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By
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ABSTRACT

Arn experimental investigation was made of the effect of unit
Reynolds number and nose bluntness on the transition Reynolds number
for a 10° half-angle cone. The tests were conduected at a nominal Mach
number of 7 and the free-stream unit Reynolds number was varied from
1.88 x 10° to 6.21 x 106 per foot. The results showed a significant
influence of local unit Reynolds number on transition for the sharp
cone. A comparison of data from various facilities on sharp slender
cones indicated the presence of unit Reynolds number effects as well
as the effect of local Mach nuwber on transition. The present transi-
tion data were compared to a correlation based on tunnel noise param-
eters which showéd that radiated tunnel aerodynamic noise had a major
influence on the present results. Correlations of the effect of local
Mach number on the transition Reynolds number at similar local unit
Reynolds numbers are presented. The effect of bluntness was to reduce
the local Reynolds number and displace transition rearward completely

off the cone surface.
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I. INTRODUCTION

Boundary-~layer transition 1s a common fluid mechanical.phenomenon
oceurring on many configurations at subsonic, supersonic, and hypersonie.
speeds., Many parameters influence the transition of a laminar boundary
layer to a turbulent boundary layer. Such parameters'inclﬁde,flow length
Reynolds number, local unit Reynolds number, local Mach nuﬁberg surface’
roughness, angle of attack, boundary-layer hegbing or .cooling, pressure
gradients, nose bluntness, mass addition or removal, and the turbulenbe
level of the free stream.

In recent years, there has been consgiderasble interest in studying
transition in the hypersonic speed range erncountered by reentry vehicles
(see refs. 1 - 6). Boundary-layer transition is undesirable due to the
increased skin-friction drag and surface heating associated with a R
turbulent boundary layer and possible destebilizing effects on the aero-
dynamic characteristics. Ablation of the protective heat shield may
alter the transition location due to effects of nose shape changes, mass
addition, and surface roughness.

The purpose of this thesis is to present an experimental investi-
gation of the effects of nose bluntness and unit Reynolds number on
boundary-layer transition for a slender cone in a hypersonic free stream.
The tests were conducted with & 10° half-angle cone, instrumented for
heat transfer, with four interchangesble nose +tips. The four tip con-
figurations were one sharp and three with increasing nose radii of

r, = 0.15 inch, ¥, = 0.30 inch, and =, = 0.60 inch.

n



Free-stream unit Reynolds number varied from 1.88 x 109 to
.21 X 106 per foot for a range of tunnel stagnation pressures from
185.5 psia to 608.8 psia. The free-stream Mach number varied from
6.82 to 6.86, with tunnel stagnation temperature varying from 1020 R
to 1250 R. Schlieren movie frames were taken of each nose tip to

define the shock shape.



IT. LITERATURE REVIEW

The study of transition of the laminar boundary layer to a turbulent
boundary layer 1s one of the most perplexing problems in fluid mechanics.
The classical boundary-layer stability theory for small disturbances was
developed for the incompressible case by Tollmien in 1929 and Schiicnting
in 1933 (see Schlichting, ref. 7).

Experimental confirmetion of this theory came in ;9&5 from the)
investigation of Schubamer and Skramstad (ref. 8) ﬁhere the existence of
traveling Tollmien-Schlichting waves was proven.

An extension of the small disturbance instability theory to com-
pressible flow for Mach numbers not exceeding 1.5 was made by Lees and
Lin (ref. 9) and further refined by Dunn and Lin (ref. 10-). The experi-
mental stability work of Laufer and Vrebalovich (ref. 11) at Mach num-
bers of 1.6 and 2.2 indicated fairly good agreement with the theory of
Dunn and Lin, but the revised stability theory of Lees and Reshotko
(ref. 12) for Mach numbers up to about 2.5 provided even better agree-
ment with the data of Laufer and Vrebalovich.

In 1958, Demetriades (ref. 13) conducted experimental tests on the
stability of the laminsr boundary layer at M = 5.8 and the results
show major disagreement with the theory of Lees and Reshotke. In fact,
at present there is no satisfactory compressible flow stability theory
for Mach numbers greater than about 3.

Experimental investigations concerning boundary-layer transition
on cones were conducted extensively in the 1950's and inecluded both wind

tunnel and free-flight results (see refs. 14 - 22). An examination of



the data from these tests revealed a consistent increase in the transi-
tion Reynolds number with increasing tunnel stagnation pressure or range
pressure which was termed the unit Reynolds number effect. The unit
Reynolds number parameter existed in the hypersonic Mach number range
also, as reported by Stetson and Rushton (ref. 1), Stainback (ref. 2),
Softley, et al. (vef. &), and others (refs. 5, 6, 23 - 26). The effect
of the unit Reynolds number parameber on transition was studied by
Whitfield and Potter {(ref. 27) and Potter and Whitfield (ref. 28) where
it was pointed out that there is an inherent relétionship between unit
Reynolds number and noise generation from the tunnel wall boundary layer.

