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of slender cones (0<r,/Ry<0.1); while for blunt cohes (0.1< rp/Ry,<0.2),
transition was observed first on the windward ray. As the transition moved
onto a sharp conical RV, the effects were initially dbstabilizing; however,
a stabilizing effect was observed for the blunt vehicle. The wind-fixed ef-
fects observed were small and involved incremental movéments of the center
of pressure on the cone of the order of Qﬁxcp/L = 1%). XA detailed study
was made of the influence of asymmetric nose bluntness on the pressure and
heat transfer distribution over the cone frustum, and the contribution of
the cone frustum to the forces and moments experienced by the total config-
uration. Particular emphasis was placed on determining the destabilizing
effect of the NRV and RTE nose shapes recovered from flight tests. It was
found that nose shaping can significantly change the pressure distribution
over the conical frustum relative to a spherically-capped configuration;
this effect must be accounted for if accurate predictions of cone stability
at low altitude are required. Detailed heat transfer and pressure measure-
ments were made on a model of the NRV nose shape for test conditionsthat
duplicated those encountered during reentry. These measurementsindicated
that regions of flow separation and shock wave boundary-layer interaction
were induced over this configuration and produced heating rates in the re-
attachment regions on the ablated conical frustum of up to three times those
recorded at the stagnation point on the spherical nose tip.EkWE’EEEE;VEE‘“‘“*\-
significant Reynolds number effects on the distribution of heat transfer and
pressure, as well as the structure of the flow field over the NRV nose tip.
The contributions of transition, entropy layer and roughness to the heating
rates experienced by a number of biconic configurations was the subject of a
detailed experimental study. Here we found that calculations based on the
Powars roughness heating correlations significantly overpredicted the heat-
ing rates to the rough configurations.

In the remaining investigation, we studied the generation of dis-
turbances in the stagnation region of the flow as multiple particles, which
were projected upstream from the surface of a blunt body, interacted with
the bow shock. This work was directed toward gaining a knowledge of the
magnitude and mechanism of heating enhancement. These studies, which were
conducted at Mach 6 and 13 on rough and smooth models, demonstrated that
there was little heating enhancement as the particle (between 100 and
800 um,) transversed the shock layer; however, heating levels between 3 and
10 times the stagnation point value can be generated as the particles penetrate
the bow shock. Four distinctly different flow regimes were found to exist
for different penetration distances and particle trajectories. Of these, the
most dramatic is one where a flow instability similar to that encountered
over the highly indented nose shapes was observed. The key features of the
single particle shock-bow shock interaction phenomena and the gross heating
enhancement showed that they are insensitive to the shoulder geometry of the
blunt nose tips studied. The principal mode of oscillation observed for
multiple particle interactions was associated with pulsation of particle
shocks rather than the bow shock, as was the case for a single particle; and
the time-averaged heating rates for multiple particle interactions were also
found to be considerably larger than those of single particles. The geometric
features of the interactions observed in this study were very similar to the
ballistic range observations of water droplets. Measurements with rough-
walled models under fully turbulent boundary layer conditions indicated
that the mechanism of particle-induced heating augmentation or the magnitude
of the augmentation factor was not significantly modified by the conditions
of the boundary layer or the surface.
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ABSTRACT

In this report, we discuss the results from our current studies to
investigate the underlying aero-thermodynamic phenomena which influence the
accuracy and survivability of Ballistic Reentry Vehicles. We first discuss
our observations on the influence of transition on the aerodynamic characteris-
tics of slender RV's. Our primary interest was in determining the influence of
the angle of attack and bluntness ratio on the shape of the transition front
and the properties of these regions. We found that a transition occurred
first on the leeside of slender cones U)<rn/Rb<(L1); while for blunt cones
(0.1< rn/Rb< 0.2), a transition was observed first on the windward ray. As the

transition moved onto a sharp conical RV, the effects were initially destabiliz-
ing; however, a stabilizing effect was observed for the blunt vehicle. The
wind-fixed effects observed were small and involved incremental movements of the
center of pressure on the cone of the order of (AXCP/Lcl% . A detailed study
was made of the influence of asymmetric nose bluntness on the pressure and

heat transfer distribution over the cone frustum, and the contribution of the
cone frustum to the forces and moments experienced by the total configuration.
Particular emphasis was placed on determining the destabilizing effect of the
NRV and RTE nose shapes recovered from flight tests. It was found that nose
shaping can significantly change the pressure distribution over the conical
frustum relative to a spherically-capped configuration; this effect must be
accounted for if accurate predictions of cone stability at low altitude are

required.

Detailed heat transfer and pressure measurements were made on a
model of the NRV nose shape for test conditions that duplicated those en-
countered during reentry. These measurements indicated that regions of
flow separation and shock wave boundary-layer interaction were induced over
this configuration and produced heating rates in the reattachment regions on
the ablated conical frustum of up to three times those recorded at the

stagnation point on the spherical nose tip. We observed significant Reynolds

iii




number effects on the distribution of heat transfer and pressure, as well as

the structure of the flow field over the NRV nose tip. The contributions of

f

| transition, entropy layer and roughness to the heating rates experienced by
a biconic configuration was the subject of a detailed experimental study.
Here we found that calculations based on the Powars roughness heating formulae
significantly overpredicted the heating rates to the rough configurations.

In the second part of this investigation, we studied, in detail, the
generation of disturbances in the stagnation region of the flow as multiple
particles, which were projected upstream from the surface of a blunt body, inter-
acted with the bow shock. Here we were primarily interested in gaining a know-
ledge of the magnitude and mechanism of heating enhancement. These studies

which were conducted at Mach 6 and 13, on rough and smooth models, demonstrated

that there was little heating enhancement as the particle (between 100 and
800 pm), transversed the shock layer; however, heating levels between 3 and 10
times the stagnation point value can be generated as the particles penetrate

the bow shock. Four distinctly different flow regimes were found to exist for

different penetration distances and particle trajectories. Of these, the most
dramatic is one where a flow instability similar to that encountered over the

highly indented nose shapes was observed.

! The salient feature of the single particle shock-bow shock inter- ?
ﬁ action phenomena and the gross heating enhancement showed that they are not

sensitive to the shoulder geometry of the blunt nose tips studied here. The

aerodynamics of multiple particle interactions were found to be significantly

different from those of single particles. The time-averaged heating rates for

multiple particle interactions were also found to be considerably larger than
those of single particles. The principal mode of oscillation observed for
multiple particle interactions was associated with pulsation of particle shocks

rather than the bow shock, as was the case for a single particle. The geometric

:
¢
:

features of the interactions observed in this study were very similar to the ‘
ballistic range observations of water droplets. Measurements with rough-walled

models under fully turbulent boundary layer conditions indicated that the

mechanism of particle-induced heating augmentation or the magnitude of the

augmentation factor was not significantly modified by the conditions of the

boundary layer or the surface.
iv
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Section 1
INTRODUCTION

The development of the technology to design accurate and dependable
IRBM's and ICBM's represents a key area in the research and development being
pursued by the United States Air Force. In part, this technology depends upon
the ability to predict the aero-thermodynamic characteristics of a nose tip and
frustum combination under conditions where boundary layer transition develops
over the vehicle. As boundary layer transition propagates forward on the
surface of slender, high B reentry vehicles flying at small incidence,
significant perturbations are observed on the lift and moment coefficients in
both windward and yawing planes. These perturbations can cause disturbances
in vehicle trajectory which can seriously compromise the accuracy of the

system.

Analysis of flight data demonstrates that there are two regimes where
boundary layer transition has a marked influence on vehicle stability. The
first occurs when transition moves from the base of the cone to the cone
frustum. Here, the aerodynamic disturbances are of such a nature that per-
turbations to the vehicle motion are found to build up and decay smoothly.
However, a net lateral velocity is built up as a result of an asymmetry in the
coning motion. Analysis of flight data suggests that increasing nose blunt-
ness decreases the perturbations in lateral velocity, and recent studies
at Calspan (to be discussed later) have supported this observation. However,
highly blunted vehicles appear to suffer more severely from the second
destabilizing phenomena, which occurs when transition moves from the conical

surface of the vehicle to the formerly spherical nose tip.

This second aero-thermodynamic phenomena, which can cause a degrada-
tion in RV accuracy, is believed to occur as a result of ''mose shaping'. Nose
shaping, or the asymmetric ablation of a nose tip, can occur if the transition
region spreads over the nose tip forming an asymmetric pattern, either as a
result of vehicle incidence, or nonuniformities on the ablation, or roughness

characteristics of the nose tip. Recent studies have suggested that the
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transitional process is intrinsically three dimensional in character, and the
probability of generating a completely symmetric transition on or downstream
of the nose is extremely small. In fact, the two nose tips which have been
recovered from flight tests, at the instant when transition was spreading over
the tip, the NRV and the RTE nose tips shown in Figure 1-1, exhibit marked
three dimensional ablation patterns. Studies at Calspan have demonstrated that
these nose shapes develop:significant side forces at zero incidence, and

the rolling moment generated by the tip alone may contribute to a '"'roll down"

which could seriously compromise vehicle accuracy.

While the flight data allows us to determine the magnitude of the
accuracy problem with the current vehicles and flight trajectories, the limited
numbers and accuracy of the onboard instrumentation does not provide us with
sufficient information to define accurately the aero-thermodynamic mechanisms
leading to the high and low altitude inaccuracy problems. Clearly, this does not
place us in a favorable position to select either the optimum configurations
to trace most accurately trajectories currently planned, or introduce new con-
struction materials and fly more aggressive trajectories. Therefore, an im-
portant objective of any technology program to upgrade the accuracy of RV's
must be to address the complex questions associated with the development of

transition over the frustum and nose tip.

An important aspect of the design of RV's is the prediction of their
performance in "weather', i.e., through clouds of ice particles or dust. While
the erosion of nose tips, resulting from particle impact, represents an important
problem area, recently it has been demonstrated that the increase in heating as
particles rebound or are ejected into the shock layer can represent a signifi-
cant fraction of the heating experience in a particle-laden environment. While
studies conducted in dust tunnels demonstrated the importance of particle-
induced convected heating augmentation, only in the recent studies conducted
at Calspan have the basic aerodynamic mechanisms responsible for heating augmen-

tation been identified. In these studies, minute particles were launched from the

model surface and the interaction between the particles and the shock layer were

studied with the aid of high speed cinematography and high frequency heat transfer
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and pressure gages mounted in the surface of the model. These studies have ident-

fied five flow regimes where heating enhancement and the corresponding spatially
and temporarlly resolved measurements of heat transfer and pressure occurs.

Two basic flow mechanisms, particle-induced vortices and shear layer reattach-
ment resulting from shock-shock interaction, were shown to be those of greatest
importance in heating augmentation. However, further efforts were required to
model these flows successfully. Further experimental studies were required

to identify the effect of nose tip shape, multiple particle interaction and

model roughness on convective heating augmentation.

In this report, we describe the results from our current experimental
studies and analysis designed to investigate the underlying aero-thermodynamic
disturbances which influence the accuracy and survivability of slender reentry
vehicles. In the following section, we review the results from recent theoreti-
cal and experimental studies of transitional flows over slender cone frusta
and nose tips which are relevant to the RV accuracy problem. Here we will dis-
cuss material which illuminates the underlying mechanisms creating the force
and moment perturbations leading to variation in trajectory. We then describe
an experimental study to examine the effects of nose shaping on the stability
of slender RV's. Here six-component force and moment measurements as well as
pressure and heat transfer measurements were made on a series of nose tips and
nose tip-frusta combinations for models with asymmetric and indented nose shapes.
These studies demonstrated that the effect of nose tip shaping was to decrease
the stability of blunt RVs and significantly modify the pressure distribution
over the conical frusta. In Section 4 we describe studies, performed with
idealized ablated nose shapes, to investigate the separate and combined effects
of surface roughness and entropy swallowing on the distribution of heat transfer
in laminar, transitional and turbulent boundary layer flows over biconic nuse
shapes. We found that calculations based on Powars roughness heating formulae
significantly overpredicted the heating rates to the rough configurations. The
detailed heat transfer and pressure measurements made on the NRV nose tip are
then described. It was observed that the flow pattern and the large heat trans-

fer rates generated in the reattachment regions on this nose tip were dependent
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upon Reynolds number. Finally, the experimental program to examine the particle- |
induced convective heating augmentation to blunt nose tip is discussed. In |
these studies, we examined the effects of both single and multiple particle

shock-bow shock interactions on the flow structure and the surface heating i

&

rates and patterns on a blunt nose tip.
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Section 2

STUDIES OF "WIND-FIXED'" BOUNDARY LAYER TRANSITION
AND ITS INFLUENCE ON SLENDER CONE STABILITY

2.1 INTRODUCTION

While hypersonic boundary layer transition has been studied exten-
sively over the past two decades, only recently have strenuous efforts been
made to determine the mechanism by which boundary layer transition influences
the aerodynamic stability of slender cones. As discussed in the Section 1,
flight test data indicate that perturbations occur to the trajectory of
slender conical RV's which can be linked directly to destabilizing forces
generated during boundary layer transition. At '"high' altitude, this can be
associated with asymmetric transition on the cone frustum, while at "low"
altitude asymmetric nose shaping is believed to be the underlying mechanism.
The high altitude phenomena is characterized by perturbations which build up
and subside smoothly over several cvcles. A net lateral velocity results from
nonlinearities in the coning motion of the RV. In contrast, the perturba-
tions observed at low altitudes occur over a period of less than one cycle.
Flight data suggests that the magnitude of the net lateral velocity, which
results when frustum transition occurs, decreases with nose bluntness (rn/Rb);
whereas, the lateral perturbations at low altitude increase with increased

bluntness ratio.

Studies of full scale flight transition on slender RVs suggest that
both '"maturally developed'" and tripped transition regions can develop. Surface
discontinuities at the nose tip-cone junction and antenna windows have been
suggested as potential sources of transition regions which appear 'body-fixed"
on vehicles which are undergoing changes in angle of attack. Gouges and
regions of roughness on the nose tip have also been cited as sources for
tripped transition regions. However, most of the flight measurements and
those on smooth bodies in ballistic ranges and wind tunnels suggest the onset

of transition is relatively well ordered in terms of free stream properties




and the preceeding length of laminar run. Transition onset is also influenced
by both angle of attack and nose tip bluntness on smooth non-ablating slender
cones. Recently, studies at Calspan have shed further light on this latter

problem, and we will discuss some of the results in this section.

292 EXPERIMENTAL PROGRAM

RSl Objectives {

The objective of this study was to measure the destabilizing/
stabilizing forces associated with the movement of regions of wind-fixed
transition onto the frustum of sharp and blunted slender cones and establish
how these forces and the characteristics of the transition regions vary with
bluntness ratio, angle of attack and free stream conditions. The bluntness
ratio (0'<rn/RB < 0.21) and the nose shape (sharp, spherical, elliptical and
flat-ended) of the cone was varied in these studies. The 6°-conical model
(shown in Figure 2-1) was chosen so that when tested at Mach numbers between
I1 and 13 and Reynolds numbers from 20 x 106 to 5 x 106 there was a duplica-
tion of conditions of Mach number, Reynolds number and wall-to-free stream
stagnation temperature ratio with typical conditions for ICBM velocities

over 9° cones. l

~

Pr e, Models and Instrumentation

In the study of transition one cannot guarantee the transition region
on two models of nominally the same dimensions and tested at nominally the
same free stream conditions will be identical in size and properties. Theis=-
fore, a key aspect of the current program was the simultaneous. measurement of
model forces and the pressure and heat transfer on the cone surface. The

extremely small changes in normal force LACN = 0.001) and moments associated

with boundary layer transition made highly accurate force measurements essential.
The acceleration compensated force balance used on this work, which was cap-
able of making such measurements, was essentially two balances mounted in one

model, a six component strain gage balance and a six-component accelerometer
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balance. These balances were linked through a small computer so that accelera-
tion loads experienced by the model were completely cancelled. By employing
acceleration compensation we could instrument the force model with 48 heat
transfer gages and 22 pressure gages without sacrificing accuracy. Details
and the instrumentation are given in Appendix A.

A drawing of the 6° cone model showing the locations of the pressure
and heat transfer gages, as well as details of the nose tip configurations,
is given in Figure 2-2. The windward and leeside rays of the model contained
the major quantity of heat transfer and pressure instrumentation; while,
additional heat transfer gages were placed on the 90°, 135°, 270° and 315°
rays, to provide information with which to determine the shape of the
transition front. The position of these gages are tabulated in Table 2-1.

(Tables 2-1 through 2-6 appear at the end of this section.)

The studies of transitional flow over sharp and blunted cones at
angle of attack, were performed at Mach numbers from 11 to 13 for free stream
Reynolds numbers from 2.5 x 106 to 10 x 106. A run matrix and detailed
listing of the free stream conditions at which these studies were performed
is given in Tables 2-2 and 2-3, respectively. Measurements of the detailed
distribution of heat transfer and pressure over the conical frustum we ‘e
obtained at model incidences of 0°, 1° and 3° for sharp, spherical and
elliptical nose shapes with bluntness ratios (rn/Rb) of 0, 6 and 18 percent.
A listing of the model configurations and the test conditions at which they
were run is given in Table 2-2. Tabulations of the heat transfer and pressure
measurements obtained in this study are presented in Tables 2-4 and 2-5 and
these measurements are plotted in Figures 2-3 through 2-57. Diagrams of the
transition boundaries determined from the heat transfer measurements (see
Section 2.5) are shown in Figures 2-58 through 2-72. (Figures 2-3 through
2-72 appear at the end of this section.)

In this investigation, we attempted to examine first, the major

mechanisms involved in transition over the conical model; this will be discussed
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in the following section. Then, we compared the measurements of transition
Reynolds numbers made in the present with those obtained earlier at Calspan,
together with measurements in the ballistic range and from flight. Finally,
we present an analysis of the measurements to determine the effect of model
incidence and nose tip bluntness ratio oxr the position of the transition and
the shape of the transition front on the cone and the forces and moments which

were associated with each transition pattern.

2.3 OBSERVATIONS ON THE MECHANISM OF BOUNDARY LAYER TRANSITION

A typical photograph of the development of a transition region over a
sharp slender cone at Mach 13 is shown in Figure 2-73. The first evidence of
transition is provided by the appearance of a system of regular instabilities
in the boundary layer, which subsequently breaks down into a random structure
as transition proceeds. We observe transition as a growth of the boundary
layer in the Schlieren photographs not only because the momentum thickness
increases but also because the optical properties, particularly the position
of the maximum density gradient, change. The heat transfer distribution in
the transition region exhibits an intermittent character as illustrated in
Figure 2-73, which shows records from the gages positioned along the model. The
first indication of transition appears as ''spikes' in the records as indicated
at Station 1 in Figure 2-73. The magnitude and frequency of these '"spikes" in-
crease with downstream distance until at the end of the transition process
they coalesce to give a larger heating rate with considerably less inter-
mittency. The heat transfer measurements also suggest that secondary vortices
are developed as the major disturbances move down the cone. Spatial and
temporal correlations of these measurements suggest that close to their point
of origin the disturbances are convected downstream at a little under half the
free stream velocity, while toward the end of transition this figure has risen
to approximately 85% of the free strcam velocity. The regular instabilities
which preceed transition can be seen more easily in Figure 2-74, taken under
conditions where we lowered the Reynolds number to delay the start of transition.
Close examination reveals that instabilities of this kind always preceed

transition, and in some cases can be classed as turbulent bursts as illustrated

2-6




MOTd JINOSH3IdAH NI H3IAVT AHVANNOS TVIINOD V 40
NOILISNVHL 40 LNIWdOTIAIA IHL ONIMOHS HdVHOOLOHd NIHIITHIS €L-Z aanbiy

] .

SLSHNY INITNBYHNYL

SILINTIGVLSNI VINO3Y
40 ONINNID38

$31003 LN3TINBYNL

40 NOILYWHOA
t/ou»m._n_s_oU

NOILISNVYHL

MOT4 JINOSHIJAH NI HIAV1 AHVANNOE TVIINGD. -5
v 40 NOILISNVHL 40 INIWJOT13IAIA IHL DNIMOHS :a<zco.5xm¢wnm5:8<




SIILITIGVLSNI SSOHO FHL ONIA3I3UHd HIAVT AHVYANNOS
3H1 40 3903 IHL LV SIILITISVLSNI ., INIT-3AVM., 40 NOILVIWHOS #L-Z eanbiy

x

goL *z't  Ld Y 5E1L W
o€ D'30N3AION]I 13AQ0W vy ON NNY

NOILISNVY YL
ONIQ3ID3IHd S3ILINIBYLSNI
IXNIT IAVM,

JHNOId ONIMOTT04 IHL NI NMOHS S3111T18VLSNI SSOHO IHL DNIA303Hd
HIAV ] AHYANNOSY FHL 40 3943 FHL 1V S3ILITIEVLSNI ..3)1T7-3AVM,, 40 NOI LVINHOS




N N A N IR Srare ey . .

in Figure 2-75. Our studies suggest that the instabilities originate at the edge
of the boundary layer as demonstrated in Figure 2-76. We believe these disturb-
ances are basically three dimensional in character, possibly a streamwise
vortex system, which breaks up into random motion as transition develops.

2.4 FACTORS INFLUENCING THE TRANSITION REYNOLDS NUMBER

Since the early studies of Osborne Reynoldsz, it has been recognized
that the transition of boundary layers or free shear layers from laminar to
turbulent flow is influenced by both the local Reynolds number and by the
level of internally generated or background disturbance. Thus, experiments
to define a specific transition Reynolds number, for given model configuration
and free stream conditions, are of little general value unless it can be shown
that the instability modes of the boundary layer remain unexcited by disturbances
in the free stream or respond to stronger disturbances generated, for example,
by surface roughness. While the transition Reynolds number can be influenced
by disturbances generated on the model or in the free stream, such disturbances
do not appear to influence the basic mechanisms involved in the transition
process. However, a high degree of background noise may trigger instability
modes which '"by-pass'" the weaker modes such as the Tollmien-Schlichting2

instability.

The studies of Pate and Schuelers, and the extensive measurements
made at NASA Langley4, have demonstrated that in conventional supersonic wind
tunnels, the Reynolds number at which transition occurs is strongly influenced
by the fluctuating pressure level in the free stream. Pate and Schueler further
demonstrated that the level of pressure fluctuation could be related to geo-
metric features of the tunnels and the characteristic of the boundary layer on
the tunnel walls. A direct result of Pate and Schueler's studies is that a de-
crease in tunnel size for the same free stream conditions should result in a
decrease in the transition Reynolds number. Thus, when we compared our trans-
ition measurements obtained in the 96'" shock tunnel, equipped with a 24"
diameter A nozzle, with those obtained in the same tunnel equipped with the

48" diameter D nozzle, we anticipated a significant difference. However, as
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demonstrated in Figure 2-77, where we have plotted Rea0 versus the free-
stream unit Reynolds number, the Pate and Schueler scaling does not appear to
apply, even though a unit Reynolds variation is evident. It should be mentioned
that the Calspan studies were conducted at Mach numbers and Reynolds numbers
well above those used by Pate and Schueler in their studies. As a result, we
believe that in our test environment, the magnitude of the noise radiated
from the walls and its intensity on the tunnel axis was significantly less
than those found in the experiments analyzed by Pate and Schueler. Transition
Reynolds numbers of over 200 x 106 are predicted if the Pate and Schueler
correlation is extrapolated to the tunnel configurations and free-stream test
conditions at which our studies were performed. Clearly, such values are well
in excess of physical meaningful quantities. Thus, it was not surprising

to find that the measurements made in the Calspan studies fall below the Pate
and Schueler correlation as shown in Figure 2-78. These results suggest that
in our studies, pressure fluctuations resulting from acoustic radiation from
the tunnel walls may not be a dominant disturbance in the free-stream. Thus,

the position of transition on the model examined in the present study may be

controlled by disturbances more complex than simple acoustic noise. It remains
to be determined whether transition can be related to the fluctuating pressure
level in the free stream, which, in turn, might be related to fluctuations in
the reservoir conditions. However, because of the large expansion ratios in
the A and B nozzles, we must look to fluctuations in the enthalpy in the
reservoir, as opposed to velocity fluctuations, as a potential source of free

stream disturbances.

One of the most successful formats that we have found for comparing
and correlating the transition measurements made in the 48" and 96'-shock
tunnels at Calspan with measurements from ballistic ranges and flight tests
has been in terms of the Reynolds number based on local momentum thickness
and the local Mach number MLOCAL' A correlation of the transition measure-
ments made on sharp cones and flat plates in the present and earlier studies at
Calspan, flight measurements reported by TRW, and measurements in the ballistic
ranges at AEDC and NSWC are shown in Figure 2-79. We see that there is rela-

tively good agreement between the shock tunnel measurements and those obtained

p—

in free flight. A further comparison between our measurements and those made
2-12
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in the more recent studies of Redas, plotted in terms of the unit Reynolds

number, local Mach numbers and wall cooling ratio, Tw/T b’ are shown on

Figures 2-80 and 2-81. Again, we find relatively good agreement between the
two sets of measurements. In common with the studies of Potter6, Sheetz7, and
Reda , we observe a unit Reynolds number effect as shown in Figure 2-82.
Further comparisons with the measurements of Krogmann and Stetson9 are shown
in Figure 2-83. The source and significance of the unit Reynolds number effect

has been the subject of extensive debate. However, while the analysis of

Morkovin10 and Reshotko11 have suggested that the unit Reynolds number effects
may be traced to a sensitivity to the non-dimensional frequency ( Uez / e i
or the wavelength of the disturbance ( U,/ ¥, ), in reality, the disturbance
inducing transition may stem from a superposition of a number of different

mechanisms.

Experimental studies of boundary layer transition on hypersonic flows
have demonstrated that it is difficult to induce transition in such a manner
that the boundary layer downstream of the trips approaches the characteristics
of an "equilibrium'" turbulent boundary layer in a distance significantly less

than if a natural transition had been allowed to occur. The experimental
5 -
studies of Morrisette, Stone and Caryl“ at Langley, and studies at Calspanla,

have suggested that while trips were found disturbing a highly-cooled laminar
boundary layer on sharp cones, causing an increase in the local values of

skin friction and heat transfer, the Reynolds number at the point where the
boundary layer exhibited the characteristics of a ''fully turbulent boundary
layer'" was almost identical to the value calculated for a natural transition.
Further, Morrisette, et al., found trip-induced disturbances persisted well down-
stream of transition. Measurements of heat transfer for the tripped (with surface
roughness) and untripped boundary layers over a sharp cone demonstrate that
although roughness causes an increase in the heating rate immediately behind

the trips, the heat transfer to the cone beneath the tripped and untripped
boundary layer reaches the turbulent values at approximately the same

distance downstream. This result suggests that in high speed-highly cooled

flow, a turbulent boundary layer will develop only when the Reynolds number

is large enough for the turbulence to be self-sustaining. Thus, following

2-16

o s e e




TR S R WA e

2
SOURCE | SYM. | 0. | M | My | T/ Tanle U, /v 4 1/SEC. FACILITY

REDA O |[s° |44 | a2 | 22 28-1.66x 10" RANGE
KROGMANN |~~~ | s° 5.0 4.7 .79 - .67 .08-0.42x 10" LUDWIEG TUBE

0 A7-.23 11-029x 107

O .26-.37 .09-0.26 x 10
STETSON 8° |55 | a9 e SHOCK TUNNEL

JAN .42- .50 14-0.17x 1011

O 57 0.18 x 10

10.2 -

ST & | & [132 |05 | 43 41x108 SHOCK TUNNEL

T

END -—-.—O— -.—-6— - --@

(2)
(BURSTS)

8
@O

BEGIN - -\ ﬁ- ________

8
o

Rerr 3)
3 O O (LAMINAR)
; 8 @ D
PRESENT RESULTS ARE PRIMARY-RAY DATA (9<45°)
CORRECTED FOR 9>0°,a>0° AFTER POTTER
106 | . 1 )e A 1 V- L i e e =1 1 -
10° : G 107
e
( a7 ) 1/INCH
v
e

Figure 2-80 TRANSITION REYNOLDS NUMBER VS. UNIT REYNOLDS NUMBER;
PRESENT DATA VS. KROGMANN AND STETSON

2-17

b b




!ﬂw\-m;.-ﬁw.

SOURCE | sym 0 | Mo | My | ug/ve 1N u,2/v,, 1/sEC FACILITY
A a4 | a2 2.82x10% | 1.04-1.66x 10"
REDA 5° - 71| RANGE
O a5 | a3 0.94 x 10% | 0.39-0.53x 10
~3.0x 108 ~20 x10'
10° 5.0 4.3 s 11
~0.8x 10 ~0.53x 10
POTTER - 7] RANGE
8 ~3.0x 10 ~0.90 x 10
10° 2.3 2.1 s .
a ~0.9x 10 ~0.27 x 10
SHEETZ O 5° | a9 | 46 | ~22x10% | 13 -29 x10'" | RANGE
PRESENT 10.2 - 6 1 SHOCK
g & e | 132 e 41x10 34x10 ki
2
A A
107 e (3
9} ",8 (LAMINAR) AA
8- F AR A
E <> N
6 L (LAMlNAR) {BURSTSI
. 4 % l @
) 8
R‘TR
3
2 -
PRESENT RESULTS ARE PRIMARY-RAY DATA ( 9 <45°)
CORRECTED FOR @ > 0°, & > 00, AFTER POTTER
108 ] . 1 | |
0 1 2 4 5 6

(TW/T aW)e

Figure 2-81 TRANSITION REYNOLDS NUMBER VS. WALL-TO-ADIABATIC WALL
TEMPERATURE RATIO; PRESENT DATA VS. POTTER AND SHEETZ

ARSI i IS5 7 R A B I B 0

2-18




AT &

[ e

fed =4 P EE EE e

2
SOURCE SYM. bc | Moo | M (Tw/Tawle U/ v, 1/SEC. | FACILITY
REDA (@] 5° | 44 4.2 .22 .28-1.66x 1011 | RANGE
— 190" 1 Bo. | a3 .19 42-5.27x 1017 | RANGE
POTTER ia
—_ — | 10° 23 2.1 .52 .17-1.00 x 10 RANGE
SHEETZ O 5° | 5.0 4.8 .19 1.40-1.71 x 1011 | RANGE
PRESENT 10.2 - 1 SHOCK
STUDY a 6° | 132 b 14 .34x 10 TUNNEL

PRESENT RESULTS ARE PRIMARY-RAY DATA (9 <45°)
CORRECTED FOR® >0°, & > 0° AFTER POTTER

V)
= LEAST-SQUARES FIT OF PRIMARY-RAY DATA,(—y—e) > 105/IN.
e

107 }—
A o L
L U (2
& 7 (gursts)
> 6 -~
RetR |- we T oa
] / ;LAMINAR) //
7
oy S
POTTER o 7
= (n=0.63) g
7
106 [ [} 1 [ | 1 1 IIL (] 1 [ 1 1 1
105 106

U.
(W 1/INCH

Figure 2-82 TRANSITION REYNOLDS NUMBER VS. UNIT REYNOLDS NUMBER;
PRESENT DATA VS. POTTER AND SHEETZ

2-19

107




T AT

2
SOURCE SYM. b | M | M, Uy/V ¢ 1IN. U, / v, 1 SEC. FACILITY
N a4 | a2 2.82x 108 1.04-1.66x 10"
REDA 5° o RANGE
@) 45 | 43 - 0.94 x 108 0.39-0.53x 10
STETSON O 8° 55 | 49 | 0.17-0.48x10% 0.09-0.29'x 10'' | sHock
TUNNEL
Tk 6 . T .
kil 50 N B 0.46 x 10 0.13-0.18 x 10 #3221 EG
T 0.33-0.79 x 10° 0.13-0.25 x 10"}
PRESENT o | 132 [92-] 41x10® 34 x 10" SHOCK
STUDY a s 2 |05 : 2 TUNNEL
2
107 }— AN
9 -
; (3) (LAMINAR) 16 AN END
— ad A feL =l
1+ @ O S |
& (BURSTS) AR 10 .98
6 L‘ e
5 0 .
1s e U
Rerg 0 8 BEGIN
i 9,08
ds Y
2 -
PRESENT RESULTS ARE PRIMARY-RAY DATA (@< 45°)
CORRECTED FOR ¢ >0°, a>0° AFTER POTTER.
106 ) 18 1 | o | 1 4.
0 1 2 3 4 5 6 7
(TW/T lW,e

Figure 2-83 TRANSITION REYNOLDS NUMBER VS. WALL-TO-ADIABATIC WALL
TEMPERATURE RATIO; PRESENT DATA VS. STETSON AND KROGMANN

2-20




i

-

b

Bradshaw14, we can examine the lowest Reynolds number where turbulence can be
self-sustaining by comparing the energy or shear stress-producing eddy size
with the dissipation-scale size. When these scale sizes are equal or overlap,
production and dissipation can exist in equilibrium; however, if the Reymolds
number is too low, then dissipation will dominate. This criteria can be
expressed in terms of an eddy Reynolds number Rej which is derived by taking
the ratio of the scale size of the energy containing eddies, A [ = (r/p)’@/E 1,
and the Kolmogoroff scale size, [z)’/Elh], which becomes ReA = (WA Y )

and must exceed 30 for turbulent equilibrium flow. In hypersonic boundary
layers, Demetriades15 has found that w'®0.02 U, and A = 0.18; thus by
evaluating « at the edge of the sublayer of a turbulent boundary layer, for

a momentum thickness equal to that determined at the beginning and end of
transition, we obtain the two correlations of flat plate data shown in

Figure 2-84. Here we have used the correlations of J', d*and 6 generated

by wallace16 and presented in Figure 2-85. Our measurements suggest that
transition is complete by Re, = 50, and transition begins at approximately
Re, # 25. We observe that the magnitude of R, is in good agreement with
Bradshaw's figure, and this parameter appears independent of Mach number.

