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SUMMARY

Pressure distributions and shock shapes were measured on a spherically blunted,
12.84°/7°, on-axis biconic, a spherically blunted, 12.84°/7°, bent-nose biconic
(fore-cone bent 7° upwards relative to aft-cone), and a spherically blunted 12.84°
cone at Mach 6 in air. The angle of attack, referenced to the axis of the aft-cone,
was varied from 0° to 25° in nominal 5° increments. Two values of free-stream
Reynolds number based on model length were tested, 0.7 X 106 and 5.3 x 105. pre-
dictions from simple theories and from a Supersonic, Three-dimensional, External
INviscid code, referred to as STEIN, were compared with measured values.

Predicted (STEIN) shock shapes and windward pressures were in good agreement with
measured values for both biconics over the present range of angle of attack; somewhat
poorer agreement was observed for the leeward pressure. For values of the fore-cone
angle of attack exceeding the fore-cone half-angle, schlieren photograhs illustrate
the existence of an imbedded shock within the shock layer on the leeward side, and a
minimum was observed in the circumferential pressure distribution (the surface pres-
sure on the most leeward ray (0°) exceeded that on the 45° ray). This minimum has
been observed in previous cone studies and is attributed to flow separation and the
formation of two symmetrical, supersonic, counter-rotating vortices. No significant
effect of Reynolds number on surface pressure was observed; however, there was an
appreciable effect on base pressure. For the present range of angle of attack, the
leeward base pressure was less than the leeward model-surface pressure just upstream
of the base, implying a lack of communication between the two flow regions.

INTRODUCTION

To maximize the scientific return of a planetary-exploration program, the entry
vehicle must be designed to have high volumetric efficiency and low weight. One
means of achieving these design objectives is to minimize the rocket propulsion sys-
tem by using aerodynamic forces to capture the vehicle into a closed orbit in the
atmosphere of the planet (ref. 1). The use of 1lift and drag to capture a vehicle or
modify an orbit has been under consideration since the beginning of space explora-
tion with probes; however, this principle has not been applied, primarily because
of inadequate navigation or inadequate knowledge of the atmosphere of the planet
(ref. 1). As more information is obtained on the atmospheres, and navigational
shortcomings are overcome, the aerocapture and aerobraking techniques become more
promising. (The aerobraking technique uses the drag during successive passes
through the upper atmosphere of a planet to circularize a highly elliptical orbit.
Aerocapture represents a transfer of the vehicle into a closed stable orbit from a
fly-by trajectory. The one-pass aerocapture technique calls for precise control and
requires a higher level of technolgy than does aerobraking.)

The external design of the aerocapture vehicle is usually evolved from the ini-
tial trade~off studies, in which the aerodynamicist must identify the combination of
basic body and control systems with attendant stability and control characteristics.
Several basic factors determine the vehicle aerodynamic shape and corresponding per-
formance characteristics, such as volumetric efficiency, vehicle design mass, and
accuracy. For proposed flights to Mars, Venus, Saturn, and Titan, the feasibility
studies of references 1 to 3 conclude that biconic shapes offer the most attractive



compromise of high lift-drag ratio for inserting accuracy, low hypersonic ballistic
coefficient, and high volumetric efficiency. Also, biconic shapes would fit nicely
into the Shuttle orbiter bay. The leading candidate selected in reference 3 for
planetary missions involving the aerocapture technique is a 12.84°/7° bent-nose
biconic with a bend angle of 7°. The geometric asymmetry of this configuration gen-
erates a lift-drag ratio of approximately 1.5. The bend angle is usually held to a
relatively small value to reduce heating of the fore-cone section and therefore
reduce heat-shield mass loss via ablation.

To avoid a conservative design involving larger and heavier control characteris-
tics, thus reducing scientific return, an accurate data base on vehicle performance
during entry is needed. Because wind tunnels are not capable of duplicating the full
flight trajectory of a planetary-entry vehicle, numerical techniques must be relied
upon heavily to furnish this data base, that is, to furnish the flow environment
surrounding the vehicle during entry. However, experimental results are needed in
order to validate the results from the numerical flow-field codes.

To assist in providing such a data base at hypersonic conditions, a study has
been initiated at the Langley Research Center. The purpose of this report is to
present preliminary results from this study. Pressure distributions and shock shapes
measured on an on-axis biconic, a bent-nose biconic, and a sphere-cone in the Langley
20-Inch Mach 6 Tunnel are presented for angles of attack from 0° to 25° and Reynolds
numbers of 0.7 x 106 and 5.3 x 10® based on model length. These data are com-
pared with predicted results obtained with modified Newtonian theory, the semiempir-
ical theory of Amick (ref. 4), the method of High and Blick (ref. 5), and the invis-
cid flow-field code of reference 6, referred to as STEIN (Supersonic Three-
dimensional, External INviscid code). Also presented herein are results from a
calibration of the Langley 20-Inch Mach 6 Tunnel. (See appendix. )

SYMBOLS
Ps - Py
o pressure coefficient,
o 9
i.d. inside diameter
L model length, m
M Mach number
o.d. outside diameter
o pressure, Pa
q dynamic pressure, Pa
R unit Reynolds number, !
r radial coordinate measured from axis of aft-cone section, normal to axis
Iy base radius, m
b nose radius, m
T temperature, K



time, sec

U velocity, m/sec

w test~section width, m

X,¥:2 model coordinates (see fig. 2}, or test-section coordinates (see fig. 18)

o angle of attack, deg

Op, max angle of attack for maximum pressure on the most windward ray, deg

B see equation (10)

Y ratio of specific heats

o) angle that front elliptical plane of aft-cone section of bent-nose biconic
model makes with a line perpendicular to the axis of revolution, deg
(see fig. 2(b).)

n angle between axis of revolution of fore-cone section and aft-cone section
of biconic, deg (n = 0 for on-axis biconic, see fig. 2)

6 cone half-angle, deg

¢ circumferential angle measured from the most leeward meridian, deg

Subscripts:

a aft section

b base

c cone surface

core across the core

cp center probe of survey rake

e equivalent

f fore section

2 immediately upstream of base

m measured

max maximum

s surface

stag stagnation

t,1 reservoir stagnation conditions



t,2 stagnation conditions behind normal shock
® free-stream conditions

A bar over a symbol denotes a mean value.

FACILITY

The Langley 20-Inch Mach 6 Tunnel (refs. 7 and 8) is a blowdown wind tunnel that
uses dry air as the test gas. Air is supplied from a 4.14-MPa tank field and is
heated to a maximum temperature of 560 K by an electrical resistance heater; maximum
reservoir pressure is 3.5 MPa. The general arrangement of this facility is shown
schematically in figure 1. A fixed-geometry, two-dimensional, contoured nozzle is
used. The sidewalls are parallel, forming a 0.86~cm by 50.8-cm throat section and a
52.1-cm by 50.8-cm test section. The length from the nozzle throat to the centerline
of the most upstream schlieren window is 2.27 m. This tunnel is equipped with a
variable second minimum and exhausts either into a vacuum sphere, or when the annular
ejector is used, into the atmosphere. Maximum run time is 2 minutes with the vacuum
sphere and 20 minutes with the ejector. Models are mounted on an injector system
located beneath the test section. This system includes a remote~controlled sting
support capable of moving the model through an angle-of-attack range from -5° to 55°,
and a yaw range of ~10° to 4°.

MODELS

A planform view and dimensions of the biconic models and the sphere-cone model
are shown in figure 2. Model 1 (fig. 2(a)) is an on-axis biconic having a fore-cone-
section half-angle of 12.84°, aft-cone-gsection half angle of 7°, spherical nose
radius of 5.79 mm, and base diameter of 7.62 cm. Model 2 (fig. 2(b)) has the same
basic dimensions as model 1, but the fore-cone section is bent upwards (n = 7°)
relative to the aft-cone section. This bend requires that the base of the fore-cone
section be cut at a slant, thereby providing an elliptical cross section that must be
matched to that of the aft-cone section. The angle § (fig. 2(b)) describing this
cutting and matching of the fore-cone and aft-cone sections, in terms of the bend
angle 1, is given by the expression

cos Sf
= i +  — 1
tan § sin nf{cos n cos ea (1)

Models 1 and 2 are referred to as the on-axis biconic and bent-nose biconic models,
respectively. The models were sting mounted; the sting diameter was 2.54 cm and the
ratio of sting length to sting diameter exceeded seven.