Studies by Laufer (refs. 29 and 30) and Vrebalovich (ref. 31)
dealing with measurement of ncise generation from tunnel wéll boundary
layers showed that the major source of disturbances in the free stream
at the higher Mach numbers (M, > 3) was due to radiated pressure fluc-
tuations from the wall boundary layer. Laufer (ref. 29) specifically
noted that the radiated noise level was roughly 10 times higher for a
turbulent boundary layer as compared to a laminar one.

Recently, Pate and Schueler (ref. 32) presented an empirical
correlation of transition Reynolds numberg on flat plates and hollow
eylinders through the use of aerodynamic noise parameters. The results
indicate that transition was dependent on sound radiation from the
turbulent tunnel boundary layer and was not dependent on unit Reynolds
number.

On the other hand, correlgtions based on aerodynamic noise param-
eters may not be completely suitable since Potter (ref. 33) recently

showed a definite unit Reynolds number effect in range free-flight tests



where sound measurements verified that the noise associated with a
turbulent tunnel boundamy'layerﬁwasrpractically nonexistent.

The transition results of this investigation were undoubtedly
influenced by radlated noise to some degree, in light of the previous
discussion, but since the ‘present study was not directly concerned
with noise measurements, there can only be recognition of the possible
noise effects on the results.

Another important parameter influencing transition was found to bg
nose bluntness. Investigations by Moeckel (ref. 34), Diaconis, et al.
(ref. 555, Brinich and Sands (pef. 36), and others (refs. 37 - 39) at
supersontc Mach numbers showed that the effect of nose bluntness was to’
displace transition rearward on cones, hollow cylinders, and flat plates.
The extent of rearward transition displacement was dependent on the
degree of blunting. Brinich and Sands (ref. 36) noted a transition

reversal at M, = 3.1 when their cone hed a flat bluntness. That is,

for small amounts of blunting, the location of tranéition shifted rear-
ward but as the bluntness was. increased, the point of transition began
to move forward. A transition reversal at a hypersonic Mach number due
to nose bluntness was reported by Stetson and Rushton (ref. 1) for a
slender cone at M, = 5.5. Other data concerning bluntness effects on
transition at hypersonic Mach numbers for cones can be found in refer-
ences 2 - k and most recently by Softley (vef. LO).

The reason that transition is shifted rearward when an initially
sharp cone (or other body) is blunted is due to the alteratiép of the.
flow field due to bluntness. Figure 1 shows a schematic of a blunted

cone flow field. The mass flow entering the boundary layer at or nea



the sbagnation region has passed through a near-normel shock and conse-
gquently is a high entropy flow. The mass flow passing through the shock
farther out is essentially unchanged from that of the sharp cone case.
Schlieren photographs showing the shock shape for the sharp and blunted
tip cone of this study are presented in figures 2(a) through 2(d). The
local Mach number and Reynolds number at the boundary-layer edge of a
blunt cone are reduced below that of a sharp cone due to the decrease in
flow velocity at the boundary-layer edge after passing through the bow
shock.

The location downstream of the blunt nose where all of the high
entropy flow has been swallowed by the boundary leyer and where essen-
tially sharp cone conditions exist is known as the swallowing distanc—e,
Various spproximstions exist for caleulating the swa.llowing distance
(see refs. 2, 38, and 41). The method of Zakkay and Krause (ref. 41)
will be uged for this investigation because it is less complicated and

because Stetson and Rushton (ref. 1) used it to obtain successful results.



III. TEST APPARATUS, CONDITIONS, AND PROCEDURE

Description of Model

The model used in this investigation is shown in figure 3. The
model was a 10° half-angle cone with four detachable nose tips, an
axial length of 12 inches (with sharp tip installed), and a base diameter
of 4.23 inches. The cone model was rolled from a 0.063-inch-thick
inconel 610 sheet and spun -on a lathe to the desired wall thickness of
0.030 inch. Inconel was chosen because of the materisl's lbw thermal
conductivity which reduces conduction effects and also because it has
favorable machining properties.

The detachable nose tips were machined separately fr_om an inconel
shaft to obtain uniform- wall thicknesses and were threaded to allow fon
accurate iﬁstallation on the cone frustum. The blunt i:ips were él}.ip-
tical in shape, with the radius at the shoulder jo'in;'n.ng'the si:,a.gna.ti'on'
nose region with the conical region being half the radius a.f the sta.lg-'

nation point, r_ . The dimensions. of each tip .are as follows:

11
Wose tip r, (in.) Length (in.').
A 0 - 2.25.
B 0.15 1:75
¢ 0.30 1.25
D 0.60 0.60
Instrumentation

The model was instrumented with 38 thermocouples for measuring wall
temperature end heat-transfer rates. Table 1 lists the thermocouples

and gives their surface locations.