However, as shown in Figure 2-84, a small unit Reynolds number effect remains.

2.5 INFLUENCE OF ANGLE OF ATTACK AND BLUNTNESS ON TRANSITION PATTERN

To understand when and how wind-fixed transition can influence the
stability of slender sharp and blunted cones, we must first examine how the
shape of the transition front varies with angle of attack and bluntness ratio.
The effect of angle of attack is to increase the Reynolds number and decrease
Mach number on the windward ray and decrease Reynolds number and increase
Mach number on the leeside ray. Cross flow effects act to decrease the mo-
mentum thickness on the windward ray and increase it onthe leeside ray; thus,
depending on the angle of attack and bluntness ratio, the product of the unit
Reynolds number and the momentum thickness on the windward and leeward rays

Re and Re, will undergo significant variation. In earlier experimental studies,

L
it was observed that for small bluntness ratios, increasing nose tip bluntness
caused an increase in the transition Reynolds number while at large bluntness

ratios the opposite trend occurred. Nose tip bluntness influences the position
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at which transition takes place on the surface of the cone by influencing the
local Mach number, Reynolds number and momentum thickness of the boundary layer,
as well as the local streamwise pressure gradient. The studies of Stetson and
Rushton9 and others demonstrated that the position of boundary layer transition
on the frustum of a blunted cone can be related to the distance to the point
where the entropy layer is swallowed into the boundary layer. Plotted in this
format (see Figure 2-86) Stetson's and Rushton's measurements show the strong
stabilizing effect of small bluntness on transition Reynolds numbers and a
lesser effect for high biuntness conditions. Finson17 has demonstrated that
plotting such measurements in terms of the Reynolds number based on momentum
thickness rather than the length Reynolds number (see Figure 2-87) gives a
monotonic variation with non-dimensional transition distance, which demon-
strates a continuous decrease in Reynolds number based on momentum thickness
with bluntness ratio. For both sharp and blunt bodies, the Reynolds number
based on local momentum thickness appears to be one of the most successful
correlation parameters for correlating transition; thus, in correlating
transition measurements on cones with angle of attack, this parameter would

be a logical first choice.

In the present experimental studies we made measurements of both the
mean and fluctuating components of the heating rates along the cone frustum
and obtained high speed Schlieren photographs of the cone boundary layer to
enable us to most accurately define the beginning and end of transition.

While in the correlations presented here, we have used all three observations

in determining transition, for consistency we have defined the beginning of
transition as the point on the model surface from which there is a monotonic

and uniform rise in the time-averaged heating rate (see Figure 2-88). 1In
general, this coincides with the point at which Schlieren photographs show an
irregular increase in the growth rate of the boundary layer. However, as noted
earlier, we do observe turbulent bursts and the associated transients in the out-
puts from the thin film gages, which coincide with the presence of systematic
"wave like'" disturbances upstream of points at which Schlieren photographs show
an irregular increase in the boundary layer thickness. However, the time aver-

aged increase in heating rates beneath such bursts is small, and, thus, we have
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noted their presence as a precursor to transition rather than a definition of it.

The distributions of pressure and heat transfer along and around the surface of

the cone obtained during these studies are shown in Figures 2-3 through 2-57,
and the shape of the transition fronts selected in conjunction with those

measurements are shown in Figures 2-58 through 2-72.

The variation of the position of the beginning of transition on the
windward and leeside rays with angle of attack for a sharp 6°-cone is shown in
Figures 2-89 and 2-90, together with earlier measurements made on similar cones
but at a lower Mach number. These measurements demonstrate that the transition
point on the leeside of the cone moves forward with increasing angle of attack
while the transition point on the leeside ray moves toward the base of the cone.
The shapes of the transition point obtained in our studies with sharp cones
are compared with similar measurements from earlier studies conducted at lower
Mach numbers. A unique feature of the shape of the transition points deter-
mined in the present study was the position of the most aft transition point(s)
which occurred on the 90° and 270°-rays rather than the windward ray as

observed in the earlier studies (see Figure 2-91).

The measurements of the varijation of the position of transition on
the windward and leeside ray with angle of attack made in the present and
earlier studies with 6%-blunt cones are shown in Figure 2-92. Here we observe
the transition moves toward the tip on the windward ray, while there is a
rearward movement on the leeside ray. The shapes of the transition fronts on
the cones with the blunt nose tip are shown in Figure 2-93. These configura-
tions show a relatively narrow wedge-like transition region extending forward
on the windward ray with a relatively flat transition front extending from the
90° to the 270°-ray around the leeside of the body.

In the analysis of transition measure obtained on sharp flat plates
and cones, we found that the Reynolds number based on the local momentum thick-
ness (Ree ) provided the best correlation of both wind tunnel and flight measure-
ments in hypersonic flow over highly cooled walls. Thus, following Finson, we

have plotted the measurements made in the present studies together with those
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from earlier work in terms of the Reynolds number local momentum thickness

and the local Mach number for both sharp and blunt bodies (see Figure 2-94).

The values of the momentum thickness used in these plots were determined
from computer solutions using the GE-3DSAP and Adams codes together with
measurements from the Schlieren photographs obtained in our studies. It can

be seen that for both sharp and blunt configurations, that (Rey /Rey, ;%L is

relatively independent of angle of attack. Thus, for sharp cones it may be
observed that transition moves forward on the leeside ray principally because
of the large increase in the momentum thickness, while on the windward ray the
effects of cross flow and higher unit Reynolds number combine to cause a
decrease in the momentum thickness. For the blunted cones, the entropy layer
is swallowed more rapidly on the windward rays, and consequently, the Reynolds
number based on momentum thickness is increased and transition moves forward

relative to its position at 0° angle of attack.
2.6 EFFECTS OF TRANSITION ON AERODYNAMIC STABILITY

In this study, we found that the changes which occurred in the forces
and moments, which were developed as boundary layer transition moved onto the
cone frustum, while small, had a measureable effect on the aerodynamic stability
of sharp and blunted cones. In this program, we attempted to place transition
onset (by varying the unit Reynolds number of the freestream) on the sharp
and slightly blunted cones such that it fell on the leeside ray just behind
the center of pressure of the unperturbed cone. From our observations of
the geometry of the transition front, it was anticipated that this configuration
would provide the greatest destabilizing effect. On the 18% blunt configura-
tions, we positioned the most rearward location of transition front (which
occurred on the leeside ray) at the base of the cone. A tabulation of forces
and moments recorded in the present study and associated with the heat pressure
transfer measurement are presented in Tables 2-6, 2-4 and 2-5, respectively.

The corresponding distributions of heat transfer and pressure are plotted in

Figures 2-3 through 2-57,
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As transition moves onto the frustum of the sharp and slightly
blunted cones (rn/Rb = 0.6%), the small increase in surface pressure, which
acts to reduce the normal force at the base of the cone, combined with the
increase in skin friction to the leeside of the frustum, which created a
positive pitching moment, produces a destabilizing pitching moment. Our
pressure measurements suggest that the pressure rise through the transition
region is less than 5% of the local cone pressure and the destabilizing
moments resulting from the increments on pressure and skin friction are of

comparable magnitude.

Transition moves first onto the windward surface of the 18%-blunt
cone models and the local increase on pressure and skin friction combine
to yield a negative or stabilizing pitching moment about the CG. Again,
calculations in which the pitching moment associated with the increased
skin friction was determined from the measured heat transfer rates (assuming
a Reynolds analogy factor of 1) and transition patterns demonstrated that
transition-induced increments in pressure and skin friction gave restoring
moments of roughly equal proportions. Taking the force and moment measure-
ments and determining the increments in the moment in the center-of-pressure
resulting from transition, we obtain the results shown in Figure 2-95. Here
we have selected cases where the transition region was positioned on the
core in an attempt to obtain the maximum destabilizing or stabilizing

effects.

We observe, as discussed earlier, that boundary layer transition
exerts a destabilizing effect on the sharp and slightly blunted configurations,
and this is manifest in the forward movement of the center of pressure
(48X p/L) of between 3% and 5%. Transition on the blunt configuration
is stabilizing, and incremental movements of the center of the center of
pressure as large as 5% were recorded. It should be reiterated that we
have studied only the incremental changes in forces resulting from transition
on non-ablating configurations, and it might be anticipated that the forces
induced by the growth of a transition region enhanced and shortened by ablation

could be significantly larger for the equivalent non-ablating body.
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During the studies of asymmetric shaping effects (described in
Section 3), we observed that transition occurred on the conical frustum behind
the 45° blunt, NRV and RTE nose tips at Reynolds numbers significantly less
than those for the smooth spherically-capped configuration of the same blunt-
ness ratio. The transition regions developed behind the discontinuities at the
interactions between the flat and beveled faces of the 45°-blunt nose tip
tsee Figure 2-71) is an example of a frustum transition induced by dis-
continuities in the nose shape. It is believed that the streamwise (or
longitudinal) vortices generated at such discontinuities in nose shape
directly excite the basic vortical instability modes of the boundary layer,
inducing early transition. The dramatic forward moment of transition behind
the NRV and RTE nose tips may also result from excitation promoted by stream-
wise vortices developed in these grooved configurations. Clearly, these
measurements suggest that small discontinuities in the surface of the nose
tip which induce streamwise vortices could also lead to the generation of
wedge-shaped regions of "body-fixed" transition. Such "body-fixed" transi-
tion regions could well induce greater perturbations in the aerodynamic

stability of the cone than the "wind-fixed" regions we have just studied.
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N 15 SYMBOL RAY
a4 il (m] 0 deg (BOTTOM - WINDWARD)
l X 90 deg
22 Y 135 deg
28 ] 180 deg (TOP - LEESIDE)
l v + 270 deg
& e T 315 deg
Nos )
[ )
' y 1 B 1 8 B
B % E i T T
l ] " Y
a x
l . a % i . x
8 S Y >
. -] (-] Y
I B <} ] ] ]
Y
£ 2
e T 4 - & 5 2 12 9 18 18 =28 _
2 DISTANCE ~ INCHES ‘
- a. HEAT TRANSFER DISTRIBUTION
B
1.4t
L E‘L
1.8+ a8
-
E c]
1 a. Bﬁ' [c] o]
| o]
‘ u
i E
| na. E+
; u
| !
|
; | .44 &
e SYMBOL RAY
; ey @] 0 deg (BOTTOM - WINDWARD)
| 5 o] 180 deg (TOP - LEESIDE)
- 2 v [ =B ) 12 Ty 16 ) 2|
- T DISTANGE - [NCHES
I b. PRESSURE DISTRIBUTION
P i Figure 2-16 MEASUREMENT ON 6° CONE MODEL FOR NRV NOSE CONFIGURATION —
| ;: M, =113, Re/FT=1.0x107, ¢ =2°67'
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SYMBOL RAY
a 0 deg (BOTTOM - WINDWARD)
X 90 deg
RUN 16 Y 136 deg
o G 180 deg (TOP - LEESIDE)
v + 270 deg
H 'a T 315 deg
E 16 a
& 8
N\ (L] e ) [5] -]
.:_ -] T T
e 12 i -] t T
1 a x
124 Y X +
a * X ‘
a
e | O
.+ -] ] Y8 L] X %
(VP §
2+
2 [ ] 8 12 ) e 18 2
} DISTANCE - INCHES
a. HEAT TRANSFER DISTRIBUTION
mz.ah
a SYMBOL RAY
& (m] 0 deg (BOTTOM - WINDWARD)
R | o] 180 deg (TOP - LEESIDE)
W
£ B
mri.2+
n
g
o
2.8t e 8 a a .
2.4+ 8 8 a
—aa + + + —— — . + +
2 [ [-] e 12 1y 16 re 28

DISTANCE - INCHES

b. PRESSURE DISTRIBUTION

Figure 217 MEASUREMENT ON 6° CONE MODEL FOR RTE NOSE CONFIGURATION —
M, =114, Re/FT=11x107, a=2°57'
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l SYMBOL | RAY
RUN 17 n] 0 deg (BOTTOM - WINDWARD)
204
] X 90 deg
' ¥ et Y 135 deg
H sl o] 180 deg (TOP - LEESIDE)
A + 270 deg
l é nu: : T 315 deg
a +
e 124 p ‘ : - .
. -] e 8 2]
18 a ! 3 ] T
s Y X ¥
et . ] 8 te ]
a
5 (£ 3
ut
27
9 ‘2 ‘-| ; ; ;T li (R IAE IAB 2‘8
1 DISTANCE - INCHES
a. HEAT TRANSFER DISTRIBUT!ON
x.w%
1 .EJr
1.a¢
-
1 n
L2 5]
1 a.a+ a -
. W
a
- a a.&6+
g <]
.. T a
2.4+
i SYMBOL | RAY
@.2¢ 0 0 deg (BOTTOM - WINDWARD)
T a 180 deg (TOP - LEESIDE)
e —a + —— + ——t + . + + —
2 4 - a8 s 12 4 1§ -] -] 22
‘«- DISTANCE ~ INCHES
b. PRESSURE DISTRIBUTION
T Figure 2-18 MEASUREMENT ON 6° CONE MODEL FOR RTE NOSE CONFIGURATION —
- My =114, Re/FT=1.1x107, @ =1°
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RUN 18

22
B SYMBOL | RAY
284 a 0 deg (BOTTOM - WINDWARD)
X 90 deg
184 Y 135 deg
a 180 deg (TOP - LEESIDE)
164 + 270 deg
i 315 deg
v “L
§ .
.
N2 8 T
£ " LI »; ¥
c ! e ¥ 5 ! X
LI 1 . a g o
a
&+
LR s
24
2 ” 5 [} 2 12 Ty ) ) R
4 DISTANCE - INCHES
a. HEAT TRANSFER DISTRIBUTION
1.y
SYMBOL RAY
] 0 deg (BOTTOM - WINDWARD)
Ll a 180 deg (TOP - LEESIDE)
1.3t
T
n
T
1 2.8+ 8
y . :
g
3
ma. st < 5 a
W
a
T a
a.ut
a.2+4
2 Y & 8 1a 12 1y 16 e za
DISTANCE = INCHES

b. PRESSURE DISTRIBUTION

Figure 219 MEASUREMENT ON 6° CONE MODEL FOR NRV NOSE CONFIGURATION —
M_ =113, Re/FT=1.0x 107, @ = 1°
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SYMBOL | RAY
I i [)? 9: :: (BOTTOM - WINDWARD)
w. Y 135 deg
u b aQ 180 deg (TOP - LEESIDE)
l s ot 270 deg
a!b
- e 315 deg
3 B
I . a 8
[ ] | {3 a 9 B8
. T T T
® - + v
X
I Y i - I * 5 :
C - ﬂ 4.
é et 5 R
[
]
- & — e — +— — +— + — . —t
2 L] B8 - ] 18 12 4 18 18 28
- DISTANCE ~ INCHES
T a. HEAT TRANSFER DISTRIBUTION
a.7+
ST a. S-F
a. S-P
™ €
n
c» o
| 8.4t a
1T W a
£ a ) - ®
< E 2.3+
W
— [ 4
[ a
i 8.2¢4
E E
T 2.1 SYMBOL | RAY
5 0 0 deg (BOTTOM - WINDWARD)
0] 180 deg (TOP - LEESIDE)
-
i '] 2 q & ] ] 12 Iy s s 28
DISTANCE = [INCHES
I b. PRESSURE DISTRIBUTION
Figure 2-20 MEASUREMENT ON 6° CONE MODEL FOR NRV NOSE CONFIGURATION —
l M. =110, Re/FT=4.2x 108, @ =20 58’
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I RUN 20
(] L]
-]
[ :
a8
"T ® : : 2
a
| |
5 1] -] L ¥ a '
Y
8 4 Ao N
N a L 8 8
| w +
-
N\
2
@ &t | symeoL RAY
. a 0 deg (BOTTOM - WINDWARD)
i X 90 deg
Y 135 deg
aQ 180 deg (TOP - LEESIDE)
T + 270 deg
= 315 deg
2 9 & 18 12 14 16 18 Y
DISTANCE -~ |INCHES
a. HEAT TRANSFER DISTRIBUTION
b
1.44
1.2+
c ] .BT
.
| 8.8t
¢
aa &+ a i E
g . § 2
o
a. "TF
SYMBOL RAY
8.21 ] 0 deg (BOTTOM - WINDWARD)
0] 180 deg (TOP - LEESIDE)
2 Y ] e 'a 12 'y -1 -} 22
DISTANCE -~ !NCHES

b. PRESSURE DISTRIBUTION

Figure 221 MEASUREMENT ON 6° CONE MODEL FOR RTE NOSE CONFIGURATION —
M, =113, Re/FT=1.1x107, ¢=0°2
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244 | SYMBOL RAY RUN 21
[w) 0 deg (BOTTOM - WINDWARD)
X 90 deg
v 2a+ Y 135 deg
W aQ 180 deg (TOP - LEESIDE) L
e -+ 270 deg "
N o1ep T 315 deg
. 0]
3 .
: aP
l a [}
aﬁ; 8 o T
% T T
+
ut A ¥ X ¥ ¥
¥ Y Y
| ] Y Y
. @ & a & L » 3
) 2 4 & a 2 12 ™ ) ) 2
DISTANCE - INCHES
a. HEAT TRANSFER DISTRIBUTION
Te
1.44
bie E]E
a
1.3+ a
-
n a
v a i i
, 8.8+ o]
"
[ 4
@a.s4
g ]
£ @
8.44 8
SYMBOL RAY
e 0 0 deg (BOTTOM - WINDWARD)
o] 180 deg (TOP - LEESIDE)
? 2 4 & & 2 12 a s e 22
DISTANCE - INCHES

b. PRESSURE DISTRIBUTION

Figure 222 MEASUREMENTS ON 6° CONE MODEL FOR 21% SPHERICAL NOSE
CONFIGURATION =M, = 11.4, Re/FT = 1.0 x 107, a = 20 56’
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SYMBOL RAY
0 0 deg (BOTTOM - WINDWARD) RUN 22
X 90 deg
Y 136 deg
:q+ (O] 180 deg (TOP - LEESIDE)
+ 270 deg :
T 315 deg
v ’.0 +
u
a
®
L Y M
N T Y X x
+
1 a3 + 8
b k p4 x |
2 12 + (]
! [
e
a 8 a
n a
a a T 8
u a8 a 8 a ; a8 T! . %
+
2 + + + - + +— 4
T a Y ] ] a 12 ™y ) ) 28
DISTANCE - INCHES
a. HEAT TRANSFER DISTRIBUTION
1.8¢
&
n
o
, 8.8+
W
] s a .
m 2.64 a a a
i B 7
o
2.4t
SYMBOL RAY
ot | 0 0 deg (BOTTOM - WINDWARD)
o] 180 deg (TOP - LEESIDE)
—a ui—-- - — - + +— —+ + + + + + '
e 2 Y 4 a 12 12 1y 16 18 2n
DISTANCE - |NCHES

b. PRESSURE DISTRIBUTION

Figure 2-23 MEASUREMENTS ON 6° CONE MODEL FOR 6%, 0° BLUNT NOSE
CONFIGURATION — M, =113, Re/FT = 1.1 x 107, @ = 0°
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T [SymBoL | RAY
a 0 deg (BOTTOM - WINDWARD) + RUN 23
22+ X 90 deg
Y 135 deg
a 180 deg (TOP - LEESIDE)
aar + 270 deg
T 315 deg
lﬂ-r > x x
+ Y
164 X + X
Y
*
ML v
un T
N
t lz<> T Y
3
¢ 197 Y
a ]
1 8¢
a » a
a
" . - 8
a @ L
Y . 8 a
] a a 5] a
2
- > + —+ —— — N ‘ -
'] 2 Y B a 1@ 12 Y ) ) 22
T DISTANCE - [INCHES
a. HEAT TRANSFER DISTRIBUTION
1 .84
T
a
i o
,@.8¢4
i W
g a a E
T ﬁ 2.6+ a B8 B
n 3
a 3
- T a
o
- 2.4+
0 o oL | SYmeoL | Rav
- ; (m ] 0 deg (BOTTOM - WINDWARD)
a 180 deg (TOP - LEESIDE)
i. > a5 E'S & 8 Y] 'z Tq 16 18 22 o
e DISTANCE -~ INCHES
- b. PRESSURE DISTRIBUTION
M Figure 224 MEASUREMENTS ON 6° CONE MODEL FOR 6%, 45° BLUNT NOSE

CONFIGURATION — M = 11.4, Re/FT = 1x 107', T=0°5
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Figure 2.25 MEASUREMENTS ON 6° CONE MODEL FOR 6%, 0° BLUNT NOSE

b. PRESSURE DISTRIBUTION

CONFIGURATION —M _ =11.3, Re/FT = 1.0 x 107, ¢ = 0° 5*
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SYMBOL RAY
a 0 deg (BOTTOM - WINDWARD)
X 90 deg RUN 24
Y 135 deg
- a8+ S 180 deg (TOP - LEESIDE)
W -+ 270 deg
. T 315 deg
N e}
[ ] a
N C a
E .
x
8 12+ s S
! ] X T
[ ] L] + T
T
., o
Y Y
’ Y a
i - a 3 R . s .
+
2 s a T3 12 - ] 18 22
DISTANCE - INCHES
a. HEAT TRANSFER DISTRIBUTION
.2+
g
n
'8
, 8.8t
u o]
T a a |
=] ]
g a.ay a a
¥ B
'
2.4+
L SYMBOL RAY
. [m] 0 deg (BOTTOM - WINDWARD)
] 180 deg (TOP - LEESIDE)
Lhira 2 & a e 12 ™ ' e s
DISTANCE -~ INCHES




DISTANCE - INCHES
b. PRESSURE DISTRIBUTION

SYMBOL RAY
12 [w] 0 deg (BOTTOM - WINDWARD) RUN 25
L X 90 deg
Y 135 deg
et S 180 deg (TOP - LEESIDE)
M + 270 deg
- T 315 deg .
LT ST 0
[ 8 a
N
P B W ] .
| ] Bt T
T
. X : [
X x
3
1 o - + 3 §
Y
8
a Y y 8
21 F i = - = ] X
B 4 —- —— — . + e -+ + 4- ——
[] 2 Y & [ a 12 ™ s 0] 2@
DISTANCE - INCHES
a. HEAT TRANSFER DISTRIBUTION
i
!
LY+
.21
1.3+
T
3 a
a 1
| 8.8+ ol a a
W o] o] a
B
no.st a
a
g el
Y a
3.4+ cl o
. | symsoL | RrAY
a.z+ a 0 deg (BOTTOM - WINDWARD)
; S 180 deg (TOP - LEESIDE)
|
IR

Figure 226 MEASUREMENTS ON 6° CONE MODEL FOR 21% SPHERICAL NOSE

CONFIGURATION =M _, =114, Re/FT=1.0x 107, ¢=20%"
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SYMBOL | RAY
0O 0 deg (BOTTOM - WINDWARD) AUN 26
X 90 deg
- Y 135 deg
- Q 180 deg (TOP - LEESIDE)
g + 270 deg
- o 315 deg
a
.
| +
1 . l 8
- ’ s ! 8 %
a ] § 8
E} o ) '8 12 nm s e 22
PISTANCE -~ INCHES
a. HEAT TRANSFER DISTRIBUTION
a.34
i
.
Ay a
a <
, 8.2+ . a
W a
4
:
u
n
W
H
a1l
SYMBOL | RAY
i a 0 deg (BOTTOM - WINDWARD)
Q 180 deg (TOP - LEESIDE)
—aa + — —¢ +— + + - P v
2 Y -1 8 ia 12 4 16 18 28
DISTANCE - INCHES

b. PRESSURE DISTRIBUTION

Figure 227 MEASUREMENTS ON 6° CONE MODEL FOR 6%, 0° BLUNT NOSE
CONFIGURATION —M_ =109, Re/FT =2.4 x 108, ¢ = 00 3
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Figure 2-28 MEASUREMENTS ON 6° CONE MODEL FOR 21% SPHERICAL NOSE
CONFIGURATION -=M__ =11.0, Re/FT =4.0x 106, =303

b. PRESSURE DISTRIBUTION
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SYMBOL | RAY
2 0 0 deg (BOTTOM - WINDWARD)
X 90 deg RUN 27
Y 135 deg
51 a 180 deg (TOP - LEESIDE)
+ 270 deg
T 315 deg
s+
v
W
! L 3
8
E HL 8 B : g B -
B B
X “ ]
[
[ ] 34. +
S %
@ ¥ * x
2¢ +
; Y
] Y Y
- ]
14 a "
] a a a8 8 8
o 2 & a 8 12 u 16 ) 28
} DISTANCE - INCHES
a. HEAT TRANSFER DISTRIBUTION
a.8
SYMBOL | “RAY ‘
gE o 0 deg (BOTTOM - WINDWARD)
- a 180 deg (TOP - LEESIDE)
[ 8
| a.4+ a a
& a 5
3 0]
na.zt " e
un
W
x
-
a.2+
1 ~ 8
a.14
— — + + + + o " <
# 2 8 a a 12 4 16 1a 28
i DISTANCE -~ [INCHES
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b. . PRESSURE DISTRIBUTION
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SYMBOL RAY
0 0 deg (BOTTOM - WINDWARD) RUN 28
X 90 deg
Y 135 deg
; a 180 deg (TOP - LEESIDE)
<+ 270 deg
v T 315 deg
a
.
]
.
S . 8 8
-] a
: i A : @
o +
' %
x
a X
a T + x
Y Y +
| Y !
.
] ] i
a -] 8 ] |
2 W, w & a8 i% % s 1a_ =28
DISTANCE - INCHES
a. HEAT TRANSFER DISTRIBUTION
a. EJﬁ
SYMBOL RAY !
a.s (m] 0 deg (BOTTOM - WINDWARD)
€ ﬁ o] 180 deg (TOP - LEESIDE) |4
u {
o
] a . "Nr
g L =
a
ﬂn 34 a a a a
u
7
(Y a
a.2¢4
a o
a. 14
R & ] 12 12 e 16 1a 20
DISTANCE - INCHES

Figure 229 MEASUREMENTS ON 6° CONE MODEL FOR 21% SPHERICAL NOSE :
CONFIGURATION - M __ =110, Re/FT = 3.8 x 106, 0 =203




. |
sYMBOL | RAY
' a 0 deg (BOTTOM - WINDWARD)
X 90 deg k
. o 180 deg (TOP - LEESIDE) i
TR + 270 deg
u Do T | 3154 ﬁ
4 l . - 8 :
3 .N_ 9 T ;
T !
B A * ™ ]
S x ; ®
x
1 > : w )
2 .
& y x .
8 a
s e - a §© 8 8

8 '8 12 1y ) )

e
ni
i
[ ]
¥
]

DISTANCE - INCHES

a. HEAT TRANSFER DISTRIBUTION

a.s+ | SYMBOL | RAY
g a 0 deg (BOTTOM - WINDWARD)
-y O] 180 deg (TOP - LEESIDE)
1 B . "'ll"
3
ul a8
a
é b a i .
& E a. 34
z a
T [ 8

.
’ .
-]
N
@
o
a

@
a.1
i T 2 4 & 8 ‘e 12 T 16 ‘e 2o 3
e
DISTANCE - INCHES

-

: b. PRESSURE DISTRIBUTION

-

Figure 230 MEASUREMENTS ON 6° CONE MODEL FOR 6%, 45° BLUNT NOSE
I CONFIGURATION —M_, = 10.9, Re/FT = 2.5 x 106, =39 3
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RUN 30
- +
x +
3.- x
B 8 ¥ +
X
3 i & : ¥
" s g
® 8 & ¥ © * x
[ B f T
3 8 ]
a 8 v
. 8 i a8
B
; sYmMBOoL | RAY
o O 0 deg (BOTTOM - WINDWARD)
X 90 deg
Y 135 deg
o] 180 deg (TOP - LEESIDE)
+ 270 deg ]
i 3 315 deg
- — p— + + + — + +— -
[ ] 2 Yy [ -] 1a 12 Yy 16 18 22
DISTANCE -~ INCHES
a. HEAT TRANSFER DISTRIBUTION |
c |
E |
. _
': a.2 2 : 2| a 2]
S e .
E m -
n
W
x
o
a.t
SYMBOL RAY
(] 0 deg (BOTTOM - WINDWARD)
] 180 deg (TOP - LEESIDE)
—a-a + + 4 # —+ + — +— + — — )1
' ] 2 Y B a 1a 12 4 168 (] 20
DISTANCE = !NCHES ‘h
: b. PRESSURE DISTRIBUTION [l
Figure 2-31 MEASUREMENTS ON 6° CONE MODEL FOR 6%, 45° BLUNT NOSE

CONFIGURATION - M, =10.9, Re/FT = 2.6 x 108, =003
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— o= Em

RUN 31
a T
3
a8 A ¥ :
]
v s b d
3 .
a s § 8 X8
A i 1 B X
'S B T
\ T +
’:_ Y
]
; symBoL | RAY
14 () 0 deg (BOTTOM - WINDWARD)
X 90 deg
Y 135 deg
o} 180 deg (TOP - LEESIDE)
<+ 270 deg
T 315 deg
[ ] z '-0 é |; |Au llz l.'-t 1.5 fi z.n i
DISTANCE -~ INCHES
a. HEAT TRANSFER DISTRIBUTION
a.3t
| 4
T
a ]
y @.2¢ o} § N
¢ ¢
3 =
n 4
in
W
x
o
a.i14
SYMBOL | RAY
(m] 0 deg (BOTTOM - WINDWARD)
o 180 deg (TOP - LEESIDE)
2 4 & 8 a 12 Ta ) 18 28 .
DISTANCE - INCHES

b. PRESSURE DISTRIBUTION

Figure 2-32 MEASUREMENTS ON 6° CONE MODEL FOR 6%, 0° BLUNT NOSE
CONFIGURATION —M_ =10.9, Re/FT = 2.6 x 108, ¢ =00 3 {
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Figure 2-33 MEASUREMENTS ON 6° CONE MODEL FOR 6%, 0° BLUNT NOSE
CONFIGURATION — M_, = 10.9, Re/FT = 2.6 x 108, z= 102

SYMBOL RAY
RUN 32 O 0 deg (BOTTOM - WINDWARD) .
v Y. 135 deg
n O] 180 deg (TOP - LEESIDE)
Ny + 270 deg
. T 315 deg |
N 8
B g .-y iy
.. E T B |
x {
! x 7@ 8 :
] T + X x T B
24 Y ; + ¥
a Y Y
= 8 B Y
14 8 [} B8
4 i
2 u & e ) 12 'y 16 ) 20 P
DISTANCE - INCHES |
a. HEAT TRANSFER DISTRIBUTION :
|
a.3}
a a 7
& a
Hy B
, @.2¢
-
1§ a
a
n
u
[
o
a. Iv
SYMBOL RAY
1 [m] 0 deg (BOTTOM - WINDWARD)
a 180 deg (TOP - LEESIDE)
2 Y [ a 1a 12 1y '8 18 2n
DISTANCE = INCHES

b. PRESSURE DISTRIBUTION
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AD-A065 173 CALSPAN ADVANCED TECHNOLOGY CENTER .BUFFALO NY F/6 20/4
STUDIES OF THE EFFECTS OF TRANSITIONAL AND TURBULENT BOUNDARY L==ETC(U)
DEC 78 M S HOLDEN F4l4620=-76=C=0037

UNCLASSIFIED CALSPAN=AB=5834=p=2 AFOSR=TR=79-0125
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b. PRESSURE DISTRIBUTION

sYMBoL | RAY
ks [®] 0 deg (BOTTOM - WINDWARD)
X 90 deg
+ Y 135 deg
® o) 180 deg (TOP - LEESIDE)
. sl & 270 deg !
% T 315 deg
B
v 3 8 Timioon
W a8 x B
- T8
.'! 24 T : 8 T B
t ’ !
3 Y Y +
I B
| ] -
1 a
]
a8 8 B8
14
a ] 8 . .
QL
—=3 2 Y 5 ] ) 12 1y e e 28
DISTANCE -~ INCHES
a. HEAT TRANSFER DISTRIBUTION
a.3+
-
T
a a a
o
1 a.2+ (<} a
W
é
g T |
T _
a.i
Ll symeoL | Rmay
0 0 deg (BOTTOM - WINDWARD)
] 180 deg (TOP - LEESIDE)
T 2 q & ] 12 12 1y 6 e 22
DISTANCE -~ INCHES

Figure 2-34 MEASUREMENTS ON 6° CONE MODEL FOR 6%, 45° BLUNT NOSE
CONFIGURATION — M __ =10.9, Re/FT = 2,6 x 106, ¢ = 10 2
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RUN 34 sYmMsoL | RAY
[w] 0 deg (BOTTOM - WINDWARD)
+ X 90 deg
:«P * Y 135 deg
+ e 180 deg (TOP - LEESIDE)
x + 270 deg
B T 315 deg
o]
2 8 =
n B X
® T
0w x T B
[ + § i
[
3 . Y
Y
u.- B Y Y +
]
1 a
&
L | a a8
] a (-]
. a
<
' | 2 ‘.'l ; a llﬂ 12 l.'-O IAB a8 2‘l
DISTANCE -~ INCHES
a. HEAT TRANSFER DISTRIBUTION
B.:f

