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RESULTS OF HEAT TRANSFER TESTS ON
SHARP AND SPHERICALLY BLUNTED
L° HALF ANGIE CONICAL MOLELS IN A

PLASMA JET AND IN A HYPERVELOCITY

WIND TURNEL

By J. C. Hester and D. M. Martin
LTV Astronautices Division
LTV Aerospace Corporation

SUMMARY
LS %L

A series of heating tests was conducted on slender conical models to
provide technical data for evaluation of the performance of relatively sharp
nose tips during entry at hypersonic speeds. The work was performed under
Contract NAS1-3015 with NASA Langley Research Center.

High Mach number (1k to 17 ) tests were condgc hyperveloc%ty wind
tunnel at Reynold's oumbers per foot of 0.1 x 10¥, 1 x 10 and 3 x 10Y, High
heating rate tests were conducted on ATJ graphite models in the LIV plasma
facility at a Mach mmber of 3.0.

The data were showm to compare well with existing theories if the effects
of viscous interaction and slip flow were considered. The data were also
compared to the previous results of Medford and Holt, who deduced heating
rates from mass loss data, and the results were found to be compatible.

Based upon the results of these tests, a theory was postulated which
predicts that a pointed tip will remein pointed so long as the distance from
the tip to the point where continuum effects begin is much greater than the
nose radius.

Predictions of the performance of an 0,001 inch nose radius graphite tip
were made which indicated that a sharp configuration would exist down to an
altitude of approximetely 40,000 feet, at which time blunting would begin.

This contract was administered by the lLangley Research Center under the
technical direction of Mr. C. B. Rumsey of the Applied Materials and Physics

Division.
ﬂ u.tk, o¢



1.0 INTRODUCTION

The study reported here was conducted for the NASA Langley Research
Center under the Dallas Support portion of Contract NAS1-3915 to provide
technical data for evaluation of the performance of sharp nose tips currently
under investigation in conjunction with & re-entry flight experiment at a
velocity of approximately 20,000 fps,

One requirement to attain the flight experiment objectives is that the
high entropy layer about the body be thin. BSince this entropy layer thickness
is proportional to the nose radius, it is essential that the nose tip main-
tain a relatively pointed configuration during re-entry. One of the materials
being considered for the nose tip of the re-entry vehicle is graphite.

Previous studies (Reference 1) presented mess loss rates and shape
charges for graphite tips which were obtained at a low Mach number., Since
oxidation theory predicts that the mass loss and accompanying shape changes of
the graphite tip be proportional to the heating rates, the present study was
conducted to obtain heat transfer data for Mach numbers comparable to those
expected during atmospheric re-entry. This study was also conducted to verify
the results of Reference 1 as well as to suggest modifications to existing
heat transfer theories as applied to slender noses. The results may then be
used to predict the performance of graphite nose tips during atmospheric
re-entry.,

Heating distributions were obtained at high Mach numbers 1n the hyper-
velocity wind tunnel and at high heating rates in the LTV plasma facility.
Modifications resulting from rarefied flow and viscous interaction effects
were applied to the theories of Fay and Riddell, lees, and Van Driest and
the results were shown to agree with the data.

The sharp pointed graphite model remained sharp in the plasma tests, and
a theory was postulated to explain this phenomenon. This theory, which is
based on a slip flow analysis near the stagnation point, was then applied to
predict the performance of a sharp pointed graphite model during re-entry.
The hypothesis advanced here leads to the conclusion that a graphite tip with
a nose radius of 0.001 inches will, providing the tip material has sufficient
strength to withstand the aerodynamic loading, remain sharp down to an
altitude of approximately 40,000 feet at which time blunting will begin.