AYl thermocouples were 30-gage (0.010-inch-diameter) chromel-alumel
wires which were individually spotwelded to the inside surface of the
model skin. The reference temperature of each thermocouple was main-

tained at about 77 F using a cold junction box.

Test Apparatus

This experimental investigation was conducted in the Langley 1ll-inch
hypersonic tunnel with the Mach T air nozzle. The facility is capable of
operating over a range of stagnation pressures from 73.5 to 610 psia and
a range of free-stream unit Reynolds numbers of 0.8 x 10% to 6.3 X 106
per foot. Free-stream stagnation temperature can be waried over the
range of 1000 R to 1280 R, and free-stream Mach number va;ies from about
6.6 to 6.9 depending on stagnation pressure and length of run. A

schematic of the ll-inch facility is shown in figure 4.

Test Conditions and Procedures

For this investigation, s total of 3% runs were made. Seventeen
runs were conducted with the sharp tip, and six runs were conducted with
1
each of the three blunt tips. The ranges of tunnel stagnabion pressure,

stagnation temperature, free-stream Mach number, and free-stream unit

Reynolds number were as follows:

Py, psia T,, R My Rew/Tt % 10°

1@5.5 - 608.8 1020 - 1250 6.82 ~ 6.86 1.88 « 6.21

Details of the test conditions are given in table 2.



The test procedure consisted of evacuating the test section to a
vacuum of about 3 to 4 mm Hg and preheating the test air with an elec-
trical resistance heater. A fast response pressure regulating va:l.v,e
engbles steady-state flow conditions to be established in the test
section within 2 to 4 seconds.

Each test run was approximately 10 seconds in total length. The
test gas passed into an evacuabed sphere which later was pumped back
down t0 g vacuum, exhausting the test gas to the atmosphere. After r;.a.ch
test run, the model wasg air cooled in preparation for the next test runm.

A temperature time history of each thermocouple Wa;s; recorded with
three 18-channel oscillographs. Stagnation pressure and temperature
were recorded separately for each run. In addition, schlieren photo-
graphs were taken for each run with a high-speed 70 mm camera to obtain
the sﬁock shape.

During the initial positioning of the cone model in the best section,
care was taken to align the model precisely ab zero angle of attack. The
alignment was checked periodically throughout the test investigation to

ensure that no misalignment was present.



Iv. TEST RESULTS AND DISCUSSION

Heat-Transfer Distribution

Snarp Tip .~ Experimental Stanton number distributions (determined
by method in appendix A) are compared with leminar and turbulent theory
(presented in appendix B) in figures 5(a) through 5(i) for run numbers
1 - 17 (see table 2). For the turbulent theory, the flow was assumed
turbulent from the shgrp tip.

The beginning of transitiom in this investigation was taken to be
the thermocouple location atb whiéh the experimental Stanton numbers
first began to deviabte consistently and significantly from laminar
theory and where this deviation was conbinued downstream. The end of
transition was taken as the highest Stanton number above turbulent
theory. An arrow will be used to designate the location of’the start
and end of transition.

The first 12 test runs presented in figure 5 were made at a wall
temperature to total temperature ratio of T /Tt = O 51 to O 55 The
Yast five test runs presented were conducted at a T /Tt of 0. 45 to
Q.47 by increasing the stesgnation tempersture té deté;miﬂe'if there was
any effect of a slight variation in T /Ty on the*tfénsitio& loédt@én.

For the two lowest local unit Reynolds numbers; runs 1 and Q}in
figure 5{(a), the flow over the cone remaiged laminar. However, at a’
local unit Reynolds number of ARZ = 3,h6 X 106 per foot +the flow over

the rearward portion of the cone became transitional, as indicated by

the arrow in figure 5(b).

10
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As the local unit Reynodds number was increased further, the start
of transition generally moved forward (figs. 5(c) - 5(d)), and finally,
at R, = T+0L %X 106 per foot, fully turbulent flow was established on
the rear of the cone (fig. 5(e)).

For the remaining three test runs at Tw/Tt =~ 0.52, the location of
the start of transition again generally moved forward with increasing
local uﬁi-‘t Reynold)s number, while the location of the end of transition
remained stationary except for the last test run {see fig. 5(f)) where
the end of fLransition moved forward.

