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Introduction

Advances in navigation and knowledge of plane-
tary atmospheres, along with the need for Earth or-
bital transfer vehicles (OTV’s), have rekindled interest
in aerobraking and aerocapture techniques for proposed
Earth and planetary missions (refs. 1 to 3). A spher-
ically blunted biconic with the fore-cone section bent
upward relative to the aft-cone section to provide self-
trim capability has been proposed as a generic vehi-
cle for many planetary missions (refs. 2 and 3) and as
a viable OTV candidate. This vehicle also offers ad-
vantages as a reentry vehicle. Because of the scarcity

of experimental data for biconics, a study was initi-.

ated at the Langley Research Center (LaRC) to es-
tablish a comprehensive data base. Aerodynamic co-
efficients, pressure distributions, oil-flow patterns, and
shock shapes have been measured on 2.9-percent-scale
models of the proposed configuration and this config-
uration without a bent nose (straight biconic) (refs. 4
to 6). These measurements were made in three con-
ventional (as opposed to impulse) hypersonic wind tun-
nels, namely, the Langley 20-Inch Mach 6 Tunnel, the
Langley 31-Inch Mach 10 Tunnel (formerly known as
the Langley Continuous-Flow Hypersonic Tunnel), and
the Langley Hypersonic CF4 Tunnel, to provide a range
of Mach numbers, Reynolds numbers, and ratios of spe-
cific heats. More recently, heating distributions were
measured on 1.9-percent-scale models in the Langley
Expansion Tube at hypersonic-hypervelocity flow con-
ditions for four test gases (ref. 7).

As part of the overall program to establish a data
base for this generic aeroassisted vehicle, this pa-
per presents heating distributions measured on a 1.9-
percent-scale model of the generic vehicle in the Lang-
ley 31-Inch Mach 10 Tunnel. Also tested was a straight
biconic with the same nose radius, base radius, and half-
angles. The effects of nose bend, angle of attack, and
Reynolds number on heating distributions are exam-
ined, and predictions from a three-dimensional “parab-
olized” Navier-Stokes (PNS) code (refs. 8 and 9) are
compared with measurement. These comparisons are
made over a range of angles of attack, referenced to the
axis of the aft-cone, from 0° to 20°. The present re-
sults for ideal air are also compared with the results
for real air of reference 7. These real-air data were ob-
tained in the Langley Expansion Tube, an impulse-type
facility with a run time of only 200 usec, or approxi-
mately four orders of magnitude less than the present
run time. The same models and instrumentation tested
in the expansion tube were used in the present study.
(It should be noted that the present study is the first
at LaRC to use a model with a large number of thin-
film resistance heat-transfer gages (ref. 10) in a conven-
tional hypersonic wind tunnel.) The present measure-

ments represent a significant step toward achieving the
goal of a complete and accurate data base which pro-
vides an improved understanding of flow characteristics
about biconics. They also provide the opportunity for
comparison with and verification of flow-field computer
codes.

Experimental Method

Facility

The Langley 31-Inch Mach 10 Tunnel, formerly
known as the Langley Continuous-Flow Hypersonic
Tunnel (ref. 11), uses a water-cooled, three-dimensional
contoured nozzle to generate a nominal Mach number
of 10 with dry air as the test gas. The test section
is 78.7 cm square, the maximum operating reservoir
pressure is 15.2 MPa, and the maximum reservoir tem-
perature is 1060 K. This facility was operated in the
blowdown mode for the present study and is referred to
herein as the Mach 10 tunnel.

Models

A planform view and dimensions of the biconic
models tested in the study of reference 7 and in the
present study are shown in figure 1. The bent-nose
biconic model represents a 1.9-percent-scale model of
the proposed Mars sample-return single-mission vehicle
(ref. 2). The models were fabricated from stainless
steel, and five slots were machined in each model for
instrumented inserts. (See fig. 2.) Two slots were
machined along the most windward ray (¢ = 180°) (one
on the fore-cone and one on the aft-cone), two along the
most leeward ray (¢ = 0°), and one along the ray 90°
from the most leeward ray on the aft-cone (¢ = 90°).
The models were supported by a 1.9-cm diameter sting
that was 35.6 cm long (fig. 3).

Instrumentation

The technology of thin-film resistance heat-transfer
gages developed for the Langley Expansion Tube (refs. 7
and 10) was used without change in the present study.
This use of the same gages in facilities with very dif-
ferent run times was possible because of the relatively
large width (6.4 mm) and thickness (5.1 mm) of the sub-
strates. The substrates were fabricated from MACOR!
machinable glass-ceramic (ref. 12) and contoured to the
conic section. Eight palladium gages, each approxi-
mately 100 nm thick, were deposited on the polished
surface of each substrate (fig. 2(b)). The nose section
was fabricated from MACOR with a single thin-film
gage located at the spherical tip. All gages were in the

1 MACOR glass-ceramic is a registered trademark of Corning
Glass Works.



form of a serpentine pattern (as shown in fig. 2(b)) and
provided nearly a point measurement since the sensing
surface was 1.0 mm by 1.3 mm. Each gage was cal-
ibrated in a well-stirred oil bath for temperatures of
297 K to 380 K. This range covered the surface temper-
atures experienced during a test, with the exception of
the gage at the tip of the spherical nose, where surface
temperatures were much higher. Details of gage con-
struction and calibration are discussed in reference 10.
Each insert (i.e., substrate with thin-film gages) was
sealed in place to provide a leak-free model surface.

A portable data-acquisition system consisting of
100 channels of constant-current circuits was used in
this study. Each channel (circuit) had a differential
amplifier allowing a gain selection of from 1 to 100
and a constant-current selection of either 1 mA or
4 mA. These circuits were wired to a 12-bit, 104-channel
analog-to-digital (A/D) data-acquisition system which
samples each channel at a rate of 50 samples per sec-
ond; the extra 4 channels were used to monitor tunnel
parameters. This A/D system was interfaced with a
desktop computer. The 100-channel system was self-
calibrating (100-) precision resistors were switched into
each circuit, the voltage measured, and the current com-
puted), and the initial voltage across each gage was
recorded by the computer just minutes prior to the run.

Oil-flow tests were performed with larger models
(2.9 percent scale) fabricated for force and moment tests
(refs. 5 and 6). The models were painted black and
sprayed with a mixture of white artist’s oil pigment
and silicon oils of various viscosities. The mode! was
rapidly inserted into the test section and exposed to
the free-stream flow for approximately 20 sec. Then,
after a rapid retraction, the model was removed from
the facility and the flow patterns were photographed.
Separation lines are characterized by converging surface
streamlines on both sides, indicated by an accumulation
of white oil on the black model. Vortex reattachment
is characterized by diverging surface streamlines on
both sides providing a “feather-like” appearance. The
oil-flow patterns presented herein were obtained by
Vernon T. Helms III of LaRC.

Test Conditions

The pitot pressure in the test section could not be
conveniently measured in the present study; hence, test-
section flow conditions for measured reservoir pressures
and temperatures were obtained from a previous cal-
ibration study (ref. 11). Test-section flow conditions
were calculated by taking into account imperfect-gas
(intermolecular-force) effects in the reservoir and by
performing an isentropic nozzle expansion to the cal-
ibration value of free-stream Mach number. The post-
normal-shock flow region is thermally perfect (the com-
pressibility factor is equal to unity) but calorically im-
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perfect (7¢,2 # Yoo). (A list of symbols used in this pa-
per appears after the references.) Thus, the imperfect-
air results of reference 13, which include vibrational ex-
citation, were used in the present calculation of flow
conditions.

Nominal reservoir stagnation conditions and corre-
sponding free-stream flow parameters for the present
study are as follows:

Pt,1; Tt,17 Poos Tooa
Pa K Pa K Mo Ro,L
2.4 980 61 49.8 99 | 2.2x 10°

10.9 | 1005 227 | 484 | 102 | 9.3

The value of L used to determine Ry s, is 12.2 cm.

Both biconic models were tested over a range of
angles of attack from 0° to 20° in 2° or 4° increments at
each flow condition. The angle of attack is referenced
to the axis of the aft-cone section.

Data Reduction

The numerical method used to compute values of the
heat-transfer rate ¢ from the output of the thin-film re-
sistance gages is discussed in reference 10. As discussed
in reference 7, the present values of ¢ are based on a
more accurate determination of the thermal properties
of MACOR glass-ceramic than that presented in refer-
ence 10, and these values account for the variation of
substrate thermal properties with temperature. Sam-
ple time histories of the heat-transfer rate and the heat-
transfer coefficient C), are shown in figure 4 for the gage
at the nose tip and for the gages on the windward and
leeward sides. Also shown in figure 4 are the changes in
surface temperature AT, at selected times. The heat-
transfer coefficient is essentially constant for the time
interval 0.5 < t < 1.4 sec for all gages and all runs.
(t = 0 is defined as the time the model first experiences
an increase in surface temperature as it is inserted into
the flow from a sheltered position.) Second-order least-
square curve fits were applied to the time histories of
g for 0.5 < t < 1.4 sec, and values of ¢ (or Ch) pre-
sented herein were obtained from these curve fits and
correspond to ¢t = 1.0 sec unless otherwise stated.

To eliminate time as a variable, the present heating
data are plotted in terms of the heat-transfer coefficient
Chr = ¢(t)/[ht,2 — hw(2)]. These values of Cj, are nondi-
mensionalized by the heat-transfer coefficient Cp, spn ob-
tained from the stagnation-point heat-transfer rate of a
sphere g;,n with radius equal to the biconic nose radius.
This value of Ch gpn is computed by using the theory
of Fay and Riddell (ref. 14) with T\, = 300 K. Compar-
isons between prediction and measurement are made in
terms of the heat-transfer rate for an isothermal model;




that is, because the measured heat-transfer coefficient
is constant with time, values of ¢ may be accurately
determined as follows:

§(t") = ¢(t){[ht,2 — huw(t™)])/[he,2 — hu(t)]}
where t* is time at which T, = 300 K.

Uncertainties

Probable sources of error for thin-film resistance
heat-transfer gages are discussed in references 10
and 15. There are, however, other probable sources
of error, unique to this study, which are discussed in
the appendix. This study represents the first large-scale
use of thin-film gages in a conventional hypersonic wind
tunnel at LaRC. Lessons were learned with this “new”
application of an “old” technique, and these too are dis-
cussed in the appendix. The heat-transfer rate inferred
from the present thin-film gages is believed to be ac-
curate to within 5 percent. Two tests were performed
with the bent-nose biconic to examine run-to-run re-
peatability. As shown in figure 5, the agreement be-
tween Ch/Chspn values in these two tests is excellent
(within 1 percent for all but two gages).

Prediction Method

Heating distributions were computed with a com-
puter code that solves the steady, three-dimensional
parabolized Navier-Stokes (PNS) equations (refs. 8
and 9). This code, obtained from the late John V.
Rakich of the NASA Ames Research Center, requires
supersonic flow in the downstream marching direction
from the starting plane of data at or in front of the
sphere-cone junction. The starting plane of data is de-
termined from the Navier-Stokes solution over a sphere
using the finite-volume, adaptive-grid algorithm de-
scribed in reference 16. The PNS code of references 8
and 9 has been modified to include the straight biconic
and bent-nose biconic geometries, and increased cir-
cumferential resolution was added (ref. 17); also added
was the capability to compute real-gas effects of C, H,
He, O, and N systems. The differences in predicted val-
ues of heat-transfer rate for ideal air and for real air in
thermochemical equilibrium, which includes vibrational
excitation, were insignificant for the present models and
flow conditions.

Results and Discussion

Before presenting the data which illustrate the ef-
fects of nose bend, angle of attack, and free-stream
Reynolds number on longitudinal heating distributions,
a brief discussion of low Reynolds number effects on
heating at the nose tip is presented. Next, oil-flow pat-
terns illustrating the influence of Reynolds number and

angle of attack on leeward surface flow characteristics
are presented. These are presented prior to the mea-
sured longitudinal heating distributions to reveal cer-
tain aspects of the leeward flow that may not be inferred
from the heating measurements alone. (The models
used to measure heating rates provided relatively de-
tailed longitudinal heating distributions on the most
windward and leeward rays but did not provide cir-
cumferential heating distributions which would reveal
information on leeward cross-flow separation phenom-
ena.) The last two sections present comparisons of the
data of this study with the real-air data obtained in the
expansion tube (ref. 7) and with predictions from the
PNS code (refs. 8 and 9). Tabulations of the measured
heat-transfer rates for both biconics are presented in
tables I to IV.

Low Reynolds Number Effects in Nose Region

As the Reynolds number is reduced, theories based
on the assumption of a thin boundary layer, such
as Fay and Riddell’s (ref. 14), initially underestimate
stagnation-point heating with decreasing Reynolds num-
ber and then progressively overestimate heating as slip
effects become important. This trend is well docu-
mented in the literature (e.g., refs. 18 to 22) and is
illustrated by the curves in figure 6, which were taken
from reference 18. The experimental results in figure 6,
shown by the symbols, were obtained with small quartz
hemispheres (ref. 10) having a radius close to the nose
radius 7, of the biconic models (r, = 4.1 mm for the
hemispheres and 3.8 mm for the biconics). A single
thin-film gage was sputtered over the stagnation re-
gion of these hemispheres, which were tested in the
Mach 10 tunnel and in the Langley Hypersonic CF4
Tunnel (ref. 23). (These measured values of stagnation-
region heating are expected to be 1 or 2 percent lower
than the stagnation-point value since the thin-film el-
ement covers the stagnation region within 10° of the
stagnation point.) The experimental results for air
are nondimensionalized by the stagnation-point heating
predicted with the theory of Fay and Riddell (ref. 14),
where wall enthalpy h,, is determined from wall tem-
perature T, measured at ¢ = 0.6 sec; the CF4 re-
sults are nondimensionalized by values predicted by
H. Harris Hamilton of LaRC using a boundary-layer
code and the thermodynamic properties of reference 24
for CF4. The experimental results in figure 6 show that
low Reynolds number effects increase the stagnation-
point heat-transfer rate by up to 10 percent over classic
boundary-layer theory for the present model nose ra-
dius and flow conditions in air. These comparisons also
illustrate the greater sensitivity of heating to viscous
effects at larger values of the density ratio. (The curves
of fig. 6 are shown to illustrate trends only. Because the
calculated values of stagnation-point heat-transfer rate
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used to nondimensionalize measured ¢ in air and CF4
were obtained from different sources than those used in
reference 18, the good agreement between the curves
and symbols may be fortuitous.)

Values of the stagnation-point heat-transfer rate
measured on the quartz hemispheres in air are also com-
pared with values predicted with the flow-field code of
reference 16; this code solves the Navier-Stokes equa-
tions. These results are summarized in table V. The
agreement between measurement and prediction with
the Navier-Stokes code is quite good (within the exper-
imental accuracy of 5 percent) over the present range
of Reynolds numbers.

Leeward Surface Oil-Flow Patterns

Surface oil-flow patterns provide information on sur-
face streamlines and thus reveal the complexity of the
leeward flow of these biconics at incidence. The ef-
fect of Reynolds number at Mach 10 on leeward oil-
flow patterns for the straight and bent-nose biconics at
various angles of attack are shown in figures 7 and 8,
respectively. These patterns were obtained with the
larger biconic models used in references 5 and 6, and
the values of R, were different than those for the
heating measurements. Also, the larger models had an
open base whereas the heat-transfer models had a solid,
flat base. Although the ratio of sting radius to base ra-
dius was about the same for the two different-size mod-
els, the models used for oil-flow patterns had a smaller
ratio of sting length to base diameter. These differ-
ences are mentioned since support interference effects
may exist which influence the base flow and possibly
the low-pressure leeward flow. (See the appendix and
ref. 6.) Thus, comparisons between leeward flow char-
acteristics inferred from the oil-low patterns and from
the heating distributions may be qualitative.

Typical of blunt cones at incidence (e.g., ref. 25), a
large, favorable pressure gradient exists on the leeward
side just downstream of the nose, causing the boundary
layer to remain attached. In this region close to the nose
{denoted as region A in fig. 8(c) which is a good example
to illustrate this effect), the lateral component of skin
friction is in the direction of the most leeward ray (plane
of symmetry); however, at larger distances downstream
of the nose (region B, fig. 8(c)), the lateral component
changes direction and is now away from the most lee-
ward ray. When this change in direction occurs, two
symmetrical separation lines develop just downstream
of the region where the lateral component of skin fric-
tion passes through zero (region C, fig. 8(c)). The lon-
gitudinal component of skin friction in the vicinity of
the most leeward ray is finite, as revealed by oil which
flowed from the attached region just downstream of the
nose, through the region of zero lateral skin friction,
and into the vortex region.
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The photographs in figures 7 and 8 illustrate a
strong influence of Reynolds number on leeward sur-
face flow characteristics. For the straight biconic at
a = 10°, corresponding to ay/6; = 0.78, the leeward
flow remains attached over all or most of the surface
at the lower Reynolds number (fig. 7(a)); however, an
increase in Reynolds number (fig. 7(b)) promotes sepa-
ration and the flow over the leeward side becomes quite
complex. The intriguing, asymmetric oil-flow pattern
observed in figure 7(b) is repeatable and appears to indi-
cate the beginning of a secondary vortex near the base.
These oil-flow patterns near the base resemble bubble-
type flow separation patterns (ref. 25) and may be due
to the influence of the base-region flow. The tendency
of the separated leeward flow at @ = 20° to become
more complex (i.e., to establish primary and secondary
vortices) with increasing Reynolds number is illustrated
in figures 7(c) and 7(d). This trend of the primary vor-
tex splitting to form a secondary vortex with increasing
Reynolds number is also observed on the bent-nose bi-
conic (fig. 8).

Oil-flow patterns photographed on the leeward side
of the bent-nose biconic model at various angles of
attack are shown in figure 9 for R 1 = 1.3 x 108, At
a = 0° (fig. 9(a)), the flow is attached on the leeward
side but separates as the angle of attack is increased to
5° (fig. 9(b)), that is, as the fore-cone angle of attack
approaches the fore-cone half-angle. The separation
region moves upstream with increasing angle of attack
and is near the nose tip at « = 20°. Primary and
secondary vortices are observed for a > 10°, again
illustrating the complexity of the flow in this region with
increasing angle of attack.

Effect of Nose Bend

Longitudinal heating distributions for the bent-nose
biconic are compared with those for the straight biconic
in figure 10 for various angles of attack at the lower
value of Reynolds number. As mentioned previously,
the angle of attack is referenced to the aft-cone sec-
tion of both models; that is, the effect of nose bend
is examined by holding the aft section fixed at a given
angle of attack and bending the fore-cone upward 7°.
Naturally, at o = 0° (fig. 10(a)), higher heating along
the most windward ray (¢ = 180°) and lower heating
along the most leeward ray (¢ = 0°) of the fore-cone
occur for the bent-nose biconic; however, because of
the larger expansion at the fore-cone-aft-cone junction,
a decrease in the windward aft-cone heating occurs.
Heating along the most windward ray of the aft-cone
is actually less than that along the midmeridian ray
(p = 90°) for the bent-nose biconic at o = 0°
(fig. 10(a)). This trend is in qualitative agreement with
the results of reference 4, in which the surface pressure



along the midmeridian ray of the bent-nose biconic aft-
cone at a« = 0° exceeded the pressure along the most
windward ray by 5 to 10 percent at Mach 6 in air. (The
relatively large difference in heating along the leeward
ray and the windward ray of the straight biconic fore-
cone is attributed primarily to misalignment of the in-
sert on the leeward ray, as discussed in the appendix.)
As the angle of attack is increased to 4° (fig. 10(b)),
aft-cone heating levels along the windward and mid-
meridian rays of the bent-nose biconic are essentially
the same; it is not until o > 8° (figs. 10(c) to 10(f))
that the heating along the windward ray exceeds that
along the midmeridian ray.

Another interesting trend observed in figure 10 is the
crossing of the leeward heating distributions for the two
biconics as the angle of attack is increased. The nose
bend results in a lower leeward heating at the lower an-
gles of attack but a higher heating at the higher angles
of attack. This crossing and trend reversal may be at-
tributed possibly to the nose bend causing an earlier
circumferential separation of the flow on the leeward
side for a given angle of attack or possibly to an ear-
lier transition from laminar to turbulent flow. Now,
the oil-flow patterns shown in figure 7 reveal the lee-
ward flow for the straight biconic remains attached for
0° € a € 8°, whereas circumferential flow separation is
expected for the bent-nose biconic for o > 4° (fig. 9).
Thus, the lower leeward heating for the bent-nose bi-
conic at a = 0° and 4° (figs. 10(a) and 10(b)) is ex-
pected. At o = 8°, the circumferential flow separa-
tion that occurs for the bent-nose biconic results in the
formation of longitudinal, counterrotating primary vor-
tices that reattach along the most leeward ray, thereby
forming a “stagnation line” and augmenting the heating
along this ray. From the oil-flow patterns, the flow sep-
aration originates just upstream of the base and moves
upstream with increasing angle of attack, which is ex-
pected to cause a forward movement of the augmented
leeward heating. Hence, the leeward heating distribu-
tions of figure 10 are consistent with the oil-flow pat-
terns of figures 7 to 9. The fact that circumferential
flow separation occurred is known; what is unknown
is whether the separated flow remained laminar or be-
came transitional. There is general agreement in the
literature that transition location for blunt cones moves
forward on the leeward ray with increasing angle of at-
tack (e.g., see ref. 26); that is, the transition Reynolds
number for leeward flow decreases with increasing angle
of attack. Because both circumferential flow separation
and transition cause an increase in leeward heating and
produce the same trends with angle of attack (forward
movement with increasing o), there is a problem dis-
tinguishing the effects of these two phenomena. The
primary contributor to the trends in leeward heating
observed in figure 10 is believed to be flow separation

for the following two reasons: (1) the consistency be-
tween the oil-flow patterns and heating distributions,
and (2) the qualitative agreement between measure-
ment and laminar flow predictions, to be discussed sub-
sequently in the section entitled “Comparison of Pre-
diction With Measurement.” This is not to imply that
transition did not occur in the separated flow region
(vortex system); however, whether or not transition oc-
curred for the conditions of this study is unknown.

The windward heating for the bent-nose biconic at
a given angle of attack is nondimensionalized by the
windward heating for the straight biconic at the same
angle of attack and is presented in figure 11 for the
higher value of Reynolds number. The increase in wind-
ward fore-cone heating because of nose bend dimin-
ishes rapidly with increasing angle of attack (as ex-
pected) and is only about 20 percent at o = 20° (design
trim angle of attack for bent-nose biconic configuration
(ref. 2)). The decrease in windward aft-cone heating
caused by nose bend is clearly illustrated in figure 11
and should also be of interest to the designer sizing
the thermal protection system for such a biconic vehi-
cle because the aft-cone surface area represents roughly
60 percent of the total surface area. Contrary to the
fore-cone heating, this ratio (bent nose to straight) on
the aft cone is not strongly influenced by the angle of
attack. The windward aft-cone heating levels for the
two biconics approach one another with distance down-
stream from the fore-cone—aft-cone junction; that is, the
effect of nose bend on windward aft-cone heating dimin-
ishes with distance downstream from the junction and
is less than 10 percent just ahead of the base for these
biconics.

Effect of Reynolds Number

The effect of Reynolds number on heating distribu-
tions for the straight and bent-nose biconics are shown
in figures 12 and 13 for various angles of attack. No ef-
fect of Reynolds number on windward fore-cone heating
is observed on either biconic over the present range of
angles of attack; this was also the case for a 15.1°/11.3°
straight biconic tested at these same conditions in the
Mach 10 tunnel (ref. 27). A small but distinguishable
effect of Reynolds number on windward aft-cone heat-
ing is observed. However, the variation in heating be-
tween the two values of Reynolds number is generally
within the experimental uncertainty, thereby precluding
a definite conclusion that the aft-cone windward heat-
ing is dependent on the Reynolds number for a < 16°
and independent of Reynolds number at o = 20°. In
general, heating along the midmeridian ray increases
slightly with decreasing Ry, 1 over the present range of
o for both biconics.

Unlike the windward side, a large effect of Reynolds
number is observed on the leeward heating. For the
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straight biconic at & = 4° and 8° (figs. 12(b) and 12(c))
and for the bent-nose biconic at & = 0° (fig. 13(a)),
a significant increase in leeward heating occurs as the
Reynolds number is decreased. This increase in lee-
ward heating with decreasing Reynolds number for at-
tached flow may be primarily due to a significant in-
crease in the boundary-layer displacement thickness
with decreasing R 1. The larger displacement thick-
ness causes a larger induced surface pressure and heat-
ing level. Another possible contributor to this difference
in leeward heating is vorticity interaction resulting from
the boundary-layer thickening and interacting with the
inviscid flow. As the angle of attack is increased, the
leeward heating distributions for the two values of R 1,
cross one another (figs. 12 and 13). This crossing is the
result of an increase in leeward heating (at the higher
Reynolds number) that first occurs on the aft-cone near
the base and moves upstream with increasing angle of
attack. For ay > 16°, an opposite variation in leeward
heating with R 1. is observed for /L or z/L > 0.2; the
leeward heating now increases with increasing Ro 1, as
was also observed in reference 27. The trends of lee-
ward heating in figures 12 and 13 are consistent with
the oil-flow patterns, which show that for a given o an
increase in Reynolds number will cause the flow to sep-
arate, thereby augmenting the leeward heating. The
longitudinal leeward heating distributions at the high-
est value of R, 1, also resemble those expected for tran-
sition from laminar to turbulent low. Again, this is not
to imply that transitional or turbulent flow on the lee-
ward side necessarily occurred. Based on the present
longitudinal heating distributions along the most wind-
ward ray (¢ = 180°) and along the midmeridian ray
{¢ = 90°), which give no indication of transitional flow,
and on previous studies in the Mach 10 tunnel, tran-
sition on these relatively small, smooth models is not
expected for attached flow; however, as discussed in the
previous section, the possibility that transition occurs
on the leeward side at angles of attack sufficiently large
to cause circumferential flow separation may exist.

