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FOREWORD

This work was accomplished for the Marshall Space Flight Center

under Contract No. NAS 8-21152, Subcontract No. LTV Purchase Order
P-451008-AER.

The present study is a part of the overall "Non-Linear-Lift"
research program being conducted by MSFC to determine scale effects

on the aerodynamic characteristics of bodies of revolution at large
angles of attack.
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SYMBOLS AND- NOMENCLATURE

ARef Reference area, 7wD2/4
Apian Planform area
Cde Luzal crossflow drég coefficient, local crOS:f:EZZirzg per unit length
CDC Total crossflow drag coefficient, t°talq°§gﬁgilz¥122ag
Cy Total normal force coefficient, gggma;eiorce
Cﬁ Local normal force coefficient, acﬁ/a(x/D)
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CP/D Center of pressure
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P Static pressure
Py Free-stream static pressure
q Free-stream dynamic pressure
Reg Crossflow Reynolds number, ygjgigcz
Rep Free-stream Reynolds number, %?
Reg Streamwise Reynolds number; 22
vsin ¢
\Y Free-stream velocity
X Model axial station, measured from nose vertex
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Axial location of initial cross-flow separation

Angle of attack
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INTRODUCTION

The non-linear variations of the force characteristi¢s of slender
bodies of revolution with angle of attack have long been recognized to be
primarily due to the effects of boundary layer separation induced by the
crossflow. Munk(1l) (1924) first pointed out a useful analogy between the
development of the crossflow along a body of revolution at angle of
attack and the development of the crossflow about a two-dimensional circu-
lar cylinder impulsively started from rest. This analogy is based on a
simplified one-dimensional approach to the flow over a body of revolution
at angle of attack, as illustrated in figure 1. A plane lamina of air,
perpendicular to the axis of the body, is considered to be moving with
constant velocity in the stream direction. This lamina sees the body as
a segment of a circular cylinder, suddenly introduced as the lamina passes
the nose of the body, and moving in the plane of the lamina at a velocity
Vsin «. Neglecting the effect of the changing cylinder radius at the nose,
this situation is identical to the classical flow about a two-dimensional
circular cylinder impulsively started from rest to a velocity Vsina,
with the crossflow distance X/D tana for the body of revolution being
equivalent to the distance S/D = Vsina At/D traveled by the impulsively
started cylinder. The experimentally determined flow about the impulsively
started cylinder is described by Goldstein(2) for a range of Reynolds
numbers as being characterized by the symmetrical development of a pair of
vortices on the lee side of the cylinder, fed by vortex sheets emanating
from the point of boundary layer separation on the cylinder. This flow is
illustrated in figure 1, at various stages of development, as applied to
the case of the body of revolution at angle of attack.

The above description of the crossflow phenomenon has been exploited
‘theoretically and empirically by many investigators (e.g. references 3
through 7) in the development of methods to predict the resulting forces
on bodies of revolution at angle of attack. The empirical methods generally
consist of adding to the predicted local potential normal force distribution,
which accounts for the forces generated by the nose, a local crossflow drag
coefficient determined from impulsively-started and/or steady-state ex-
perimental drag data for two-dimensional circular cylinders. Theoretical"
methods utilize a "lumped" vorticity approximation for the vortices in a
"glender body" potential flow field. The methods have met with various
degrees of success but none are capable of accurate predictions over 8
practical range of Mach numbers, Reynolds numbers and body shapes.

A basic shortcoming of previous studies has been a lack of systematic
experimental data on the effect of these variables. 1In an attempt to fill
this void, the Marshall Space Flight Center (MSFC) instituted a "Non-Linear-
Lift'" research program to experimentally define the effects of Mach number,
Reynolds number and body geometry on the flow about bodies of revolution



at angle of attack. The program consists of force, pressure, surface flow ;
visualization and flow field survey tests conducted in the MSFC 14 in. TWT
and LTV 4 ft. HSWT facilities on three different configurations over a wide
range of Mach and Reynolds numbers.

This report is primarily concerned with a crossflow drag analysis of
pressure data obtained on two configurations (an ogive/cylinder and an ogive/
cylinder/frustum/cylinder) in the MSFC 14 in. TWT and of the force data

obtained on these configurations in both the MSFC 14 in.TWT and the LTIV 4
ft. HSWT at Mach numbers 0.4, 0.8, 1.2 and 2.0. '
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CONFIGURATIONS, MODELS, TESTS

The three configurations being investiaged in the MSFC '"Non-Linear-
Lift" research program are jillustrated in figure 2. They consist of a
simple ogive-cjlinder (0/C), an ogive-cylinder-frustum-cylinder (0/C/F/C)
and a typical Saturn V configuration.'

One-half in. and one in. diameter force models of each configuration
were tested in the MSFC 14 in. TWT and two and four in. diameter models
were tested in the LTV 4 ft. HSWI. Tests were conducted in both facilities
at Mach numbers 0.4, 0.8, 1.2, 2.0, 3.0, 4.0 and 5.0, at angles of attack
to approximately 30° and at the maximum and minimum Reynolds number
capabilities of the facilities. The resulting Reynolds number ranges are
illustrated in the M/Rep chart of figure 3. Details of the LIV models, test
procedures and the basic data are reported in reference 8.

