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Abatract

Laminar heat-transfer rates were measured on
spherically blunted, 13°/7° on-axis and bent
biconics (fore cone bent 7° upward relative to
aft cone) at hypersonic-hypervelocity flow
conditions in the Liungley Expansion Tube.
Freestream velocities from 4.5 to 6.9 km/sec and
Mach numbers from 6 to 9 were generated using
helium, nitrogen, air, and carbon dioxide test
gases, resulting in normal shock density ratios
from 4 to 19. Angle of attack, referenced to the
axis >f the aft cone, was varied from zero to 20°
in 4° increments. The effect of nose bend, angle
of attack, and real-gas phenomena on heating
distributions are presented along with
comparigons of measurement to prediction from a
code which solves the three-dimensional
“parabolized Navier-Stokes™ equations.

Nomenclature
C* defined as p*T,/u,T*
Ch heat-transfer coefficiant, é/(ht.z -

h,), J-sec/m

h enthalpy, J/kg
L model length, m
M Mach number
p pressure, N/m2
i heat-transfer cate, W/m?
r radiuvs, m
R unit Reynolds number, n~!
St Stanton number, (,/p, U,
t time, sec
T temperature, K
T+ reference temperature,

(Te,2/6)(143Ty/T ), K, Ref. 41

U velecity, m/sec

*Aero-Space Technologist, Aerothermodynamics
Branch, Space Systems Division,

w*Aerospace Engineer, Aerothermodynamics Branch,
Space Systems Division.

tAerospace Engineer, Aerothermodynamics Branch,
Space Systems Division.

ttAero-Space Technologist, Aerothermodynamics
Branch, Space Systems Division.

vk viscous interaction parameter,
oM /T L
X, Y2 model coordinates (see Fig. 1), m
z moles of dissociated gas per molas of

undissociated gas

a angle of attack, deg
g isentropic exponent
u viscosity, N-sec/m?
u* viscosity evaluated at T*, N—aec/n2
¢ circumferential angle measured from the
most leeward meridian, deg
p density, kg/m3
0 cone half-angle, deg
Subscripts
a «ft-cone section
b base
f fore-cone section
m meagured
n nose
8,10 incident shock into quiescent

acceleration gas

sph sphere

w wall

2 statlc conditions ilmmediately behind
normal shock

t,2 stagnation conditions behind normal
shock

- free-stream conditions

Introduction

Recent advances in navigation and knowledge
of planetary atmospheres,'~’ along with the need
for Earth orbital transfer vehicles (O'I‘v),("6
have rekindled interest in aerobraking and aero-
capture techniques for proposed Earth and plane-
tary missions. A generic vehlcie proposed for
missions to a number of planets 3 and a viable
moderate lift-to-drag OTV cnndidate,l"6 which
also offers many advantages as a reentry



vehicle.7 is a spherically-blunted biconic with
the fore-croe section bent upward relative to the
aft—cone section, Because of the scarcity of
experimental data for bent biconics, & study was
initiated at the Langley Research Center to
establish a comprehensive data base. To date,
aerodynamic coefficients, pressure distributions,
oil-flow patterns, and shock shapes have been
measured and reported on 2.9-percent scale models
of the proposed configuration and this configura-
tion without a bent nose (on-axis biconic).e'1
These measurements have been made in three con-
ventional-type, hypersonic wind tunnels, nemely
the 20-Inch Mach 6 Tunnel, Continuous Flow Hyper-
sonic Tunnel, and Hypersonic CF, Tunnel, “hereby
pr>viding a range of Mach number, Reynolds
number, and normal shock density ratio (real-gas
simulation parameter). Although a number of
flowfield computer codes have been verified with
this data base, heat-transfer measurements are
required to determine if these codes accurately
predict viscous effects.

The purpose of the present study is twofold:
(1) to determine the effect of nose bend, angie
of attack, and real-gas flow phenomena on heating
distributions for the biconics; and (2) compare
measurement with prediction. Because heat-
transfer measurements for bent biconics are
particularly scarce in the open literature, the
present data represent a significant step toward
achieving the goal of a complete and accurate
data base for the validation of flowfield
computer codes.

Experimental Method

Facility

The Langley Expansion Tubells12 44
basically a i5.24~cm-diameter tube divided into
three sections by two diaphragms; thus, this
facility may be viewed as ftwo shock tubes in
tandem. Thick steel diaphragms separate the
driver and intermediate sections, wheisc2¢ a thin
Mylar diaphragm separates the intermediate aud
acceleraticn sections. The isentropic, unsteady
expansicn resulting from the rupture of this thin
Mylar diaphragm generates hypersonic and hyper-
velocity flow at the acceleration section exit
from the low Mach nuaber, shock-tube flow which
encounters the secondary diaphrugm., A detailed
description of this facility is presented in
Ref. 11, and calibration results are presented in
Refs. 12 to l4.