The first of the five test runs with T /T, = 0.46 was made at
Ry = 3.77 X 106 per foot (fig. 5(g)). For this local unit Reynolds
number, the start of transition occurred near the base of the cone. As
the local unit Reynolds number was increased, the start of transition
moved forward somewhat more abruptly than with the tests at Tw/Tt’“ 0.52,
and fully developed turbulent flow was established only for the highest

6 per foot (fig. 5(i)).

local unit Reynolds number, R, = 6.88 x 10
As indicated in figure 5, there was exceptionally good agreement of
measured Stanton number with that of laminar and turbulent theory. TIn
fact, the agreementrof the measured hegt-transfer dgxa,with theory was
much better than that of Everhart and Hamilton (ref. 23) where thé same
theory was used for tests with a slender cone at M, = 10.
The results from figure 5 for the T /Ty =~ 0.52 data show that
the start of transition first occurred oﬁ the sharp cone model for a
local unit Reynolds number of R; = 3.46 X 105 per foot. Increasing th

local unit Reynolds number to a maximm of 9.18 X J.O6 (total of 12 test

runs) generally moved the start of transition forward and established
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Tully turbulent flow on the rearward portion of the cone. Five test

runs were conducted at a T /Ty of sbout 0.46 with the start of transi~
-tion first occurring at R; = 3.77 X 100 per foot. The location of the
start of transition moved unhesitantly forward with increasing local unit
Reynolds number and fully turbulent flow was established near the cone
base for R, = 6.88 x 106'per foot.

Blunt tips.- The experimentally measured heat transfer to the
Plunted tip configurations, nondimensionalized by the nose stagnation
heating rate are presented in figures 6(a) through 6(f) for runs 18 - 35
(see table 2). The heat-transfer distributions are presented as a func-
tion of surface distance nondimensionalized by nose radius, S/rn, and
are compared to t@e laminar theory of Lees (appendix D) for sphericali_
blunted cones. The wall temperature ratio for the blunt cone tests
varied over the range of T,/Ty = 0.52 to 0.53.

The heat-transfer results for nose B (r, = 0.15 inch) are prqéented_
in figures 6(a) and 6(b). As indicated in the figures, the flow remained
laminar and the heating distribution below theory for a range of free-
stream unit Reynolds numbers of Re = 2.0L X 106‘ to 6.10 X 106 pef foot

The results for nose C (r, = 0.30 inch) are presented in fig-
ures 6{c) and 6{(d) and, as before, the flow over the cone remained
laminar and below theory for a range of free-stream unit Reynolds num-

bers of R, = 2.1% x 100 to 6.08 x 10°

per foot.
In figures 6(e) and 6(f), the results with nose D (r, = 0.60 inch)
are presented for a range of free~stream unit Reynolds numbers of

Rp = 2.10 X 106 to 6.21 X 106 per foot. As with the other two noses,
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the flow remained laminer and the experimental data fell below that
of laminar theory.

The reason that the experimental heat-transfer distributions for
the blunted configurations fell below the theory of Lees may be due to
the fact that the theory of Lees is bgsed on spherically blunted cones.
The tips for the present investigation were geometrically blunter than
a, spherically blunted tip, and since Lees points out that the heat
transfer over a sharp slender cone is reduced by spherically blunting
the tip, perhaps the greater degree of blunting for the present tests
reduced the heat transfer even more.

The results from figure 6 indicate that boundary-layer transition
cannot be attained on the blunted cone configurations of fhis investi-
6

gation unless free-stream unit Reynolds numbers greater than 6.2 X 10

per foot are reached.

Transition Reynolds Number

Effect of local unit Reynolds number.- The transition Reynolds

numbers asdetermined from the Stanton number distributions of figure 5
are presented in figure 7 as a function of the corresponding local unit
Reynolds number.

The circular symbols are the transition Reynolds numbers determined
at the sbart of transition, while the square symbols are the transition

Reynolds numbers determined st the end of transition. The open symbols

répresent the transition Reynolds numbers determined at Tw/Tt 0.51

0.145

to 0.53 and the shaded symbols are those determinad at Tw/Tt

to 0.47.
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The solid and dashed lines were faired through the data for the
start énd end of transition and power law relafions of the form
Ry 4r © (Rl/ft)n were calculated., From the figure, it can he seen
that there was a stronger effect of local unit Reynolds number -cn
transition Reynolds number for the T, /T =~ 0.52 data at the end of
transition as compared to the start of transition, which agrees with
the results of other investigations (see refs. 23, 25 - 26).

However, the data measured at T_W/Tt ~ 0.46 in figure 7 (shaded
circular symbols) indicate a less sensitive effect of local unit Reynolds
number on the start of transition and presents a completely different
picture if considered by itself. Caution must be taken in the interpre-
tation of the T /Ty ~ 0.46 data. The small reduction in the wall
temperature ratioc, from TW/Ttsa-O.52 to 0.46, should not have produced
any significant change in the transition Reynolds number.