Also tested was a spherically blunted cone (model 3, fig. 2(c)) having the same
half-angle (12.84°) and nose radius (5.79 mm) as the fore-cone section of the biconic
models and a base diameter of 7.62 cm. This sphere-cone model provided more detailed
pressure distributions than obtained on the biconic fore-cone sections. The detail
of the pressure distributions for all models was dictated in part by the number of
pressure tubes that could be passed through the sting.

The models were fabricated from stainless steel and had a wall thickness of
approximately 2.5 mm. The biconic models had 62 surface pressure orifices, and the
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sphere cone had 61 orifices. Each model also had two pressure orifices on the flat
base. The surface orifices were distributed along five rays (the most windward, the
most leeward, and three rays at 45° increments between the windward and leeward
rays). Pressure tubing was stainless steel with an inside diameter of 1.02 mm and
was mounted normal to and machined flush with the surface. These tubes were stepped
up to a 1.52-mm inside-diameter stainless-steel tube within the model shell. The
measured locations of the pressure orifices monitored in this study (see section
"Instrumentation") are presented in table I for the three models.

INSTRUMENTATION

Model surface pressures were measured using variable-capacitance diaphragm
transducers having 7 ranges of pressure, the maximum being 133 kPa. Twenty such
transducers were available for use. The signals from the transducers were recorded
on a magnetic tape by an analog-to-digital recording system. Output signals from 8
of the 20 pressure transducers were displayed on an oscillograph, and data were taken
at selected times. This interaction with the system allowed the taking of data for a
steady-flow condition (reservoir pressure, reservoir temperature, and test-section
pitot pressure constant with time); also, pressure-lag effects due to the long
length of tubing (approximately 3 m) could be observed and data could be taken after
allowing sufficient time for the model surface pressure to become nearly constant.

To decrease the response time of the pressure-measuring system, the transducers and
reference manifold were subjected to a pressure prior to the run that was expected to
be close to that on the leeward side of the model surface during the run. A switch-
ing device referred to as a pinch bar allowed the 20 pressure transducers to be used
to measure 56 surface pressures and the leeside base pressure during a run. (The
pitot pressure at the test section was monitored during the run with a fixed posi-
tion, single-pitot pressure probe. This pitot pressure was measured on all 3 pinch
bars, leaving 19 transducers available on each pinch bar for measuring model
pressure.)

Shock shapes were recorded using a single-pass schlieren system. A point light
source was operated in a continuous mode during tunnel start-up. Once steady flow
was obtained over the model, a mirror was inserted into the schlieren system to
reflect a short-duration light pulse from the lamp into a camera equipped with a fast
opening shutter; hence, a single frame was obtained during a run. Representative
schlieren photographs for the bent-nose biconic at various angles of attack are shown
in figure 3.

TEST CONDITIONS

Tests were performed for two values of reservoir pressure, 0.34 and 3.46 MPa.
The lower value of reservoir pressure results in a value of the unit free-stream
Reynolds number close to that obtained in the Langley Hypersonic CF, Tunnel (ref. 9)
(see appendix); the higher reservoir pressure represents the maximum value of
Reynolds number possible in the Langley 20-Inch Mach 6 Tunnel without flow-
condensation effects. Nominal flow conditions for the present study are as follows:

Py,qr MPa | T, 4 K| p,, Pa|T,, K M R, o] Py, s kP2
0.34 452 252 [57.5 |5.855| 3.6 x 106 1.2
3.46 503 2200 |61.4 |5.996 | 28.7 x 106 102.9




The high-reservoir-pressure tests offer several advantages over the low-
reservoir-pressure tests, such as reducing pressure-lag effects, allowing the
pressure transducers to operate in a more accurate range, diminishing possible
orifice effects (ref. 10), and enhancing schlieren quality.

Calibrations of the Langley 20-Inch Mach 6 Tunnel performed prior to the present
study covered reservoir pressures from 0.52 to 3.03 MPa (refs. 7 and 8). 1In order
to extend the facility calibration to include the reservoir pressures of the present
study, a calibration was performed for reservoir pressures from 0.3 to 3.6 MPa. The
results of this calibration are presented in the appendix.

The biconic models were tested over a range of angle of attack from 0° to 25° in
nominal 5° increments. The angle of attack a is referenced to the axis of the aft-
cone section, which corresponds to the sting axis. The spherically blunted cone was
tested at the same angles of attack and also at a = 32°, corresponding to the angle
of attack of the fore-cone section ag oOf the bent-nose biconic at ¢ = 25°.

DATA REDUCTION AND UNCERTAINTY

Free-stream and post-normal-shock flow conditions were determined for each run
by assuming an isentropic expansion of the air test gas between the reservoir and
nozzle test section. For the range of reservoir conditions and flow conditions of
the Langley 20-Inch Mach 6 Tunnel, the test air behaves ideally. The free-stream
Mach number M_ was determined from the measured reservoir pressure pg 4 and pitot
pressure py 5 by using a second-order least-squares fit applied to the tabulated
results of reference 11 for 5.8 < M, < 6.1. This curve-fit expression is

2
P P
M, = 8.300676 - 106.163818( —=¢2 | + 963.509616 —t£2 (2)
Pt,1 Pt,1

Corresponding free-stream conditions and post-normal-shock conditions were obtained
by using the ideal-~air relations of reference 11.

Pitot pressure Pt,2 Wwas measured at various times during the run with a fixed-
position, single-pitot pressure probe. This probe was inserted into the tunnel from
the top of the test section and positioned 6.35 mm downstream of the center of the
schlieren window and 10.8 cm above and 9.70 cm to the right of the nozzle centerline
looking upstream. The pitot probe remained in the test section during each run to
provide information on the steadiness of the flow. Schlieren photographs revealed
the presence of a family of oblique shocks at the bottom of the test section for
model angles of attack exceeding 10°., The present pitot pressure time histories diad
not reveal any significant blockage effects for the present range of angle of attack.
The model stagnation point at zero incidence was 5.9 cm to 6.5 cm upstream of the
pitot pressure probe. As noted in the appendix, the axial variation in pitot pres-
sure for a distance of 5.9 cm to 6.5 cm is quite small and no correction for nozzle
axial gradients is applied to the present results.

Comparison of the pitot pressure measured with the fixed probe to the pressure
measured at the model stagnation point at zero incidence revealed the stagnation-
point pressure was approximately 3 percent higher than the pitot pressure. Measured
surface-pressure distributions presented herein are nondimensionalized by the
calculated free-stream static pressure P,+ At Mach 6, a 3-percent discrepancy in
pitot pressure Pt,2 corresponds to a 4.5-percent discrepancy in P+ Because of
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the observed difference in pitot pressure and model stagnation pressure, a 10.16-cm-
diameter sphere pressure model was tested, and the results are. presented in the
appendix. Based on these tests with the sphere, the pitot pressure measured with the
single probe was multiplied by 1.032 to obtain the corresponding value of p¢, 6o

on the nozzle centerline. This corrected value of pg,» was used to compute flow
conditions. (This correction factor of 1.032 was obtained at reservoir pressures
between 0.19 and 0.82 MPa; thus, this factor is applicable to the tests made at a
reservoir pressure of 0.34 MPa. Since the difference between the pitot pressure and
model stagnation-point pressure was essentially the same for both values of reservoir
pressure tested (0.34 and 3.46 MPa), this value of the correction factor is believed
to be applicable at the highest reservoir pressure as well.)

Due to the long pressure-tube lengths and relatively low level of surface pres-
sure for the present models, significant pressure-lag effects were experienced, par-
ticularly at the lowest reservoir pressure. For the most part, the tunnel run time
was sufficient to obtain nearly constant values of surface pressure from all three
pinch bars. Based on previous experience with the present instrumentation and the
data scatter in the surface pressures measured on the on-axis biconic and sphere-cone
models at zero angle of attack, the measured values of windward pressure are believed
accurate to within 4 to 5 percent. Leeward pressures are believed accurate to
within 6 percent at the higher value of p¢, 1 and 7 to 8 percent at the lower value
of Pp¢,1 Pitot pressure measured with the single probe is accurate to within
1.5 percent.

