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SYrBOLS

D model diameter

A Mach number

P static pressure

PP Pitot pressure *

q dynamic pressure

1 radial distance from model axis

RB body radius

ReD Reynolds number based on wind tunnel free stream conditions and

model diameter

Re. Reynolds number based on local conditions and distance along

cone probe from probe tip to static pressure tap

t time

X axial distance from model nose tip, for a sharp nose

a angle of attack

a circumferential position, measured from windward meridian

(see Figure 6)

e total flow angle (see Figure 6)

crossflow direction angle measured from reference plane

(see Figure 6)

#' crossflow direction angle used in cone probe calibrations

(see Figure A-2)
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SYIABOLS (Cont)

x viscous interaction parameter

' subscripts

0 wind tunnel free stream

1,2,

3,4,5 cone probe pressure taps (see Figure A-2)

0 stagnation value
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INTRODUCTION
The work reported here was part of an investigation of the leeward

side performance of aft-entry inlets for ramjet powered missiles.
One of the objectives of this investigation was to correlate leeward
side aft-inlet performance with the average flow properties in the
local flow approaching the inlet.

The problem of correlating leeward side aft-inlet performance with
local flow field properties was approached experimentally, by sur-
veying the flow field at one longitudinal station on a typical ogive-
cylinder body and measurirg the performance of an aft-inlet operating
in this flow field.

The flow field survey data and surface pressure data obtained
during the investigation are of more general interest than the inlet
performance data, and should be of use to those concerned with flow
fields and aerodynamics of axisynumetric bodies. Consequently, these
data are being published here separately from the other results of
the investigation. The flow field around the ogive-cylinder config-
uration used in this investigation has been studied in two previous
investigations (references 1 and 2). The three investigations
generally supplement each other in spite of some overlap. Some of
tile results of the three investigations are compared in this report.

A number of similar investigations of flow fields around axi-
symmetric vodies have been reported. Some of these are listed in
references 3 through 8.

TEST FACILITY
The experimental work reported heru was performed in Naval Ordnance

Laboratory (NOL) Supersonic Wind Tunnel No. 2. This -unnel operates
in the Aach number range from 1.3 to 5 with either continuous recir-
culating operation or intermittent blowdown operation, depending on
tht pressure level desired. Various Macn numbers are obtained by
means of interchangeable nozzles. The blowdown mode of operation
was used for the tests reported here.

TLST EQUIPAiENT AND INSTRUIA¶NIATION

WIND TUNNEL M4ODEL ANU FLOW-FILLD SURVEY LIQUIPIENT. The configur-
ation used in the flow field survQ1 tests was an ogive-cylinder

S- "'.... ... .... . ..... ' • •' ... • • " .. . o ......... ,•,,• ....... .. .. ... ..1,
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having a tangent ogive nose with a fineness ratio of 4. The flow-
field surveys were made in a plane 6.5 diameters aft of the theo-
retical location of a sharp nose - the wind tunnel model nose being
slightly blunted. The total length of the model, based on a sharp
nose, was 7 diameters and the model base diameter was 3 inches. The
wind tunnel model was instrumented with a single longitudinal row
of static pressure taps. The first tap was located 0.5 inches aft
of the theoretical sharp nose tip, and taps were spaced one inch
apart (axially) aft of this location, with the last tap located at
the flow field survey plane.

The flow field survey data were obtained with Pitot tubes and cone
pressure probes spaced radially on fixed rakes at the aft end of the
model. Four cone probes were mounted on one rake and nine Pitot tubes
were mounted on a second rake. The two rakes were spaced 90 degrees
apart around the periphery of the model. The wind tunnel model and
flow survey rakes were mounted on a sting attached to the wind
tunnel carriage - this arrangement is shown in Figure 1. Using the
wind tunnel carriage, the model could be pitched to various angles
of attack with respect to the wind tunnel flow, and the model and
flow survey rakes could be rolled together to obtain surface pressure
data and flow field data at various circumferential locations. With
the rakes spaced 90 degrees apart, it was possible to survey the
entire (symmetrical) leeward or windward flow field with both Pitot
tubes and cone probes while rolling the model through an angle of
90 degrees.