3
l c
n
[ 8 a a o]
8.2 8 a
a
e
3
E ] ® ] a -
"]
4
o
a.1
SYMBOL | RAY
() 0 deg (BOTTOM - WINDWARD)
o 180 deg (TOP - LEESIDE)
—a + + +- + + * + 4 + + -
[ | 2 4 - a a 12 (] 168 1a 2R
DISTANCE - [INCHES

b. PRESSURE DISTRIBUTION

Figure 2-36 MEASUREMENTS ON 6° CONE MODEL FOR 6%, 45° BLUNT NOSE
CONFIGURATION — M, =10.9, Re/FT = 2.5 x 108, « =102
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RUN 35 SYMBOL | RAY
& [m) 0 deg (BOTTOM - WINDWARD)
X 90 deg
Y 135 deg
s Ly G 180 deg (TOP - LEESIDE)
u ® % 270 deg
@ & 5| T 315 deg
R o
| 9 i T
3 3 i -
- x B
e 3 +
[} X
+ X
2 2 Y :
Y
; Y
1
. = s . w o e ] a
& - , + — : ’ ) + —+
2 b | - a (1} -] 12 (] 18 e 28
¥ DISTANCE ~ INCHES
a. HEAT TRANSFER DISTRIBUTION
T
B
T a
8 a B
a.3t
4
n
[ 8
,8.2¢
W
x
n
ﬂ =
(] ]
- a [ a
a.14
sYMBoL | RAY
a 0 deg (BOTTOM - WINDWARD)
G 180 deg (TOP - LEESIDE)
—a- + - v +— - -+ P R +— —
2 e} -] -] 2 12 4 18 18 208
DISTANCE -~ [INCHES

b. PRESSURE DISTRIBUTION

Figure 2-36 MEASUREMENTS ON 6° CONE MODEL FOR 6%, 0° BLUNT NOSE

CONFIGURATION —M_, =109, Re/FT =25 x 106, a = 29 59
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SYMBOL | RAY
LN o 0 deg (BOTTOM - WINDWARD)
& X 90 deg
Y 135 deg
o) 180 deg (TOP - LEESIDE)
w B - -+ 270 deg
u a u -+ 315 deg
"] T ]
< B a8
'N. N-L 7 .
'S
o . B
2 ; A e e
s at %
! Y + x
@ . x
2+ +
Y
v e e vy @
1 - [ 8 a8
¥ 2 'y [ @ 18 12 1y s 18 28 i
DISTANCE ~ INCHES
a. HEAT TRANSFER DISTRIBUTION
a
+ -]
B 2]
a.3¢ a
'
n B
o
1 a.2¢
W
-
|
n
n
. — ] ]
[N
a.1+
| |.symeoL | rav
bETR 0 deg (BOTTOM - WINDWARD)
aQ 180 deg (TOP - LEESIDE)
—a-@a + —+— —— — 4 e 4+ - 4 ~— -
2 Y &8 a 1a 12 (R} 16 18 28
DISTANCE - [INCHES
b. PRESSURE DISTRIBUTION
Figure 2-37 MEASUREMENTS ON 6° CONE MODEL FOR 6%, 45° BLUNT NOSE

CONFIGURATION - M_, = 10.9, Re/FT =26 x 106, @ = 20 59°
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E symsoL | RAY RUN 37
L m] 0 deg (BOTTOM - WINDWARD)
14 x 90 deg
Y 135 deg
0] 180 deg (TOP - LEESIDE!
131 + 270 deg
P 315 deg
18+
v a . a
§ o a a
]
N
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E (]
3 T
[ a Y
8 &4 @ a T t
| . v
-]
a a
st + +
3 ¥ X %
aT *
- 2 4 s 8 Y] 12 14 18 e =28
DISTANCE - INCHES
a. HEAT TRANSFER DISTRIBUTION
2.44
mz.af
"]
'8
1 I. 5‘+
"
g J SYMBOL RAY
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Figure 238 MEASUREMENTS ON 6° CONE MODEL FOR 21%, 0° BLUNT NOSE
CONFIGURATION =M _ =11.3, Re/FT = 1 x 107, @ = 0°
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Figure 2-39 MEASUREMENTS ON 6° CONE MODEL FOR 21%, 45° BLUNT NOSE

CONFIGURATION - M_, =113, Re/FT = 1.0 x 107, a=0°
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Figure 240 MEASUREMENTS ON 6° CONE MODEL FOR 21%345° BLUNT NOSE
CONFIGURATION — M _, = 11.0, Re/FT = 4.0 x 10°, @ = 1°

2-77




SYMBOL RAY RUN 40 i
[m] 0 deg (BOTTOM - WINDWARD)
4o I X 90 deg
u Y 135 deg
. o] 180 deg (TOP - LEESIDE)
- Y7 -+ 270 deg
% T 315 deg
£
| ] 3 * B +
| l ¥ E
x
a
2+ Y L ;
Y
1+
] 1
i 2 G I3 8 12 12 1a s ) 2 f
} DISTANCE ~ INCHES
a. HEAT TRANSFER DISTRIBUTION
1 .a%
€
n
oL
1 2.8+
W
s SYMBOL | RAY
| haieln | [m] 0 deg (BOTTOM - WINDWARD)
E a 180 deg (TOP - LEESIDE)
a.4
8 .
a 5} g
a.2¢ ]
2 Y [ a ") 12 Y 16 e 2 i
DISTANCE -~ INCHES
b. PRESSURE DISTRIBUTION
‘ Figure 2-41 MEASUREMENTS ON 6° CONE MODEL FOR 21%, 0° BLUNT NOSE

CONFIGURATION -~ M_, =11.0, Re/FT =39 x 108, a = 1°




b. PRESSURE DISTRIBUTION
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Figure 242 MEASUREMENTS ON 6° CONE MODEL FOR 21%, 0° BLUNT NOSE
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CONFIGURATION —M_, =11.0, Re/FT = 3.8 x 103, a=3°
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Figure 243 MEASUREMENTS ON 6° CONE MODEL FOR 21%, 45° BLUNT NOSE
CONFIGURATION — M, = 11.0, Re/FT = 3.8 x 10%, @ = 3°
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Figure 244 MEASUREMENTS ON 6° CONE MODEL FOR SHARP NOSE CONFIGURATION —
M, =13.2, Re/FT =3.0x 106, @ = 30
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Figure 245 MEASUREMENTS ON 6° CONE MODEL FOR SHARP NOSE CONFIGURATION —
M, =129, Re/FT = 1.1x 106, = 3° .
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b. PRESSURE DISTRIBUTION

Figure 246 MEASUREMENTS ON 6° CONE MODEL FOR SHARP NOSE CONFIGURATION —
M, =13.2, Re/FT = 2.9 x 106, @ =20 2
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Figure 247 MEASUREMENTS ON 6° CONE MODEL FOR SHARP NOSE CONFIGURATION -

b. PRESSURE DISTRIBUTION

Mo =12.8, Re/FT = 1.2x 106, =20 2
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Figure 248 MEASUREMENTS ON 6° CONE MODEL FOR SHARP NOSE CONFIGURATION —

Moo = 12.9, Re/FT = 1.9 x 106, @ = 20 2
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Figure 2-49 MEASUREMENT ON 6° CONE MODEL FOR 6% SPHERICAL NOSE

¢
:

CONFIGURATION - M_ =11.3, Re/FT = 1.1x 107, @ =0°
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b. PRESSURE DISTRIBUTION
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Figure 260 MEASUREMENTS ON 6° CONE MODEL FOR 6% ELLIPTICAL NOSE

CONFIGURATION — Mo = 11.3, Re/FT = 9.8 x 108, @ = 0° 2/
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Figure 2-51 MEASUREMENTS ON 6° CONE MODEL FOR 6% SPHERICAL NOSE
CONFIGURATION —M_, =11.3, Re/FT=9.7x 105, a=30¢
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Figure 262 MEASUREMENTS ON 6° CONE MODEL FOR 6% SPHERICAL NOSE
CONFIGURATION - M__ =115, Re/FT =1.0x 107, a=1°7
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Figure 2-53 MEASUREMENTS ON 6° CONE MODEL FOR 6% SPHERICAL NOSE
¢ CONFIGURATION - M, =11.0, Re/FT =3.2x 108, a=1071
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2-91

Figure 264 MEASUREMENTS ON 6° CONE MODEL FOR 6% ELLIPTICAL NOSE
CONFIGURATION — Mo =114, Re/FT=10x 107, a=1° 1’
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Figure 265  MEASUREMENTS ON 6° CONE MODEL FOR 6% SPHERICAL NOSE

CONFIGURATION — M_, =11.3, Re/FT = 1.1x 107, @ =0° 30’
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Figure 266 MEASUREMENTS ON 6° CONE MODEL FOR 6% ELLIPTICAL NOSE
CONFIGURATION — M, = 11.3, Re/FT = 1.0 x 107, @ = 3°
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RUNEY SYMBOL | RAY
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4 i Figure 2-67 MEASUREMENTS ON 6° CONE MODEL FOR 6% ELLIPTICAL NOSE
{ CONFIGURATION - M _, =109, Re/FT = 2.4 x 106, a=3°
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Figure 2-568 TRANSITION BOUNDARIES ON 6° CONE MODEL FOR SHARP NOSE

CONFIGURATION — M, = 13.0, Re/FT =4.8 x 106,a=00. 7
o~ S60° RAY
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Figure 2.69 TRANSITION BOUNDARIES ON 6° CONE MODEL FOR SHARP NOSE

CONFIGURATION —M_, = 13.0, Re/FT=4.7x 106,a=00.7"
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SURFACE DISTANCE FROM CONE APEX TO GAGE (in )

Figure 2-60 TRANSITION BOUNDARIES ON 6° CONE MODEL FOR SHARP NOSE
CONFIGURATION — M__, = 13.3, Re/FT = 3.1 x 106, a = 00
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Figure 261 TRANSITION BOUNDARIES ON 6° CONE MODEL FOR SHARP NOSE
CONFIGURATION — M, = 13.4, Re/FT = 3.0 x 106,a = 0057*
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SURFACE DISTANCE FROM CONE APEX TO GAGE (in.)
Figure 2-62 TRANSITION BOUNDARIES ON 6° CONE MODEL FOR SHARP NOSE
CONFIGURATION — M, = 12.7, Re/FT =3 x 106, a= 00 . 2’
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Figure 2-63 TRANSITION BOUNDARIES ON 6° CONE MODEL FOR SHARP NOSE
CONFIGURATION — M, = 13.2, Re/FT = 3.0 x 106, a = 30
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Figure 2-64 TRANSITION BOUNDARIES ON 6° CONE MODEL FOR SHARP NOSE
CONFIGURATION — M., = 13.2, Re/FT = 2.9 x 106, a = 20 2’
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SURFACE DISTANCE FROM CONE APEX TO GAGE (i)

Figure 265 TRANSITION BOUNDARIES ON 6° CONE MODEL FOR 6% SPHERICAL NOSE
CONFIGURATION ~ M_ = 13.0, Re/FT =56.0x 106, =303’
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21 3600 RAY

RUN 51
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32
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0 2 4 (] 8 10 12 1 18 AL 20 22 2
SURFACE DISTANCE FROM CONE APEX TO GAGE (in.)

Figure 266 TRANSITION BOUNDARIES ON 6° CONE MODEL FOR 6% SPHERICAL NOSE
CONFIGURATION —=M_, =113, Re/FT=9.7 x 108, «=3°5

2 360° RAY

RUN 52

9 315° RAY

270° RAY

2-’ 180° RAY

4
© 135° RAY

1
90° RAY

0° RAY
1 1 1 1 1 1 1 1 1 1 1 1

L] 2 4 (] 8 10 12 " 1 1 2 2 24
SURFACE DISTANCE FROM CONE APEX TO GAGE (in )

Figure 267 TRANSITION BOUNDARIES ON 6° CONE MODEL FOR 6% SPHERICAL NOSE
CONFIGURATION - M, =11.5, Re/FT =1.0x 107, ¢ =1° 1",
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Figure 268 TRANSITION BOUNDARIES ON 6° CONE MODEL FOR 21% SPHERICAL
NOSE CONFIGURATION — Mo = 11.4, Re/FT = 1.0 x 107, a = 20 56°




1 | 1 | 1 1 1 1 1 1 | 1

2 4 [ 8 10 12 1 AL 18 20 2 24
SURFACE DISTANCE FROM CONE APEX TO GAGE (in.)

Figure 2-69 TRANSITION BOUNDARIES ON 6° CONE MODEL FOR 6% ELLIPTICAL

NOSE CONFIGURATION —M__ = 114, Re/FT =1.0x 107, a=1° 1"

21 360° RAY

RUN 56

2 3150 Ry

J.sz RAY

2-2 180° RAY

W el da

«“
© 135° RAY

N
® 90° RAY

| - 1 1 1 A - - 1 1 1 1 1 1

2 4 L] ] 10 12 14 16 18 20 2 2
SURFACE DISTANCE FROM CONE APEX TO GAGE (in.)

Figure 2-70 TRANSITION BOUNDARIES ON 6° CONE MODEL FOR 6% ELLIPTICAL

NOSE CONFIGURATION — M_=11.3, Re/FT = 1.0x 107, a = 3°
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21, 380° RAY

RUN 23

4.2 315° RAY

3ozzm" RAY

z 180° RAY

@
© 136° RAY

N
® 90° RAY

1 1 1 1 1 1 1 1 1
0 2 4 L] 8 10 12 “ 16 18

SURFACE DISTANCE FROM CONE APEX TO GAGE (n.)

Figure 271 TRANSITION BOUNDARIES ON 6° CONE MODEL FOR 6%, 45° BLUNT NOSE
CONFIGURATION — M, = 11.4, Re/FT = 1.0 x 107, a=0° 5

B
[

2} 360° RAY
RUN 24

¢ nsoRav

:3270‘ RAY

) 4 1 i 1 L K 1 R 1 1 L L

é ['] 2 4 L[] ] 10 12 AL AL} ALl 20 2 24

':' SURFACE DISTANCE FROM CONE APEX TO GAGE (i)

; Figure 2-72 TRANSITION BOUNDARIES ON 6° CONE MODEL FOR 6%, 0° BLUNT NOSE
2

CONFIGURATION — M, = 11.3, Re/FT = 1.0 x 107,a = 005’
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Table 2-1

6° CONE FORCE DATA

HT GAGE | RAY SURFACE PRESSURE RAY SURFACE
; POSITION DISTANCE GAGE DISTANCE
FROM REF. JOINT POSITION FROM REF. JOINT
INCHES INCHES
1 0° 0.163 PRESS. 1 0° 0.163
3 3.620 3 3.620
5 5.175 5 5.175
7 7.076 7 7.076
9 9.338 9 9.338
1 10.679 13 12.103
13 12.103 17 15.680
15 13.713 21 Y 20.051
17 15.680 2 180° 0.163
19 17.747 4 3.620
21 Y 20.051 6 5.175
23 90° 7.076 8 7.076
25 9.338 10 9.338
27 12.103 14 12.103
29 15.371 18 15.680
3 Y 19.142 43 16.742
33 135° 7.076 2 Y 20.051
35 9.338
37 12.103
39 v 15.37
4 19.142
2 180° 0.163
4 3.620
6 5.175
8 7.076
10 9.338 SURFACE
12 10.679 NOSES DISTANCE FROM
14 12.103 NOSE TIP TO
16 13713 REF.JOINT
INCHES
18 15.680
20 17.747 SHARP 5.625
22 Y 20.051
24 270° 7.076 6% SPHERICAL 4.367
26 9.338 ELLIPTICAL 4.308
28 12.103 l o° BLUNT 4.294
30 ‘ 15.371 45° BLUNT (LOWER) 4.060
32 19.142
k7| 315° 7.076 21% SPHERICAL 1.549
36 9.338 ELLIPTICAL 1.364
33 12.103 NRV & RTE 1.004
40 15.371 0° BLUNT 1.255
42 Y 19.142 4s° BLUNT (LOWER) 0.975
2-103
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Table 2-2

6° CONE FORCE TRANSITION STUDIES

RUN
NO. | CONFIGURATION a M., | Re/FT
1 | SHARP 007 - -
2 | sHARP -7 130 | 4.8x 106
3 | SHARP 07 130 | 4.8 x 106
4 | 6% SPHERICAL 007 130 | 48x 106
5 | 6% SPHERICAL 303 130 | 48x 106
6 | SHARP 000’ 13.3 | 3.0x 106
7 | sHARP 0°57°| 133 | 3.0x106
8 | SHARP -0° 2 127 | 3.0x 106
9 | SHARP 0° 1’ 124 | 1.7x106
10 | 6% SPHERICAL 2059° | 125 | 2.3x 106
1 6% SPHERICAL 203 130 | 48x 105
12 | 6% SPHERICAL 300 124 | 1.7 x 106
13 | 6% SPHERICAL 0°59°| 130 | 48x106
21 | 21% SPHERICAL 2056 | 113 | 1.0x107
25 | 21% SPHERICAL 205’ 1.3 | 1.0x107
27 | 21% SPHERICAL 303 11.0 | 39x 106
28 | 21% SPHERICAL 203 11.0 | 39x 106
43 | SHARP 300’ 13.3 | 3.0x 106
44 | SHARP 300’ 129 | 1.1x 106
45 | SHARP 202 13.3 | 3.0x 106
46 | SHARP 202 129 | 1.1x 106
47 | SHARP 202 129 | 1.9x 106
49 | 6% SPHERICAL 000’ 1.3 | 1.0x107
S0 | 6% ELLIPTICAL 00 2’ 1.3 | 1.0x107
51 6% SPHERICAL 305’ 1.3 | 1.0x 107
52 | 6% SPHERICAL 191 1.3 | 1.0x107
53 | 6% SPHERICAL 101 1.0 | 3.2x106
54 | 6% ELLIPTICAL 1917 1.3 | 1.0x107
55 | 6% SPHERICAL 0°30°| 11.3 | 1.0x 107
56 | 6% ELLIPTICAL 30’ 1.3 | 1.0x 107
57 | 6% ELLIPTICAL 300’ 10.9 | 25x 106
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Table 2-4
6° CONE FORCE HEAT TRANSFER DATA

GAGE HT RATE
POS __ (BTU/ft2 sec)

RUN GAGE HTRATE GAGE HTRATE GAGE  HTRATE GAGE HTRATE
NO.  POS (BYU/t2sec) POS  (BTU/H2 sec) POS __ (BTU/#12 sec) POS _ (BTU/f12 sec)
2 1 8.22E+00 13 1.,62E+01 21 1.26E+01 31 1.36E+01
I 2 T.48E+00 15 1.27€+01 22 1.17€+01 32 1.23€+01
i 3 6.98€E+00 16 1.41E+01 23 1.04E+01 33 1.03€E+01
| 4 T.64E+0Q0 17 1.25€E+01 26 1.06E+01 36 9,98E+00
| S 8.25E+00 18 1.31E+01 25 1.17€+01
| 6 B8.84E«00 19 1.18E+01 26 1.09€+01
i T 9.7S5E+00 20 1,27E+01 27 1.48E+01
| 8 9.52E+00 28 1,.07€E+01
9 1.34E+01 29 1.25€E+01
10 1.24E+01 30 1.21€E+01
3 1 8.13E+00 13 1.41E+01 21 1.26E+01 31 1.34€+01
2 9.,2T7E+00 14 1.50€+01 22 1.32€E+01 32 1.24E+01
3 0.81E+00 15 1.47E+01 23 1.02E+01 33 1.28E+01
4 8,45E+00 16 1.38E+01 26 9.84E+00 34 1,38€+01
S 9.91€E+00 17 1.26E+01 25 1.10€+01
6 8,00€E+00 18 1.,41E+0! 26 9.92€E+00
T  9.40€+00 19 1.15E+01 27 1.51E+01
8 8.96E+00 20 1.39E+01 28 1.03E+01
9 1.16€E+01 29 1.37€+01
10 1.25€E+01 30 1.33€e+01
o 1 6.46E+00 13 4,46E+00 21 3,56E+00 31 4.51€E+400
2 6.92E+00 16 4,64E+00 22 3.95E+00 32 4.34E+00
3 S5.23E+00 15 4.39€E+00 23 6.23E+00 33 6.70E+00
4 T.39€+00 16 4,65E+00 26 6.41E+00 34 T.25E+00
| 5 &,75E+00 17 3,00E+00 25 S5.22E+00
6 T.22€E+00 18 4,78€+00 27 &.88E+00
T &.T0E+00 19 3.32E+00 29 &.,61E+00
8 5.02E+00 20 4,44E+00 30 4.25€+00
9 &4.,05E+00
10 5.21E+00
5 1 1.66E+01 164 1.08E+00 21 1.51€E+01 31 4.96E+00
| 2 2.05E+00 16 1.50E+00 22 2.,25E+00 32 4.66E+00
| 3 1.21E+01 17 8.73E+00 23 1.,02€+01 33 4.02E+00
4 1.18E+00 18 1.74E+00 26 1.,22€+01 36 4,55E+00
5 1.16E+01 19 1.02€E+01 25 S5.89€+00
6 1.03E+00 20 2.34E+00 26 5.28€E+00
T 9.49E+00 27 5.73€E+00
8 8.80E-01 28 3,80€E+00
9 B8.22E+00 29 5.12€E+00
10 1.00E+00 30 &,62E+00
L] 1 9.55€+00 13 T7.58E+00 21 1.09E+01 31 1.12€6+01
2 B8.17€E+00 14 6.72E+00 22 1.06E+01 32 1.00E+01
3 7.41E+00 15 T7.96E+00 23 T7.83E+00 33 7.31E+00
4 T.31E+00 16 7T.7TE+00Q 24 8.21E+00 34 T.35€+00
5 T.61E+00 17 B8.6T7E+00 25 6.T2E+00
6 6.91E+00 18 9,03E+00 26 6.36E+00
T 6.3T€E+00 19 1.05€E+01 27 7T.65E+00
8 6,26E400 20 1.01E+01 29 8.39€+00
9 6.,00E+00 30 7.8T7E+00
10 7.88E+00
p 7 1 1.06E+01 13 1.09€+01 21 1.51E+01 31 1.30€E+01
{ 2 6.55E+00 14 6.02€E+00 22 9.91E+00 32 1.10€+01
% 3 9,.80€E+00 15 1.05€E+01 23 T.26E+00 33 5.88€E+00
4 S5.54E+00 16 6.74E+00 26 7T,.T1E+00 36 b6.T76E+00
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Table 24

6° CONE FORCE HEAT TRANSFER DATA (Cont.)

AUN GAGE HTRATE GAGE HTRATE GAGE MY RATE GAGE HT RATE GAGE HT RATE
NO. POS  (BTU/f2 sec! POS  (BTU/t2 sec) POS  (BTU/#2 sec) POS  (BTU/M2 sec) POS  (BTU/f12 sec)
S 1.01E+01 17 1.13E+01 25 6.66E+00
6 &.T9E+00 18 8.35E+00 26 6.19€+00
7 T.93€+00 19 1.25€+01 27 B8.45E+00
8 4.56E+00 20 9.21E+00 28 1.04E+01
) 9 8.08E+00 29 1.01E+01
10 S.11€+00 30 9.07€+00
8 1 6.09€+00 11 4.76E+00 21 9,41E+00 31 8.55E+00
2 6.43E*00 12 4.99E+00 22 9.13E+00 32 7.37€+00
3 S.264E«00 13 S5.22E«00 23 5.03E+00 33 4.62E+00
& 5.95E+00 16 S5.64T7E+00 26 S.20€+00 364 S5,.14E+00
S &.54E+00 15 S.77E+00 25 &,38E+00
6 S5.11E+00 16 6.05E+00 26 &,41lE+00
T 4.19E+00 17 6.12€+00 27 4.73€E+00
8 64.8TE+00 18 7.89E+00 28 S.96E+00
9 &,58E+00 19 8.56E+00 29 S5.75€E+00
10 &.90E+00 20 8.10E+00 30 S5.22E+00
9 1 4.51E+00 11 2.69F+00 21 3.45E+00 31 2,45E+00
2 &,30€E+00 12 2.45E+00 22 2.49E+00 32 2.30E+00
3 3,36E+00 13 2.5TE+00 23 2.92E+00 33 3.,39€+00
& 3.82E+00 16 2.235E+00 26 3.10€E+00 34 3.T3E+00
S 3.33E+00 15 2.53€E+00 25 2.65E+00
6 3.15E+00 16 2.33€E+00 26 2.28E+00
T 2.84E+00 1T 2.34E+00 27 2.48E+00
8 2.87E+00 18 2.51E+00 28 3.08E+00
9 2.5TE+00 19 2.46E+00 29 2.37€E+00
10 2.55€E+00 20 2.50E+00 30 2.21E+00
10 1 8.30E+00 11 &,96E+00 21 &.38E+00 31 2.80E+00 41 2.00E+00
2 1.4TE+00 12 6.78E-01 22 T.80€E-01 32 2.31E+00 42 3.,60E+00
3 T.23E+00 13 4.T0E+00 23 4,.,15E+00 33 2,49E+00
4 9.52E-01 14 5.60E-01 26  4,24E+00 34 2.83E+00
5 b6.66E+00 16 5.97€E-01 2% 3,93E+00 35 2.44E+00
6 T.84E-01 17 4.43E+00 26 3.47E+00 36 5.14E+00
7 5.92E+00 18 6.93E-01 29 3.,23E+00 37 2.36E+00
8 T.25E-01 19 4.05E+00 30 3.00€+00 38 4.T73E+00
9 S5.12E+00 20 T.15E-01 39 2.32E+00
10 5.92E-01 40 3,.80E+00
11 1 1.02E+01 11 T7.48€E+00 21 B8.80E+00 31 4.11E+00 41 3,72€E+00
2 2.92E+00 13 6.95E+00 22 1.21E+00 32 3.56E+00 42 5.95E+00
3 1.01E+01 14 1.08E+00 23 6.22E+00 33 3.55E+00
4 2.,02€E+00 15 6.46€E+00 26 b6.50E+00 346 3,85E+00
S 9.96E+00 16 1.10E+00 2% S5.93E+00 35 3.85E+00
6 1.60E+00 17 5.38E+00 26 5.38E+00 36 7.94E+00
T B8.82E+00 18 1.13E+00 27 S5.35E+00 37 3.64E+00
8 1.35E+00 19 6.27E+00 28 6.T2E+00 38 6.61E+00
9 T.79€+00 20 1.26E+00 29 &.49E+00 39 3,62E+00
10 1.01E+00 30 &4.10E+00 40 S5.96E+00
12 1 7.21E+00 11 4.52E+00 21 3.93E+00 31 2.59€+00 41 1.82E+00
2 1.44E+00 12 6.23E-01 22 6.33€E-01 32 2.29€+00 42 3.40E+00
3 T.03E+00 13 4.36E+00 23 3.61E+00 33 2.26E+00
4 9.90E-01 14 5.39€-01 26 3.92E+00 36 2.48E+00
5 6.,02€+00 15 3.97€+00 25 3.41E+00 35 2.18E+00
. 6 7T.71E-01 16 5.34E-01 26 2.92E+00 36 &.T1E+00
7 5.08E+00 17 3.49E+00 27 3.03E+00 37 2.10€+00
- 8 6,.55E-01 18 5.40€-01 28 3,83E+00 38 3.9%E+00
-
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Table 2-4
6° CONE FORCE HEAT TRANSFER DATA (Cont.)

RUN GAGE HTRATE GAGE HTRATE GAGE  HTRATE GAGE HTRATE GAGE HT RATE
NO. POS  (BTU/f12 sec) POS  (BTU/f2 sec) POS  (BTU/f2 sec) POS  (BTU/f12 sec) POS (BTU/f12 sec)
12 9 4,.59E+00 19 3.,72E+00 29 2.99E+00 39 2.07E+00
10 5,94E-01 20 6.41E-01 30 2.73E+00 40 3.50E+00
13 1 8.82E+00 11 5.47E+00 21 4.86E+00 31 4.07E+00 41 3,16E+00
2 4.02E+00 12 2.05E+00 22 1.,66E+00 32 3,73E+00 42 4.76E+00
3 T.T72E+00 13 6.18E+00 23 5.83E+00 33 3,.82€+00 3
& 3.,49E+00 14 1.89E+00 26 6,.16E+00 36 &,46E+0Q0
S 6.96E+00 15 5.61E+00 25 5.30€E+00 35 3,42E+00
6 2.90E+00 16 1.91E+00 26 4.TTE+00 36 6.08E+00
T 6.78E+00 17 4.57E+00 2T S.01E+00 37 3.06E+00
8 2.40E+00 18 1.89E+00 28 6.,02E+00 38 S5.69E+00
9 6.27€E+00 19 4.49E+00 29 4.37€+00 39 3,31E+00
10 2.21E+00 30 3,87E+00 40 4,.,51E+00
14 1 1.49E+01 11 B8.31E+00 21 9.63E+00 31 9.46E+00 41 9.62€E+00
2 2.,32E+01 12 8.95E+00 22 9.60E+00 32 9.61E+00 42 B8,53E+00
3 1.36E+01 14 9.50E+00 23 1.26E+01 33 1,09€E+01
4 1,41E+01 15 9.04E+00 26 1,25E+01 36 1,12€+01
5 1.23€E+01 16 9.33E+00 25 1.10€+01 35 1.02€+01
6 1.30€+01 17 8.91E+00 26 1.02E+01 36 1.01€E+01
7 1.09€E+01 18 9.00E+00 27 1,02€+01 37 9.62E+00
8 1.056+01 19 9.56E+00 28 1.23€E+01 39 9,81E+00
9 1.08E+01 20 9.4TE+00 29 9,69€+00 40 9.54E+00
10 9,.38E+00 30 9.50E+00
15 1 1.58€E+01 11 1.30E+01 21 1.58E+01 31 B8.63E+00 41 6.34E+00
2 2.19€E+01 12 6.57E+00 22 S5.33E+00 32 7.81E+00 42 1,24E+01
3 1.63€+01 13 1.,45E+01 23 1.14E+01 33 1.12E+01
4 1.06E+01 14 S5.,78E+00 26 1.13E+01 34 1,.28E+01
5 1.51E+01 15 1.42E+01 25 9.TTE+00 35 1,08E+01
6 8.42E400 16 5.43€E+00 26 B8.99E+00 36 1.36E+01
T  1.43E+01 17 1.41€E+01 27 T7.25€E+00 37 8.85E+00
8 7T.13€+00 18 5.81E+00 28 1.21E+01 38 1.,24E+01
9 1.30€+01 19 1.50€+01 29 9.17€+00 39 7.95€E+00
10 6.58E+00 20 5.52E+00 40 1.,25E+01
16 1 1.82E+01 11 1.31€E+01 21 1.59E+01 31 1.07€E+01 41 6.,20E+00
2 1.20€+01 12 T.17€+00 22 5.83E+00 32 9.45E+00 42 1.31E+01
3 1.65E+01 13 1.37€+01 23 1.13E+01 33 9.85E+00
4 1.,21E+01 14 6.41E+00 24 1.18E+01 36 1.11€E+01
5 1.42E+01 15 1.39E+01 25 9.87E+00 35 8,95E+00
6 1.06E+01 16 6.47E+00 26 B8.99E+00 36 1.29E+01
7 1.32€+01 17 1.42€+01 27 9.17€E+00 37 7.73E+00
8 8,.,35€6+00 13 6.50E+00 28 1.23E+01 38 1,21E+01
9 1.21E+01 19 1,46E+01 29 9.01E+00 39 6.35€+00
10 7.60E+00 20 6.560E+00C 30 8.59€E+00 40 1.16E+01
17 1 1.37e+01 11 1.08E+01 21 1.05E+01 31 9.02E+00 41 B8.39€E+00
2 1.26€E+01 12 8.43E+00 22 T.35E+00 32 B8.59E+00 42 1.00€E+01
3 1.43€E+01 13 1.14E+01 23 1,16E+01 33 1.09€+01
4 1.,35E+01 14 T.85€E+00 26 1.26E+01 36 1.18€E+01
5 1.26E+01 15 1.08E+01 25 9.98E+00 35 9.44E+00
6 1.15€+01 16 B8.07E+00 26 9.11E+00 36 1.23E+01
7 1.13€+01 17 1.00E+01 27 9.64E+00 37 B8.96E+00
8 9.60E+00 18 7.86E+00 28 1.,21E+01 38 1.01E+01
9 1.10€+01 19 1.06E+01 29 B8.99€+00 39 8.18€E+400
10 9.84€+00 20 7.81E+00 30 8.30€E+00 40 1.10€E+01
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Table 2-4

g 62 CONE FORCE HEAT TRANSFER DATA (Cont.)
RUN GAGE HTRATE GAGE HTRATE GAGE  HTRATE GAGE HTRATE GAGE HT RATE
NO. POS (BTU/f2 sec) POS  (BTU/ft2 sec) POS  (BTU/ft2 sec) POS  (BTU/ft2 sec) POS  (BTU/f12 sec)
18 1 1.39€E+01 11 1.06E+01 21 1.07€+01 31 8.99E+00 41 9.79E+00
2 2.15€E+01 12 8.564E+00 22 T.46E+00 32 T.89E+00 42 1.02€+01
3 1.36E+01 13 1.11E+01 23 1.04E+01 33 9.98€E+00
4 1,36E+01 14 7.60E+00 26 1.08E+01 36 1,14E+01
5 1.24E+01 15 1.08E+01 25 9.58E+00 35 B8.TTE+ D
6 1.21E+0]1 16 8.13E+00 26 8.35E+00 36 1.21E+01
T 1.16E+01 17 1.03E+01 27 B8.66E+00 37 8.52E+00
8 9.90E+00 18 7.90E+00 28 1.11E+01 38 1.07E+01
9 1,08E+01 19 1.06E+01 29 9.05€E+00 39 B8.94E+00
10 9.03E+00 20 T.73E+00 30 8.41E+00 40 1,03E+01
19 1 8.79E+00 11 S.84E+00 21 6.66E+0Q0 31 3,80E+00 41 2.61E+00
2 B8.95E+00 12 2.82€+00 22 2.37€E+00 32 3.15E+00 42 5.69E+00
3 6.90E+00 13 6.35E+00 23 3.50E+00 33 4.97E+00
4 3,10€E+00 14 2.79€E+00 264 3,57E+00 36 5.53E+00
5 6.74E+00 15 5.84E+00 25 4,30E+00 35 3.89E+00
6 2.96E+00 16 2.64E+00 26 3,62E+00 36 5.74E+00
7 6.22E+00 17 6.02€E+00 2T 3.64E+00 37 3.88E+00
8 2.78E+00 18 2,71E+00 28 4 ,64E+00 38 S5.56E+00
9 5,84E+00 19 6.,45E+00 29 3,.45E+00 39 3,50€+00
10 2.93E+00 20 2.36E€E+00 30 3.04E+00 40 5.04E+00
20 1 1.27€+01 11 1.00E+01 21 8.36E+00 31 8.91E+00 41 9.38E+00
2 1.39€E+01 12 9.97€+00 22 B8.24E+00 32 7.71E+00 42 B8.54E+00
3 1,.35€E+01 13 9.31E+00 23 1.06E+01 33 1.15€+01
4 1.41E+01 14 8.33E+00 24 1.,21E+01 34 1.28E+01
5 1.22E+01 15 9.10€E+00 25 9.88E+00 35 1.19€E+01
6 1.18E+01 16 8.39€+00 26 9.,03E+00 36 1.13E+01
T 1.06E+01 17 B8.78E+00 2T 9.64E+00 37 B8.77E+00
8 1.10E+01 18 8.58E+00 28 1.13E+01 38 9.38E+00
9 9,.T73E+00 19 8.20E+00 29 9,29E+00 39 9.15E+00
10 9.20E+00 20 B8.89E+00 30 8.85E+00 40 9,09E+00
21 1 1.23E+01 11 1.06E+01 21 2.07€E+01 31 4,04E+00 41 2.28E+00
2 6493E+00 12 1.27€E+00 22 2.0TE+00 32 3.50E+00 42 B8.27E+00
3 B8.41E+00 13 1.36€+01 23 4.54E+00 33 2.81E+00
4 2.25E+00 14 1.21E+00 26 4,T3E+00 36 3,02E+00
5 T.78E+00 15 1.45E+01 25 4,22E+00 35 2.59E+00
6 2.2TE+00 16 1.18E+00 26 3.83E+00 36 6.90E+00
T  T.46E+00 17 1.68E+01 27 &.01E+00 37 2.54E+00
8 1.87E+00 18 1.48E+00 28 5.02E+00 38 6.,24E+00
9 1.,08E+01 19 1.79€+01 29 3.98E+00 39 2.35E+00
10 1.,42E+00 20 1.62€E+00 30 3.57€E+00 40 6.23E+00
22 1 5.14E+00 11 4.,39E+00 21 5.43E+00 31 1.49€+01 41 2.35E+01
2 5.60E+00 12 8.22€+00 22 1.33E+01 32 1.38€E+01 42 4,99E+00
3 &4 ,44E+00 13 4.18E+00 23 1.25E+01 33 1.31E+01
4 S5.14E+00 16 8,24E+00 26 2.T1E+00 36 1.48€E+01
5 4,36E+00 15 4.5T7E+00 2% 1.25€E+01 35 1.46E+01
6 S5.94E+00 16 1.01E+01 26 1.15E+01 36 5.10E+00
T 4.,19€+00 17 4.33E+00 27 1.48E+01 37 1.56E+01
8 S5.51E+00 18 1.19€E+01 28 1.96E+01 38 &.9T7E+00
9 4,14E+00 19 &.92€E+00 29 1.56E+01 39 1.65E+01
10 6.66E+00 20 1.24E+01 30 1.42E+01 40 4&.,90E+00
23 1 5.81E+00 11 3.51E+00 21 T.18E+00 31 1.63E+01 41 1.68E+01
2 &.28E+00 12 5.72€+00 22 9.03E+00 32 1.48E+01 42 1.4T7E+0L
T 3 3,84E+00 13 3,.31E+00 23 1.64E+01 33 T7.63E+00
4 4&,TRE+00 14 S5.14E+00 24 3,.46E+00 34 B8.98E«00
: 5 3.66E+00 15  3.39€E+00 25 1.69E+01 35 9.63E+00
6 &,33E+00 16 5.48E+00 26 1.59€+01 36 1.17E+01
o
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Table 24
6° CONE FORCE HEAT TRANSFER DATA (Cont.)