Tn fact, all of the datas in figure 7 for the start of transition
fall within the normal random scatter of experimental results so that
no conclusion can be maae. Referring to the Stanton number distributions
in figure 5, one observes that some variation in‘qetermining the loca~
tion of the start of transition could exist. If this variation was
assumed to be no more than three thermocéuple locatiéns {0.75 inch)|on
either side of the previously selected location (axrow) as a maximum
(see fig. 5), the transition Reynolds number for thé ;tgrt of transition
could be affected by a maximum of gbout 10 percent.

The transition Reynolds huﬁbers in figure 7 for the start of transi-
tion fall within a 110 percent séétter. From ; qqﬁpaiison_of the present

data to that of Larson and Mateer (ref. 6), Stainback (ref. '2), Stetson
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and Rushton (ref. 1), and Everhart and Hemilton (ref. 23}, it was .con-
cluded that the scabter of the transition -data for this investigation
wag no more than that normally encountered in transition studies.

In order to determine how the unit. Reynolds number effect of this
investigation compares with those from studies in other facilities,
available cone transition dats were collected and are presented in
figure 8. The line associated with each data symbol indicates the
relationship between transition Reynolds number and local uﬁit Reynolds
number. To avold confusion, only one data symbol for each study was
shown. The numbers given for each 's0lid line represent the local Mach
mumber ot the boundary-layer edge for the particular investigation.

The references for the data presented are listed in table 3. An
attempt was made to choose only data for slender sharp cones at zero
angle of attack where the wall temperature to total temperature ratio
was TW/Tt ~ 0.5 (present tests). The two féferences‘tﬁat‘violated
this objective (refs. 3 and 4) were gse&‘becauée they,foﬁnd no éffect'
of wall temperature on transition.

A11 of the data in figure 8 indicate a substantial effect of local
unit Reynolds number on transitioﬁ;Reyﬁold; numbérlexcépt for ‘the data

of reference 6 (square symbols). For the case of reference 6 in which a

t
»

weaker unit Reynolds nunmber effeét eﬁisted, the pxpl?ﬁafionlfor this
behavicr was abtbributed to the test faci}ity (Ames‘B.f—f;ot hypé;sonic
tunnel) where cold helium gas was injected into the subsonic porfion'of
tﬁé tunnel nozzle for purposes bf insulating the wali'from the hot free-
gstream flow. It is known (ref. 42) that the acoustic energy radiated

from a jet boundary is a function of the molecular weight of the jet.
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Therefore, the low molecular weight helium-air'tunnel boundary laye$'
may have influeﬁced the transition results of reference 6.

The uvnit Reynolds number parameter has never really been established
as the most appropriste parameter describing the behavior of transition
Reynolds number with increasing tunnel or range pressure. The investi-
gation of Pate and Schueler (ref. 32) showed the dependence of transition
Reynolds numbers in conventional wind tunnels on radiated pressure fluc-
tuations from the turbulent tugnel wall boundary layer. The major
factors affecting the radiated pressure field were found to be the
tunnel wali boundary~layer displacement thickness, the wall mean shear,
and the tunnel fest section size. Using these factors, an empirical
correlation was developed whiéh was independent of unit Réynolds number.
The correlation was based on transition date from zero-bluntness flat
plate and hollow cylinder models tested in nine different wind tunnels
over s free-stream Mach number range of 3 to & and a free-stream unit
Reynolds number range from 0.6 X 106 to 13.2 x 10% per foot.

The data foxr the sbart and end of transition for the present tests
are compared with Pate and Schueler's correlaxionuin figure 9. 'The -
scatter of the data used for Pate and Schueler's correlation is repre-
sented by the dashed lines, and the solid line is their correlation.

In order to maintain compatibility, the displacement tﬁi:(:*lnless (5%) and
the turbulent mean skin-friction coefficient CCF)”weré determined for
the present study by the same method used ﬁy Paﬁéland Schueler. Théf
mearn skln-frlctlon coefficient was determined from Van Driest (ref. hB)
using the centerline length from the nozzle throat to the -cone tlp (L)

as a characteristic dimension. To determine 8%, a ¢orrelation method
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of Maxwell and Jacobé (ref. 44) presented in Pate and Schueler’'s paper
was used. The tumnel circumference (c) for the present tests was

4L inches, and the reference circumferencelused in the correlation (cl)
was 48 inches.