FLOW FIELD SURVEY INSTRUMENTATION. A photograph of the Pitot tube
rake is shown in Figure 2. The nine Pitot tubes were spaced 0.2 inch
apart along the rake, and the centerline of the innermost tube was I
0.1 inch from the model surface with the rake mounted on the model.
The centerline of the outermost tube was 1.7 inches from the model
surface.

The ends of the Pitot tubes were internally chamfered, with a
chamfer angle of 15 degrees. This was done to reduce the sensitivity
oý the measured pressures to the angle of the approaching flow. The
Pitot tubes had an outside diameter of .032 inch and an inside
diameter of .320 inch.

A photograph of the cone pressure probe rake is shown in Figure 3.
The cone probes were spaced 0.5 inch apart along the rake and the
rake could be mounted in two positions so that the center of the
innermost probe was either 0.25 inch or 0.5 inch from the surface of
the model.

The cone probes had a Pitot pressure port at the probe tip and
four static pressure ports spaced equally around the conical 7ace, as
shown in Figure 3. The static pressure ports were aligned with the
rake as accurately as possible.

11
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The cone pressure probes were old probes which had been constructed
for other flow field investigations, and were refurbished for the
present .nvestigation. The probes were not identical in size, but
all had a total included cone angle of 30 degrees. Wnile the exact
dimensions of the probes were not determined, typical dimensions
for probes of this type are shown in Figure 4.

The cone pressure probes were used to determine the local Mach
number, static pressure and flow direction and had to be calibrated
against known values of these quantities in a uniform stream. The
probe calibrations and the correlation of the calibration data are
discussed in Appendix A.

TLST CONDITIONS AND PROCEDURE
flow field surveys were made at Aach numbers of 3.52 and 4.07, and

angles of attack of 0, 5, 10, and 15 degrees. The wind tunnel free-
stiream Aeynolds number was ,upproximately 12 million per foot for all
tests.

The procedure used to obtain flow field survey data was to pitch
the model to the desired angle ot attack and then roll the model and
probes to a series of roll positions, pausing at each roll position
to obtain data from the flow field survey probes and tne surface
static pressure taps. .6he response of the pressure taps and lines,
particular:.y those on tue cone probes, was too slow to allow contin-
uous rolling of the model and prubes.

The reference for determining the roll position of the model and
probes was the vertical or pitca plane, as indicated oy an accurate
clinometer. The roll angle readout potentiometer on the wind tunnel
carriage was calibrated oy resting tne clinometer against the flat
side of the cone probe rake and reading Dota the clinometer and the
readout potentiometer at various roll positions. The accuracy of the
clinometer was f1 to ±2 minutes of arc. The angle of attack readout
potentiometer was calibrated in similar fashion.

The angle oetween the cone probe rake and Pitot tube rake was also

measured with the clinometer and was found to ie 90* 50'.

The strain aage pressure transducers used in the investigation were
calibrated with an accurate mercury manometer (±.l mm) and a dead
weight calibration &pparatus.

Most of the flow field survey data and surface p::essure data were
taken on tae leeward side of tae model. The pattern of measurements
in tne flow field survey plane is shown in Figure 5. Leeward side
data at a given angle of attack and Mach number were usually taken in
two wind tunnel runs. In one run, the cone probe rake wa mounted

S in the outer position and data were taken at roll positions 10 degrees
apart. In a second run tae rake was mounted in the inner position
and igain data were taken at roll positions 10 degrees apart. The
roll positions for the second run were located roughly midway between

3
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the roll positions for the first run so that cone probe data, Pitot
pressure data and surface pressure data were obtained at roll incre-
ments of roughly 5 degrees. Usually during the first run the windward
side data indicated in Figure 5 were obtained by reversing the model
pitch angle and also, a set of zero angle of attack data were obtained
at one roll position. There were two exceptions to this pattern of
measurements. In case of the Aach 3.52, 10-degree angle of attack
flow field survey, the windward side data were obtained with the cone
probe rake in the inner position ratner than the outer position. In
the case of the Aach 4.07, 5-degree angle of attack survey, leeward
side data were only obtained with the cone probe rake in the outer
position with roll increments of 10 degrees.

DATA AND RESULTS

DATA REDUCTION PROCEDURES. Aost of the data reduction procedures
were straightforward, but some of the conventions used in reporting
the results require explanation.