Models

A planform view and dimensions of the
biconic models are snown in Fig. 1, and a photo-
graph of the bent bicouic model installed in the
test section of the expansicn tube is shown in
Fig. 2. The bent-biconic model represents a
1.9-percent scale of the proposed Mars sample
return, single-mission vehicle.? The models were
fabricated from stainless steel except for the
nose tips, which were fabricated from MACOR, a
wachinable glnll-ceranic.ls Each modal contained
five slots for MACOR!S substrates, the surfaces
of which were contoured to the respective conic
section. Two slots were machined along the most
wvindward ray, two along the most leeward ray,
(one on the fore cone and one on the aft cone),
and one slong the 90° ray on the aft cone.
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Instrumentation

Beat Transfer. Thin-film resistance

gugelIS'I’ were used to measure heat-transfer
rates during the 250-microsecond test period of
the expansion tube. Eight palladium gages, each
approximately 1200 A thick, were deposited along
the poliched surface of each MACOR substrate; a
single thin-film gage was deposited at the spher-
ical nose tip. Each gage was in the form of a
serpentine pattern, as shown in Ref. 16, and pro-
vided nearly a point measurement since the
sensing surface was 1.02 mm by 1.27 mm. Gages
were covered with Al,0; approximately 5000 A
thick to prevent the gage from becoming electri-
cally shorted due to the fonized fiow over the
model. A constant current of 2 mA was maintained
through each gage, which is sufficiently low to
avoid ohmic heating effects,

Heat-transfer rates on the nose, windward
ray of the fore cone, and every other gage on the
windward ray of the aft cone were determined by
numerically integrating the surface teuperature
change as a function of time.!®»1% Thig method
accounts for the variation of substrate thermal
properties with temperature or time. Heat~
transfer rates for the remaining gages were
obtained using the analog circuit described in
Ref. 17; the surface temperature for these gages
was sufficiently low so to not require a signifi-
cant correction to the heating rate because of
changes in the thermal properties of the MACOR
substrates.l® Signals from the thin-film gage on
the spherical ncse and the 32 gages located along
the most windward and leeward rays were recorded
at 400 kHz (2.5 microseconds between data
samples) with a transient waveform recording
system. Digital data from this analog-to-digital
system were retrieved by a HP 9845 computer and
reduced to time histories of the heating rate
(Fig. 3). Output signals for the eight thin-fila
gages located along the 90° ray were recorded
from an oscilloscope with the aid of a camera.

Flow Visualization. Shock standoff distance
was obtained using a single-paas schlieren systenm
with a Xenon arc lamp as a light source. This
point light source, having a duration of approxi-
mately 150 nanoseconds, was discharged just prior
to termination of the useful test period.!? (See
Fig. 3.) Representative schlieren photographs
are shown in Fig. 4.

Facility Flow Quantities. Incident shock
velocity at the tube exiIt (test section) was
determired by applying a least-squares curve fi.
to the average shock stocity Letween successive
instrumented stations. The time for the shock
to travel between stations was obtained from
counter-timer readings of the "stop” signals
supplied by pressure transducers and heat-
tranafer gages mounted flush with the tube wall.
Tube wall pressures and pitot pressures were
measured using piezoelectric (quartz) transducers
in conjunction with charge amplifiers. (It
should be noted at this point that pitot
pressures were measured during calibration tests
performed prior to this study but were not
measured for tests with the biconic models, as
discussed subsequently.) Freestream static
pressure was inferred from a traneducer located
l1.7-m upstream of the tube exit; the variation in
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static pressure between this station snd the tube
exit is expacted to be sazall (within experimenial
uncertainty).

Test Conditions

Facility. For the present tests, the driver
gas wass unheated hydrogen at a nominal pressure
of 4.14 MN/m?. The double diaphragm mode of
operation was employed to reduce randomness in
the pressure ratio across the primary diaphragms
at time of rupture., Test gases were helium,
nitrogen, dry air, and carbon dioxide. For a
given test, the acceleration gas was the same as
the test gas, but at a lower initial preasure. 2
Flow conditions for this study correspond to the
optimum flow, and no attempt was made to
oparate the facility at off-optimum conditions
for any of the test gases in order to metch Mach
number and/or Reynolds number.

Flow conditions were determined using the
thermochemical equilibrium program of Ref. 20,
vhich has been modified to include heliuw.