Effect of Angle of Attack

Heating to the most windward ray increases orderly
with angle of attack for both biconics, as expected
(fig. 14). The sensitivity of windward heating to angle
of attack is shown in figure 15 for both biconics and
the lower Reynolds number in terms of the fore-cone
angle of attack ay and the aft-cone angle of attack a,.
(af = a for the straight biconic, and ay = a + 9 for
the bent-nose biconic, where 7 is the nose bend angle.)
Although not readily apparent from the semilog plots of
figure 15, the aft-cone windward heating for the biconics
varies linearly with angle of attack, as does the fore-cone
windward heating for the bent-nose biconic at o > 0°
and for the straight biconic at & > 4°. Good agreement
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in the windward heating is observed for the fore-cones
of the two biconics, as expected. The trends are the
same for the aft-cones, but the heating is less for the
bent-nose biconic because of the larger flow expansion
at the junction. Heating along the midmeridian ray
of the aft-cone of both biconics is nearly independent
of angle of attack over the present range (fig. 16), this
heating being typical of cones (e.g., see ref. 28).

The variation of leeward heating with angle of attack
(fig. 17) is not as orderly (i.e., increase only or decrease
only with a) as that for the most windward and mid-
meridian rays. The influence of Reynolds number on
leeward heating adds to this disorder. Leeward heating
initially decreases with increasing angle of attack but
reaches a point where it then increases with further in-
creases in angle of attack, which is indicative of flow
separation and possibly transition. The results of fig-
ure 17 also imply that flow separation on the leeward
side first occurs just upstream of the base and moves up-
stream as the angle of attack increases, as observed in
the oil-flow tests. Leeward cross-flow separation occurs
for the straight biconic at the lower Reynolds number
(fig. 17(a)) when the fore-cone angle of attack exceeds
0.8 times the fore-cone half-angle 8; (a > 10° for this
model) and at the higher Reynolds number (fig. 17(b))
when a > 0.605. The sensitivity of leeward heating to
angle of attack at a given value of /L or z/L on the
fore-cone and aft-cone sections is shown in figure 18 for
both biconics and for both values of Reynolds number.
When presented in this manner, the angle of attack at
which separation occurs on the aft-cone at /L = 0.78
becomes more apparent. For example, for the straight
biconic (fig. 18(a)), the minimum in aft-cone heating at
z/L = 0.78 occurs at o = 12° for the lowest Reynolds
number and at o = 8° for the highest Reynolds number.
Thus, an increase in Reynolds number causes separation
to occur at a lower angle of attack. It is interesting to
note that leeward flow separation on the aft-cone of the
bent-nose biconic appears to occur around o = 0° for
the higher Reynolds number but does not occur on the
fore-cone until @ > 4° (fig. 18 (b)). For convenience,
a comparison of heating levels on the most windward
ray with those on the most leeward ray is presented in
figure 19 for both biconics. For the present range of
angles of attack and Reynolds numbers, the windward
heating for these biconics is up to 20 times the leeward
heating.

Comparison of Ideal-Air and Real-Air Heating

The ideal-air flow environment about the biconic
models in the Mach 10 tunnel is quite different from
the environment experienced by the full-scale vehicle
during reentry. Generally, the “extrapolation” of heat-
ing data obtained in conventional hypersonic wind tun-
nels to flight conditions is implicit; that is, wind tunnel




data are used to verify a computer code which in turn is
used, with the appropriate gas chemistry, to predict the
flow environment in flight. This approach (verification
of a computer code) is the subject of the next section
of this report. Another method of extrapolation is to
compare conventional hypersonic wind tunnel results
with flight data for the same configuration or similar
configurations. Unfortunately, flight data are gener-
ally scarce. Although not as desirable as comparison
with flight data, a rough deduction of real-gas effects
on heating may be made by comparing conventional hy-
personic wind tunnel data with heating rates measured
in hypervelocity-hypersonic impulse facilities. Such a
comparison (i.e., heating distributions measured in a
conventional hypersonic tunnel with those measured in
an impulse facility) is the subject of this section.

The present results provide the opportunity to com-
pare heating distributions measured in two distinctly
different facilities—a hypervelocity-hypersonic impulse
facility (the Langley Expansion Tube) and a conven-
tional hypersonic wind tunnel (the Langley 31-Inch
Mach 10 Tunnel)—containing the same models and
model instrumentation. The flow conditions for the
present tests in the Mach 10 tunnel and those in the
expansion tube for real (i.e., dissociated) air in thermo-
chemical equilibrium (ref. 7) are compared in table VI
to illustrate the differences in free-stream flow condi-
tions, ratio of specific heats behind the normal shock,
density ratio, and ratio of wall to total temperature.

Heating distributions on the biconics {in terms of
Ch/Chspn) measured in the expansion tube exceed
those measured in the Mach 10 tunnel at the lower
Reynolds number over the present range of angles of
attack (figs. 20 and 21). This is true for both the
windward and leeward rays. For the windward ray
at the higher Reynolds number, this trend also holds
true; however, leeward heating at this higher Reynolds
number in the Mach 10 tunnel often exceeds the results
obtained in the expansion tube, particularly at the
higher angles of attack. Higher windward heating is
expected for a real gas; however, the differences in
figures 20 and 21, which are typically 20 to 50 percent,
are significantly higher than those usually associated
with real-air effects alone (e.g., see refs. 29 and 30).

Several factors are expected to contribute to the dif-
ferences observed between the ideal-air Mach 10 tunnel
results and the real-air expansion tube results (figs. 20
and 21). One is the ratio of wall to total temperature.
Although the substrate surface temperature at 200 usec
in the expansion tube and at 1 sec in the Mach 10
tunne] are nearly the same, the expansion tube data
correspond to a relatively low value of Ty, /T2 (from
table VI), a fact which is expected to increase the heat-
transfer rate. A second factor is viscous effects. Where
the flow is attached, the boundary-layer displacement

thickness increases with decreasing Reynolds number,
resulting in a larger effective cone angle and hence a
larger induced surface pressure and higher heat-transfer
rate. At high values of Reynolds number, the increase
in displacement thickness may not be significant enough
to cause a measurable effect on heating; however, for
the relatively low Reynolds number of the expansion
tube tests in air, the effect on heating may be signifi-
cant. In the Reynolds number regime where vorticity
interaction between the boundary layer and the outer
inviscid layer are significant, where viscous effects are
no longer confined to a thin boundary layer but ex-
ist throughout the shock layer, and where there is an
absence of significant slip effects, an increase in rela-
tive heating (i.e., C1/Ch sph) is expected over that at a
higher Reynolds number. Also, viscous effects on heat-
ing are expected to be more significant for the expan-
sion tube results (compared with the Mach 10 tunnel
results) because of the higher density ratio and thus
the smaller shock detachment distance. Now, the lower
value of Ty, /T o for the expansion tube data is expected
to thin the boundary layer and diminish the effect of
vorticity interaction; nevertheless, the larger viscous ef-
fects expected in the expansion tube tests are believed
to contribute to the increase in windward heating over
that measured in the Mach 10 tunnel. As illustrated
in the section “Effect of Reynolds Number,” there is a
strong influence of Reynolds number on leeward heating
for a given Mach number, T,,/T} 2, and ~. Thus, the
difference in Reynolds numbers for the two facilities is
expected to contribute to the differences observed in the
leeward heating. A third factor is entropy swallowing.
The higher density ratio of the expansion tube causes a
decrease in the shock detachment distance as compared
with that in the Mach 10 tunnel. Thus, the entropy
layer is expected to be swallowed much quicker in the
expansion tube tests, and the lower Reynolds number
of the expansion tube flow accelerates this swallowing.

Because of combined real-gas effects, which result
in high density ratios and may include nonequilibrium
(or frozen) flow effects, viscous effects, and high wall
cooling for the expansion tube results, it is difficult to
determine the major contributor(s) to the differences
observed in figures 21 and 22. It should be noted, how-
ever, that the windward heating on these biconics in the
hypervelocity helium flow, which behaves ideally, and in
the hypervelocity air and nitrogen flows of the expan-
sion tube [ref. 7) are correlated to within 10 percent for
a > 4° with an expression in the form

B* sinb,.

Ngt ot ———
542 02/ Poo) 1/

This proportionality shows that the windward heating
for the conditions of the expansion tube tests is ex-
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pected to be 30 percent higher than for the Mach 10
tunnel tests at the lower Reynolds number, this differ-
ence being close to the differences observed in figures 20
and 21. This closeness is shown in figure 22, where
the quantity Ns¢oo(p2/pec)’/*/0* provides a reason-
able correlation of the ideal-air and the real-air wind-
ward heating for the straight biconic. Thus, this pro-
portionality may provide an approximate determination
of real-air effects on windward heating for biconics from
data obtained in hypersonic ideal-air wind tunnels.

Comparison of Prediction With Measurement

Heating distributions predicted with the PNS code
(refs. 8 and 9) are compared with measurements for
the most windward ray and the most leeward ray of
the bent-nose biconic in figure 23 for both Reynolds
numbers. Both the measured and the predicted results
correspond to a model surface temperature of 300 K.
In general, the PNS code slightly underpredicts heat-
ing on the fore-cone but is within 10 percent. This
code overpredicts the heating just downstream of the
fore-cone—aft-cone junction at the lower angles of at-
tack but underpredicts the heating in this region at the
higher angles of attack. On the leeward side, the agree-
ment between prediction and measurement is poorer.
The PNS code underpredicts heating by up to 25 per-
cent at the lower angles of attack, and the agreement
improves at a > 16°. The different trends in measured
leeward heating distributions due to the Reynolds num-
ber are qualitatively predicted by the PNS code. Since
this code was exercised only for laminar flow, this qual-
itative agreement implies the leeward flow prior to sep-
aration is laminar for both values of Reynolds num-
ber. One possible explanation for the differences be-
tween measurement and prediction may be, naturally,
errors in the measurement as discussed in the appendix.
Another possible reason for the PNS code tending to
underpredict measured heating is this code does not ac-
count for downstream influences propagating upstream
through the subsonic portion of the boundary layer.
There is evidence (ref. 31) that failure to include this
effect will yield values of heating that are too low. An-
other possible contributor to the differences observed
in leeward heating is the separated leeward flow may
be subjected to transitional flow effects at or prior to
flow reattachment. All things considered, the PNS code
provides a reasonably accurate prediction of the heat-
ing distributions on the present biconics in Mach 10 air
for 0° < o < 20°.

Concluding Remarks

Laminar heating distributions were measured on a
1.9-percent-scale model of a generic aeroassisted vehicle
represented by a spherically blunted, 12.84/7° biconic
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with the fore-cone section bent upward 7°; also tested
was a straight biconic. Heating distributions were
measured along the most windward, the most leeward,
and the midmeridian rays of the biconic models in the
Langley 31-Inch Mach 10 Tunnel (formerly known as
the Langley Continuous-Flow Hypersonic Tunnel) at
values of the free-stream Reynolds number based on
model length of about 2 x 105 and 9 x 10°. The angle
of attack, referenced to the aft-cone, was varied from 0°
to 20°.

With the aft-cone section as the reference for an-
gle of attack, the penalty (increase) in windward fore-
cone heating because of the nose bend decreased with
increasing angle of attack (as expected) and was only
20 percent at an angle of attack of 20°. This nose
bend caused a decrease in windward aft-cone heating
which is significant since the aft-cone represents ap-
proximately 60 percent of the vehicle surface. No ef-
fect of Reynolds number on heating was observed on
the windward side of the fore-cone (although a small
effect may have occurred on the aft-cone), but a large
effect of Reynolds number on heating occurred on the
leeward side. Two phenomena may have caused the ob-
served trends in heating along the most leeward ray.
One is circumferential flow separation and the forma-
tion of primary vortices that impinge on the leeward
ray. The other is transition in the separated flow re-
gion. Comparisons between the oil-flow patterns and
measured heating distributions and between measured
and predicted heating distributions imply flow separa-
tion was the primary contributor to these trends. An
increase in Reynolds number caused the flow on the lee-
ward side to separate at a lower angle of attack. For the
case of attached flow (i.e., at low angles of attack), lee-
ward heating increased with decreasing Reynolds num-
ber; the opposite was true for separated flow, which
occurred when the fore-cone angle of attack exceeded
about 0.6 to 0.8 times the fore-cone half-angle. Leeward
cross-flow separation first occurred just ahead of the
base and moved upstream with increasing angle of at-
tack. The influence of Reynolds number on the leeward
flow was illustrated by leeward surface oil-flow patterns
as well, which clearly revealed the complexity of the sep-
arated flow in this region. In general, windward heat-
ing was predicted to within 10 percent with a computer
code that solves the steady, three-dimensional parab-
olized Navier-Stokes (PNS) equations. Although lee-
ward heating distributions were predicted qualitatively
by the PNS code for both values of Reynolds number,
quantitative agreement was somewhat poorer than on
the windward side.

Langley Research Center

National Aeronautics and Space Administration
Hampton, VA 23665

August 17, 1984



Appendix

Uncertainties in Measured Heating Rates

Because the use of thin-film gages to measure heat-
ing distributions on models in wind tunnels is expected
to grow at the Langley Research Center and at other
research centers in the future, a fairly detailed discus-
sion of some of the lessons learned is presented in this
appendix. The inserts (i.e., MACOR glass-ceramic sub-
strates with palladium thin-film gages sputtered onto
the surface) used in the present study were from the
same batch fabricated for the study of reference 7.
That is, the thin-film technology developed for the
Langley Expansion Tube was used without change in
the Langley 31-Inch Mach 10 Tunnel. This usage in
two very different facilities with run times that differ
by four orders of magnitude was possible because of
the relatively large width and thickness of the MACOR
substrates. The large size of these substrates allowed
the substrate to behave as an infinite slab for several
seconds. Even though the gage fabrication process, cir-
cuitry, and data-acquisition system had been developed
to a high level for the expansion tube, the use of these
gages in a conventional hypersonic wind tunnel ushered
in other concerns regarding accuracy.

A number of inserts for the aft-cone from the batch
of inserts fabricated for the study of reference 7 were
available for the present study, but only a few were
available for the forecone. Thus, the aft-cone of each
biconic was fitted with inserts of very good quality,
whereas the fore-cone inserts had several gages open,
a wider range of gage resistance for a given substrate,
and generally provided a poorer fit to the steel models.

Calibrations before and immediately after the pres-
ent tests revealed that all but a few gages on the aft-
cone (¢ = 0°,90°, and 180°) for both biconics were
stable to within 0.2 percent. That is, the temperature
coefficient of resistance remained constant to within
0.2 percent for the 12 to 15 runs made with each insert,
and the resistance at T = 297 K remained constant
to within 1.0 percent. Agreement between the two
calibrations was poorer for the fore-cone substrates,
but the coefficient of resistance was within 1.2 percent.
The post-run calibration revealed that only 3 of the
48 gages on the aft-cones of the biconic models were
damaged (but not destroyed) during this test series,
and 1 of the 16 leeward fore-cone gages was damaged.
Of the 11 working gages on the windward fore-cone of
the 2 models at the beginning of the test series, 2 were
destroyed and all but 1 were damaged. This account
of gage damage is presented because, as discussed in
reference 10, the delicate nature of these gages was
considered a major disadvantage for their use in such
tunnels. The present results demonstrate this was a

valid concern but also demonstrate the feasibility of
such usage.

Until recently, probably the major uncertainties as-
sociated with the use of MACOR substrates were the
uncertainty in the thermal properties of MACOR and
the variation of these properties with temperature. A
study (ref. 7) was performed in the Mach 10 tunnel in
which the stagnation-point heat-transfer rate was mea-
sured simultaneously on five small hemispheres. Two
hemispheres were made of MACOR glass-ceramic, two
were made of quartz, and one was made of Pyrex 7740
glass. Each hemisphere contained a thin-film gage (with
the same serpentine pattern as on the substrates for the
biconic models) at the stagnation region. This study,
reported in appendix B of reference 7, was designed so
that the substrate material was the only intended vari-
able for a given run. Because the thermal properties for
quartz and for Pyrex glass are believed to be accurately
known, direct comparison of the stagnation-point heat-
transfer rates of the five hemispheres over a range of flow
conditions allowed a determination of the thermal prop-
erties of MACOR glass-ceramic. The thermal proper-
ties of MACOR glass-ceramic were also determined in
three other independent studies (ref. 7). All four of
these sources, each using a different technique, provided
thermal properties for MACOR to within +2 percent of
one another.

Based on uncertainties associated with gage charac-
teristics, circuitry, data-acquisition system, calibration,
and data-reduction procedure, measured values of the
heat-transfer rate are believed to be accurate to within
+5 percent (refs. 7 and 10). However, other phenomena
may have led to errors in the present measured heating
distributions. These were (1) uncertainty in angle of
attack (£0.20°), (2) possible source flow effects (max-
imum flow angularity of +0.25°), (3) misalignment of
the inserts, (4) discontinuity in substrate and model
surface properties, (5) departure of the substrate from
one-dimensional behavior, (6) sting interference effects,
(7) sting deflection, and (8) disturbances resulting from
the model injection procedure.

The substrates were 6.35 mm wide and 5.10 mm
thick, thereby assuring one-dimensional behavior for
t < 1.0 sec, as discussed in reference 10 and verified by
the fact that C), remained constant for 0.5 < ¢t < 1.5 sec.
All inserts except the leeward fore-cone fit nicely in the
straight biconic model. This one insert was inclined into
the flow, and the effect of this inclination was apparent
at a = 0. (The decision was made to test this model
with the misaligned insert because of tunnel scheduling
considerations and because only two inserts for the fore-
cone of each model were left over from the study of
ref. 7 and a considerable amount of time is required
to machine and polish the substrate, install gages and
leads, and calibrate.)
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Whether or not there was a significant effect on
heating because of the mismatch in substrate and model
materials (ref. 15) is unknown. Ideally, the entire model
should be MACOR glass-ceramic, but this was not
structurally or economically feasible for tests in the
expansion tube. The effect of different materials on
heating distributions increases with the difference in
surface temperature between the materials (ref. 15). As
a worst case example, if the steel surface temperature
is assumed to remain near ambient for ¢ < 1.0 sec, the
difference in T, on the leeward side is relatively small
(typically less than 5 K); hence, any effect on leeward
heating because of a material mismatch is expected to
be essentially negligible (less than 1 percent or so (ref.
15)). The effect on the windward side will naturally
be larger, but whether it is of significant magnitude is
unknown. This effect diminishes with distance from the
discontinuity, and C}, measured on the MACOR glass-
ceramic surface is less than C}, measured for an all steel
model with a lower surface temperature (ref. 15).

Other phenomena of concern were sting deflection
during a run and the possible existence of support
interference effects. As shown in figure 3, a relatively
long sting was used (L,/dp = 7 and d,/dp = 0.38);
in fact, this sting was about the maximum length
permissible to ensure the shock layer about the model
remained fully within the inviscid test core for the
present range of angles of attack. The sting deflection
was predicted by using the aerodynamic coefficients
tabulated in reference 6 to obtain the force acting at
the center of gravity of the model. For the bent-nose
biconic at o = 20° and R, = 2.2% 10° (lower value of
free-stream dynamic pressure), the sting deflection was
only 0.05°; hence, the sting deflection was negligible
at the lower Reynolds number for both biconic models
and the present range of angles of attack. At the
higher Reynolds number, the predicted sting deflection
for the bent-nose biconic was 0.1° at a = 10° and
0.2° at o = 20°; this deflection had a relatively small
effect (less than 1 percent) on the windward heating
(fig. 15). To illustrate support interference effects, the
pressure distribution measured on the 2.9-percent-scale
straight biconic model in the Mach 10 tunne! at o = 0°
and Roor = 0.3 x 10° is shown in figure 24. The
maximum possible sting length for this model and sting
adapter was only 9.9 cm (Ls/dy = 1.3). Tests were
performed with this sting length and with Ls/dy =
0.8. From figure 24, the measured base pressures (at
z/L = 1.0) for both sting lengths exceed the aft-
cone surface pressure. This resulted in the base region
influencing the flow over the aft-cone, as indicated by
the increase in the longitudinal pressure distribution in
the direction of the base. (The influence of the base
region on the aft-cone pressure distribution diminished
with increasing angle of attack.) In general, laminar
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heating distributions for blunt cones essentially follow
the trend in the corresponding pressure distributions
(e.g., see refs. 28, 32, and 33). No increase in heating
on the aft-cone in the direction of the base was observed
for the present tests at o = 0° (figs. 10(a) and 12(a)).
Thus, it is assumed that the present results are free of
support interference effects.

The last uncertainty for the present heating mea-
surements discussed was due to the model injection pro-
cedure. This potential problem was not detected until
after completion of the present tests when a Space Shut-
tle orbiter model having a number of thin-film gages on
the leeward fuselage and wing was tested in the Mach 10
tunnel. At the time of the present tests, the controller
for the 100-channel data-acquisition system was capable
of acquiring data for a 6-sec period. Approximately 1
to 2 sec of this period was used for establishing a base-
line, which was always quite steady with time. At the
time of the orbiter tests, data could be acquired over
a 12-sec period. This increased capability was used to
examine the baseline for a longer period, typically 8
to 9 sec. As shown in figure 25, the model was sub-
jected to a transient prior to its being inserted into the
flow. Once steady flow was established in the tunnel,
a door (section of the nozzle wall) was opened and the
model was inserted into the flow. Upon this opening,
the conditions in the large model-support-system hous-
ing, and thus ambient conditions for the model, changed
somewhat. Because of their high sensitivity and fast
response, the thin-film gages immediately detected this
change, as shown in figure 25.

The sequence of events that occurred for a thin-film
gage in the Mach 10 tunnel is depicted in the following
sketch:

Change

due to

aerodynamic
heating

Change due
to door
opening

{
[}
i
|

.
]
i
)
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door model
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Naturally, the subject of interest was the aerodynamic
heating (i.e., the heating that occurred for ¢’ > 0), and
the concern was with the possible effect of the transient
resulting from the door opening on the determination
of this aerodynamic heating. Now, the basic equation
relating the substrate surface temperature change to the
voltage change in the thin-film element is
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AE(t)
E,‘aR

AT(t) = 1+ ar(T: - T)) (A1)
where E; is the initial gage voltage and T; is the ini-
tial gage temperature. These values are measured sev-
eral minutes prior to the run (and thus prior to the
door opening). The initial substrate temperature is
assumed to be the room temperature, and the ther-
mal coefficient of resistance ag is obtained from the
gage calibration, where T, is the reference tempera-
ture (297 K) used to determine agr. Thus, ap and
T, are constants. The term in brackets accounts for
T; # T,. This equation was used to infer the substrate
surface temperature change from the measured voltage
change for t' > 0; however, the initial gage voltage and
the initial gage temperature at t' are unknown for the
present tests with the biconic models because of the
transient. For this reason, results from the previously
mentioned tests with a Space Shuttle orbiter model were
analyzed to estimate the effect of this transient.

At t’ = 0, AE is known for the Space Shuttle orbiter
tests, and

FE, = E; =FE;,+AFE;_¢ (tl = 0)

and

T,=T,=T,+ATy—o (t' =0)

where ATy —¢ is obtained from equation (Al) with
AFE = AE;_g. The heat-transfer rate is obtained from

QAN

the expression (ref. 34)

i) = 2Bs,i — AT; — AT;,
rl/2 “~ (tn — ;)12 4 (tn, — t;_1)1/2

(A2)
where the change in temperature because of aerody-
namic heating (' > 0) is given by

AE(t))
E;C!R

AT(t') = 1+ ar(T] - T7)] (A3)

Substrate thermal properties (i.e., 8) vary with tem-
perature. For MACOR glass-ceramic

Bs: = 1816.6+0.6303T; (294 K < T; < 312 K) (A4)

Thus, the ratio of §(¢) based on corrected values of the
initial voltage and temperature (i.e., E} and T) to ¢(t)
based on values of E; and T; measured prior to the door
opening is

4(E, T])e>o _ Bs,i(T))E;[1 + ar(T! — T})]
A(Ei,To)i>0  Boi(T)EL+ ar(Ti = T1)]

The baselines for three thin-film gages installed
along the leeward centerline of the Space Shuttle model
fuselage were used to estimate the effect of the door
opening. Results were examined at the lowest and
the highest Reynolds numbers (reservoir pressures) of
the Mach 10 tunnel and with different orientations of
the model with respect to the door (i.e., wing into
the flow first and leeward side into the flow first). A
typical value of ap for the Pyrex glass substrates was
2.3x 1073 K1, T; prior to the door opening was 299 K,
and E; was 0.4 V. For all the runs examined, the max-
imum change in gage output between ¢’ = 0 and prior
to the door opening was 1.45 mV. Even for this worst
case, the effect on ¢ was negligible (less than 0.1 per-
cent). Thus, the effects of this transient on the present
results, which had similar values of ag, T;, and E;, are
believed to have been negligible.

During the evacuation of the model support hous-
ing in preparation for a tunnel run, the temperature
decreases appreciably inside this housing. For this rea-
son, a thermocouple was attached to the sting of the
Space Shuttle orbiter model to monitor the model tem-
perature. This measurement revealed that the model
temperature was not significantly affected by the evacu-
ation and was generally within a few degrees Fahrenheit
of the room temperature a few minutes prior to a run.
Thus, the assumption that T; was equal to the room
temperature appears to have been valid for the present
tests.

(A5)
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Symbols
C*

Ch

> 3 2 W

=T ~ A

= N* oo/llfooT*

heat-transfer coefficient, ¢/(ht2 — hy),

J-sec/m*

pressure coefficient, (p — Poo)/qoo
specific heat, J/kg-K

diameter, m

voltage, V

enthalpy, J/kg

thermal conductivity, W/m-K
length, m

Mach number

Stanton number, Ch/pooUso
pressure, Pa

dynamic pressure, Pa
heat-transfer rate, W/m?
unit Reynolds number, m~!
radius, m

temperature, K

reference temperature, (T;,2/6)
[1+(3Tw/T:2)], K

time, sec
time at which T, = 300 K
velocity, m/sec

viscous interaction parameter,

Moo(C* /Roo, ) /?
model coordinates (see fig. 1), m
angle of attack, deg

temperature coefficient of resistance,
K—l

(pck)1/2, W-sec!/? /m2-K

ratio of specific heats

nose bend angle, deg

cone half-angle, deg

viscosity, N-sec/m?

viscosity evaluated at T*, N-sec/m?

density, kg/m3

Subscripts:
a

b

BL

circumferential angle measured from the
most leeward ray, deg

aft-cone section

base

thin-boundary-layer theory
effective

fore-cone section

initial

isothermal (T, = 300 K)

length

measured

nose

reference

sting

stagnation-point value for a sphere
reservoir stagnation conditions
stagnation conditions behind normal shock
model surface; wall surface

static conditions immediately behind
normal shock

free-stream conditions

The following symbols are used in computer-
generated tables:

Ch/Chsph

Ht,2

Minf

phi

pt,1

pt,2

pinf
p2

ratio of heat-transfer coefficient to
stagnation-point heat- transfer coefficient
of a sphere

stagnation enthalpy behind normal shock,
J/ke

free-stream Mach number

circumferential angle, deg (¢ = 180° on
most windward ray; ¢ = 0° on most
leeward ray)

reservoir stagnation pressure, N/m?
(1 N/m? =1 Pa)

stagnation pressure behind normal shock,
N/m?

free-stream pressure, N/m?

static pressure immediately behind normal
shock, N/m?