The detachment distance of the shock from the model surface was read manually
from enlargements of the schlieren photographs to approximately 1.4 times actual
model size. These readings were made using a digitizing system having a sensitivity
of 100 counts per 2.54 mm. The maximum uncertainty in measured shock detachment
distance is believed to be less than 5 percent.

For the present tests, the model angle of attack was set with an inclinometer
prior to the run and the model was injected into the flow at this angle after steady
flow was established in the nozzle; that is, only one angle of attack was examined
for each run. As a check on this setting, the angle of attack was read from the
schlieren photographs using the vertical plumb line as a reference. (See fig. 3.)
At the higher reservoir pressure, the angle of attack inferred from the schlieren
photographs differed somewhat from the angle of attack set prior to the run.
Although this difference is typical of sting bending, the cause was traced to the
fact that the magnetic clutch on the angle-of-attack mechanism was out of adjust-
ment. Values of a set prior to the test and the corresponding values read from the
schlieren photographs ap, for the two biconic models and the sphere-cone model at
the higher unit Reynolds number (reservoir pressure) are as follows:

ay, deg
a, deg . Sphere-cone
On-axis (model 1) Bent-nose {(model 2) (model 3)
5 5.0 5.0 5.0
10 10.25 10.6 10.55
15 15.5 15.8 15.8
20 20.7 21.0 21.0
25 25.85 26.25 26.0
32 33.0




Measured values of angle of attack for the sphere-cone model at the lower unit
Reynolds number agreed to within 0.1° of the inclinometer setting prior to the run
for all angles of attack. (Schlieren photographs were not obtained for the biconic
models at the lower unit Reynolds number.)

The angle of attack for the bent-nose biconic (model 2) is referenced to the
axis of revolution of the aft-cone section, which is coincident with the axis of the
sting. 1In the comparison of measured and predicted pressure distributions and shock
shapes, the data are plotted as a function of z, where the z=-axis is coincident
with the axis of revolution of the fore-cone section and z = 0 at the tip of the
spherical nose. (See fig. 2.)

PREDICTION METHODS

Surface~pressure distributions on the most windward ray (¢ = 180°), and the most
leeward ray (¢ = 0°) of the models for af < Bf, were predicted by using the modified
Newtonian expression for a cone at incidence (ref. 4)

_ , 2
Cp,¢=180°,0° = Cp,stag sin™ (6 £ «) (3)

where C ,stag is the pressure coefficient at the stagnation point behind a normal
shock ang the sign for a is positive for the windward side and negative for the
leeward side. For a flat-faced cylinder (8 = 90°, q = 0), the pressure coefficient
at the stagnation point for Mach 5.85 to Mach 6 airflow is 1.8165; thus, equation (3)
may be expressed as

‘o

= = 1.271551»xm2 sinZ (0 % o) + 1 (4)

p

8

Surface pressures were also predicted using the semiempirical expression of
Amick (ref. 4)

c < 2 g (6 & a)
C o no = C P Tax sin (5)
t= P +
P, ¢=1807,0 rstag Cp,stag s, max 0

where Cp,max is the maximum pressure coefficient for a given cone angle and Mach
number and 0p, max is the angle of attack for maximum pressure on the most windward
ray. (The maximum pressure on a cone at ¢ ,max Will be somewhat greater than the
stagnation pressure behind a normal shock because the shock is not quite normal
(ref. 4).) For the present cone half-angles of 7° and 12.84° and for the present
Mach number, C ,max/Cp,stag 18 less than 1.01 (ref. 4) and is taken herein to be
unity. The angle of attack for maximum pressure on the most windward ray was
obtained from a linear fit applied to the results of figure 6 in reference 4, and
yields the expression



a =2 . 1.40 (6)
p,max 2

In terms of surface pressure, equation (5) becomes

= 1.27155M 2 gin? [—2 X @ ), 4 (7)
) 1 - 0.860

T

'U"U
g |w

The Newtonian expression for the circumferential pressure distribution about a
cone is

- 2 ~
Cp Cp,¢=180° cos” B (B < 1/2)
and (8)
c =0 (B > n/2)
p J
or, in terms of surface pressure
Ps 2 . 2 2 ~
;— = 1.27155M_" sin (¢ + 8) cos” B + 1 (B < 1/2)
and > (9)
Pg
— =1 (B> n/2)
P, B J
where
B = cos_1 cos O cos (180 = ¢) sin g + sin 6 cos a (10)
sin (a + 6)

The semiempirical expression of Amick (ref. 4) for the circumferential pressure is

_ 3 _ 3 _ 3
Cp = cp,dF180°{1'1 cos~ (0.75RB) 0.1 + sin™ R[0.00097R 0.15 cos™ (a + e)§ (11)



Circumferential pressure distributions were also predicted using the method of
High and Blick (ref. 5). For convenience, this method is outlined as follows:

Yo Mo
=1+ ——————[% - (c - C* ) f(M) (12)
2 b.,e p.,e p.,e

@I o)
w

where
4 sin2 2] (2.5 + 8 qM 2. 1 sin 8 )
e © e
C = (13)
Prse 2
<1+16\|M —1sin9>
@ e
and

8 = sin | [sin 8 cos a + cos 6 sin ¢ cos (180° - 4)] (14)

For a < 9,

C*

C
p.e p.e, $=90° (15)

and

-105
f£(M) = c, $=90° (16)
For a > 0,
1.5 » 2 1.5
* = 2 + + (1 -
Cp,e Mc,¢=180°[ sin” (a 8)] ( Mc,¢=180°)cp,e,¢=180° (17)
and
-1-5
f(M) = M
(M) c, o (18)
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For M sin 6 < 1,
© e

M = (19)

(o4
MOD sin ee 2
[1 + exp(=1 - 1.52 M°° sin ee)] 1 + >

and for M sin 6 > 1,
® e

(20)

M

c =
\]1 + 0.35(M_ sin ee)1'5

One of the primary objectives of the present study was to compare surface pres-
sure distributions and shock shapes obtained with a steady, three-dimensional
inviscid flow-field code (ref. 6) to measurement. This code, referred to as STEIN
(Supersonic Ipree-dimensional External INviscid), uses a MacCormack-like scheme to
integrate the three-dimensional EBuler equations. Shock waves are computed as discon-
tinuities via the Rankine-Hugoniot jump conditions. The Mach number in the marching
direction (an axis running from the nose of the vehicle to the base) must be super-
sonic at every point in the flow field, and the geometry must be such that no imbed-
ded regions of subsonic flow exist. The subsonic-supersonic flow about the spherical
nose was computed using the blunt body code of Moretti (ref. 12).

Predictions of the pressure distribution and shock shape for the two biconic
models using the STEIN code were made prior to discovery of the difference in the
post-run setting of the angle of attack and the actual angle of attack during
the run. Because of the computer time and expense necessary to rerun all these
cases, the decision was made to rerun only the case for the bent-nose biconic at an
angle of attack of 21°. This angle was selected because it is representative of the
angle of attack required for aerocapture in the Titan atmosphere.

RESULTS AND DISCUSSION
Shock Shapes

Measured shock shapes for the on-axis biconic {model 1) and bent-nose biconic
(model 2) are shown in figures 4 and 5, respectively, for angles of attack from 0°
to 25°. Although the angle of attack a for the bent-nose biconic is referenced to
the axis of the aft-cone section, the measured shock shapes for this model (fig. 5)
are plotted relative to the fore-cone gection (i.e., as a function of z/L). The
measured shock shapes of figures 4 and 5 correspond to tests performed at the higher
value of free-stream unit Reynolds number. Also shown in figures 4 and 5 are pre-
dicted (ref. 6) shock shapes. Attempts to run the STEIN code (ref. 6) at a = 25°
for the bent-nose biconic (fig. 5(f)) were unsuccessful.
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An inflection in the measured shock downstream of the spherical nose on the
windward side occurs for both models, and is most pronouriced for 5° < g < 15°, This
inflection is caused by the overexpansion of the flow from the blunt nose and is
discussed in reference 13 and illustrated subsequently. Measured and predicted shock
shapes on the windward and leeward rays are in good agreement (within about 2 per-
cent) for both biconics at « = 0° and 5°. For a » 10°, the windward shock-
detachment distance is predicted quite well by STEIN, whereas the leeward shock-
detachment distance is underpredicted by 2.5 to 5 percent. As discussed in the sec-
tion "Data Reduction and Uncertainty," the load on the model during a run resulted in
an increase in the angle of attack over the value set prior to the run. For this
reason, the STEIN code was run for a measured angle of attack of 21° for the bent-
nose biconic, and these calculations are compared to the measured values in fig-
ure 5(e). The calculated shock shape for a« = 21° is in good agreement with the
measured values for both the windward and leeward rays. The comparisons of figures 4
and 5 demonstrate that the STEIN code accurately predicts the shock shape for fore-
cone section angles of attack af to 25°.