2-112

HT RATE GAGE HTRATE GAGE  HTRATE GAGE HTRATE
(BTU/f12 sec) POS _ (BTU/ft2 sec) POS  (BTU/f12 sec) POS  (BTU/ft2 sec)

T 3.28E+00 17 4.50E+00 27 1.75E+01 37 1.16E+01
8 4 ,.,4T7E+00 18 6.35E+00 28 2,24E+01 38 1.34E+01
9 3,00€E+00 19 5.73€+00 29 1.75€E+01 39 1.51E+01
10 4,98E+00 20 T.66E+00 30 1.66E+01 40 1.46E+01
24 1 9.33E+00 11 1.42E+01 21 1.45E+01 31 1.23€+01
2 5.25E+00 12 5.10E+00 22 S5.41E+00 32 1.13E+01
3 9.41E+00 13 1.42E+01 23 5.16E+00 33 4,62E+00
4 S5.19E+00 16 4,32E+00 26 1,20€E+00 34 5.33E+00
5 1.05€E+01 15 1.45E+01 25 5.84E+00 35 5.57E+00
6 & ,62E+00 16 &,24E+00 26 5.T0E+00 36 6.95E+00
T 1.l4E+01 17 1.42E+01 27 7.50E+00 37 5.33€E+00
8 4.,64E+00 18 4,40E+00 28 9,29E+00 38 B8.36E+00
9 1.26E+01 19 1.46E+01 29 9.8T7E+00 39 6.22E+00
10 4 .,22E+00 20 &,T4E+00 30 9.62E+00 40 8.90E+00
25 1 1.08E+01 11 T7.40E+00 21 B8.81E+00 31 3.97E+00
2 T.87E+00 12 1.46E+00 22 2.11E+00 32 3.62E+00
3 6.60E+00 13 7.42E+00 23 4,.,51E+00 33 3.17€E+00
4 3,58€+00 14 1.55E+00 26 4 ,65E+00 34 3,51E+00
S &.71E+00 15 T.69E+00 25 4,32E+00 35 1.95E+00
6 2.83E+00 16 1.71E+00 26 3,78E+00 36 5.47E+00
T 6.39€+00 17 T.94E+00 27 4.19E+00 37 2.29€E+00
8 2.20E+00 18 1.72E+00 28 5.16E+00 38 5.,26E+00
9 6.,78E+00 19 8.,21E+00 29 3.95E+00 39 2.40E+00
10 1.80E+00 20 1.97€E+00 30 3.71E+00 40 5.05E+00
26 1 3.08E+00 11 2.50E+00 21 1.T7E+00 31 1.93€+00
2 3.17€+00 12 2.18E+00 22 1.93€E+00 32 1.71E+00
3 2.71E+00 13 2.43E+00 23 2,64E+00 33 2.59E+00
4 2.84E+00 14 1.89€E+00 26 2,79€+00 36 2.92E+00
5 2.67E+00 15 2.18E+00 25 2.46E+00 35 2.33E+00
6 2.57TE+00 16 2.01E+00 26 2.19E+00 36 2.44E+00
T 2.52€+00 17 2.08E+00 2T 2.24E+00 37 2.16E+00
8 2,40E+00 18 1.98E+00 28 2.79E+00 38 2.28E+00
9 2.39E+00 19 1.81€E+00 29 2.21E+00 39 2.04E+00
10 2.18E+00 20 1.88E+00 30 1.£3E+00 40 2.04E+00
27 1 6.33E+00 11 4.16E+00 21 3.61E+00 31 2.45E+00
2 &,02E+00 12 8.88€E-01 22 4.67E-01 32 2.11E+00
3 3,92€+00 13 3,97E+00 23 2.60E+00 33 1.72E+00
& 1.43E+00 14 5.91E-01 24 2.77€+00 34 1.85E+00
S 3.99€+00 15 &.00E+Q0 25 2.50E+00 35 1.57€E+00
6 1.18€+00 16 5.98E-01 26 2.33E+00 36 3.64E+00
T 3.6TE+00 17 3.84E+00 27 2.48E+00 37 1.36€+00
8 9.,69E-01 18 S5.76E-01 28 3-03E+00 38 3,74E+00
9 3.73€+00 19 3.69E+00 29 2.37E+00 39 1.47E+00
10 6.,03E-01 20 5.39E-01 30 2,05E+00 40 3.,48E+00
29 1 6.35€E+00 11 3.50€E+00 21 3.21E+00 31 2.08E+00
2 &,67E+00 12 1.06€E+00 22 7.26E-01 32 1.94E+00
3 3.61E+00 13 3.41E+00 23 2.61E+00 33 1.89€E+00
& 2,18E+00 14 B8,42E-01 26 2.T4E+00 34 2.13E+00
5 3.64E+00 15 3.33E+00 2% 2.40€+00 35 1.88E+00
& 1,54E+00 16 8.11€E-01 26 2.19€E+00 36 3.36E+00
T  3,42€8+00 17 3.27E+00 27 2.26E+00 37 1.57E+00
8 1.27€+00 18 7.87E-01 28 2.92€E+00 38 3.15E+00
9  3.45E+00 19 3.29€+00 29 2.19€E+00 39 1.55€E+00
10 1.01E+00 20 B8.26E-01 30 2,00E+00 40 3,13E+00




Table 2-4
6° CONE FORCE HEAT TRANSFER DATA (Cont.)

RUN GAGE HTRATE GAGE HT RATE GAGE  HTRATE GAGE  HT RATE GAGE  HTRATE
NO.  POS (BTU/h2 sec) POS  (BTU/f12 sec) POS _ (BTU/ft2 sec) POS __ (BTU/f12 sec) POS _ (BTU/f12 sec)

29 1 4.36E+00 11 4.16E+00 21 2.99€+00 31 2.26E+00 41 1.53E+00
2 1l.44E+00 12 1.04E+00 22 1.15E+00 32 2.18€+00 42 2.88E+00

3 4.44E+00 13 4.08E+00 23 2.89E+00 33 2.56E+00

4 1.05E+00 14 9,31E-01 24 3,15E+00 36 2.91E+00

S 4.69E+00 15 3.75€+00 25 2.76E+00 35 2.00E+00

6 D.25E-01 16 9.71E-01 26 2.,42E+00 36 4.07E+00

T 4.53E+00 17 3.26E+00 2T 2.65E+00 37 1.38E+00

8 B8.61E-01 18 9.84E-01 28 3.31E+00 38 3.65E+00

9  4.34E+00 19 3.24E+00 29 2.46E+00 39 1.60€+00

10 9.78E-01 20 1.09E+00 30 2.38£+00 40 3.26E+00
30 1 2.75€E+00 11 1.75€+00 21  1.52E+00 31 2.12€E+00 41 1.65E+00
2 2.67E+00 12 2.18€E+00 22 1.79€+00 32 1.99E+00 42 1.88E+00

3 2.17€E+00 13 1.57E+00 23 3,.32€+00 33 2.38E+00

& 2.,71E+00 14 1.99E+00 26 3.46E+00 34 2.TTE+00

5 2.07E+Q0 15 1.62€+0Q0 25 2.96E+00 35 2.12€+00

6 2.45E+00 16 1.93E+00 26 2.71€+00 36 2.16E+00

7 1.82E+00 17 1.54€+00 2T 2.61E+00 37 2.05E+00

8 2.25€E+00 18 1.96E+00 28  3,.40€E+00 38 2.11E+00

9 1.72€+00 19 1.43E+00 29 2.43E+00 39 1.84E+00

10 2.24E+00 20 1.97€E+00 30 2.17€+00 40 1.87E+00
31 1 3.10E+00 11 2.19E+00 21 1.75E+00 31 2.00€+00 41 1.66E+00
2 3.20E+00 12 2.36E+00 22 1.97€E+00 32 1.79€E+00 42 1.88E+00

3 2.71E+00 13 2.,25€+00 23 2.52E+00 33 2.80€E+00

4 3.10E+00 14 2.15E+00 26 2.78E+00 34 3.10E+00

5 2.49E+00 15 2.07E+00 25 2.41E+00 35 2.44E+00

6 2.86E+00 16 2.12€+00 26 2,24E+00 36 2.27E+00

T 2.40€+00 17 1.89E+00 27 2.17€+00 37 2.20E+00

8 2.55€+00 18 2.19€+00 28 2.85E+00 38 2.06E+00

9 2.27€+00 19 1.93E+00 29 2.12E+00 39 2.01E+00

10 2.31€E+00 20 2.00E+00 30 1.95€+00 40 1.81E+00
32 1 3.73€+00 11  3.26F+00 21  2.45E+00 31 2.10€+00 41 1.46E+00
2 2.54E+00 12 1.32E+00 22 1.04E+00 32 1.98E+00 42 2.47E+00

3 3.70E+00 13 3.13E+00 23 2.81€+00 33 2.17€+00

4 2.03E+00 14 1.19€+00 26 2.99E+00 36 2.36E+00

5 3.54E+00 15 2.90€+00 25 2.72E+00 35 1.97E+00

6 1.73€+00 16 1.20£+00 26 2.39E+00 36 2.09€+00

T  3.33E+00 17 2.68E+00 27 2.45E+00 37 1.71E+00

8 1.51E+00 18 1.19€E+00 28 3.18E+00 38 2.91E+00

9 3.31E+00 19 2.61E+00 29 2.39€+00 39 1.65E+00

10 1.40€E+00 20 1.11E+00 30 2.12€E+00 40 2.59€E+00
33 1 2.98F«0Q0 11  2.44E+00 21 2,02€+00 31 1.90€+00 41 1.83E+00
2 1.62E+00 12 1.13€+00 22 8.11€-01 32 1.74E+00 42 2.02E+00

3 2.58E+00 13 2.39€+00 23 3,.17€+00 33 1.87€+00

4 1.50E+00 16 9.47€E-01 24 3.2TE+00 34 2.03E+00

5 2.54E+00 15 2.31E+00 25 2.73E+00 35 1.73E+00

6 1.37€+00 16 9.28€-01 26 2.48E+00 36 2.51E+00

T 2.44E+00 17 2.22E+00 27 2.28€E+00 37 1.75€+00

8 1,23E+00 18 9.35€-01 28  2.96E+00 38  2.,44E+00

9 2.36E+00 19 2.07E+00 29 2.06E+00 39 1.79€+00

10 1.13F+00 20 8.53E-01 30 1.96E+00 40 2.19€+00
36 1 3.13€+00 11  2.,22€+00 21 2.01E+00 31 1.89E+00 41 1.71E+00
2 1.61€+00 12 1.09€+00 22 7.82€-01 32 1.60E+00 42 2.04E+00

3 2.59€+00 13 2.30€+00 23 3.14E+00 33 1.80€E+00

4 1.63E+400 14 8.97E-01 26 3,23€+00 36 2.08E+00
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Table 2-4
6° CONE FORCE HEAT TRANSFER DATA (Cont.)
RUN GAGE HTRATE GAGE HTRATE GAGE  HTRATE GAGE HTRATE GAGE  HTRATE '
NO. _ POS (BTU/ft2 sec) POS  (BTU/t2 sec) POS _ (BTU/ft2 sec) POS  (BTU/f12 sec) POS  (BTU/f2 sec)
34 5 2.56E+00 15 2.19E+00 25 2.T6E+00 35 1.61E+00
6 1.31E+00 16 8,99E-01 26 2,45E+00 36 2.42E+00
T 2.4TE*00 17 2.10€E+00 27 2.18E+00 37 1.64E+00
8 1.21E+00 18 8.82E-01 28 2,90E+00 38 2.29€E+00
9 2.38E+00 19 1.96E+00 29 2.02€E+00 39 1.54E+00
10 1.09E+00 20 8.50E-01 30 1.89€E+00 40 2.04E+00
35 1 5.57€E+00 11 4.38E+00 21 3,46E+00 31 2.40E+00 41 1.82E+00
2 1.37€E+00 12 7.19€-01 22 7.01€E-01 32 2.16E+00 42 3.70E+00
3 5.41E+00 13 3.78E+00 23 3.36E+00 33 1.70E+00
& 8.26E-01 14 5,55€E-01 246 3.54E+00 34 1.87E+Q0
5 5.15E+Q0 15 3.57E+0Q0 25 3,21€E+00 35 1.98E+00
6 T.37E-01 16 S5.63E-01 26 2.92E+00 36 4.53€E+00
T 4&.68E+00 17 3.19€+00 29 2.62E+00 37 1.94E+00
8 6.37E-01 18 6.30E-01 30 2.41E+00 38 3.86E+00
9 &,45E+00 19 3.26E+00 39 1.96E+00
10 7.52E-01 20 6.64E-01 40 3.56E+00
36 1 4.79€E+00 11  4.43E+00 21  3,264€E+00 31 2.37E+00 41 1.36E+00
2 1.45E+00 12 9.62E-01 22 1.44E+00 32 2.07€+00 42 3.10E+00
3 4.63E+00 13 4,.25E+00 23 3.05E+00 33 2.61E+00
4 1.15€+00 14 9.,84E-01 24 3.16E+00 34 2.98E+00
S &.89€E+00 15 3.91E+00 25 2.87€E+00 35 1.79E+00
6 9.25E-01 16 1.03E+00 26 2.52E+00 36 3.99€E+00
T 4.57E+00 17 3.47E+00 27 2.60€E+00 37 1.36E+00
8 8.39€-01 18 1.24E+00 28 3,35€+00 38 3.65E+00
9 4.27E+00 19 3.64E+00 29 2.42E+00 39 1.27€E+00
10 8.69E-01 20 1.32€E+00 30 2.23E+00 40 3.30E+00
37 1 1.48€E+01 11 9.16E+00 21 8.54E+00 31 2.40E+00 41 6.36E+00
2  1.54E+01 12 6.49€E+00 22 9.70€E+00 32 2.27€+00 42 6.87€+00
3 4.45E+00 13 8.55E+00 23 3.25E+00 33 2.75E+00
4 6.38E+00 14 B8.53E+00 26 4.04E+00 34 3.35E+00
5 4L.61E+00 15 8.21E+00 25 3.11€E+00 35 7T.71E+00
6 5.92E+00 16 9.16E+Q0 26 2.,95€+00 36 5.94E+00
T 4.96E+00 17 8.41E+00 27 2.90E+00 37 5.34E+00
8 5.95E+00 18 9.44E+00 28 4.23E+00 38 5.34E+00
9 T.67€E+00 19 9.35E+00 29 2.97€+00 39 6.53E+00
10 5.56E+00 20 9.53E+00 30 2.91E+00 40 6.21E+00
38 1 1.41E+01 11 7.91E+00 21 B8.06E+00, 31 1.05E+01 42 6.51E+00
2 1.37€E+01 12 1.06E+01 22 9.11E+00 32 9.44E+00
3  6.67E+00 13 7.38E+00 23 9.44E+00 33 8.31E+00
& B8.4TE+00 16 8.99E+00 26 1.09€+01 34 8.30E+00
5 6.94E+00 15 6.63E+00 25 1.13E+01 35 9.13E+00
6 8.50E+00 16 B8.64E+00 26 1.02€+01 36 6.88E+00
T 6.91E+00 17 7.28€+00 27 9.72E+00 37 8.12E+00
8 1.06E+0) 18 9.27E+00 280 1.23E+01 38 6.30E+00
9  6.64E+00 19 7.36E+00 29 1.02e+01 39 8.52E+00
10 9.40E+00 20 9.18E+00 30 9.88E+00 40 6.68E+00
39 1 9.10€E+00 11 2.74E+00 21 2.03€E+00 31 3.52€+00 41 3.45E+00
"2 9.11E+00 12 1.23E+00 22 8.30€-01 32 3.13€+00 42 2.48E+00
3 5.62E+400 13  2.53E+00 23 3,35E+00 33 3.60E+00
6 2.43E+00 14 7.02€-01 26 3.39€+00 34 4.16E+00
S &4.T72E+00 15 2.26E+00 25 2.69€+00 35 2.52€E+00
6 1.76E+00 16 8,78€E-01 26 2.40E+00 36 3.46E+00
T 3.57E+00 17 2.15€+00 27 2.82E+00 37 2.16E+00
8 1.41E+00 18 9.74E-01 28  3.62€+00 38 2.89E+00
9 2.93E+00 19 2.43€+00 29 3.01E+00 39 2.18€E+00
10 9.86E-01 20 1.04E+00 30 2.61E+00 40 2.49E+00
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Table 2-4

6% CONE FORCE HEAT TRANSFER DATA (Cont.)

RUN GAGE HTRATE GAGE HT RATE GAGE  HTRATE GAGE HT RATE GAGE HT RATE
NO. POS _ (BTU/ft2 sec) POS _ (BTU/f2 sec) POS _ (BTU/f12 sec) POS  (BTU/f12 sec) POS  (BTU/ft2 sec)
40 11 2.96E+00 23 2.T6E+00 31 2.07€E+00 41 1.46E+00
12 1.78E+00 26 3,02€E+00 32 2.03E+00 42 2,24E+00

25 2.63E+00 33 2.66E+00

26 2.43E+00 36 2.92E+00

! 27 2.39E+00 35 2.02E+00

28 3.04E+00 36 2.81E+00

29 2.24E+00 37 1.74E+00

30 2.14E+00 38 2.41E+00

39 1.70€+00

40 2.30E+00
41 1 1.01E+01 11 &.22E+00 21 4.,02€E+00 31 2.25€E+00 41 1.35E+00
2 T.79E+00 12 1.16E+00 22 4,49€E-01 32 2.02E+00 42 3,42E+00

3 S5.15E+00 13 4,30€E+00 23 2,.79€E+00 33 2.08€+00

4 2.50E+00 14 7.12E-01 26 2.86E+00 346 2.,264E+00

5 4.36E+00 15 4.,06E+00 25 2.T1E+00 35 1.84€E+00

6 1.91E+00 16 7.264€E-01 26 2.38E+00 36 3.62E+00

T &.06E+00 17 3.93E+00 27 2.44E+00 37T 1,47E+00

8 1.50E+00 18 6.33€E-01 28 3,14E+00 38 3,.45E+00

9 3,80€E+00 19 3.96E+00 29 2.34E+00 39 1.45E+00

10 1.11E+00 20 5.80€-01 30 2.18E+00 40 3.33€E+00
&2 1 8.85E+00 11 3.5%E+00 21 3.44E+00 31 2.53€E+00 41 1.78€E+00
2 B8.24E+00 12 1.02€+00 22 1.45E+00 32 2.24E+00 42 3.09€E+00

3 6.00E+00 13 3.52€+00 23 4.19E+00 33 3,40€+00

4 1.85E+00 16 7.59E-01 26 4.T1E+00 34 3,65E+00

5 S5.11E+00 15 3.93E+00 25 &.16E+00 35 2.66E+00

6 1.,06E+00 16 8.77E-01 26 3,69€+00 36 3.71E+00

T 4.11€E+00 17T 3.14E+00 27 3.11E+00 37 1.55E+00

8 7T.35E-01 18 7.25E-01 28 4,05E+00 38 3.08E+00

9 3.69E+00 19 3.45E+00 29 2.58E+00 39 1.25€E+00

10 6.,08E-01 20 B8,22€E-01 30 2.38E+00 40 3.30€E+00
43 1 1.39€+01 11 1.29€+01 21 1.80E+01 31 6.88E+00 41 S5.34E+00
2 3.,62E+00 12 5.00E+00 22 S5.78E+00 32 6.20E+00 42 1.56E+01

3 1.07€+01 13 1.31E+01 23 6.40E+00 33 4,18E+00

& 2.T4E+00 16 5.564E+00 26 6.89E+00 34 S5.02E+00

S 9.71E+00 15 1.40€E+01 25 6.01E+00 35 3.52E+00

6 2.T5€E+00 16 6.62E+00 26 5.39E+00 36 9.19E+00

T 9.88E+00 17 1.58E+01 27 S.74E+00 37 3.52E+00

8 3.00E+00 18 7.06E+00 28 6.59€E+00 38 9.08E+00

9 1.07€+01 19 1.66E+01 29 5.81E+00 39 4,.,28E+00

10 4,.92€E+00 20 6.59E+00 30 5.31E+00 40 1,08E+01
Lh 1 7.00E+00 11 4.55E+00 21 3.20E+00 31 2.29€E+00 41 1.72E+00
2 1.67E+00 12 9.31€E-01 22 8,.,61€E-01 32 2.15€+00 42 3.10€+00

3  5.41E+00 13 3,64E+00 23 3.18E+00 33 2.06E+00

4 1.07E+00 14 6.28€-01 26 3.,35€+00 34 2.44E+00

5 5.025+00 15 3.,66E+00 25 3.06E+00 35 2.34E+00

6 9.55E-01 16 6.77E-01 26 2.,59E+00 36 &.43E+00

7 4.59€400 17 3.58E+00 27 2.59€E+00 37 1.88E+00

8 T7.91E-01 18 7.30€E-01 28 3.31E+00 38 3,76E+00

9 4J.61E+00 19 3.16E+00 29 2.31E+00 39 1.98E+00

10 8.23E-01 20 8.19€-01 30 2.20E+00 40 3.,42E+00
&5 1 1.29€+01 11 9,42E+00 21 1.54E+01 31 6.54E+00 41 S5.60E+00
2 4.12E+00 12 5.51E+00 22 T.37E+00 32 S5.78E+00 42 1.37€E+01
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Table 2-4

6° CONE FORCE HEAT TRANSFER DATA (Cont.)

B T T R R

RUN GAGE HTRATE GAGE HTRATE GAGE HT RATE GAGE HT RATE GAGE HT RATE
NO. POS  (BTU/f12 sec) POS _ (BTU/t2 sec) POS  (BTU/ft2 sec) POS  (BTU/ft2 sec) POS (BTU/#22 sec)

45 3 9.31E+00 13 1.01€E+01 23 6.39E+00 33 4.T3E+0Q0

4 3.33E+00 14 6.35E+00 26 6.75E+00 36 5.36E+00

5 8.77€E+00 15 1.06E+01 25 6.08E+00 35 4.16E+00

6 3.24E+00 16 7.48E+00 26 5.53E+00 36 B8.52E+00

7 8.56E+00 17 1.18E+01 27 53.50€E+00 37 4.39E«Q0

8 3,23E+00 18 7.84E+00 28 6.80E+00 38 8.08E+00

9 9,25E+00 19 1.43€E+01 29 5.75€+00 39 4.79€E+00

10 &.87E+00 20 T7.49€E+00 30 5.19E+00 40 9.00E+00
4“6 1 7.22E+00 11 4.15€+00 21 3.43E+00 31 2.37E+00 41 2.02E+00
2 2.45E+00 12 1.08E+00 22 1.02€+00 32 2.15€+00 42 3.,46E+00

3 5.58E+«00 13 3.86E+00 23 3.59E+00 33 2,62€E+00

4 1.87€E+00 14 9,.56€E-01 24 3.76E+00 36 2.87E+00

5 S5.05€+00 18 3.65E+00 25 3.24E+00 35 2,41€+00

6 1.47E+00 16 9.81€-01 26 2.89E+00 36 4.49E+00

T 4.86E+00 17  3.34€+00 27 2.81E+00 37 2.14E+00

8 1.30€+00 18 9.63€-01 28 3,47€+00 38 3,72€+00

9 &,25E+00 19 3,31€E+00 29 2.75€E+00 39 2.08E+00

10 1,.,27€E+00 20 1.03€+00 30 2.57E+00 40 3.16E%00
&7 1 9.73E+00 11 5.80€+00 21 5.81E+00 31 3.24E+00 41 2.50E+00
2 3,26E*00 12 1.73€+00 22 3.49€E+00 32 3.14E+00 42 4,62E+00

3 7.37€+00 13 5.42E+00 23 5.08E+00 33 3.61E+00

6  2.49€E+00 16 2.26€+00 26 5,.42€E+00 34 4.,05E+00

S T.17€+00 15 5.03€+00 25 4.56E+00 35 3.01€+00

6 2.11E+00 16 2.14E+00 26 4.,17E+00 36 5.19E+00

T 6.964E+00 17 5.38€E+00 27 4.07€+00 37 2.69€+00

8 1.79€«00 18 2.52€+00 28 5.31E+00 38 5.09€E+00

9 6.12€+00 19 S5.44€400 29 J.565E+00 39 2.91E+00

10 2.28€+00 20 3.02€E+00 30 3.46E+00 40 4.67E*00
LY.} 1 1.31€+01 11 7.16E+00 21 S5.77€+00 31 3.32€+00 41 2.36E+00
2 2.51E+00 12 1.37€+00 22 1.28E+00 32 2.8T7E+00 42 5.89E+00

3 9.02€+00 13 7.19E+00 23 4.82E+00 33 3.27E+00

& 1.87E+00 16 1.11E+00 24 5.13E+00 34 3.81€E+00

S 9.05€+00 15 6.465€E+00 25 “.22E+00 35 3.00E+00

6 1.41E+00 16 1.06€+00 26 3.87E«00 36 6.94E+00

T T.84E+00 17 S5.77€+00 27 3.81E+00 37 2.74E+00

8 1.20€+00 18 1.00€+00 28 6.93E+00 38 5.71E+00

9 T.34E+00 19 5.72E+00 29 3.66E+00 39 2.34E+00

10 1.68E+00 20 1.10€+00 30 3.641E+00 40 5.40E+00
49 1 5.75€+00 11  4.67E+00 21 4.04E+00 31 3.95€E+00 41 4.,65E+00
2 5.04E+00 12 5.09E+00 22 3.84E+00 32 3,23E+00 42 4.,92E+00

3 4.93E+00 13 4.,46E+00 23 4.95E+00 33 5.07€E+00

4 5.28E+00 16 4.14€+00 26 5.02E+00 36  5.94E+00

5 5.28E+00 15 3.87€+00 25 &.50E+00 35 5.67E+00

6 4,99E+400 16 3.78E+00 26 3.91E+00 36 5.02€E+00

8 4.,40E+00 17 3.81€+00 27 4.57€+Q0 37 4.91E+00

9 &4.28E+00 18 4,14€+00 28 5.74E+00 38 4.49€E+00

10 4,.25E+00 19 4,40€+00 29 4,03E+00 39 4.82€E+00

20 3.95E+00 30 3.61E+00 40 4.,26E+00
50 1 8.27E+00 11  4.83E+00 21 4&,.35E+00 31 S5.11E+00 41 3.95E+00
2 5.18€400 12 4.,23E+00 22 3.28E+00 32 4,59€E+400 42 3.44E+00

3 4,97€+00 13 4,57€+00 23 4.9TE+00 33 4.32E+00

4 4,62E+00 16 4,12E+00 26 5.21E+00 34 5.04E+00

5 S5.17€+00 15 4.10€E+00 25 4.88E+00 35 5.34E+00
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Table 2-4

6% CONE FORCE HEAT TRANSFER DATA (Cont.)