.
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LIST OF SYMBOLS

enthalpy BTU/1b

thermal conductivity of the gas PBIU/ft-sec - °F

Mach Number

heat transfer rate BIU/ft2 - sec
nose radius

Reynolds Number

effective Nusselt Mumber (Eq. 5)
effective Reynolds Number (Eq. 6)
Stanton Number = &/puakj
distance from virtual tip

total pressure - psf

static pressure - psf

distance -~ ft

angle radians

specific heat

mean free path

density-slugs/ft3

viscosity

ratio of specific heats

velocity ft/sec

gravitational constant

conversion factor



Fi(K)

p ]

Chapman - Rubesin viscosity coefficient

962 Tg_ + 145 (¥-1), parameter in boundary-layer
Me Te
displacement analysis, Ref. T

parameter in boundary-layer displacement analysis, Ref. 7

M3 / C/Re s hypersonic interaction parameter

LIST OF SUBSCRIPTS

stagnation value
value at wall
local value

free stream value
cone value

viscous interaction value

.
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2.0 TEST APPARATUS, MODELS AND TECHNIQUES

Heat transfer tests were conducted in both the hypervelocity wind tunnel ¥
and the LTV plasma facility. The tests were designed to evaluate the effects
of Mach number and Reynolds number on the performance of various nose tips.

2.1 PLASMA ARC TESTS

Tests were conducted on "ATJ" grade graphite models in the LIV Plasma
Facility using a 77% nitrogen and 23% oxygen gas having a stagnation enthalpy
of approximately 12,000 B’l‘U/lb at a Mach number of 3.0. A complete discussion
of this facility is presented in Reference 2. Two models with nose radii of
.065 and .10 inches were tested, as were two sharp-nosed models with nose
radius of approximately .00l inches. Heat transfer values were obtained using
copper calorimeters as shown in Figure 1. The calorimeters were located at

" the stagnation point of the 0.065 and 0.10 inch nose radius models and at a

distances of 1.5 and 3.5 inches from the virtual tip on all the models. The
calorimeters were approximately 0.05 inch diameter copper slugs to which were
attached chromel-alumel thermocouples. The calorimeters were flush fitted
into the graphite model and attached with insulating cement (Sauereisen) to
reduce conduction through the sides. The aft side calorimeter was rotated
90° with respect to the forward one to minimize interference effects.

The plasma tests were conducted in the following menner. Calibration
runs were made in which measurements of the heat transfer rate to a 3/’4 inch
diameter flat-face calorimeter were related to a stagnation pressure which was
measured in the plasma stream. Since only two retractable stings were
available for the test, the stagnation pressure probe was removed, and a test
model was inserted in its place.

After the plasma jet again reached steady operation, the flat-face
calorimeter was inserted into the stream and a value of the heat transfer rate
to the calorimeter (§ca)) was obtained. From this reading both the stagmation
enthalpy and stagnation pressure were obtained. The graphite model was then
inserted into the plasma stream for approximately fifty seconds. All the
heating rate data was obtained during the first three seconds of the test.
After approximetely three seconds the stagnation point calorimeters melted
and at approximately twenty seconds melting occurred at the side calorimeter
positions. Due to the effects of erosion around the cavities produced by the
calorimeters, the mass loss rates presented in the Data Szction for the blunted
models indicate relative effects only.

Two sharp-nosed graphite models were exposed to the plasma stream for 38
seconds to condition the surface of these models for subsequent tests in the
HVWT to evaluate the effects of surface condition on the flow field. Prior
to these tests, Schlieren studies were made of the flow arocund the unconditioned
models in the HVWT. These tests are described in more detail in the HVWT test

program below.
* Abbreviated to HVWT in this report 5
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2.2 HYPERVELOCITY WIND TUNNEL (HVWT) TESTS

The effects of high Mach number on the entry performance of slender
cones were investigated, Heat transfer data were obtained for three instru-
mented specimens having nose radii of .15, .10, .05 inches and for a sharp-
nosed specimen. The details of the heat transfer model are shown in Figure 2.
fhe model consisted of a common base section with interchangeable nose
sections (noses A, B, C, and D). Nose A had a solid copper calorimeter at the
tip 0.358 inches in length. The base of the tip calorimeter was drilled to
a depth of approximately 0.10 inches and a thermocouple imbedded in the hole
such that the bead was approximately 0.25 inches aft of the forward tip.