One-half in. and one in. diameter pressure models of the 0/C and
0/C/F/C configurations were tested in the MSFC 14 in. TWT at Mach numbers
0.4, 0.8, 1.2 and 2.0, at nominal angles of attack of 0, 5, 10, 15, 20 and
250, and at the maximum and minimum Reynolds number conditions. The M/Rep
¢onditionis for the pressure tests are also illustrated in figure 3. The
pressure models were instrumented with a high density orifice array in
order to obtain the required data in a practical amount of wind tunnel
occupancy time. The orifice arrays generally consisted of seven longitudinal
rows of orifices at 150 increments of meridional angle in one quadrant and
two rows of orifices in an adjacent quadrant as illustrated in the following
figure. The model was tested in roll positions of 0° and 909, and the data
transposed and combined (assuming symmetrical flow) to give the meridional
distribution shown. Details of these models, test procedures, and resulting
data are reported in reference 9.

Leeward
(Top)

¢
G d 7

' (h,

Orifice Array Orifice Array Combined & Transposed
at¢m= 0 at¢m= 900 Orifice Array
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FORCE DATA AND ANALYSIS

Force data from the MSFC and LTV tests were provided for use in this
analysis as aerodynamic coefficients Cy and CP/D, at angles of attack of
5, 10, 15, 20, 25 and 30° for each configuration at all of the Mach/Reynolds
number conditions tested. This data had been corrected for apparent flow
angularities by shifting the measured angles of attack such that Cy = 0
at o= 0. These data for the 0/C and 0/C/F/C configurations at M = 0.4,
0.8, 1.2, and 2.0 are shown in figures 4 and 5.

Comparison of the corrected data with the basic data from the LTV
test (reference 8), however, showed that the flow angularity corrections
were excessive at Mach number 0.4. This is illustrated in figure 4(a)
where both the corrected and the basic LTV data are shown for the 0/C
configuration. The maximum flow angularity corrections for M = 0.4 were
on the order of 3° and cannot realistically be attributed to tunnel flow.
The basic data also showed erratic trends with free stream Reynolds number
at all angles of attack, which further increased the concern for accuracy
of the data. These data anomalies were discussed with LTV test engineers
who indicated that the probable cause was a result of "amplifier lag'" in
the data system in use at the time, and aggravated by low balance outputs
at Mach number 0.4.

The LTV test program at Mach numbers 0.4 and 0.8 was recently rerun,
reference 21, using an improved data system and balances more consistent
with the model loads at these conditions. A preliminary evaluation of this
data showed that the indicated flow angularities were reduced to the order
of 0.25° except for the O/C/F/C configuration at Mach number 0.4 which
ranged to 0.7° for the 2 inch diameter model. The erratic trends of normal
force vs. Reynolds number at M = 0’4 werg largely eliminated for the ogive-
cylinder and Saturn V configurations. The 0/C/F/C configuration at Mach
number 0.4, showed unusual trends at low angles of attack for the 2 inch
diameter model which were not present in the original data. At Mach number
0.8, the rerun data for the 0/C and 0/C/F/C compared very well with the
original test, but rerun data for the Saturn V configuration was approx-
imately 10%Z lower than the original data.

The rerun data was not available in time to be included in this analysis,
and due to the anomalies in the original M = 0.4 data at high Reynolds
numbers (LTV), only the low Reynolds number (MSFC) data is congidered in the
analysis of the force data at M = 0.4. The data at Mach number 0.8 and
above is apparently free of significant data anomalies, at least for the
0/C and 0/C/F/C configurations of interest here, and is_included.



Side Force Data and Flow Asymmetries

Although a detailed consideration of the side force data on the sub-
ject configurations is beyond the scope of this report, it should be noted
that significant flow asymmetries and resultant side forces were observed
at certain conditions in both the LTV force tests and the MSFC pressure
tests. The side force data from the LTV tests at,Mach numbers 0.4 and 0.8
showed large side forces at some Réynolds numbers (CYMax on the order of .5

to 1.0) which developed at angles of attack above approximately 200.
Asymmetries in the MSFC pressure data were also observed for M = 0.4 and
0.8, and to a lesser extent at M = 1.2, at angles of attack of 150 and
above. The pressure data asymmetries are thought to be related to the
pressure orifice arrangement although there are indications that flow
asymmetries at these conditions could be expected, independent of the
particular orifice arrangement. The pressure asymmetries are discussed
in greater detail in a later section.

A detailed investigation of the side forces on bodies of revolution
with ogive noses has recently been reported by Pick (reference 10) at Mach
numbers from 0.5 to 1.1. It was found that large side forces were developed
on these bodies at angles of attack also above 20°, The magnitude of the
side force was a strong function of nose shape and Mach number, decreasing
with increasing Mach number or with increasing nose bluntness. The direction
of the side force, once it developed, varied randomly with model roll
angle and was attributed to small variations in model geometry.

The development of the flow asymmetries causing the side forces can’
be related to asymmetrical flow phenomena on two dimensional cylinders in
transverse incompressible flow using the impulsively started cylinder
analogy described in the introduction. According to Sarpkaya's experiments
(reference 7) on impulsively started cylinders at Reynolds numbers from
104 to 105, the symmetrical development of vortices behind the cylinder
continues for a non-dimensional time increment of Vt/D ¥ 4 at which time
asymmetries in the flow pattern begin to develop. Based on the impulse
analogy this would correspond to X tana= 4 where asymmetries would first
be expected on a constant diametef body of revolution at angle of attack
and for a 10 caliber body (X/D = 10) would indicate an angle of attack of
a= tan~1'0.4 = 240 for first flow asymmetry. This is approximately the
angle of attack at which side forces are first observed on these bodies of
revolution. The agreement between the predicted angles of attack for first
flow asymmetry based on Sarpkaya's data for impulsive cylinders and the
actual values observed is remarkable considering the differences in the
flow situations.