The effect of angle of attack on measured shock shape is shown in figure 6 for
both biconic models. The shock-detachment distance on the leeward side is 3 to
4 times more sensitive to angle of attack than on the windward side. For example,
the variation of leeward shock-detachment distance at x/L = 0.6 or z/L = 0.6 with
angle of attack is given to within 2 percent for both biconic models by the
expression

y/L = 0.2337 + 9.148 x 10 34 + 1.513 x 10”32

f,m f,m (21)

where af,m 1is the measured angle of attack of the fore~cone section. This expres-
sion shows that the leeward shock-detachment distance increases about 3.5 percent for
a 1° change in angle of attack as compared to a near-constant value of y/L (-0.21)
on the windward side at the same value of x/L or y/L and 0° < af,m < 25°, For
values of x/L and z/L in excess of 0.4, the leeward shock angle relative to the
axis of the fore-cone section is approximately equal to 8¢ + ag for both models.

The schlieren photographs of figure 3 illustrate the existence of an imbedded
shock on the leeward side of the bent-nose biconic. An imbedded shock was also
observed for the on-axis biconic and the sphere~cone, and occurs for values of the
fore-cone angle-of-attack af exceeding the fore-cone half-angle 8¢. The schlieren
photograph for the bent-nose biconic at g = 20° was of sufficient quality to show
that this shock originates on the fore-cone surface just downstream of the sphere~
cone junction at z/L = 0.036. For values of x/L or z/L between 0.3 and 0.8, the
imbedded shock is inclined approximately af + 11° with the fore-cone axis. This
shock may be due to flow separation from the spherical nose and reattachment onto the
fore~-cone section, resulting in an adverse pressure gradient. However, it should be
noted that a calculation using the parabolized Navier-Stokes method (refs. 14 and 15)
for 8¢ = 12.84°, af = 20°, Yo = 1.4, and M, = 32 revealed the existence of a
leeward embedded shock, but no axial-flow separation was observed. Thus, a more
plausible explanation may be that the flow expands around the spherical nose to a
supersonic condition and recompresses because of the presence of the cone section.
The recompression starts as a continuous compression on the surface just downstream
of the sphere-cone junction, and the Mach lines in the compression region converge so
that an embedded shock wave is formed.
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The difference between the angle of inclination of the windward shock and the
aft-cone surface in the region of the base decreases with increasing angle of
attack. For o » 20°, the windward shock at z/L = 0.95 is essentially parallel
(within 0.75°) to the aft-cone surface for the bent-nose biconic. At these high
angles of attack, a longitudinal density gradient appears in the schlieren photo-
graphs (figs. 3(e) and 3(f)). This gradient takes on the appearance of a shock and
is embedded within the shock layer on the windward side of the aft-cone section. A
gradient also appears for the on-axis biconic at the highest angle of attack. At
this angle of attack, the windward shock is parallel to the aft-cone surface.

Shock shapes measured on the sphere-cone (model 3) at the higher unit Reynolds
number are compared in figure 7 with those measured on the biconic models for several
angles of attack. The length L used to nondimensionalize the shock-detachment
distance for the sphere-cone model is the value for the on-axis biconic, which is
nearly the same as for the bent-nose biconic. This allows a direct comparison of the
shock shapes for all three models. For a given angle-of-attack setting, the measured
angle of attack for the three models is within 0.3°. (See section "Data Reduction
and Uncertainty."”) The shock-detachment distance on the leeward side of the sphere-
cone model is in good agreement with the biconic models; that is, the leeward shock
for the biconics is independent of the aft-cone section. At a = 10° (fig. 7(a)),
the windward shock-detachment distance of the sphere-cone model is in good agreement
with that of the on-axis biconic for x/L < 0.B. Near x/L = 0.8, the shock shape
indicates an awareness of the fore-cone--aft-cone junction, which is at x/L = 0.57
for the on-axis biconic. The point at which the windward shock turns inward, because
of this junction, moves slowly towards the nose with increasing angle of attack. At
o« = 25°, this point occurs at x/L = 0.7 for the on-axis biconic.

In figure 8, shock shapes measured on the sphere-cone model for two values of
Reynolds number are compared for several angles of attack. This comparison shows the
shock shapes for the two values of Ry, are within the experimental uncertainty for
the present range of angle of attack. Figure 8 indicates the absence of a signifi-
cant effect of the boundary-layer displacement thickness on shock shape for the
conditions of this study.

Pregssure Distributions

Effect of angle of attack.- Measured pressure distributions for the on-axis
biconic, bent-nose biconic, and sphere-cone are presented in figures 9, 10, and 11,
respectively, for a range of angle of attack. In figures 9 to 11, the measured
surface pressure pg 1is nondimensionalized by the calculated free-stream static
pressure p_ and plotted as a function of x/L or z/L for the five rays of
orifices at ¢ = 0° (most leeward), 45°, 90°, 135°, and 180° (most windward). The
data of figures 9 to 11 correspond to the higher value of unit Reynolds number. Also
shown in these figures are pressure distributions predicted using the STEIN code
(ref. 6) and modified Newtonian theory, the semiempirical method of Amick (ref. 4),
and the method of High and Blick (ref. 5).

The variation of measured windward (¢ = 180°) surface-pressure ratio ps/pm
with x/L for the on-axis biconic (fig. 9) illustrates the overexpansion of the flow
from the spherical nose to the fore-cone section (ref. 13) and the expansion of the
flow from the fore-cone section to the aft-cone section. The region of this
overexpansion-recompression of the windward flow from the nose diminishes with
increasing angle of attack (effective cone half-angle, which is equal to 6f + af),
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such that ps/pm is nearly constant for 0.2 < x/L < 0.57 and a » 10°. At angles
of attack of 0° and 5°, the measured windward surface pressure just downstream of the
fore-cone—aft~cone junction decreases monotonically to a constant value. For

o = 10°, 15°, and 20°, the windward surface pressure is essentially constant on the
aft-cone section, whereas for aq = 25°, The pressure distribution exhibits the trend
of overexpansion; which is also predicted by the STEIN code. (That is, the surface
pressure decreases with x/I., downstream of the junction, then increases in the
direction of the base.) The difference between the windward surface pressure just
upstream of the junction and that in the region of constant pressure on the aft cone
decreases with angle of attack.

At angles of attack of 15° and 20° for the on-axis biconic (figs. 9(4) and
9(e)), the leeward surface-pressure ratio along the most leeward ray (4 = 0°) exceeds
that along the ¢ = 45° ray. That is, a minimum in the circumferential pressure
distribution occurs on the leeward side. This phenomenon has been observed in
previous cone studies performed at Mach numbers up to 14 (e.g., refs. 16 to 22) and
occurs for ag > 0.78¢. It is attributed to flow separation on the leeward side and
the formation of two symmetrical, supersonic, counter-rotating, longitudinal vortices
with an attachment line on the most leeward ray. As noted in references 17 and 18,
the origin of this leeward separated flow region occurs closer to the nose with
increasing angle of attack.