Q/Qsph ratio of heat-transfer rate to stagnation-
point heat-transfer rate of a sphere

Qdot heat-transfer rate, W /m?

Qsph,FR stagnation-point heat-transfer rate pre-
dicted with theory of Fay and Riddell,
W /m?

Q(Tw=300K) heat-transfer rate evaluated at a wall
temperature of 300 K, W/m?

Rhoinf free-stream density, kg/m3

Rho2 static density immediately behind normal
shock, kg/m?

Rho2/Rhoinf ratio of static density immediately behind
normal shock to free-stream density

Rinf,L free-stream unit Reynolds number based on
model length

R2,L

St_inf
Tinf
Tt,1
Twall
T2

static unit Reynolds number, based on
model length, immediately behind normal
shock

free-stream Stanton number
free-stream temperature, K
reservoir stagnation temperature
wall temperature, K

static temperature immediately behind
normal shock, K

free-stream velocity, m/sec

ratio of model station in x-direction to
model length

ratio of model station in z-direction to
model length
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TABLE I. MEASURED HEAT-TRANSFER DATA FOR STRAIGHT BICONIC AT LOW REYNOLDS NUMBER

FLOW CONDITIONS

Pt,1 Tt,1 Min¥ pinf Tinf Rhoinf Uinf Rint,L
N#m~2 K N/m~2 K kg-m~3 mss

2.384E+0DE 9,638E+B2 9,.860E+00 5.392E+81 4.388E+81 4.271E-02 1.3282E+03 2.312E+05

p2 T2 Rho2 R2,L Rhoz2~ Pt,2 Ht, 2 Rsph,FR
Nsm~2 K kg/m~3 Rhoint Homs2 J- kg bsm~2

£.857E+D3 9.424E+82 2.535E-82 1.794E+04 S5.93TE+0R 7.S0VE+DZ 1.0OTE+0S 2.171E+8BS

MEASURED HEAT TRAMSFER DATH

SN Phi, Twall, Rdot, R¢Tw=380K> St_inf GGsph Ch-Chsph
or z-L deg K Wrm~2 Wsm~2
. 8808 180 458.7 3.372E+85 4.432E+8S 1.85B8E-91 1.0€3E+89H 1.373E+84
. 247 186 387.3 1.956E+084 1.9378E+04 4.753E-B3 ©.169E-82 £.234E-82
. 287 1380 3@7.0 1.8%33E+84 1.913E+84 4.597E-H2 5.959E-82 ¢€.6829E-82
. 328 138 385.7 1.83%9E+94 1.858E+84 4.464E-B3 S5,.799E-B2 5.855E-@2
. 368 188 386.5 1.78%E+84 1.807VE+A4 4.343E-BZ S.643E-82 S.696E-8BZ2
. 4088 180 385.3 1.361E+64 1.573E+84 3.7F81E-03 4.922E-82 4.959E-B2
. 449 130 385.4 1.551E+84 1.563E+84 3.757E-B3 4.890E-82 4.923E-92
. 483 138 366.1 1.716E+84 1.732E+P4 4.162E-83 5.411E-82 5.459E-82
. 530 188 3835.8 1.64%E+84 1.663E+84 3.998E-0B3 5.200E-82 5.243E-8B2
L.B13 138 383.3 1.249E+84 1.256E+84 3.820E-03 3.94BE-082 3.9561E-@2
. 654 138 383.95 1.179E+84 1.185E+084 2.849E-82 3.718E-82 32.F37E-BZ
. 695 188 382.4 9.524E+83 9.559E+83 2.298E-83 3.804E-8B2 2.014E-82
. 737 188 38z2.1 3.994E+83 9.022E+83 2.169E-B3 2.837E-@2 Z2.845E-82
. 778 188 3p1.8 3.456E+02 B5.479E+83 2.03%9E-@3 2.667VE-682 2.£74E-82
L8173 188 381.6 8.6879%E+B@3 ©S.4098E+83 1.947E-83 2.548E-82 2.554E-82
. 36@ 130 381.4 7.645E+83 PF.661E+83 1.842ZE-83 2.411E-8B2 <Z.416E-82
901 188 381.3 7.333E+83 7.347E+683 1.766E-B3 2.313E-B2 2.317E-8@2
247 5] 388.3 2.17BE+84 2.197E+684 S5,.280E-B3 6.843E-B2 6.925E-82
287 %) 388.1 2.127E+84 2.153E+84 S5S.175E-03 ¢£.7@%E-82 €£.787E-B2
328 5] 387.9 2.986E+84 2.111E+P4 5.873E-B3 6.579E-82 ©.63ZE-B2
368 a 38v°.7 2.854E+84 2.B75E+B4 4.394E-B3 6.479E-82 6.550E-BZ2
488 5] 387.7 2.802E+@4 2.B25E+P4 4.867E-B3 6.313E-82 £.383E-82
449 5] 387.4 2.888E+04 2.031E+604 4,.330E-03 €.332E-82 ©5.488E-BZ
489 a 387.4 1.987E+04 2.010E+84 4.83BE-B3 ©6.268E-682 ©.334E-82
534 5] 387.2 1.948E+84 1.969E+B4 4.732E-832 6.142E-82 ¢£.286E-82
613 5] 384.2 1.343E+04 1.352E+B4 3.249E-92 4.236E-B2 4.262E-8B2
654 5] 383.3 1.168E+684 1.166E+84 2.3B2E-83 3.658E-02 3.675E-82
595 a 382.7 1.828E+04 1.032E+84 2,4282E-93 3.242E-82 3.255E-82
73r 5] 38z.3 9.487E+@3 9.520E+83 2.289E-B3 2.992E-82 3.0902E-82
778 a 382.1 3.999E+03 &.937E+83 2.149E-843 2.819E-82 2.3818E-BZ
219 5] 381.8 2.491E+83 8.915E+93 2.@47E-A3 2.678E-H2 2.685E-82
360 5] 381.7 8.166E+83 8.186E+83 1.962E-83 2.575E-92 2.581E-82
991 <] 381.5 T.988E+03 7.927E+03 1.906E-93 2.494E-82 2.500E-82
613 98 384.9 1.446E+04 1.457E+84 3.S5B2E-83 4.562E-B2 4.594E-82
554 g 3a3.1 1.123E+04 1.128E+94 2.712E-83 3.541E-B2 3.557VE-82
. 695 96 383.1 1.894E+84 1.099E+B4 2.642E-B3 3.450E-62 23.465E-082
L. T3F =1 382.8 9.913E+083 9.952E+93 2.393E-02 3.126E-82 3.138E-@2
.778 39 382.3 9.313E+03 9.351E+483 Z2,248E-43 2,93%E-B2 2.949E-02
.3819 38 382.1 3.847E+@3 B.373E+@3 Zz,134E-43 2.790E-82 2.798E-82
. 368 28 381.9 83.531E+R3 = 2.85VE-83 2.6960E-82 2.593E-@2
. 981 9a 301.8 3.260E+83 2. 1.991E-83 2.60SE-82 2.612E-82
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TABLE I. Continued
(b) ¢ =4°

FLOW CONDITIONS

Pt,1 Tt, 1 Minf

Nsm~2 K

Rhoinf
kg m~3

pinf Tinf
Nsm~2 K

Uinf
mss

Rinf, L

2.402E+06 9.656E+02 9.8C60E+P0 €.039E+01 4.899E+91 4,295E-03 1.383E+03 2.32ZVE+8S

pa T2
N-m~2 K

Rho2
kgsm~3

R2,L Rho2.

Rhoinf

Pt,2
N#m~2

Ht, 2
Jskg

Gsph, FR
Wrm~2

€,918E+83 9.444E+082 2.549E-82 1.204E+04 5.935E+9B 7.516E+683 1.007E+BE 3.133E+85

MEASURED HERT TRANSFER DRTA

7L Phi, Twall, Qdot, A {Tw=388K> St_inf R/ Qsph ChsChzph
or z/L deg K Wsm~2 Wima2
. 800 1886 459.9 3.48BE+85 4.581E+85 1.075E-P1 1,890E+80 1.414E+Qa
. 247 1886 313.0 3.188E+84 3.2S1E+94 7.732E-83 9.984E-082 1.917E-81
. 287 184 313.0 3.202E+@4 3.265E+04 7.76EE-B3  1,083E-61 1.821E-01
. 328 184 312.8 3.165E+84 3.227E+04 TF.673E-03 9.91BE-B2 1.809E-01
. 368 18@ 312.5 3.102E+04 32.161E+84 7,.S17E-B3 9,.713E-82 9.888E-B2
. 408 188 311.1 2.815E+04 2.863E+04 §£.809E-93 8.815E-82 8.957E-82
. 449 1588 318.4 2.647E+B4 Z2.689E+04 5,396E-93 B8.28%E-62 8.413E-@2
. 489 188@ 311.5 2.885E+84 2.935E+94 £.982E-B3 9.B34E-02 9.184E-82
.538 180 310.8 2.733E+P4 2.77BE+P4 £.607E-B3 8,558E-82 8.691E-92
.613 180 306.6 1.856E+84 1.87V4E+04 4,459E-83 S.811E-B2 S.866E-82
. 654 180 385.3 1.615E+84 1,628E+84 3,87Y3E-B3 5,856E-B2 S.895E-82
. 695 136 384,595 1.428E+84 1.438BE+894 3,422E-63 4.472E-8Z2 4.381E-862
. 737 g=1x] 304.0 1.319E+84 1.327E+84 3,158E-63 4.136E-8B2 4.154E-82
778 158 383.8 1,259E+84 1,.266E+84 3,012E-B3 3,941E-682 3.962E-B2
.819 i80 383.7 1.245E+04 1.2S51E+84 2.978E-83 3.898E-82 3.918E-p2
. 869 180 383.5 1.216E+04 1.223E+84 2.918E-B3 3.8B9E-B2 3.828E-82
. 981 188 303.4 1.198E+04 1.204E+BP4 2.865E-83 3.75BE-B82 3.768E-@2
. 247 8 384.2 1.366E+94 1.37S5E+84 3I.272ZE-B3 4,278E-B2 4.304E-82
. 287 8 383.8 1.270E+04 1.277E+64 3.040E-83 3.977E-02 3.999E-82
. 328 o 303.4 1.185E+84 1,191E+04 2.834E-B3 3.710E-8B2 3.72BE-02
. 368 %] 383.1 1.119E+04 1.124E+84 2.675E-83 3.503E-82 3.519%E-8B2
. 468 5] 302.7 1.893E+84 1.097E+84 2Z.611E-83 3.422E-82 3.435E-8B2
. 449 %) 382.5 1.088E+04 1.012E+84 2.409E-83 3.158E-82 3.169E-62
. 489 B 302.3 9.630E+83 9.663E+863 2.30OE-03 3.@16E-82 3.026E-82
.538 2 3082.2 9.282E+83 9.312E+83 2.217E-83 2.907E-82 2.916E-92
.613 <] 381.8 6.854E+83 6.864E+83 1.634E-83 2.146E-02 2.149E-82
. 654 8 380.6 6.103E+83 6.109E+83 1.454E-83 1.911E-82 1,913E-82
. 695 B 300.3 5.479E+03 S5.482E+03 1.3P5E-B3 1.716E-82 1.717E-82
. 737 a 300,1 S.841E+83 S5,042E+63 1.200E-92 1.579E-682 1.579E-82
. 778 %] 299.9 4.621E+83 4.620E+93 1,100E-83 1,447E-B2 1.447E-92
.819 a 298.0 1.551E+83 1,547E+B3 3.683E-04 4.858E-03 4,844E-03
. 860 (5] 299.6 4,.884E+03 4.0882E+03 9.718E-8B4 1,279E-B2 1,278E-02
.901 @ 299.5 3.897E+03 3.895E+83 9.272E-84 1.220E-B2 1.22@E-02
.613 98 3085.2 1.545E+84 1.557E+84 3.706E-83 4.839E-82 4,875E-062
.654 38 383.3 1.152E+P4 1,15S8E+@4 2.756E-B3 3.609E-82 3.626E-82
. 695 Sa 303.4 1.164E+84 1,170E+04 2.784E-B3 3.644E-B2 3,662E-02
. 737 90 302.9 1.962E+94 1.B67E+P4 2.539E-03 3.326E-82 3.348BE-82
. 778 98 30z2.7 1.019E+84 1.,023E+04 2.435E-83 3.190E-082 3,283E-02
.819 S@ 382.4 9.597E+83 3.631E+03 2.292E-93 3.805E-92 32.015E-82
. 860 98 302.2 9.255E+83 9.286E+83 2.210E-B3 2.898E-B2 2.988E-82
.901 S8 382.1 8.973E+83 9.001E+03 2.143E-63 2.81@E-682 2.818E-@2
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18

or

oL
z~L

. B0
. 247

. 328
. 368
. 408
. 449
. 489
. 538
613
. 654

695

. 737
. 778
.81%9
. 860
.981
. 247
. 287
. 328
. 368
. 488

449

. 489
.538
.613
.654
693
. 737
. 778
. 819
.860
. 961
613
. 654
.695

737

. 778
.819
. 868
. 961

Fhi,
deg

138
1&g
138
120
158
1368
188
180
1g0
1806
188
13@
128
189
188
138
1¢8

0@

DOOAPICITI O

. 9.38TFE+82 3.

kgsm~3

Twall,

=

Oy
Ll ) 4]
~ o am

317.
314.
313.
314.
314,
3088.
387.
306.
386,
3083,
385.
385.
285.
383.
393,
382.
282,
381.
361.
3681.
3e1.
300.
380.
360.
3680.
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Minf

oo

Rho2

MEASURED

DD e = = DWW WW R B 00D e e e e e e S0 W 0 W W B R W

SRE+

2.474E-02 1.

TABLE I. Continued

FLOW CO

pinf
N<m~

%

1)
[}

R2,L

Rdot,
Wrm~2

. 398E+85
. 108E+B4
L 125E+84
.B12E+84
.88ZE+0B4
.464E+04
. 222E+84
L427E+D4
. 240E+@4
. 147E+24
.918E+94
. T26E+04

6@8ZE+B4
5S51E+084

. S4EE+84

S2PE+04

.S12E+064
.131E+064
.D18E+D4
. 266E+B3
. 5B4E+@3

913E+03

. 24BE+83
.811E+83
.494E+@3
LB47E+03

327E+83

.911E+03
. 650E+83
. 353E+@3
. 145€+83
. 943E+03
.86BE+03
. 658E+84
. 298E+04

237E+04

. 133E+84
.@87E+04
.018E+04
.854E+083
.S52E+03

(c) a=6°

NDITIONS
Tint

2 K

Rho2-

Rhoinf

QG (Tw=3808K>
W m~2

. 7SBE+05
.211E+84
. 237E+G@4
. 113E+84
. 98BE+B4
.541E+04
. 283E+04
502E+@4
. 3BTE+0Q4
.174E+04
. 946E+84
. T43E+04
.616E+B4
. 56SE+0Q4
559E+84
. 540E+04
525E+084
. 137E+04
. B23E+04
.383E+083
. 533E+83
. 932E+03
.258E+@3
.826E+83
. S@YE+@3
.851E+@3
. 329E+083
.911E+83
. 65BE+B83
352E+83
144E+832
.941E+063
. 859E+083
673E+84
. 308E+04
. 245E+4@4
. 139E+084
.893E+04
. B23E+04
3.898E+83
9.594E+83

e = = DWW RSN ke e e S, DWW R R R

NP RMDWLWRHD SN0 = == = PR G G0 00 R da 00 =0 0w~

£.001E+B1 3.016E+001 4.

F47E+B4 5,935E+@R

kg-m~3

T.S5623E+83 1.033E+86

HERT TRAMSFER DATAH

St inf

L @3SE-A1
LB2VE-B3
.B3RE-03
LE12E-83
. 298E-83
. 266E-B3
.67PTE-B3
LA77E-B3
.721E-83
.@73E-03
.531E-83
.A71E-83
.PTSE-@2
.655E-93

.

643E-83

. 33BE-93
. 363E-82
.657E-03
«398E-B3
.174E-83
. 994E-03
.894E-83
.6F6E-@3
.S95E-823
«S521E-83
.134E-83
.B12E-83

143E-94

. 532E-084
.B35E-84
. 349E-84
.876E-04
.582E-04
.909E-B3
.@S5E-83
.918E-83
.662E-03
. 554E-83
.390E-83
313E-83
. 242E-83

Hy, 2
Jskg

BoRsph

. EIBE+BR
L 242E-B1
L250E-B1
.216E-81
.176E-81
.B50E-81
. 761E-82
.B838E-01
-816E-82
.S@B4E-B2
.B813E-82
.229E-82
853E-82
.7BLlE-B2
.585E-B2
627E-B2
.583E-B82
.427E-B2
B84E-02
.BB8E-B2
.S77E-B2
.398E-@2
. 194E-8B2
.BE4E-B2
.JE8E-B2
.469E-0B2
«311E-82
. 185€E-82
.106E-8B2
.816E-082
. 528E-83
.917E-83
.6E6E-03
.B23E-082
. 334E-0B2
3.74%E-82
3.433E-B2
3.294E-82
3.984E-062
2.986E-B2
2.894E-02

WU 0D e e = R R PRI PP G )  f B B Lo LU Gy oD - WD s b bt e

Qsph, FR
Wom-2

2. 280E+B5

CheChsph

.42BE+80
-274E-81
L 282E-81
.24eE-01
.284E-61
.B71E-081
.951E-82
.BEBE-B1
.BB1E-81
.5B2E-82
.874E-82
.277E-B2
.893E-82
. 738E-B2
. 723E-B2
.563E-82
.E18E-02
. 445E-02
B93E-82
.818E-82
. 385E-82
.403E-82
.199%E-82
. B68E-82
.971E-B2
.470E-02
. 312E-82
. 185E-82
. 186E-B2
B16E-82
.526E-83
. 913E-983
.662E-83
.BE7E-B2
.961E-02
.772E-82
.451E-82
3.318E-B2
3.898E-82
2.998E-82
2.906E-82

LWWUOMWr— == s = IR W R SRS @ D e e



Pt, 1
N/m~2

2.376E+80e 9.977E+QA2 9.86BE+BE S,

pa
NAm~2

6.835E+832 9,708E+B2 2.4406E-B2 1.

%L
or z/L

. 580
247
. 287
. 328
. 368
. 408
. 449
. 489
.53
.613
654
B35
. 737
. 778
.819
. 868
.9a1
247
. 287
. 328
. 368
. 488
449
. 489
. 230
613
654
. 695
. 737
. 778
. 819
. 860
. 9081
613
. 654
. 693
racks
. 778
. 819
. 868
. 981

Tt,1

Phi,
deg

128
180
128
180
180
188
180
180
180
180
130
130
1806
180
180
1g8@e

—
1]
[

ADORRDIOORE

K

Te
K

Minf

Rho2

TABLE I. Continued

FLOW CONDITIONS

pinf

Tint

Nsm=~2 K

kg/m~3

Twall,

472.7
322.7
322.4
321.3
320.2
317.9
316.¢6
317.5
3le. 4
31e.2
388.8
388.@
387.7
387.6
387.5
387v.4
367.3
382.8
382.3
381.8
381.4
341.8
300.9
3@0.7
388.¢6
3@48.0
299.8
299.7
299.6
299.6
299.5
299.4
299.4
306.8
385.4
304.6
364.08
3@3.8
303.4
383.2
383.1

MEASURED

Rdot,
W m~2

3.619E+85
4.947E+04
4.89¢E+B4
4.683E+04
4.465E+04
3.977E+84
3.693E+04
3.888E+04
3.663E+04
2.400E+04
2.152E+04
1.982E+04
1.989E+904
1.872E+84
1.859E+84
1.840E+04
1.825E+064
9.191E+83
8.094E+03
7. 154E+03
6.408E+D3
5.072E+03
5.287E+83
4.874E+03
4.642E+03
3.545E+83
3.219E+03
2.946E+83
2.799E+83
2,648E+03
2.468E+03
2.410E+03
2.371E+63
1.711E+84
1.347E+084
1.259E+84
1.144E+04
1.891E+084
1.822E+84
9.861E+03
9.590E+03

R2,L

Rhoz~

Rhoinf

RCTw=308kK>
Wom~2

. 889E+B5
.114E+84
. 859E+84
.831E+84
4.598E+04
4.8821E+04
3.783E+04
3.987E+Q4
3.751E+84
2.435E+04
2.1806E+84
2.085E+094
1.938E+04
1.892E+84
1.879E+84
1.8606E+04
1.845E+684
9.227E+03
8.12BE+823
7. 173E+83
6.421E+B3
€.681E+83
5.294E+03
4.879E+03
4.646E+03
3.545E+03
3.218E+03
2.945E+03
2.798E+03
2.646E+03
2.466E+B3
2.403E+83
2.369E+03
1.728E+94
1.358E+04
1.267E+04
1.151E+04
1.897E+04
1.027E+@4
9.967E+0B3
9.633E+03

S A

MR NOETAAGRRO D === =D AR AR A SO0 0 e =

F21E+84 5,935E+88

Rhainf
kgsm~3

973E+81 S5.861E+01 4.112E-0

Pt,2
Nsm~2

7.O33E+E

HEAT TRANSFER DATH

Et_int

.181E-61
. 187E-B2
.175SE-B2
L122E-82
.BEBE-B2
.47IE-B3
. 788E-83
L E62E-03
.T13E-83
. 660E-83

HE6E-B3

.6EBE-B3
.487E-83
.4@BE-83
.369E-63

324E-83
288E-83
146E-83

. 889%E-03
. 668E-83

493E-83

»415E-83
.231E-83
. 135E-83
.881E-83
.247E-84

486E-84

.851E-84
.589E-04
.157E-04
. 736E-04

£02E-84

. 312E-04
.817E-@3
.158E-03
.947E-03

676E-B3

.551E-83
.389E-03
.364E-83
. 240E-83

Uinf
mss

3 1.406E+83

Ht,2
Jskg

2 1.844E+80

GeBsph

. B84E+B0
.482E-081
.467E-D1
403E-081
.337E-81
L191E-81
.186E~-B1
164E£-01
.B97E-G1
. 187E-B2
.445E-82
. 935E-082
.717E-B2
507E-B2
.368E-82
S12E-BZ
.4E7E-G2
. ?7S3E-B2
.424E-02
.143E-82
.919%E-82
819E-@2
. 384E-B2
.460E-8G2
398E-82
@62E-B2
.640E-083
.824E-83
. 385E-83
.931E-83
7.391E-83
7.218E-03
7.182E-93
S.124E-82
4.036E-02
3.771E-02
3.427E-082
3.268E-82
3.862E-02
2.954E-82
2.872E-82

00D e e e RO U U UGG N e e e

Rinf,L

2. 178E+85

GBsph,FR
Wema2

3.339E+8B5

CheCheph

.412E+08
.S29E-81
»312E-81
444E-81
37SE-81
L 228E-81
»131E-81
192E-61
122E-81
.287E-82
S23E-82
. BBBE-B2
. P77E-B2
cESE-B2
.625E-82
. S68E-B2
.S521E-82
. 763E-0B2
432E-82
.148E-02
. 923E-82
.821E-082
.585E~82
.461E-82
1.391E-082
1.062E-02
9.638E-03
8.820E-83
8.380E-B3
7.927E~-B03
7.386E-8B3
?.213E-83
7.897E-B3
5.172E-02
4.066E-02
3.794E-02
3.446E-82
3.285E-8B2
3.876E-02
2.967E-082
2.884E-82

e = = DO T T ] = e e s e e e
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TABLE I. Continued
(e) a =10°