{ gt |

e

-

RUN HT RATE GAGE HTRATE GAGE  HT RATE GAGE HTRATE HT RATE
NO. (BTU/12 sec) POS _ (BTU/f12 sec) POS  (BTU/t2 sec) POS  (BTU/ft2 sec) (BTU/f12 sec)
T &.TTE+Q0 16 3.50E+00 26 &,58E+00 36 5.06E+00
A &4.14E+00 17 4.39E+00 27 4&.08E+00 37 &.60E+00
9 &4 ,ATE+00 18 3,71E+00 28 5,39€E+00 38 4.41E+00
0 &.02E+00 19 4,49E+00 29 &4.,87E+00 39 4,26E+00
20 3.31E+00 30 4.83E+00 40 3.,97E+00
51 1 1.42E+01 11 1.,46E+01 22 S5.0TE+00 31 1.66E+01 4,5TE+00
2 1.71E+00 12 2,21E+00 23 7.05E+00 32 1.51E+01 2.,48E+01
3 1.22E+01 14 3,02€+00 26 7.,40E+00 33 3.98E+00
4 1.,00€E+00 16 3.78E+00 25 6.49E+00 34 &,48E«00
5 1.16E+01 18 5,00E+00 26 S5,.7T7E+00 35 &.34E+00
6 1.06E+00 20 5.20€+00 27 S5.91E+00 36 8.36E+00
7 1.01E+01 28  7.38€E+00 37 3.65E+00
8 1.12E+00 29 6,T4E+00 38 08,.68E+00
9 1.04E+01 30 6.63E+400 39 4,.13E+00
10 1.33E+00 40 1.91E+01
52 1 9.18E+00 11 6.58E+00 21 9,.,93E+00 31 4.47E+00 4,02E+00
2 &.T4E+00 12 64,44E+00 22 1.,10€E+01 32 4.02E+00 6.5TE+00
3 8.07€+00 13 5.,94E+00 23 5.76E+00 33 4.02E+00
4 2.61E+00 14 5.5TE+00 26 S5,.76E+00 34 4&.34E+00
S T.42E+00 15 S5.48E+00 25 S5.46E+00 35 4,43E+00
6 2.52E+00 16 7.22€E+00 26 4 .,46E+00 36 6.T6E+00
T 6.58E+00 17 5.35€+00 27 5.02€E+00 37 3.92€+00
8 2.5TE+00 18 8.64E+00 28 6.37E+00 38 6.24E+00
9 6.23E+00 19 S5.63E+00 29 4,76E+00 39 4.,24E+00
10 3.22E+00 20 1.03E+01 30 4.24E+00 40 S.16E+00
S3 1 3.96E+00 11 3.08E+00 21 2.30€E+00 31 1.94E+00 1.43€E+00
2 2.,13E+00 12 1.,26E+00 22 9,95€-01 32 1.79€+00 2.41E+00
3 3,63E+00 13 2.91E+00 23 2.69E+00 33 1.99€E+00
4 1.,82€+00 16 9.74E-01 26 2.81E+00 36 2.37E+00
5 3.49F+00 15 2.69E+00 25 2.69€+00 35 1.64E+00
6 1.62E+00 16 9.16E-01 26 2.36E+00 36 3.15E+00
T 3,23E+00 17 2.39€+00 27 2.43E+00 37 1.53€E+00
8 1.35E+00 18 9.77€-01 28 3.,06E+00 38 2.T79€+00
9 3,064E+00 19 2.34E+00 29 2.26E+00 39 1.59€+00
10 1.11E+00 20 9.72€e-01 30 2.04E+00 40 2.47E+00
S6 1 7.55€+00 11 T7.04E+00 21 6.90E+00 35 &.66E+00 3.92E+00
2 3.80E+00 12 2.61E+00 22 2.43E+00 36 T.13€E+00 5.63E+00
3  T.34E+00 13 6.16E+00 37 3.90€+00
4 2.82E+00 16 1,84E+00 30 6.20€+00
5 T.4TE+00 15 5.52€+00 39 4.17E+00
6 2.79E+00 16 1.,77T€+00 40 5.78E+00
7 6.91E+00 17 &,.93E+00
8 2.24E+00 18 2.07E+00
9 6.,20€+00 19 6.77E+00
10 1.94E+00 20 2,05E«00
55 1 T.35E+00 11 5.31E+00 21 4,T0E+00 31 3,49E+00 3.85E+00
2 &.54E+00 12 3,38E+00 22 3,09€+00 32 3.41E+00 5.25E+00
3 6.164E+00 13 4,64E+00 23 S5.01E+00 33 4,39E+00
& 3.,65E+00 16 2,89E+00 26 5,56E+00 34 5.20E+00
S5 S5.71E+00 185 4&,48E+00 25 4,89€+00 35 4,38E+00
6 3,42E+00 16 2,.78E+00 26 4.33E+00 36 S5.58E+00
T 5.33€+00 17 4&,15E+00 27 4,88E+00 37 &.07E+00
B 3,26E+00 18 2,74E+00 28 6.08E+00 38 4.98E+00
9 5.39€+00 19 &,.33E+00 29 3.81E+00 39 4.07E+00
10 3.14E+00 20 2.81E+00 30 3.74E+00 40 &,63E+00
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Table 2-4
6° CONE FORCE HEAT TRANSFER DATA (Cont.)

RUN GAGE HTRATE GAGE HT RATE GAGE  HTRATE GAGE HTRATE GAGE  HTRATE
_NO. _ POS _ (BTU/f2 sec) POS__ (BTU/t2sec) POS __ (BTU/M2 sec) POS _ (BTU/f12 sec) POS _ (BTU/f:2 sec)
56 1 1.13€+01 11 8.20€E+00 21 2.65E+01 31 1.18E+01 41 3.23E+00
2 1.75E+00 12 1.50€+00 22 5.46E+00 32 1.08E+01 42 2.26E+01
3 1.13E+01 13 8.36E+00 23 6.38E+00 33 3.86E+00
4 1.09E+00 16 1.43E+00 26 6.61E+00 35 3,.58E+00
5 1.10€+01 15 1.22€+01 25 6.17€E+00 36 4.00E+00
6 8.93€E-=01 16 2.09€+00 26 5.30€+00 37 3.34E+00
T 9.76E+00 17 2.16E+01 27 S5.70E+00 38 6.90E+00
8 8.77€-01 18 4.45E+00 28 T.11E+00 39 3.32€E+00
9 B8.05E+00 19 2.76E+01 29 6.02E+00 40 1,04E+01
10 9.49€-01 20 5.27€+00 30 5.40E+00
57 1 6.23€E+00 11 4.39E+00 21 3.76E+00 31 2.41E+00 41 1.71E+00
2 1.39€E+00 12 7.16€E-01 22 8.27E-01 32 2.24E+00 42 3.16E+00
3 5.89E+00 13 3.95€+00 23 3.39€E+00 33 1.93E+00
4 9.26E-01 14 6.81€E-01 26 3,.70€+00 35 2.02€+00
5 5.49E+00 15 3.79E+00 25 3.35E+00 36 2.27E+00
6 T7.03E-01 16 6.46E-01 26 2.86E+00 37 2.02E+00
T 4.98E+00 17 3.44E+00 2T 2.89E+00 38 3,71E+00
8 6.326-01 18 7.03€-01 28 3.83E+00 39 2.04E+00
9 4.35E+00 19 3.42E+00 29 2.69E+00 40  3.29€+00
10 6.51E-01 20 7.58€-01 30 2.49€E+00
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Table 2-5
6° CONE FORCE FINAL PRESSURE DATA
RUN NO.
GAGE
S 3 R T N T T R RS T
- PRESSURE RATE (psia) -
1 0.3880 0.2960 0.2850 0.3330 0.2660 0.1550
2 0.3640 0.3060 0.2800 0.2640 0.2730 0.1550

3 0.3650 0.3020 0.6020 0.2820 0.3300 0.2400 0.1420 0.2880
4 0.3860 0.3270 0.1980 0.2990 0.2440 0.2540 0.1410 0.0995
S 0.3610 0.3140 0.6290 0.2770 0.3270 0.2340 0.1370 0.2900
6 0.3730 0.3390 0.2020 0.2810 0.2410 0.2430 0.1390 0.099%
7 0.3620 0.3300 0.6250 0.2770 0.3310 0.2340 0.1330 0.2890
9 0.3410 0.3290 0.6040 0.2730 0.3210 0.2240 0.1340 0.2800
10 0.3680 0.3610 0.1930 0.2760 0.2370 0.2330 0.1320 0.0987
13 0.3420 0.3170 0.5890 0.2690 0.3160 0.2200 0.1320 0.2660
17 0.3360 0.3040 0.5180 0.2700 0.3010 0.2150 0.1330 0.2540
18 0.3560 0.3330 0.1910 0.2570 0.2260 0.2260 0.1290 0.0946
21 0.3440 0.3130 0.5570 0.2610 0.3120 0.2250 0.1420 0.2670
22 0.3540 0.3310 0.2970 0.2720 0.2260 0.2310 0.1340 0.0981

1 12 13 14 15 16 17 18
1 043490 1.1400 1.5700 1.9700 1.5100 1.2600
2 0.2210 0.2760 1.3400 1.3100 1.3100 1.4600 1.3300
3 0.4950 0.2330 0.39640 0.7550 0.9380 0.9620 0.8450 0.7790
4 0.2280 0.0815 0.2660 0.7520 0.7080 0.7180 0.7730 0.7260
S 0.5210 0.2350 0.3990 0.6730 0.8790 0.8480 0.7560 0.7120
6 0.2340 0.0807 0.2710 0.6660 0.5580 0.5860 0.5620 0.6200
7 0.5430 0.2300 0.3830 0.6140 0.8010 0.7910 0.6760 0.6610
9 0.5280 0.2220 0.3930 0.5580 0.7450 0.7580 0.6380 0.6010
10 0.26430 0.0809 0.2740 0.5800 0.4300 0.4370 0.5300 0.5070
13 0.5010 0.2150 0.3660 0.5100 0.7900 0.7890 0.6160 0.5830
17 0.4530 0.2100 0.3750 0.5560 0.8610 0.8620 0.6230 0.6270
18 0.2240 0.0772 0.2600 0.5350 0.3700 0.3870 0.4590 0.4470
21 0.4950 0.2230 0.4110 0.5390 1.0000 1.0200 0.6860 0.6710
22 0.2380 0.0807 0.2770 0.5640 0.3900 0.3910 0.4920 0.4850

19 20 21 22 23 24 25 26
1 0.6170 1.4500 1.5600 0.5300 0.4920 045170 1.5500 0.1530
2 0.5170 1.6900 1.1800 0.5550 0.5730 0.5080 1.2500 0.1510
3 0.3850 0.7900 0.8800 0.5400 0.5150 0.5780 0.7930 0.1780
4 0.2900 0.8230 0.5540 0.6130 0.6130 0.5470 0.6100 0.1770
S 0.35640 0.6640 0.8160 0.5560 0.5340 0.5660 0.7210 0.1820
6 0.2290 0.6920 0.4890 0.6400 0.6230 0.5830 0.5250 0.1820
7 0.3270 0.6010 0.8330 0.5910 0.5930 0.5050 0.7170 0.2060
9 0.3290 0.5520 0.8500 0.6060 0.6010 0.6410 0.7250 0.2130
10 0.1830 0.5510 0.4110 0.6920 0.6780 0.6360 0.4480 0.2010
13 0.3470 0.52640 0.8900 0.6230 0.6360 0.6610 0.7710 0.2170
17 0.3480 0.5260 1.0100 0.6390 0.6750 0.6760 0.7910 0.2020
18 0.15640 0.5080 0.3770 0.6900 0.6610 0.6260 0.4060 0.1960
21 0.3920 0.5200 1.1300 0.6720 0.6820 0.7410 0.9100 0.2120
22 0.1620 0.5540 0.3990 0.6770 0.7070 0.6660 0.4280 0.2050

27 28 29 30 31 32 33 36
1 0.5820 0.5860 0.1980 0.1660 0.1800 0.1500 0.1560
2 0.4560 0.4930 0.1360 0.1650 0.1530 0.1480 0.1550
3 0.3300 0.3060 0.2620 0.1670 0.1790 0.2070 0.1850 0.1750
4 0.2180 0.2300 0.1210 0.1950 0.1880 0.1590 0.1600 0.1510
S 0.3160 0.2900 0,3030 0.1710 0.1830 0.2210 0.1980 0.1890
& 0.1920 0.2080 0.1230 0.1930 0.1900 0.1670 0.1610 0.1580
7 0.3190 0.2890 0.3320 0.1870 0.2000 0.2350 0.2070 0.2070
9 0.3440 0.3000 0.3560 0.2030 0.2090, 0.2530 0.2290 0.2170
10 0.1660 0.1800 0.1260 0.2000 0.2050 0.1730 0.1640 0.1600
13 0.3820 0.3110 0.3460 0.1980 0.2100 0.2550 0.2310 0.2200
17 0.3720 0.3140 0.3320 0.2020 0.2060 0.2270 0.2210 0.2090
18 0.1480 0.1650 0.1210 0.1950 0.2020 0.1710 0.1590 0.1520
21 0.64020 0.3440 0.3230 0.1970 0.2110 0.2450 0.2300 0.2170
22 0.1560 0.1740 0.1230 0.2100 0.2090 0.1760 0.1620 0.1570
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Table 2-5

T

6° CONE FORCE FINAL PRESSURE DATA (Cont.)

RUN NO.

s |

36

|

7 | 8 | 39

l

40 17 a1 ] 42

r—

PRESSURE RATE (psia)

—

- e
BNWOONPWBEHUWN-

NN
N

0.2560
0.1500
0.3150
0.1250
0.3150
0.1270
0.3450
0.3610
0.1300
0.3520
0.3160
0.1220
0.3180
0.1220

43
0.4150
0.20640
0.4660
0.1630
0.4470
0.1550
0.4750
0.46 20
0.1500
0+4660
0.4040
0.1360
0.4340
0.1680

51

1.2200
1.1900
0.4360
1.1400

1.2500
0.3840

0.2260
0.1560
0.2880
0.1300
0.3040
0.1290
0.3350
0.3660
0.1340
0.3690
0.3390
0.1290
0.3480
0.1300

&4

0.1600
0.0601
0.1570
0.0578
0.1660
0.1580
0.0576
0.1540
0.1360
0.0556
0.1470
0.0582

52

0.4760
0.7820
0.5270
0.7970
0.5440
0.8150
0.8660
0.5990
0.8480
0.8820
0.6150
0.8850
0.5940

2.0200
2.0400
0.7820
0.8140
0.6640
0.6840
0.6090
0.5570
0.5690
0.5290
0.5110
0.4960
0.5660
0.5380

&S

0.2010
0.3830
0.1830
0.3790
0.1830
0.3920
0.3900
0.1820
0.3780
0.3470
0.1650
0.3660
0.1740

53
0.2390
0.1980
0.2500
0.1810
0.2580
0.1860
0.2700
0.2840
0.1890
0.2800
0.2620
0.1870
0.2660
0.1860

1.6200 0.7560
1.7400 0.8110
0.9200 0.4060
0.7060 0.2910
0.7280 0.3190
0.6270 0.2550
0.5820 0.2740
0.5170 0.2640
0.5700 0.2310
0.5050 0.2380
0.4830 0.2320
0.5600 0.2110
0.4780 0.2530
0.5360 0.2210

46 67

0.1560 0.2620
0.0787 0.1300
0.15640 0.2580
0.0784 0.1270
0.1580 0.2600
0.1540 0.2570
0.0767 0.1240
0.1490 0.2470
0.1400 0.2260
0.0715 0.1160
0.1450 0.2400
0.0739 0.1170

54 55

0.4640 0.5010
0.7250 0.86700
0.5230 0.5640
0.7450 0.6960
0.5420 0.5810
0.7870 0.7040
0.8090 0.7390
0.5870 0.4220
0.8420 0.7390
0.8260 0.7380
0.5750 0.6120
0.8670 0.8090
0.5950 0.6390

0.9410 1.0000 0.7980
0.8840 0.8110 0.7340
0.3380 0.3810 0.4490
0.3130 0.2820 0.2610
0.3020 0.3510 0.3530
0.2700 0.2340 0.2300
0.2720 0.3330 0.3220
0.2650 0.3460 0.3200
0.2170 0.1920 0.2010
0.2490 0.3500 0.3150
0.2460 0.3570 0.3230
0.1900 0.1610 0.1640
0.2660 0.3990 0.3610
0.1960 0.1690 0.1720

48 49 50

0.5310 0.5490

0.5230 0.5450
0.2120 0.6000 0.6000
0.0729 0.6140 0.5980
0.2050 0.6060 0.6130
0.0726 0.6290 0.6130
0.2080 0.6320 0.6510
0.2020 0.6580 0.6750
0.0721 0.7080 0.6920
0.2020 0.6610 0.6920
0.1850 0.6810 0.7000
0.0921 0.7260 0.6170
0.1950 0.6850 0.7390
0.0718 0.6950 0.7110

56 57

0.2900
0.4250 0.1480
1.1300 0.3350
0.4110 0.1310
1.1700 0.3210
0.4130 0.1220
1.2000 0.3610
1.1700 0.3530
0.4190 0.1270
1.1500 0.2730
1.1300 0.3180
0.3860 0.1220
1.2000 0.3110
0.3880 0.1240




Figure 2-6

6° CONE FORCE DATA

R

RUN
Tv%'t' Cn Cm NO. Cn Cm
2 -.000778 -.00146 29 +.0932 +.137
3 -.00514 -.00742 30 -.00175 | -.00139
4 -.00743 -0112 31 -.00179 | -.00342
5 +.0984 +.152 32 +.0300 +.0407
6 -.00176 -.000958 33 +.0318 +.0468
7 +.0279 +.0458 34 +.0265 +.0385
8 - - 35 +.0958 +.140
9 +.00143 +.00171 36 +.0937 +.137
10 +.0887 +.136 37 0 -.000750
1 +.0630 +.0954 38 +.0124 +.0577
12 +.0890 +.134 39 +.0289 +.0815
13 +.0298 +.0442 40 +.0146 +.0175
14 +.000097 +.00649 41 +.0545 +.0681
15 +.0563 +.0837 42 +.0667 +.136
16 +.0494 +.0640 43 +.0959 +.152
17 +.0161 +.0206 44 +.0917 +.145
18 +.0201 +.0338 45 +.0645 +.102
19 +.0580 +.0866 46 +.0625 +.0991
20 +.000948 +.000646 47 +.0620 +.0998
21 +.0630 +.0803 49 -00339 | -.00384
22 -.00466 -.00755 50 +.00300 | +.00404
23 -.00464 -.00533 51 +.107 +.159
24 +.00352 +.00155 52 +.0313 +.0466
25 +.0391 +.0485 53 +.0280 +.0395
26 +.00579 +.00980 54 +.0277 +.0388
27 +.0650 +.0826 55 +.0158 +.0226
28 +.0398 +.0497 56 +.0915 +.132
57 +.0875 +.129
:
R
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Section 3

STUDIES OF THE AERODYNAMIC EFFECTS RESULTING FROM
THE NOSE-TIP SHAPING OF SLENDER BLUNTED
VEHICLES AT LOW ALTITUDES

3.1 INTRODUCTION

As the transition moves from the frustum onto the nose¢ tip, the heat
transfer to the nose tip can exhibit a local maximum downstream of the
stagnation point, which can drive the ablating nose tip into an indented
shape. While the current shape change programs can predict the occurrence
of an axi-symmetric indented nose configuration, the intrinsically three-
dimensional characteristics of regions of boundary layer transition can lead
to the generation of the Nva8 or RTE19 nose-tip configurations (see Figure 3-1),
which are far from asymmetric. In this experimental program, we set out to
examine the effects of asymmetric and indented nose shapes on the aerodynamic
stability of slender cones and determine how the nose shape influences the
pressure distribution over thé conical frustum. Measurements were made of the
nose-tip forces and forces on the nose tip/frustum combination. From these
two sets of measurements and measurements of the pressure distribution over
the conical frustum we were able to examine the influence of nose shape on
the position of the center of pressure on both the total configuration and

the conical frustum.
3.4 MODELS AND INSTRUMENTATION

In this program, we used acceleration-compensated force balance tech-
niques similar to those used in the investigation of body-fixed transition
effects to make measurements of the nose-tip forces and the total forces on
the nose tip/frustum combinations. Special electronics were deviséd to
enable us to measure directly the differences in pressure between the wind-
ward or leeward rays, as well as their absolute values. In this way, we were
able to measure accurately the small differences in frustum pressure resulting

from nose tip asymmetry. Figure 3-2 shows a photograph of the model used in
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the measurement of nose-tip forces, and Figure 3-3 shows the NRV nose tip
mounted on the force balance in the Calspan 96'-shock tunnel. A photograph
of the equivalent nose tips that were used with the 6°-conical frustum are
shown in Figure 3-4. While most studies were conducted with models that had
a 21%-bluntness ratio, measurements were also made with the sharp or 6%

blunted configurations shown in Figure 3-5.

5.3 RESULTS AND DISCUSSION

3.3.1 Nose Tip Studies

The first set of studies were designed to obtain force and pressure
measurements on the recovered NRV and RTE nose shapes as well as for the two
"extreme" nose shapes, the "blunt'" and the '"45°-blunt' shown in Figure 3-1.
Apart from the nose tip force data, which would be used in conjunction with
total force measurements to determine frustum forces, we were also very
interested in determining the roll torques generated by the NRV and RTE nose
tips. The studies were conducted at Mach 8 and 14 for unit Reynolds numbers
from 8 x IO6 £o 25 X 106. Figure 3-6a shows the details of three of the four
model configurations used on this program; while Figure 3-6b shows the
accelerometer balance used on this program. Tables 3-1 and 3-2 lists the

model characteristics and the free stream conditions.

The complex nature of the flow over the NRV nose-tip is shown in
the Schlieren photographs of Figure 3-7. The model has been rotated 90° between
the runs shown to display the highly asymmetric character of the flow field.
In all these photographs, observe that a predominant feature is the embedded
shock structure generated by the recompression of the flow downstream of the
three-dimensional regions of separated flow developed in the grooves. A
similar flow structure is exhibited in the photograph of the flow over the
Roll Torque Experiment (RTE) nose tip shown in Figure 3-8. In this latter

case, however, the flow remains attached and exhibits far greater symmetry
about the axis. For completeness, the Schlieren photographs show the flow over

"blunt" and the "45°-blunt' nose tips in Figure 3-9. The normal and axial
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Figure 3-3 NRV FORCE MODEL INSTALLED IN THE 96" SHOCK TUNNEL
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Figure 34

{
{

6" CONICAL FORCE MODEL WITH NRV AND ASYMMETRIC NOSE TIPS

3-6

i A B L




e

Figure 3-5 PHOTOGRAPHS OF SOME OF THE NOSE TIPS WHICH WILL BE USED WITH THE
6° CONE MODEL
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Table 3-1
6° CONE FORCE ASYMMETRIC BLUNTNESS EFFECTS
RUN
NO. | CONFIGURATION a Me | Re/FT
14 | NRV Q02 13 | 10x107
15 | NRV 2057° | 11.3 | 1.0x 107
16 | RTE 2057 | 113 | 1.0x107
17 | RTE 190 1.3 | 1.0x107
18 | NRV 190’ 11.3 | 1.0x107
19 | NRV 258 | 11.0 | 3.9x106
20 | RTE 0° 2 1.3 | 1.0x107
22 | 6%0°BLUNT 00’ 1.3 | 1.0x107
23 | 6%45° BLUNT 0°5° 1.3 | 1.0x107
24 | 6% 0° BLUNT 005’ 11.3 | 1.0x107
26 | 6%0° BLUNT 0°3 109 | 2.4x106
29 | 6% 45° BLUNT 303 109 | 2.5x 106
30 | 6%45° BLUNT 0°3° 109 | 2.5x 106
31 | 6%0° BLUNT 0° 3 109 | 25x106
32 | 6%0°BLUNT 102 109 | 2.5x 106
33 | 6%45°BLUNT 192 109 | 2.5x 106
34 | 6%45° BLUNT 192 109 | 25x106
35 | 6%0°BLUNT 2°59' | 109 | 25x 106
36 | 6%45° BLUNT 2059° | 109 | 25x 106
37 | 21%0° BLUNT 0°0’ 1.3 | 1.0x107
38 | 21%45° BLUNT 00’ 1.3 | 1.0x 107
39 | 21%45° BLUNT 190’ 11.0 | 39x106
40 | 21% 0° BLUNT 190’ 110 | 39x106
41 | 21%0° BLUNT 300’ 11.0 | 39x 106
; 42 | 21% 45° BLUNT 300’ 11.0 | 39x106
|
3-10
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NOSE TIP FORCE MEASUREMENTS

Table 3-2

RUN | MODEL « Cn Cm Cy Cy Cy
2 BLUNT 0 +1.26
3 * 2 +.0116 +.00401 +1.27
4 45°BLUNT | © +.382 +.186 +1.09
5 * 2 +.420 +.193 +1.09
7 NRV 0, #=74°| +0397 -.000812 -0164 | +000788 | +9.0x 10°° +.971
8 0, #=74° | +.0487 -.00529 -0134 | +.00259 +8.5x 100 +.999
9 l 2 +.0698 0 -0114 | +.00214 +2.0x 109 +.957
10 RTE (] -.00985 -.00309 +.00437 | -.00208 -25x 10°° +1.03
1" * 2 +.0358 -.00284 -00404 | +000918 | +1.67x10% | +1.03
12 NRV 0 +.0372 -.00109 -00586 | -000497 [ +2.1x10°° +.903




Figure 3-7 SCHLIEREN PHOTOGRAPHS OF THE FLOW OVER THE NRV NOSE TIP
(MODEL ROTATED BETWEEN RUNS)
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Figure 3-8 FLOW OVER THE NTE NOSE TIP
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Figure 39 SCHLIEREN PHOTOGRAPHS OF THE FLOW OVER THE BLUNT AND 45° |
BLUNT MODELS AT MACH 8.6 |
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force measurements made in these studies are tabulated in Table 3-3. Clearly
the NRV generates a significant side force at 0° incidence, which as we

shall see later, is reflected in a small trim of the total vehicle. Referred
to the base of a 21% blunt vehicle, the NRV nose tip exhibits roll coefficients
of between 2 x 10™° and 9 x 107> depending upon the free stream Reynolds
number. The sensitivity of nose torque to Reynolds number was anticipated
because the complex characteristics of the flow field in the grooved cavities
will be strongly dependent on whether the boundary layer is laminar or
turbulent. The measurements of the normal and axial force coefficients also
show sensitivity to Reynolds number, which as we will see later results from a

variation in the structure of the flow in the reattachment compression region.

3.3.2 Measurements with the Nose Tip-Frustum Combinations

To complete the information necessary to obtain the frustum forces,
measurements were made with a 6°-conical frustum capped with the nose tip
configurations for which we had obtained force measurements as described
above. A photograph of the cone model together with some of the nose tips
used in this study is shown in Figure 3-4. The dimensions of the cone and

the nose tips are shown in Figure 2-1.

The experimental program was conducted at a Mach number of 11.2 and
Reynolds number of 20 x 106 based on cone length. Table 3-1 lists the model
configurations and free stream conditions for which the studies were per-
formed, while the force measurements are listed in Tables 2-3 and 2-6.
We obtained detailed heat transfer and pressure measurements along the wind-
ward and leeward meridian of the cone, and additional measurements of heat
transfer on the, 45°, 90°, 135°, and 270° meridians. Listings of these
measurements are given in Tables 2-4 and 2-5 and plots of the heat transfer
and pressure distributions are shown in Figure 2-3 through Figure 2-57,
respectively. The measurements of pressure on the sharp conical models at 0°
incidence were found to be in excellent agreement with the theory, while the
similar measurements on the spherically-blunted configurations were found to

agree with the ""NSWC solutions' shown in. Figure 3-10. A second example of
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agreement is demonstrated in the comparison between the measurements made on

a spherically capped configuration at 3° incidence and the theoretical ¥ pre-
diction (see Figure 3-11). The measurements of heat transfer on this laminar
boundary layer over sharp cones at 0° incidence were in agreement with the simple
Cheng theoryzo; however, at small angles of attack the effects of c flow
became important as shown on Figure 5-12. The simple prediction techniques

of Eckert21 and Van Driest22 were found in good agreement with the heat

transfer measurements in the turbulent boundary layer on cones at 0°;

however, as in laminar flows, significant cross flow effects were found at
relatively small model incidences which increased the heating to the windward

ray while decreasing it on the leeside ray.

Our principal purpose in this study was to examine the effects of
an indented asymmetric nose tip similar to the NRV on the pressure distribu-
tion over the conical frustum and the forces developed by the conical
frustum. Figure 3-13 shows a comparison between the pressure distribution
over the frustum of the 6°-cone capped by a spherical and an NRV nose tip.
The pressure on the frustum ahead of a point 16 body radii from the stagna-
tion point exceeds the values behind the spherical nose tip, while downstream
of this point the pressure drops below the equivalent spherical values.
Clearly, the center of pressure on the NRV capped configuration lies ahead
of that for a spherically capped cone. Just downstream of the NRV nose tip
there is a significant circumferential variation on the pressure as demon-
strated in Figure 3-14. The asymmetric forces and pressure on the frustrum act in
concert with the asymmetric forces on the NRV nose tip. It can be seen
that the effect of the nose shape on the forces generated by the frustum is
of considerable importance.

To examine further the influence of nose shape on frustum forces, we
took the force measurements from the nose tip studies, the total forces on
the nose tip frustum combinations and the measured frusta pressures, and calcu-
lated the separate forces on the nose tip and the frustum, as well as on the
combined configuration. Figures 3-15 and 3-16 show the measured and calcu-

lated normal force coefficients and the center of pressure (CP) location on
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Figure 3-12 CORRELATION OF HEAT TRANSFER MEASUREMENTS ON SLENDER
CONES AT ANGLE OF ATTACK
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Figure 3-15 VARIATION OF THE FRUSTUM FORCE COEFFICIENT WITH ANGLE OF

a - ANGLE OF ATTACK

ATTACK FOR 21% BLUNT 6° CONES EQUIPPED WITH THE NOSE TIPS
DENOTED IN THE CAPTION |
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the 6°-cone for a bluntness ratio of 21%. Here we have compared the measure-
ments on the symmetric spherically capped and '"blunt' configurations with
those on the NRV, RTE and '"45°-blunt' asymmetric nose tips. The variation of
the total normal force coefficient with angle of attack for the five configura-
tions studied is shown in Figure 3-15. The theoretical variation of normal
force with angle of attack for the spherically capped configuration from
NSWC-7945 is seen to be in good agreement with the measured forces (flagged
symbols) and the values determined by integrating the measured pressure
distribution. To integrate the pressure measurements for cones at the angle
of attack, we assumed a Newtonian distribution of pressure between the
measured values on the windward and leeward rays. The increase in the normal
force coefficient (relative to the spherical tip) generated by the model with
the 45°-blunt nose tip, which is most pronounced at a 0° angle of attack has
almost disappeared by 3° incidence. The NRV-capped configuration also
exhibited a measurable force coefficient at 0° incidence. The position of
the center of the nose tip-frustum combination is shown in Figure 3-16. Again
we find good agreement between theory and the measured and integrated results
for the spherically capped configurations. The configuration with the 45°
blunt nose tip does and should exhibit a large forward (destabilizing) move-
ment of the CP while the addition of the ''blunt'' nose tip results in the
typical stabilizing effect of blunting as the CP moves aft. However, of
greatest interest is the destabilizing effect which occurs when a spherical
nose tip ablates onto the asymmetric NRV configuration. Our measurements
indicate that the CP of the NRV moves forward approximately 10% of the cone
length at 1° incidence. However, the symmetric RTE nose tip shows the typical
stabilizing effect of symmetric blunting from an initially spherical nose
shape. Our primary interest, however, lies in evaluating the effects of

nose tip shape on frustum forces.

For practical design purposes it has been assumed that the pressure
distribution over the conical frustum of an RV can be approximated by the
sphere-cone distribution for an appropriate bluntness ratio. In this present
study, we were able to examine the validity of this assumption by calculating
forces on the frustum by subtracting the contribution of the nose tip from
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the forces on the total configuration. The results of these calculations are
shown in Figures 3-17 and 3-18. We see that the pressure distribution over the
conical frustum is modified by the NRV and the 45°-blunt nose tip causing a
forward movement of the center of pressure relative to its ''sphere-cone'
position. Thus, in addition to the destabilizing nose-tip force, we obtain a
complimentary nose-tip induced destabilizing frustum force. However, because
the normal force on the frustum is reduced slightly behind the 45°-blunt nose
tip, the net destabilizing moment is less than that for the NRV capped con-
figuration. Therefore, we see that while the 45°-blunt nose-tip represents
the "worst' case when we consider the stability of the total vehicle, when we
examine the contribution of the frustum only, the NRV nose tip causes the
greatest destabilizing effect.

The result of these studies suggest that calculating the destabilizing
effects of nose shaping, accounting solely for changes in the normal force
coefficient of the nose may adequately handle those cases where the nose
shapes are simple and without embedded shocks. However, when embedded shocks
and/or separated regions are developed over the nose tip our studies suggest
that the changes in frustum forces and moments induced by the flow field over

the nose tip should be taken into account.
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Section 4

STUDIES OF BOUNDARY LAYER TRANSITION, ENTROPY SWALLOWING
AND SURFACE ROUGHNESS ON ABLATED NOSE SHAPES

4.1 INTRODUCTION

The prediction of the change in shape of an ablating nose tip as
transition moves onto the nose requires an ability to model the development
of the viscous and inviscid flow in regions of layer transition, entropy
swallowing and surface roughness. In general, the theoretical analyses of
the flows over blunt and slender nose tips have treated the viscous and in-
viscid flows as decoupled in the sense that it has been assumed that the
vorticity generated by shock curvature does not directly influence boundary
layer transition or the turbulence intensity in regions of boundary layer
transition of fully turbulent flow. While the predictions from some shape
change codes have been shown to be in good agreement with measurements on
smooth "'slender' nose tips where both entropy swallowing and transition were
of importance, there remains a considerable lack of knowledge on the influ-
ence of surface roughness on nose tip heating. In part, this lack of knowledge
reflects the dearth of measurements in high Mach numbers flow over 'slender"

nose tips where entropy swallowing effects are correctly simulated.

The objective of the present study was to improve our understanding
of the effects of entropy swallowing and surface roughness on the distribu-
tion of heat transfer and skin friction to slender biconic nose tip con-
figurations in the presence of boundary layer transition. In the zone of
interest, measurements were made on three rough and smooth biconic configura-
tions whose shapes were such that the entropy layer generated by nose tip
bluntness was completely swallowed, partially swallowed, and remained intact,
respectively. In this way, the separate and combined effects of entropy
swallowing and surface roughness could be evaluated. We were also interested

in examining how the Reynolds analogy factor behaved for rough wall conditions.
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4,2 EXPERIMENTAL MODELS AND INSTRUMENTATION

A biconic nose tip model, with three nose-tip configurations was
used in this study. The model, fitted with the bluntest of these nose-tip
shapes, is shown mounted in the 96'-Shock Tunnel in Figure 4-1. As discussed
in the previous section, sharp, medium and blunt nose tips were fabricated for
these studies to impose various degrees of entropy gradient along the surface
of the cone when tested in hypersonic flow. Details of the dimensions of
the nose tips and the gage positions on these configurations are shown in

Figure 4-2.