In general, the variation of windward surface-pressure ratio with x/L for the
on-axis biconic (fig. 9) is predicted quite well by the STEIN code (ref. 6). For
@ = 0° and 5°, corresponding to ¢ = Qn, the windward surface-pressure ratio is
slightly underpredicted by STEIN. (Measured and predicted ps/pw are within 5 per-
cent on the fore-cone and 8 to 10 percent on the aft-cone.) A previous comparison of
measured pressure distributions on a 9.33°/5.00° on-axis biconic (M°° = 10 and
@ = 2°), with distributions predicted by the STEIN code also showed inviscid values
of ps/p°D were consistently below measured values (ref. 23). However, values of
ps/pm predicted using a three-dimensional viscous shock-layer approach (ref. 23)
were in good agreement with measurement at Mach 10, implying significant viscous
effects at this Mach number. Comparisons of inviscid and viscous predictions of
ps/pOD for on-axis biconics at Mach 10 (refs. 19 and 23) show viscous effects to be
more significant on the leeward side. This trend is not apparent for the present on-
axis biconic at a = 5° (fig. 9(b)). At ¢ = Q° (fig. 9(a)), the STEIN code
underpredicts the measured monotonic decrease in Ps/Pm just downstream of the fore-
cone-~aft-cone junction. It is interesting to note that the hypersonic viscous
shock-layer approach of reference 23 and the parabolized Navier-Stokes approach of
references 14 and 19 provided a more accurate description of the measured data just
downstream of the junction than does STEIN.

Predictions using Newtonian theory, Amick's semiempirical method (ref. 4), and
the procedure of High and Blick (ref. 5) are also shown in figqure 9. These methods
do not predict the overexpansion from the nose nor the monotonic decrease in surface
pressure downstream of the fore-cone~—aft-cone junction at the lower angles of
attack. In general, references 4 and 5 represent the data over the present angle-of-
attack range better than modified Newtonian theory. The windward surface-pressure
ratios just upstream of the junction and near the base are predicted by Amick's
method to within 5 to 6 percent for all angles of attack. This method was derived
from data on 5° and 15¢ half-angle sharp and blunt cones at Mach 3.86. The fairly
good agreement between this method and the present Mach 6 data supports the finding
of reference 24, performed at Mach 8, of the general validity of Amick's method at
higher Mach numbers. For a » 10°, the methods of references 4 and 5 agreed to
within 2 percent on the fore-cone and within 3 to 4 percent on the aft-cone.
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Measured surface pressures on the windward ray of the bent-nose biconic
(fig. 10) illustrate an overexpansion of the flow from the nose for 0° < a < 10°;
the pressure is approximately constant on the fore-cone for a » 15°. The more
pronounced expansion of the windward flow at the fore-cone—aft-cone junction, rela-
tive to the on-axis biconic, is evident. The windward surface pressure is essen-
tially constant on the aft cone for a > 5° and is nearly the same value (within
10 percent) as that measured on the on-axis biconic for a given angle of attack. The
trend of increasing ps/p°° in the direction of the base observed for the on-axis
biconic at a = 25° 1is not observed for the bent-nose biconic. The small compres-
sion that occurs as the flow approaches the junction on the leeward side is not
distinguishable from the leeward pressure distributions. &As observed for the on-axis
biconic, the leeward surface pressure at ¢ = 0° exceeds that at ¢ = 45° on the
fore-cone and aft-cone sections for values of a corresponding to the values when
the leeward side is nearly shielded or fully shielded from the flow.

The windward surface-pressure ratio ps/pe° for the bent-nose biconic is pre-
dicted quite well by the STEIN code at the lower angles of attack, where a = ap.
To determine the effect of ap on the predicted pressure distribution, an input
value of @ = 21° was used for the STEIN code. As observed in figure 10(e), the
windward daga are slightly underpredicted on the fore-cone by STEIN (a = 21°) and
predicted quite accurately on the aft-cone. At the two lower angles of attack
(figs. 10(a) and 10(b)), STEIN underpredicts the leeward surface-pressure ratio
on the fore-cone, but accurately predicts the aft-cone pressures. At a = 21°
(fig. 10(e)), values of ps/pm on the leeward side predicted with STEIN are in good
agreement with measured values on the fore-cone section, and in fair agreement on
the aft-cone section.

Surface-pressure distributions for the sphere-cone are presented in figure 11
for various angles of attack. As in the comparison of shock shapes, the length L
used to nondimensionalize x in figure 11 corresponds to the length of the on-axis
biconic model. The data of figure 11 provide a more detailed pressure distribution
than those measured on the fore-cone section of the biconic models. These data
illustrate the overexpansion of the flow from the nose and the nature of the surface
pressure distribution as the flow approaches the station corresponding to the junc-
tion of the biconic models. At o = 10°, the leeward pressures for ¢ = 0° and
¢ = 45° are essentially the same; for «a > 10°, the surface pressure along the
most leeward ray exceeds that along the ¢ = 45° ray.

The variation of the surface-pressure ratio ps/p°° with measured angle of
attack is shown in figure 12 for both biconic models. In figure 12, the surface-
pressure ratio at several values of x/L or z/L on the most windward ray
(¢ = 180°) is plotted as a function of measured angle of attack. The two inter-
mediate values of x/L or z/L correspond to the pressure orifices located just
upstream and downstream of the fore-cone—aft-cone junction. For comparison
purposes, the variation of ps/pm with @ predicted from references 4 and 5 is
also shown in figure 12. The relatively large sensitivity of fore-cone-section
windward pressure to angle of attack is evident from this figure, particularly for
the bent~-nose biconic.

Effect of Reynolds number.- Pressure distributions for the two values of unit
Reynolds number are shown in figures 13 and 14 for the on-axis biconic and bent-nose
biconic, respectively. With the exception of the on-axis biconic at zero angle of
attack, the windward (¢ = 180° and 135°) surface-pressure ratios ps/pm at the
higher Reynolds number exceed those at the lower Reynolds number for both biconics
at all angles of attack. As an example of the magnitude of this difference, the
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windward surface~-pressure ratio ps/p°° on the fore-cone of the on-axis biconic at
the higher Reynolds number exceeds that at the lower Reynolds number by 5 to 6 per-
cent for a » 5°. The trend of the leeward surface pressure along the ¢ = 0° ray
exceeding that along the ¢ = 45° ray at the higher angles of attack is observed for
both values of Reynolds number.

One reason for this difference in windward surface-pressure ratio between the
two Reynolds numbers is a result of the difference in Mach number. The Mach number
corresponding to the lower Reynolds number is 5.85, compared with 6.0 for the higher
Reynolds number. The method of Amick (ref. 4) shows that the windward surface-
pressure ratio for Mach 6 is approximately 4 percent greater than that for Mach 5.85
over the present angle-of-attack range. (See figs. 13 and 14.) When the values of
surface-pressure ratio presented in figures 13 and 14 are used to compute corre-
sponding values of pressure coefficient, the agreement between the two Reynolds num-
bers is, in general, within 2 percent. That is, when the data are viewed in a manner
in which Mach number effects are diminished, the data for the two values of Reynolds
number are in better agreement.

A second contributor to this difference in surface-pressure ratio is the angle
of attack. The actual angle of attack for the higher Reynolds number is somewhat
larger than that for the lower Reynolds number, as the loads on the model are about
9 times greater at the higher pressure. (See section "Data Reduction and Uncer-
tainty.") As an example of a worst case for ag = 20°, an uncertainty in
af of 0.7° corresponds to a 3.5 percent variation in ps/pcn (ref. 4). From these
considerations, it is concluded that no appreciable effect of Reynolds number on
windward surface-pressure ratio exists for the present study. (Because of the
extremely low levels of pressure existing on the leeward side at the lower Reynolds
number, the surface pressure in some runs did not reach a steady state in the
available time. For this reason, no conclusion concerning the effect of Reynolds
number on leeward surface pressures is made. )

Circumferential distributions.- Circumferential pressure distributions for the
on-axis biconic and bent-nose biconic are shown in figures 15 and 16, respectively.
These data correspond to the higher value of unit Reynolds number. The surface
pressure ratio ps/pm for several values of x/L or =z/L is plotted as a function
of ¢ for the present range of angle of attack. The circle and square symbols cor-
respond to the fore-cone section and the other symbols denote the aft-cone section.
These figures illustrate the previously discussed trend of the fore-cone and aft-
cone-section surface pressure on the most leeward ray (¢ = 0°) exceeding that on the
¢ = 45° ray for both biconics (at a = 15° and 20° for the on-axis and q = 5° to
15° for the bent-nose). They also illustrate that the fore-cone-section pressure
ratio ps/pm at ¢ = 90° is equal to 3 to 4 for both biconics at all angles of
attack, and that the aft-cone-section pressure ratio is equal to 2 to 2.5. Predic-~
tions using Amick's method (ref. 4) and the method of High and Blick (ref. 5) are
shown in figures 15 and 16. 1In general, the semiempirical method of reference 4
provides a more accurate prediction of the circumferential pressure distribution for
both biconics than does reference 5.