Inputs were freestream static pressure, free-
stresm velocity, and pitot pressure. (Freestreanm
static pressure was assumed cqual to the measured
tube wall pressure near the tube exit, freestreaa
velocity was assumed enual to the incident shock
velocity at the tube exit,!“:%! and pitot
pressure correspconds to 2 mean value across the
inviscid test core as inferred from tests with a
pitot pressure survey rake performed prior to the
present study.) Nominal values of measured inputs
to the program of Kef. 20 and the corresponding
freestream and post-normal shock flow conditions
are given in Table 1. Based on the findings of
Ref, 21, the freestream flow for helium, air, and
Cu, is assumed to be in thermochemical equilib-~
rium; this assumption is also made for nitrogen
test yas. Because of the relatively small values
of freestream Keynolds number and small model
size, laminar flow over the models is expected
for all test gases.

Models. The models were tested at angles of
attack from zero to 20°, where angle of attack 1s
referanced to the axis of the aft-cone section.
Both biconic models were tested for 0° < o < 20°
in 4° increments in air; for the other three test
gases, the biconics were tested at q = 0°, 4°,
12°, and 20°. The on-axis biconic was rolled at
a = 12° in air to provide a more detailed circum-
fereatial heating distribution. At a = 0° the
spherical nose tip of th2: on-axis biconic was
located 1.27 ca downgtream of the tube exit.
Based on unpublished calibration results, these
relatively long models were located within the
inviscid test core for all angles of attack and
located in a region free of axial variation of
flow properties.

Data Reduction sud Uncertainty

Heat Transfer. The numerical msthod used to
compute heat-transfer race" from the ouvtput of
the thin~film resistance gages is discussed in
Ref, 16, and the analog method is discussed in
Ref. 17, Also included in Ref., 16 1s a discus-
aion of the calibration procedure used to deter-
minc the temperature coeftictent of resistance of
each gage and contributors to the uncertainty in
the heat-transfer rate inferred from thin-film
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gages. Primary contributors for the present
atedy sre believed to be time gncertainty in the
thermal properties of MACOR, ! changes that
occurred in gage properties for gages that were
used in successive tests without recalibration,
and the poor signal-to-noise ratio experienced
during a number of tests.

Considering the probable sources of errors
discussed in Ref. 16, the maximum uncertainty in
meagsured heat-transfer rate for any give- gage
and test is believed to be less than 15 percent.
The rms uncertainty in measured heat-transfer
rate for both biconic models and all four test
gases is 8 percent. Although an g-percent
uncertainty in heating along the most windward
ray 1s believed realistic, a larger uncertainty
18 expected on the leeward ray, particularly et
high angles of attack. ‘This is due to the lower
values of heating on the leeward ray and the
nature of the flow in this complex, viscous-
dominated flow region at high a.

Shock Shape. The shock detachment distance
from the model suriace was read manually from
the schlieren photographs using a digitizing
system having a sensitivity of 100 counts per
2.54 wm. The maximum uncertainty in measured
shock detachment distance is believed to bz less
than 5 percent.

Flow Conditions. Uncertainties in the
measured and calculated nominal rreestream and
post-shock flow conditions for the four test
gases depend primarily on: (1) the precision
associated with the measurement of the tube wall
static pressure p,, incident shock velocity
Us,10s and pitot pressure py , (2) rua-to-
run repeatabilitv of these quantities, always a
primary concern with impulse-type facilities, and
(3) the validity of the assumptions made
concerning the use of these measurements.

Careful and frequent calibrations of the
pressure transducers demcnstrated that measured
values of p, and P,z are accurate to within
10 percent and 6 percent. respectively. Shock
velocity Uy o 18 believed accurate to within

2.5 percent.2 Nominal values of measured p,
and Uy ;o for each test gas were obtained from
cllibration tests with a pitot pressure survey
rake, performed prior to this studyrand from
tests with the biconic modele. Because the
inv*scld test core diameter is only 7.6 to 8.9

the relatively large models prohibited
{nstallation of a pitot pressure probe in the
inviscid cest core without disturbing the model
flowfield. Thus, the nominal value of pitot
pressure presented in Table )} for each test gas
was inferred from previous unpublished calib=a-
tions with a hydrogen driver, This procedure
for determining flow conditions is the same as
used in Ref. 21 for a helium driver.

Data scatter between the various calibration
runs and rung with the biconic models was small
(less than 8 percent for p, and P,z and 3.5
percent for Ug, 10) due primarily to the double -
diaphragm mode "of operation, Now, based on
unpublished pressure distributions measured on a
sharp leading~edge flat plate for e four test
gases, the asgumption that p, = Py 18
believed valid. However, the assumptions that
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Uy = Ug,jo and U, are constant with run

time are subject to question.?? The sensitivity
of calculated freestream and post-shock flow
conditions, including stagnation-point heat-
transfer rate to a sphere,to these uncertaintie:
in wmeasured inputs are presented in Ref. 21.