The data for the start and end of transition from the present tests
are above the correlation of Pate and Schueler. Tt should be mentioned
that all of the ftransition data used by Pate and Schueler was based on
the Reynolds number for the end of transition. ?herefore, the square
symbols of this investigation (end of transitibn)ishould be used for
comparison purposes. The obvious c;oncl‘tigion here is'thafq -sin“ce the
Reynolds number for- transition on cones is greater than that measured

. ]
on flat plates or hollow cylinders (see Potter, réf: 39) for-given free-
stream conditions, one would expect the éoné'aata %Q fall}above'Pate and

’

Schueler's correlation. HoweVér, the slope and: genéral trend of' the

1 14
»

present data agrees with their éorrelation which would certainly .indieate

N ¥

that there was a major influencé offradiatediéeiddynamic noise on the
results of the present investigatiod,

The correlation of Pate and Schueler is limited to Vind @unnels
having turbulent wall boundary layers. In addition, as pointed out by
" Pate and Schueler, the correlabion -cannot be applied to free-flight
results due to the restrictions imposed by Cp and d% and also because
the .correlation is based on finite sized wind tunnels. The vecent study
by Potter (ref. 33) which showed o definite unit Reynolds number effect
in range free-flight tests tends to cast doubt on the correlation of

Pate and Schueler. In Potter's tests, noise measurements verified that
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the.noise levels normally associated with turbulent tunnel wall boundary
layers were practically nonexistent.

Cleaxly, the situation suégests that more investigabtions must be
conducted to determine and define the most appropriate parameters to
explain what has been designated the "unit Reynolds number effect,
vhich, by nature, is surely a c;am'bina.tion of meny interrelated and
perhaps still unidentified parameters.

Effect of local Mach number.- Referring to figure 8, it can be seen

that there exists a trend between transition Reynolds number and local
Mach number. That is, as the local. Mach number increases, generally
speaking,.so does the Reynolds number for transition.

In figure 10(a), the tréﬂsition data for the presént tests are
compared with data from the invesbigations of table 3 to indicate the
effect of local Mach number on the start of transition. The vertical
line at all but one of the data points with a bar at the top and bottom
_represent the range of trangition Reynolds numbers with uwnit Reynolds.
nubers for the particular investigation.

The solid line is the correlation of Softley,l et. al. (ref. 4) for
a local unit Reynolds number of R, = 2 X 16? per foént.v The ‘gen’era,l‘
trend of this curve agrees with correlations of other investigators.

. .
For this particular curve, transition Revmolds number 'is related to local
Mach number as RS,tr « Mlk.

In contrast, a correlation wnas ween -sb.gggsted by Larson and Mateer

(ref. 6) in which the highest transitigﬁ‘Reynoias numbers-mbagured should

o F g fa g e ta >
be used when comparing data from various facilities at similar test con-

ditions in order to assess the effects of various flow variables on
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transition. Referring to figure 10(a), the correlation of refersnce 6
would consider onty the highest or the upper bound of the data presented,
as represented by the dashed curve. Thils dependence of transition
Reynolds number on local Mach number was constructed, by definition,
from data at high local unit Reynolds number which accounts for the
deviation from Softley's correlation.

In an attempt to provide further insight into the local Mach rumber
effect on the start of transition, data were taken from figure 10(a) at
the same local unit Reynolds number, R; = 2.8 x 109 per foot, and pre=
sented in figure 10{b). The data of Larson and Mateer (ref. 6) and
Stetson and Rushton (ref. 1) were not included becaﬁse their transition
data were generally higher than those of the remaining im.restiga:tors.
The data of the present Investigation were corrected or adjusted to a
local unit Reynolds number of 2.8 X lO6 by using the relationship
Ry tr © (Rz/ft)0'60IF from figure 7. A correction was also applied to
the data of reference 4 by using Rg gy © (Rz/ft.)o'Bo from their paper.

The faired curve through %he selected data points represents the
correlation of transition Reynolds number with local Mach number for:
the present study.

Az a further comparison, the correlation of the present investiga-
tion is plotted with those of refervences 4, 23, 25, 26, and 45 in
figure 10(c). The correlations are classed into two groups: Those for
the start of transition (five curves), and those for 'bhe'énd of transé.ﬁ-
tion (three curves). The correlation of the present stud&:(éolid cﬁrve)

agrees reasonably well with those of the other investigators. Note that
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the correlations of references 4, 25, and 26 indicate a somewhat
different Mach number dependence (bell-shaped curves)from the.others.

In the high Mach number range (M1 = 10 to 14), the correlation of
the present’ study agrees considerably 7well wi;ch that of Softley (ref'.‘ b}
and Morkovin (ref. 45), but the three curves differ considerably in the
range of MZ = 5 to 10.

There appears to be somewhat mors uniformity and agreement for the
three curves defining the end of transition.

Tt should be noted that the correlations in figure 10(c) were all
made at essentiaily the same local unit Reynolds number (RZ = 2.0 X 106
to 2.8 x 105 per foot).

In addition, a comment should be made concerning the‘obviou-s fact
that each correlation of the type presented in figure 10(c) j:s con-
structed uwsing transition data from different facilities where the
effects of sidewall sound radistion on the transition measurements
undoubbedly vary in magnitude. This sound radiation factor produces a
level of uncertainty in comparing transition data from various facilities
over a wide Mach number range, but it is an inherent factor which may not
be any more significant than the other uncertainties present.