Base Pressure.- The leeward (¢ = 0°) base pressure measured at r/ry = 0.77 is
shown in figure 17 as a function of angle of attack for both biconic models. Open
symbols denote base pressures corresponding to the lower value of unit Reynolds
number, and closed symbols denote base pressures corresponding to the higher Reynolds
number. In figure 17(a), the base pressure is nondimensionalized by the free-stream
static pressure. Because the base pressure is governed largely by local flow
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conditions immediately ahead of the base, the base pressure was nondimensionalized by
the measured leeward surface pressure immediately upstream of the base pPp/Py- (See
fig. 17(b).)

The results of figure 17 show a strong influence of Reynolds number on leeward
base pressure for both biconics over the present range of angle of attack. The base-
pressure ratios pb/pm and pb/pl increase with decreasing Reynolds number. At the
higher Reynolds number, the base-pressure ratios of the on-axis biconic and bent-nose
biconic are nearly the same for a given angle of attack. Also, the base-pressure
ratios for the on-axis biconic exceed those of the bent-nose biconic at the lower
Reynolds number. The base-pressure ratio pp/Py (fig. 17(b)) increases with angle
of attack and is nearly the same value for both biconics and both values of Reynolds
number at a = 25°., For the present range of a, Pg > Pbr implying no significant
communication between the two separated flow regions (leeward side and base). How-
ever, the results of figure 17(b) show that communication between the two regions
will likely occur for a > 25°.

The trends of figure 17 are characteristic of a Reynolds number effect on base
pressure for laminar flow (ref. 25). However, they are also characteristic of trans-
ition. For the same value of local Mach number, the base-pressure ratio pp/py 1is
greater for laminar flow than for turbulent flow (ref. 26). As discussed in refer-
ence 27, the origin of transition on a cone moves forward on the leeward side with
increasing angle of attack, and moves rearward on the windward side. Since boundary-
layer transition is expected to occur in the present study at the higher Reynolds
number, the leeward-side flow approaching the base was probably turbulent for both
biconics over the present range of angle of attack. The results of figure 17 suggest
that the model boundary layer was laminar at the lower Reynolds number and turbulent
at the higher Reynolds number.

CONCLUSIONS

Pressure distributions and shock shapes were measured on a spherically bluntead,
12.84°/7°, on-axis biconic and a spherically blunted, 12.84°/7°, bent-nose biconic
(fore-cone bent 7° upwards relative to aft-cone) at Mach 6 in air. The angle of
attack, referenced to the axis of the aft-cone, was varied from 0° to 25° in nominal
5S¢ jincrements. Also tested was a 12.84° sphere-cone with the same nose radius as the
biconics. Two values of free-stream Reynolds number based on biconic model length
were examined, 0.7 X 106 and 5.3 x 108, Predictions from simple theories and from a
§ppersonic, Ehree-dimensional, gyternal Egyiscid code, referred to as STEIN, were
compared with measured values. Results of this study led to the following
conclusions:

1. Predicted (STEIN) shock shapes were in good agreement with measurements for
both biconics over the present range of angle of attack.

2. Schlieren photographs revealed the existence of an imbedded shock within the
shock layer on the leeward side at values of the fore-cone angle of attack exceeding
the fore-cone half-angle. This shock originates on the fore-cone surface just down-
stream of the sphere-cone junction.

3. In general, the measured windward surface-pressure distributions for both
biconics were predicted reasonably well by the STEIN code. The agreement between
predicted and measured surface pressures on the leeward side was somewhat poorer than
observed for the windward side.

17



4. No significant effect of Reynolds number on windward surface pressure was
observed. :

5. For fore-cone angles of attack exceeding the fore-cone half-angle, a minimum
in the circumferential pressure distribution was observed; that is, the surface pres-
sure on the most leeward ray (0°) exceeded that on the 45° ray. This phenomenon has
been observed in previous cone studies and is attributed to flow separation and the
formation of two symmetrical, supersonic, counter-rotating, longitudinal vortices.

6. The leeward-side base pressure, nondimensionalized by the leeward-side
surface pressure immediately upstream of the base, increased with decreasing Reynolds
number and increasing angle of attack. The base pressure was approximately the same
for both biconics at the higher value of Reynolds number; at the lower Reynolds
number, the base pressure ratio for the on-axis biconic exceeds that for the bent-
nose biconic at a given angle of attack.

7. For the present range of angle of attack, the leeward-side base pressure was
less than the model-surface pressure just ahead of the base. This implies a lack of
communication between the two separated flow regions.

8. The present base pressures suggest that the leeward-side flow just upstream
of the base may be laminar at the lower Reynolds number and turbulent at the higher
Reynolds number.

Langley Research Center

National Aeronautiecs and Space Administration
Hampton, VA 23665

November 19, 1981
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APPENDIX

CALIBRATION OF THE LANGLEY 20-INCH MACH 6 TUNNEL

Real-gas effects are examined at the Langley Research Center by testing a given
model in the Langley 20-Inch Mach 6 Tunnel (ideal airflow with a normal shock-density
ratio of 5.3) and the Langley Hypersonic CF, Tunnel (Mach 6 CF, flow having a density
ratio of 12). As shown in reference 9, the CF4 tunnel has a limited range of unit
Reynolds number. Therefore, to obtain similar values of free-stream Mach number
and unit Reynolds number in the two facilities, the Mach 6 tunnel must be operated at
relatively low values of reservoir pressure. In the present study, the biconic
models and sphere-cone model were tested at a relatively low reservoir pressure
(0.3 MPa) to match Mach number and Reynolds number for the two facilities; these
models were also tested at the maximum reservoir pressure of the Mach 6 tunnel
(3.6 MPa). Because previous calibrations of this tunnel (refs. 7 and 8) do not
include these values of reservoir pressure (previous calibrations covered a range of
Pt,1 of 0.5 to 3 MPa), a calibration was performed to examine flow characteristics
at the reservoir conditions of the present study. This calibration consisted of
pitot-pressure profiles measured over a range of reservoir pressure (0.3 to 3.6 MPa)
at two nozzle axial stations. Horizontal and vertical pitot-pressure profiles were
measured simultaneously over 80 percent of the nozzle test-section width and height.
The primary purpose of this appendix is to present the results of this calibration.

As part of this calibration, pressures measured at the stagnation region of a
10.16-cm-diameter sphere were compared with the pitot pressure from the single pitot-
pressure probe for several reservoir pressures, two ratios of probe outside diameter
to probe inside diameter, and different combinations of model and probe injection and
retraction sequence. The purpose of these tests with the sphere pressure model was
to determine whether the difference observed between the pressure measured at the
stagnation point of the on-axis biconic and sphere-cone models at 0° incidence and
the pitot pressure also existed for this sphere.

Pitot-Pressure Surveys

The pitot-pressure surveys were measured using a cross-pattern rake with
17 pitot probes (including the center probe) positioned vertically and 18 pitot
probes positioned horizontally. The pitot probes were flat-faced tubes with an
inside diameter of 1.52 mm, an outside diameter of 2.34 mm, and a length of 1.59 cm.
The body of the rake was 9.5-mm-thick steel-bar stock, with a sharp leading edge
having a total angle of 20°. The probes were spaced 2.54 cm apart; therefore, this
35~-probe rake covered a vertical distance of 40.6 cm and a horizontal distance of
45.7 cm.