Nose B (0.05 inch redius) had a 0.026 inch diameter copper slug cslorimeter

at the stagnation point while Noses C and D (0.10 and 0.15 inch radii, re-
spectively) had stagmation point and tangent point calorimeters. The stag-
nation point calorimeters were 0.035 and 0.051 inches in diameter respectively,
while the tangent point calorimeters had a dismeter of 0.024 inches. The

slug calorimeters were thermally isolated from the remainder of the copper
nose sections by means of boron nitride sleeves as shown in Figure 2.

The common base section was constructed of nylon which was then covered
with a thin (0.0045 inch typical) copper skin. Constantan wires were attached
to the underside of the copper skin at the stations indicated in Figure 2
and fed out through a cutout in the nylon as shown in Section A-A of Figure 2.
By thies technique, the skin of the model is included in the thermo-electric
circuit so that only one thermocouple wire is required for each heat sensing
station.

A photograph showing the sizes of the nose sections is presented as
Figure 3. Figure 4 shows the complete heat transfer model with the various
interchangeable nose sections and associated hardware.

Schlieren photographs were made of the flow field around a sharp-nosed
graphite model both before and after the model has been exposed to the total
heat load anticipated for a typical entry trajectory down to an altitude of
approximately 60,000 feet. These results are also presented in Section 3.0.

A complete description of the test facility and of its opera.ting char-
acteristics is presented in Reference 3.

Heating rate data were obtained at the stagnmation point and at various
points along the conical section (see Figure 2 for locations) of each model
at three different Reynolds numbers for each test model. Test conditions and
heat transfer data resulting from these tests are presented in Section 3.0.
Shown in Figure 5 is a photograph of a typical model installed in the HVWI.
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3.0 DATA ANALYSIS

The data obteined in the plasma facility and in the hypervelocity wind
tunnel are presented and compared to existing theories. The theoretical
equations, together with various additional considerations, are discussed
first, followed by the presentation of the data and by a comparison of the
data with theory.

3.1 THECGRETICAL EVALUATION OF HEATING RATES

The theoretical analysis of the deta was based on the results of Fay
and Riddell, lees and Van Driest, A complete discussion of these expressions
may be found in references 4, 5 and 6.

The real gas heating rates at the stagnation point of the spherically
blunted cones was computed by

Gor222.(Ropy U () (o, (e h)s

where the values and units are as defined in the list of symbols.

The heating distribution over the conical section of the spherically
blunted models in both the plasma and HVWT tests were predicted on the basis
of a lees' distribution given by

D e _ A& S/R
%s— [B(e)+(S/R)] @

where
N y
MO =20 - s sl VI e
316
BT (IR PRI O A
X E De(e)] -— QO+3GQ )
9‘1‘2_'Qc

12




s DO =(1-YiM3) (67— S2de l-cozd@) +

_ o | - co coo
(4/4-MZ) (6%~ ©5n 20 + ___?s_@)-a- .

The predicted values of the heating to the sides of the sharp-nosed
models were based upon the Van Driest method as applied to the flat plate
which was adjusted by the Mangler transformation to obtain the rates about
the cone., The modified expression is

-

. g Yz U7
%w:' NV 3 Stﬁ ul(hx + 5 __ZA%_T—L\W). (3)

3.2 FLASMA JET DATA

As discussed in Section 2.0, heating rate measurements were made on
sharp and slightly blunted graphite models in the LTV Plasme Facility. The
flow conditions and resultant experimental data are presented in Table I.