The development of the flow asymmetries found in experiments with
impulsively started cylinders and slender bodies at angle of attack’is
consistent with the theoretical prediction that the location of a pair of
symmetric vortices on the lee side of these bodies is unstable for anti-
symmetrical disturbances (reference 2). It is probably this instability
of vortex pairs which is the basic cause of the flow asymmetries and the
"small" geometric irregularities (or other flow disturbances) simply act
to trigger the instability.



Effect of Revnolds Number on Normal Force and Center of Pressure Character-
istics

The data presented in figures 4 and 5 show some very significant in-
fluences of Reynolds number and Mach number on the characteristics of these
configurations. The greatest effect of Reynolds number is observed for the
0/C configuration at M = 0.4, even excluding the high Reynolds number LTIV
data. The normal force coefficients versus Reynolds number at the higher
angles of attack exhibit all the features of the classical variatiomcof
drag coefficient with Reynolds number of two-dimensional circular cylinders
in incompressible transverse flow (e.g. reference 2). There is a sub-
critical maximum associated with laminar boundary layer separation and a
minimum value at a critical Reynolds number associated with transition of
the boundary layer to burbulent flow. The subcritical maximum normal
force coefficients are approximately twice the minimum values at the
higher angles of attack. '

The center of pressure for the 0/C at M = 0.4 also shows large variations
with Reynolds number. Largest CP/D variations occur at an angle of attack
of 20° where the CP/D at subcritical Reynolds numbers is located at 5.5
calibers from the base, and moves forward to 6.9 calibers at the critical
Reynolds number.

Data for the 0/C at higher Mach numbers exhibit a decreasing effect
of Reynolds number with increasing Mach number. At M = 2.0, significant
Reynolds number effects are confined to angles of attack of 10 and 15°
where the crossflow Mach number (M. = M sina) is .35 and .52 respectively.
This is also consistent with circular cylinder data (references.1ll, 12) which
show little effect of Reynolds number above M, = 0.4 to 0.5. .

Data for the ogive/cylinder/frustum/cylinder shown in figure 5 indicate
very small effects of Reynolds number as compared with the ogive/cylinder
configuration. This is due to the combination of (1) a small forward cylinder
planform area which reduces the contribution of its crossflow drag to the
total normal force, (2) the large, 25°, slope of the frustum which delays
crossflow separation effects on the frustum to angles of attack above 259,
and (3) the relatively short aft cylinder length, with flow at the forward
end controlled to a large extent by axial flow pressure distribution and a -
large potential carryover normal force from the frustum. These factors
are illustrated later using the integrated pressure data from the MSFC
pressure tests. ’

Correlafion of 0/C Normal Force Characteristics

Correlations of the 0/C normal force data were made for the purpose of
gaining some insight into the effects of Mach number and Reynolds number,
and to develop correlation parameters for use in the analysis of the local
normal force and pressure data. As indicated above, the M = 0.4 data shows
the greatest sensitivity to Reynolds number. At this Mach number no com-
pressibility effects should be present, and these data were thus used to
isolate the effects of Reynolds number. The data was reduced to crossflow
drag coefficients according to the equation.
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The inviscid normal force slope, Cy » was taken to be the slender body
/ a :
theory value of 2.0 rad'1 and was in close agreement with the experimental
data. '

According to Allens theory (reference 3), the crossflow drag coefficient
at incompressible speeds should be a functlon of the crossflow Reynolds
number Re,

ReC = Wsina
14

A correlation of the M = 0.4, 0/C crossflow drag data with crossflow Reynolds
number,.CDC (Rec) is shown in figure 6 for various values of free stream

Reynolds numbers based on diameter, ReD, and for angles of attack of 10,

15, 20, 25 and 30°. This correlation was developed using the normal force
data represented by the faired (solid) curves of figure 4 (a), for Rep
between 105 and 4 x 10°. The lack of any correlation of crossflow drag with
crossflow Reynolds number in figure 6 is obvious.

It was pointed out by Schindel (reference 6) that body lengths parallel
to the free stream (i.e. streamwise lengths) are approximations of particle
paths, as indicated in the sketch below, and should represent appropriate
lengths for determination of boundary layer transition. A Reynolds number
based on a characteristic body length parallel to the freestream should
therefore provide an approximate correlation of boundary layer transition
and its effect on the crossflow drag characteristics. This hypothesis was
tested by correlating the 0/C crossflow drag data at M = 0.4 as a function
of a "streamwise' Reynolds number, Reg = _ VD . This Reynolds number

v sin o
is based on the streamwise length of the cylindrical portion of body, D/sina.
The torrelation is shown in figure 7 and it is seen that the streamwise
Reynolds number does in fact correlate the crossflow drag data quite well.

L

\




The effect of compressibility on crossflow drag coefficient was investi~-
gated by plotting the data vs crossflow Mach number at two free stream
Reynolds numbers, Rep = 2 x 10° and 5 x 106, representative of the minimum
and maximum values of the test range. The results, shown in figure 8,
were developed from Cy(a) data for each free stream Mach number and Reynolds
number, at angles of attack from 10 to 30°. The high Reynolds number (LTV)
data at M = 0.4 was excluded for the previously stated reasons.