FLOW CONDITIONS

Mint Rhoinf

kg/m~3

Pt,1 Tt,1
N/m~2 K

Uinf
mss

pinf Tinf
N/m~2 K

Rinf,L

2.388E+06 1.018E+83 9.8c00E+08 6€.0@4E+01 S5.166E+081 4.049E-82 1.421E+83 2.115E+85

Rho2
kgs/m~3

p2 T2
Nsm~2 K

R2,L Rho2~

Rhoinf

Pt,2
N/m~2

Ht,2
Jrskg

Usph,FR
Wrm~2

6€.871E+03 9.9€BE+02 2.403E-82 1.691E+04 5.935E+80 7,573E+83 1.067E+BS 3.452E+85

MEASURED HERT TRANSFER DATH

20

®sL Fhi, Twall, Gdot, R(Tw=300K)> St_inf Q-Clsph Ch<Chsph
or z/L deg K Wrm~2 Wsm~2
. h86 138 474.5 3.695E+085 4.880E+65 1.835E-@1 1.878E+088 1.391E+00
. 247 180 326.5 S5.761E+94 5,981E+64 1.352E-92 1.669E-81 1.729E-81
. 287 180 311.9 1.823E+84 1.854E+04 4.197E-B3 5.282E-82 S.365E-0Z
. 328 130 324.2 5.317E+04 S5.583E+B4 1.244E-02 1.54PE-81 1.591E-81
. 368 180 3z22.9 5.862E+04 5.229E+64 1,183E-82 1.466E-81 1.S12E-@1
. 408 180 320.1 4.473E+84 4,602E+04 1.041E-82 1.296E-91 1.3231E-81
.449 1806 318.6 4.162E+04 4.,273E+04 9.667E-03 1.286E-81 1.236E-81
. 489 180 319.7 4,.392E+04 4,516E+B4 1.022E-082 1,272E-01 1.388E-B1
. 538 18@ 318.¢6 4.157E+84 4,268E+B4 9.655E-83 1.204E-01 1.234E-B1
.613 186 311.86 2.726E+B84 2,.771E+P4 6.273E-83 7.896E-P2 S.B19E-82
. 654 186 318.4 2.478E+84 2.514E+04 5.692E-93 7.177E-B2 7.276E-082
. 695 180 389.7 2.323E+94 2.355E+94 5.331E-83 6.729E-82 £.815E-82
. 737 180 389.5 2.277E+84 2.367E+94 5.224E-03 6A.596E-02 €E.67V8E-62
. 778 180 389.3 2.241E+84 2.270E+04 S5.140E-03 6K.490E-02 6.570E-0Z
.819 18@ 309.2 2.226E+B4 2.255E+04 5.105E-83 €.447E-D2 €.526E-82
. 868 1808 389.1 2.203E+B4 2.231E+84 S5,051E-03 6.380E-02 £.457E-82
. 9681 18@ 309.8 2.181E+84 2.209E+04 S5.002E-93 6&.218E-02 £.394E-02
. 247 8 382.0 7.679E+@3 7.701E+03 1.745E-83 2.224E-82 2.230E-82
. 287 %] 381.5 &.643E+03 6.657E+03 1.588E-83 1.924E-02 1.928E-02
. 328 a 3081.1 S5.779E+83 S5.787E+03 1.311E-83 1,674E-02 1.676E-02
. 368 a 300.3 S.160E+93 S5.166E+03 1.170E-03 1.495E-02 1,496E-02
. 488 5] 360.5 4.508E+83 4.511E+93 1.0822E-83 1.386E-062° 1.3B7E-82
. 449 g 366.3 4.200E+03 4.201E+83 9.520E-64 1.216E-02 1.217E-82
. 489 5] 388.2 3.891E+93 3.892E+83 8.819E-84 1.127E-82 1.127E-82
.530 5] 306.1 3.730E+83 3.73BE+83 8.452E-04 1.080E-82 1.080E-82
.613 5] 299.7 2.983E+83 2.901E+83 6.575E-04 S.408E-83 8.404E-063
. 654 a 2939.6 2.776E+83 2.774E+BH3 ©6.287E-04 8.041E-03 S5.037E-83
.695 5] 299.5 2.547E+83 2.546E+83 S.769E-84 7,.379E-83 7.374E-03
. 737 5] 299.5 2.463E+83 2.461E+03 5.578E-94 7.135E-083 7.130E-03
.778 a 299.4 2.335E+B3 2.333E+93 5.288E-84 6.765E-83 6.759E-03
.819 5] 299.4 2.306E+83 2.304E+83 5.220E-B4 6.679E-03 6.673E-03
. 868 5] 299.4 2.277E+83 2.275E+83 5.156E-84 6.596E-03 6£.591E-93
.981 5] 299.4 2.29%E+83 2.297E+83 5.2P4E-94 6.658E-83 6.652E-83
.613 90 386.8 1.728E+84 1.745E+@4 3.951E-83 5.066E-82 S5.851E-82
. 654 90 385.2 1.316E+084 1.326E+94 3.983E-83 3.813E-62 3.839E-82
.595 90 384.5 1.248E+04 1.256E+84 2.844E-93 3.615E-02 3.6£36E-82
. 737 90 383.9 1.137E+864 1.143E+04 2.58%E-83 3.292E-02 3.309E-82
. 778 98 383.6 1.069E+84 1.074E+094 2.434E-893 3.896E-82 3.111E-82
.819 906 363.4 1.821E+84 1.826E+84 2.324E-83 2.957E-62 2.97BE-02
. 860 950 363.2 9.891E+083 9.935E+83 2.251E-83 2.865E-92 2.877E-082
.9081 30 383.1 9.735E+93 9.7738E+@2 2.215E-83 2.820E-82 2.832E-02




TABLE 1. Continued
) a=12°

FLOW CONDITIONS

Pt,1 Tt, 1. Minf pinf Tinf
N/m~2 K Nsm~2 K

Rhoinf Uinf
kg m~3 m’s

Rinf,L

2.372E+D& 9.839E+82 9.860E+00 5,963E+01 4.992E+81 4.16ZE-83 1.396E+B3 Z.226E+BS5

pa T2 Rho2 R2,L Rhoz~ Pt,2 Ht,2
Nsm~2 K kgs/m~3 Rhoinf N/m~2 Jskg

Qsph, FR
W/m~2

€.823E+03 9.623E+82 2.47BE-82 1.745E+04 S5.935E+PB 7.520E+83 1.0Z0E+06 3.266E+BS5

MEASURED HEAT TRANSFER DATAH

x/L Phi, Twall, Qdot, R{Tw=300K)> St_inf R/ Qsph Ch#Chsph
or z/L deg K Wsmn2 W m~2
. 808 188 468.5 3.404E+65 4.448E+85 1.6836E-81 1.842E+908 1.342E+006
. 247 18@ 325.2 5.813E+P4 &,.0836E+B4 1.424E-62 1.780E-81 1.844E-01
. 287 188 6.0 0.000E+00 ©O.06BE+0B ©,06BE+8@ 0©0.000E+BG 0.000E+0DQ
.328 188 322.6 5.328E+94 5.510E+84 1.3B6PE-02 1.631E-061 1.534E-081
. 368 186 321.6 S5.126E+84 S.294E+04 1.249E-92 1.570E-81 1.618E-81
.488 186 318.7 4,534E+84 4.662E+B4 1,100E-82 1.388E-61 1.425E-81
. 449 180 317.3 4.232E+04 4,342E+04 1.025E-82 1.2%6E-61 1.327E-01
. 489 188 318.5 4.482E+04 4.606E+D4 1.887E-B2 1.372E-081 1.408E-01
. 530 188 317.4 4,247E+94 4.358E+04 1.029E-B2 1.308E-61 1.332E-01
.613 188 310.4 2.810E+94 2,.854E+04 6.741E-83 8.605E-62 §.730E-02
.654 18@ 309.4 2.659E+P4 2,.696E+04 6.369E-83 8.141E-82 5.248E-02
.695 158a 398.8 2.514E+84 2,546E+84 6.8915E-83 7.696E-82 7.790E-82
. 737 1880 388.5 2.438E+P4 2.468E+84 S5.831E-83 7.463E-82 7.552E-02
.778 180 3@8.3 2.399E+04 2.429E+84 5.738E-83 7.345E-82 T7F.430E-82
.819 130 388.2 2.389E+84 2.418E+04 5.712E-63 7.313E-82 7.397E-02
. 860 180 398.1 2.356E+B4 2,384E+04 S.633E-63 7.214E-82 ?.295E-82
. 9081 1886 308.0 2.330E+P4 2,357E+84 S.569E-83 7.133E-62 7.212E-62
. 247 a 299.5 S.917E+63 S.913E+03 1.398E-82 1.812E-82 1.810E-0B2
. 287 9 299.1 5.071E+83 S.P64E+B3 1.197E-83 1.553E-62 1.551E-02
.328 4] 298.7 4.399E+02 4,391E+B3 1.838E-83 1.347E-82 1.344E-02
. 368 a 298.5 3.953E+@83 3.944E+83 9,326E-64 1.210E-82 1.26BE-82
. 408 <} 298.4 3.510E+93 3.501E+B3 8.279E-84 1.0?75E-62 1.072E-02
. 449 a 298.2 3.291E+83 3.282E+B3 7.761E-84 1.008E-82 1.885E-B2
. 489 8 298.1 3.124E+03 3,115E+83 7.36SE-84 9.563E-03 9.538E-03
.530 5] 298.1 3.036E+83 3,028E+B3 7.159E-84 9.296E-83 9.271E-63
613 5] 297.8 2.448E+83 2.440E+Q3 S5.769E-684 7.494E-03 ?P.471E-03
. 654 a 297.7 2.288E+93 2.28PE+B3 S5.392E-64 7.005E-03 &.983E-03
.695 a 297.6 2.222E+83 2.214E+93 5.236E-04 6.802E-03 6.780E-03
. 737 2] 297.7 2.244E+P3 2.236E+D3 5.288E-84 6£.878E-B3 €.848E-83
. 778 5] 297.6 2.898E+83 2.090E+B3 4,943E-04 6.422E-83 £.401E-82
.819 %) 9.0 0.P0PE+0B ©,PPBE+00 ©.0DOPE+DO® 0,000E+00 0O.0OCOE+DO
. 860 @ 297.6 2.196E+93 2.188E+83 5.175E-84 &.723E-83 6.7081E-03
.901 2] 297.6 2.206E+83 2.198E+83 5.197E-84 6.753E-83 6.731E-83
.613 S8 304.2 1.514E+84 1,523E+04 3.600E-63 4.635E-082 4.662E-82
.654 28 8.0 P.0O0BE+0D ©,00PE+BD ©O.000E+00 ©.000E+06 ©B.B00QE+00
.695 98 382.1 1.890E+P4 1,094E+04 2.585E-83 3.338E-82 32.348E-82
. 737 90 301.°7 1.805E+94 1.807E+84 2.381E-83 3.876E-082 3.@83E-82
.778 9@ 301.4 9.487E+B3 9.506E+83 2.247E-683 2.905E-82 2.918BE-82
«819 9@ 301.3 9.255E+P3 9.272E+03 2.192E-83 2.834E-82 2.839E-02
. 860 98 381.2 9,129E+083 9,145E+B3 2.162E-83 2.795E-82 2.808E-0B2
. 901 9@ 301.2 9.871E+03 9.087E+83 2.148E-083 2.777E-82 2.782E-82
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Ft,1
Nsme2

Tt,1

2.378E+8E 9,951E+82

6.341E+83 9, 7V32E+82 2.44%E-82 1.

or z-/L

pa
Nsm2

xsL

. 888
247
. 287
. 328

368

. 488
. 449
.489
.538

613
654

L6935
. P37
778
819
. 860

9a1

. 247
. 287
. 328
. 368
. 488
.449
.489
530
.613
654
. 695

737

rard-
.819
. 8680
.981
613
654
2695
. 737
778
.819
. 860
.901

Phi,
deg

130
186
188
134@
13@
186
180
1&0
180
180
186
188
1886
180
188
188

[
O
(v

OO

9.858E+80 3.

Minf

Rhoz
kgsm=3

MERS

Twall,

462.
331,

328,
326,
323.
321.
323.
322.
314,
313.
312.
312,

31z

312.
312.
312.
299.
299.
299.
298.
298.
298.
298.
298.
298.
298.

298

298.
298.

298.
298.
3084.

302.

3p2

382.
362.
382.
302.
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TABLE 1. Continued

(8) a =16°

FLOW CONDITIONS

pinf

Tinf

Nsma2 K

RZ,L

Rho2

Rhoinf

Rhioinf
kgsm=3

97SE+81 S5.048E+01 4.128E-83

Ty

Pt,2
Nsm~2

T23E+84 5,935E+8@ 7, S40E+83

URED HERT TRANSFER DHRTH

Rdot,
Wrma2

.404E+85
. 793E+084
.BBPE+DY
.242E+84

I71E+04

.327E+094
. 985E+D4
. 269E+B4
.011E+B4
.4S2E+84
.316E+04
.191E+84
. 132E+04
.187E+04
.B81E+84

852E+84

.B72E+04
. 7T10E+B3
.171E+83
.881E+03

S521E+83

.B81BE+083
. 258E+03
.216E+03
. 225E+83

671E+83

.S17E+83
.451E+83
.469E+083
. 388E+03

VOBE+BB

.466E+083
.458E+83
.430E+04
. B0BE+0B

A81E+064

.B824E+04
. 922E+04
. 744E+03
.610E+83
.936E+83

@CTu=300K >

Wsm~2

. 445E+03
.111E+04
.0PBE+00
.D9B5E+@4
.210E+0B4
.S514E+84
. 147E+84
.451E+684
175E+04
. S24E+04
. 381E+04
.250E+04
. 198E+B4
.164E+84
.137E+84
. 106E+0Q4
. 127E+84
. 7TBEE+B3
. 166E+83
796E+03
.D16E+83
. 006E+B3
. 253E+83
.218E+03
.219E+83
.665E+83
.511E+83
.445E+03
. 463E+03
382E+83
. 00BE+G0
.460E+03
.444E+03
.43%9E+04
. DOGE+0Q0
.885SE+04
1.827E+04
1.025E+04
3.774E+03
9.638E+03
9.563E+03

SO NN LN WWHAREROLDOOOWWAAAWDN T QR

PPN WAASAAANRR NN E DD - SN 0D = = =

.P21E-61
.653E-82
. BEeE+BE
«D12E-82
CH444E-82
. 283E-82
197E-B2
.268E-82
. 284E-82
. 2B4E-83
.B872E-03
. I68E-832
.427E-83
. 366E-83
.383E-83
.233E-83
. 282E-83
.B9FE-B3
.718E-84
.847E-@4
. 195E-064
.676E-B4
.581E-064
.482E-084
.504E-84
.211E-84
.852E-04
. 7BBE-B4
.742E-04

. 08BE+08
.734E-04
.697E-84
.353E-83
. 08BE+QQ
.529E-83
.394E-03
.388E-B3
.278E-83
.246E-83
.229E-83

St_inf

S52E-084

PPN WWWERNNE®NN N WO == == O 000D W0 == Y

Uinf
mss

1.484E+8:

e

Ht,2
Jrkg

1.841E+@6

RoGsph

.B23E+8Y
. B42E-81
. BBeE+B06
. B76E-81
. 790E-81
.6B1E-61
.498E-081
.584E-061
.SB6E-@1
.B38E-01
.363E-02
. 592E-82
.417E-82
. 340E-062
. 263E-82
.176E~-B2
.236E-82
.416E-82

.254E-82

.143E-82
.B5%E-82
.B42E-032
. 795E-83
.667E-03
.695E-83
.B28E-83
.565E-83
. 369E-82

423E-83
177E-83

. 8BBE+00
.413E-03
. 365E-63
. 299E-82
. 0BBE+00
. 258E-82
.@78E-02
.B71E-B2
. 929E-82
. 889E-82
.B67E-B2

MRNNWOWO®ENNESNNNNGO WD T = =) O WD WD - s e e e e = T

Rint,L

ChsCheph

.317E+00
. 13z2E-81
. BEBE+BO
.951E-81
.BE3E-01
.E54E-81
. S944E-061
.636E-81
.553E-81
.B858E-681
.B15E-081
.r6lE-82
. 38BE-B2
. J8BE~-B2
. 420E-G2
. 329E-82
.392E-82
. 4135E-82
.252E-82
.141E-082
.B57E-B2
.B31E-83
. 779E-83
.€50E-03

678E-83

.011E-83
.548E-83
.352E-83
.486E-83
.161E-83
. BOBE+00
. 396E-83
. 348E-83

324E-082

.BOBE+BO
.262E-082
.B888E-02
.881E-082
.938E-82
.897E-082
.874E-082



TABLE 1. Concluded

(h) . = 20°

FLOW CONDITIONS

Pt,1 Tt,1 Minf pinf Tinf Rhoint Uinf Rint,L
Nsm~2 K Nsm~2 K kgsm~3 mss
2.366E+86 9.3864E+B2 9.86VE+00 5.949E+61 5.004E+01 4.142E-83 1.398E+83 2.Z11E+6@5
pe T2 Rho2 rR2,L Rhoz- Pt,2 Ht, 2 Bsph,FR
Hsm~2 K kg«<m~3 Rhoinf Heme2 Jr-kg Wem~2

€.387E+@3 9.648E+082 2.458E-B2 1.736E+04 5.935E+0@ 7.562ZE+03 1.831E+896 3,275E+83

MEASURED HEAT TRANSFER DATA
x~L Phi, Twall, Gidot, B{Tw=308K> St_int G Rsph ChsChsph
or zs/L deg K Wsma2 W ma2
. 088 188 456.2 3.255E+85 4,213E+85 9.818E-82 9.9328E-81 1.268E+0G0
. 247 186 334.8 7.491E+84 7.891E+84 1.86BE-82 2.28FE-81 2.482E-81
. 287 188 8.9 O.p0BE+08 ©.00PE+OB OG.6000E+D0 O0.000E+0G @.000E+8Q
. 328 188 331.8 6.934E+04 7.270E+04 1.714E-82 2.117E-81 2.214E-B1
. 368 18@ 329.7 £.54%E+84 6.845E+@84 1.614E-82 2.008BE-081 2.685E-B1
. 408 188 326.3 5.857E+04 £.B890E+84 1.436E-62 1.7Y88E-61 1.85S5E-01
. 449 188 324.4 5.452E+84 5.653E+84 1.333E-62 1.665E-81 1.723E-81
. 489 188@ 326.0 5.799E+04 6.027E+84 1.421E-02 1.771E-81 1.836E-061
.338 138 324.7 5.528E+04 5,734E+84 1.352E-82 1.688E-81 1.747E-01
.613 188 316.7 3.920E+04 4.017E+084 9.481E-83 1.197E-01 1.225E-61
. 654 188 316.2 3.837E+64 3.930E+84 9.2vY5E-63 1.172E-81 1.198E-01
. 695 188 315.4 3.688E+B4 3.773E+84 B8.905E-@3 1.126E-81 1.151iE-01
. 737 188 315.2 3.637E+84 3.719E+B4 8.779E-63 1.110E-81 1.134E-01
. 778 150 315.8 3.592E+94 3.672E+04 &.668E-83 1.897E-81 1.128E-01
.819 188 314.7 3.557E+04 3.635E+84 B8.581E-83 1.686E-81 1.189E-01
. 868 188 314.8 3.575E+04 3,654E+04 £.624E-63 1.892E-01 1.114E-81
. 981 188 315.8 3.611E+84 3,692E+84 8.715E-83 1.183E-01 1.125E-061
. 247 5] 299.2 4.264E+03 4,.260E+083 1.087E-93 1.302E-02 1.361E-82
. 287 a 299.1 4.062E+83 4.B57E+03 9.588E-94 1.240E-02 1.239E-862
.328 a 299.8 3.896E+03 3,891E+83 9.19%5E-84 1.190E-82 1.188E-B2
. 368 a 299.6 3.840E+83 3.834E+B3 9.063E-0H4 1.173E-062 1.171E-B2
. 488 5] 299.80 3.944E+83 3.938E+83 9.307E-A4 1.204E-82 1.282E-0Z2
. 449 a 299.0 3.822E+@3 3.816E+83 9.020E-64 1.167E-B2 1.1635E-82
. 489 5 299.0 3.833E+93 3.827E+083 9.846E-684 1.17BE-02 1.169E-B2
.538 a 299.0 3.838E+83 3.833E+83 9.059E-64 1.172E-82 1.17BE-82
.613 a 298.6 3.024E+D3 3.0B28E+83 7.157E-04 S.264E-032 9.246E-83
.654 =] 298.5 2.786E+83 2.78RE+983 6.S571E-64 8.587E-B3 8.489E-03
. 695 5] 298.4 2.656E+03 2.650E+903 6.263E-P4 B8.109E-83 B.892E-83
. 737 B 298.4 2.582E+83 2.576E+83 £.@89E-04 7.885E-B3 7.86VE-0G3
.778 a 298.3 2.412E+483 2.406E+83 5.688E-04 7P.365E-83 7.348E-03
. 819 8 0.9 0.000E+B80 0©O.0BP0E+00 0O.0DOVE+00 ©0.000E+066 ©.0DVE+GG
. 868 g 298.3 2.375E+03 2,.369E+@03 S.660E-04 7.252E-03 7.235E-063
. 9061 a 298.2 2.285E+83 2.279E+83 5.388E-84 6.978E-~-03 6.961E-83
.E13 98 384.1 1.366E+B4 1,.374E+94 3.247E-83 4.171E-82 4.135E-82
. 654 ) 8.0 0,.00PE+00 O.0OPE+00 0O.COBE+DD O,.BV6E+0B 0.BOVE+00
.695 98 382.6 1.063E+04 1.B867E+B4 2.522E-83 3.247E-D2 3.259E-82
. 737 28 382.3 1.887E+64 1,010E+04 2.387E-83 3.074E-02 3.084E-082
.778 1] 382.2 9.893E+03 9.925E+83 2.345E-83 3.021E-B2 3.030BE-02
.819 96 38z2.1 9.639E+03 9,668E+83 2.285E-83 2.943E-82 2.952E-02
. 860 1] 382.08 9.539E+83 9.568E+63 2.261E-83 2.913E-82 2.921E-82
. 9061 98 382.06 9.514E+03 9.542E+03 2.255E-03 2.995E-82 2.913E-82
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TABLE II. MEASURED HEAT-TRANSFER DATA FOR STRAIGHT BICONIC AT HIGH REYNOLDS NUMBER

(a) o =0°

FLOW CONDITIONS

Pt,1 Tt, 1 Mint# pinf Tinf Rhoint Uinf Rinf,L
N/m~2 K N/m~2 K kg /m~3 mss

1.086E+07 1.B19E+83 1,016E+81 2.293E+82 4.920E+01 1.624E-82 1.429E+83 2.B37E+@S

p2 T2 RhoZ R2,L Rho2. Pt,2 Ht, 2 @sph, FR
N/m~2 K kg/m~3 Rhoinf N/ma2 Jrkg Wrma2

2.737E+04 1.001E+P3 9,7B3E-02 6.882E+84 5.977E+08 3.87V0E+04 1.BE68E+06 £.932E+895

MEASURED HEAT TRANSFER DATAH

xsL Phi, Twall, Gdot, RB(Tw=3088K> St_inf B/ Qsph ChoChzph
or z/L deg K Wrm~2 Wrma2
. BBB 188 583.5 6€.083E+85 1.004E+06 S.492E-82 8.77S5E-@81 1.416E+00
. 247 188 315.4 4.0852E+84 4.141E+84 2.323E-93 S5.845E-82 5.9ccE-02
. 287 188 315.3 4.847E+04 4.135E+04 2.328E-63 O5.839E-82 5.958E-82
. 328 188 314.95 3.879E+94 3.959E+84 2.221E-83 S5.595E-82 5.7084E-@2
. 368 180 314.2 3.807E+84 3.883E+84 2.179E-863 S.491E-82 5.595E-82
. 488 180 312.6 3.491E+84 3.554E+84 1.994E-83 S5.836E-82 5.121E-82
. 449 180 311.9 3.332E+P4 3.388E+64 1.901E-83 4.88B6E-82 4.882E-82
. 489 180 313.1 3.577E+P4 3.643E+P4 Z2.0844E-83 S.160E-B2 5.250E-82
.538 138 312.9 3.537E+04 3.68B1E+P4 2.821E-82 S.182E-62 5.189E-82
.613 1806 388.2 2.594E+04 2.624E+B4 1.473E-083 3.742E-82 3.783E-B2
. 654 188 386.6 2.267E+B4 2.288E+04 1.284E-83 3.2v0E-82 3.299E-82
. 695 1288 385.2 1.993E+84 2.008E+04 1.127E-83 2.875E-B2 2.395E-82
. 737 188 304.5 1.837E+04 1.848E+04 1.038E-83 2.656E-082 2.665E-82
.778 186 383.9 1.717E+84 1.727E+04 9.696E-84 2.477E-82 2.490E-82
.819 138 283.5 1.641E+04 1.649E+B4 9.259E-04 2.367E-B2 2.378E-B2
. 868 12886 383.2 1.567E+84 1.574E+84 S.838E-84 2.26PE-02 2.270E-B2
.9081 180 382.9 1.512E+84 1.518E+684 8.524E-04 2.181E-B2 2.189E-82
. 247 a 317.9 4,571E+04 4.687E+84 2.629E-83 €.593E-82 6.751E-02
. 287 a 317.5 4,.502E+04 4.615E+04 2.588E-83 6£.494E-82 £.£647E-02
. 328 %] 317.2 4,428E+04 4.537E+04 2.544E-83 £.388BE-82 6£.535E-082
. 368 a 316.8 4.367E+84 4.471E+P4 2.588E-@3 K.299E-B2 6.441E-062
. 488 5] 316.5 4.497E+P4 4.603E+04 2.582E-893 6.488E-82 6.631E-G2
. 449 5] 316.4 4.271E+84 4.370E+04 2.451E-83 6.161E-82 #£.296E-B2
. 489 %) 316.2 4.215E+84 4.312E+84 2.419E-83 €.880E-82 ©6.212E-02
.538 a 315.6 4.077E+@4 4.167E+04 2.338E-83 5.881E-82 ©.004E-02
.613 % 388.4 2.638E+94 2,.669E+84 1.498E-63 3.886E-82 3,848E-8B2
. 654 a 306.4 2.227E+94 2.247E+B4 1.262E-83 3.213E-02 3.240E-82
.695 2] 385.1 1.966E+B4 1,980E+B84 1.112E-92 2.836E-82 2.855E-82
. 737 a 384.5 1.830E+94 1.841E+84 1.B34E-B32 2.639E-82 2.655E-02
.778 a 304.0 1.721E+04 1.731E+84 9,719E-04 2.483E-02 2.496E-82
. 819 g 383.6 1.632E+84 1.640E+P4 9,.210E-84 2.354E-62 2.365E-02
. 86@ B 383.2 1.566E+B4 1.573E+04 8.831E-P4 2.258E-82 2.268E-02
. 991 B 383.0 1.512E+84 1.519E+84 B8.528E-04 2.182E-82 2.190E-B2
613 S8 318.2 2.893E+04 2,.935E+P4 1.647E-03 4.174E-02 4,230E-B2
. 654 % 385.6 2.853E+84 2.869E+84 1.162E-83 2.962E-82 2.984E-8B2
. 695 50 306.4 2.1532E+94 2.172E+84 1.219E-83 3.185E-82 3.131E-8B2
737 990 3@5.4 1.970E+84 1.985E+84 1.114E-83 2.842E-82 2.862E-02
.7°78 98 364.8 1.833E+84 1.845E+04 1.036E-83 2.644E-082 Z.661E-82
.819 98 304.3 1.740E+84 1,751E+84 9.832E-84 2.511E-82 2.525E-82
. 868 98 394.0 1.661E+04 1,67BE+04 9.380E-084 2.396E-082 2.409E-02
. 9081 1% 383.7 1.591E+84 1.599E+04 8.977E-@4 2.294E-02 2.306E-02
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Pt,1
N/m~2