In reporting the results, circumferential locations around the
body have been denoted by the angle q, which is arbitrarily given
a value of 0 degree on the windward meridian and 180 degrees on the
leeward meridian. The flow field and surface pressure distribution
were assumed to be symmetrical with respect to the angle of attack
plane and the results are reported for one side of the body. Only
Pitot pressures were measured on both sides of the body.

The radial positions of flow field survey data points are reported
in terms of a dimensionless radial coordinate, (R-RB)/RB, where RB
is the body radius (1.5 inches).

As mentioned previously, all tihe flow field survey measurements
were made in a plane 6.5 diameters aft of a sharp nose. The axial
location of the surface pressure measurements is reported in terms
of station numbers, with station 1 located 0.5 inch aft of the
theoretical sharp nose, and station 20 located at the flow field
survey plane. The stations were spaced 1 inch apart in the axial
direction.

The measured surface pressures were converted to pressure ratios,
P/Pm and pressure coefficients, (P-P•)/qo, based on thie wind tunnel
free stream static and dynamic pressures, Po and q,. The results
are reported in this form.

The measured Pitot pressures were converted to pressure ratios
PP/PPW, based on the wind tunnel free stream Pitot pressure and are
reported in this form.

The cone probe pressure measurements were used to determine local
values of Mach number, static pressure and flow direction. The
details of the calibration of the ,probes and the data reduction
technique are discussed in Appendix A. Tie local static pressure

14
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measurements were converted to pressure ratios based on the wind
tunnel free stream static pressure, P/Pw, and are reported in this
form.

The direction of the local velocity vect3r, or local flow direction,
has Deen described by two angles, as follows:

1. a total flow angle, e, defined as the angle between thelocal velocity vector and the cone probe (or body) axis;

2. a flow direction angle, ý, defined as the angle oetween a
reference plane through the cone probe axis and the plane containing
the cone probe axis and the local velocity vector.

Sketches illustrating these conventions are shown in Figure 6. The
flow direction angle, c, can also be thought of as the flow direction
in the plane of the flow field measurements, or crossflow plane.
The reference plane for measuring, ý, was taken to be tne vertical,
or pitch plane.

TABULATED RESULTS. A set of tables listing all the flow field
survey and surface pressure results are included in Appendix B. The
results listed are as follows:

TABLE I: Surface Pressure Ratio, P/PCO
Surface PresouLe Coefficient, (P-P.)/q,

TABLE II: Pitot Pressure Ratio, PP/PP.

TABLE III: Aach aumber, :A
Total Flow Angle, E
Flow Direction Angle,
Static Pressure Ratio, P/P0

Some of the surface static .pressure results have been deleted
from Table I. The measurements deleted at stations 1, 2, 4 and 12
were in error due to faulty pressure transducer readings. The
measurements deleted at stations 18, 19 and 20 were in error due to a
base interference effect which is discussed on page 11.

Some values of Mach number and static pressure ratio have been
deleted from Table III. Aach numbers were not computed outside the
range 1.5 to 5 as it was felt any values outside these limits would
be inaccurate. Some values of lach number and static pressure were
obviously out of line with tne rest of the data due to base inter-
ference or other effects and were also deleted from the table.

PLOTTED RESULTS. Plots of surface pressure ratio, P/P1, versus
"axial position (X/D) are shown in Figures 7 through 14. Comparisons
are made in some of the figures with pressures computed with a method
of characteristics computer program. These comparisons are discussed
on page 8. "esults are snown for only three valueq of ý: 0'; 90°;
and 180c. In sonm cases, several surface pressure readings were

14
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made at a given location during the course of several flow field

survey tests. These replicate readings are indicated in the Figures.
Plots of surface pressure ratio versus circumferential position at
the flow field survey plane (X/D = 6.5) are shown in Figures 15 and 16.

In order to present the flow field Pito• pressure data in a concise
way and to illustrate the features of the flow field on the leeward
side of the body, m&aps were prepared showing a cross section of the
body and contours of constant Pitot pressure ratio at the flow field
survey plane. These maps are shown in Figures 17 through 22.

In the construction of the Pitot pressure maps, a computer was
used to interpolate with:la the grid oý measured values to determine
points of constant Pitot pressure ratio in the flow field survey
plane. Contours were drawn through these points by hand and conse-
quently, the results are subject to some judgement and/or bias.