Calculated Stagnation~Point Heat Trams. :r to

a Sphere. Heating distributions on the biconics
are presentud in terms of the freestream Stanton
nusber St, and as the ratio ol surface heat-
transfer rate to predicted stagnation-point } -at-
transfer rate to a sphere with radius equal to
the bicoric nose radius, §/§gpn. The wall
enthalpy b, required to compute St, corre-
sponds to a wall temperature equal to 300 K.
Values of §4,, for the four test gases were
obtained from the thermochcuical equilibrium
calculations of Ref. 23 and are presented in
Table 1. !

Prediction Method

sating distributions were computed usins
computer code that solves the steady,
three-dimensional "parabolized Navier-Stokes
equationl.'z“'z This code requires supersonic
flow above the boundary layer in the downstream
marching direction from the starting plane of
data at or in front of the sphere-cone junction.
A total of 50 points were taken between the shock
and surface along an axis-aormal coordinat: and
the nuaber of points in the boundary laye. was
varied with angle of attack to account for the
thinning of the boundary layer. The
circumferential increment was 4.74°.

At the time the data reduction phase of the
present study was initiated, the PNS code was
applicable only for perfect air. This code has
since been modified to include helium and
real air in thermochemical equilibrium. Only a
few cases for real air have been run at the tine
of this writing, and these results must be viewad
as preliminary.

Results and Discussion

The limited space of this report prohibits
presenting all the data obtained for the two
biconic models in the four test gases; thus, the
effects of nose bond, angle of attack, and test
gas are illustrated with sample longitudinal
heating distributions and with summary plots.
Because these data provide the opportunity to
validate various perfect-gas and real-gas
flowfield computer codes and recognizing the
difficulty associated with the extraction of data
from such a report, tabulations of the present
data are available upon request. BRefore
presenting the data, a few general comments will
be made.

A primary purpose of this study was to
exanine real-gas effects, resulting from the
excitation of vibration, dissociation, and
ionization energy modes, on heating to biconics
in gases corresponding to various planeary
atmospheres., CO, was selected as a test gas
aince it is the primary constituent of Mars and
Venus atmospheres, nitrogen is the primary
constituent of Titan's atmosphere, and air is, of
course, Earth's atmosphere. To provide a lower

1limit to the range of normal-shock density ratio
and a means for comparison with perfect-gas
flowfield predictions, helium was used as a test
gas. Even at the present velocity ot 6.9 ka/s,
helium was not ionized. Thus, the biconic models
were :@sted in ideal-gas and real-gas flow
environments in the same facility with the same
instrumentation, data acquisition system, and
Aata reduction procedures.

In general, the flow was observed to
establish (C, become essentially constant with
time) on the windward side of both biconic wmodels
within 120 us for all test gases and 0° < a <
20°. Flow establishment on the leeward side
required more time, especially at the higher
angles of attack where the flow is quite complex
and viscous do-inated,zs'28 aad the output of the
leeward gages was characterized by larger
fluctuations with time. However, even at the
highest value of a, there was evidence that the
“coarse” inviscid flow and finer viscous-flow
structure about the model generally estabiished,
achieving a steady state within 200 ys. Thus,
the heating distributions presented herein are
assumed to represent a fully established flow
condition.

To avoid or minimize the effects of surface
temperature discontinuities on measured heat-
transfer rates, % the thermal conductivities of
the substrates and models should be matched as
close as possible. Another concern at the high
enthalpies of this study is the difference in
surface catalycity between the MACQOR substrates
and the stainless-steel models.,”": Because
of these concerns, the model was covered with a
relatively thick deposit of Paralene C or sprayed
with Krylon, a crystal-clear acrylic, prior to
installation of the substrates. (It should be
noted that windward substrates were generally
destroyed during the post-run period and the
cover badly sandblasted; thus, the models were
removed from the facility after each rum,
recovered, and new substrates installed.) The
effect of removing the cover is shcwn in Fig. 5
for the bent biconic in air. Removing the cover
produced no significant effect on heating. One
possible explanation for this gcod agreement is
the thin-film gages were placed a sufficient
distance from the material mismatches in the
model surface to allow the flow to adjust, if
necessary, to the MACOR surfaces., For the sake
of continuity and the fact the cover provided
excellent protection of the mcdel surface from
solid contaminants carried in the post-test flow,
the model was covered for all rums.