T, 1

K

Minf

TABLE II. Continued

(b) a=4°

FLOW CONDITIONS

pinf

Tinf

Nsm~e K

Rhoinf
kg/m~3

1.989E+87 1.012E+83 1.0816E+01 2.299E+B2 4.887E+01 1.63%E-9

pa2
Nsm~2

2.794E+04 9.937E+02 9.796E-82 6.872E+@84 5.977E+Q@ 3.07G8E+04

xsL
or z-L
. BBa
. 247
. 287
. 328
. 368
. 408
. 449
. 489
.5308
613
. 654
. 695
. 737
.778
.819

901
247
. 287
. 328
. 368
488
.449
.489
.530
613
. 654
. 695
. 737
. 778
. 819
. 860
901
€13
.654
. 695
. 737
.78
. 819
. 860
.9061

Phi,
deyg

ig0
180
188

e S e R N
Q) 00 00 Q0 Q0 00 0 QD Q0 QD 00 0D Q0 O
ORI D

ORI

T2
K

Rho2

kgs/m~3

Twaltl,
K

Jel.s
328.6
329.5
328.°7
328.2
325,32
323.7
325.3
324.1
313.7
211.8
3089.4
3@8.8
308.4
3@8.2
388.1
388.1
308.1
387.9
306.1
385.3
385.6
304.0
383.¢
303.2
306.2
300.1
299.5
299.3
299.@
298.7
298.5
298.3
318.7
387.2
306.9
385.9
3@s.8
304.8
304.4
304.1

Qdot,
Wsm~2

5.988E+8S
6. 745E+04
6.941E+04
6.794E+64
£.683E+84
&.869E+04
5.717E+94
6.836E+04
S.771E+04
3.680E+04
3. 124E+04
2.809E+84
2.680E+04
2.599E+04
2.562E+04
2.533E+84
2.531E+084
2.524E+84
2.385E+04
2.117E+64
1.958E+084
1.997E+8B4
1.693E+84
1.586E+84
1.529E+84
1.957E+04
9.08BE+03
8.B69E+03
7.498E+03
6.92DE+83
€.265E+83
5.89BE+B3
S5.596E+83
2.972E+p4
1.758E+84
2.222E+04
2.845E+84
2.0885E+84
1.810E+84
1.733E+04
1.666E+084

RZ,L

Rhao2~

Rhoinf

B{Tw=308K)>
W m~2

9.913E+85
7.B30E+04
7.241E+04
7.088E+Q4
6.959E+04
6.293E+84
S5.914E+B4
£.258E+04
J.973E+04
3.753E+04
3.183E+04
2.846E+04
2.713E+04
2.630E+B4
2.591E+64
2.562E+84
2.561E+04
2.3553E+04
2.327E+04
2.135E+04
1.973E+84
2.0812E+84
1.702E+04
1.594E+84
1.53¢6E+04
1.858E+84
9.081E+83
8.064E+@3
7.491E+03
£.910E+83
6.253E+83
5.878E+03
5.582E+83
2.0818E+04
1.776E+D4
2.244E+04
2.063E+04
2.821E+04
1.823E+04
1.744E+04
1.676E+D4

DD e s e s o e ) 00 W R RN D 0D D s e e e e e e e e e e T O) DD G W W G

Pt,z
N/sm~2

MEASURED HEART TRANSFER DRTA

St_inf

L444E-6B2
. 957E-683
.B7SE-G3
.984E-83
.917E-83
. 543E-83
. 33BE-83
. 323E-683

363E-83

.115E-83
. 794E-083

604E-03

. 338E-83
«483E-83
.461E-63

444E-03

.444E-83

439E-83

-312E-83
. 2E84E-83
. 112E-83
. 135E-83
.6B1E-B4

98BE-G4

.664E-B4
. 968E-84
.123E-84
. 358E-04
. 226E-84
.899E-04
.528E-04
.316E-84
. 156E-84
.7B1E-83
LBB2E-@3
. 265E-83

163E-63

.148E-603
.028E-83
.835E-84
. 458E-84

Uinf
mss

Rinf,L

2 1.424E+83 9.168E+65

Ht,2
Jskg

AsQsph

.715E-01
.B22E-62
910E-81
. 889E-082
. 728E-82
. 834E-8B2
322E-82
FBEE-B2
. 46RE-B2
357E-B2
. S6ZE-B2
ag8E-062
.9B1E-B2
. 783E-082
. 728E-82
686E-G2
.685E-82
.674E-B2
. 354E-B2
.881E-82
.856E-B2
986E-B2
.464E-B2
. 388E-B2
.226E-82
. 538E-82
. 322E-02
.174E-02
.B91E-82
.BB7E-B2
. 119E-063
«373E-83
+145E-83
. 326E-02
. 559E-~-B2
«234E-02
.97PE-B2
.918E~-82
2.635E-82
2.523E-82
2.425E-82

PO WM 0000 W= = OO WWWWWWWWEHAW0NOMOMWW = 00

1.860E+B6

Rsph,FR
W/m~2

5.878E+BD

ChsChsph

. 4685E+088
.B21E-01
.B51E-81
.B28E-81
.011E-81
. 14B8E-B2
.591E-82
.890E-82
.676E-B2
.456E-82
.629E-82
.139E-82
.347E-B2
.825E-82
.769E-B2
. 726E-B2
. 724E-82
. 714E-B82
. 386E-B2
. 106E-B2
.870E-B82
. 928E-82
.477E-B2
. 319E-@82
.235E-82
. 948E-82
.322E-82
.174E-082
.B90E-82
.BBEE-B2
.183E-83
.556E-83
. 127E-B3
. 388E-B2
.584E-82
.264E-02
.BB1E-82
. 34BE-G2
.652E-82
. S38E-82
2.432E-82

PIMO R WM B = = ORI MWW WWWWWwWHEN0WDOO WD - -
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Pt,1
Nsm~2

Tt,1

K

1.882E+87 1.00%E+82 1.

p2
Nsma2

2.791E+P4 9.983E+82 9.815E-82 6.

®xoL
or z-L

. oo
. 247
. 287
. 328
. 368
. 408
. 449
. 489
.52e
. 613
. 654
. 695
. 737
. 778
. 819
. B850
. 901
. 247

. 328
. 368
. 488
. 449
. 489
. 530
.613
. 5654
. 695
. 737
. 778
.819
. 860
. 981
613
. 654
. 693
. 737
. 778
.819
. 868
.9081

Phi,
deg

188
188
150
138
1g@
1ga
1239
188
188
120
158
188
188

T2
K

TABLE II. Continued

(c) =8

FLOW CONDITIONS

Mint¢

Bl1EE+B1 2.

Rho2

kg#m™~3

Twall,

573.
343.
343.
341.
333,
335,
332,
3324.
332.
319.
317.
316.
31e.

3ez.
3a81.

NGOG UWOWWOWAOWOWOWIWOWNWMN ==~ 0r =0 RAUNAdAQ-d W R D

pinf Tint Rhainf
Nsm~2 K kg-m3

Z97E+02 4.872E+81 l.e4z2E-B2

rRZ,L Rho2~ Pt,2
Rhoinf Nsm~2

227E+@4 S,977E+Q@l@ 3,.8FSE+Q4

MEASURED HEAT TRANSFER DATH
Bdot, Q{Tw=300K> St_inf
Womn~2 Wsm~2
5.868E+85 9.559E+PS S.27SE-pz 8
9.452E+84 1.9Q7E+BS S.685E-832 1
9,553E+04 1.018E+BS S.746E-02 1
9.358E+84 9,.6689E+894 S,.424E-83 1
8.676E+P4 9, 185E+84 S.186E-863 1
7.971E+84 2,394E+84 4.740E-03 1
7.293E+84 TF.647E+04 4,319E-03Z 1
?P.67T1E+84 S.063E+84 4.554E-83 |1
7.264E+94 7.615E+04 4.381E-B3 1
4.511E+84 4.639E+04 2.6232E-H3 &
4.136E+04 4.283E+P4 2.377E-02 S
2.905E+P4 3.998E+B4 2.262E-B3 S
2.997E+84 4.B00E+84 2.263E-63 S
2.88SE+04 3.977E+04 2.25BE-83 S
3.855E+B4 32.940E+@4 2.232E-83 5
2.819E+04 3.908E+64 2.21BE-083 S
3.795E+04 3.883E+04 2.197E-4B3 5
1.479E+84 1.489E+84 S.431E-64 2
1.239E+04 1.246E+D4 7.B5S3E-04 1
1.842E+04 1.046E+D4 S.921E-04 1
9.888E+03 9.115E+93 5.162E-94 1
7.813E+83 7.833E+83 4.436E-484 1
6.928E+83 6.931E+83 3.926E-84 1
5.312E+83 6£.319E+83 3.579E-84 9
6.116E+83 6.122E+83 3.468E-84 8
4,722E+03 4.723E+B3 2.675E-B4 &
4.218E+03 4.217E+83 2,389E-84 ¢
4.@95E+03 4.094E+B3 2,319E-84 5
4.191E+93 4.196E+83 2.373E-B4 6
4.212E+83 4,211E+83 2.32€6E-04 6
4. 157E+83 4.,136E+83 2.354E-Dd4 &
4.317E+83 4.,.316E+83 2.445E-B4 6
4.375E+83 4,374E+83 2.478E-B84 &
3.046E+B4 3.102E+04 1.7SS5E-83 4
1.567E+04 1,590E+@4 9.0@1E-84 2
2.165E+04 2.192E+64 1.241E-82 2
1.996E+84 2.817E+94 1.142E-B83 2
2.P060E+04 2.083E+84 1,.179E-B3 3
1.763E+04 1.780E+04 1.80B8E-83 2
1.690E+04 1,70SE+84 9.6S2E-94 2
1.636E+64 1.649E+84 9.339E-84 2

GrResph

. 582E-P1
.383E-01
. 397E-01
. 324E-61
. 269E-81
A66E-81
.B&7E-0O1
.122E-81
.BE3E-B1

S99E-9Z

.997E-B2
. 712E-82
. 715E-82
. G83E-82
.638E-082
. 386E-082
.551E-82
.163E-82
.812E-8B2
.523E-B2
. 329E-82
. 143E-82
.012E-02
.232E-63
.945E-83
.987E-83
.17BE-83
. 990E-B3
.13BE-B3
.161E-83
. B8BE-B3
.314E-@3
.399E-83
.455E-82
. 292E-82
.167E-82
.919E-82
.B13E-B2
.579E-B2
.472E-B2
. 392E-82

Wsmn~2

ChsChaph

. 35ZE+ER
.468E-81
.484E-a1
.481E-81
. 339E-81
.224E-81
. 115E-61
L176E-A1
.111E-81
.7T4E-B2
. 139E-62
240E-@2
. 843E-82
. 389E-8¢
.7E3E-@2
. 7BBE-B2
.672E-B2
.177E-82
.821E-82
.S529E-82
.333E-82
. 146E-B2
.B14E-B2
. 243E-63
. 954E-87
. 988E-G3
168E-@3
. 988E-063
. 128E-63
.168E-83
.B78E-B83
.313E-83
. 398E-83
. 532E-02
. 324E-@2
. 204E-02
. 949E-82
B45E-82
2.602E-02
2.492E-82
2.411E-82
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TABLE II. Continued
(d) @ =12°

FLOW CONDITIONS

Ft,1 T, 1
Nsm~2 K

Minf Rhoinf

kgsm~3

Uinf
ms

pinf Tinf
Nsm~2 K

Rinf,L

1.093E+07 1.003E+03 1.016E+01 2.308E+02 4.846E+01 1,659E-B2 1.418E+83 9,334E+05

p2 T2
N/m~2 K

Rho2
kg -m~3

R2,L Rho2~

Rhoinf

Pt,2
Nsm™~2

Ht, 2
Js kg

Qsph, FR
Weomn2

2.805E+84 9.854E+02 9.91€E-82 6, 362E+604 S.977E+0A 3.0%0E+84 1.058E+08 £.7VISE+ES

MEASURED HEAT TRANSFER DATH

%ol Phi, Twall, Qdot, B{Tw=3008K)> St_inf R-BRsph ChsChsph
or z/L deg K Wrm~2 W/m~2
. 888 186 5969.8 5.725E+85 9.287E+8S S5.131E-082 8,422E-01 1.332E+086
. 247 180 353.4 1.143E+85 1,236E+8S 6.976E-083 1.681E-61 1.816E-01
. 287 188 352.9 1.119E+85 1.208E+85 6.819E-83 1.646E-B1 1,77F06E-01
. 328 188 348.5 1.851E+85 1.128E+85 6.369E-83 1.545E-61 1.653E-01
. 368 189 346.7 1.812E+85 1.884E+85 A.121E-03 1,489E-81 1.588E-01
. 408 180 341.2 8.997E+84 9.557E+84 S5.398E-83 1.323E-01 1.481E-81
. 449 188 338.3 8.478E+084 £.967E+B4 S.066E-83 1.247E-01 1.315E-81
. 489 188 34D.2 8.743E+84 9,273E+94 S.238E-83 1.286E-B1 1.359E-61
. 538 188 338.2 S.3B8E+B4 S,78EE+84 4,.964E-83 1.222E-01 1.288E-61
.E13 188 323.3 5.24%9E+04 5,429E+04 3.0871E-83 ?.721E-82 7F.970E-62
.654 188 322.3 S5.060E+04 5,225E+04 2.956E-03 7.443E-82 7Y.672E-82
. 695 18@ 321.6 4.919E+04 5,075E+84 2.871E-03 7.236E-82 TF.452E-02
. 737 180 321.6 4.935E+04 S.891E+04 2.821E-62 7.260E-82 7.476E-02
. 778 180 321.4 4,900E+p4 S5,.B854E+84 2.859E-63 7.208E-82 7.421E-82
.819 180 321.2 4.876E+04 S5,.027E+64 2.845E-83 ?P.172E-62 T.382E-B2
. 868 186 321.2 4,8¢BE+04 S.811E+04 2.835E-83 7.149E-82 7?,358E-92
.981 1809 320.8 4.781E+B4 4,926E+64 2.788E-B3 7.B33E-82 7.234E-82
. 247 a 382.1 9.112E+83 9,139E+83 S5.179E-64 1.340E-02 1.344E-02
. 287 8 381.5 7.683E+83 7,699%9E+03 4.363E-04 1.130E-82 1.132E-82
. 328 %) 381.9 6.677E+03 6.687E+B83 3.79PE-B84 9.823E-83 9.836E-83
. 368 5] 300.7 6.283E+03 6.269E+83 3.519E-84 9.125E-83 9.133E-83
. 408 a 299.8 S5.436E+03 $.434E403 3.080E-84 7.996E-B3 7.993E-03
. 449 5] 300.7 6.832E+03 6.038E+B3 3.422E-04 8,874E-83 8.882E-83
.489 a 306.8 6.400E+03 6.407E+03 3.632E-94 9.414E-03 9.425E-03
.538 a 381.1 7.120E+83 7.131E+83 4.0842E-64 1.647E-62 1.849%9E-02
.613 5] 308.9 6.77BE+B3 §£,.779E+83 3.842E-04 9,959E-83 9.971E-83
654 5] 301.8 6.884E+83 6.893E+63 3.9067E-04 1.013E-82 1.014E-062
. 695 5] 3061.3 7.449E+83 7.462E+B3 4,229E-84 1.096E-082 1.B9BE-82
. 737 a 381.5 8.143E+863 8.161E+83 4.625E-64 {,198E-82 1.200E-82
.778 % 301.8 8.632E+93 B8.655E+863 4.905E-P4 1,2V0E-02 1,273E-B2
,819 8 382.2 9.266E+B3 9.295E+B3 S5.268E-84 1.363E-02 1.367E-B2
. 860 =] 382.4 9.799E+D3 9,.833E+03 5.572E-984 1.442E-82 1.446E-82
. 901 a 302.5 1.015E+84 1.019E+84 5.775SE-G4 1,494E-082 1.499E-82
613 sa 31t.2 2.712E+84 2.7S6E+P4 1.561E-683 3.98%E-02 4.05BE-82
. €54 98 385.1 1.675E+04 1.687E+84 92.538E-04 2.464E-082 2.481E-02
. 695 98 387.4 1.912E+64 1.932E+64 1.095E-83 2.813E-82 2.841€E-02
. 737 98 386.7 1.795E+84 1.812E+94 1.827E-03 2.641E-82 2.665E-82
.778 906 306.9 1.828E+04 1.846E+04 1.846E-03 2.688E-82 2.713E-02
.819 90 386.4 1.727E+84 1,743E+04 9.873E-04 2.540E-082 2.562E-P2
. 868 96 386.5 1.732E+84 1.748E+84 9,904E-P4 2,548E-62 2.570E-82
. 981 99 386.5 1.732E+04 1.749E+04 9.906E-04 2.548E-B2 2.571E-02
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TABLE II. Continued

(e) & = 16°

FLOW CONDITIONS

Pt,1 Tt,1 Minf pinf Tinf Rhoinf Uinf Rinf,L
N/m~2 K N/m~2 K kg/m~3 m/s

1.888E+87 1.0B3E+B3 1.916E+01 2.297E+02 4.844E+01 1.652E-82 1.418E+83 9,237E+0S

p2 T2 Rho2 R2,L Rho2~s Pt,2 Ht,2 Qsph,FR
Nsm~2 K kg/m~3 Rhoinf Nsm=~2 Jzkg W/m~2

2.792E+DP4 9.851E+02 9.875E-D2 €.933E+04 5.977E+86 3.076E+04 1.85PE+A6 &.779E+0S

MEASURED HEAT TRAMSFER DATH

el Phi, Twall, @dot, B(Tw=3008K> St_inf R RQsph ChsChsph
or z/L deg K W ma2 Wrmn~2
. 000 188 567.3 5.555E+85 8.962E+0S 4.,977E-@2 8.195E-81 1.289E+00
. 247 188 362.8 1.286E+85 1.411E+8S5 7.993E-@3 1.898E-B1 2.0878E-01
.287 180 3¢6@.7 1.267E+85 1.386E+85 7.855E-83 1.869E-B1 2.B834E-01
. 328 180 356.8 1.196E+85 1.301E+85 7.377E-83 1.765E-81 1.910E-061
. 368 180 354.8 1.141E+85 1.236E+85 7.806E-63 1.683E-01 1.514E-01
. 488 186 348.4 1.8627E+85 1.103E+85 £.257E-83 1.515E-91 1.62BE-01
. 449 186 345.4 9.649E+84 1.@31E+85 5.853E-03 1.423E-81 1.516E-01
. 489 188 347.5 1.8012E+05 1.086E+B5 K.158E-83 1.493E-81 1.595E-01
.538 188 345.3 9.631E+04 1.0829E+85 S5.841E-832 1.421E-81 1.513E-81
.613 188 329.7 5.482E+84 £6.768E+84 3.846E-0B3 9.562E-82 9.953%E-@2
. 654 130 328.9 €.349E+04 5£.622E+@84 3.763E-B3 9.366E-02 3I.744E-02
. 695 1886 328.0 6.162E+04 6.417E+04 3.646E-93 9.089E-02 9.443E-02
. 737 188 327.8 €.106E+84 6.35PE+84 3.612E-032 9.007E-02 9.355E-@2
.778 188 327.5 €.057E+04 ©.303E+84 3.582E-93 8.934E-02 9.277E-B2
.819 180 327.0 5.931E+04 6.167E+84 3.S50SE-B3 B.748E-082 9.077E-82
. 868 180 326.6 5.859E+04 6.B9PE+94 3.461E-83 B.643E-02 8.963E-82
. 901 180 326.8 5.875E+04 6.1867E+84 3.471E-03 B8.666E-82 8,989E-82
. 247 8 3e1.9 8.614E+023 8S.637E+83 4.919E-84 1.271E-82 1,274E-82
. 287 8 382.1 8.832E+83 8.858E+@3 5.045E-04 1.303E-02 1.306E-82
. 328 5} 382.4 9.549E+83 3F.582E+83 5.457E-04 1.409E-82 1.413E-02
. 368 8 383.1 1.181E+864 1.1835E+64 6&.295E-04 1.624E-082 1,630E-02
. 408 %} 383.95 1.212E+94 1.218E+04 6.934E-04 1.787E-B2 1.796E-082
. 449 8 364.5 1.391E+84 1.400E+84 7.971E-064 2.0852E-02 2.864E-02
. 489 8 385.0 1.506E+84 1.517E+84 8.635E-B4 2.221E-82 2.236E-82
. 530 a 385.4 1.584E+84 1.596E+084 9.8B88E-064 2.337E-082 2.353E-82
.613 5} 383.8 1.270E+84 1.277E+04 7.274E-04 1.874E-@2 1,884E-82
. 654 %} 383.95 1.281E+B84 1.287E+04 6.87SE-04 1.772E-862 1.780E-82
. 695 8 383.2 1.148E+84 1.154E+04 6.569E-04 1.694E-82 1.701E-82
. 737 5} 383.3 1.161E+P4 1.167E+04 6.644E-04 1.713E-82 1.721E-82
. 778 a 383.3 1.151E+84 1,156E+84 &,.584E-64 1.698E-B2 1.70SE-62
.819 5} 383.2 1.148E+94 1.145E+04 6.521E-84 1.682E-82 1.689E-82
. 860 B 383.2 1.142E+94 1.147E+04 6.534E-04 1.685E-02 1.692E-82
. 901 8 383.2 1.139E+64 1.144E+P4 6.515E-04 1.68BE-B2 1.687E-82
.613 96 3108.6 2.518E+84 2.5S56E+04 1.455E-03 3.714E-82 3.767E-02
. 654 L 306.9 1.376E+84 1.387E+04 7.899E-04 2.829E-82 2.046E-02
. 695 96 387.5 1.898E+84 1.919E+P4 1.992E-03 2.80BE-B2 2.829E-@2
. 737 90 387.3 1.854E+04 1.873E+B4 1.P66E-83 2.734E-82 2.761E-B2
. 778 S0 387.5 1.89%E+04 1.92QPE+84 1.093E-83 2.802E-82 2.830E-82
.819 96 387.0 1.796E+84 1.814E+084 1.033E-03 2.650E-B2 2.675E-082
. 860 g0 306.8 1.766E+84 1.783E+084 1.01SE-83 2.6085E-82 2.62%E-02
.9081 98 386.7 1.739E+84 |.7S56E+@4 9.995E-94 2.565E-82 2.588E-@2




TABLE II. Concluded

(f) a =20°

FLOW CONDITIOHNS

Pt,1 Tt,1 Minf

N/7m~2 K

pinf Tinf
N m~2 K

Rhoinf Uinf
kg m~3 mss

Rinf,L

1.892E+07 9.964E+62 1.916E+@1 2.306E+02 4.813E+081 1.66%9E-02 1.413E+03 9.436E+05

Rho2
kgs/m~3

Rho2~
Rhoinf

p2 T2
Nsm~2 K

R2,L Pt,2

Nsm~2

Ht,2
J kg

Resph,FR
Wrm~2

2.802E+84 9.786E+0B2 9.976E-02 7.0@9E+04 S5.977E+BO Z.REFE+B4 1.842E+06 6.73IZE+BS

MEASURED HERT TRAMSFER DATA

xAL FPhi, Twall, Rdot, RCTw=300K> St_inf R/ Rsph ChsChsph
or z/L deg K W m~2 Wrm~2
. 988 188 565.4 5.461E+8S ©5.824E+095 4.917E-62 8.112E-B1 1.278E+006
. 247 138 369.4 1.45S5E+85 1.616E405 9.177E-863 2.161E-81 2.385E-01
. 287 180 367.6 1.429E+85 1.582E+05 8.988E-83 2.122E-01 2.336E-41
. 328 188 363.8 1.352E+85 1.496E+85 8.584E-83 2.019E-81 2.211E-81
. 368 i88 3668.1 1.287E+8S5 1.4088E+85 8.09065E-83 1.911E-61 2.081E-81
. 488 188 353.8 1.165E+85 1.262E+85 7.179E-83 1.73BE-81 1.8¢€6E-@1
. 449 188 356.7 1.112E+85 1.199E+85 ©6.824E-83 1.652E-81 1.774E-91
. 489 188 350.2 1.878E+85 1.161E+85 6,609E-83 1.601E-8B1 1.718E-81
. 530 i88 350.1 1.894E+85 1.179E+85 6.708E-83 1.625E-681 1.744E-61
.613 180 333.9 7.736E+94 8.132E+04 4.634E-83 1.149E-01 1.265E-81
. 654 188 333.4 7.677E+@4 B.064E+04 4.595E-63 1.140E-B1 1.194E-061
. 695 188 332.1 7.417E+84 7.775E+04 4.431E-63 1.1062E-01 1.152E-81
. 737 189 332.8 7.399E+B4 7.755E+p4 4.4ZBE-83 1.853%E-01 1.149E-91
. 778 1898 331.4 7.304E+84 7.648E+04 4.359E-863 1.885E-B1 1.133E-861
. 819 188 330.8 7.188E+04 7.520E+04 4,286E-63 1.P68E-81 1.114E-B1
. 860 188 331.1 7.261E+84 7.599E+84 4.331E-63 1.879E-61 1.126E-81
. 981 180 331.4 7.265E+84 7.607E+04 4.336E-83 1.079E-01 1.127E-81
. 247 a 382.2 1.481E+84 1.,486E+84 B5.49BE-b4 2.280E-B2 2.2067E-02
. 287 a 383.6 1.747E+84 1.756E+64 1.603E-83 2.595E-8B2 2.608E-082
.328 a 384.4 1.926E+84 1.938E+04 1.107E-B3 2.861E-82 2.878E-02
. 368 5] 384.8 2.016E+94 2.830BE+04 1.159E-63 2.994E-82 3.014E-82
. 488 %] 385.5 2.211E+84 2.229E+64 1.273E-83 3.285E-B2 3.310E-82
. 449 5] 385.8 2.045E+84 2.859%E+84 1.176E-83 3.837E-82 3.858E-@2
. 489 %) 384.9 2.039E+94 2.854E+84 1.173E-B63 3.829E-B2 3.849E-82
.539 a 384.7 1.379E+84 1.993E+84 1.138E-83 2.940E-82 2.959E-82
.613 a 381.9 1.412E+94 1.415E+04 §,887E-84 2.097E-92 2.102E-02
. 654 5] 381.3 1.302E+04 1.385E+94 7.454E-B4 1.934E-82 1.938E-82
.695 %] 308.8 1.194E+84 1.195E+84 6.828E-64 1.773E-82 1.7?75E-82
. 737 B 3008.4 1.189E+84 1.110E+84 &,.340E-64 1.647E-B2 1.648E-@2
.778 5] 300.2 1.8679E+84 1.879E+64 &.165E-84 1.602E-862 1.683E-82
.819 5] 3008.1 1.947E+984 1.047E+B04 S5.983E-84 1.9555E-62 1.555E-82
. 860 %] 299.9 1.8015E+84 1.814E+84 5.797E-84 1.587E-62 1.5067E-82
. 9081 a 299.8 9.918E+03 9.915E+83 9.666E-04 1.473E-B2 1.473E-82
.613 99 3688.2 2.542E+04 2.572E+84 1.469E-63 3.776E-82 3.819E-8BZ
.654 90 307.3 1.988E+84 2.809E+04 1.147E-B3 2.953E-82 2.982E-B2
. 695 98 3085.6 2.034E+04 2.050E+84 1.171E-83 3.822E-62 3.0845SE-B2
. 737 909 305.1 1.941E+84 1.956E+94 1.117E-83 2.884E-02 2.904E-82
.778 96 304.8 1.883E+04 1.896E+84 1,.P83E-83 2.798E-82 2.816E-02
.819 90 364.8 1.875E+94 1.888E+64 1.079E-B63 2.786E-82 2.804E-8B2
. 8606 98 304.°7 1.842E+04 1.8S5E+B4 1.,059E-@3 2.737E-92 2.754E-B2
. 961 =1 304.6 1.823E+94 1.835E+04 1.048E-B3 2.708E-82 2.725E-82
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TABLE III. MEASURED HEAT-TRANSFER DATA FOR BENT-NOSE BICONIC AT LOW REYNOLDS NUMBER
(a) a=10°

