distribution. The data interpolation
was probably not representative of the real flow.

Two flow visualizationtechniques were applied in this experiment.
A Z-type Schlieren system was used fo view the flow field patterns
and vortex lines, and an oil flow technique was used to observe the
interaction of surface streamlines and regions of flow separation.
Schlieren photographs did not show the locations of the trailing vor-
tices due to the very small density gradients. However, flow separa-
tion was observed between the 85 to 95 degree points on the model over
its entire length for all test conditions. |In view of the above prob-
lems and data uncertainties, no further analysis of these experimental

data was pursued.

4.2 AEDC Data

These tests were conducted in the propulsion wind tunnel at Arnold
Engineering Development Center (AEDC), Tennessee. This wind-tunnel is
a close circuit, continuous flow type tunnel capable of operating at
Mach numbers from 0.2 to |.6. The model used in the tests represents
an 11.57 percent model of the MX3-80 missile. Details of the model and

sting support are shown in Figure |6, and the ogive nose details are
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shown in Figure |7. Pressures were measured at 14 locations along
the model. At each location either 16 or 22 pressure orifices were
installed, as shown in Figure 18. Two sets of data were utilized

in the current calculations. They were measured at a Mach number
of 0.4, at a Reynolds number of 2.0 x 10% per foot. Angles of at-
tack were 40 degrees and 45 degrees, and the roll angles were 45

degrees and O degrees, respectively. For an angle of attack of 45

degrees, the wake flow field was surveyed at model station 30 inches

(76.2 cm), 53.2 inches (135.1 cm), and 70.0 inches (177.8 cm) from

the nose. These corresponded to X/D values of 3.95, 7.0, and 9.2,
repsectively. For an angle of attack of 45 degrees, two wake sur-

veys were obtained at X/D = 7.0 and 9.2. The positions where the
vortices left the model surface were determined by plotting the
measured vortex cores. By connecting the core position with a
straight line and extrapolating back to the missile surface, the
vortex breakaway points were estimated. The breakaway points of the
remaining vortices in the field were estimated by extrapolating their
positions back to the missile surface along a line parallel to the one
determined by the ftwo vortex centers of like sign. Figure ]9 and Fig-
ure 20 illustrate the results of this procedure.

In order to obtain a better physical understanding of the vortex
development, color Schlieren photographs of flow fields associated with
a series of sharp-nosed models were obtained in the Rutgers Emil Buehler
Wind Tunnel. The angle of attack of the models could be varied over a

range of angles of attack. Figure 2| shows a typical flow field.
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4.3 Analysis of AEDC Data

As indicated in Section 2., Stratford's formula is only valid
in the region of a positive pressure gradient following the point of
maximum dynamic pressure. In applying Stratford's method fo the two
sets of pressure data, separation was predicted for some of the sta-
tions taken along the axis of the model. For those stations where
Stratford's model failed to predict separation, the C values in Strat-
ford's equation were very close to the lower boundary of the criterion,
i.e., 0.35. Since the pressure data were taken at relatively large
increments, i.e., 22.5 degrees, it was again very difficult to deter-
mine the behavior of the pressure curve following the point of rela-
tive mimimum pressure. The two sets of data were nevertheless plotted
and connected with smooth curves. By examining the adverse pressure
gradients on these curves, separation points were estimated for the
stations where Stratford's method did not predict separations. Figure
22 through Figure 25 are the pressure distribution curves at stations
| and 8 for both sets of data. The angular locations of separation
points on both sides of the model were plotted in Figure 26 through

Figure 29, The pressure coefficient, Cp, of these separation points

was then plotted in the axial direction, as shown in Figure 30 through

Figure 33. In Figure 34 and Figure 35, side force distribution along
the model axis were plotted for both sets of data. These graphs were

studied with respect to the vortex breakaway points.
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5.0 RESULTS AND DISCUSSION

For the first set of AEDC data (M = 0.4,a =45 degrees, ¢=0 degrees),
it was found that near the nose and the tail of the missile model, the
flow pattern was almost symmetrical with respect to the free stream.
This symmetry was demonstrated by the calculated zero side forces and
by the approximately symmetric location of the separation lines on both
sides of the model. Separation points were at larger angles from the
front stagnation point in the cross-sectional planes near the nose por-
tion than on the cylindrical portion of the model. On the cylindrical
portion, most separation points were between 112.5 and 135 degrees.

The shear layers separated from the model and formed concentrated
vortices on the right side at X/D = 2.4 and X/D = 7.0, and on the left
side at X/D = 4.8. These locations were obtained with the procedures
discussed in the previous section. However, as shown in the Schlieren
photograph (Figure 21), the vortices traveled near the missile body for
a short distance before they became aligned with the free stream. This
phenomenon is more pronounced near the model nose. Therefore, the true
vortex breakaway points probably lie ahead of those indicated in the
AEDC report. By comparing the vortex breakaway points with the axial
pressure distribution curves, it was found that these points were lo-
cated in the region where adverse pressure gradients occurred, as shown
in Figure 30 and Figure 31. This means that the vortex breakaway points
might be the separation points in the axial direction.

The side force distribution curve indicated two relative extremes.

I+ can be seen that this side force distribution would result in a large
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yawing moment on the model. A comparison of the side force extremes

with either the separation lines or the vortices' breakaway points
showed no significant correlation.

For the second data set (M = 0.4,0=40 degrees, $ =45 degrees),
the separation points around the two sides of the model for each

cross-sectional plane differed by approximately 90 degrees. On the

left side of the model separation points were between 45 degrees and

90 degrees, whereas on the right side, between |35 degrees and 180
degrees, as shown in Figures 28 and 29. The same situation as the
first set of data was obtained in studying the vortex breakaway
locations with respect to axial pressure distribution, as shown in
Figures 32 and 33. Other results such as side force distribution
and vortex breakaway locations showed no correlation. The drastic
change in separation locations between the fwo sets of data raised
some doubts on the validity and accuracy of the data selected for
this analysis. In view of the limited data analyzed in this study

and the apparent discrepancies, it is essential to obtain some

three-dimensional data, which contains more measurements in the sep-

aration zone.
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6.0 CONCLUSIONS

In this research, the following conclusions were obtained:

|. Stratford's separation criterion is satisfactory for turbulent

FUF = & AT 6\ - TN TN

boundary layer separation calculations. i
2. Stratford's separation criterion can be applied to three-
dimensional problems, if the flow field can be divided into |
two independent flow directions.

3. Separation locations can be detfermined on slender bodies at

high angles of attack by treating the cross-flow as being

k uncoupled from the axial flow.

4. Vortex breakaway locations may be predicted by applying Strat-
ford's separation criterion to the pressure distribution along
the previously calculated cross-fiow separation line.

5. No apparent correlation between side force and separation |ines/
vortex breakaway points was found.

6. More detailed experimental data is needed for this complex
three-dimensional problem. These data should include detailed

surface pressure distributions, velocity profiles, separation

locations, determination of surface streamlines, and wake flow

characteristics.
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