Because of the relatively small model size
and close proximity of the shock to the model
surface at the higher density ratios, the flow
within the shock layer wmay depart from
equilibrium. This is erpecially true in the nose
region. The vesults of Ref. 21, based on binary
scaling for blunt bodies, revealed that the
product of freestream density and predicted
equilibrium shock standoff distance at the
stagnation point mus:i exceed 10~° kg/n2 to avoid
significant nonequilibrium flnw effects. For the
biconic spherical nose radius of 3.83 mm, this
oroduct is less than 1.3 x 10~° kg/m“ for the
three dissociated test gasea, thus well within
the nonequilibrium flow -agime.
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At sufficiently low Reynolds numbers, the
shock and boundary-layer thicknesses are no
longer negligible cowpared with the shock detach-
ment distance.?! A number of researchers have
suggested various criteria in an effort to define
the regimes between continuum and free molecular

flow,32 but these are only approximations. The
pataueterlkz,r;/(pzlp,) (see Ref. 33) was
selected to estimate the viscous effects for the
flow over the spherical nose. According to this
parameter, which varies from a low of 2.6 for CO,
to & high of 23 for helium, the present flow over
the nose is just within the slip flow

regi-e.3-33 In this regime, relatively small
changes in Reynolds number may result in large
changes in surface heating. The increase in
heating over the contiruum value is small (< 5
percent, or 8so) for helium, but may be signifi-
cant for the other test gases, particularly CO,.
Although this parameter accounts for real-gas
effects via use of pz/p,,,zI it does not include
the effect of wall temperature ratio

T"/Tt.z. The present large wail cooling

tends to decrease the boundary-layer thickness,
hence diminish rarefaction effects,?!

Effect of Mose Bend

Bending the fore-cone section upward
provides aerodynamic advantagesz'3 because of
the asymmetry, but at an expected penalty in
higher heating rates to the fore-cone section.
To examine effects of this nose bend, heating
distributions for the bent biconic are compared
to the on-axis biconic in Figs. 6 and 7 for
various angles of attack, Longitudinal heating
distributions aloug the most windward and leeward
rays are shown for air in Fig. 6. The ratio of
windward heat-transfer coefficient for the bent
biccaic to that for the on-axis biconic is shown
in Fig. 7 for all four test gases. These results
(Fig. 7) were obtained from curve fits to the
data to smooth the results and account for any
missing thin-film gages for a particular run.

Noticeably lacking from the fore-cone
heating distributions at o = 0° for all test
gases was the overexpansion-recompression trend
observed in the pressure distributions for these
biconica at Mach 6 and Mach 10%-10 and attributed
to the surface discontinuity at the sphere-cone
junction. For laminar flow, heat1n§ is expected
to follow the trend in pressure;a“- 5 however,
the Mach 10 results of Refs. 36 and 37 imply that
the present heating distributions should be free
of such trends for x/L > 0.25. The decrease in
windward heating due to the expansion at the
junction scales roughly witih the surface inclina-
tion change. That is, between the last gage on
the fore cone and first gage on the aft cone,

St, decreases roughly 1.3 to 1.5 for the
on-axis biconic (surface inclination change of
5.8°) and approximately twice thies for the bent
biconic (change of 12.8°, or twice that of the
on-axis biconic) for all four test gases.

On the leeward side, bending the nose upward
at g = 0° causes a larger variation in heating
with 2/L on the most leeward ray of the fore
cone, smaller variation on the aft cone, and a
decrease in heating by a factor of 2 to 3 for all
test gases. When o is incressed fo 4°, corres-
ponding to the leeward side of the bent biconic

being nearly shielded from the flow, the heating
distributions for the two biconics begin to con-
verge with increasing distance from the nose

tip. At o = 12° (Fig. 6(b)), corresponding to
the on-axis biconic leeward side being alwmost
shielded from the flow and the bent biconic being
fully shielded, heating still decreases with
increasing x/L for the on-axis biconic but
increases with z/L for the bent biconic. These
trends cause the heating distributions for the
two biconics to cross at about 40 percent of the
body length. At a = 20°(Fig. 6(a)), leeward
heating for the bent biconic exceeds that for the
on-axis biconic in air. Similar trends were
observed for the other gases and are consistent
with leeward flow separation,e‘l°-26'28'37 as
will be discussed in the next section.

The penalty paid in increased windward
fore~cone heating due to the nose bend is about
1.7 to 2 at o = 0° for the four test gases (Fig.
7(a)). However, the nose bend causes a decrease
in windward aft-cone heating for air, N;, and
CO, whereas the heating for heliunm is essential-
ly unaffected by the bend. This lower heating on
the bent biconic aft cone for the diasociated
test gases is believed due to: (1) the lower
values of gamma within the shock layer for these
gases, which result in a larger expansion at the
junction, hence a lower aft-comne surface
ptessure,lo and (2) nonequilibrium flow effects,
At g = }2°, the penalty in fore-cone heating due
to the bend decreases to about 1.2 to l.4 and to
about 1.1 to 1.2 at a = 20°. Heating on the aft
cone is less for the bent biconic, including
helium test gas, for g = 12° aad 20°. Thus,
although a penalty in windward heating to the
fore cone occurs due to the nose bend, as expect-
ed, this penalty diminishes markedly with
increasing g and is only 10 to 20 percent at the
design trim angle of attack of 20° for the bent
biconic.