FLOW COMDITIONS

Pt,1 Tt,1 Mint pinf Tinf Rhoinf Uinf Rinf,L
Nsm~2 K Hsmn2 K kgome3 mss

2.37SE+06 9, 886E+4@2 9,.850E+8@ 3.970E+01 4,973E+01 4. 121E-03 1.3%94E+83 2.241E+85

pe T2 Rho2 R2,L Rhol~ Pt,2 Ht, 2 Rsph,FR
Nsm=2 K kg m~3 Rhoinf Nsm~2 Jskg Wom~2

€.331E+@3 3,5%31E+82 2.481E-02 1.732E+84 S.935E+99 7.5ZFE+03 1.024E+86 3, 251E+05

MEASURED HEAT TRAWSFER DATH

L Phi, Tuwall, Gdot, GCTw=388K> St_inf HoRzph CheChaph
or z-L deg K WoAm~2 Wrm~2
. 888 134 457.9 3.413E+05 4.444E+P5 1.838E-81 1,@50E+88 1.347E+80
. 256 138 3le.5 4.117E+B4  4.228E+84 9.936E-B3 1.266E-981 1.236E-81
. 296 138 316.7 4.17SE+84 4,280E+84 1.013E-82 1.284E-81 1.315E-91
. 337 188 3t6.4 4.188E+084 4,.289E+84 9.962E-B3 1.264E-81 1.223E-41
377 188 315.¢8 3.954E+84 4.046E+84 9.577E-63 1.216E-91 1.243E-061
418 188 a.a 0,.000E+88 BH.00BE+88 ©O.00QE+H0 D, 00BE+88 B.900E+QQ
. 459 18@ 314.2 3.661E+04 3.739E+84 2,858E-03 1.126E-81 1.149E-81
. 499 138 B.0 0.000E+BE ©,080E+00 O.000E+99 O,008E+90 B.00BE+80
. 548 18@ a.a §.800E+80 0,0BPE+00 O.P0PE+00 O.008E+A8 O.000E+QY
. 534 180 Ive.2 1.15¢E+84 1.160E+84 2.748E-82 3,556E-82 3.567E-82
. 676 1568 IC]= B U | 9.324E+83 9.339E+83 2.213E-B3 Z2.868E-82 2.87V2E-BZ
L7117 13@ 388.6 8.208E+B3 B8.215E+83 1.947E-03 2.525E-02 2.527E-02
. 759 188 300.3 P.516E+83 7.619E+83 1.3885E-93 2.342E-92 2.343E-82
. 860 150 388.1 7.224E+83 7.225E+83 1.712E-83 2.222E-82 2.222E-92
. 842 130 3008.8 ?.880E+B3 &.999E+83 1.659E-B3 2.13533E-82 2.153E-bZ
. 384 189 299,99 5.831E+83 6.830E+83 1.51%E-B3 2.101E-92 2Z.1@1E-62
. 925 18@ 299.8 6.718E+03 &.716E+83 1.592E-83 2.866E-682 2.066E-82
. 256 a 381.4 9.883E+83 9.983E+83 2.346E-83 3.P848E-02 3.846E-82
. 295 (5] 3p0.19 8.887E+@3 3.898E+83 2.189E-83 2.733E-@62 2.737E-82
. 337 e 3@8.5 2.044E+B3 S.850E+63 1.968E-83 2.474E-92 2.476E-B2
.377 5] 300.1 T.273E+B3 7.274E+83 1.724E-03 2.237E-82 2.237E-82
.418 a 0.8 D.PPYE+B@ ©O.POPE+00 ©.0DOE+G0 O,0DBE+90 O.0Q08E+H0
.459 %) 0.8 0.00pE+B0 ©0.000E+60 ©,0Q80E+00 ©.000E+0D O.0B0E+0O
. 499 5] 299.4 S5.731E+03 5.726E+03 1.35FPE-83 1.763E-82 1.761E-82
.548 8 8.9 0.080E+B88 0.000E+808 ©.000E+G8 ©,Q00E+B8 ©.0BBBE+BO
.636 2 299.2 5.356E+83 S5.350E+83 1.268E-063 1.647E-82 1.646E-02
679 (5] 299.2 5.261E+B3 5.254E+03 1.245E-63 1.618E-82 1.616E-82
.721 a 299.1 5.236E+83 5.229E+03 1.239E-93 1.610E-82 1.6689E-02
. 754 5] 299.1 5.1539E+B3 5,152E+83 1.221E-83 1.587E-82 1.585E-02
. 886 2 299.1 S.177E+B3 5.170E+83 1.225E-83 1.592E-82 1.590E-82
.849 B 0.0 0.000E+00 0.000E+06 0.00BE+V8 ©.000E+B@ 0.0VDE+OM
. 892 9 299.1 5.177E+83 S5.170E+83 1.225E-93 1.592E-82 1.590E-82
. 935 o 299.2 5.257E+83 S5.250E+83 1.244E-@3 1.617E-62 1.615E-02
. 635 L] 303.4 1.378E+B4 1,385E+84 3,281E-83 4.239E-082 4,.259E-82
678 98 382.8 1.263E+84 1,268E+94 3I.005E-03 3.885E-082 3.900E-082
. 719 98 382.4 1.175E+84 1,179E+84 2.793E-83 3.613E-82 3.625E-02
.763 99 362.1 1.134E+84 1,137E+84 2.694E-83 3.486E-82 3.497E-02
.883 98 382.0 1.102E+84 1,105E+@84 2.618E-83 3,388E-82 3.398E-B2
846 98 381.9 1.876E+@4 1,879E+B4 2,556E-83 3.389E-82 3.317E-82
. 888 99 2p1.8 1.869E+@4 1,872E+064 2.539E-03 3.288E-82 3.296E-D2
. 930 99 381.8 1.855E+84 1,057E+84 2.5@5E-83 3.243E-82 3.251E-82
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TABLE III. Continued

(b) a=4°

FLOW CONDITIONS

Minf binf

m«s

Rhoinf
kg m™~3

Pt,1 Tt, 1
Nom~2 K

pinf Tint
Nsmn2 K

Rinf,L

2.418E+8E 9.7HE4E+82 2.960E+00 6, 0T2E+B1 4.923E+81 4.287E-03 1.38VE+E3 2. 215E+E3

pe T2 Rhaz2 k2, L Rho2~ Pt,2 Ht, 2 Bsph,FR
N-m~2 K kg /m~3 Rhoinf Hom2 J kg Wem2
6.93ZE+03 9.491E+82 2.545E-82 1.508E+04 S5.935E+00 7.640E+03 1.012E+8E 2, 223E+40
MEASURED HERT TRAMSFER DRTAH
el Fhi, Twall, Gdot, B {(Tw=388K)> St_int QsBsph CheChsph
or z/L deg K Weom~2 Weoma2
. B0a 136 454.7 32.37SE+85 4.387E+08S 1.021E-81 1.047E+88 1.3242E+B0
. 256 128 3z2.3 5.363E+84 S5.547E+94 1.38FE-@82 1.664E-01 1.718E-@1
. 296 180 321.7 5.270E+84 5.447E+84 1.284E-62 1.635E-81 1.887VE-01
. 337 188 320.4 4.974E+B4 S.130E+84 1.28%9E-B2 1.543E-61 1.589%9E-81
. 377 188 319.2 4,.734E+04 4,874E+B4 1.149E-BZ 1.489E-61 1.518E-81
.418 120 8.4 0.80RE+00 O.0POE+PD ©O,O0DE+0@ O0.000E+38@ ©O.LQBOE+BR
.459 134a 316.9 4.258E+84 4.368E+04 1.820E-A2 1.321E-081 1.353E-01
. 499 188 a.d8 0.0PBE+08 ©O,0PBE+88 O.080E+88 G.00BE+B0 0.300E+08
. 548 188 8.8 9.90PE+89 ©O,PO0E+B88 ©O.00GE+00 O.0ODE+B8 0,B800E+6H
. 634 ica 383.1 1.331E+84 1,337E+84 32.156E-83 4.13BE-82 4.148E-82
Y T 180 3ez.1 1.148E+84 1,149E+84 2.713E-83 3.555E-@2 3.3566E-B2
717 180 3et1.82 1.072E+04 1.921E+24 2,.551E-83 3,344E-02 3.352E-82
. 759 18@ 381.7 1.851E+84 1.B854E+94 2.48YE-83 3.261E-02 2.268E-82
. 8886 180 301.¢ 1.833E+04 1.835E+84 2.444E-03 3.205E-82 3.212E-02
. 842 184 301.5 1.027E+94 1.B29E+84 2.430E-63 3.187E-82 3.194E-8B2
. 884 1288 381.6 1.822E+84 1,024E+84 2.418E-83 3.171E-82 3,178E-B2
. 925 188 361.5 1.828E+94 1.030E+P4 2.431E-83 3.189E-82 3.195E-82
. 256 2] 8.0 7.0P0E+00 O.0PPE+00 ©O,000E+H9 ©.DO0GE+0@ 0,O0V0E+EA
. 296 a 299.2 S.479E+083 S.472E+93 1.292E-83 1.7@6E-62 1.693E-B2
. 337 o] 298.9 4.790E+B3 4.782E+83 1.129E-863 1.486E-82 1.484E-02
. 377 a 298.¢ 4.238E+83 4,229E+83 9.985E-84 1.315E-82 1.312E-82
.418 9 g.8 0.06PE+0E8 O.00BE+AB ©.006E+060 0.BEDE+BE O.080E+00
. 459 2} 6.8 0.P00E+06 ©D,00BE+60 ©@.09DE+0B ©O.0QBBE+BE® 0O.000E+0O
. 493 a 298.2 3.293E+03 3.284E+83 7.753E-84 1.822E-82 1.819E-62
. 540 2] 8.6 9.GBPE+0E8 O,000E+80 ©.B0BE+00 0,000E+Q9@8 0.000E+EQ
. 636 2] 298.1 2.102E+83 3.893E+83 7.303E-04 9.624E-B3 F.598E-83
.679 2] 298.1 3.081E+P3 3.872E+B3 7.253E-@64 9.559E-62 9.533E-063
721 9 298.4 3.040E+03 3.031E+83 7.156E-64 9.431E-63 9.4085E-063
. 764 a 298.98 2.984E+03 2.975E+83 7.B25E-04 9.260E-03 9.234E-83
. 886 a 298.8 2.985E+83 2.977E+B3 7.028E-84 9.263E-03 9.238E-83
. 849 %] 8.8 P.BQQGE+PS O,.DOPE+PE ©.06PE+6@ ©.00BE+06 ©O.BBBE+GD
. 892 =] 298.8 2.958E+83 2,.941E+83 6.944E-@84 9.152E-03 9.126E-03
. 935 a 298.8 2.997E+083 2.988E+B3 7F.B856E-84 9.300E-83 9,274E-03
635 2@ 383.2 1.350E+84 1,356E+04 3.281E-03 4.189E-82 4.287vE-02
.678 90 302.5 1.225E+84 1,229E+84 2.901E-83 3.800E-82 3.813E-82
.719 28 38z.1 1.136E+84 1,140E+84 2.691E-B3 3.526E-082 3.536E-B2
. 763 20 381.9 {1.098E+94 1,101E+84 2.599E-83 3.407E-82 3.416E-8B2
. 803 1% B.0 P.000E+PB ©O,.POBE+00 O.000E+60 0.000E+068 ©.008E+60
. 846 90 301.6 1.633E+84 1.835E+84 2.443E-83 3.204E-82 3.211E-82Z2
. 888 90 381.5 1.819E+84 1,821E+64 2.411E-83 3.162E-82 3.1£9E-82
. 938 90 301.5 1.063E+24 1,006E+84 2,.374E-083 3.113E-02 3.120E-82
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TABLE III. Continued

FLOW CONDITIONS

Pt,1 Tt, 1 Mint pinf Tint Rhaoinf Uint Rinf,L
N/sm~2 K N/sm~2 K kg-m~3 mss

2.395E+086 9.901E+02 9.360E+09 6.020E+@1 S5.P923E+81 4.176E-83 1.401E+83 2.224E+85

p2 T2 Rhoz R2,L Rho2~ Pt,2 Ht,2 Bsph,FR
Nsm~2 K kgsm~3 Rhoint Nsm=2 Jskg Wrm~2

£.889E+83 9.634E+02 2.472E-B2 1.749E+84 5,935E+0@ 7.S592E+83 1,035E+06 32, 313E+ES

MEARSURED HERT TRANSFER DATA

®eL Fhii, Twall, Qdot, R{Tw=388K) St_inf RoBsph ChoChsph
ar zsL deg K Wrm~2 Womn2
. 608 188 459.1 3.64SE+85 4.738E+605 1.88¢E-91 1,100E+80 1.410E+@8
. 256 1306 328.8 5.492E+84 6.774E+04 1.572E-02 1.960E-81 2.840E-01
. 296 189 327.7 6.321E+84 6.S35E+84 1,5259E-B2 1.908E-01 1.,923E-d1
. 337 180 326.4 5.837E+84 6.277E+B4 1.457E-B2 1.822E-81 1.3298E-81
377 180 325.9 5.856E+084 6.081E+084 1.412E-B2 1.768E-81 1.832E-01
.418 188 8.8 0.000E+808 ©.000E+00 O,9PBE+0L 0.P0RE+99 O.000E+04
. 459 18@ 322.5 5.236E+84 5.413E+84 1.257E-B2 1.581E-81 1.631E-81
. 499 1886 8.9 B.000E+80 ©.000E+080 G.POPE+DE O,.DBBE+68 B.000E+90
. 340 1898 8.8 B.0600E+BD ©O.000E+80 ©B.00NE+B0 ©O.060E+98 O.QQGE+0Q
. 634 180 345.6 1.723E+84 1.737E+B4 4.040E-03 S.201E-82 5.241E-92
.676 1280 385.0 1.€685E+84 1.616E+84 3.759E-83 4.843E-082 4.877E-92
717 188 2B4.7 1.551E+84 1.561E+684 3.631E-6U3 4.681E-82 4.711E-82
. 739 189 304.°7 1.542E+84 1.552E+84 3.610E-03 4.654E-082 4.684E-92
. 360 188 384.°7 1.537E+@84 1.548E+B4 3.599E-03 4.640E-02 4.670E-Q2
. 842 138 3@4.6 1.534E+84 1.545E+B4 3,592E-8B3 4.631E-82 4.6581E-82
. B84 180 344.¢ 1.526E+84 1.536E+04 3,S72E-83 4.6P56E-02 4.635E-02
. 925 180 384.6 1.531E+84 1.S541E+PB4 3,584E-83 4,620E-02 4.650E-B2
. 256 5] 8.8 0.608E+B8 ©O,.0080E+80 ©.000E+08 9.Q0VE+PD BO.BPBE+Q0
. 296 a 299.2 4.257E+03 4.252E+83 3.894E-04 1,285E-862 1.234E-92
. 337 a £99.6 3.848E+83 3.834E+83 §S.921E-84 1.159E-82 1.157E-82
377 a 298.8 3.538E+83 3.532E+03 8£8.217E-04 |,.068E-62 1.066E-92
. 418 @ 0.8 D.0BBE+BB ©.0BPE+0D 0.P0BE+OY ©O,.0PCBE+B@ G.00BE+90
. 459 8 8.4 0.000E+88 ©.0BPE+62 B.PPPE+0P ©O,00BE+00 O.00BE+@9
. 499 B 298.7 3.147E+83 3.141E+83 7.389%E-04 9.581E-83 9.483E-83
. 340 5] 8.0 D.00PE+8@ ©.00BE+00 0O.0OPE+Q8 ©O.00PE+0D O.DDBE+28
636 a 298.7 3.333E+83 32.327E+@3 7.742E-94 1.006E-02 1,005E-82
679 a 298.8 2.450E+83 3.444E+03 5,914E-84 1.041E-02 1.048E-92
721 5] 298.8 3.497E+03 3.491E+83 35.123E-84 1.0S6E-B2 1.854E-B2
. 764 4] 298.8 3.563E+83 3.35PE+@3 2,277E-84 1.@76E-82 1.@74E-92
. 806 a 298.9 3.612E+83 3.606E+B3 5,39BE-64 1.890E-02 1.0359E-92
. 849 a B.@ 0.000E+B0 ©O.00BE+00 ©,QNRPE+08 O0.0DPE+BO 0.QDOE+90
.892 a 298.9 3.736E+@3 3.730E+83 2,879E-84 1.128E-82 1.126E-PZ
. 935 ) 298.9 3.778E+@3 3.772E+83 2,.776E-B4 1.140E-82 1.139E-92
. 635 3@ 383.56 1.361E+84 1,308E+B4 3,.042E-83 3.927E-02 3.946E-82
678 98 363.0 1.188E+84 1,193E+B4 2,775E-83 3.585E-02 3.600E-82
.719 28 3@2.7 1.114E+84 1,119E+04 2,602E-83 3.364E-@2 3.376E-82
.TE3 38 382.5 1.882E+84 1.8B36E+84 2,S26E-83 3,.267E-82 3,273E-82
.8083 1% a.8 0.6000E+808 0.000E+00 ©.000E+00 ©.0QPE+B@ ©.0BOE+0@
.84¢€ L 3ez2.z2 1.820E+084 1.023E+84 2,.380E-83 3.079E-82 3.088E-B2
. 888 38 302.1 1.001E+84 1,0804E+D4 2,335E-83 3.821E-02 3.83BE-82
.938 1% Ipa. 1 9.870E+@3 9,899E+403 2,303E-83 2,979E-82 2.988E-82




TABLE III. Continued

(d) e =12°

FLOW CONDITIONS

Pt,1 Tt,1 Min$ pint Tinf Rhoinf Uinf Rinf,L
N/m~2 K Nsm~2 K kg m~3 mss
2.395E+06 9.872E+02 9.860E+00 6.020E+01 S5.PB8E+01 4.188E-83 1.399E+83 2.235E+@5
p2 T2 Rho2 R2,L Rho2~ Pt,2 Ht, 2 @sph,FR
Hsm~2 K kgs/m~3 Rhoinf Ns/m~2 Jskg Weme2

£,389E+83 9.E£56E+P2 2.486E-82 1.750E+84 5.935E+90 7.T9ZE+83 1.032E+86 3.293E+85

MEASURED HEAT TRANSFER DATH

x/L
or z/L

. 060
. 296
. 296
. 337
377
.418
. 499

. 540
634
676
717
. 759
. 208
. 842
. 884
925
. 236
. 296
. 337
377
.418
. 459
.499
. 540
636
.E79
721
. 764
. 806
849
. 892
. 935
635
.E78
. 719
«TE3
. 803
. 846
. 888
. 930

Phi,
deg

18@
180
180
180
180
1s@
180
130
189
180
18@
18@
189
12a
18@
18a
180

L)

PRI Q

383.1
382.8
382.8
382.5
382.3
382.1
zez.1

Rdot,
Wsm~2

@.000E+00
7.402E+04
7.239E+84
€.982E+84
6.715E+84
0.000E+00B
6.898E+04
0.000E+0D
8.B80BE+00
2.201E+04
2.151E+24
2.126E+a4
2.113E+04
2.111E+84
2.118E+04
2.181E+84
2.119E+084
6.08BE+0B
4.030E+03
3.848E+03
3.779E+83
D.00BE+00
0.000E+80
3.807E+83
0.0BBE+DG
4,173E+83
4.284E+03
4.358E+83
4.402E+03
4.414E+83
2.399E+03
4.396E+03
4.334E+83
1.279E+84
1.199E+04
1.138E+84
1.104E+04
1.873E+04
1.034E+84
1.687E+84
9.871E+83

R{Tw=3008K)>
Wsme2

0.B888E+D0
7. 7B0E+B4
v.59¢E+84
7.312E+84
7.919E+94
¢.0008E+00
6.344E+04
0.060E+00
8. 000E+BD
2.227E+04
2.175E+84
2.144E+D4
2.141E+04
2.134E+04
2.133E+64
2.124E+04
2.142E+04
0.000E+0B
4.025E+83
3.842E+03
3.774E+03
@.000E+Q0O
@.000E+00Q
3.801E+83
0.006PE+00B
4.168E+03
4.279E+B3
4, 353E+B3
4.397E+B3
4.409E+03
2.395E+83
4.391E+03
4.329E+03
1.285E+04
1.204E+84
1.143E+04
1.1088E+04
1.877E+04
1.038E+04
1.011E+84
9.901E+03

St_inf

8.860E+808
1.811E-8B2
. PEEE-B2
. TR2E-B2
L634E-B2
. GOBE+G8
.477E-82
.BBBE+80
. 00BE+Q08
194E-83
.873E-83
.993E-83
. I94E-G3
. 976E-B3
.975E-83
. 954E-83
. 996E-63
. BBBE+E0
. 393E-84
8.967E-04
8.807E-04
2. 000E+00
0.800E+008
8.872E-84
. BBBE+BO
. 7T27E-84
985E-04
.@1EE-G2
LB26E-83
.B29E-83
. 589E-084
. B825E-83
818E-83
. 999E-63
.809E-62
.E6BE-B3
. 585E-83
.S13E-83
«4Z21E-83
. 358E-83
.310E-83

VB PLELLEREELENUDO— O =

MR R = === 00D

RsQ@sph

. @ABE+BB
.244E-061
. 195E-81
117E-81
.B36E-01
. 8BBE+0B
.849E-81
0aBE+0B
.80BE+DO
.675E-B2
S522E-82
.429E-82
.423E-B2
.399E-B2
398E-82
.371E-82
425E-92
00BE+DB
.222E-82
.167E-B2
.146E-02
.BBBE+00
. BBBE+0B
154E-082
gBBE+0Q
.265E-B2
299E~82
»321E-82
.335E-082
.338E-02
274E-03
.333E-02
.314E-02
.B77E~-B2
.634E-0B2
.451E-82
3.346E-082
3.254E-02
3.136E-82
3.6854E-B2
2.993E-62

WRWWH = =m0 00~ =N OHOO DN ®

Ch-Chsph

HABE+BG
. 252E-01
L29VE-61
.211E-681
. 123E-81
. 80BE+B6
. 919E-81
. BRYE+B4E
. BOGE+BR
. 748E-82
.S391E~-B2
.496E-B2
L489E-82
.465E-82
.4632E-82
.436E-82
.431E-62
QUoE+B0
.2286E-82
. 165E-82
144E-82
.B0BE+BO
. BBBE+BG
. 1593E-82
.BOBE+ER
2E4E-B2
29FE-B2
. 328E-82
.333E-082
.337E-B2
.261E-6@32
.331E-082
.313E-82
.896E-B2
.658E-G2
4E4E-B2
. 308E-82
.265E-82
.14€E-8B2
3.663E-82
3.8081E-02

WWWWRWFRES ot~ ==~ NGO NAO OGS
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Pt,1
Nsm~2

Tt,1

2.549E+86 9.651E+82

P2
Nsm~2

T.333E+02 9,4320E+082 2.VEFE-0B2 1.916E+84 5,935E+H0 8,.8232E+83 1,

XL
or z-L

.B00
. 256
296
. 337
377
.418
. 459
. 499
. 540
634
676
717
. 7359
. 808
. 842
. 884
. 925
. 236
. 296
. 337
. 377
.418
. 459
. 499
. 340
636
579
721
764
. 806
. 849
892
. 935
. 635
678
. 719
. 763
.803
. 846
. 888
. 930