As may be observed from this table, the heat transfer values obtained at the
forward side calorimeter are only slightly different for models having a
sharp nose and those having a nose radius of 0.065 inches. This is as ex-
pected because this position i1s a considerable distance aft of the nose, and
one would expect the effects of nose radius to decrease as the distance away
from the nose increases. This observation is further substantiated by the
values obtained from the aft side calorimeter where all the values are
essentlally constent with the exception of the Model 1A value, which appears
to be a bad data point. It should be pointed out that the mass loss data
should be considered as approximate for the spherically blunted models
because significant erosion occurred around the stagnation region as a result
of the hole left by the calorimeter when it melted. The details of the nose
region both before and after exposure to the plasma stream are presented in
Figures 6 through 15. Figures 6 through 9 show the sharp pointed models
which maintained a pointed configuration during the tests. The actual shape
of the models before tests was conical, and the peculiar shape shown in the
photographs being due to diffraction of the light around the point. The
irregularities assoclated with the nose region of the spherically blunted
models after exposure may be attributed to the previocusly mentioned erosion
effects.

13
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3.2.1 Sharp Cone

The heating rates to the side of the graphite models were compared to
the theory of Van Driest (Equation 3) and the results are shown in Figure
16. An investigation was made to evaluate the effects of viscous inter-
action, based on the work of Probstein (Reference 7). The viscous inter-
action effects upon the heat transfer rate was computed from the following
expression, . .

i T f‘r__aso oIy (.4z2¥—.0za)MT]

G - - =
X d;g(:oxc +E5\7 +.913 Tt 4121 (-0MF]
c <

X \/(C/Rebc/\/_? tom ec} ,

where the terms on the right represent the induced pressure and transverse-
curvature effects respectively. The effects of the viscous interaction
parameter are shown as a dashed line in the figure. The deviations between
the observed and predicted data are within the accuracy associated with the
determination of the plasma properties. Some considerations of the stagnation
point heating to the pointed model will be discussed in the following section.

3.2.2 Spherically Blunted Cone

The theoretical stagnation heating rates for the spherically blunted
models were computed on the basis of the work of Fay and Riddell, (Equation
1). The experimental data was compared to the theory and the results are
presented in Figure 17. The values have been non-dimensionalized with respect
to the flat face calorimeter values to account for variations in enthalpy
levels of the plasma stream and to compare the values on a common basgis.

Also shown in the figure are predicted values based upon the measured flat
face calorimeter heating values. The flat face calorimeter values were scaled
to model values by means of the following relation.

e = (qen/-627)\[3T5/R . (s)

These values fall below the measured data indicating that the model was
experiencing a higher staguation enthalpy than was the calorimeter. Since
the calorimeter indicates an average value, and gradients are known to exist
in the plasma stream, the data appears quite reasonable.

Also shown in Figure 17, as Test #1, are heat transfer values which were
deduced (by the method described in reference 1) from the mass loss date
obtained by Medford and Holt. At the common points, reasonable agreement
was obtained.

25
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Heating values for the present test were deduced from the mass loss
data at the stagnation point of the pointed models, and are presented in
Figure 17 also. These values fall well below those predicted by the Fay &
Riddell expression, necessitating an investigation of the limits of applic-
ability of the theory. The pressure distribution which is embodied in the
theory was assumed to fgil when the nose radius became small compared to
the mean free path ;L& WR greater than approximately 0.0l. For the plasma
test, this condition corresponds to a nose radius of approximately 0.03 inches.

The heating distribution over the spherically blunted body was predicted
on the basis of Lee's distribution (Equation 2), and the results are com-
pared to the data in Figure 18. The theoretical values given by Equation 2
are not valid for S'/R less than approximately twenty since the static pres-
sure near the tangent point is known to deviate markedly from the Newtonian
velue upon which Iee's distribution is based. However, the heating ratio
obtained at the shoulder for the 0,10 inch nose radius model 1s in reasonable
agreement (20 percent) with the ratio of shoulder to nose recession given by
Medford and Holt. The flagged data in the figure has been adjusted to account
for viscous interaction effects. Admittedly, this procedure deviates fram
the norm of adjusting the theory, but this was done here due to the nature
of the abscissa in Figure 18.