In constructing the Pitot pressure ratio map for the A4ach 3.52,
15-degree angle of attack flow field it was reasonably clear what
part of the flow field had been affected by base interference. The
Pitot pressure ratio contours were extrapolated across this region
rather than following the interpolated points. The boundaries of
this region have been indicated in Figure 19. No clear indication
of the extent of base interferehkce could be detected in the Mach 4.07,
15 degree angle of attack Pitot pressure contours and consequently,
this map was not edited. The 5 and 10 degree angle of attack data
are thought to be free of any oase interference effects.

In the 10 and 15 degree angle of attack flow fields the Pitot
pressure data indicated clearly an embedded shock wave in the leeward
flow field. l'he Aach 4.07, 15 degree angle of attack data indicated
the presence of two embedded shock waves. The positons of all the
embedded shock waves indicated by tie data are shown in Figures 18,
19, 21, and 22.

The cone probe results were used to prepare maps similar to the
Pitot pressure ratio maps, using the same method of construction.
.laps of Mach number, static pressure ratio, total flow angle and flow
direction angle are shown in Figures 23 through 46. The flow direction
angle has been indicated •y small arrows at each measurement point
rather than contours.

There was no clear indication of embedded shock waves or of base
interference effects in the cone probe results. Consequently, the
maps shown in Figures 23 through 46 were not edited and the shock
wave positions shown are those obtained from the- PiLot pressure data.
The second embedded shock indicated by the Mach 4.07, 15 degree angle
of attack Pitot pressure data has not been noted on the other maps,
as it was not clear how the fairing of the contours would be affected.

It is important to note here that the Pitot pressure ratio maps,
Aach number maps and static pressure Latio maps were constructed

15
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individually from the experimental data and the fairing of the con-
tours through the interpolated :oints was done by hand with no cross
checking for consistency between the maps. As a result, values of
Pitot pressure ratio, Mach number and static pressure ratio read
from the maps for the same position in the flow field may not be
consistent. The maps are intended primarily to give a qualitative
look at the flow fields surveyed. Readers desiring quantitativeinformation should refer to the tabulated data in Appendix B.

DISCUSSION OF IRESULTS

COMPARISONS WITH CALCULATED VALUES AWD OTHER EXPERIMENTAL DATA. The
flow field around the ogive-cylinder configuration used in this in-
vestigation has been studied in two previous investigations, reported
"in references 1 and 2. Some of the data from tne three investigations
overlap, but substantial portions of the data do not. Thus, the three
investigations tend to supplement eacn other.

A summary of the test conditions for the three investigations is
given in the table below:

Invest- X R-RB Moo a ROD Type of
igation D RB deg x 10-6 Data

Survey
______ Plane __ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

Ref 1 7.5 .39 3.5 0,5 .5 Cone Probe
.59, 10,15
.79

Aef 2 5.5 0-1.2 2.49 0,5 3-4.3 Cone Probe;
6.5 3.5 10 Pitot Pressure;

4.3 Surface Pressure

Pre- 6.5 .167- 3.52 0,5 3 Cone Probe;
sent 1.33 4.07 10,15 Pitot Pressure;
Invest- Surface Pressure
igation

In all three investigations the nose tips of the wind tunnel models
were essentially sharp, with nose bluntnesses between one and
three percent.

Some comoarisons have been made of data from the taree investi-
gations to determine roughly wnether or not the data are consistent.
In addition, the inviscid flow field around the ogive-cylinder config-
uration was computed using a metlod of characteristics computer pro-
gram obtained from NASA (reference 9). The invisciC, flow field was

16
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calculated for a Mach number of 3.5 and angles of attack of 0, 5
and 10 degrees. The calculations should be accurate in all portions
of the flow field not affected by boundary layer separation rnd
provide a standard of comparison for the experimental results where
applicable.

Surface static pressures computed with the method of characteristics
program are compared with the experimental values for Aach 3.52 and
0, 5 and 10 degrees angle of attack in Figures 7, 8 and 9. The
agreement between the computed and experimental values is generally
quite good. The experimental values for th~e windward meridian (3=0)
at 10 degrees angle of attack are five to ten percent higher than
the computed values. It has been found that positive errors of this
magnitude can occur when the size of static pressure taps is compa-
rable to the displacement thickness of the boundary layer (refer-
ence i0). This would most likely occur on the windward side of the
model and may offer an explanation for the observed difference
between the calculated and experimental values. The computed values
on the leeward meridian at 10 degrees angle of attack are higher
than the experimental values toward the end of the body, 'out in this
region the flow field is affected substantially by boundary layer
se• aration.