Phi,
deg

1¢8
1889
18@
120
130
138@
188
1ea@
180
180
180
130
180
130
180

—_
O
o @

OO

381.
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TABLE III. Continued

(e) a =16°

FLOW CONDITIONS

Minf pinf Tinf
Nsm~2 K
2. 868E+040
Rhao2 R2Z,L Rho2~
kgsm~3 Rhoinf

VO W ==~ AfhR L dlirlsbhd@RrEPOMNNMPNRDPNPNMODPNDEONOE-~G

Adot,
W m~2

. BBBE+B@
. 913E+064
. T2BE+@4
.523E+84
. 0BBE+B8
. BBBE+DB0O

488E+04

. dBBE+B0
. BBBE+QDQ
-564E+04

6OBE+04
60SE+04

.611E+24
.617E+084
.625E+084

664E+04
714E+084
0BBE+@9

. 377E+B3
. 514E+83
. DBcE+B4
. BBBE+00
. BOBE+00

469E+03

. 373E+083
.613E+83
.654E+83
.609E+B3

S7PPE+83

.456E+83
. bBBE+B8
. 285E+83
.172E+83
.214E+8B4
.162E+0@4
. B96E+@4
. B5S4E+04
. B22E+064
. 833E+83
.E62E+03
.S18E+83

Q(Tw=380kK:
W/m~2

0.800E+06
8.358E+094
8.138E+04
7.917E+084
0.0808E+88
2.660E+B8
6.765E+04
0.000E+08
0.00BE+0B0
2.601E+04
2.638E+04
2.643E+04
2.649E+04
2.655E+84
2.663E+04
2.703E+04
2.756E+04
0.000E+00
4.372E+83
4.589E+83
4.501E+04
6.000E+00
0.000E+08
4.464E+03
4.372E+83
4.608E+03
4.649E+03
4.684E+03
4.572E+83
4.451E+83
0.000E+B0
4.279E+83
4.167E+03
1.220E+04
1.167E+04
1.101E+04
1.857E+04
1.825E+04
9.862E+83
9.689E+83
9.544E+83

MPMNMMNOROROMRODRN OO OO~ == =g PO~ g0 ONAANNQ D~ @D - = =D

Rhoinf
kg m~3

&.403E+01 4.896E+A1 4.560E-03 1

Pt,2

Nsm~2

MERSURED HEAT TRANSFER DRTH

St_in¢

. BBOE+BB
.871E-B2
.B21E-82
L7P2E-B2
. PaBE+BE
. ABBE+80
. 3135E-82
. B@BE+BA
. 00BE+00
.834E-83
.916E-063
.927E-B3
»941E-83
. 956E-83
.974E-83
.BE3E-B2

138E-B23
B00E+QD

.814E-064
. 012E-83
.01BE-02
. BEBE+00
. BOBE+B8B
.082E-83
.816E-84
.B34E-03
. B44E-83

@34E-83

. B26E-03

991E-04

. 0BBE+Ba
.687E-84

353E-084

. 738E-83
.619E-83
.470E-83
. 373E-83
. 360E-083
.213E-83
.175E-83
.142E-83

Uinf
neos

Ht, 2
Js kg

QsGsph

. BOBE+BA
.418E-81
.351E-861
.291E-81
. davE+aa
. BOBE+BG
. 973E-B1
. BBBE+B6
.BOBE+B0
.8@8E-82
.918E-B2
.933E-82
.951E-82
. 97BE-82
.994E-82
.111E-82
. 265E-@2
. 0BBE+B0
. 333E-82
.375E-B2
.372E-01
. BBBE+BY
. BABE+DO
.361E-02
. 333E-B2
. 485E-B82
.417E-B2
.404E-82
.394E-82
. 357E-@2
. BOBE+0D
.3085€E-02
.271E-82
.698E-82
.338E-82
.339E-82
. 208E-82
.111E-82
. 994E-82
. 942E-82
2.898E-82

MRNWWOWWWR =X+ Q0,000 NN NNNNYYNOD = 0O E

BEVE+@&

Rinf,L

.383E+83 2.472E+@5

Gsph,FR
W m~2

3.284E+85

Ch<Chzph

0.000E+006
. 538E-61
471E-081
-484E-01
. BOBE+RQ
. dBBE+088
.B5S5E-81
. BOE+Q06
. QOBE+0Q
.914E-82
.B2EE-B2
B41E-B2
.859E-82
.873E-82
184E-02
.225E-02
.384E-082
. BOBE+00
. 331E-82
. 373E-82
.371E-81
. BBRE+BR
. ABBE+B0
. 359E-82
. 332E-82
. 483E-02
.416E-82
. 4B2E-82
. 392E-82
. 3535E-82
. 0BBE+00
. 363E-82
.269E-82
. 714E-02
.353E-82
.351E-82
219E-82
.121E-82
. B03E-02
. 95BE-B2
. J86E-B2

PR WWWWWWrE G- = QR OO0 00NN NRDDIMEDMN MM




TABLE III. Concluded
(f) a =20°

FLOW CONDITIONS

Pt,1 T, 1
Nsm~2 K

Mint Rhoinf

kgsm~3

binf
s

pinf Tinf
Nom~2 K

Rinf,L

2.352E+06 9.86BE+B2 9.8560E+0@ S5.912E+P1 5.082E+01 4,118E-83 1.398E+6G3 2.199E+85

Rhoz
kgsm~3

Rho2-
Rhainf

pa T2
N/sm~2 K

RZ,L Pt,2

Nem~2

Ht,2
J-kg

Bsph,FR
Weome2

€.766E+03 9.644E+82 2.444E-82 1.726E+64 5,935E+88 7.45VE+03 1,B30E+86 2.283E+85

MEASURED HEAT TRAMSFER DATA

wol
or zs/L

. 0808
. 256
296
337
377
.418
459
. 499
. 348
€634
.E7E
717
. 799
. 208
242
. 884
. 925
256
. 296
. 337
377
+418
459
499
. 548
€636
679
721
. 764
. 886
. 849
.892
. 935
.635
678
. 719
. 763
.883
.84¢
. 888
. 930

Phi,
deg

180
188
180
180
180
180
180
18a
186
188
180
180
180
180
i8@
1g@e

-
o
®

ORI

Twall,
K

8.0
340.4

312.6
312.8
313.8
313.1

299.4
299.4
299.3

8.0

299.1
299.9
299.1
299.0
299.48
299.8
298.9
298.9
298.8
298.8
383.4
303.2
302.8
302.6
302.4
302.3
302.2
3@2.2

fdot,
W/m~2

4.,00BE+00Q
8.747E+D4
S.536E+04
2.3B9E+064
8.000E+RQ
2.080E+R0
7. 196E+84
0.000E+00
8.000E+00
3.102E+04
3.181E+04
3.167E+04
3.187E+@4
3.191E+04
3. 245E+84
2.289E+04
3.312E+04
8.000E+0Q
4.697E+D3
4.693E+03
4.595E+83
0.00BE+E0
8.000E+00Q
4.127E+83
3.956E+03
4,872E+03
4.026E+03
3.977E+03
3.908E+03
3.784E+03
3.688E+03
3.612E+03
3.493E+03
1.254E+04
1.208E+04
1.136E+084
1.887E+04
1.856E+04
1.824E+84
1.818E+84
1.061E+04

B¢ Tw=3a8K:>
Weoma2

B.000E+00
9.294E+84
9.042E+084
2.792E+684
0. 006E+E80
8.0008E+00
7.55BE+04
d.000E+08
8.000E+08
3.159E+04
3.241E+04
3.225E+84
3.247E+@4
3.251E+684
3. 306E+04
3.353E+84
3.377E+04
0.0008E+B8
4.693E+83
4.688E+83
4.55BE+83
8.000E+00B
8.000E+0B0
4.121E+83
3.950E+03
4.066E+B3
4.021E+83
3.971E+83
3.982E+03
3.778E+B3
3.682E+83
3.606E+03
3.487E+63
1.260E+B4
1.214E+04
1.141E+04
1.891E+84
1.DEBE+B4
1.828E+084
1.813E+04
1.B864E+04

St_inf

8.000E+00
2.283E-82
2. 145E-82
2.885E-v2
0.000E+DO
8.0800E+00
1.791E-82
9.000E+0@
g.008E+00
7.507E-B2
V.7B2E-B3
7.666E-B3
7.716E-B3
7.726E-03
v.857E-B3
7.357E-B3
8.0825E-03
0.000E+0D
1.116E-63
1.115E-83
1.083E-83
@.000E+00
0.0600E+0D
9.805E-04
9.398E-04
9.674E-04
9.567E-084
9.449E-04
9.285E-084
8.988E-04
8.760E-04
2.580E-84
8.297E-984
2.997E-82
2.887E~-83
2.714E-83
2.596E-03
2.921E-83
2.445E-83
2.4160E-83
2.389E-83

GrRsph

. DOBE+0G
. E8BDE-B1
JE15E-B1
. 346E-81
. BOBE+Q8
. DBBE+BA@
.285E-81
.bapE+aa
. BOBE+0A
.SB5SE-8Z
7S8E-062
.7B4E-B2
.FE7E-B2
. PTIE-B2
. 943E-82
BOSE-B1
@15E-01
POBE+QB
.439E-82
-438E-B2
396E-682
.BOBE+GB@
.0BBE+QH
265E-82
212E-@2
1.248E~-02
1.234E-B2
1.219%9E-82
1.19BE-02
1.159E-@2
1.130E-82
1.187E-82
1.870E-B2
3.842E-82
3.702E-082
3.482E-92
3.332E-82
3.236E-82
3.13%9E-@2
3.895E-82
3.868E-082

SR g YOOI

- —_ 00
[

ChsChaph

.0BRE+BA
.838E-81
. PESE-81
LE36E-B1
. ABBE+86
.BBBE+006
.3687E-01
. BBBE+B8
. BeaE+08
.E7BE-B2
921E-82
.874E-02
.939E-82
.952E-682
LB12E-81
.826E-81
.B34E-01
VABE+0B06
.438E-82
.437E-B2
394E-B2
. 08BE+88
. BOBE+BE
263E-82
211E-82
.246E-@2
232E-82
.217E~-B82
. 196E-B2
.158E-82
128E-02
. 185E~B2
Be9E-B2
861E-82
718E-B2
«495E-82
. 344E-82
247E-82
.149E-B82
3.104E~B2
3.877E-02

WWWWWRWE ==, 00, OOy 0O ®
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TABLE IV. MEASURED HEAT-TRANSFER DATA FOR BENT-NOSE BICONIC AT HIGH
REYNOLDS NUMBER

FLOW CONDITIONS

Pt,1 Tt,l Minf pinf Tinf Rhoinf Uinf Rinf,L
Nsm~2 K N/m~g K kgsm~3 m-s

1.884E+07 9,9628E+02 1.816E+01 2.289E+82 4,815E+81 1.656E-02 1.413E+83 9, 360E+05

pa T2 Rhog2 R2,L Rho2~

t,2 Ht, 2 Gsph,FR
Ns/m~2 K kg - m~3 Rhoinf ~

P
Nsm~2 Jskg Womnz

2.782E+04 9,7I1E+B2 9.899E-82 €.954E+84 S5,977E+88 2, 865E+94 1.043E+86 £.713E+BS

MEASURED HEAT TRANSFER DATH

®eLl Phi, Twall, Qdot, R Tw=308kK> Sv_inf QBr@sph ChesChaph
or z-/L deg K Wsm~2 W m~2
. 688 184a 0.8 0.000E+08 ©O,000E+008 0,000E+90 0.090E+028 0O,H80E+BO
. 256 128 337.7 B.263E+84 2,735E+84 S5.A1BE-H3 1.231E-81 1.297E-81
. 296 180 338.2 2.454E+04 5.744E+04 5.129E-83 1.259E-B1 1.32SE-91
. 337 120 337.9 8.306E+84 8.77BE+04 S5.Q835E-92 1.237E-B1 1.304E-01
. 377 18a B.a 0.00BE+00 O.00PE+PO B.0NOOE+HE0 B.000E+AA O.00BRE+@H
.418 18@ 6.8 D.000E+00 ©.00QE+B8 0O.QPAE+EQ ©,.POBE+8G O,0QBE+RD
. 459 138 332.9 7.348E+B84 7Y.711E+84 4.424E-83 1.095E-81 1.14EE-81
. 499 1586 8.9 9.00DE+00 B.000E+80 O.60B0E+65 @,.000E+08 O,H00E+0H8
. 348 188 a.np 0.000E+008 0.060E+AB 0.000E+B0 ©V.DOBE+DD ©,PABE+BO
. 634 180 385.5 1.917E+84 1.935E+64 1.113E-83 2,.855E-82 2.881E-082
.B76 188 384.9 1.359E+84 1.570E+64 9,038E-84 2.323E-82 2,338E-02
717 1880 384.1 1.414E+64 1,422E+04 3.178E-B4 2.106E-D2 2.118E-@2
. 759 1880 383.8 1.390E+84 1.358E+84 7.8B%E-94 2.011E-82 2.022E-82
. 368 188 383.°7 1.317E+84 1.324E+84 7.613E-94 1.961E-82 1.971E-92
.842 188 383.5 1.381E+84 1.387E+84 7.51%E-04 1.937E-82 1.,947E-B2
. 884 188 383.95 1.287E+84 1.294E+B84 7.440E-D4 1.917E-82 1.926E-B2
.925 130 383.5 1.297E+84 1.303E+84 7F.496E-04 1.932E-82 1,941E-82
. 256 @ g.4d 9.000E+DA 0.000E+068 ©0.00QE+9D H.0PAE+80 O,O00QE+RO
.296 a 383.8 1.347E+B4 1.354E+04 7.78T7E-04 2.006E-82 2.016E-82
. 337 a 38z2.9 1.163E+84 1,173E+84 6.747E-84 1,740E-92 1.747E-B2
. 377 a z8z.2 1.812E+64 1.015E+84 S5.842E-84 1.508E-82 1.S512E-02
.418 a 8.9 0.000E+00 0O.DGPE+BO0 0O.00QE+00 ©.D0GE+BD O.BOGE+BO
. 459 8 0.6 D.000E+0D ©.0DDE+BG @,000E+09 O,.00BE+00 6,0008E+00
. 499 5] 3868.7 7.185E+83 7.113E+83 4.092E-84 1.058E-82 1,860E-082
.548 2] 2008.4 6.354E+D3 ©6.357E+03 3.658E-94 9,46SE-83 9.470E-B3
. 636 B 3608.5 6.401E+B3 ©6.405E+83 3.685E-84 9,536E-83 9.542E-083
679 B 3808.5 6.485E+03 ©6.409E+@3 32.687E-84 9.541E-B3 9.547E-03
721 8 388.5 €.513E+83 6H.517E+83 3.7S0E-24 9.702E-83 9,709%E-83
. 764 9 380.5 €.317E+83 6.322E+83 3.637E-84 9.411E-832 9.417E-03
. 886 9 388.5 £.374E+03 ©5.378E+083 3.67BE-84 9,.495E-83 9.501E-B3
. 849 <} 8.8 0.00BE+D0 0O.00BE+06 0,00PE+8@ ©0.000E+0Q ©.0A8E+DQ
.892 9 388.¢& £.483E+03 6.488E+83 3.733E-84 9.6S8E-83 S.665E-83
.935 8 380.7 5.744E+03 &£.751E+83 2.884E-84 1.00B5E-82 1.006E-02
.635 98 318.2 2.594E+684 2.592E+94 1,4%90E-83 3,804E-B2 3.858E-82
678 I8 388.9 2.347E+04 2.377E+94 1,.367E-B3 32.496E-82 3.538E-92
719 98 35,2 2.209E+04 2.23SE+84 1,285E-83 3.299E-82 3.32F7E-92
.7E3 90 387.9 2.158E+04 2.175E+84 1,250E-83 32.203E-82 3.238E-92
. 803 9@ 307.8 2.128E+04 2.144E+84 1,233E-83 3.159E-82 3.192E-82
. 8486 90 387.7 2.101E+04 2.125E+94 1,222E-83 3.131E-82 3,163E-82
. 888 Ja 387.7 2.097E+04 2.121E+84 1,.219E-02 3.124E-82 3.157E-82
.938 L 28v.7 2.984E+04 2.10F7E+84 1,212E-B3 3.185E-82 3.137E-B2




TABLE 1V. Continued
(b) a =4°

FLOW CONDITIONS

Minf Rhoinf

kgsm»3

Uinf
mss

Pt,1 Tt,1
Nsm~2 K

pinf Tinf
Nsm~2 K

Rinf,L

1.085E+67 1.805E+03 1.016E+01 2,.291E+82 4,356E+01 1.544E-02 1.419E+83 9.235E+85

Rho2
kgsm~3

p2 T2
Nsm~2 K

R2,L Rho2/

Rhoinf

Pt,2
Nsm~2

Ht,2
Jskg

Qsph,FR
W/mr~2

2.784E+B4 9.874E+02 9.82TE-B2 6.896E+04 S5.977E+08 2.B6RE+84 1.852E+06 6.7V93E+8S

MERSURED HEART TRANSFER DATH

x L
or z/L

. aee
. 256
. 296
. 337
. 377
418
459
. 499
. 540
. 634
676
.7L7
L7599
. 800
. 842
. 884
.925
. 256
. 296
. 337
<377
.418
. 459
. 499
. 540
. 636
679
721
. TE4
. 886
. 849
. 892
. 935
. 635
678
. 713
.TEZ
. 863
. 848
. 888
. 930

Phi,
deg

130
180
18@
1848
180
180
180
129
189
18@
8@
186
120

— e -
© 0 o w0
[ B

0099000000000 ®

Twall,
K

8.0
352.3
351.5
48,8
244.8
343.2
341.9
337.3

8.8
318.4
389.3
389.3
2ee.4
309.4
309.5
389.7
309.8

6.a@
382.8
302.3
3e1.9
3et.7v

6.0
3e1.7
3a1.8
302.5
302.8
3e3.2
303.¢6
303.8
384.1
304.3
384.5
31l1.@
3i0.1
309.5
309.2
389.@
288.5
3@8.7
3@8.5

Rdot,
Ws/m~2

0.8PBE+B0
1.0894E+@5
1.891E+85
1,833E+85
9.472E+084
9.167E+04
8.839E+04
7.971E+04
b.008BE+0A
2.323E+04
2.152E+84
2.143E+84
2.142E+04
2.1S1E+04
2.177E+04
2.202E+84
2.231E+04
0.0B80E+88
8.081E+83
7.810E+83
6, 27%E+83
5.949E+03
0, 000E+008
5.814E+83
6.818E+483
7.510E+Q3
8.288E+03
9.164E+83
9.878E+063
1.849E+84
1.188E+84
1.158E+84
1.283E+04
2.400E+0Q4
2.236E+04
2.110E+04
2.854E+04
2.812E+04
1.9084E+084
1.931E+84
1.899E+04

R (Tw=300K>
Womn2

B.0080E+00
1.181E+065
1.177E+85
1.103E+85
1.811E+85
9.764E+04
9.39¢6E+04
S.416E+64
0.000E+00
2.357E+04
2.188E+84
2.171E+84
2.171E+04
2.180E+84
2.286E+04
2.233E+064
2.263E+04
0.08BE+B0
8.113E+83
?.833E+063
6.296E+83
D.963E+83
8.000E+00
5.827E+83
6.0833E+03
7.536E+83
8.322E+83
9.2086E+03
9.928E+03
1.855E+04
1.114E+04
1.165E+84
1.211E+04
2.438E+84
2.268E+84
2.139E+04
2.081E+84
2.838E+84
1.927E+04
1.954E+04
1.922E+04

St_inf

6.068BE+08
. 7OBE-B3
.578E-83
. 295E-83
. 741E-083
. 543E-63
. 335E-63
. 780E-083
.PBBE+QB
. 342E-83
L241E-83
L236E-83
L 23CE-63
.241E-83
236E-23
.271E-83
. 288E-83
. B00E+00R
.622E-84
QOrE-G4
S87E-04
. 398E-84
BOBE+00
.320E-084
437E-84
293E-064
.741E-084
.244E-84
.655E-84
. BB8E-084
. 348E-04
. 638E-B4
. 899E-04
1.388E-83
1.291E-83
1.218E-83
1.185E-83
1.16BE-93
1.897E-83
1.113E-83
1.995E-03

AR A NAELELEWDOOWWLE LED ===, ON

@ Rsph

0.008E+80
1.618E-81
1.606E-81
1.52BE-081
1.394E-01
1.349E-081
1.301E-01
1.173E-081
¢.000E+RQ
3.419E-02
3.167E-B2
3.154E-82
2.154E-02
3.166E-B2
3.204E-02
3.241E-82
3.285E-82
@.000E+00
1.198E-82
1.832E-82
9.243E-83
8.757E-03
8.000E+00
§.558E-83
8.859E-83
1.106E-B2
1.22BE-B2
1.349E-B2
1.454E-B2
1.544E-B2
1.631E~-02
1.785E-82
1.772E-02
3.934E-062
3.291E-82
3.186E-82
3.823E-082
2.961E-B2
2.803E-82
2.842E-82
2.796E-82

ChsChsph

9.000E+DQ
1.731E-81
1.725E-081
1.626E-81
1.483E-B1
1.432E-81
1.378E-81
1.23%E-01
d.000E+Da
3.467E-82
Z.287E-062
3.194E-82
3.194E-62
3.287E-82
3.245E-82
3.284E-82
3.328E-82
9.000E+GB0
1.194E-@2
1.835E-82
9.267E-B2
8.777E-03
0.900E+DQ
8.577E-03
§.880E-B3
1.109E-82
1.225E-02
1.355E-02
1.461E-02
1.552E-82
1.640E-82
1.715E-82
1.782E-82
2.586E-82
3.336E-02
3.146E-B2
3.061E-02
2.997E-02
2.835E-02
2.875E-62
2.828E-02
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38

Pt,1
Nsm~2

1.893E+07

pa
Nsm~2

Te,t

K

Mint

TABLE IV. Continued

(c) o =8°

FLOW COMDITIONS
pinf Tinf
Nem2 K

1.811E+83 1.816E+81 2.38

T2
K

2.805E+84 9,322E+82

w/ L
or z/L

. aaa
. 256
. 296
. 337
. 377
418
. 459
. 493
. 548
.634
.E676
.717
. 759
. 808
. 842
. 884
. 925
. 256

337
. 377
.418
. 459
. 4939
. 340
.636
679
721
. 764
. 886

. 892
.335
. 635
678

. 803
. 846
. 888
. 930

180
180
186

—
0 o
QD

DO OTROCTOE

Twall,

K

562,
358,
357.
355.
3s52.
318.
348.
343,

a.
213,
313,
313.
213.
313.
313.
313.
313,

a.
381.
3a1.
3@1.
382.

a.
383.
304.
3@5.
383.
306,
308¢6.
206.
3@e3.
306.
306.
3@8.
388.
388.
387.
367.
387.
387.
307.

=]

=

WAL OWr- 2O~ N NLEWD= N NG EQCNEREDNO T B M- WP T TR~ = ) o

Rhoz
kg m~3

. S43E-B2

PO RO e e e e s e e e i @ 0 N N D W D) W W)W G DD e R e e e ()

Bdot,
Wsm~2

EETE+AT
. 236E+85
. 248E+85
. 287E+AS
145E+85
.741E+84
LB73E+B5
. TOVE+B4
. 00BE+B0
«214E+04
273E+04
. 258E+084
.295E+04
. 293E+084
. 339E+04
. 338E+04
. 339E+04
. BOBE+0Q0
«714E+83
885E+@3
S86E+B3
.812E+84
.000E+08
225E+84
336E+04
.664E+084
. 749E+84
. 80BE+D4
. 843E+04
.861E+94
. 385E+04
.913E+84
. 92RE+B4
. 264E+04
. 155E+04
2.0885E+04
2.048E+04
2.838E+64
1.954E+04
1.975E+64
1.934E+04

Rz,L

Rho2-

Rhoinf

R{Tw=388K>
Wsmn2

. 973E+ES
. 368E+@5
. 357E+BS
. 389E+05
. 236E+QS
.813E+D4
. 152E+0S
.B34E+835
. DBPE+QB
.274E+04
. 336E+04
.311E+04
. 317E+04
. 356E+04
.484E+Q4
. 395E+04
.405E+04
. BOBE+BA
729E+03
.9@2E+03
.EBBE+Q3
.B16E+04
.B00E+08
.231E+04
343E+84
.677E+B4
. 7r6E4E+B84
.816E+084
. 868E+04
878E+04
. 392E+04
.931E+04
. 93%9E+04
.293E+04
. 1806E+04
. 189E+084
.B71E+84
.B61E+B4
.975E+04
. 996E+04
.954E+B4

=t = PR N PR e e e e e e e e e s e DN NG W) W)W W W W E e R e = e = D

Ll e Y i Bl Y s BN s TR [ 2 T 1 [N O N OB, < I i A SR L B0 s SRS s ST N Y T O

SE+82 4.882E+P1 1.

5. 985E+84 5.977E+84

Rhoinf
kg m~3

ce47E-BZ

Pt,2
Nsm~2

3. 098E+04

MEASURED HEAT TRANSFER DRTAH

St_inf Leslsph

924E-82 2,24BE-81
65FE-B3 1,.827E-81
.397E-83 1.816E-091
. 326E-82 1.756E-01
L921E-832  1.566E-061
.58BE-8@3 2.987E-BZ
.451E-83 1.S5€1E-81
LPISE-83 1.412E-81
.DABE+8B B.OPBE+BAQ
.348E-83 4.674E-B2
.374E-63 4.761E-@2
. 860E-83 4.727VE-02
.363E-83 4.734E-@2
.BB86E-63 4.79BE-B2
.312E-83 4.858E-B2
9BYE-BS  4,843E-82
.913E-83 4.857E-02
.APBE+BD B.00BE+00
.347E-B84  1,122E-82Z
.444E-84 1.147E-82
.841E-84 1.24%E-02
.712E-84 1.473E-02
.0BBE+B86 ©.0@QBE+BA
.923E-84 1.782E-82
.553E-84 1,943E-82
.428E-84 2.420E-92
.916E-04 2.544E-82
.B21E-83 2.619E-82
.B46E-83 2.681E-B2
.@S6E-82 2.787E-B2
.827E-84 2.814E-02
.886E~-83 2.783E-02
.B9BE-83 2.793E-02
.289E-83 3.293E-82
.226E-83 3.134E-02
.186E-83 3.B833E-82
.164E-83 2.979E-82
.159E-83 2.965E-82
.118E-83 2.842E-82
.122E-83 2.872E-82
.B98E-83 2.813E-62

CheChzsph

L 2T3E+EE
93@eE-al
L955E-01
-894E-61
. 79BE-81
«BBSE-B2
c&3E-BL
«499E-81
. BOBE+Q8
. 7SRE-B2
. 846E-82
.811E-B2
.B19E-82
. 876E-B2
.945E-B2
L932E-B2
. F47E-B2
. QBBE+BH
124E-B2
. 149E-B2
.252E-B2
L477E-B2
. daBE+08
. 798E~-B2
.353E-82
.438E-82
. D64E-82
54BE-B2
. 7B4E-B2
. 730E-8B2
.824E-82
. 388E-B2
.818E-82
. 333E-82
.169E-82
.B66E-B2
.811E-82
. 996E-B2
2.87BE-B2
2.981E-02
2.840E-82

NWRWEMNRDWONRI R R P o @ DB b b bbb b i e b e




Pt,t
NsAm~2

1.893E+87 9.901E+82 1.B1eE+81 2.

pa
Ns/m~2

2.506E+84 9.725E+82 1.86835E-81 7.