3.3 HYPERVELOCITY WIND TUNNEL
HEAT TRANSFER DATA

3.3.1 Models and Test Conditions

As discussed in Section 2.0, heat transfer data was obtained in the
HVWT on four conicel models having a 4° cone half-angle. The model was con-
structed of a common base section and interchangeable nose sections. The
nose radius of curvature of each of the four different nose sections is given
below

Nose Section Nose Radius (In,)
A Sharp
B 0.05
C 0.10
D 0.15

Each model (each nose section attached to the common base section) was tested
at three different test conditions. The test conditions corresponding to the
various tunnel runs are tabulated in Table II. Runs 2, 3, 5, and 7 cor-
respond to Schlieren studies made on sharp graphite models which will be dis-
cussed later. The measured temperature rises of the calorimeter and model
skin at the various instrumented points were converted to heating rates by
usual calorimeter techniques.

28
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3.3.2 Simulation Conditions

Before proceeding into a discussion of the heat transfer data obtained,
it is interesting to determine the flight conditions actually sirmulated by
the tunnel test conditions. This informetion, which is contained in Table
IIT for the nominal tunnel conditions, was obtained by determining the flight
altitude at which the tunnel Reynolds number per foot would occur for the
given tunnel Mach number. Similar informaticn for the plasma jet is also
included in Table III. It can be seen that the HVWT can simulate rather low
altitude flight at hypersonic Mach numbers.

3+3+.3 Experimental Data

The experimental heating data obtained from the HVWT tests is tabulated
in Table IV. For purposes of comparing the experimental results with theo-
retical values, it is convenient to discuss the sharp cone and blunted cone
results separately, since different theoretical relations are applied in the
two cases, Consequently, the experimental data obtained on the sharp cones
will be discussed first, followed by a discussion of the blunted cone results.

3.3.3.1 Sharp cone.- The heat transfer data obtained on the sharp cone
is compared with theory in Figures 19a and 19b where the heating rates have
been converted to local Stanton numbers and plotted versus local Reynolds
number. Comparisons are made to the theory of Van Driest (Reference 6) with
corrections applied to account for the effects of viscous interactioms. The
viscous interaction corrections were calculated by the method of Probstein
(Reference 7). It can be seen that the data obtained along the side of the
cone agrees well with the Van Driest theory when the viscous interaction
effects are included. The flagged symbols in Figures 19a and b which are
Joined by a straight line correspond to data obtained from the solid tip
calorimeter which is approximetely 0.36 inches long. The calorimeter was
drilled and & thermocouple was imbedded in the hole such that the thermo-
couple bead was approximately 0.25 inches from the tip. The heating rate
indicated by the tip calorimeter 1s a mean value resulting from the heating
distribution existing on the tip section. The flagged symbols to the right
are based on a local Reynolds number evaluated at & point corresponding to
two~-thirds of the calorimeter length or 0.25 inch, whereas the flagged symbols
to the left are based on one-fourth of the celorimeter length.

A continuum analysis for flow on the tip indicates a heating rate which
varies inversely with the square root of the distance fram the tip. The mean
heating value (based on length) experienced by a calorimeter subjected to con-
tinuum flow would correspond to a distance approximately one-fourth of the
tip length. The measured Stanton number for runs 9 and 11, when compared to
this one-fourth length continuum value, is found to be considerably below the
theoretical value. These data tend to indicate that at least a portion of the
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tip calorimeter was in a slip flow regime for these test conditions. It also
appears possible that run 13 experienced some slip effects although they
would be expected to be less pronounced since & higher density and shorter
mean free path exists for the flow conditions in run 13 as compared to runs