A comparison of Pitot pressure data from reference 1 and the pro-
sent investigation is saown in Figure 47. The data from tUe two
investigations are in good agreement, even though tne flow field sur-
vey stations differed by one body diameter. This result, along with
the fact that the axial variation in static pressure toward the end
of thie body is small, indicates that the flow field develops quite
slowly irn the axial direction at this distance from the nose (6.5
to 7.5 diameters). The difference in Reynolds number by a factor of
five between the two investigations should not have affected the data
in the parts of the flow field unaffected oy boun•lary layer separation.
It is surprising, however, that the data are in agreement even in
regions of the flow fields affected o' separation.

, co,•parison of Pitot pressure data from the present investigation
and reference 2 with computed Pitot pressures for Aach 3.5 and angles
of attack of 5 and 10 degrees is snown in Figures 48 and 49. This
comparison indicates that the experimental data and computed values
agree to within ten percent except in the boundary layer and regions
of the flow field affected by ooundary layer separation. In the outer
part of the flow field at 3=135 and 3=180 degrees and 10 dugrees angle
of attack good agreement is obtained wita the computed values even
in the presence of boundary layer separation, Tlhe variation of
Pitot pressure within the flow fields at 5 and 10 degrees angle of
attack appears fairly small except in the attached and separated
boundary layer flow.

A conparison of total flow angle and flow direction angle measure-
ments from all three investigations with computed values from tihe
method of characteristics program is sihown in Figures 50 through 53.
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The measured and computed total flow angles generally agree within
2 degrees in the flow field outside the boundary layer and not affect-
ed by separation. At 3=135 degrees and 10 degrees angle of attack
where an effect of flow separation is expected tae computed and
experimental values differ oy 3 to 4 degrees, but appear to follow
the same trend in the radial direction. At ý=180 degrees the trends
are different.

Tihe measured and computed flow direction angles agree to within
10 to 15 degrees in the regions where comparisons are valid. The
experimental values on the leeward meridian at 10 degrees angle of
attack were g,-eatly affected by the strong flow divergence in the
separated boundary layer flow. T'he effect of the embedded shock on
the flow direction appears fairly substantial.

Finally, measured Mach numbers from reference 1 and the present
investigation are compared in Figure 54. The agreement is generally
good despite the fact that the measurements were made at different
axial and radial locations. The comparison should still be valid as
the measurements indicated only a small variation of Aach number in
the radial direction in the regions unaffected by separation, and it
should be safe to assume small variations in the axial direction also.
Computed values of Aach number are shown for tlie 5 and 10 degree angle
of attack flow fields and are in good agreement with the measured
values where a comparison is valid.

In summary, the experimental data from the three experimental
investigations are in reasonably good agreement and are consistent
with computed values for the inviscid flow field in all parts of the
flow field where a valid comparison can be made. It should be
possible to use the data from all three investigations together in
comparisons with theory or in empirical analyses of the flow field.

LXPEIIIENTAL PROBLELIS AL4) 5OUiRCLS OF ERROR. The accuracy of the
cone probe calibrations is discussed in some detail in Appendix A.
A general statement concerning the accuracy of tue calibrations is
as follows:

1. lach numbers are accurate to about 5 percent,

2. total flow angles are accurate to abouL 12 degrees,

3. flow direction angles are accurate to about 17.5 degrees.

The comparisons with other data and with theoretical inviscid v.-lues
discussed above indicate tnat these accuracies were achievwd in
most regions of the flow fields surveyed where taere was no effect of
ooundary layer separatinn. Tlhe comparisons also indicate the measured
• Pitot pressures were quite accurate.

Since the Pitot rake and cone probe rake surveyed tao flow field
on opposite sides of the body, the symmetry of the flow field is of
some concern. A comparison of Pitot pressure data from the cone
proLe rake with corresponding data from the Pitot rake is shown in
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Figure 55. The pressures compared are in good agreement, indicating
the flow field was symmetrical to within the accuracy of the data.
Comparisons similar to the one shown were made for all the flow fields
surveyed and in all cases the Pitot pressures from opposite sides of
the body were in good agreement.