Heat transfer and skin friction measurements were made on each of
the configurations described above for both smooth and rough wall conditions.
Sand grain roughness (no. 39 grit) was bonded to the surface of the models and
the diaphragm of the skin friction gages. The roughness was bonded to the
skin friction gages and the main surface of the model so that as nearly as
possible each grain was placed end to end. We developed a heat-transfer gage
(see Figure 4-3) that measured the heat transfer to a rough surface and to the
substrate beneath it. By pressing a mold containing a replica of sand-grained
roughness into a molten pyrex substrate we formed a surface which had most of the
characteristics of sand-grained roughness. Then we deposited the platinum sensing
element over the rough substrate to complete the gage. This gage measured
the average heat transfer to the surface over which the platinum is de-
posited; however, we can also obtain the heat transfer rate through substrate

below the roughness by multiplying the heat transfer to the surface by the
ratio R = Surface area of gage

s projected area of gage
calibrator shown in Figure 4-4. This apparatus generates a heat flux of
incident heat flux
measured heat flux’
is equal to Rs’ if the absorptivity of the gage is close to unity. Each rough

We determined Rs by using the radiant flux

calibrated intensity, which is pulsed on the gage. The ratio,

gage calibrated was coated with a thin (1 < 1/10 um) matte black film to

bring the absorptivity between 95 and 100%. The exact value for the absorptivity
was determined by depositing the same matte black material over flat gages and
measuring directly the ratio of incident to absorbed heat flux. Details of the
calibration rig are shown in Figure 4-5. A blackbody source was made by

4-2
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Figure 4-3 THIN FILM GAGE TO ESTABLISH THE SURFACE
HEATING RATE TO A ROUGH SURFACE
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Figure 46 A SCHLIEREN PHOTOGRAPH TYPICAL OF THOSE OBTAINED OVER
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Figure 4-7
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enclosing a GLOBAR (silicon carbide rod) in a firebrick enclosure. The heat
flux from this source was turned and focused through two mirrors before it was
interposed by a sectored-disc beam chopper. The thin film gage or a thermo-
pile was placed on the focal plane of the mirror system. A 1.8 um filter was
placed between the chopper and the gage/thermopile arrangement to maximize

the absorptivity of the gage. The arrangement of the electronic circuits
involved in the calibration of the gages is shown in Figure 4-5. The thin film
gage (RG) is energized by a constant current circuit which also contains a

heat transfer calibrator. The gage output was fed to a low noise amplifier and
conditioned by the analog or Q-network which converted the temperature - time
trace into one which was proportional to the instantaneous heat transfer rate.
The output heat flux from the blackbody source was first measured directly

with the Eppley thermopile, which was calibrated against an NBS standard. The
beam was then directed to the heat transfer gage and the output recorded. The
calibration factor of the gage was obtained directly in terms of the ratio of
heat flux measured by the thin film gages and the heat flux measured by the
Epply thermopile.

Details of the instrumentation positions are shown in Figure 4-2,

The majority of the heat transfer gages were concentrated on a single ray as
shown in this figure; however, additional gages were placed on the 120° and
240° meridans to monitor three-dimensional effects. In addition to the rough
heat-transfer gages, we recorded the outputs from conventional flat thin film
gages which were placed in the sand grain roughness. Skin friction gages were
placed on the conical frustra behind the interchangeable nose tips and along
side the principal ray of heat-transfer gages as shown in Figure 4-2.

4.3 RESULTS AND DISCUSSION

A key feature of the experimental studies was that they were performed
at Mach numbers and Reynolds numbers large enough so that a good simulation
of the separate and combined effects of entropy swallowing boundary layer tran-
sition and surface roughness was obtained. At each Mach number studied, we
adjusted the Reynolds number so that a transition occurred just downstream of

4-8
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the nose tip — 45° cone junction on the smooth models. The studies were con-
ducted at Mach 11 and 13. The model configurations and test condition at

which they were made are given in Table 4-1. A tabulation of the heat transfer
and pressure measurements is given in Tables 4-2 and 4-3. A Schlieren photo-
graph of the flow over one of the biconic configurations is shown on Figure
4-6. It was found that, in the absence of an embedded shock system, computer
solutions based on the Godunov formulation for the shock shapes shown in

Figure 4-7 were in excellent agreement with the experimental measurements.

Figures 4-8a through 4-8c show the heat transfer measurements for
the configuration with sharp nose tip for both rough and smooth surface. The
heat transfer measurements indicate that a transition is complete within
approximately three inches from the nose tip and the heat transfer rates be-
neath the laminar and turbulent segments of the boundary layer were found to
agree with the simple theories of Van Driestzs, and Eckert21 and Van Driestzz,
respectively. Adding roughness drove the transition almost completely
to the nose tip as indicated both by the magnitude and character of the heat
transfer records. In general, the heat transfer rates measured by the rough
gages were generally larger than the smooth gages, which were embedded in
the roughness. This suggests that the detailed microstructure of the flow
around the roughness elements, as well as the modifications to the mean
velocity and enthalpy profiles induced by roughness, is an important factor
under high Mach number, highly cooled wall conditions. However, both rough
and smooth gages indicate that there was a measurable increase in heat transfer
rate above the smooth model value. Reducing the Reynolds number (see Figure
4-8c) moved the transition downstream on the smooth body but produced little
change in its position on the rough model. While roughness enhanced the
heating levels, we observed little effect of unit Reynolds number on the
roughness augmentation factor. The measurements at Mach 13 were again in
good agreement with the laminar and turbulent theories. However, while a
fully developed turbulent boundary layer was developed within one inch of the

tip on the rough model, the boundary layer on the smooth conical frustum
remained transitional.
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Table 4-2
BICONICI HEAT TRANSFER COMPUTATIONS ™

RUN GAGE H7ﬂ€{5 GAGE HT RATE GAGE HT RATE GAGE HT RATE

NO. POS  (BTU/ft’sec) POS  (BTU/ft%sec) POS (BTU/ftsec) POS (BTU/ft%sec)
Xt 1 .4PE402 1A 6.32€¢01 H AA  1.02F 402 1420 B.ASE#00
1.39F+02 T 2A  6.43E401 H SA  1.21E+02 HISA B.87E400
A 1250400 H1S 1.19E 402 1H2S 7.04E400
a Q.27F*01 H 6A  1.56E+02 M26 6.27€E400
A 7.73E001 M 7A  1.2RC302 H17 1.26E402
n He INRESO01 H AA 1376402 HIA 1.30F4+02 i
o f0E+01 H16 1.36F 402 M2 9.27E4+00 {
10 he220400 H OA  1.20E402 H22? 7.95F 400
g 1.136407 MI0A 1.33F+02 H23 B.13F 400
Ve 1.09E+02 HIlA 1.376407 124 A.31E400
13 S e 7HRE+ 0} H1Q 1.32E+02 {
1a 7.H4C4 01 HI12A 1.2BE+02 ‘

H14A 1.53E+01

2 ] ) «48F 402 1A Be42E+40]} H aa 1.18C+02 120 Q9.,77E+00
7 1.50F %02 2A Ve23E+01 H SA 1«31E+02 H15A 9.32L+00
3A 1 «3Q¢ 407 ms 127F+02 H25 7.18E£400
a 109402 H AA 1546402 H2A 6.62E4+00
s Re611-2010 H 7A 1«35K+02 H17 1.37€£+02
7 1 «06F 402 H BA le46E+02 HIAB 1.45€E¢02
(2] Qe«13C4+03 H16 1.42E407 H21 9.09F+00
Q 7<63CE+01 HI0A V1 37F 402 2 Pdrd 9.03C+00
10 R«11E+01) HI1A 1491402 HZ23 9.61€E4+00
1] 119€407 H19 1« 39E+0? H2A4 R.ARE+00
12 1.18FE302 H12A 1e35E+02
13 7 «95E 40} HiaA 1.63E+01
14 Q9.HO0E+01

3 1 1«ABES O 1A H,22E301 H 4A S5.55F+01 H20 H.82K+00
2 1.42E402 ZA  S.65E+01 M SA 5.,57E401 H1SA  6.53E400
1A 1.26L 402 H1S 7.22E401 H2S S.18E400
a Qe 72E401 H OA 6eS56F401 H?26 S5.2RE+00 .
S T60F 201 H TA 6.8B6F 401 H17 T«16E+01
7 R.92C+ 01 1t AA 6+54FE201 Hi8 Te«71F+01
" A2a0F 3201 H16 6.H89E€401 H21l 7.51E+00
9 A eSVESNY H 9A T7«S7E+01 H22 7.61E400
10 A.AIESDN HIOA K.63F+01 H23 7.5AF400
t a4.00E401 HI11A Te43E401 H2a 7.47C+00
12 S+31F+01 H19 7.29€+401
13 S-21E401 H12A T«67E401
ia 4 .AAC+0) H13A T«53FK+01

HIAaA 1176401}
H 4A G.BRE+0) H17 Se16E+01
H SA A4.H3F401Y tHia 629E0Y

HI1S 6. 16F401
H 6A S.27E+401
H 7A S.65F+01
H AA a.700401
H16 Se??FE 401 ”
H 9A S.76F+01
HIOA A4.59E+01
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Table 4-2
BICONICI HEAT TRANSFER COMPUTATIONS (Cont.)

RUN GAGE HT RATE GAGE  HTRATE GAGE HT RATE GAGE HT RATE
NO. POS 1BTU/ft°sex) POS  (BTU/f’sec) POS (BTU/ftsec) POS (BTU/ft“sec)
3 HIIA  4.94E401

H19 a4,.,82FE4+01
HI2A S.62F+0)
HI3A S5.21E+401
H 4A 7.06E+01 H17 9.36E401
H SA T«66E40] H18 9.88E+01
HIS 8.69E+01
H 6A 8.,260+01
H 7A B8.51E+401
H BA H.82E+01
HI6 Be 79E+01
H OA Q.,9NFE+01
HI0A 9.00C+01
HIJA 1.00E+02
H19 1.02E402
HI12A 1.05E£+02
HI3A 1.01E+402

L) 1 1 33F+02 1A S 7RE+O0 H aA 6.6RC+01 H20 B.20E4+00
2 132FE402 2 2A T.20E+0) H SA  T7.72F+01 HISA 7.75FE400
3A 1.10E+02 H1S 9.81E+01 H2S S5 «99E+00
q f.73FE+0t H 6A 1126402 H26 S5.36E400 3
5 7.11E£401 H 7A 1.08E+02 H1T7 1.05€E402
7 9.3RC+01 H16 1.11E402 H21 7.46E400
3 8 7.69E+01 H 9A 1.10E+402 H22 7«33E+00
Q 6.05E4010 HI10A 1.11F+02 H23 7+34E+00
10 S« 265E401) HITA 1.20E+02 H2a 7«75€400
1 6.48E+01 H19 1.12E+402
12 6.89C+0) H12A 1.08E+02
13 S«27E+0) H13A 1.06E402
14 a4 .76E+01) H14A 1.34E401
5 ) 2.02FE+02 15 1.03E+02 H aA 1.46F+02 H20 B.55E4+00
2 1 «S7TE+02 16 1.22E402 H SA 1.53E+402 H15A R.9RE+00 ¢
3 1.06F+02 17 140E4+02 H1S 134E402 H2S 6.87E+00 3
a 1 .0RE+02 "’ 1.07F 402 H 6A 1.53E+402 H26 6.18E+00
i s S«Q97E+01 19 1.05E+02 H 7A 1+39FE+02 H17 1.19E402
: 6 6.28E+ 01 17A 1e39€E+02 H 8A 1«5BE+0? H18 139F %02
- 4 6.19€E40}) 1AA  1.10E402 H16 1.41E+402 H21 B8.39E400
A T«A3E+ O 19A QHTEHO] H 9A 133E402 H22 B.10E400
T o S«97E+ 01 HI0A 1.27E+02 H23 B.22C+00
i 10 633C+00 H11A 1.36E402 H2a R.32E4+00
‘e 1 6.51E401 H19 1.28E402
| ¥4 65.20E+ 010 HI2ZA 1.23€E+02
— 13 TS0E+01) HI3A 1.32E402
} 14 7+60E+01 H1aA 1.52E401
-
6 1 1 «99KE+02 15 S5+44E401) H 4A S.42E+01 H20 9.31E+00
rd 1.44F402 16 S«64E401 " 5A 4.,49€E4+401 H1SA 6.51E+00
3 1.18E40? 17 1.44E+02 HiS 6.22E401 H2S 4.72E400

4-13




THIS PACE
FROM COPY

Table 4-2
BICONICI HEAT TRANSFER COMPUTATIONS (Cont.)

1S BEST QUAL
FURNISHED TO

1Ty PRACTICABLA

DDG ‘——",

RUN GAGE HT RATE GAGE  NWTRATE GAGE HT RATE GAGE HT RATE
NO. POS (BTU/ft*sec) POS  (BTU/ft’sec) POS (BTU/ft*sec) POS (8TU/fr%s0c)
6 a 1.12E+02 18 1.05E+02 H AA 7« 77E+401 H26 4.92€E4+00
s 9 +39€E+4 01 19 9.79C+01 H 7A 9.54E+01 H21 5.53E+400
| 6 AR.S1E+0) 20 7.36E+01 H B8A 1.07E+02 H22 A +.7TSE+00
7 B.12€401 21 6.64E401 H16 1.16E402 H23 Se11E400
) 7 .65E+01 17A  1.46E+02 H 9A 1.12E+402 H24a 5.0SE+400
Q H.R7C401 18A 1.14E402 H10A 1.18C+02
10 H.5AE+ 01 19A Re25E+01 HIIA 1.28E+02?
13 6.48E40) 20A 7.40E401 H19 1166402
12 H.40FE+01 21A 6.48E+01 H12A 1«.17E*02
13 6.01E+01 HI3A 1.1SE402
1a S.76E+01 HIAA 1.4SE+01
H AA A.58E401
H 7A Se<37E4+01
H BA S.34E+401
H16 QA .RIE+01
H 9A 4.74E+401
H10A 4.58E+01
HITA 4a.7aE401
H19 4,934+ 01
Hi2A A.98E+01
HI13A 4.44E401
. 1.71E+02 1S a.76E4+01 H 8A 6.97E+01 H20 B,2RE+00
2 1 «25E+ 02 16 a,7IE+O1 H S5A 0Q.07E401 HISA 7.B0F400
3 1 .05%E+02 17 1.26E402 Hi1S 1.05€E+02 M2S 6.,04E400
a Q.2RE+ 01 18 VW,84E401 H 6A 1.26E4+02 H26 S«59F+400
s R .55E+01 19 R.AHEH01L H 7A 1.28E402 Ha21 4.67E400
6 7.4RE+0) 20 6.94C+01 H 8A 143E+02 H22 1.01E401
7 6.R6E4+01 21 Be35E+401 H16 1306402 H23 7+10E200
A H.69E+ 01 17a 1.208€+02 H QA 1.13€E402 H2a 7.38E+00
2 6.20E+01 1RA 9.96E+01 H10A 1«16E402
10 5.67E4+01 19A 7.54F401 HI1A 1.20E4+02
11 S«61E+401 P0A H.B1C+01 H19 1.29€+02
12 S<19E+01 21A 6.67E401 H12A 1. 09E+02
13 S«31E+0) H13A 1.06E+402
13 5 ¢34F4 01 HlaA 1«31E+01
8 ! 1 «67E+0?7 15 4.65E+401 H 4A 6.SO0FE+01 H20 7.64KE+00
2 1.23E402 16 4.66E401 H SA  7.3S5E4+01 HI1SA 7.6aF+00
3 1.01E+02 17 1.21C+02 H1S 9. 02E+01 H2S S«94E+00
a 8.92E+01 e B.79E+01 H 6A 1.26E+402 H26 S.48E+00
S R.05E+01 19 A.46F+01) H 7A 1.28€E+02 H21 S.38E+400
6 7«14E401 20 6eH9C 401 H16 1.27E£402 H22 4 .,04E+00
7 $+59C+01 21 T«9SE+01 H 9A 1«13E402 H23 7.04E£+00
n 6.40E+01 17A 1.25F+02 HI10A 1«17E402 H24 7.15€+00
Q Se.74C+01Y 1RA 9,.,76E+01 HIIA 1.18E+02
10 S«47F+01 19A T«20F 401 H19 1«10E+02
1 5.20E401 20A 6.6AE401 HI12A 1.10E+402
$ 12 S«40E+01 2IA  H6.ASE401 H13A 106E4+02
3 13 4.94E401 H14A 1.37E+01
14 4.THE+O01
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Tabie 4-2
BICONIC I HEAT TRANSFER COMPUTATIONS (Cont.)

RUN GAGE HT RAZTE GAGE HT RQ‘I'E GAGE HT RATE GAGE HT RATE

NO. POS  (BTU/ftsec) POS  (BTU/fr?sec) POS (8TU/ft%sec) POS (BTU/fr%s0c)
@ 1 9.12F+01 15 B.34E+01 H A 1.06E402 H20 1.12€+401
. - 2 9.27E+01 16 A.52E+01 H SA 1.11E402 H1SA 1.20E+01
3  A.31E+40) 17  AR.9SE+01 H1S 1.05E+02 H25 B8.12E+00
a 8.38E+01 18 R.24E+01 H 6A 1.13€E402 H26  6.68E+00
S  B.1aE401 19  7.66E+01 M6 1.04E402 H18 1.08E+402
6  T.79E4+01 15A 1.11E+02 H 9A 9.6SE+01 H21 9.19€400
7  B8.09E+01 16A 1.07E402 H10A 1.03E402 H22  B.27E+00
8 7.83€E+01 17A R.89E401 H11A 1.04E+02 H23 1.08E401
Q 7.89E+401 1AA A.71E401 H19  9.R7E+01 H2a 1.09€E+01
10 7.19€E40) 194 7.61E401 H12A 9.69E+01
11 7.21E401 H13A 1.00E+402
12  6.01E+01 HI4AA 2.06E+401
13 S.90E+01
14 S.81E+01
7 10 1 9.26E4+01 15 9.50E40) H aA 3.83E+01 H20 9.81E+00
2  A.R9E+0) 16 9.06E401 H SA 3.62E401 HISA 9.10E400
‘- 3 A.84E+01 17 B8.68E401 HIS  4.9RE+01 H25  6.98E400
a 8.75E401 IR 8.07E+01 H 6A 4.3RC+401 H26 S.82E+00
e 5 B.A9E+01 . 19 6.96E4+01 H16  4.69E401 H17  2.67E401
6  A.11E+O1 1SA Q.77E+40} H 9A 4.67E+401 H18  3.07E+01
i 7  7.59E+01 16A H.ATEA01 HIOA 5.51E401 H21 7.73E400
A 7.7SE+ 01 17A B.19E401 HI1A 5.26E+401 H23  9.77E+00
9 7.37E4018 18A  7.43E401 H19  S5.27E401 H28  B.4SE+00
17 10 6.59E40) 19A 6.38E401 HI2A S.49E401
i 1" 6.41E401 HI3A S5.58€+01
12  S5.86E+40) H18A 1.60E+0}
13 S5.41E+01

i
3

S.22E401

i HIS  4.52E+401
. H 6A 3.44E401
H16 4.12E+401
H 9A 3.45€+01
HI0A 3.98E401
HIIA A4.06E+01
HI9  3.91E401
H12A 4.13E+01
H13A 4,44E+401
H1S  6<57€401
H AA 6¢73E+01}
HI6 B.07E401
H 9A Te79FE+01
HIOA B8.24E+01
HI1A 8.31C401
H19  7.53E401

' HI12A T7e.61E+01

L

H13A B8.11E+401

e m——

11 3 A.21E401 15 B<0RE40} H QA 6.63E+01 H20 Q.71E+00
2 7.04E+01 16 B.10E+01 H SA 7.79E+401 HISA B8.65F+00
3 7.73E40) 17 7T«81E401 H1% 7<91E+401 H2% 6.73E400

2




THIS PAGE IS BEST QUALITY PRACTICABLA
- FBOM 0QPY FURNISHED 70 D0 _——r

Table 4-2
BICONIC I HEAT TRANSFER COMPUTATIONS (Cont.)

RUN GAGE HT RATE GAGE HT "z“ GAGE HT RA{! GAGE HT RA{! ?
NO. POS (BTU/tt“sec) POS (BTU/ft"sec) POS (BTU/ft sec) POS (BTU/ft“sec)
11 a 7.14E+01 18 7.12E401 H 6A B8.93E+401 H26 S.70E+00
5 6.91E+01 19 6.26E401 H16 Re15E+01 H18 6.27E+01
6 7.07E+401 1SA B.55E+01 H 9A 7.26E+401 H21 6.94E+00
5 7 6.46E4+01 16A 8.88E401 H10A 7.91E+01 H23 8.83E+00
" 6.51E+01 17A B8.22€E401 H1IA B8.09E+01 H24 9.21E+00
aQ 6.09E+01 _ 1BA  6.T7aE+01 H19 7.67E401
10 S.34E+01) 194 S,.90E+01 HI2A 7.62E+01
11 Se62E401L HI3A 7.R4E+01
12 S.11E+01 H14A 1.66E+01
13 4.54E+01
1a 4.3aFE+0)
] 12 1 1 +4RE+0? 1A 1.5BE402 H A 1.78€+02 H20 1.18E401
; > 1.67E+02 2A  1.56E+02 H SA  1.67E+402 HISA 1.29E+01
3JA  2.155+402 H 6A 1.76E+02 H2S 1.29E401
a 1.77C402 H TA 1.81E+02 H26 1.19E+01
s 1.64E+02 H BA 1.89E+02 H17 1.45E402
R 1.49E402 H 9A 1.86E+402 H18 1.38E+402
9 1 «46E+02 . HIOA 1.73E4+02 H21 1.35E+01
10 1 .49E+02 H11A 1.87€402 H23 1.36F+01
1 1.49C+02 H19 1.45E+02 H2a 1.41E401
12 1.42E407 HI12A 1.B3E+02
13 1.46C+02 H13A 1.67E+402
1a 1 «34E+402
‘ 13 1 1.14E402 1A 1.4B8E+02 H 4A 1.67E+402 H20 5<S7E4+00
2 113402 2A 1.50E+402 H SA  1.53E+02 H15A 5.44E400
3A  1.36E+02 H 6A 1.4S5E402 H2S 3.79€E+00
a 1.27€402 H 7A  1.59€+02 H25 4.42E+00
S 1.38F+402 H BA 1.58E+02 H17 1.26E402
a 1245402 H 9A 1.45E+402 H18 1.20€E+02
L] 1.32F+02 H10A 1.45F+02 H21 3.64E400 f
10 1.32E402 HItA 1.53E+02 H23 3.87E+00
11 1.26E+402 H19 1.22C402 24 4,4RE+00
12 1.20E+02 HI2A 1.S7E+402
13 1 .30€E402
14 1.14E407
1a 9.96E+01 1A 1.39€E402 H 4A 1.SBE+02 H20 6+99F+00
> 1.19C+02 2A 1.3BE+02 H SA  1.41C402 HISA 7.69E+00 |
A 1.67E+02 H 6A 1e52FE+02 H2S 7«13FE400
a 1.41E402 H 7A  1.57€+402 H26 8.06E+00
s 1.33F402 H BA 1.15E+402 H17 1.23E402
1 1.30E+402 H 9A 1.53E402 H18 1.12E+02
Q 1.25€402 HI0A 1.51E+02 H21 6+25€400
10 1.23€402? H11A 1.57E+402 H23 T«23E400
1" 1.30€E+02 H19 1.30C+02 H2a 7.94E400 h 1
12 1.19C+02 HI2A 1.56F+02
13 1.25E402 H13A 1.36E+402
14 1. 1BE+02
H |
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THIS PAGE IS BEST QUALITY PRACTICABLE
FROM COPY FURNISHED TODDC ___

Table 4-2
= BICONIC I HEAT TRANSFER COMPUTATIONS (Cont.)

RUN GAGE HT RATE GAGE HT .A;‘ GAGE HT RAITE GAGE HT M{E
NO. POS (BTU/tt sec) POS (BTU/fts0c) POS (BTU/ft%sec) POS (BTU/ft%sec)
15 1 1 «S4E+02 1A 1.76E+02 H 4A 1.RAE+02 H20 1.17E+01
2 1 «R3C+02 2A 1.62E+02 H SA 1.68C+02 HISA 1.24E+401
3A 2.37E+02 H 6A 1.91E+02 H2S 1.24E401
a 1 «A25402 H 7A 2.02E+02 H26 131FE+01
S §«HAE+02 H aAa 1.ASE+02 H17 1.57E+02
a 1«47E+02 H 9A 1.92F+02 Hi8 1.47E+402
9 1 .49FE+02 H10A 1.86E+02 H21 1.40E401
10 1 .69E+02 HI11A 2.03E+02 H23 1.31E+01
1 1.48E402 H19 1.S7E+02 H24 1.54E+401

12 139E+02 HI12A 1.86E+02

13 1 «49E+ 02 HI3A 1.73E+02

14 139FE+02

16 1 3.36E+02 1S 1.8B7E4+02 H 4A 2,0SE+02 H20 1.1BE+01

2 2+95E402 16 1.81F+02 H SA 1.R2E+02 HISA 1.47E401

3 2.31C+02 17 2«73E+02 H 6A 1.87E+02 H2S 1.27E+401

a 2.09E+02 18 ?e44C402 H 7A 2.09E+02 H26 1.27E+01

5 2+.00E+02 19 2T1F4+02 H B8A 1.85E+02 H17 1.45E402

6 2+05E+02 20 2+40E+02 H 9A 1.85E+02 H18 1.45€E+402

7 1.91E+02 21 2.27E+02 HI10A 171E+02 H21 1.25€E+01

L.} 1 «Q1E+02 ITA 2.47FE402 HI11A 1 .BS5E+02 H23 1.14E401
. Q 1.87F+02 18A 2.42€E+402 HI19 1.48CE+402 H24 1.43E401

10 1.R6E+02 19A 1.T7IE+02 HI2A 1.R82F+02

11 1.80E+02 « 20A 2.3BE+02 H13A 1.62E+02

12 1.7S€E+02 21A 2.08E+02

13 1 «8ABE+02
1a 1 «ASE#02

17 3 1 «A6E+02 1S 1.63€+02 H AA  1.56E+02 H20 S.62C+00
i 2 1 «B6E+02 16 1.48E402 H SA 1.46E402 H1SA 4,.88€E+00
3 1.R3E+02 17 1.94E+402 H19 1.23€C+02 H2S 3.77E400
i a 1.71E+02 18 1. 75E+02 H26 4 .AR0E+00
| S 1.S8E+02 19 ?.48E+02 H18 1.19€+402
. 6 1 «56F402 20 1.82F+02 H21 3.24E+00
7 1.58E4 02 21 1.91E+402 H23 3.64E4+00
v a 1 .7SE+02 1TA  1.81E+02 H2a 4.32E400

} Q 1.57E+02 18A 2.32E+402

ie 1o 1 «SSE+ 02 19A 1.45C+02

1R 1.47E402 20A 1.86E+402

E oe 12 1+98E+02 21A 1.S0€E+02

£ i 13 1.53E4+02
F 1 14 1.3%F402
' 18 1 1.42E402 15 1.63€402 H AA 1.59€E+02 H20 6.51E+00
2 1 «99E+ 02 16 1.3KE+02 H SA  1.,49E+02 HISA 4.81E+00
3 1.96C+02 17 1.97C4+02 H 6A 1.52€E+02 H2S 3.60E+00
A 1+69€E+02 18 1.96E402 H 7A 1.61E+02 H26 S.01E+00
5 1.67€402 19 2.36E402 H BA 1.46E+02 H17 1.19€E+02
6 1.49C402 20 2.10€E402 H 9A 1.42E402 H18 1.26E402
7 157C+02 21 1.97C+02 HIOA 1.45E4+02 H21 3.2SE+00
4-17




BICONICIHEAT TRANSFER COMPUTATIONS (Cont.)

THIS PAGE IS BEST QUALITY PRACTICABLE

FROM OQPY FURNISHED TODDG e

Table 4-2

HT RATE HT RATE GAGE HT RATE

':1%“ n’gs (;Tu?n r:" G::fs! (ITUN:zne) B»::? (B8TU/tr*sec) POS (8TU/#t%sec)

18 8 1.82E+02 17A  1.6HE+02 HI1A 1.S0E+02 H23 3.93E400
9 1 .GOE+02 IRA  2.82E402 H19 1.28E402 H28 4.42E+00
10 1 .S3E+02 194 1.46E+02 HI2A 1.53E402
1 1..56E402 P0A 2.05E+402 H13A 1.35E402

. 12 1.60E+02 21A 1.57E+02 HI4A 1.1SE401

13 1.S2E+02
1a 1.36E+C2

19 1 2.18E+02 15 1.5PE+02 H 8A  1.60E+02 H20 6.94E400
2 2.31E+02 16 1.50E402 H 54 1.51E+02 H15A 7.S0E+00
3 ?.08E402 17 1.97E+02 H 6A 1.67FE402 H2S 7.10E400
A 1.80E+02 18 1.976+02 H 7A  1.72F+02 H26 8.39E+400
s 1.66E+02 19 2.43E+02 H BA 1.55C+02 H7 1.15E402
6 1.46E+02 20 2.18E+02 H 9A  1.%9E+02 1B 1.20E+02
7 1.59€+02 21 2.17E402 H10A 1.51E402 H21 6.18€E400
A 1.77€+02 17A 2.06E+02 HI1TA 1.51E402 H23 7.00E400
Q 1.62E402 18A  2,27€E+02 H19 1.27€+402 H2a 8.65E+400
10 1 .S5E+02 194 1.45€402 HI2A 1.52E402
1" 1.S1E402 20A 1.97€4+02 H13A 1.37E4+02
12 1 .59E402 21A  1.62F+02 H148A 1.78E+01
13 1.61E402
1a 1.356402

20 1 7.51E+01 15 1.07E+02 H AA 1.27F+02 H20 1.51E401
2 7+12E40) 16 1.10E+02 H SA 1.22E+402 HISA 1.61C+01
3 7 <34E+401 17 1.62E402 H 6A 1.32E402 H2S 1.41E401
a 1.04E+02 1A 1.59E+02 H 7A  1.84E402 H26 1.26E401
s 1 .20€E+02 1SA  A.TAE+01L H AA  1.34E+02 H17 1.21E402
6 1.16E402 16A 1.18€E+02 H 9A 1.36E+402 H1A 1.16E402
7 1.35E+02 17A  1.7S5€E+02 HI0A 1.37E+02 H21 1.77€401
N 1.37E402 1RA  1.41E+02 HI1A 1.4RE+02 H23 1.S8E+01
9 1 «30E+02 19A 1.26E402 H19 1.24E402 H24 1.78C+01
10 1.31E402 HI2A 1.42E+402
1 1.30F+02 HI13A 1.39E+402
12 1.18E402 HI4A 3.02E401
13 1.11E402
14 1 « 09E+ 02

21 1 8.15SE401 1S B.S0E+01 H 4A 1.14E+402 H20 6.0SE+00
» 7.R0E40Y 16 Te49E+0) H SA  1.02E+02 HISA 6.27€400
3 6.33E401 17 Je13E402 M AA  1.14E+02 H2S 4 .6%E+90
a 6.40E401 “18 1.35F402 H ?A 1.16€402 H26 5.39€400
5 5 I2E+0) 1ISA  7.33E401 H BA 1.06E402 H17 1.0S6402
6 Be61E+01 1IAA A.3IIE40) M 9A 1.05F402 M1A 9.90E+01
4 1. 16E+02 L7A  1.22€402 HI0A 1.1RE402 H21 4.20E+00
A 1.16E402 1RA 1 .16E402 HIBTA 1.1RE+02 H23 4 .49F+00
a 1.09E 402 19A 1.01C+02 H19 1.02€402 H2a 6.23E4+00
10 1.12E402 HI2A  1.1%E+02
1 1.09€402 HI13A 1.21€+402
12 1.01E402 H14A 1.40€+01

4-18
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THIS PAGE IS BRST QUALITY PRACTTCARLE
I FROM COPY FURNISHED oe
1 Table 4-2
i' BICONICI HEAT TRANSFER COMPUTATIONS (Cont.)
4s RUN GAGE HT RATE GAGE  HTRATE GAGE HT RATE GAGE HT RA
NO. POS (BTU/1t sec) POS (BTU/ft“sec) POS (BTU/f1"sec) POS (BTU/ft%sec)
i3 Q. 73E+0L
L 14 9.74E+01 i
22 ] Qe 7SE+ 01 16 9.55E+01 M 4A 1.1RE+02 H20 9.54E+00
2 7.20E+ 010 17 1.17E+02 H SA 1.04E+02 HISA 9.91E+00
3 AelAEHOI 10 138F+02 H 6A 1.12E+02 H2S 9.65E+00
a B.AARE+ 01 16A 1.07€E+02 H 7A 1.24E+02 H26 8.12E400
k 5 1.01E+02 17A 150E+02 H B8A 1.08E+02 HY7 1.05€+02
& Q.83FE+01 18A 1136402 H 9A 1.12E+402 Hi8 9.62€E401
7 1.14E+02 19A 1.10E+402 HI10A 1.14E+02 H21 9.40E+400
a 1.17€E+02 HI11A 1.17E+02 H23 Q.55F+00
o 1.10E+02 H19 Q.96E+01 H2a 1«19€E+01
10 1 «09E+02 HI2A 1.15E+02
11 1.07€E+02 HI3A 1.14E4+02
12 9.39E+01 Hl4A 2.01E+401
13 Q9.23CE+01
ja 9.54E+0)
|
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b : THIS PAGE IS BEST QUALITY PRACTICABLA
i, 4 : oA FROM OOPY FURNISHED T0DDC o
Table 4-3
BICONICII HEAT TRANSFER COMPUTATIONS
& RUN GAGE HT RATE GAGE HT “z" GAGE HT lAzT! GAGE HT lA{!
NO. POS (BTU/ft*sec) POS  (BTU/ft*sec) POS (BTU/#t*s0c) POS (BTU/#1s0c)
24 1 2.84E+01? 1S 3.79F+01 H 4aA 4a,.31E+01 H20 7.20E400
3 2.93E+01 16 3.51E+01 H SA 3.90E+01 HISA B.66E+00
3 a 3.44F+01 17 4.36E401 H 6A Q.31E+01 H26 S.96E+00
4 s 3.99E401) 1R a.21E4+0) M 7A  4.,20C+0) H17 3.46E+01
6 3.97E401 16A 3.466E401 tH AA  3.79€401 H18 3.49€401
? 14 4.26E+01} TRA  3.52E+01 H1s 2.81£+01 H21 76H6E400
R’ 4.21E401 19A 3.K54E401 M 9A 4,1SE+01 H22 7+STE+00
o 3.9aE401 HI0OA 4.26E+0) H23 6.50E400
10 3.97E+0} HI1A 4.,24E+01 H24 7-.28E+00
1t 3.81E+01 H19 3.53F+01 s2S 4.42€E400
12 3.76E+01 HI2A 4.,22€E+01 s26 S+74E+00
3 3.87E+01 H13A A4.13E+0] s30 4,07E4+00
14 3.70C+0% HI14A 133401 s32 Se«11E%00
25 1 6.R0E+01 15 8.80E401 H 4A 1.08E4+02 H20 2.17€E401
2 AH6IE401 16 1.03E+02 H SA 9.R0E+01 HISA 2.,47F+01
3 7.4412401 "7 1.05F+402 H 6A 1.03E+402 H2S 1.81E+01
A A.76E+ 01 18 1.05€6402 H 7A 1.06E+02 H26 1.48E+401
) Q.75E401) 16A 7.58E+401 H BA B.91E+01 H17 8.27E+401
A 1.16E+02 17TA 8.55FE+01 H16 6.68E401) H18 8.06F+0)
7 1.23C+02 18A B8.13F4:01 H 9A 9.61E401 H21 1.88E+01
a 1.18E+02 194 AL.3S5E401 H10A 9.70E+01 H22 2.03E4+01
2 1.07E402 HI1A 1.09E+02 H23 1.51E+0)
10 1.02E402 H19 7+.90E+01 H24 1.69E401
1} 9.61E401 HI12A Q,.77€401 s2% 1.10E401
12 B.78FE+0) HI3A 09.27E+401 s26 1.13E401
13 Q9,47€401 H14A 3.62E+01 s30 1.16E+01
13 9.0AC+01 s32 1.21E+01
26 1 9,.,70F+01 1S Se72E+01 H 4A A.S51E+01 H20 5.88F+00
2 7.76C+0) 16 S5.73E401 H A 5.64E+01 HISA 7.34E+00
3 7+16E401 17 6.66E401 H 6A S.89FE+01 H2S 6.92E+00
a 7.06E401 . n B.19E+01 H 7A S.90£+401 H26 6.52E400
5 5.65E+401) 19 7.16E4+01 H BA 6.75E401 H17 4.,57E+01
6 S.63E4+01 20 7.04E401 H16 3.90C+01) H18 4,.49E401
7 5.3SE401 21 6.83F401) H 9A S.S7E+01 H21 6.65F+00
Q 5.90C+01}) 17A  7.S52E+401 HI0A 5.39E401 H22 S.94€400 |
10 S.66FE4+01) 18A B.74E+01 HIIA S5.70E+01 M23 S«.11E+00
11 5.42E401) 19A S.64E+01 H19 4 . RAE+0) H2e 5+.78E+00
12 Se4aF4+01 H12A 5.59E+01 s25 4 .ASE+00
13 Se79€E401 H13A S.13E401 s26 S.02C+00
14 S.45E+0}) H14A 1.32E+401 S30 4.,52F+00
s$32 4.91E+00
27 1 1.55F+02 15 1.10E+02 H 4A 1 «2BE+02 H20 2+15E+01 .
? 1.47E402 16 1.15E402 H SA 1.24E402 HISA 2.2B8E+01
3 1 «34F+02 1?7 1e1hE4+02 H 6A 1.34E402 H2S 1.85E+401 -
a 1 ¢39E+02 18 1.46€402 H 7A 1.24E+402 H26 1.S1E+01
5 1.18E+02 19 1.40E402 H BA 1.12€402 H17 9.96E+01 t
A 1.20E402 20 1.41E402 H16 Be.T4E401L H18 8.91E401
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FROM COPY FURNISHED T0 DDC e

Table 4-3
BICONIC IT HEAT TRANSFER COMPUTATIONS (Cont.)