Effect of free-stream unit Reynolds number.« The movement of the

surface distance to the start and end of transition with increasing free-
stream unit Reynclds number is. shown in figure 11. For the open symbols
(Tw/Tt x 0.52) there can be noted two instances of "transition stic.king"
for the start of transition (Str = 0.78 and 0.59 ft); tha'.t is, transition
occurred at the same location as the Reynolds number was inc;‘r:gased.' For

the shaded symbols (T/Ty =~ 0.46), the location of the start of transition
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moved counsistently toward the sharp tip with increasing free;stream unit
Reynolds number. The data for the end of transition in figure 11 also
indicate "transition sticking." As discussed previously, the apparent
effect of the small variation in wall tempergbure ratio on the transition
Reynolds number was interpreted as within the scatter of experimental
transition data. However, the author believes that these effects were

of sufficient interest to be mentioned in passing.

Effects of Nose Bluntness.- As discussed in the literature review,

blunting a previously sharp tipped configuration produces many chahges
in the flow field characteristics. For a cone, the local properties at
“the edge of the boundary layer are altered such that the local Reynolds
number is significantly reduced. As the flow at thé boundary-layer edge
advances downstream away from the nose region, the iocal Mach number and
Reynolds number increase and approach the eqﬁivalent sharp cone conditions.
A measure of the distance the flow has to travel before reaching essen-
tiglly sharp cone conditions is the swallowing distance. Defined in
another manner, the swallowing distance is the locatlon on a blunt cone
where all cof the high entropy flow passing through-the curved how shock
has been swallowed by (or has entered) the boundary layer. Using the
swallowing -distance formulation of appendix C, the local Reynolds number
based on surface distance has been calculated for each of the three blung
nose tips abt the maximum tunnel conditions tested and are presented in
figure 12. Also shown is the local Reynolds number distribution for th
sharp tipped cone.

From this fiéure, it can be seen that the local Reynolds number for

the sharp tipped cone reached sbout 9.2 X 106 at the cone base compared
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to about 2.7 x 10 for the tip with r, = 0.15 inch, to as low as

0.68 x 100 for the tip with m, = 0.60 inch. Each of these three
Reynolds number distributions for the blunt tips corresponds to‘the last
(maximum tunnel conditions) test run presented in figures 6(b), 6(d),
and 6(f) which showed that the flow remained laminar for all three nose
tips.

Therefore, the results indicate that in order tc attain transitional
and turbulent flow over a 10° half-angle cone at My = 5.5 and’ ot
TW/T% 2 0.5 with tips of bluntness equi;alent to those of this.%nves
tigation, higher local Reynolds numbers must be attained. Thig éannob
be achieved in the 1ll-inch facility because the present model dimensions
are a maximum for the test section and the maximum stagnation conditions
attainable were ubilized for the present tests.

The distribution of the local unit Reynolds number along the cone
surface for each of the three blunt tips end the sharp tip at the same

‘tunnel conditions af figure 12 are shown in figure-13. The local wnit
Reynolds number for the sharp tip case is, of course, constant, while
the three blunt tip cases are somewhat lower than the sharp tip distri-
bution as were the local Reynolds number distributions of figure 12.

To further indicate the effect of biuntness on local properties,
the local Mach number distribution is shown in figure 14. Again, for
the sharp tip case, the local Mach number is constant. ngever, for the
blunt tip case, the Mach number varies from zero at the stagnation point
behind the normal shock to sbout 2.25 at the shonlder joining the curved
nose region and the conical frustum, and then approaches the sharp tip

value far downstream. The local Mach number for r, = 0.30 inch and



25

r, = 0.60 inch gradvally aspproach the sharp cone condition at the edge
of the boundary layer. This can be explained by the relationship of
swallowing distance to nose radius, presented in figure 15.

In figure 15, the swallowing distance is shown to increase signifi-
cantly with nose radius and, since the swallowing distance is a measure
of thé distance downstream the flow must travel before approaching
sharp cone conditions, the effect of nose bluntness on local properties
can be clearly ascertéined. For a given cone, increasing the tip radius
results in a more predominant bow shock vwhich affects a greater portion
of the mass flow entering the shock region (see figs. 2(b) - 2(d)). The
properties at the boundary-layer edge downstream of the blunt tip will
not reach sharp cone. conditions until all of the flow affécted by the
curved bow shock has entered the boundary layer.