Crossflow-Mach number correlates the compressibility effects on cross-
flow drag coefficients very well for the high Reynolds number data
(Rep = 5 x 106) at M.= 0.8 and above. These data are in the supercritical
Reynolds number range and should be relatively insensitive to Reynolds
number. The low Reynolds number data (Rep = 2 x 109) is not correlated by
crossflow Mach number at M = 0.4 and 0.8. This data is in the subcritical
" Reynolds number range where the large effects of Reynolds number were found
to be correlated by the "streamwise" Reynolds number, Reg, and an improved
correlation of compressibility effects could be expected for suberitical
Reynolds numbers if it were developed for constant values of the streamwise
Reynolds number.

The streamwise Reynolds number cannot be considered to be a universal
correlation parameter, of course, even at incompressible speeds, as it does
not consider the effects of nose shape, is not appropriate at low angles of
attack where Reg > « ., and does not consider the effects of finite cylinder
length which are known to be quite significant an angles of attack approach-
ing 90°. The above correlations do, however, show the superiority of the
streamwise Reynolds number over the crossflow Reynolds number a's a correlation
parameter and should lead to an improved understanding of the effects of
Reynolds number on the crossflow separation phenomena.

Although direct measurements of the actual state of the boundary layer
were not available for the conditions of these tests, the crossflow drag
correlations infer that for the angle of attack range 20=<a <30°, the MSFC
test conditions corresponded to a fully laminar boundary layer at the lowest
Reynolds numbers and that transition occurréd on the body at the highest
Reynolds numbers. Also, a preliminary evaluation of the rerun LTV data

infers a fully turbulent boundary leayer at the higher Reynolds number
conditions.



PRESSURE DATA

The pressure data, on which the local crossflow drag analysis is based,
was obtained on models with high orifice density in order to obtain the large
amount of data required in a practical amount of wind tunnel occupancy time.
The models were basically instrumented with 7 longitudinal rows of orifices
at 150 azimuthal increments in one quadrant and 2 longitudinal rows of ori-
fices at intermediate azimuth angles in an adjacent quadrant as described on
page 3. This arrangement was selected based on the assumption of symmetrical
flow and no orifice effects on the resulting pressure data such that the data
at model roll positions of O and 90° could be transposed and combined to give
a detailed pressure distribution on one side of the model.

The pressure data and the local and total force and moment characteristics
resulting from integrating the pressure distributions over the surface of the
models are reported in their entirety in reference 9. Inspection of these data
revealed large asymmetries in the pressure data and poor correlastion of inte-
grated pressure data with the results of the force test for the 0/C configura-
tion (figure 4) at the lower Mach numbers and higher angles of attack. Limited
surface flow visualization tests at M = 0.4 utilizing the actual one in. dia.
ogive/cylinder pressure model confirmed the existence of severe flow asymmet-
ries at sub-critical Reynolds number, apparently induced by the pressure ori-
fices.

Effeét of Pressure Orifiées on Total Normal Force

A comparison of the force and integrated pressure data as a function of
Reynolds number is illustrated in figure 9 for the ogive/cylinder configuration.
In general, the pressure models indicate lower normesl force at sub-critical
Reynolds numbers and higher normal forces at supercritical Reynolds numbers as
compared with the force model data. This type of result is very similar to
the effect of roughness on the drag characteristics of circular cylinders in
transverse flow (reference 2) and indicates that the orifices on the pressure
model acted as surface roughness elements. Agreement of force data with inte-
grated pressure data for the O/C/F/C configuration was good at all conditions
indicating little effect of orifices for this configuration. This is consis-
tant with the low sensitivity to Reynolds number for this configuration and is
due to the geometry of the configuration as discussed on page 6..

Effect of Pressure Orifices on Surface Flow and Pressure Distributions

The effect of the orifices on the surface flow patterns at the conditions
where pressure6asymmetries were the greatest, i.e. the ogive/cylinder at M = 0.k,
Rep = .23 x 10°, and 24.5° angle of attack, is illustrated in figure 10. The



clean (left) side of the model exhibits a laminar primary separation which

is quite regular back to a model joint at station X/D = 4.45. The model joint
causes a small perturbation in the separation line at the joint, followed by
another perturbation at X/D £ 5.0. The second perturbation in the separation
line appears to be accompanied by the discharge of the left vortex, as evi-
denced by the sudden change in the location and eventual disappearance of the
secondary separation line associated with the left vortex. The separation
line on the high orifice density (rlght) side indicates perturbations associ-
ated with the orifices at X/D between 1.0 and 2.0. At X/D between 2.0 and
5.0, there is an obvious interaction of the orifices with the secondary sepa-
ration line. Tt is believed that these perturbations in the primary and
secondary separation lines hindered the development of the right side vortex
and resulted in lower normal forces being developed on the pressure model as
compared with the force model at these conditions. It is also likely that the
model joint precipitated the discharge of the left vortex, modifying the flow
over the rear of the model and further affecting the correlation of the force
and integrated pressure data.