9 and 11. The parameter Moo/ VReo shown on Figure 19a is indicative of the
relative slip effects experienced by the calorimeter,

3.3.3.2 Spherically blunted cones.- The stagnation point heating rate
data obtained on the spherically blunted cones was converted to an effective
Russelt mmber by means of the following relation

ﬁu = C'%S <CP)5 Fy’ks C L‘S"AW) . (5)

The results were plotted versus an effective Reynolds number given by

Ng = %V/&: R V& - (6)

s s
This method of presentation offers a common basis for comparison of the

experimental wind tunnel data obtained at various flow conditions with theory.
The comparison is shown in Figure 20. The agreement is considered quite good,
since deviations between theoretical and experimental values did not exceed
25 percent in any case.

The experimental heating distribution on the sides of the spherically
blunted cones was normalized with respect to measured stagnation point values
and compared.to the theoretical distribution of Lees (Equation 2). The
results are shown in Figures 21, 22, and 23 for nose radii of 0.05, 0.10, and
0.15 inch, respectively. It can be seen that reasonable agreement exists
between the experimental data and the theoretical Lee's distribution for
S'/R greater than twenty.

3.4 SCHLIEREN STUDIES

Studies were conducted in the HVWT to ascertain the extent of the inter-
action region between the boundary layer and shock wave, as well as to
determine whether the shock was attached or detached. These studies were con-
ducted both before and after the graphite model has been subjected to the
total heat load predicted for a W5°re-entry down to 60,000 feet. The graphite
model meintained its pointed configuration through the conditioning process,
but some surface effects such as increased roughness were observed after
conditioning.
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The Schlieren photographs are presented in Figures 24 through 27. In
each case, the boundary layer and shock.front are clearly distinguishable in
the region aft of the nose, but the shock was too weak near the nose to
identify clearly. However, extrapolation from the aft section down to the tip
tends to indicate an attached shock with & small interaction region aft of the
tip., Figures 26 and 27 present data at higher Reynolds numbers, but lower
Mach numbers, which tend to indicate simlilar results but with a smaller degree
of interaction. In each case, the effects of conditioning were found to be
minimal on the external flow field. .

Figures 28 and 29 are Schlieren photographs of the flow field around the

‘HVWT heat transfer model., They are included here to illustrate the effect of
nose blunting on the boundary layer and shock pattern.

)2




(9NINOILIANOD 340438) "14/¢0L X 1L = "ON SATTONATY
ANV €1 = "ON HOVW LV T3dOW 3 LIHdVYO d3ISON dAVHS 1LN09Y MO14 ¥Z 3¥N9Id

.




aNv §°LL =

(ONINOILIANOD ¥314V) “1d4/90L X 8L0°L = "ON SATTONAIY
*ON HOVW 1V 1300W 3 LIHdV¥9 d3SON dAVHS LNO8Y MO1d ST 3dNOId

LL




- ~— :, , 1,

(9NINOILIANOD ¥314V) ' "1d/g0L X 6°€ = "ON SATONAIY
ANV 9°¥1 = "ON HOVW 1V T13A0W 3 LIHdVY¥D d3SON dAVHS LNO09Y MO1d £LZ 33NIId




X T°€ = "ON SATTONAZY ANV S°V1 = "ON HOVW LV T3dOW LMAH 8Z 33N9Id




«00°0=3¥ “Ld/g0l X ZT°€ = "ON SQTONAIY ANV S°¥1 = "ON HOVW LV T3AOW LMAH 87 33N9id

.

S G G G & " 8 R " N S0 08 AR S8 8 6 B




L X T°€="ONSATONAIY ANV S'¥L = "ON HOVW 1V 13AOW LMAH 6C 3dN9Id




.

4.0 DISCUSSION OF RESULTS

L.1 SHARP CONE

Based on the heat transfer data obtained in the Hypervelocity Wind
Tunnel and the pointed configuration which was maintained on the plasma
model, it appears that the heating rates near the nose of the sharp cone
less than those predicted by continuum theory.

which is

M/\/ Re, < 0.01

tinuum flow is obtained, i.e.