Tests were performed with the probes 2.4 cm and 24.2 cm downstream of the

centerline of the 42.9-cm~diameter schlieren windows (i.e., x = -2.4 cm and

X = =24.2 cm). For x = -2.4 cm, the center probe was located at y = 0 and
z==7.9 mm; for x = -24.2 cm, the center probe was located at y = 0 and

z = -5.6 mm. (See fig. 18 for illustration of x, y, 2z coordinate system.) 1In

this region of the two-dimensional contoured nozzle, which ends 44.4 cm downstream
of the schlieren window centerline, the side walls containing the flush-mounted
schlieren windows are parallel, whereas the top and bottom walls are slightly
divergent (=1° to the horizontal).
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Pitot pressures were measured using 20 variable-capacitance diaphragm trans-
ducers having 7 ranges of pressure. The maximum transducer pressure was 133 kPa.
A switching device referred to as a pinch bar allowed the 35 pitot pressures to be
measured with the 20 pressure transducers during a run. The sequence used with the
rake was to first record the pitot pressures from the vertical ray (pinch bar 1),
then from the horizontal ray (pinch bar 2), and finally from the vertical ray a sec-
ond time. The purpose of this sequence, and the reason that the center pitot probe
was connected to both pinch bars, was to provide information on the possible varia-
tion of flow conditions with run time (refs. 7 and 8). Outputs from these pressure
transducers, the reservoir pressure transducers (three transducers with ranges
to 0.69, 1.38, and 3.45 MPa), and a thermocouple installed in the reservoir were
recorded by a 99-channel analog-to-digital system at 20 samples per second. Real-
time histories of selected probes on the vertical and horizontal rays were dis-
played on a visicorder. These real-time histories informed the operator of possible
pressure-lag effects due to the long pressure tubes from the rake to the pinch bar.
Data were recorded on the analog-to-digital system only after it was determined that
the pitot pressure was essentially constant with time.

Reservoir pressure was varied from 0.26 MPa to the design maximum of 3.6 MPa.
Mean values of the measured reservoir pressure and reservoir temperature are pre-
sented in table II along with a corresponding percent variation in reservoir pres-
sure and temperature over the time interval of the flow period for which data were
recorded.

Time histories of the reservoir pressure, reservoir temperature, and ratio of
the center-probe pitot pressure to reservoir pressure are shown in figures 19 and 20
for nozzle axial stations x of =-2.4 cm and -24.2 cm, respectively. These time his-
tories for a given nozzle axial station correspond to the highest and lowest values
of reservoir pressure examined. In general, the variation of reservoir pressure and
temperature for the present test times was less than 2.5 percent. (See figs. 19 and
20 and table II.) For the lowest value of reservoir pressure, the pitot pressure
ratio Pt,2/Pt,1 varied 0.2 percent for the 40-second test time with x = -2.4 cm
(fig. 19(a)) and 0.35 percent for the 60-second test time with x = -24.2 cm
(fig. 20(a)). Therefore, for the lowest value of reservoir pressure, the free-stream
Mach number was constant to within 0.1 percent for the present test time. At the
highest value of reservoir pressure (figs. 19(b) and 20(b)), the pitot-pressure ratio
decreased approximately 1 percent for the present test time, corresponding to an
increase in the free-stream Mach number of 0.3 percent.

Values of the pitot-pressure ratio Pt,2/Pt,1 of the center-11 probes for the
initial reading on pinch bar 1 (vertical profile) were compared with the final read-
ing. The variation of Pt,z/Pt,1 with time was less than 0.3 percent for reservoir
pressures less than 0.5 MPa. For reservoir pressures greater than 0.5 MPa, this
variation in Pt,Z/Pt,1 with time increased with reservoir pressure and exceeded
1 percent at the highest value (3.6 MPa). The measured variation in Mach number with
time is attributed primarily to temperature effects on the nozzle wall and the nozzle
boundary layer (refs. 7 and 8). (Although the increase in reservoir temperature
between p = 0.5 MPa and Pt,1 = 3.6 MPa was only about 8 percent, the mass flow
was 7 times’greater at the higher pressure. This higher mass flow causes a higher
heat-transfer rate to the model, model support system, and nozzle wall.) It should
be noted that the facility operational procedure for the present calibration was the
same as generally used for model testing; that is, the interior walls of the test
section were not preheated, and only a single reservoir pressure was examined for a
run. Also, the single pitot probe was removed from the test section for the present
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calibration so as not to generate a possible disturbance in the flow, particularly
when the survey rake is in the most downstream position.

Vertical and horizontal pitot-pressure profiles for a range of reservoir pres-
sure are shown in figure 21 for x = -2.4 cm and in figure 22 for x = =-24.,2 cm.
The mean value of the pitot-pressure ratio Pt,2/Pt,1 for both the vertical and
horizontal profiles was determined from the center-11 pitot-pressure probes. For the
range of reservoir pressure tested, the mean value of pt,2/pt,1 for the vertical
profile was 1.013 to 1,012 times the mean value for the horizontal profile. The
contribution of data-acquisition time to this difference between the mean values of
Pt,2/Pt,1 for the two profiles is believed to be small. For example, the two
readings at different times for the vertical profile (pinch bar 1) for run 12 show
the variation in Pt,Z/Pt,1 with time is less than 0.3 percent; however, the pres-
sure ratio Pt,Z/Pt,1 for the vertical profile (initial reading of pinch bar 1)
is 1.019 times that of the horizontal profile. This implies that the flow at
x = -2.4 cm may be somewhat nonuniform. At this most upstream axial station, the
two profiles (fig. 21) tend to form a horizontal figure eight with the intersection
in the vicinity of the center of the nozzle. This characterization is illustrated
in figure 23 for several runs, where the pitot pressures for the vertical and
horizontal rays have been nondimensionalized by the center-probe pitot pressure.
In géneral, the maximum difference between the two profiles forming this figure eight
occurs around y/w = z/w = 10.4. For these values of y/w and z/w, the pitot
pressure from the vertical profile is 2 to 3.5 percent greater than that of the
horizontal profile for the present range of reservoir pressure. A horizontal figure-
eight pattern also exists in the pitot-pressure profiles presented in references 7
and 8 for x = 1.16 cm and a reservoir-pressure range of 0.52 to 3.03 MPa. As was
observed in references 7 and 8, this figure-eight pattern diminishes with distance
downstream (figs. 21 and 22).

Because the pitot-pressure profiles at the two axial stations could not be
measured simultaneously, some difference in reservoir conditions and temperature
effects exists between runs made at the two axial stations for a given reservoir
pressure. Therefore, it is not possible to obtain an exact determination of the
variation of flow conditions between the two axial stations. However, the variation
in reservoir conditions between runs made at a given value of py,q was relatively
small in the present calibration, with reservoir pressure being within 3.6 percent
and reservoir temperature within 2.1 percent. From figures 21 and 22, the vertical
and horizontal pitot-pressure profiles experience a small variation in the mean
pitot-pressure ratio Pt,Z/Pt,1 between the two axial stations. The pitot-pressure
ratio at the upstream station exceeds that at the downstream station by no more than
1.3 percent for 0.26 MPa < pt,61 < 3.06 MPa and 2 percent for the highest reservoir
pressure. For the worst case (highest reservoir pressure), the variation in free-
stream Mach number for an axial variation of 21.8 cm is 0.03, or three times the
gradient reported in references 7 and 8.

The inviscid test core is defined herein as the region for which the pitot
pressure for the vertical and the horizontal profiles is within 1.1 percent of the
mean value of pitot pressure inferred from the center-11 vertical pitot probes or
center-11 horizontal probes. The profiles of figures 21 and 22 show that the test
core has a width and height of 28 to 31 cm at the lowest reservoir pressure and a
height of 25 to 28 cm and width of 31 to 33 cm at the higher reservoir pressures.
The pitot-pressure ratio and free-stream flow conditions within the test core are
presented in table III.

21



APPENDIX
Sphere Pressure Model

The 10.16-cm~diameter sphere pressure model was tested at relatively low reser-
voir pressures of 0.19, 0.4, and 0.82 MPa. The pressure orifices on this model were
arranged in a cross pattern with the crossing point located at the geometric stagna-
tion point of the sphere. The orifice at the stagnation point and the adjacent
orifice on each ray were used to obtain an average value of the stagnation-point
pressure. All five orifices were located within 4° of the stagnation point. Accord-
ing to predictions (refs. 28 and 29) for ideal airflow, the surface pressure at 4°
is within 0.7 percent of the stagnation-point pressure. This averaging of the five
center orifices was used to improve the uncertainty in the measured sphere pressure.
Although the same pressure transducers were used for the sphere as for the survey
rake, an on-site, quick-look data-acquisition system was used in place of the
99-channel analog-to-digital system. This on-site system consisted of a scanner that
switches analog input signals to a voltmeter interfaced to a desk computer and is
believed to be quite accurate. The pressure transducers and system were calibrated
throughout the test series by subjecting the pressure transducers to an accurately
known pressure. For this series of runs, the pressure measured at the stagnation
point of the sphere was within #0.5 percent of the average of the five center
orifices.