The asymmetry in the pressure distributions on the lee side of the pres-
sure model is illustrated in the pressure contours of figure 11 for the same
conditions as above. Asymmetry develops at X/D between 2 and 3 and persists
to varylng degrees downstream of this region. The maximum pressure asymmetry
QAC = 0.4) occurs at X/D between L and 5 with the development of an intense
low pressure cell on the left side (negative ©) of the model just prior to
discharge of the left vortex. ©Poor development of the right vortex is evi-
denced by the flatter contours on the right side and generally higher pres-
sure levels., The two regions of o0il accumulation indicated in the top view
of figure 10 and shown on the pressure contour in figure 11 appear to be di-
rectly related to the low pressure cells induced by the vortices and indicate
a severe asymmetry in vortex pos1tlons. The closely spaced isobars at roll
positions (¢) between 50 and 60°, aft of X/D = 2.5 on the right side of the
model are assoclated with the secondary separation line.

The surfage flow visualization pictures for M = 0.4 at Reynolds number
ReD = .39 x 10" showed small asymmetries consistent with the small asymnetries
in the pressure data at the higher Reynolds number. The O/C/F/C configuration
at Mach number 0.4 showed comparable pressure asymmetries on the forward
cylinder at the same Reynolds number, based on local diameter, as the ogive/
cylinder model. The frustum and aft cylinder of the 0/C/F/C generally showed
smalleg pressure asymmetries due to the predomlnantly inviscid influence of
the 25 ° frustum.

Flow on the Iee Side of the 0/C/F/C Configuration

A significant feature of the flow on the lee side of the 0/C/F/C configu-
ration is illustrated by the data of figure 12, where the leeward meridian
pressure distributions are shown at 25° angle of attack for each Mach number
and compared to the zero angle of attack pressure distributions. The maximum
pressures associlated with the lee side cyllnder/frustum compression corner at
25 angle of attack are the same or higher than at zero angle of attack for
all Mach numbers, and the extent of axial flow boundary layer separation at
zero angle of attack for M = 1.2 and 2.0 is much diminished at 25° angle of
attack. This illustrates how the vortex pair generated by the forebody induces
a downflow toward the body in the leeward stagnation plane at high angle of
attack, maintaining and accentuating the effect of the compression corner, and
redu01ng the extent of axial separation through thlnnlng of the boundary layer
by outflow from the leeward stagnation line.
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The location of the vortices at Mach number 0.8 can be seen in the
Schlieren photograph of figure %3, taken at an angle of attack of 24.5° and
Reynolds number Rep = 0.67 x 10°. The center of the vortices appear as the
dividing line between the dark and light regions above the body. An asymme-
tric vortex pair is indicated on the nose by the appearance of two distinct
vortices, one originating on the ogive nose and one Jjust aft of the ogive
nose. This Schlieren was taken of the actual pressure model and the asymme-
tric forebody vortices are attributed to the asymmetric orifice array. The
forward cylinder vortex pair is '"released" from the body just aft of the
frustum and is convected away in . the free stream direction while a second -
pair of vortices is generated on the aft cylinder.

Surface flow for the above condition is visualized by the fluorescent
0il flow photographs shown in figure 14. These pictures were taken using a
model with a single row of dummy orifices in an investigation of orifice
effects. The orifices are on the lee meridian in these pictures and no sig-
nificant asymmetries are apparent here, although when the orifices were in
the vicinity of the side meridian they did cause asymmetries in the region of
the nose. The effect of the forebody vortices at 24.5° angle of attack is
indicated by the strong induced outflow from the leeward meridian on the for-
ward cylinder and frustum. The induced flow thins the boundary layer on the
lee side, preventing axial flow separation and causing the high peak pressures
in the cylinder/frustum compression corner.

The primary crossflow separation line (origin of the vortex feeding sheet)
of the forebody begins at the model nose and is terminated on the frustum by
axial flow separation induced by the adverse pressure gradient of the recom-
pression on the aft cylinder. This termination of the feeding sheet "frees"
the forebody vortices and allows them to be convected away from the body. The
aft cylinder vortices are generated by a new primary crossflow separation
which begins at approximately .75 calibers downstream of the frustum. This
vortex pair grows rapidly in strength as evidenced by the strong outflow and
secondary separation lines which develop between 1.0 and 1.5 calibers down-
stream of the frustum.

This vortex induced downflow has been recognized as a significant factor
in determining the heating rates on the lee side of bodies at large angles
of attack as similar effects have been found to persist to high supersonic
Mach numbers. The strong compression noted above at the cylinder/frustum
juncture on the lee side would indicate very high heating rates at this point
and similar effects would be expected on any lee side protuberances under the
influence of a similar vortex induced flow.
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LOCAL CROSSFLOW DRAG CORRELATION

Although the pressure data was found to be significantly affected by
the presence of the pressure orifices, it was felt that a correlation of
this data on the basis of the local crossflow drag coefficients would be
useful in determining the general effect of Mach number, Reynolds number
and body geometry on the crossflow drag characteristics.

The local crossflow drag coefficient is defined as the difference
between the total local normal force at angle of attack and the local normal
force due to inviscid (potential) flow, nondimensionalized by the local
diameter and crossflow dynamic pressure,

1 1 .
Cy - Cy D
N N
c = * —_ (2)
d =17
c sin‘a 4d -

The impulsively started cylinder analogy suggests that the local cross-
flow drag coefficients should be a function of the distance parameter
S =X tana ,i.e. cg_ = cgq (§ tana y* A modification to this analogy has
D D ¢ ¢ 'p :
been proposed to account for the fact that at low or moderate angle of
attack the crossflow separation does not occur at the nose but at some
distance aft of the nose depending on the nose shape, angle of attack,
Mach number and Reynolds number. This modified method suggests that the
axial distance should be measured from the axial location of first crossflow
separation, i.e. cd, = ¢4, (A% tana) where AX= X - X s . It has

D p » bp '

also been suggested (references 13.and 14) that the crossflow drag can be
correlated simply by X/D, based on limited results for specific configurations.
The latter two correlations, i.e. cd, (X/D) and cd, ( AX/D tan a), are

explored here in investigating the effects of Mach number, Reynolds number
and configuration geometry on the local crossflow drag characteristics.