Two sources of error could have affected the experimental measure-
ments to a greater extent in the regions of separated flow than
in other parts of the flow field. These are: (1) viscous effects;
and (2) the effect of Aach number and pressure gradients.

Viscous effects on the cone probe and Pitot pressure readings are
thought to be negligible. An estimate of the viscous interaction
parameter X = M3/ V'ek was made for the cone pressure probe at the
point of minimum Reynolds number in the .Aach 4.07, 15 degree angle
of attack flow field. Assumirng a total flow angle of zero, a value
of X less than 0.1 was obtained. It was concluded that viscous
effects on the cone pressure readings were probably negligible (refer-
ence 11). A similar estimate was made of the minimum Reynolds number
based on Pitot tube diameter and the resulting value was found to be
greater than 1000. Accordingly, viscous effects on the Pitot pres-
sure readings should have Deen negligible (reference 12).

Since the diameter of the Pitot tubes was quite small (.032 inch)
compared to the size of the flow field surveyed the effect of Aach
number and pressure gradients on the Pitot pressure measurements
should have been negligible. This is probably not the case for the
cone probes, however, which were much larger in diameter (about
.19 inch).

Unfortunately, no accepted method for correcting cone probe readings
for the effect of Aach number and pressure gradients is available.
Consequently, no attempt has been made to correct the cone probe
measurements for this effect.

Two experimental problems were encountered which may have affected
some of the experimental measurements in the region of separated flow.

In some cases the pressure in the tubes connecting the cone probes
with tne prescure transducers had not steadied out during the period
when the pressure data were recorded. :lost of the unsteady pressure
data recorded occurred in the separated flow regions, where pressures
were lowest. Where unsteady readings were encountered, an effort
was made to estimate steady values of pressure by curve fitting the
following type equation to several successive pressure readings (a
number of readings were recorded at each survey point):

P = a + be-ct

,4here: a, b, c = constants determined during the curve fitting process
t = time

19

10



AOLTR 72-198

The estimated steady pressure reading is given by the constant a.
The accuracy of the estimated steady values appeared to be good in
some cases and poor in others. In some cases the equation above did
not appear to describe the trend of the data and could not be used,
in which case the final value recorded was used. At any rate, the
Aach numbers and flow angles computed from the cone pressure data
were related to correlation parameters involving four pressure read-
ings and should not have been highly sensitive to errors in a single
reading.

The second experimental problem encountered was a base interference
effect which affected some of tne surface pressure data and flow
field data at 15 degrees angle of attack. The base interference was
due to an overly large connecting nut which was used on the two piece
sting support used in the tests. Unfortunately, the interference
effect was not identified until after the flow field tests had been
completed.

i he effect of base interference on the surface static pressure at
the flow field survey station (X/ID = 6.5) is shown in Figure 56.
According to these measurements the flow field at the model surface
was affected from 3 1250 to i1550, for .1 = 3.52 and 8 1250 to

1 l650 for -1 = 4.07. At 10 degrees angle of attack, the surface
static pressures were free of any interference effect.

Uil flow photographs were taken ater the flow field survey tests
to study the location of boundary layer separation along the model.
ihese photographs were taken at Aach 4.07 and 10 and 15 degrees angle
of attack and illustrate clearly the extent of tne base interference
effect on the model surface. The two photographs are shown in Fig-
ures 57 and 58, and confirm that the interference did not quite reach
the flow field survey plane at 10 degrees angle of attack, but
reached a point well ahead of the flow field survey plane at 15 degrees
angle of attack.

ts mentioned previously, the effect of the base interference was
apparent in the Pitot pressure contours obtained from the A1 = 3.52
15 degree angle of attack Pitot pressure data, and the Pitot pressure
map for this case was corrected ny extrapolating the data across the
region of base interference. The effect of interference was not
apparent in any of the other contour plots and no further corrections
were made. Individual data points which appeared to be obviously
incorrect due to the base interference or otherwise have been deleted
from the tabulated data given in Appendix B.