Effect of Angle of Attack

Heating to the windward ray increases with
angle of attack for both biconics and all test
gases, as expected, but the relative effect of ¢
on heating decreases with increasing o« (Figs. 8
to 1U0). For the present range of a, the penalty
in windward heating for the bent biconic is
roughly a factor of 2 on the fore cone and a
factor of 3 to 4 on the aft cone, being largest
for helium test gas.

The effect of a on leeward heating is not
nearly as orderly as on the windward side. Lee-
ward heating for the on-axis biconic decreases as
a is increased from 0° to 8°, but increases for g
> 8°. This trend was observed for all test gases
and is attributed to flow segaration and the
formation of vortices,8-10,26~28,37 nyq 1)
flow patterns of Refs. 9 and 10 show that a
“stagnation-line” type of flow is created on the
most leeward ray by the mutual action of counter-
rotating longitudinal vortices that reattach on
this ray. For the low Reynolds numbers of this
study, the leeward separated flow should be free
of any secondary vortices.!? This vortex
reattachment results in the heating on the most
leeward ray being higher than just off this ray,
as evidenl from the circumferential heating
distribution shown in Fig. 11 for the on-axis
biconic at g = 12°,
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p{gect of Test Gas

Shock shapes for the four test gases are
compared in Fig. 12 for the bent biconic at a =
4°, The fact that the shock detachment distance
for blunt bodies in hypersonic flows correlates
in terms of & single parameter p,/p, 18 well
known,2'3'21 with the detachmen. distance
decreasing with increasing density ratio. This
decrease in shock detachment distance with
increasing p,/p, also occurs for the relatively
slender biconic models as shown in Fig. 12. .ae
effect of density ratio on detachment distance
was observed to diminish with increasing angle of
attack on the windward and leeward sides; that is
a lesser effect of p,/p, on windward shock-
detachment distance occurs as the effective body
becomes blunter. The trend on the leeward side
is due to the shock inclination downstream of the
nose region becoming more dependent on Mach
number at the higher a.% The observed differ-
ences in shock detachment distance and incilna-
tion for the present test gases are expected to
influence the variable edge-entropy effect caused
by the mass "swallowed” or entrained by the
boundary layer,ae- 9 hence influence the
heating distributions.

In examining the effects of nose bend and
angle of attack on heating distributions, differ-
ences in Mach number, Reynolds number, density
ratio or gamma, and wall temperature ratio were
not considered explicitly., However, these quan-
tities must be considered in any attempt to
deduce the effect of test gas on heating. This
adds complexity to the present study since the
Expaneion Tube was operated to yield the highest
quality flow for each test gas and M, and R,
were not matched for the four gases. For
example, although the freestream Reynolds numbers
for helium, air and CO, are relatively close,
R, for nitrogen is only halt as large. Now,
laminar heating on a reentry glider godel has
been correlated in terms of St, ¢ R, | for
high enthalpy flows.*? Taking this’a steyp
further to account for differences in R,, M,,
and Ty,/Ty ,, the decision was made to present
the present heating data in terms of St /U%.
The - viscous interaction parameter U* is define
as C*H.//R. L» Where C* = u*T:{u.'l‘* and
T* i3 a reference temperature, T* =
(Tt 2/6)(l+31"/Tt 2). Heating distribu-
tions are also presented as the percent of
stagnation-point heat-transfer rate to a sphere23
having a tadius equal to that of the spherical
nose tip, q/q. (values of q3 h are
presented in | ble 1.) (Althougg ﬁs n 18
relatively insensitive to Mach number and
Reyaolds number, the ratio q/q,ph may not be,
and thus does not provide a means for separating
M,, R, effects from real-gae effects.)

d32

Values of the heating ratio §/§g,y, for the
four test gases are compared in Fig. q3 for the
on-axis biconic. At zero incidence (Fig. 13(a)),
§/84pn On the fore cone {s nearly the same for
air, N,, and C0,, all being higher than helium.
As the flow expsnds at the fore-cone/aft-cone
junction, the decrease in heating that occurs for
CO, is greater than for the other three gases and
Q/Q. n for CO, approaches that for helium.
tocullcd previously, this trend is attributed
to gamma effects and possible nonequilibrium flow

effects. The same trends in windward d/d.nh are
observed at g = 12° and 20°; howe.t, the
difference fn §/qq ph betueen the tes. sases
decreases with increasing a, especiallr on the
fore cone. At a = 12°, leeward 4/q exhibits
the same trend as observed on the 35|mrd side,
but at a = 20°, this heating ratio for O, is
less than for the other gases. As a rule of
thuab for the on-axis biconic, §/dgop on the
windward aft cone is roughly half tgat on the
windward fore cone and leeward values are an
order of magnitude less than windward values.