Local Inviscid Normal Force Distributions

1]
The local inviscid normal force distributions, Cx (X/D) used in the
a

crossflow drag correlation were developed empirically from the experimental
data at an angle of attack 6f. '5°. This approach was taken as an expediency
and because of the uncertainties involved in the application of the various
theoretical methods to the body shapes and Mach numbers of interest.

The local normal force distributions at a = 5° for each of the four
Reynolds numbers, for a given configuration and Mach number, were examined

12



and a curve faired through the data using theoretical results as a guide to
the fairing. This procedure is illustrated in figure 15 where the a = 50
normal force distributions for each Reynolds number and the resulting "in-
viscid" distributions are shown. The normal force data for the highest
Reynolds number was weighted the most in arriving at the faired inviscid
distribution. ' '

A crossflow drag analysis was performed only for the aft cylinder of
the 0/C/F/C configuration. It was found that the forward cylinder character-
istics were adequately described by the 0/C alone, and that the local normal
force characteristics of the frustum region were not amenable to a crossflow
analysis, leaving only the aft cylindér characteristics to be evaluated by
a crossflow drag correlation.

The total normal force characteristics of the frustum section would
not be expected to be significantly affected by non-linearities due to angle
of attack for the conditions of this test as the maximum angle of attack is
essentially the same as the frustum angle, i.e. 25°. This was found to be
true for the integrated normal force on the frustum and also for the frustum
plus carryover normal force, even though the local normal force distributions
were highly sensitive to angle of attack. The sensitivity of the local
normal force distributions in the frustum region is illustrated by the data
in figure 16, showing the normal force distributions, Cﬁ/a , for the
maximum Reynolds number condition at each Mach number. The distributions
at a = 5° are not at all similar to the higher angle of attack distributions.
At a = 59, the large negative values of local normal force just forward
of the frustum at M = 1.2 and 1.96, and the high positive peaks for all
Mach numbers at the cylinder/frustum compression corner are due to the
effects of axial flow separation induced by the adverse longitudinal pressure
gradient. The expansion and recompression region just aft of the frustum
is also affected by axial flow separation and is very sensitive to angle of
attack. The variations in normal force distributions at the higher angles
of attack tend to become more uniform and actually are more representative
of expected inviscid distributions. The forward and aft cylinders, in the
regions not influenced by the frustum, show the typical effects of increasing
non~linear normal force with angle of attack due to crossflow separation.

The integrated normal force coefficients for the frustum, the frustum
plus carryover regions, and the total vehicle are shown versus angle of
attack in figure 17. The frustum plus carryover region was arbitrarily
taken as between X/D = 3.4 and 6.0 and includes the effects of amial flow
separation forward and aft of the frustum. Both the frustum and frustum
plus carryover normal force characteristics are very linear with angle of
attack at all Mach numbers while the total vehicle characteristics are
quite non-linear with angle of attack.

The "inviscid" normal force distributions used for the crossflow drag

analysis of the 0/C/F/C aft cylinder were determined in a manner similar
to the ogive-cylinder and the resulting distributions are shown in figure 16.

13



Local Crossflow Drag Correlation, Ogive-Cylinder Configuration

The local crossflow drag coefficients, derived according to equation
(2), are presented vs. model station for the 0/C configuration in figure 18
at the minimum and maximum Reynolds numbers tested at each Mach number.
Data are presented for nominal angles of attack of 5, 10, 15, 20 and 25
degrees. The actual values of angle of attack, corrected for sting de-
flection, were used in the computation of the crossflow drag coefficients
and were generally within 1/2 degree of the nominal values. The crossflow
drag coefficients are somewhat erratic due to orifice effects and tunnel
disturbances and is particularly severe at « = 50 due to small normal force
coefficient increments, (Cy - Cy.,a ), being magnified by the 1/sin2a term
in computing cd.- The low angle o% attack crossflow drag coefficients
are also very sensitive to the assumed inviscid normal force distributions
for the same reason, although it should be noted that a change in the in-
viscid normal force distribution, ACNa = ,11, which would change cd, at

o= 50 by 1.0 would change c¢q at a = 15© by only .11l and by only .04 at
d. , _

a = 25°. The values of cd, at a= 59 are generally reasonable levels and
tend to confirm the adequacy of the empiric method used here to determine
the inviscid local normal force distributioms.