When injected into the flow, the sphere came to rest with the stagnation point
1.51 cm above the nozzle centerline and at the same axial station as the single~pitot
probe (x = -«0.7 cm). (This probe was 10.8 cm above and 9.70 cm to the right of the
nozzle centerline looking upstream.) For several runs, the pitot probe remained in
the flow for the entire run. Therefore, data were obtained with and without the
model in the flow. One run was made with the model in the flow for the entire run.
The pitot probe was initially out of the flow and was then injected and retracted.
The purpose of these sequences of model injection-retraction was primarily to deter-~
mine whether interference effects, between the model and the probe, and blockage
effects were present. To determine whether viscous effects (ref. 30) were present
for the pitot probe at these relatively low values of reservoir pressure, two values
of probe outside-to-inside diameter were examined (1.41 and 1.95). To check the
bpressure transducer used to monitor the pitot pressure, this transducer was inter-
changed with the transducer used for the stagnation~point orifice on the sphere for
two runs.

The ratio of pitot pressure from the single probe to the sphere stagnation-point
pressure is shown in figure 24 as a function of reservoir pressure. The present
study showed no significant effect of reservoir pressure, injection~retraction
sequence for the probe and sphere, ratio of outside-~to-inside diameter of the probe,
or interchange of pressure transducers on the ratio of pitot pressure to model stag-
nation pressure. For the conditions of this study, the ratio of pitot pressure to
model stagnation pressure was 0.969 with a £0.4 percent uncertainty.

Based on the findings of this calibration, it is recommended that, whenever pos-
sible, models tested in the region near the center of the upstream schlieren windows
(fig. 1) be contained within +5.1 cm of the centerline in the Y- and z-directions.
Also, to obtain a nozzle centerline value of the stagnation pressure behind a normal
shock, the value measured with the single probe should be corrected by multiplying
by 1.032.
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TABLE I.- LOCATION OF PRESSURE ORIFICES MONITORED

(a) On-axis biconic (model 1)

$, deg x/L ¢, deg x/L ¢, deg x/L

180 135 0.640 45 0.547
.104 .695 .584
.215 .751 .640
.326 .862 .695
.436 a0 .104 .751
.492 .215 \ .862
.547 «326 0 .104
.584 436 .215
.640 «492 .326
.695 .549 .436
+751 .584 .547
.806 «640 .584
«862 .695 .640
.917 .751 .695

135 «326 .806 806
.436 .917 .917
.492 45 <326 1.000
.547 .436
.584 .492
{b) Bent-nose biconic (model 2)

¢, deg z/L ¢, deg z/L ¢, deg z/L

180 135 0.657 45 0.546
. 104 .714 .574
«214 . 769 630
.325 .826 .684
.435 . 880 .738
.490 90 .104 .882
.546 «325 0 <104
.608 .435 214
.663 .490 .325
.720 .546 .435
«776 .588 «546
.833 .644 .569
.887 . 699 .625
«942 .754 «679

135 .325 . 809 . 787
.435 .918 .894
«490 45 325 1.000
.546 435
.601 «490
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TABLE 1.~ Concluded

(c) Sphere-cone (model 3)

¢, deg x/L2 ¢, deg x/L2 ¢, deg x/L2
180 0 135 0.436 45 0.270
. 049 .547 .326
.104 ‘ .713 .436
.159 90 .049 .547
.215 .104 Y .713
.270 .159 0 .049
.326 .215 .104
.381 .270 . 159
.436 .326 .215
.492 .381 .270
.547 .436 .326
.644 .492 .381
.713 .547 .436
135 .049 .644 .492
.104 1 <713 .547
.159 45 .049 .644
.215 .104 \ .713

.270 .159

1 .326 .215

4, is length of on-axis biconic (model 1).




TABLE II. - RESERVOIR PRESSURE AND TEMPERATURE
Run X, cm Bt,1’ MPa Ape, 1s Te,1r ATt , 1. At,
percent X percent sec
10 -2.4 0.262 0.2 442.2 $2.0 36
11 -2.4 «397 1.6 432.5 2.4 39
12 -2.4 .497 .1 478.2 1.1 28
13 -2.4 1.130 1.4 474.7 2.4 40
6 -2.4 2.182 o2 486.3 o4 34
8 -2.4 3.054 -4 495.3 .4 31
14 -2.4 3.637 .4 505.5 2.0 31
17 -24.2 271 o7 433.2 2.8 50
18 -24.2 402 3.0 439.9 o1 39
19 -24.2 .515 .4 471.0 .5 44
20 -24.2 1.137 .3 479.7 .9 36
21 -24.2 2.177 .3 491.8 .5 47
22 -24.2 3.056 .5 502.0 .1 33
23 -24.2 3.611 .6 507.4 .5 35
TABLE III.- FLOW CONDITIONS FOR LANGLEY 20-INCH MACH 6 TUNNEL
Run | X, cm | P , MPa Tt,1' <£;*2 P..r kPa Teor M Rer
t,1 K Pt,1/core | * K ® m- !
10 ~-2.4 0.261 443.7 0.0342 0.204 57.5 | 5.796 2.88 x 106
11 -2.4 397 433.3 .0331 296 55.4 | 5.841 4.48
12 -2.4 497 478.8 .0327 .363 60.8 | 5.862 4.72
13 -2.4 1.130 474.6 .0312 772 59.2 | 5.926 | 10.62
6 -2.4 2.182 485.6 .0304 1.433 59.8 | 5.965 | 19.45
8 -2.4 3.062 496.0 .0300 1.971 60.8 | 5.984 | 26.18
14 -2.4 3.626 504.1 .0299 2.326 61.7 | 5.988 | 30.14
17 -24.2 $272 434.5 .0339 211 56.1 | 5.808 3.10
18 -24.2 .400 439.9 .0329 «296 56.1 | 5.851 4.38
19 -24.2 .514 470.7 .0323 .369 59.5 | 5.877 4.98
20 -24.2 1.137 479.3 .0310 .768 59.5 | 5.938 | 10.46
21 -24.2 2.176 491.7 .0301 1.406 60.3¢5.981 | 18.89
22 -24.2 3.064 502.2 .0297 1.943 61.3 | 5.999 | 25.52
23 -24.2 3.596 508.3 .0294 2.249 61.8 | 6.012 | 29.21
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Figure 3.- Representative schlieren photographs
for bent-nose biconic at various angles of
attack. M_ = 6.0; R, L= 5.3 x 10°,
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Figure 9.~ Pressure distributions for on-axis biconic at various nominal
angles of attack. M, = 6.0; R, L= 5.3 x 106.
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Figure 10.- Pressure distributions for bent-nose biconic at various nominal
angles of attack. M_ = 6.0; Ry,1, = 53 x 108,
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Figure 11.- Pressure distributions for sphere-coge at various nominal
angles of attack. M_ = 6.0; Ro,1, = 4¢2 x 10°. (L wused to
nondimensionalize x is value for on-axis biconic.)
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(a) On-axis biconic.

Figure 12.- Windward-ray pressure variation with angle of attack for

on-axis and bent-nose biconic models. M = 6.0; R_ = 5.3 x 10~.
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(b) Bent-nose biconic.
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Figure 13.- Effect of Reynolds number on pressure distributions for on-axis
biconic at various nominal angles of attack.
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Figure 14.- Effect of Reynolds number on pressure distributions for bent-nose
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Figure 15.- Circumferential pressure distributions for on~axis biconic at various

nominal angles of attack. M, =

600;

R,y = 5.3 x 10°.
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Figure 16.- Circumferential pressure distributions for bent-nose biconic at various
nominal angles of attack. M = 6.0; Rm,L = 5,3 x 10~.
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Figure 17.- Base pressure as a function of angle of attack for on-axis
biconic and bent-nose biconic.
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Figure 18.- Location of single pitot-pressure probe relative to centerline of
schlieren window. All dimensions in cm.
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