Comparison of the surface static pressure data with static pressures
measured in the flow field near the surface indicates agreement is
not too good, particularly in the 5 degree angle of attack cases.
T±his should not be too surprising since the static pressure ratios
in the flow field were computed from the measured Aach number and
Pitot pressure, and the error in static pressure will range from
two to seven times the error in the *lach number depending upon the
Aach number. It is hoped taat the flow field static pressure results
at least indicate the correct trends.
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CONCLUDING REIIARKS
The flow field at one station (X/O = 6.5) on an ogive cylinder of

fineness ratio 4 was surveyed at Mach 3.52 and 4.07 and angles of
attack of 0, 5, 10 and 15 degrees.

The experimental results have been compared with those of two
previous investigations and with theoretical values for the inviscid
flow field calculated by the method of characteristics. The experi-
mental results from all three investigations are reasonably consistent
and in fairly good agreement with the theoretical results in regions
of the flow fields 414here comparisons are valid.

12
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FIG.2 PITOT TUBE RAKE
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FIG. 3 CONE PROBE RAKE
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APPENDIX A

CONE PROBE CALIBRATION AND DATA REDUCTION

CALIBRATION PROCEDURE. The cone probes used in the flow field
surveys were calibrated by removing the ogive-cylinder model from
the sting support and exposing the probes to the uniform wind tunnel
flow at various angles of attack and roll positions. The calibration
test setup is shown in Figure A-I. Calibration data were taken at
Aach numbers of 2.06, 3.05 and 4.08. The calibration test setup
allowed the probes to be rolled through an angle of 180 degrees,
starting in the pitch plane as shown in Figure A-I and ending in the
pitch plane opposite the position shown. The sting support could
be pitched from -12 degrees downward to 22 degrees upward. This
rangea of pitch and roll allowed calibration data to be taken with
flow approaching the probes from each quadrant. The probe rake
was rolled in the same direction during the calibration tests as in
the flow field survey tests.

In the case of cone probes with four static pressure orifices
spaced 90 degrees apart around the cone surface, first order cone
flow theory gives the following relations:

(P1 + P2 + P3 + 4)=f(M) (Al)
''Po

P - + NPo- P4 = Ef 2 (M) (A2)

(P 1 ~ P )/ P o p ' ) ta n 0 1 (A 3 )

Where: Pl, P2, P3, and P4 denote the pressures measured at the

four orifices

Po = the local total pressure

The functional relationships are not changed if the local Pitot
pressure is used rather than the total pressure. Ignoring flow

A-1
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angularity effects, the local Pitot pressure is measured by the
fifth orifice located at the tip of the probe. The layout of the
cone probe orifices and the definition of the flow direction angle
4' is illustrated in Figure A-2.

Examination of the probe calibration data led to the following
functional relationships:

PI + P2 + P3 + P4 f 3 (6,M) (A4)
P5 _

+ P2 - P4 tAn +' (AS)

Where A and B are constants.

Relations (A4) and (A5) were established by curve fitting the experi-
mental calibration data. Thie range of the calibrations was extended
to v=5 by using some previous NOL calibration data for similar probes
and some theoretical values from the AGARD cone tables (reference 13).
data from both of these sources were in reasonably good agreement withI
the A=4.08 calibration data of this investigation. The relationships
resulting from curve fitting the data are shown iii Figures A-3a and

A..3b.

it appeared that no significant improvement in accuracy would beI
gained by using separate calibrations for each probe. Some influence
of 4)' was noted in Relation (A4) and likewi~se an influence of both
4)' and .1 was noted in Relation (AS). The data indicated, however,
that these effects were small and would be very hard to correlate.I
According to reference 14, some improvement in probe calibration
accuracy was achieved in similar probe calibrations by considering
the quadrant of the flow direction as an additional parameter. It
did not appear that this would sigjnificantly improve the accuracy of
the calibrations in this investigation.

ACCURACY Accuracy of thle probe calibrations was estimated by
comparing" Relations (A4) , (A5) and (A6) witn the individual calibra-
tion data points. Values of root mean square deViation of the indi-
vidual data points from the final calibrations arc given in the table
below :
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Mach LM Ae Ap'
No. M% (deg) (de g)

2.06 ±1.1 ±1.2 ±2.7
3.05 1.8 .7 3.2
4.08 2.0 .6 2.7

The maximum (+) and (-) deviations of the data points from the
calibrations are shown in Figures A-4a, A-4b and A-4c as functions of
M1ach number and total flow angle. The rms deviations are indicated on
the graphs. In general, it is seen that the overall spread of the
data was about 2 to 3 times the rms deviation. Small trends with
respect to Aach number and total flow angle can also ne seen.