Figure 18 illustrates the typical build-up of crossflow drag coefficient
with model station, although the location of initial build-up, the build-up
rate, and the peak values are strong functions of the test variables. . The
local crossflow drag distributions at M = 0.4 indicate the largest influence
of Reynolds number, as was the case with the total normal force characteris-
tics discussed previously. At 259 angle of attack and minimum Reynolds
number (Rep = .11 x 106), cd, reaches a peak value of 1.5 at X/D = 4.0

and approaches a ''steady state'" value of about 1.3, while for the maximum
Reynolds number (Rep = .39 x 100), cq reaches a peak value of only. .57 at
X/D = 5.0 and approaches a steady stafe value of approximately 0.5. The
effect of angle of attack on the peak cd, at M = 0.4 is interesting in that

the minimum Reynolds number data shows a peak cd, which increases with angle

of attack while the peak ¢y decreases with angle of attack for the maximum
Reynolds number case. ¢

The sensitivity of peak ¢d. to Reynolds number decreases with increasing
Mach number and at M = 2.0, a peak Cd, of 1.6 is representative for both

the minimum and maximum Reynolds numbers at angles of attack of 15° and
above. The value of the peak cd, was correlated as function of the stream-

wise Reynolds number, Reg = ReD/sincx , and the results are shown in figure
19 for M = 0.4 and 0.8 where Reynolds number effects are most significant.
The streamwise Reynolds number correlates the data quite well and inspection
of the data trends indicates that correlation on the basis of either free '
stream Reynolds number Rep or crossflow Reynolds number Rep Sina would

be much poorer. Comparison of the data for M = 0.4 and 0.8 indicates a
relatively small effect of Mach number in this range. The maximum crossflow
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Mach number for this data is M. = 0.34 (M = 0.8, a= 259), and is below

the commonly accepted critical Mach number of 0.4 (reference 11) for
circular cylinders. It should be noted, however, that Jones (reference 12)
found a rather gradual increase in the drag coefficient of circular
cylinders with increasing Mach number between 0.2 and 0.4 at Rep = 7.5 x 106,
Similar effects of Mach number could be expected at lower Reynolds numbers
and crossflow Mach number effects may be present in the high angle of attack
data at M = 0.8.

The opposing effects of angle of attack on peak ¢y at the minimum
c

and maximum Reynolds numbers at M = 0.4, noted earlier, is seen to be
associated with the "bucket" in the cy; (Reg) curve. The maximum Reynolds
c

number data, Rep = .39 x 106, approaches the bucket from the supercritical
side with increasing angle of attack while the minimum Reynolds number data,
Rep = .11 x 10® recedes from the bucket on the subcritical side. The axial
location of the initial crossflow separation was derived from the cd,

distributions such as those shown in figure 18, by fairing the data at each
angle of attack and identifying the point where cd, ® 0 as the location of

initial crossflow separation. This approach yields a direct measure of the
axial location for the onset of viscous (i.e. separation) effects. Jorgen-
sen (reference 15) developed a method for determining the axial location of
boundary layer separation using the surface pressure distributions and the
. same technique was applied by Tinling (reference 16). The vortex sheet
must be rolled up, i.e. the vorticity must be concentrated in a core, and
the resulting vortices must be of a sufficient strength before they will
induce a measureable effect on the pressure distributions. The pressure
distribution method is therefore not an accurate means of determining the
location of the onset of viscous effects. Jorgensen's and Tinling's
results indicate more.aft separation locations particularly at low angle
of attack and subsonic speeds.

The separation locations obtained above were used to develop a
correlation of cq, as @ function of AX tana, the correlation parameter
D
inferred by the impulsive cylinder analogy. The data for Xg(a) in figure

20 showed no consistent effects of Reynolds number, therefore all the data

has been faired into one curve for each Mach number. The faired Xg(a)

curves were then. used to replot the cdc(X/D) data cd, (AX tana ). These
D

results are presented in figure 21 and it can be seen that the location pf
the peak cd, is correlated fairly well by AX tana , with the peak Cd,
generally occurring at AX tan « between 1.0 and 1.5.

D

Local Crossflow Drag Correlation, 0/C/F/C Aft Cylinder

An analysis of the local crossflow drag coefficients on the aft cylinder
of the 0/C/F/C configuration was performed in the same manner as for the
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ogive-cylinder configuration, and the resulting local crossflow drag co-
efficients are presented as a function of model station in figure 22.

The data at the forward end of the aft cylinder is quite irregular and
reflects the strong interaction of the axial flow and the crossflow in
the expansion and recompression region behind the flare and, as discussed
in a previous section, is best considered as a carryover of the "linear"
frustum load.

At M= 0.4 and 0.8, the local crossflow drag at the minimum Reynolds
number condition is still increasing rapidly at the aft end of the cylinder
while the high Reynolds number data has reached a maximum and near steady
state level over the last 2 to 3 calibers of the body. The maximum Reynolds
number data is consistent with the surface flow visualization pictures at
M= 0.8, a= 259, shown in figure 14, which showed crossflow separation
developing at about .75 caliber aft of the frustum, a subsequent rapid
development of vortices, and uniform flow over the rear of the body. No
flow visualization was available for the minimum Reynolds number cases and
it can only be speculated that either the aft cylinder vortices are
developing over a greater length or that a third pair of vortices are
developing at the end of the body.

A correlation of the peak crossflow drag coefficients is presented in
figure 23. At M = 0.4, the peak crossflow drag is again correlated by the
streamwise Reynolds number and indicates a critical Reynolds number some-
what lower than the ogive-cylinder configuration. The cases where the local
crossflow drag coefficient is still increasing at the end of the body (in-
dicated by the vertical line beneath the symbol) seem to be associated with
subcritical Reynolds numbers. At M = 0.8, the correlation of peak local
crossflow drag is inconclusive although the high angle of attack data
indicates peak values on the order of 1.0, independent of Reynolds number.

Location of the initial crossflow separation is shown in figure 24 and
indicates less influence of angle of attack than the ogive-cylinder data.
This is attributed to the frustum in acting as a blunt nose, tending to.fix
the location of crossflow separation.