Basically, the same trends in é/dnph were
observed for the bent biconic as observed for the
on-axis biconic. One notable exception was that
q/d. for CO; is lower than the other gases on
the uindward and leeward sices of the aft cone
for all argles of attack. /s with the on-axis
biconic, §/§z,, on the leeward side of the bent
biconic for agr and N, either agrees with or
exceeds values for helium. One last point--wind-
ward att-cone heating distributions in CO, at the
higher angles of attack decrease monotonically
downstream of the junction, but then increase in
the direction of the base. Schlieren photographs
in CO, (Fig. 4) revealed the ghock over the aft
cone on. the windward side curved back toward the
model surface in the region of the base. This
minima in heating on the windward side of the aft
cone is believed to be charecteriisic of low
gamma flows since it was cobserved " in pressure
distributions measured at Much 6 in CF, (v.f5 =
1.13), but not at Mach 6 in air (y = l.4). It
was also predicted for CF, using a perfect-gas,
inviscid flowfield code wi:th effective gamma as
the 1nput,l° and predicted in Ref. 3 for CO,.

In Figs. 14 and 15, wincward St.,/T* for
air, nitrogen, and CO; 1s nondimeusionalized by
this ratio for heiium. In this form, the results
for CO, are consistently lower than for air or
nitrogen for both biconics and 0° ¢ o < 20°. The
air and nitrogen results are generally “In fair to
good agreement for both biconics, particularly on
the fore cone. This good agreement between air
and nitrogen is expected, provided Reynolds
number effects are properly accounted for,
because of the similarity in gamsa within the
shock layer for these two gases, in rdach number,
and in T, /TL 2+ When these two gases are not
in agreement on the aft coune, the air data
usually exceed the nitrogen data, thereby imply-
ing a larger departure from equilibrium for
nitrogen in tie expansion at the junction, The
ratio St,/9* for air, nitrogen and CO, is less
than that for helium.

Due to the complexity of the present flow,
it is difficult to separate Mach number, Reynolds
number, gamma, and chemistry effects. Additional
tests with these, or similar, models at various
Mach numbers and Reynolde numbers in
conventional, ideal-air wind tunnels are cequired
to separate out the real-gas effects and
determire if ¥* accurately accouuts for M, anl
Ra L effects.

Comparison to Prediction

Comparisons of measured and predicted
heating distributions inu helium are shown in
Figs. 16 and 17 for the on-axis biconic and bent
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biconic, respectively. This code ran success-

- 14 - ° = - e canmd -
fully for 0° < a < 20° for the om axis biceanic,

but difficulties were encountered at the highest
angle of attack for the bent biconic. The fail-
ure to run successfully at a = 20°, corresponding
to af = 27°, is attributed to the proximity of
the sonic line across the shock layer to the
starting data plane on the windward side.10 The
stagnaticn-point heat-transfer rate measured

at the spherical nose tip of the on~axis biconic
in helium at g = 0° was predicted to within 3
percent by the starting solution*? used for the
PNS code. Heating rates on the on-axis biconic
(Fig. 16) at o = 0° and 4° are accurately
predicted by the PNS code. At g = 12°, corres-
ponding to a thinner boundary layer on the wind-
ward side (requires more points to accurately
model the temperature distribution through the
boundary layer) and separated, viscous—-dominated
flow on the leeward side, the PNS code slightly
underpredicts windward and leewsrd heating. With
the exception of a few points, the agreeuent is
within 10 percent or within the experimen~al
uncertainty. At g = 20°, the underprediction of
windward heating worsens and measurement and pre-
diction diverge on the leeward side of the aft
cone.

Turning to the bent bicounic (Fig. 17), the
PNS code again accurately predicts the heating
distributions at g = 0° and 4° in helium. Wind-
ward aft-cone heating is accurately predicted for
0° < o € 12°, whereas windward fore-cone heating
is underpredicted somewhat. A: o = 12°, the PNS
code overpredicts leeward heating by as much as
15 to 20 percent. Thus, in general, when the
leeward side 1s not fully shielded from the flow
(ag/6g < 1), the PNS code predicts windward
and leeward heating with good accuracy. When the
leeward side is shielded, resulting in vortex
shedding, the PNS code tends to overpredict
leeward heating.