RUN GAGE HT R&TI GAGE HT RATE GAGE HT RATE GAGE HT RATE
i NO. POS (BTU/ttsec) POS (BTU/ft%sec) POS (BTU/#1%sec) POS (BTU/ft“sec)
] 7 1+.14E+02 21 123E+02 H QA 1.27E+402 H21 177E401
. 9 1.20FE+02 17A 131F+02 H10A 117E402 H22 1.97€401
10 1.19C+02 18A 1.32€402 HilA 1.2)E+02 H23 1.48E+01
11 1. 1AE+02 19A 1.10E+02 H19 9.87E401 H24 1.70E401
12 1.13E+02 HI2A 1.14E402 S2S 1.13E401
13 1.18E+02 HI3A 1.02E+02 526 1.21E+401
1a 1. 06E+02 HI4A 3.66E+01 s30 1.S1E+401

3 S32  1.36E401

28 1 a.32E+02 1S 3.05€402 H aA  3.17E402 H20  4.92E401
2  3.ASE*02 16 2.75F+02 H SA 2.83E402 HISA S.S9E+01
3 3.5SE+02 17  3.5a€402 H 6A 2.92E+402 H25  4.64E+401
a 3.77€E+02 18 3.AQE+02 H 7A 2.98FE+02 H26 3.85E+01
S 3.32E+02 19 3.A2E402 H BA 3.29€E402 H17  2.43E402
7 2.67€402 20  3.HGE+02 H16  2.09€+02 HI8  2.40E+402
Q 3.04E+02 21 3.80E402 H QA 2.96E+02 H21 4.54€E401
10 3.17E+402 17A  4.01E+02 H10A 2.99E4+02 H22  4.64F401
1 3.16C+02 1BA  3.4HF402 HIJIA 2.8RE402 H23  3.52C+01
12 2« 73E+02 19A 2.7T6E+02 Hi19 2+42E+02 H24 4.16F401
13 3.07E+0? H12A 2.97C+02 S25  2.89E01
14 2.87€402 HI3A  2.62E402 S26  2.94F+01
HI4A A.33F4+01 $30  2.R9E401
: $32  3.17+01
29 1 3.41E+01 2A  a.SAE+0) H 4A  5.25E401 H20  5.78E400
2 5.50€401 M SA  4.96E401 H25  7.83C+00
3A 7.40E+01 H 6A S.55E+401 H17 4 .60F+01
' 5.33F+01 H 7A S.75€+401 H18 4,47E+01
s A .86C+01 H BA S5.25F+01 H21 6.37FE400
R Aa.27E+01 H16  3.94E+01 H22  S.73E+400
Q 4,19E+01 H 9A S5,82E+01 H23 S.13FE400
10 a.25€+01 HI0OA S.7SC+01 H24  6.09E+00
11 3.99C+0) HI1A 5.79E401
12 3.84F+01 H19 4.6RE+01
13 A.33E+01 H12A 5.83E40]
M L) 3.SHE+0) HI3A A,71E+01
| H1aA 1.29E+401
~ 30 1 5.96E401 2A  1.09€E402 H 4A  1.19€+402 H20  1.99E+01
| ? A.01E+01 H SA 1.16E402 HISA 2.55E401
3 3A  1.40€E+02 H 6A 1.19C+02 H26  1.62E401
a 1.18E402 H 7A  1.25€402 HI7  1.0%E402
e 5 1.05€402 H BA 1.22E402 HI8  1.06K402
1 A A.TIE+O) H16  B.A7E401 H21 1.7RE+01
i 9 9.61E401 H 9A 1.26€E402 H22  1.A9E+01
10 9.27E+01 HI0A 1.26E+02 H23  1.50€+01
11 9.01E+01 H19  1.04E+02 H24  1.64E+01
i 12 A.3aE401 HI2A  1.32F402 S25  1.21E401
é 13 A.60E+01 HI3A 1.09C+0? $26  1.21E401
¥ 14 A.00E+0) HlaA 3.6S€401 S30  1.27E+01
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Table 43

BICONIC IL HEAT TRANSFER COMPUTATIONS (Cont.)

RUN GAGE HT aAzn GAGE HT “z“ GAGE HT RATE GAGE HT RA.IE
NO. POS (BTU/tt“sec) POS  (BTU/ftsec) POS (BTU/f1%sec) POS (BTU/ft*sec)
31 1 3.11FE+01 | &) 27T6E+01 H 4A 3.68E+01 H20 2+74E+00
3 2.55E+01 16 2B6FE+01 H SA 3.4S5E+01 HISA A.03E+00
a 2.50E+0! 17 2.66E+401 H 6A 3.20E+01 H2S 3.04E+00
s 2.44E+401 18 3.09€+401 H 7A 3.48E+01 H26 2.46E400
-~ 226F+01 19 2.82F401 H16 3.07E+401 H1 7 2.98E+01
7 2.27E401 16A 3.63E+401 H 9A 3.05€E+401 H18 3.14E401
a 2+22€E401 1BA 2.82E401 H10A 320K 401 H21 2.33E+00
9 1 .98E+01 19A 3.43€E+01 H19 3.0SE+01 H22 3.05E+00
10 1.93E+08 H12A 2.56E+01 H23 3.10E4+00
11 1.H7E+0) H13A 296E+01 H24 2.95F+00
12 1 «69E+401) HIAA S.70E+00 s2S S.20E+00
13 172E+01 sS26 S.18F4+00
14 164E+01 S30 S5.01FE+00
S32 S«S3E+00
32 1 6.13E+0? 15 T2RE+01 H AA B8.06E+01 H20 2+30E+01
3 T7e74E+01} 16 1.01E+02 H SA 8.96F+01 H1SA 2¢14E+01
aq 6 .H9E40) 17 1 .0BE+02 H 7A B.61E+01 H26 1.66E401
S Q«AVE+O0] 18 1 «22E+402 H16 Be.11E+401 H17 R.N09E+01
&6 9.09E+0) 19 1.03E+402 H 9A B.65€+01 H21 2+49E+401
7 Q.97E+01 16A Q70E+01 H10A 8.55E+01 H22 2.11E401
] 1 .0SE+02 19A 1.06E+02 H12A T7«61E+0) H23 2.31E+01
9 9«RBE+0) HI1AA 2.24E+01 H24 3.15E+01
10 9.A7E+01 s25 1.59€E+01)
1 G .ARE+OY S26 1.47E4+01
12 9.01E+401 s30 1.46E+01
13 8.95E401 s32 1<S4E+01
14 B.55E+01
33 1 4 .,40E+01 1A 3.R6F+01 H 4A 3.64€C+01 H20 3.28E+00
2 4a,19E+01 2A 3-50@00!. H SA 3.89€E4+0) HI1SA 3.4BE+00
a 2.6RE+0) H 6A a4,54E401 H2S 2365400
5 2.49E+0) H 7A 4.52E+01 H26 S5«5SSC+00
7 3.39€E+01 H AA 3.80E+01 H17 4.03E+01
L] 3.66E+01 H16 4. 176401 H18 3.98E401
Q 2.74E201) H 9A 4.,47E401 H21 3.02E+00
10 3.79E+01 HI10A Aes32E+01 H22 2.58E+00
11 4.01E40¢ HI11A A4,.10F+01% H23 2.27E400
12 4 .59F+01 H19 4.22F+01 H24 233E+00
14 3.70E+01 H12A 3.76C+01) S2?2s T<49E+00
H13A A.14FE40] S$26 7<00E+00
HIAA 2.60E+01 S30 4 .B0E+00
s32 6.01E+00
34 1 6.52E+01 1A BR.27E+01 H aA T« 79E+01 H20 1.60E+01
? 6.76E401 2A B.3RE401 H SA 7.80€E+01 HISA 1.56E401
a a4 ./4E+01 H 6A A.63C+01 H25 1.44E+01
5 S.96E+0) H 7A B8.60E+01 H26 1.52E+01
T 7T «4RE+01} H 8A 796C+01 H17 Y«12E401
L A. 19E+01 H16 Be96E+ 0] H18 B.A0C+01
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1) Table 4-3
- BICONIC IT HEAT TRANSFER COMPUTATIONS (Cont.)
- RUN GAGE HT RATE GAGE  HTRATE GAGE HT RATE GAGE HT RATE
NO. POS  (BTU/tt?sc) POS  (BTU/ftsec) POS (BTU/ftsec) POS (BTU/fr%sec)
i 34 9  R.60E+0} H 9A 9.36F+01 H21 1.55€401
L4 10 A.11E+O1 HI10A 9.58E+01 H22 1.50E+01
1 B8.11E+01 HI1A 9.00E+01 H23 1.53E401
12 7.S8E40¢ H19  9.42E+401 H24 1.47E401
14 7.52E401 H12A 8.29C+01 s2s 1.52E+01
H13A 9.08E+401 s26 1.44€E401
H14A 1.60E+01 s30 1.51E401
s32 1.51E401
as 1 3.51E+01) 1A 3.40E+0} H aA 3.SSE+01 H20 2.76E+400
2 3.A9E+01 2A 3.51€+01 M SA  3.70E401 HISA 3.11E400
a 2.63E+401 H 6A 3.96E+01 H25  2.45E+00
G 2.22E401 H 7A 4.32E+01 H26  4.4SE+00
7  2.90E401 H 8A 3.7SE+01} H17  a.21E401
a 3.26E401 H16  4.13C+01 H18  4.14E+01
a 3.56E401 H 9A 4a.3SE+01 H2) 2.58E400
10 3.47E40) H10A 4.37E+01 H2?  2.5SE+00
1" 3.70E4 01 H19  4.09€E+01 H23  2.56E+00
12 3.6RE+01 - H12A 3.79E+01 H24  2.47E4+00
13 3.34€E+018 HI13A 4.17€+01 S25  6.66E+00
1a 3.42E+0) H1aA S<20E+00 S26  6.39E+00
S30 6.S0E+00
S32 S5.78E400
i3 36 1 S5.00FE+01 15 8.99F4+01 H 4A 4.50£4+401 H20  2.61E+00
2 3.73E£401 19 a.84€+01 H SA 4.2SC+01 HISA 2.B4E400
3 3.05SE+01 20 a.69E401 H 6A 4.23E4+401 H2S  2.11E+00
‘ a 2.65E401 21 a.83E401 H 7A  a4.54E+01 H26  4.5SE+00
8 S  2.47E401 17A  3.20E+01 H 8A 3.89€E+01 H17  3.87E+01
4 1.97E+01 18A 3.BAE+01 H16  4.11E+01 H18  4<14E+01
A  2.10€E401 194 S$.06E+01 H 9A 4.21E+01 21 2.37E400
i Q  2.maE+0) 20A A4.61E401 H10A 3.96E+01 H22  2.26E+00
i 10 3.0SE+01 H11A  3.77E+01 H23  2.3BE+400
- " 3.44E401 H19  a.0aC+01 H24  2.41E+400
12 4.10E40) HI2A 3.59E+401 s25 1.53E+01
b 13 A4.69E401 H13A 3.76E+01 s26 1.23E401
i 14 5.09E401 MIAA 4.98E+00 S30  1.31C+01
g e s32 1.20E401
Lo
H *f 37 1 4.93Fs01 15 4.94E401 H 4A 4.S3E+01) H20  2.53E400
: & 2 3.55E401 18 3.25F+01 H SA 4a.13E401 HISA 3.12E400
] 3 2.9RE+0!1 19 S5.39E+01 H 6A A4.33E+01 H25  2.09E400
: a 2.63C+01 20 5.29€401 H 7A  A4.90E+01 426  3.44E400
¥ S  2.33E401 21 4.82E401 H BA 3.95€401 M17  4.04E+01
é 7 2.0AE+01 17A  3.34E401 H16  4.24E+01 HI8  4.03C+01
R 2.18E408 1AA  4.32E401 H QA 4.37€401 H21 2.31E+400
9 2.A7F401 194 S.66E401 HIOA 4.72E+401 H22  2.42E400
10 3.09€40) 20A 4.8B8E40} HI1A 4.26E401 H23  2.33E400
] 3.34E+01 H19  4.03E+01 H2a  2.27E400
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Table 43
BICONIC IL HEAT TRANSFER COMPUTATIONS (Cont.)

RUN GAGE HT lﬁ‘l’! GAGE HT RATE GAGE HT RATE GAGE HT M{E

NO. POS (BTU/1t"see) POS (8TU/ft%sec) POS (BTU/ft%sec) POS (BTU/ft%sec)

37 12 4.13E+20? HI2A 3.64E+01 S25 8.17C+00
13 4 .,59F+ 01 H13A 3.85K+01 S26 7.64F+00
14 4 .95E+0}) HI14A S.61E+00 530 6.83C+00

332 8.13E400

39 1 2 «60E+02 15 2.52E402 H 4A 2.72E+02 H20 2.18F+01
2 1 .93F+02 18 2+8B8E+02 H SA 2.39E+02 HISA 3.35E+01
3 1 .86E+02 19 2+69€402 H 6A 2.45E+402 H25 4.03E+01
a 2.17E+02 20 2.51FE+02 H 7A 2.74E+02 H26 3.85E+01
7 2.64FE+02 21 2.51E+02 H HA 2.60C+02 H17 2.14€E402
Q 2.ATC4+02 17A 2.06F£+02 H16 2+ 34E+02 H18 2.14E+02
10 2.75E+02 18A 3.05E+02 H QA 2.S0E+02 H21 2.04E+01
1 2.47E402 19A 2.69E+402 HIOA 2.65FK+02 H22 1.94E+01
12 2.52E+02 20A 2.T0E+02 HIJA 2.68E402 H23 1Q2E+01
13 2.57C+02 P1A  3.66E+02 H19 2¢33E+02 H2a 1.83E+01
14 2+49E+402 HI12A 2.13E+02 S2S 3.93€E+401
HI13A 2.47E#+02 S26 3.72E401
H14A 3.71E+01 s30 3.4272E401
s$32 3.79E+401
a0 1 1.08€+02 15 B.77E+401 H 4A Q,7RE+01 H20 1.42E401
2 116E+02 1R 1.06E+402 H SA BR.S7E+01 H15A 1.43E+01
3 1.10FE+02 19 Y.4RE+01 H AA 9,40€E+401 H2S 1.33E+01
a 1 < 0SFE+02 20 8.86E+01 H 7A 9.,91E+401 H26 1.345401
S 9.62E401 21 Q9.04E+01 H RA A.AZE+01 H17 7.70FE+01
L4 9.27E+O0) 17A 1.17E402 H16 Ae.74E+01 H18 7.60E401
3 9.28E+01 18A  1.01E402 H 9A B8.71E+01 H21 1.27E+401
3 9 24E+01 1I9A 9.S3E*01 HI0A 9.38F+01 H22 1.31E+01
10 Q. 75E+0) 20A 9.14E+01 HI1A 7.74E+01 H23 1.16E+01
1t 8 +39€40) 21A 1.18E+02 H19 BeSSE*01 H2a 1.28E+401
12 R.A2E40) HI12A B8.03E+401 $25 1.39€E+401
13 Q.33C+01 H13A 9.49E401 s26 1.28BE+01
14 AR.98E+0) HIAA 1.27E401 S30 1.24E+401
$32 137€401
4
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The heat transfer distributions to the biconic configurations with
medium bluntness are shown in Figures 4-9a through 4-9c. Here the boundary
growth was influenced by entropy swallowing, and the local values of Regy were
reduced relative to the sharp nosed configuration. At both the free stream
Reynolds number conditions for the Mach 11.3 studies on the smooth configura-
tions, a fully turbulent boundary was established within four inches of the
stagnation point, while on the rough configuration transition was completed with-
in 0.5 inch of the stagnation point. We observed that the roughness induced
an increase in the heat transfer rate of over 30% for fully turbulent condi-
tions. At Mach 13, however, we were unable to generate é fully turbulent }
boundary layer under smooth wall conditions (see Figure 4-9a) and although
roughness tripped the boundary layer generating a fully turbulent flow within
one inch of the stagnation point, we were unable to determine accurately the

roughness augmentation factor for this case.

The heat transfer distributions over the blunt biconic configurations
are shown in Figures 4-10a through c. Again, while a transition occurs on the
smooth configuration at Mach 13, a fully turbulent boundary layer is not devel-
oped. However, a turbulent boundary layer is developed close to the stagnation
point on the rough blunt configuration at Mach 13. At Mach 11, it was found that a

transition occurs just downstream of the sphere cone junction on the smooth

configuration at both Reynolds number conditions; however, a fully turbulent

flow was not established until approximately three lengths of laminar run from

the tip as opposed to the two lengths observed on the sharp nose tip and as was
also assumed in many of the theoretical approaches. We observed the largest rough-
ness augmentation factors on this configuration and found that the heat transfer
rates measured with the smooth gages in the rough model approached the levels
measured with the rough gages.

Both the present and earlier studies suggested that the roughness
augmentation factor is not a simple function of the roughness Reynolds

5*
and the roughness spacing. The heat transfer augmentation factor was compared

number (f“—‘s?—k-)or K but may depend upon a combination of these parameters
w
with the Powars correlationz4 and measurements given in the paper by Grabor and
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AN M S

Whlte25 in Figures 4-11 and 4-12. 1In Figure 4-11 we plotted CH rough/C

H smooth

versus the Powars correlation parameter ( ‘R)VCHO ( ) which is
L/
approximately equal to Re (Cy) g( S (-—‘) which is in turn is equal to
+1/,
R,K (= ;u‘") k , the roughness Reynolds number where ug= ( ) z, and a Reynolds

analog factor of 1 is assumed. It can be seen that the roughness augmentation
factor obtained in our experimental studies was significantly less than pre-
dicted by the Powars correlation of the PANT data. However, our measurements
are in relatively good agreement with those obtained by Brandon and Masei<26

for corrugated surfaces. It is interesting to note that while the augmenta-
tion heating factor is slightly larger for the bluntest configuration, these
measurements do not appear to be strongly influenced by entropy gradients

on the inviscid flow. The measurements made in the present study are com-
pared with the correlation presented by Grabor and White in Figure 4-12.

Grabor and White choose the parameter , the ratio of effective rough-

K
&
ness height to displacement thickness, against which to correlate the PANT
data. This parameter was chosen on the basis of a theoretical study per-
formed by Dvorak27. We see that the measurements made in this and a previous
study of biconic configurations at Calspan are in good agreement with both
the PANT data and the correlation suggested by Grabor and White. Clearly,
further study is required to select the parameters which characterize rough-

ness augmented heating.
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Section 5

STUDIES OF THE FLOW AND THE DISTRIBUTION OF HEAT
TRANSFER OVER THE NRV NOSE TIP

5.1 INTRODUCTION

The Nose Tip Recovery Vehicle (NRV) nose tip is one of the few nose
tips which has been recovered from flight during re-entryls. The nose tip is
of particular interest because it was '"caught" during the portion of the
trajectory where transition was spreading over the nose tip, and a non-similar
shape change was occurring. The nose tip, shown in Figure 5-1, displays two
characteristics which are of key importance to the nose tip designer. The
first is that the nose tip is indented to the point where three-dimensional
separated regions of significant proportions must have been formed. The
second feature is the distinctive three-dimensional grooved shape of the NRV
nose tip, a shape which could not have been predicted from shape change codes.
It could be speculated that because of the intrinsically three-dimensional
characteristics of boundary layer transition, an intrinsically three-dimen-
sional nose tip similar to the NRV is formed on ablating nose tips whenever
the transition moves onto the nose tip. If such nose shaping occurs, it will
not only be difficult to predict but also induce nose-tip forces which can

change rapidly with small changes in nose shape or angle of attack.

The purpose of the present study was to obtain detailed heat transfer
and pressure measurements on a model of the NRV nose tip at a Mach number and
Reynolds number which duplicated flight conditions. The instrumentation was
to be positioned to examine the intrinsically three-dimensional nature of the
flow over the nose tip. In particular we wished to examine whether pairs of
counter-rotating vortices were formed in the grooves and determine the mag-
nitude of the heat transfer generated in the reattachment and re-compression
regions on the NRV nose tip. We also wished to determine whether the flow
pattern over the nose tip was steady and whether it was sensitive to changes
in Reynolds number.
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5.2 EXPERIMENTAL PROGRAM

The experimental program was conducted in Calspan's 96'-Shock Tunnel
at Mach 11 for Reynolds numbers of up to 10 x 106 based on nose tip diameter.
A drawing of the NRV nose tip showing the instrumentation pattern chosen is
shown in Figure 5-2. The instrumentation was connected on a number of key
rays which were positioned in grooves and were representative of the key
geometric features found on the NRV nose tips. A 4X scale model of the NRV
nose tip was constructed for this program so that we could obtain detailed
spatially resolved measurements and the ability to duplicate the Reynolds :
numbers obtained in the flight tests. A photograph of this model and a
replica of the NRV nose tip from which it was copied is shown in Figure 5-1.
The model was constructed using a precision three-dimensional pantagraph
milling machine. This model was then instrumented with 100 heat transfer
gages and 43 pressure gages. The model is shown mounted in the 96" Shock
Tunnel in Figure 5-3. The locations of the heat transfer and pressure gages
are listed in Table 5-1.

5.3 RESULTS AND DISCUSSION

An experimehtal study of 15 runs were conducted which covered the
range of free stream conditions and model configurations listed in Table 5-2,
The measurements made during this program are tabulated in Tables 5-3 and 5-4.
A Schlieren photograph of the flow over the NRV model is shown in Figure 5-4.
This photograph illustrates the two classes of flow with embedded shocks which
are typical of the flow over indented nose shapes. The flow over the top of
the model separates as it expands downstream of the spherical cap and a small
three-dimensional separated region is formed in the cavity formed by the
grooves. The compression waves generated in the reattachment region coalesce
to form a single shock - the re-compression shock. The bow shock and re-
compression shock interact with the formation of a single shock and a shear
layer. The flow over the bottom of the model remains attached; however, the
flow over the roughly conical section of the nose tip was again characterized

by a re-compression process. Here, however, re-compression takes place through
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Figure 5-3a INSTALLATION OF NRV HEAT TRANSFER AND PRESSURE MODEL IN 96"
SHOCK TUNNEL
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Figure 5-3b VIEW OF NRV HEAT TRANSFER AND PRESSURE MODEL SHOWING GAGE LOCATIONS
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Table 5-1
HEAT TRANSFER IMPRESSION MODEL FOR NRV

PRESSURE
H.T. GAGE 6 5 Hr.GAGE [ 0 | GAGE % B
POSITION | (deg) | M POSITION (deg) W | rosiTiON (deg) p
[r— !*
1 0 0 ] 220 | 373 1 8 | 27
‘2 8 | 247 . 62 l an 2 Y | 38
3 an 53 4.49 3 2 94
4. l 348 54 20 )| 4 { ] 156
5 a7 58 ] s »s | 283
[ 2 | 29 56 94 [} ‘ 350
? Y| 398 57 1.48 ? 43
s 35 63 58 1.87 8 90 94
? 1.25 59 224 ] 128
10 1.88 60 261 10 221
1 247 61 2.98 1" 321
12 3.15 62 3.38 12 110 | 184
13 388 63 374 13 ‘ 250
" ] 458 (7 an 1 k% -]
15 53 | 228 65 1} 4.49 18 188 31
16 293 68 250 | 188 1 . 94
17 3.68 67 298 17 219
18 I | 439 68 374 18 290
19 83 | 213 69 449 19 230 | 224
2 250 70 260 | 1.87 20 ‘ 338
2 l 286 n 2.61 2 448
2 3.29 72 3.38 2 200 | 224
3 100 | w27 ) an p <] ] 378
2 1.84 74 4.49 2 280 | 337
-] 288 7 280 | 1.87 - 310 | 218
28 3.62 7 262 2 27
z 1 4.03 n 374 z l 345
] 110 63 78 412 b ] 412
2 94 7 ! 4.49 2 3B | a7
30 1.27 80 296 63 30 | 483
N 1.57 81 94 3 220 | 473
32 218 82 187 32 ] 484
3 285 83 262
M 3.63 84 3.00
% 4.03 85 337
38 1 4.50 88 3.78
” 138 | 158 87 4.13
) | 288 o v 451
» 146 | 138 89 320 | 317
© 1.9 90 330 | 33
41 278 ) { ] 4.7
42 4.08 92 340 | 258
43 188 | 157 93 ‘ 338
“ ‘ . 94 an
45 447 9 3B| 40
48 210 | 3 % ‘ 47
47 \J 412 174 488
48 20| 187 o 20| amn
9 * 261 99 478
50 298 100 4
101 487
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Figure 54 SCHLIEREN PHOTOGRAPH OF THE FLOW OYER THE NRV HEAT TRANSFER AND
PRESSURE MODEL (M = 11.3 Re/FT = 10 x 109)
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a series of oblique shocks as a wall jet is formed. It is the structure and
development of the boundary layer at the base re-compression processes which
controls the large heat transfer rates which are developed in these regions.

The distributions of heat transfer and pressure over the NRV nose
tip made in this study are shown in Figures 5-5 through 5-10. A typical heat
transfer distribution for free stream conditions closest to those encountered
in flight are shown in Figure 5-5a. The heat transfer measurements on the
spherical cap indicate that the boundary layer remains laminar over this part
of the model, with transition occurring in the free shear layer downstream of
the shoulder expansion. While the heat transfer rates drop below the stagna-
tion point value in the separated regions just downstream of the shoulder, heat
transfer rates in the reattachment and re-compression regions over the model
can rise to close to three times the stagnation point value. This increase
is influenced by transition, the thinning of the boundary layer in the re-com-
pression region and entropy swallowing. However, the measurements clearly
indicate that the surface recession would be largest on the conical frustum
of this nose tip. The pressure distribution over the nose tip for the condi-
tions discussed is shown in Figure 5-5b. As we would anticipate from our
observations on the Schlieren photographs and the heat transfer measurements,
the pressure rises along the roughly conical portion of the nose tip as a
result of the re-compression process and reaches close to 89% of the stagnation
pressure toward the base of the nose tip. However, there is a significant
variation in the pressure around the conical segment of the nose tip as a
result of the different re-compression processes associated with the circum-

ferential variations in surface geometry.

During the design of this experiment, we speculated that the flow over
the NRV nose tip would be very sensitive to the Reynolds number and Mach
number of the free stream, because boundary layer transition and separation
were intrinsic features of the flow field. Thus, we constructed a large
scale replica of the NRV nose tip so that the flight Reynolds number could
be duplicated in the Shock Tunnel. Therefore, it was of interest to examine
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the effects of Reynolds number on the flow structure and the distribution of
heat transfer and pressure over the nose tip. Figures 5-8a and 5-8b show the
distribution of heat transfer and pressure over the NRV nose tip for condi-
tions where we have lowered the Reynolds number to 1 x 106. This results in
an increase in the size of the separated region and the aft movement of the
re-compression regions. It also results in a decrease in pressure rise (rela-
tive to the stagnation point pressure) on the conical segment of the nose tip
and a dramatic reduction (a factor of 3 relatively to the stagnation point
heat transfer) in the heat transfer to the conical frustum. These results
underline the importance of conducting experimental studies of the flow over
complex indented nose shapes at Reynolds numbers and Mach numbers as close to
the flight conditions as possible. Further measurements were made at Mach 11
and 13 with Reynolds numbers of 5 x 106/ft, which are shown_in Figures 5-9 and
5-10, demonstrate that the heat transfer and pressure distribution are
sensitive to the position of the boundary layer transition and the flow
pattern, which are again controlled by the Mach number and Reynolds number

of the free stream. The measurements conducted at a 2° angle of attack

showed that the heat transfer to the lips of the grooves are strongly
influenced by cross flow.

5.4 CONCLUSIONS

The measurements made in this study clearly demonstrate that the
flow field and the distribution of properties on ''real" ablated nose shapes
differ significantly from the idealized biconic configurations assumed by
many analysts. The flow over NRV configuration is intrinsically three-
dimensional with regions of embedded separated flows as well as embedded
shocks. Experimental studies of the flows over such configurations must be
conducted at Reynolds numbers and Mach numbers which come close to duplicating
those encountered in flight for meaningful results to be obtained.




Section 6

MULTIPLE PARTICLE INDUCED CONVECTIVE
HEATING AUGMENTATION TO BLUNT NOSE TIPS

6.1 INTRODUCTION

A critical phenomenon which must be addressed in nosz tip design
occurs when the reentry vehicle encounters clouds formed fron ice crystals
or dust particles. In the study of nose tip shaping and intcgrity in a
""weather encounter' we are concerned primarily with two phenomena which give
rise to surface recession and increased nose tip heating. Of primary concern
is the damage and direct heating which results from the impact ~f the particles
on the nose tip; this subject has, and continues to receive considerable
study. However, a second phenomenon, which causes significant heating augmenta-
tion, is associated with the increased heating which results when a particle is
ejected or rebounds from the nose tip and interacts with the bow shock. This
has been recognized as being important in light weather encounter. The studies
of Wilkinson, et al.zg, in conjunction with studies in the dust tunnels at Boeing
and AEDC identified this interaction phenomenon by observing a sudden increase
in aerodynamic heating for conditions where the dust particles attained suf-

ficient energy to rebound and penetrate the bow shock.