' 6
Re x (conrimuamn = (142 (10M) =1.96 %107,

tinuum flow for these high Mach mumbers does not exist on the tip of the
This Reynolds number is compatible with the 10° value obtained by theory
account.

If the sharp cone does not experience continuum heating over the fr

cone which is typified by the following sketch,

. 1
\ CONTINUUM, § x——
e
w
-
<
x
[&]
=z
=
«
w
g /
. POINT OF TRANSITION FROM
sy ip | SLIP FLOW TO CONTINUUM FLOW
FLOW

DISTANCE ALONG CONE SURFACE

where the heating near the tip of the come is in the slip flow regime.

the observed data appears reasonable.

forward of the point where the local Reynolds gumber is approximately 10°

are

If one applies the normal criterion for the existence of continuum flow,

(1)

~to the conditions of the HVWT tests, the Reynolds number required for con-

The heating data for the HVWT test conditions appear to indicate that con-

cone

L

when the uncertainties associated with the 0.01 value of (7) are taken into

ont

portion of the tip, then one might expect a heating distribution over the

Since

the heating levels associated with slip flow are lower than continuum values,

k9




According to diffusion controlled oxidation theory, the recession rate
is directly proportional to the heating rate. Consequently, the maximum mass
loss rate would occur at the point of maximum heating (which coincides with
the point of transition from slip to continuum flow shown in the figure) and
would decrease as one approaches the nose.

Based on this slip flow analysis, it seems reasonable to assume that a
sharp tip will remain sharp as long as the distance from the tip to the point
where maximum heating occurs is greater than the nose radius. Under the
conditions where this theory applies, the shock wave would be attached, and
the tip material must be one which sublimes rather than melts.

The tendency to maintain a pointed configuration is further strengthened
by a pure continuum heating analysis if the heating area is considered. Con-
tinuum theory predicts

3 ex __‘__ Ll
qﬁuosrs (R) /e
but

: i 2 - £V 3
obup‘.. ANostd (\Q)Vz hd R - R -

Consequently, for a sharp-tipped cone, the heat input to the extreme tip
should approach zero when the available area is considered.

In order to apply the slip flow results to the re-entry flight case
for a sharp cone, one divides the Reynolds number for transition from slip to
continuum flow by the local Reynolds number per unit length at the particular
time of interest. This ratio produces the distance aft of the sharp point
where transition flow begins. If this distance is greater than the nose radius,
and the shock is attached, the graphite tip experiences a heating distribution
similar to that given previously and the tip is assumed to remain sharp.
Once the distance to transition approaches the nose radius, blunting is

assumed t. begin.

Calculations of this type have been performed for conditions corres-
ponding to a flight velocity of 20,000 ft/sec at altitudes of 80,000 feet,
60,000 feet, and hOﬁOOO eet for galues of the free stream Reynolds number
at transition of 10¥, 107, and 10, where this spread in Reynolds number was
used due to the uncertainties that exist in evaluating the transition point.
The results of these calculations are shown in Table V. Some deviation between

gtin um theory and experimental data was observed at a Reynolds number of
If the Reyno Es number corresponding to the transition point is some-
what less, about 107, then the calculations indicate a nose radius of 0.001
inches (which is approximately the grain size of the graphite and appears to
be the smallest radius attainable) should be maintained down to an altitude
of approximately 40,000 feet, at which time blunting would begin.
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TABLE V

EXTENT OF SLIP FLOW ON SHARP CONE
FLIGHT VELOCITY = 20,000 FT/SEC

Length of Slip Flow Region (Inches)

Free Stream Reynolds Number Required for Transition
Altitude Reynolds No. - - 5
(Kilofeet) Per Foot 104 10° 10
80 5.8 x 10° - 0.0207 0.207 2.07
60 1.41 X 107 0.0085 0.085 0.85
40 3.84 X 107 0.00312 0.0312 0.312