For a general statement as to the accuracy of the probe calibrations
it can be said that:

1. Mach numbers are accurate to about ±5 percent,

2. total flow angles are accurate to about ±2 degrees,

3. flow direction angles are accurate to about ±7.5 degrees.

DATA REDUCTION PROCEDUE. Data reduction using Equations (A4), (A5)
and JA6) was straightforward, with no iterations required. The
procedure was to compute p' and c first, using Equations (A6) and
(A5) and then compute A, using !quation (A4).

3L
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1p =00

FLOW DIRECTION

r450-=36o° . w'o
2

0-=1800

FRONT VIEW OF CONE PROBE

FIG. A-2 FLOW DIRECTION CONVECTION USED IN CONE PROBE CALIBRATIONS
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FIG. A-3a CORRELATION OF CONE PROBE CALIBRATION DATA
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APPENDIX B

TABULATED RESULTS
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TABLE I

SURFACE PRESSURE RATIO

SURFACE PRESSURE COEFFICIENT
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TABLE II

PITOT PRESSURE RATIO
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TABLE III

MACH NUMBER

TOTAL FLOW ANGLE

FLOW DIRECTION ANGLE

STATIC PRESSURE RATIO

"119
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MACH NUMBER, FLOW ANGLE, CROSSFLOW DIRECTION AND STATIC PRESSURN RATIO
FNEE STREAM MACN NIIM4HMR v 4.07 ANGLE OF ATTACK a 5 VEbREES

BETA DISTANCE FROM BODY SURFACE. (P-RB6/R8

DEG 0,1667 0.3333 0.5000 0.6667 0.8333 1.0000 1,166r 1.3333

-0,5 4,08 4904 4.17 4.08
1.0 1.8 2.3 1.9

342o 353, 357. 356.
1,0096 1.0347 0.9605 1.0674

29.3 4.14 4.08 4418 4.11
2,7 2.7 3.0 2.6

38, 27. Is, 21.
0.9627 1.0005 0.9628 1.0305

59.7 4.17 4.14 4.21 4.17
5.2 4.5 4.2 3.9

23, 22. 15, 17.
048814 0.9196 0,9101 0.9543

90.2 4,29 4.20 4.22 4.24
6,8 5.8 5.3 4.8
1, 6. 0. 3.
0.7654 0.8310 0,8453 0.567

89.6 4431 4.22 4,34 4.21
9,5 Boo 7.1 6.4
4, 1, Z. 3.
0.7154 0,8076 0.7920 0,8650

99,6 4.37 4.23 4.36 4.25
9,6 6.4 7.4 6.8

356. 354, 356, 357,
0,6690 0.7783 0,7682 0.8274

109,4 4,37 4.25 4.39 4,27
9,5 8.4 7. 6.9

349, 348. 351, 3540
0,6585 0.7506 0.7347 O.7961

119.6 4.31 4,25 4.40 4.26
R.7 7.9 7,3 h.8

345. 343. 345. 3499
0,6997 0,7487 0,7218 0#7TS2

129.5 4.32 4.25 4.41 4,Z5
8o0 7.4 7.0 6.

341, 340o 341. 345.
0,7333 0.7712 0.7257 .q7754

139,8 4.28 4.26 4,39 4,28
7.4 6.8 6.4 6.2

335o 337. '38. 342.
0,7606 007865 0,741 0,7717

150.0 4.30 4.26 4.40 4,29
4.4 6.0 5.5 5.6

3269 334, 338. 342.
007681 0.8019 0.7552 0.7827

160,0 4,40 4,22 4.37 4,21
4,6 4,9 4.8 Soo

308, 332. 339. 3439
0,7342 0.8304 0.7781 0,7962

* 170.1 4,03 4.19 4.35 4,2b
2.6 3.9 4.0 4.3

287, 336. 344. 349.
0,7942 0,6580 0.7932 0.8126

180.8 3.89 4.20 4.36 4.25
0,0 3.2 3s5 4.1

338. 351. 393. 354.
0.8265 0.8561 0.7896 0.8161
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