®xsL
or z/L

. 308
. 296
. 296

. 418
. 459
. 499
. 548
. 634
676

=l B4
a1 A

. 7359
. 508
. 842
. 884
. 925
. 256
296
. 337
3°7
.418
4359
. 499
. 540
£36
€v9
.72l
764
. 866
. 849
.892
. 935
635
.678
.719
. 763
. 883
. 846
. 888
.930

Tt, 1

Fhi,
deg

188
1208
1588
158
188
180
188
188
180
138
1808
138

1388

- . e
00 oo
0008

QORI

K

T2
K

Minf

Rho2

TABLE IV. Continued

(d) a =12°

FLOW CONDITIONS

pint

Tinf

Nsm~2 K

kg m~3

Twall,
K

558.@
366.2
364.6
362.2
357.5

8.8
354.86
347.8

8.8
317.7
318.3
318.¢
318.7
319.¢@
319.32
319.1
319.¢

a.a
385.0
206, 2
3ar.@
388.1

8.0
307.8
387.8
308.8
368.8
308.9
388.7
388.¢6
385.9
388.3
388.2
389.6
3@9.6
309.3
389.1
388.8

8.0
387.9
307.7

MEASURED

Qdot,
Wsm~2

5.832E+05
1.380E+8B5
1.368E+85
1.318E+85
1.221E+85
0.600E+008
1.158E+85
1.821E+85
0.000E+040
3.888E+64
4.048E+04
4.116E+84
4.155E+04
4.208E+84
4.262E+04
4.235E+04
4.317E+04
8.008E+00
1.287E+B4
1.532E+84
1.712E+04
1.956E+84
0.000E+B0
1.887E+04
1.884E+04
2.120E+04
2.116E+04
2.124E+04
2.084E+04
2.857E+04
1.890E+04
2.820E+04
1.975E+04
2.16BE+04
2.152E+04
2.1B6E+B4
2.861E+84
2.807E+04
B.000E+0D
1.818E+04
1.772E+04

R2,L

Rho2~

Rhoinf

R{Tw=308K>
Wrma2

9.315E+85
1.5926E+85
1.509E+85
. 44B8E+8S
. 332E+05
. BOBE+00O
.258E+B85
.B97E+BS
QQoE+00
.991E+04
159E+84
229E+84
L270E+04
«327E+04
. 384E+04
305E+@4
443E+84
.B0BE+DBOA
.296E+04
. 546E+04
738E+04
. 979E+04
DBOE+BE
969E+04
. 985E+04
147E+04
. 144E+84
151E+04
111E+684
eg3E+04
1.899E+04
2.844E+04
1.999E+84
2.191E+84
2.182E+04
2.135E+84
2.839E+04
2.833E+84
9.000E+00
1.839E+04
1.792E+04

[N BT o~ I S .+ TR SN (R (N . N C O Y R -l

[ (SIS (N

- D e e e e e e e = e = D DO NN OO & 0

Rhoinf
kg-m~3

3@9E+02 4,.722E+P1 1.532E-82

Pt,2
Nsme2

BEcE+B84 S5.977E+B0 3.091E+84 1.

HERT TRANSFER DATR

St_inf

L 223E-82
.T17E-8B3
LEZRE-B3
C2FVE-B3
«E12E-83

BBBE+G8

-193E-832

274E-03

. BBQE+0a
. 289E-83
. 386E-B3
L425E-23
.458E-83
.482E-03
.S10E-83
. 498E-83
. 349E-03

GeBE+8e

.443E-64

87EE-04

. 931E-84
«136E-83
. DOBE+0606

@96E-83

. B94E-83

233E-83

.231E-83

235E-83
212E-83
196E-083
311E-064

. 174E-83

148E-83

. 258E-03
. 233E-83
. 226E-63
. 199E-83
.167E-83
.B0BRE+B0B
.B56E-03
.B29E-03

Uint
mes

Ht, 2
Jskg

B3SE+D

B RQsph

. T48E-A1
.BESE-61
.B49E-B1
. 975E-81
.829E-B1
. BBBE+EB
. 736E-81
.530E-081
. DOBE+BD
.827E-B82
.BEPE-B2
.162E-@2
. 226E-82
. 306E-082
. 386E-B2
. 346E-82
47BE-02
. DOBE+0BE
.9238E-02
296E-02
. S66E-B2
.931E-82
. DOBE+080
828E-082
. 823E-82
177E-82
.171E-82
183E-82
.123E-82
.B83E-82
.633E-82
.026E-82
2.960E-82
3.237E-682
3.225E-82
3.156E-@2
3.889E-92
3.0088E-82
0.006E+0D
2.724E-82
2.656E-B2

W= WRWRWRRNENMNDMN =R NN AND = === NMNO

&

Rinf,L

1.408E+83 3.549E+85

Bsph,FR
W m~2

&.EFIE+BT

ChsChsph

1.3€62E+88
.274E-B1
. 248E-681
.153E-81
. 985E-81
. 0BBE+BA
.876E-81
.637E-D1
. B0QE+B8
.972E-82
. 223E-82
.228E-82
. 389E-02
.474E-B2
. 36BE-A2
.517E-82
.648E-02
. B0BE+G8
.941E-82
. 315E-82
.591E-82
. 963E-82
. BOPE+BB
.858E-82
.853E-82
.216E-B2
.21BE-02
. 222E-82
.161E-82
.119E-82
.646E-02
.B61E-82
.993E-82
.281E-682
. 268E-02
.197E-02
. 128E-82
. B45E-82
. AB0E+0A
2.754E-82
2.684E-02

WWWWWMNWHWWOWWWRRNERNNR = DA RGO HAD = =0
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TABLE IV. Continued

(e) @ = 16°

FLOW CONDITIONS

Pt,1 Tt,1 Mint pinf Tinf Rhoinf Uinft Rint,L
N/m~2 K Nsm~2 K kg m~3 mss
1.993E+087 1.082E+83 1.916E+081 2.309%E+82 4.839E+01 1.662E-92 1.417E+83 9.361E+85
p2 T2 Rho2 RZ,L Rho2~ Pt,2 Ht, 2 Rsph,FR
Nsm~2 K kg m~3 Rhoinf Mesm~2 Jskg Weomn2
2.S06E+04 9.34BE+02 9.934E-92 6.976E+84 S5.977E+HD 3.891E+84 1.04SE+05 B£.784E+GS
MEASURED HERT TRANSFER DATH
xL Fhi, Twall, Gdot, R{Tw=380K > 5t_inf Q- Rsph ChsChzph
or z-/L deg K WeAm~2 Wrm~2
. 889 188 52z2.@ 4.379E+85 6.405E+BS 3,.561E-82 6.455E-81 9.248E-@1
.256 180 376.3 1.561E+85 1.751E+85 9.873E-03 2.301E-@81 2.564E-81
. 296 1g@ 374.1 1.543E+85 1.°725E+85 9.728E-63 2.275E-81 2.527E-01
| . 337 188 0.8 D.00BE+90 ©O.0POBE+068 ©.0OPE+HO D.UOOE+8S D.LOPYE+DE
. 377 188 366.3 1.382E+8S 1.526E+85 B.609E-H3 2.837E-81 2.236E-01
. 418 188 B.a 0.080E+868 ©O,B00E+0Q B0.P0RE+90 O,00PE+08 O.BB0E+PE@
i . 459 189 362.8 1.319E+85 1.448E+085 B8.174E-93 1.944E-@1 2.123E-61
| . 4993 180 355.8 1.184E+85 1.286E+85 7.264E-83 1.745E-81 1.387E-01
‘ . 540 186 0.a 0.00BE+B6 ©.00PE+0@ O.90VE+0D B.0BBE+88 ©.0OVE+BRE
634 188 324.1 5.135E+084 S.318E+64 3.612E-83 7.578E-62 7.822E-B2
.676 180 324.8 5.349E+84 S5.546E+84 3.141E-03 7.885E-82 8.157E-0@2
717 1818 324.8 5.346E+B84 S5,542E+84 3.139E-93 7.881E-92 8.152E-82
. 739 188 324.8 5.345E+84 5.542E+84 3.13BE-@3 7.879E-B2 8.151E-82
. 808 180 325.1 5.407E+04 S.608E+84 3.176E-83 7.970E-02 §&.248E-82Z2
. 842 188 325.1 S5S.402E+84 5,603E+84 2,.173E-832 7.963E-02 8.241E-82
. 884 188 325.5 5.493E+B4 5.700E+084 3.228E-83 S.897E-B2 8.384E-82
. 929 1809 326.8 5.596E+84 S5.811E+84 3.291E-83 £.249E-82 8.547E-8B2
. 256 a 8.a 0.000E+88 ©O.000E+068 0O.QY0E+0® O,00BE+80 ©.00QE+8Q
. 296 5] 389.1 2.124E+84 2.152E+84 1.220E-83 3.131E-82 3.17@E-082
. 337 a 389.3 2.161E+84 2.190E+04 1.242E-83 3,185E-82 3.225E-92
. 377 8 3@9.1 2.131E+94 2.159E+84 1.225E-83 3.142E-02 3.180E-82
.418 g 3089.8 2.125E+84 2.152E+84 1,221E-83 3.132E-82 3.170E-82
.459 5] 6.9 0.00DE+PD O.0VD0BE+00 ©.00VE+0P ©.0Q0BE+00 O.DODE+DR
. 4993 a 3688.2 1.944E+B4 1.967E+B4 1,116E-83 2,866E-BZ 2.B28E-B2
. 540 5] 38r7.8 1.865E+84 1.886E+84 1.869E-83 2.748E-82 2.7F8E-B2
. 636 a 388.6 2.042E+84 2.P67E+84 1.172E-93 3.010E-62 3.845E-82
.679 a 398.5 2.084E+04 2.029E+04 1.159E-B3 2,954E-82 2.988E-02
.72l a 388.5 2.821E+04 2.846E+04 1.16BE-B3 2,979E-82 3.814E-02
. 764 5] 308.4 1.979E+94 2.003E+84 1.136E-B3 2.917E-82 2.951E-82
. 886 a 368.8 1.913E+84 1.935E+84 1,897E-83 2.819%E-82 2.85@E-62
. 849 2] 387.4 1.568E+84 1.385E+84 35,939E-684 2.311E-B2 2.335E-82
.892 9 3ev.e 1.8€1E+04 1.882E+B4 1.867E-B3 2.743E-82 2.772E-82
. 935 5] 387.6 1.825E+04 1.845E+04 1.847E-83 2.691E-82 2.718E-B2
. 635 34 318.1 Z.238E+04 2.263E+84 1.283E-93 3.287E-82 3.332E-B2
.678 98 3108.4 2.279%9E+04 2.313E+84 1,312E-83 3.359E-B2 3.48F7E-0@2
. 719 20 369.9 2.179E+D4 2.210E+@4 1,.2S3E-83 3.212E-82 3.255E-862
. 763 98 389.3 2.878E+84 2.106E+84 1.194E-83 3,863E-82 3.1082E-02
. 883 E1%) 398.9 1.983E+04 2.@08E+D4 1,139E-83 2,923E-82 &.958E-082
. 846 99 8.8 D.00PE+DD B.00BE+BHE O.HQRE+0@ O,PABE+98 O.B08E+00
. 888 90 388.3 1.864E+04 1.886E+84 1.870E-83 2,748E-b2 2.779E-82
. 230 E1% 388.3 1.865E+84 1,887E+04 1,87BE-83 2,749E-B2 2.788E-82
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TABLE 1V. Concluded

(f) a =20°

FLOW CONDITIONS

Pt,1 Tt,1 Minf pinf Tinf Rhoinf vinf Rinf,L
Nom~2 K Hsm~2 K kg m~3 mss

1.896E+07 1.005E+032 1.016E+81 2.31SE+02 4,85SE+81 1.661E-82 1.419E+83 9.334E+G5

p2 T2 Rhoz rR2,L Rho2~ Pt,2 Ht, 2 Gsph,FR

N/sm~2 K kgsm~3 Rhoinf Nsm~2 Jskg Wrm~2

2.813E+84 9.87VZE+082 9,929E-02 £.969E+04 5.977E+60 3,093E+04 1.052E+05 S5.327E+a5

MEASURED HEAT TRANSFER DATA

®oL Phi, Twall, Qdot, B{Tw=388K> St_inf B-RQsph ChoChsph

or zsL deg K W m~2 Wrm~2
. @808 188 8.a 0.800E+068 0O.Q200E+0@ B.P0OE+0@ ©,.060E+80 0.000E+80
. 256 1z@ 383.3 1.709E+B5 1.938E+B8S 1,885E-82 Z.583E-@1 2.318E-01
296 1ga@ 381.4 1.683E+85 1.901E+85 1.065E-B2 2.465E-81 2,765E-81
. 337 188 @.a B.000E+00 ©,000E+08 0.000E+00 ©.000E+80 ©.00DE+0E@
. 377 1806 372.9 1.5123E+65 1.687E+85 9.456E-B3 2.216E-81 2.458E-01
.418 180 361.1 1.259E+85 1.379E+85 7.735E-93 1.844E-81 2.80%E-81
. 459 18@ 3E9.8 1.448E+05 1.605E+85 8.999%E-83 2.121E-81 2.337E-B1
. 499 130 360.8 1.271E+85 1.3%8E+85 7.793E-863 1.862E-81 2.B25E-01
. 548 180 8.8 ©.6D0E+00 0O.0DBOE+P@ 0.PBOE+D@ ©.080E+D8 0O.O30E+006
. 634 180 330.8 6.4B2E+B4 £.686E+84 3.762E-83 9.378E-BZ 9.770E-62
JB7E 180 338.8 6.666E+B4 6.970E+B84 3.922E-83 9.764E-82 1.A18E-91
T 166 330.4 &.SE85%E+84  £.886E+84 3,87V4E-83 2.635SZE-682 1.8998E-91
. 7SS 188 331.8 6.678E+84 £.984E+84 3,93PE-62 9.782E-82 1.020E-81
. 308 180 331.8 6.7EIE+84 7.918E+94 3,948E-03 9.82T7E-02 1.625E-81
. 242 180 231.3 &.8B7E+D4 7,126E+64 4,0909E-63F 9,972E-82 1.,841E-01
. 884 180 331.9 &.880E+B4 7.206E+84 4,054E-83 1,8088E-81 1.653E-01
. 925 180 331.9 6.869E+04 7.195E+84 4,.H848E-83 1,006E-81 1,851E-61
. 256 5] 0.8 0.6B0E+DB ©,000E+BB8 0O.POCE+EE O.00BE+88 Q,00QE+00
. 296 a 389.4 2.254E+94 2.285E+84 1.288E-93 3.381E-B8Z 3,344E-82
. 337 5] 399.2 2.108E+04 2.187E+84 1,232E-83 3.161E-82 32.281E-82
. 377 5] 388.5 2.834E+04 2.0@59%E+684 1,161E-8B3 2,980E-62 3.014E-062
.418 5] 3688.4 1.995E+84 2.019E+H4 1,138E-03 2.922E-82 2.955E-02
. 459 8 0.a 0.P0DE+B60 ©O.000E+GP 0O.0VWOE+P0 ©O.DCOE+00 G,000E+00
. 499 a 307.2 1.781E+84 1.799E+B4 1.814E-83 2.508E-82 2.534E-82
.348 5] 387.1 1.717E+84 1,.735E+84 S.779E-B4 2.515E-82 2,549E-82
636 5] 387.8 1.894E+04 1.915E+84 1.880E-83 2.775SE-82 2.804E-82
BT 5] 387.8 1.876E+84 1.896E+04 1.069E-83 2.747E-B2 2.776E-02
.721 9 387.8 1.894E+84 1.915E+84 1.879E-03 2,774E-82 2.803E-02
. TE4 a 387.7 1.854E+84 1.875E+84 1,857E-83 2.716E-B2 2,744E-82
. 886 5] 367.3 1.782E+84 1.801E+84 1.815E-83 2.611E-B2 2.637E-62
. 849 2] 367.1 1.741E+84 1.758E+84 9.912E-84 2.3556E-B2 2.574E-92
. 892 <) 3erv.9 1.716E+04 1.733E+B4 93.772E-94 2.514E-82 2.538E-62
» 935 0 308.8 1.67SE+P4 1.691E+@4 9,533E-84 2.453E-82 2,.476E-B2
. 635 28 B.8a 0.00BE+00 DO.DOGE+0E @.VODE+0D ©.000E+08 0,800E+00Q
678 38 311.1 2.438E+84 2.477E+04 1.396E-83 3,S572E-82 3.625E-@2
.719 L 31p.4 2.383E+04 2.338E+84 1.318E-B83 3,374E-82 3.422E-82
P63 el 389.6 2.133E+84 2.163E+84 1,219E-B83 2.125E-B2 3.165E-82
.883 J@ 389.3 2.865E+84 2.092E+684 1.179E-83 3.825E-82 3.863E-02
. 846 28 l@s.s 1.941E+P4 1.965E+84 1.108E-083 2.843E-82 2.876E-B2
. 388 24 388.9 1.995E+84 2.021E+84 1.139E~-63 2.923E-82 2.958E-82
. 936 98 388.8 1.978E+@84 1.995E+084 1.125E-82 2.886E-82 2,921E-02
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TABLE V. SUMMARY OF MEASURED AND PREDICTED HEAT-TRANSFER RATES FOR
8.1-mm-DIAMETER HEMISPHERE

qt,2) qt,Za
Poos Teo, Tun ‘jt,2,ma MW/III2 MW/m2
Pa K Mo, Ry », K MW /m? (a) (b)
59.6 47.9 9.86 608 417 0.268 0.244 0.256
115.5 48.0 10.03 1172 456 .370 .343 .356
230.2 47.3 10.16 2379 482 .482 475 .488
“From reference 14.
bFrom reference 16.
TABLE VI. FLOW CONDITIONS FOR TEST FACILITIES
Facility M Roo,L oo p2/poo Y2 —;o | VTw/Tt,2
Expansion tube 6.9 0.5 x 10° 1.3 11.10 1.14 0.03 0.05
Mach 10 tunnel 9.9 2.2 x 105 1.4 5.94 1.34 0.02 0.30
10.2 9.3 x 10° 1.4 5.94 1.34 .01 .30
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(a) Straight biconic.

L = 12,168

(b) Bent-nose biconic.

Figure 1. Sketch of biconic models. All dimensions in centimeters unlesss otherwise noted.
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(a) Gage at nose tip; straight biconic; o = 0°; Mo, = 9.86.

Figure 4. Time histories of heat-transfer rate and heat-transfer coefficient.
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(b) Gage at windward ray of fore-cone (z/L = 0.296); bent-nose biconic; & = 20°; Mo, = 10.16.
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Figure 12. Effect of Reynolds number on heating distribution for straight biconic.
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Figure 13. Effect of Reynolds number on heating distribution for bent-nose biconic.

72




10

I [T

L)
o
10-1__
Ch |
Ch, sph B ?
< o®
O *®

1072+ ’. O o

i & ¢ O

- 0, deg. Open - M_ = 9.9, Rm, ]

O 180 (windward) Solid - M_ =10.2 R ]
0 90 (midmeridian) © 0,
- & 0 (leeward)
Junction
-3 1 | l | |
107 .2 .4 .6 .8 1.0
z/L
(b) a=4°.

Figure 13. Continued.

= 23%x10

89.2X10

5

5



74

10

h, sph

10

10

“’G o
géggem
v L1 1T
"
®

5
- = X
o, deg' Open Mm 2 9.9, ch, L 2.2X10
O 180 (windward) Solid -M_ =102, R_ | =9.2 X 10°
O 90 (midmeridian) 0 '
O 0 (leeward)
Junction
] 1 | ] | |
.2 4 .6 .8 1.0
z/L
(c) @ =8°.

Figure 13. Continued.




10

Ch, sph

10

10

- = = 5
o, deg. Open Mcn 9.9, Ra), L 2.2X% 10
O 180 (windward) Solid - M_ =10.2, R_ | =9.5X 100
O 90 (midmeridian) °° @,
O 0 (leeward)
Junction
| ] I ] | ]
2 2 6 8 1.0
z/L
(d) a= 12°.

Figure 13. Continued.

75



10
@
I QO. o
10-1_
i .‘“..“
Ch |
Ch, sph
wee o, Wigs
0’ D“
X0 0 RO o
10-2_
n 0, deg Open -M_ 2 9.9 R :25,(105
o o 7 RoL “
O 180 (windward) Solid - M_ = 10.2, R K 0.4 X 105
B O 90 (midmeridian) ™ ,
O 0 (leeward)
Junction
10 7 L2 4 6 3 To
z/L
(e) « = 16°.

Figure 13. Continued.




10
+_
-
o
0.' °
107 “QQQ.
Ch, F
Ch, sph
i %00 g
TS =
oo 04000¢¢
C O OO0
o RO
10
N - : :
i o, deg. Open Mcn 9.9, ch, L 2.2 X 10
O 180 (windward) Solid - M_ =10.2, R_ | 9.3 X 10°
0 90 (midmeridian) @ ®,
< 0 (leeward)
Junction
3 | 1 ¥ | |
10 7 .2 .4 6 .8 1.0
z/L
(f) a = 20°.

Figure 13. Concluded.



10
B a, deg
O o
| J 4
O o6
AN 8
D 10
O
i O 8% D 1
R O O 16
C m% 0 O 2
Ch,sph % %OO o
T <D>QQCDQQQQ
i D
i OOOQ N
O
" 0 %DD
O
O
OOOO
Junction
w1

x/L

(a) Straight biconic.

Figure 14. Effect of angle of attack on windward heating distribution for both straight and bent-nose biconics.
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Rooz ~ 2.2 X 105,

80




10—
888g5¢
Ch
Ch,sph
1072
a, deg
o O o
O a4
O 8
VAR Y
] N 16
D 20
Junlction
10-35 3 7 N 3 5 7o
z

(a) Bent-nose biconic.

Figure 16. Effect of angle of attack on heating along midmeridian ray of aft-cone. Roo [ & 2.2 x 105,

81



10
Ch
Ch. sph
1073
a, deg
O o
- O 4
O 6
VANEER
N 10
- D 12
O 16
QO 2
Junction
-3 1 | | ] i
10773 6 7 8 9

82

(b) Straight biconic.

Figure 16. Concluded.

1.0




107
! 00000
I O
O °5
9 O
O
i A O% O
NN O
Ch DBB AA
R~ 3 o <;Z>

3

>

&
uy

6§§>

B

eg alb

k=)

O OO O

alea
0
.57
47 .86
1.14
1.43
. 1.71
1.25 229
156 2.86

(e
—_

w
—

QDpy ><0O0

N — —

Junction

1 1 J

.6 .8 1.0
x/L

N
£ -

10 7

(a) Straight biconic; Ry, 1 = 2.2 x 105,

Figure 17. Effect of angle of attack on leeward heating distribution for both biconics.

83



10
i % %
. D O
@)
EH% qu o
@)
! SN o
Ch &E O %Q
n o 8% T
1072 D <A>QA> JATA al
i AN O
OW
. d 16 /6
| Oa 0eg ao ¢ aO a
1 4 31 57
<O o8 62 114
A 12 231
N 16 125 229
D 20 156 2.86
Junlction
-3 | I 1
10 g 2 v 6 .8
x/L

(b) Straight biconic; Roo L =~ 9.3 X 10°.

Figure 17. Continued.

84




10
O
OO
O
@)
c, 0 CO000 OO
h, sph % % '&§
o oG
10 @ 00
B a, deg u/Gf alea afle
O 0 o0 0 .55
O 4 .31 57 .8
O 8 62 Ll LI
N 12 .93 L71 1.48
N 16 1.25 229 179
D 20 15 2.8 210
Junction
-3 | | ] |
107 2 4 6 1.0
z/L

(c) Bent-nose biconic; Reo 1 & 2.2 x 105,

Figure 17. Continued.



10
~ BB
8&
o <
Ch Q<>
Ch, sph <> O]
10 °[ Et] Eﬁ o000 O
a, deg CI/E)f u/E)a af/e
I O 0 0 0 55
O 4 .31 57 .8
O o8 2 L1 LT
AN 12 .93 L7l 148
N 16 125 229 179
D 2 1.56 2.8 210
Junction
-3 | | | L ]
107, ) 4 6 8 1.0
z/L

86

(d) Bent-nose biconic; Reo,r, = 9.3 x 105.

Figure 17. Concluded.
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Figure 20. Comparison of present heating of straight biconic in Mach 10 tunnel with that obtained with same model

in expansion tube.
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Figure 21. Comparison of present heating of bent-nose biconic in Mach 10 tunnel with that obtained with same

model in expansion tube.
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Figure 22. Comparison of ideal-air and real-air windward heating on straight biconic.
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Figure 23. Comparison of measured and predicted heating for bent-nose biconic.
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Figure 23. Continued.
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Figure 23. Continued.
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Figure 23. Continued.
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Figure 23. Concluded.
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Figure 24. Effect of sting length on longitudinal pressure distribution for straight biconic at a = 0°. Mo =9.9;
R, ~ 0.3 X 108; dy = 7.62 cm.

114




7_
Gage no. 3

6&—
or Beginning of
AE, A door opening
mV
3
2t Insertion
into flow
1 1 1 1 | 1 1 1 1 1 1 |
7F—
Gage no. 7
6}
5r .
AE Beginning of
’ door openin
mv 4 p g
3
2l Insertion
into flow
1 n 1 i | 1 | i | 1 1 I |
I
Gage no. 15
6_

" 5 Beginning of
AE, Al door opening
mV

3L
Insertion
2I- into flow
]_ i | i { 1 ] 1 3 1 | 1 J
0 2 4 6 8 10 12

t, sec

Figure 25. Effect of door opening on output of thin-film gages on leeward centerline of orbiter model in Mach 10
tunnel.
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