Nonequilibrium flow effects were expected
for these models in air, but it was hoped that
comparisons to the PNS code with equilibrium
real-ai1: capability would furnish information on
the degree to which nonequilibrium influenced the
heating. The reasoning, somewhat oversimplitied,
was if the code was verified for helium flow and
care taken to incorporate the real-air proper-
ties, then the code should provide the basis for
deducing nonequilibrium flow effects. At the
time of this writing only two air cases had been
run for the on-axis biconic and both cases must
be viewed as preliminary. At g = (° and 4°
(Fig. 18), measured and predicted heating on the
fore cone tend to diverge with distance from the
nose tip. Since the PNS code tended to underpre-
dict heating in helium, this trend may be the
result of a nonequilibrium expansion from the
spherical nose onto the fore cone and the flow
tending to equilibrate as it approaches the junc-
tion. Windward aft-cone heating is underpredic-
ted by up to 25 percent for both angles of
attack. Leeward heating on the fore cone is
predicted quite well (within 10 percent) at o =
4°, but the aft-cone heating is underpredicted 15
to 20 percent. The cause(s) for these underpre-
dictions in air are not fully understood at this
time and additional analysis is planned.

Concluding Remarks

Laminar tieating distributions have been
measured on spherically-blunted, 13°/7° on-axis
and bent biconics in the Langlsy Ervansion Tube.
These data are unique since & given model was
tested in several test gases at hypersonic and
hypervelocity flow conditions. Test gases were
helium, nitrogen, air, and carbon dioxide; free-
stream Mach numbers ranged from 6 to 9 and
velocities from 4.5 to 7 km/s. Even at these
high velocities, helium behaved as an ideal gas,
providing heating distributions that may be
compared to ideal-gas theory. Preliminary analy-
8is of these data revealed the following: (1)
Although a penalty in windward heating to the
fore cone due to the nose bend was observed, as
expected, this penalty diminishes rapidly with
increasing angle of attack and is only 10 to 20
percent at the design trim angle of attack of
20°. (2) Aft-cone windward heating was more
sensitive to angle of attack than fore-cone heat-
ing, increasing by 3 to 4 as the angle of attack
was increased from zero to 20° compared to 2 on
the fore cone. (3) Leeward heating distributions
initially decreased with increasing angle of
attack, but theu increased. This trend ie
attributed to flow separation on the leeward side
and the formation of vortices when the fore-cone
angle of attack exceeds the fore-cone half
angle. (4) Heating on the windward side of the
on-axis aft cone was roughly half that on the
fore cone and the leeward heating was an order of
magnitude less than the windward. (5) Several
trends were attributed to real-gas phenomena,
such as the decrease in aft-cone heating for CO,
because of a nonequilibrium expansion at the
fore~cone/aft-cone junction. However, Mach
number, Reynolds number, wall temperature ratio,
and gamma or density ratio varied for the four
test gases. ‘This makes it difficult to separate
real-gas effects from effects that result from
the variations and additional analysis is
required in this area. Finally, (b) the PNS code
predicts windward and leeward heating in helium
to good accurucy when the leeward side is not
shielded from the flow. When shielded, corres-
ponding to vortex shedding on the leeward side,
the PNS code tends to overpredict leeward heat-
ing. Preliminary results from the real-gas PNS
code ylelded somewhat poorer comparisons to data
for air than those obtained by the perfect gas
code for heliua.
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Table 1. Nominal Flow Conditions

Free-stream

Test pw’ Pe? T"n YE © Uml Mm Ru’
Gas N/m? kg/m3 K m/sec o~}
Helium 1300 1.72 x 10—3 364 1.667 6900 6.15 4.87 x 105
Nitrogen 1635 2.88 1913 1.302 5515 6.41 2.62
Alr 2182 4.73 1604 1.296 5326 6.89 4.50
Co, 1030 5.09 1070 1.179 4535 9.29 5.64
Post-Normal Shock
Test Pe,2? Pr,2° Teo2r | YEsea2 | Zea2 | Pes2r | M 82 (dgpn, Ref. 20|
Gas kN/m? kg/m’ K MI/kg | Mi/kg - MW/n?
Helium 72.6 | 0.71 x 1072 4948 1.667 1.00 | 25.69 1.56 3.71 26.28
Nitrogen 85.6 | 3.55 6471 1.127 1.26 17.41 «31 11.83 28.22
Alr 130.35) 5.49 6162 1.143 1.34 15.96 «30 11.13 31.92
Co, 103.0 9.83 3531 1.132 1.57 2.41 -8.72 18.83 21.92

Note: h, evaluated at T, = 300 K.
Z, = 1 for all test gases.
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