Early photographic studies made in Boeing28 and Calspan29 suggested the
principal mechanism of heating enhancement was associated with the formation
of a vortex system induced by particle shock-bow shock interaction. Photo-
graphs showing an interaction of this kind are shown in Figure 6-1. When
the momentum of the rebounding particle is such that only a small penetra-
tion occurs, the free shear layer, generated at the annulus where the bow
shock and particle shock interact, rolls up as the particle is driven back
into the shock layer and a ring vortex is formed. This vortex is then con-
vected to the surface as demonstrated by the movie sequence, shown in Figure
6-2, which was taken in the Boeing dust tunnel. While the particle-induced
vortex generation is an intriguing phenomenon, which can cause a small increase
in nose tip heating, this is but one of a number of enhancement mechanisms as

demonstrated in detailed experimental studies by Holdenzg.
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Figure 6-1a SHOCK-PARTICLE INTERACTION OVER A BLUNT ELLIPSOID
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Figure 6-1b SHOCK-PARTICLE INTERACTION OVER A BLUNTED CONE
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In the studies conducted by Holden a single small particle (100-800 Ms)
was launched toward the bow shock along the axis of a flat-ended cylinder.
It was observed that the wake of particles with insufficient energy to reach
the bow shock did not create disturbances of sufficient magnitude to cause a
measurable increase in the nose tip heating. Heating augmentation was first
observed for particle trajectories which caused a small penetration of the
bow shock. A sequence of photographs showing the small dimple which occurs
as the particle reaches the bow shock, and the subsequent formation of a
toroidal vortex, is shown in Figure 6-3. The shock curvature at the particle
and body shock junction creates a shear layer which subsequently rolls up
into a vortex ring. This vortex ring is then convected into the shock layer
expanding in diameter as it approaches the surface. Heat transfer time his-
tories indicate that a localized heating increase of between 150 and 200 per-
cent occurs at the model surface for a period of just over 1 millisecond, the

time taken for the vortex to traverse the shear layer and expand across the model.

When there is a sustained movement of the particle ahead of the bow
shock, the interaction between the particle shock and the bow shock enveloping

the model creates a shear layer or jet which attaches to the face of the model.

The heating rates associated with such interactions have been explored by
Holden in spiked body flowsso, and by Edney31, Keyes and Hains32 in regions of
shock interference. The major augmentation occurs when the '"Edney Type IV"

or "jet" interaction is established over the model. A sequence of photographs
showing the development of a region of shock-shock interaction leading to
heating augmentation resulting from small penetration is shown in Figure 6-4.
The momentum of the particle was just sufficient for the particle to reach

0.7 of the body diameter ahead of the model. As the particle moves ahead of
the bow shock, the shock wave associated with the particle and the flow be-
hind it interacts with the original bow shock inducing a shear layer at their
point of intersection. This shear layer sweeps radially outward across the
face of the model increasing the local heat transfer at its base by as much

as a factor of ten. The period of increased heating was just over one milli-
second, which is the time it takes for the particle to exit and reenter the

shock layer. Pressure levels just above the pitot level were observed at the
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Figure 6-3 HEATING AUGMENTATION ASSOCIATED WITH PARTICLE-INDUCED
RING VORTEX INTERACTION




Figure 64 “STABLE” FLOW RESULTING FROM SMALL PENETRATION
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base of the shear layer while those within the annulus corresponded roughly
with those achieved by compression through the conical shock associated with
the particle.

When the particle is launched with sufficient momentum for it to
reach one body diameter ahead of the body, a dramatic change occurs in both
the character of the inviscid flow and the pressure and heat transfer on the
model surface. The entire flow field begins pulsating as demonstrated in the
high speed movie sequences shown in Figures 6-5 and 6-6. These sequences, which
were taken at Mach 6.5 and 13, respectively, and at similar Reynolds number con-
ditions, demonstrate considerable similarity in mechanics of oscillation. This
oscillation is very similar to pulsating flows observed over spiked bodie530
or highly indented nose shapes33 as demonstrated by the movie sequence of
these flows shown in Figure 6-7. The occurrence of these massive pulsations
appears ‘independent of particle size, and once the particle has reached a
body diameter ahead of the surface, the axial motion of the particle is
strongly influenced by the flow oscillations. The non-dimensional frequency
(fD/Ue) was found to lie between 0.17 and 0.19 and appeared relatively inde-
pendent of Mach number, particle velocity size or penetration, and model size.
A Strouhal number of between 0.17 and 0.20 typifies the frequencies encountered
over spiked and highly indented bodies and reinforces the concept that the
basic mechanism is associated with a simple inviscid filling and spilling
mechanism. While the heating rates across the model vary with time, the mag-
nitude of the maximum values does not appear sensitive to the exact particle
trajectory as can be seen from the measurements made in two runs (shown in
Figure 6-8) at identical free stream conditions but with different particle
trajectories. This figure illustrates that the edge of the cylinder experi-
ences the largest heat transfer rates, which can exceed the ambient heating

levels by as much as a factor of five.
While the earlier studies at Calspan had identified four distinctly

different classes of flow phenomena resulting from single particle shock- bow

shock interaction which can give rise to heating augmentation, a number of
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Figure 6-5

PARTICLE-INDUCED LARGE SCALE OSCILLATION (E) (MACH 6.5)
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Figure 6-5 (Cont.)
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Figure 6-6 PARTICLE-INDUCED LARGE SCALE OSCILLATION (E) OF FLOW FIELD
(MACH 13)
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Figure 6-6 (Cont.)
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Figure 6-7 “E” OSCILLATION ON AO CONFIGURATION AT ZERO ANGLE OF ATTACK
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key questions remained to be addressed. The first question revolved about

the importance of the nose shape. Would pulsating flow exist on blunt ablating
nose shapes, and how would body shape influence the magnitude of heating
augmentation? A second and perhaps more important question was how does the
augmentation heating scale with the number of particles in the shock layer

and how does multiple particle interactions interact with one another? Finally
we wished to know whether nose tip roughness influences the magnitude of the
heating augmentation factor.

In the following section, we discuss the objectives of the experi-
mental program and method of approach. The model, particle launching apparatus
and instrumentation are then described. The measurements made in the experi-
mental program are described with the aid of high speed Schlieren photography;
details of the heat transfer measurements of the flow regimes observed and
the heating augmentation with which they are associated with are discussed. Con-

clusions from this study are then presented together with recommendations for
future work.

6.2 EXPERIMENTAL PROGRAM

6.2.1 Program Objectives

The objective of this experimental program was to investigate the
effects of nose tip shape, multiple particle interactions and nose tip rough-
ness on the fluid mechanical phenomena associated with particle-induced
convective heating augmentation. We wished to examine particle shock-bow
shock interaction on configurations similar to the blunt ablated nose shape
rather than the flat-ended cylinder used in our earlier studies. We
were particularly interested in determining whether major pulsations of the
shock layer were also obtained on configurations with rounded shoulders. The
main objective of the present program was to examine the mechanisms of heating
enhancement for multiple particle shock-bow shock interactions. Understanding

how multiple particles interacted and induced increased convective heating was
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our principal concern. Lastly, we wished to determine if nose tip roughness L

modified or changed the mechanism of particle augmented heating.

6.2.2 Model and Instrumentation

For this program, as in the earlier Calspan study described in
Section 1, we choose to launch the particles from the model surface rather
than by adding particles to the free stream as is done in dust tunnels. We used
the impact particle launcher developed for this purpose in the earlier AFOSR
programss. A new model was also constructed for these studies, a model which
is more closely representative of the geometry of a 'laminar blunt' nose tip

configuration.

The model used in the present experimental studies is shown in
Figure 6-9. This model, which is 12-inches in diameter is made up of a flat
center section, 6 inches in diameter, which contains positions for five
particle launchers and is highly instrumented with heat transfer and pressure
gages. An annular ring with a radius of curvature of 3-inches in the stream-
wise direction surrounds the center section and is also highly instrumented with

high frequency pressure and heat transfer gages.

As can be seen from Figure 6-9 the model contained over 100 trans-
ducers which were concentrated primarily on two perpendicular axis which
bound a quadrant of the model. Our object was to trace the three-dimensional
characteristics of the asymmetric disturbances. Flush mounted piezoelectric
pressure gages were installed on the surface of the model, and both the pres-
sure and heat transfer gages had a frequency response which exceeded 300 kHz,
well above that required to follow the disturbances resulting from particle
shock-bow shock interaction. High speed Schlieren cinematography was used
to obtain photographs of the flow field at intervals of approximately 200
microseconds.

In this program, we employed three particle launchers mounted along a
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model diameter in the center section of the model (see Figure 6-9) and

positioned on the vertical plane. Each launcher assembly was mounted in a
seismic mass, which in turn was supported within the main frame of the model
on a soft rubber suspension system. Thus, the instrumented section was
effectively isolated from the mechanical disturbances generated when the
launchers were activated. A drawing of the impact particle launcher is shown
in Figure 6-10. In this design we employ two pistons, the second of which has
the launcher '"cue" mounted on the center of its face. The particle to be
launched is placed in contact with the face of the cue as shown in Figure 6-10.
When helium is released by a quick-action valve, the driver piston is driven
down the launch tube and its motion is monitored with photodiodes activated by
LEDs mounted along the internal surface of the launch tube. When the driver
piston strikes the second piston, which rests in contact with a rubber energy
absorption system, an elastic compression wave is propagated down and then

is reflected from the face of this cue. The particle is launched through a
small cavity in the surface of the model, which is sealed by the cue as the
second piston is driven into the rubber stops. The disturbance induced by

the mechanism of launch was shown to be negligible in measurements made when
the launch mechanism was activated without a particle. The velocity of the
second piston was measured with the LED-photodiode system and correlated

with the particle velocity measured with an inductive transducer placed in the
exit plane of the model. Particles from 30 to 800 gm could be launched from
the surface of the model simultaneously or in a phased array, with velocities
from 50 to 300 ft/sec.

6.3 RESULTS AND DISCUSSION

6.3.1 Test Conditions

The experimental studies were conducted in Calspan's 48'"-Shock Tunnel
at a Mach number of 6.5 for Reynolds numbers from 1 x 106 to 30 x 106. A i
tabulation of the test conditions at which the program was conducted is given o

in Table 6-1. The initial studies in this program were conducted to examine
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Table 6-1

TEST CONDITIONS FOR PARTICLE

LAUNCH PROGRAM
T.C. A 8 c
Mi 2.29 2.23 2.15
Py 354 968.3 2178
H, |9709x10% | 9.190x108 | 8.752x 108
M. |6.38 6.45 6.55
Uy | 4160 4053 3961
T | 1770 164.2 152.1
Poo | 0.1548 0.4062 0.8688
Q. |4aan 11.84 26.12
Poo | 7.380x10° | 2077x10% | 4.794x 10
Moo |1.478x107 | 1373x107 | 1.275x 107
Re/FT| 1.067x10% | 6.130x10% | 1.490 x 107
By 8.189 21.97 48.45
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the interactions occurring for a single particle launched along the axis of the
model. These studies were followed by measurements with three particles
launched simultaneously and in phased arrays. Measurements were then made with
dust particles launched into the shock layer for comparison with studies
conducted on the ballistic range. Finally, measurements were made of heating
enhancement to a rough model, where 5 mil grit was bounded to the face of the

model to achieve sand-grain roughness.

6.3.2 Studies of Single Particle Bow Shock Interaction

These initial set of studies were performed to determine whether the
gross flow pulsations observed in our earlier studies with a flat-ended cylinder
model would occur on configurations with rounded shoulder geometries. As in our
earlier investigation, we launched a single particle along the axis of the model,
with a range of velocities to achieve different shock penetrations. Again we
found that unless the particle reached the bow shock, the heating augmentation
resulting from the wake of the particle on the shock layer was negligible (see
Figure 6-11). For small penetrations, a ring vortex was formed and a measurable
increase (qp/qo = 1.5)was observed on the surface heat transfer to the model as
the vortex part over it. However, our major interest was centered on observing

the particle-bow shock interaction which occurred when the particle penetrated

a body radius beyond the model surface. Figure 6-12 shows a photographic sequence

of the interactions which result when the particle penetrates a body radius

beyond the bow shock. In this sequence, particle penetration occurs 3 milliseconds

after the flow over the model has been established. During the initial move-
ment of the particle ahead of the bow shock, the particle shock pulsates inde-
pendently of the bow shock as the annular shear layer, which is formed by par-
ticle shock-shock interaction, is driven to the shoulder of the model. When
the shear layer reaches the shoulder and the entrapped gas escapes around the
shoulder of the model, the interaction partially collapses and a gross shock
layer pulsation occurs as the sequence of events is repeated. This pulsation
is observed to subside as the particle falls below the model axis and the flow
becomes asymmetric. However, as found in our earlier studies we observed a

large increase in heat transfer as the shear layer sweeps across the face of
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Figure 6-12 PHOTOGRAPHIC SEQUENCE FROM SINGLE PARTICLE LAUNCH
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the model. Clearly gross pulsations of the shock layer can exist on blunt nose

shape irrespective of their geometry in the shoulder region.

As in our earlier studiesss, we observed the largest increase in particle-
induced agumented heating in the outer region of the model (see Figure 6-8) where
the shear layer formed by particle shock-bow shock interaction sweeps directly
over the model face. Here the heat transfer rate can increase by an order of
magnitude for an initially laminar boundary layer. The heat transfer to the
center region of the model which immersed in the turbulent recirculating region
varies from a value just less than the ambient heating level to approximately
double this value as the particle induces pulsating flow over the nose tip.

For this interaction, we measure a time-averaged increase of approximately

300 percent relative to the ambient condition.

6.3.3 Multiple Particle Interactions

A major objective of the present study was to examine the flow field
and the enhancement heating which result when a number of particles simultaneously
penetrate the bow shock. Here we set out to determine whether the flow about
one particle would dominate the interaction or whether flow pulsations would
occur about each of the particles. Basically we wished to investigate the
mechanism which controlled how augmentation heating scaled with the number

of particles in the shock layer.

In these studies, three 30 um particles were launched simultaneously
from launchers mounted in the model for the vertical plane. A sequence of photo-
graphs from run 10 is shown in Figure 6-13. Here the particle propelled from the
launcher mounted above the centerline penetrates the bow shock first, inducing
particle shock-bow shock interaction which results in a pulsation about this
particle. This pulsation can be observed in the following twenty five frames.

A similar pulsation can be observed to begin when the particle launched below
the centerline interacts with the bow shock. The pulsating flow occurs alter-
nately about the particles in this shock layer, and despite the fact that these
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Figure 6-13

MULTIPLE PARTICLE INTERACTIONS OVER THE BLUNT NOSE TIP
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Figure 6-13 (Cont.)
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particles were, launched with the same velocity as the single particle described

earlier, far less penetration is observed. In fact, the mechanism of pulsation
observed in the multiple particle studies appears to be intrinsically different 3
from the gross pulsation described for the single particle. For not only is i}
the frequency of the pulsation significantly higher, it appears that the

instability resulting from particle shock bow shock interaction does not involve 7!
the attachment of the annular shear layer to the model surface and its subsequent

I movement to the shoulder. Rather, here it appears to be a more localized mechanism.

The augmentation heating associated with multiple particle interactions is L

E significantly larger than observed for a single particle because a larger

v \
—

percentage of the area of the nose tip is exposed to the direct shear layer heating.
; The measured distribution of heat transfer to the surface of the model immersed
in a multiple particle interaction is shown in Figure 6-14. 1In contrast to the
heating experienced for a single particle interaction, the maximum heating occurs
close to the axis of the model and the peak heating is experienced for a greater
percentage of the time. Our studies suggest that as long as the major structure
associated with the bow shock remains intact, then increasing the number of
particles in the shock layer will cause an increase in heating to the nose tip.
However, if the particles become so numerous that the bow shock is destroyed,

then the heat transfer may decrease because the nose tip is immersed in the

wake of an effectively new body. To investigate the heating rates developed

when a large number of particles were launched into the shock layer, we performed

’ studies with the particle launchers loaded with dust particles.

6.3.4 Dust Particle - Shock Layer Intcraction for Rough Wall Conditions

To study the heating cnhancement when a large number of small particles
were present in the shock layer over 30, 12 um particles werc launched into
the shock layer from three guns. Because of their small size (d = 4 x 10-3),
these particles achieved little penetration and remained in the shock layer for
less than 1 millisecond. A sequence of Schlieren photographs shows the
dust-shock layer interaction (see Figure 6-15). Because of the small particle

residence time in the shock layer, we do not observe the large number of particle

reee
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Figure 6-15

DUST INTERACTIONS IN THE SHOCK LAYER
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shock pulsations which occur when the heavier particles penetrate the bow shock.
However, multiple shear layer nose tip interactions remain the major source of
enhancement heating. The heat transfer distribution associated with the inter-
actions shown in Figure 6-16. Again we observe that the maximum heating is
fairly uniform across the nose tip at a level which exceeds the ambient by a
factor of 4. Since the ambient heating level shown is for turbulent boundary
layers induced by bonding 4 mil sand grain roughness to the face of the model,
it is clear that large heating augmentation occurs in the presence of both

turbulent boundary layers and roughness.

Finally it is of great interest to compare the geometric features of
the interactions observed in the studies reported here with those taken with
high speed photography in the ballistic range. Figure 6-17 shows a sequence
of photographs taken of the shock interactions resulting from the impact of a
water droplet on a flat nose tip. The debris from the impact is driven through
the bow shock, and the particle shocks exhibit the same geometric features and
pulsing characteristics that were observed on the present studies. Since heating
measurements were not made in the ballistic range studies we cannot compare
the augmentation heating; however, we would anticipate similar factors because
of the similarity between the flow fields.

6.4 CONCLUSIONS

The gross features of the single particle shock-bow shock interaction
phenomena were not strongly influenced by the shoulder geometry for the blunt
configurations studied. The four types of interactions identified in the
previous studies using flat-ended cylindrical models were again observed, and
the agumentation factors measured in the present series of experiments differed
little from that obtained earlier. The aerodynamics of the multiple particle
interactions are significantly different from those for a single particle, and
the augmentation heating factors are measurably larger. The principal mode
of oscillation observed for the multiple particle interactions was associated

with the pulsations of the particle shocks. The geometric features of the
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MODEL VELOCITY: 11,500 fps
RANGE PRESSURE: 350 torr
WATER DROP DIAMETER - 1.5 mm
A t=5.5 psec

Figure 6-17 SEQUENTIAL LASER PHOTOGRAPHS OF DEBRIS FROM WATER DROP IMPACT
(AEDC BALLISTIC RANGE)
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interactions observed in this study were similar to those observed on the
ballistic range where impacts with water droplets were studied. Our studies
for conditions where the boundary layer over the model was turbulent and where
the model surface was rough indicated that mechanism of particle-induced
augmentation heating was not modified or the augmentation factor significantly

reduced by these factors.
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Section 7
CONCLUSIONS

In this research program, we investigated a number of aero-thermo-
dynamic phenomena which influence the accuracy and survivability of slender
reentry vehicles. The first phase of this study was an investigation of
aerodynamic mechanisms which can perturb the stability of slender conical
vehicles when transition moves, first onto the frustum, and then onto the
nose tip. Simultaneous measurements of cone force and the distribution of
heat transfer and pressure were made to determine the influence of angle of
attack and bluntness ratio on the characteristics of the frustum transition
region and the associated perturbations in cone forces. Measurements of the
characteristics of the transition regions are presented, together with cor-
relations with earlier range and wind tunnel measurements. These measure-
ments demonstrate that transition moved first onto the leeside of sharp or
slightly blunted cones inducing a destabilizing effect; while, on blunter
bodies (0.7 < r/’RB < 0.2) transition occurred first on the windward ray,
resulting in a stabilizing effect. On both sharp and blunt configurations,
the incremental forces and the corresponding movements of the center of
pressure associated with such "wind-fixed'" transition regions were small
( :%fgai ~ 17 ). The measurements with the NRV, RTE and 45°-blunt nose tips

demonstrated that asymmetric regions of 'body-fixed'" transition can be induced

and may produce forces of significant proportions.

The influence of nose shaping, induced by nose tip transition, on
the pressure distribution over the conical frustum, and the contribution of
the cone frustum to the aerodynamic stability of the total configuration was
studied in detail. In this study of the '"low altitude' stability problem, we
employed the NRV and RTE nose tips, together with simple symmetric and asym-
metric nose shapes in an experimental program where direct measurements were
made of the nose tip and frustum forces, together with detailed pressure and
heat transfer distributions. These studies demonstrated that the pressure
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over the conical frustum is modified by an asymmetric nose shape such that
the destabilizing effect of the nose tip forces is enhanced by the forces
generated by the frustum. The asymmetric nose shaping which involves the
sharpening of one side of the nose tip will generally be accomplished by the
forward movement of the center-of-pressure (CP) on the frustum. Thus, to
make accurate predictions of the ''low altitude trim effect,'" the effect of
nose shape (particularly if the tip is indented like the NRV configuration)

on the frustum pressures must be determined accurately.

The program to explore the aero-thermodynamics of nose tip shaping
has centered about (1) detailed measurements on a four-times scale model of the
NRV nose tip for conditions which duplicated those encountered during re-entry,
and (2) studies to determine the effects of surface roughness and entropy swallow-
ing on transitional and turbulent flows over biconic configurations. The Measure-
ments on the NRV nose tip indicated that flow separation and regions of
shock wave-boundary layer interaction occurred in the complex three-dimensional
flow over this configuration. The large heat transfer rates generated in the
reattachment regions (up to three times the stagnation point heating rate)
would clearly drive an ablating nose shape into a more highly indented con-
figuration. Our measurements suggest that, in contrast with the assumption
of axisymmetric flow made in all the shape-change codes, the flow, and hence,
the ablation mechanism, was dominated by pairs of streamwise counter-rotating
vorticies nestled in the grooved surface of the NRV. It might be speculated
that these grooves resulted from an intrinsically three-dimensional transition
process in which the basic instability mode was helical, as discussed in
Section 2. The measurements of roughness heating augmentation made in the
nose-tip studies of transition, entropy swallowing and roughness were found
to agree well with earlier data on spheres and flat plates when correlated in
terms of the roughness parameter K/a but were poorly correlated when
plotted versus the roughness Reynolds number iel , the essential parameters
used in the PANT correlation. Further studies are required to better define
the key roughness parameters and the role of the roughness characteristics

and spacing on heating augmentation.
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The studies of multiple particle-shock interaction heating demonstra-

- ted that the mechanism of heating augmentation was not strongly affected by

the shoulder geometry of the blunt nose tip or its surface roughness. However,

the aerodynamics of multiple particle interaction are significantly different

from those for a single particle interaction, and the augmentation factors

are significantly larger.

the undisturbed values were recorded in these studies.

Particle enhanced heating factors of up to five times

The geometric features

of the interactions observed in this investigation were similar to those ob-

served in ballistic range studies of water droplet-bow shock interaction
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APPENDIX A
EXPERIMENTAL FACILITIES AND MEASUREMENT TECHNIQUES

EXPERIMENTAL FACILITIES

The experimental program was conducted in Calspan's 48-inch and
96-inch Hypersonic Shock tunnels (Ref. A-1). The operation of these tunnels
can be shown simply with the aid of the wave diagram shown in Figure A-1. The
tunnel is started by rupturing a double diaphragm which permits the high
pressure air in the driver section to expand into the driven section, and in
so doing generates a normal shock which propagates through the low pressure
air. A region of high temperature, high pressure air is produced between
this normal shock front and the gas interface between the driver and driven
gas, often referred to as the contact surface. When the primary or incident
shock strikes the end of the driven section, it is reflected leaving a region
of almost stationary high pressure heated air. This air is then expanded

through a nozzle to the desired free stream conditions in the test section.

The duration of the flow in the test section is controlled by the
interactions between the reflected shock, the interface, and the leading
expansion wave generated by the non-stationary expansion process occurring
in tﬁe driver section. At Calspan we normally control the initial conditions
of the gases in the driver and driven sections so that the gas interface be-
comes transparent to the reflected shock, as shown in Figure A-1; thus, there
are no waves generated by interface-reflected shock interaction. This is known
as operating under ''Tailored-Interface' conditions. Under this condition, the
test time is controlled by the time taken for the driver-driven interface to
reach the throat, or the leading expansion wave to deplete the reservoir of
preossure behind the reflected shock; the flow duration is said to be either
driver gas limited or expansion limited, respectively. Figure A-2 shows the
flow duration in the test section as a function of the Mach number of the
incident shock. Here it can be seen that for operation at low Mi’ running
times of over 25 milliseconds can be obtained with a long driver section.

When run under these latter conditions at high pressures and Reynolds numbers,
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the test running times are of the same magnitude or longer than for piston

driven tunnels (Ref. A-2, A-3) with comparable stagnation temperature, and the
reservoir conditions and flow quality are superior to piston driven tunnels.
This is due to the fact that the test gas has been processed by a simple re-
flected shock rather than multiple shocks as in piston tunnels. A further con-
sequence is that the free stream conditions can be calculated with far more

accuracy in a shock tunnel.

It is interesting to note that if sensitive high frequency instru-
mentation is to be used in the very severe heating conditions encountered in
turbulent interaction regions in hypersonic flow, running times longer than
20 milliseconds present distinct problems because the sensing element can be
damaged or destroyed by overheating since it must be placed close to the flow

environment.

By running the shock tunnels at low incident shock Mach numbers and
high driver pressures, we can generate test conditions in which we can obtain
very large Reynolds numbers. The large test core allows us to use models
which are at least 3 feet in length. The maximum Reynolds number capabilities
of the tunnels are shown in Figure A-3. Under these maximum Reynolds number
conditions, the location of the end of natural transition on flat plate
models as determined from heat transfer and other measurements, is shown in

Figure A-4.

MODEL AND FLOW FIELD INSTRUMENTATION

To make a meaningful study of regions of transitional boundary
layers over nose-tip and frustum configurations, measurements of both the ]
mean and the fluctuating flow field should be obtained. Our recent studies
indicated that to obtain the complete power spectrum for the surface pressure,
a frequency response from 200 Hz to 100 kHz was required. The measurements I

of skin friction and heat transfer in the separation and reattachment regions

indicated that a frequency of at least 10 kHz was required to follow the
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motion of the separation and reattachment points. It is also desirable to
make fluctuation measurements through the flow field to help establish the
source and mechanism which generated the high level of pressure fluctuation
observed in earlier studies. Fluctuation measurements both on the wall and
in the flow field are also available as a check on the validity of earlier

theoretical models which, in addition to the assumption that a mean flow e

.model can be used to describe the velocity distribution in the interaction

region, also assumes that a large part of the recirculation region can be

described by a laminar sublayer model.

SKIN FRICTION MEASUREMENTS

In order to define separation and the length of separated regions
accurately in separated regions over ablated nose tip shapes, it is important
to measure the surface shear. The inherent unsteadiness of these regions also
makes it desirable to follow the fluctuations in the wall shear to trace the
movement of the separation and reattachment points and hopefully gain some
insight into the fluid mechanics of such motions. Our recent studies indicate
that a frequency response of at least 10 kHz is required to follow these

movements in hypersonic flow.

In axisymmetric regions of viscous interaction, separation is defined
as the condition at which the surface is zero at one point only in the inter-
action region. Because direct measurements of surface shear are difficult to
make, pressure distribution, surface pitot, and oil flow measurements have
been used to determine separation. Pressure distribution measurements have
been shown by Green (Ref. A-4) and by Spaid and Frishett (Ref. A-5) to be an
extremely poor indicator of boundary layer separation in supersonic flow. Holden
(Ref. A-6) found this technique was even more insensitive at hypersonic speeds.
From our studies we have noted that the introduction of a small disturbance into
the laminar sublayer beneath the sonic line can cause dramatic effects both

in the immediate vicinity and downstream of the disturbance.
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On our studies of the separation of turbulent boundary layers in
hypersonic flow, we have used a gage (Ref. A-7) which directly measures surface
shear to indicate the separation condition. A diagram of the skin friction
transducer which we would use in the proposed studies is shown in Figure A-5.
The transducer consists of a diaphragm which is supported flush with the model
surface by two piezo-ceramic beams, which develop a charge when placed in
bending by a surface shear on the diaphragm. A third beam is used to provide
acceleration compensation; the beams are connected electrically to eliminate
thermal, normal, and transverse pressure effects. An FET impedance transform
circuit is mounted internally to eliminate cable noise effects at low levels
of skin friction. The gage, which has been refined and developed over the
past 12 years, has been used to measure very low levels of skin friction
encountered in separated regions in low Reynolds number hypersonic flow and
more recently very high levels in regions of shock wave-turbulent boundary
layer interactions in hypersonic flow. Because of the very severe heating
conditions encountered in the latter studies, special care was taken to i
minimize the heat conduction through the flexures. The very large dynamic
loads generated on the transducers during tunnel shutdown when run at the

high dynamic pressure conditions used in our studies caused the diaphragms to
be torn from the supporting beam. This problem was overcome by careful design
of the flexure and by mounting the transducer in the seismic mass-rubber
suspension system shown in Figure A-5.

HEAT TRANSFER INSTRUMENTATION

A knowledge of the heat transfer distribution on nose tips is of

great importance because of the very severe heating rates generated in the
reattachment region. Almost as important as the severity of reattachment,
heating is the extremely large heat transfer gradients which occur both in
the separation and reattachment regions. Regions of high heat transfer
gradient present a problem to the experimenter because they can cause trans-
verse heat conduction problems in the model. This can distort heat transfer
distributions and in some cases dramatically reduce the maximum indicated
heating. An example which illustrates this feature is given in the report
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of Hiers and Loubsky (Ref. A-8) where they used a thin skin technique to obtain
heat transfer measurements in regions of turbulent viscous layer attachment.
They found that the corrections to their measurements were of the same
magnitude as the measurements themselves. To reduce transverse heat conduc-
tion along the model surface, the model should be made from a non-conducting
material; this is incompatible with the thin skin technique unless a segmented
model is used. To overcome these problems we use a measurement of heat
transfer which relies on sensing the transient surface temperature of a non-
conducting model by means of thin-film resistance thermometers. Because the
thermal capacity of the gage is negligible, the instantaneous surface tempera-
ture of the backing material is related to the heat transfer rate by the
classical semi-infinite slab theory. Analog networks are used to convert the
outputs of the gages, which are proportional to surface temperature, to a
voltage directly proportional to heat transfer. The thin film gage has a

frequency response to 1 MHz.

The gages are fabricated on either small pyrex buttons or on contoured
insert, the ability of this technique to make closely spaced measurements in

regions of shock impingement is demonstrated in Figure A-7.

SURFACE AND FLOW FIELD PRESSURE MEASUREMENTS

We employed two types of surface pressure transducers in our shock
tunnel studies. The Calspan-designed and constructed lead zirconium titanate
piezoelectric pressure transducers (Ref. A-9) were used to obtain essentially
the mean pressure distribution through the interaction region, though the
transducer and orifice combination could follow fluctuations up to 15 kHz.

A second flush-mounted transducer, especially designed for high frequency
measurements by PCB in Buffalo, was used to obtain surface pressure fluctua-
tion measurements from 200 Hz to 120 kHz. To prevent a resonance, a special
mounting system was developed (as shown in Figure A-6) to lock the gage firmly
into the model. A thin insulating barrier of aluminized mylar was attached '
to the diaphragm of the transducer to prevent thermal heating effect caused by
the large heat transfer rates (over 500 Btu/ft2 sec) generated in the re-

attachment regions.
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TOTAL TEMPERATURE AND HOT WIRE ANEMOMETER MEASUREMENTS

Total temperature measurements have been made with a shielded fine-
wire probe. This probe which is shown in Figure A-8 is basically a resistance
thermometer mounted in a vented cavity so that it senses the total temperature
of a low-speed flow behind the normal shock. A 0.0001 inch diameter wire with
a sensing length of 0.060 is supported between two steel needles and insulated
from the housing which is 0.060 in height. The response time of the probe is
approximately 2 milliseconds. The recovery factor of the probe varies between
0.94 and 0.995, depending upon the local Reynolds number of the flow;_however,
for most of the high Reynolds number conditions encountered in our studies the

recovery factor is very close to unity.

The hot wire probe is constructed on the same basic support system
as the total temperature probe, however a 0.00025-inch dizmeter wire 0.040
inches in length is used to obtain a more rugged probe. The probe, which is
shown in Figure A-9, is used in a standard bridge circuit and run in constant

temperature mode. The system has a bandwidth of between 50 and 65 kHz.

DATA RECORDING AND PROCESS ING

The outputs from the transducers arc recorded on a NAVCOR (Ref. A-1)
magnetic drum system and on CEC and AMPEX FM tape recorders, and monitored on
oscilloscopes. The NAVCOR system, which can hold 48 channcls of data in digital
form, is essentially a low frequency response system which will record the
mean output of the gages over the running time. The fluctuation measurements
will be recorded on the FM tape recorders in analog form and subsequently con-
verted into digital form by the analog-to-digital conversion/data storage
system developed at Calspan.

The fluctuation data, in punched card form, are then processed by an
existing digital computer program to obtain the statistical properties -- Root
Mean Square Pressure, Power- and Cross-Spectra, and Auto- and Cross-Correlation

functions.
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Figure A8 TOTAL TEMPERATURE PROBE

Figure A9 HOT WIRE PROBE
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