L,2 SPHEERICALLY BLUNTED CONE

It was noted in Section 3.2 that good agreement was obtained between the
measured heat transfer data obtained in the plasma jet tests reported herein
and the heating data inferred from erosion measurements made in reference 1l.
Consequently, the techniques used in reference 1 for predicting the blunting
of initially spherical tips during re-entry appear to be substantiated, and
the re-entry predictions shown in reference 1 for the blunted tips are un-
changed as a result of this study.
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5.0 CONCLUSIONS

The conclusions which were reached as a result of the tests described
in this report are:

(a) The theories of Fay and Riddell,Lees and Van Driest are considered
adequate to predict the heating rates to spherically blunted conical
bodies for high Mach number atmospheric re-entry if viscous interaction
corrections are applied to the side heating rates computed by these
methods,

(b) The stagnation values predicted by Fay and Riddellcease to be valid
when the nose radius becomes small compared to the mean free path.

(¢) The shoulder to stagnation point mass loss ratios reported by
Medford and Holt (Reference 1) were in reasonable agreement with the
heating rate ratios obtained in these tests,

(d4) Slip flow effects near the tip must be considered when the nose tip
has a radius which is less than approximately 0.0l inches.

(e) Based on the slip flow analysis, it is postulated that a graphite
tip with a nose radius of 0,001 inches will remain sharp down to an
altitude of approximately 40,000 feet at which time blunting will begin.

(f) Conclusion(e)is based on zero angle of attack considerations. A
sharp, spinning cone body at angle of attack would probably remain sharp
provided the tip material has sufficient strength to withstand the aero-
dynamic loading.

5.1 RECOMMENDATIONS

It is recommended that further studies be conducted which will produce
more information on slip flow effects. This could be achieved in the HVWT
by the use of a segmented conical model made from alternate sections of
copper and boron nitride, an insulator. The pointed nose calorimeter would
be made as small as possible, and the copper segments as thin as possible to
obtain true local heating values., The copper segments would be instrumented
with thermocouples and the heating values obtained for various Reynolds
numbers. The data would then be compared to continmuum theory, and a better
evaluation of th2 point where continuum flow begins would be obtalned. Based
on these findings, one could better predict the performance of pointed cones
during re-entry.

LTV Astronautics Division,
LTV Aerospace Corporation,
Dallas, Texas, December 17,1965.

52




*

1.

2.

!

REFERENCES

J. Medford and R. B. Holt, "Study of Graphite Nose Tips for High
Reynold's Number Experiments,” LTV Astronautics Division Report
No. 00.628, M&y 1%5'

D. J. Tillian, "Plasma Arc Facilities in the United States,” LTV Research
Center Report No. 0-71000/3R-22, November 1963.

J. L. Lindsey, "Hypervelocity Wind Tunnel Handbook," LTV Aeronautics
Division Report No. 2-59740/LR-2150.

J. A, Fay and F. R. Riddell, "Theory of Stagnation Point Heat Transfer
in Dissociated Air," Journal of the Aeronautical Sciences, pp. 73-121,

February 1958,

Lester Lees, "Laminar Heat Transfer over Blunt-Nosed Bodies at Hypersonic
Flight Speeds," Jet Propulsion, pp. 259-274, April 1956.

E. R. Van Driest, "Investigation of Laminar Boundary layer in Compressible

Fluids Using the Crocco Method,” NASA TN 2597, January 1952,

R. F. Probstein, "Interacting Hypersonic Laminar Boundary Layer Flow
Over a Cone," Tech. Report AF 2798/1, Brown University, March 1955.

E. R. G. Eckert and R. M. Drake, Jr., Heat and Mass Transfer, pp. 276-285,

McGraw-Hill, 1959.

53