Local crossflow drag is presented vs. the parameter AX tana in figure

D
.25 and yields a better crossflow drag correlation than X/D, with the ex-
ception of the low Reynolds number data at M = 0.4 and 0.8.
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CONCLUSIONS

An analysis has been made of force and pressure data obtained on an
ogive-cylinder and an ogive-cylinder-frustum-cylinder at Mach numbers O.h4,
0.8, 1.2, and 2.0 for a wide range of Reynolds numbers and angles of atback
to 30°., This analysis was directed at establishing the effects of Reynolds
number, Mach number and configuration on the crossflow drag characteristics
of bodies of revolution at large angles of attack.

Some of the force and pressure data was found to have been adversely af-
fected by test techniques used for the tests. The force data obtained at
M = 0.4 in the LTV HSWT exhibited some extraneous trends which have been at-
tributed to "emplifier-lag" in the data system, aggravated by low balance
outputs at this test condition. These data have been re-run using an im-
proved data system and balances sized for the low model loads at M = O.4 and
0.8 but were not available in time to be included in this analysis.

The pressure data obtained in the MSFC 14 in. TWT was found to have been
affected at low speeds by the asymmetrical, high orifice density of the pres-
sure models. Severe flow asymmetries were found at the higher angles of
attack and intermediate Reynolds numbers, particularly at M = O.4 and 0.8, and
are attributed in part to the asymmetrical orifice arrangement. Force data
on "smooth" axisymmetric models have shown large side forces which were attri-
buted to "small" random variations in geometry, but might more directly be
attributed to the basic instability of the vortical flow field. The direction
of the asymmetries appears to be controlled by "small model irregularities
and the angle of attack at which the asymmetries appears is decreased by "large'
model irregularities, as represented by the orifices of the pressure model.

1

The large effects of Reynolds number and Mach number on the total normal
force characteristics of the ogive-cylinder are similar to the classical ef-
fects of these parameters on the drag characteristics of two-dimensional
circular cylinders. At low (subcritical) Reynolds number, these effects are
correlated by a crossflow drag analysis in terms of a "streamwise" Reynolds
number, Rep/sin a, and the crossflow Mach number. At high (super-critical)
Reynolds number, the normal forces appear to be independent of Reynolds num-
ber and the crossflow drag is correlated by crossflow Mach number alone. A
local crossflow drag analysis for the oglve-cylinder generally indicated the
applicability of the "impulsive cylinder" analogy in that the form of the
local crossflow drag distribution is fairly well correlated by the "impul-
sive cylinder" distance parameter, (X - Xs ) tan a.

D D
The ogive-cylinder-frustum-cylinder total normal force characteristics

were relatively insensitive to Reynolds number for the range tested, and was
found to be more associated with the geometry of the configuration. Local
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normal force characteristics of the forebody (ogive-cylinder) were quite
sensitive to Reynolds number but contributed little to the total force be-
cause of the small planform area of the forebody. Normal force character-
istics of the frustum are dominated by linear, potential flow due to the
large frustum angle which precluded significant crossflow separation (vis-
cous effects). TLocal normal force characteristics of the aft cylinder do
show significant non-linearities and Reynolds number effects near the end
of the body but have a smaller effect on the total normal forces of this
configuration due to the limited regions over which they act.
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RECOMMENDATIONS

The present, rather cursory, analysis of force and pressure data ob-
tained in the MSFC "Non-Linear-Lift" program has served to determine the
applicability of certain crossflow drag correlation perameters and point out
particular features of the interactions of Mach number, Reynolds number, and
body shape on the total and local aerbdynamic characteristics of these con-
figurations.

Analysis of the force data indicates gratifying correlations of Mach
number and Reynolds number effects for the limited conditions that were in-
vestigated. A complete analysis and correlation of the force data is there-
fore recommended, including the rerun data from the latest LTV tests and all
side force and yawing moment data. Also, the rather extreme sensitivity of
the aerodynamic characteristics at incompressible speeds should be confirmed
by additional tests in a low turbulence facility with a large range in oper-
ating Reynolds numbers such as the Lengley 3.5 x T' low turbulence pressure
tunnel. Existing models could be used and would yield baseline incompres-
sible Reynolds number effects in a high quality airstream. Additional force
tests to investigate compressibility effects in more detail are also very
desirable.’

The pressure data, while yielding basic information of Reynolds number
and Mach number effects on the ogive-cylinder and ogive-cylinder-frustum-
cylinder normel force and crossflow drag distributions, was not of suffi-
cient quality or detail to define the important features of the flow at con-
ditions near the onset of viscous effects at low and moderate angles of
attack. Analysis of the high angle of attack pressure data was hampered by
high density orifice effects and asymmetric flows. Additional pressure tests
are therefore recommended to more accurately quantify the non-linear local
aerodynamics of these configurations. Single row of orifice models of larger
size than existing models should be used, and surface flow visualization data
also obtained on the actual pressure model to insure that the pressure data

-is free of interactions with orifices or model irregularities. These tests
should be limited to Reynolds number and Mach number conditions where speci-
fic flow regimes, indicated by the present analysis and future force data
analysis, can be investigated in detail.
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Figure 13, Schlieren Photograph of Flow Around Ogive-Cylinder~Frustum Cylinder,
M= 0.8, Rep = .67 x 106, a =24 5°
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