The experimental work of Stetson and Rushton (ref. 1) contains the
most recent results concerning nose bluntness transition reversal with a
slender cone. Figure 16 is g figure similar to one from their paper
which presents the distance to transition for a blunt cone (Str)B’ non-
dimensionalized by the distance 'to transition for a sharp cone ( Str)S ’
versus the distance to transition for either a blunt or sharp cone Sgp
nondimensionalized by the swallowing distance, SSW-

Starting to the right of the figure, the "sharp limit" exists which
simply means that all date which fall in that area are for a sgharp or
essentially sherp cone (S../S .. >4). As the nose tip becomes blunt,

Sqw begins to increase (Str/ssw< 4) and the data of reference 1 followed

the solid line I:( S )B/ (Str)s > l] for small nose biuntnessges of

rn, = 0.031 to 0.25 inch. That is, the location of transition occurred
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farther back on the model for small amounts of nose hluntness as compared
to the sharp case because of the reduction in local unit Reynolds number.
The assumption is made that the local Reynolds number required for tran-
gition remains the same for cones with small amounts -of nose bluntness
as for those with a sharp tip. The nose tip with radius 1, = 0.15 inch
for the present investigation falls within this range of nose radii.
Calculations can thus be made with the present results to explain the
behavior of thé blunt cone data. From figure 15, a value of swallowing
distance for the r, = 0.15 inch nose radius tip was aboub

Sgy = 26 inches. Based on Stetson and Rushton's results, a slender cone
with 1, = 0.15 inch should have a value of 8t,/Sg, ~ 0.6. This would
result in a distence to transition for the r, = 0.15 incﬁ noge tip
cone of 8. = (26)(0.6) = 15.6 inches. Since the cone was only about
11.5 inches in length with the r, = 0.15 inch +ip installed, this
result verifies that transition should not have occurred on the model.

A maximum reerward transition displacement of 4.1 times that of a sharp
cone was reached in reference 1 for r, = 0.25 inch.

For increased nose bluntness (rn > 0.25 inch), the data of refer-
ence 1 followed the -upper dashed:line in figure 16 and finally approached
the '"blunt limit" Ec'egion'f:or ry = 1.50 inches. A departure from the
g0lid line and movement toward the ;blunt limit" region signifies a
reduction in the critkhél Reynolds number required for transition.
Stetson and Rushton's results show that a typical value of Si./Sg,
for a cone with 1, = 0.30 inch would be about 0.3. ¥For r, = 0.30 inch
figure 15 gives a swallowing distance of gbout 68 inches so that a dis-

tance to transition would be about Sip ~ (68)(0.3) ~ 20.4 inches. This
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result shows that transition should not have occurred on the model with
T = 0.30 inch. For.the 1, = 0.60 inch nose radius tip, an approximate
value of Str/ssw from Stetson and Rushton's study would be sbout 0.07.
A swallowing distanéé from figure 15 for T, = 0.60 inch would be about
170 inches so that an approximate distance to transition would be about
Sgy = (170)(0.07) =~ 12 inches. The length of the cone with the

T, = 0.60 inch nose tip installed was about 10.5 inches, so that the
approximate transition point was slightly rearward of the cone base.

The behavior of the transition point for blunted cones, as mentioned
by Stetson and Rushton, appears to be highly dependent on local Mach
number. Rogers (ref. 38) conducted bluntness tests at M, = 3.1 with
a slender cone (lower dashed curve) compared to Stetson and Rushton's
value of M, = 5.5 and obtained quite different results. The work of
Brinich and Sands (ref. 36) at M, = 3.1 verifies that of Rogers.

One of the objectives of the present investigation was to obtain
transition data with the blunt tipped cone configurations in order to
further clarify and define the behavior shown in figure 16. The model
of' this investigation was the maximum size possible for testing in the
1l-inch tunnel. TIn addition, the maximum Reynolds numbers of the test
facility were used in the tests. Therefore, the results show that for
the blunt cone configurations of this study, it was not possible to

obtain transition on the model for the range of Reynolds numbers tested.
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V. CONCLUDING{REMARKS

From this experimental investigation of laminar, transitional, and
turbuilent bounda:ry—layer flow over a sharp and blunt tipped 10° half-
angle .cone-.at a nominal free-stream Mach numéer of 7; it was concluded
that:

1. Experimentally measured Stanton numbers on the sharp tipped
cone agreed well with laminar and turbulent theory for a range of local
unit Reynolds numbers of 2.78 X 168 to 9.18 x 106 per foot.

2. Experimentally measured wall heat-transfer rates on the Elunt
tipped cone were consistently below that of laminar theory for spheri-
ca.i._ly tipped cones over a range of free-stream wnit Reynolds numbers of
2,01 % 105 to 6.21 x 100 per foot.

3. I;he transition Reynolds nuambers for the .start and end of
transition for the sharp cone at Tw/Tt =~ 0.52 displayed a strong
effect of local unit Reynolds number. However, transition data deter-
mined at T /Ty ~ 0.46 were less sensitivé to local unit Reynolds
nﬁﬁber; but no'positivé)conclusion was made since the effects noted
coul& be interpreifed Wii:hip 't;.he normal scabter of experimental dsta.

b, A cquarison of’ transition data on slender sharp cones from
\farious facilities at similar test conditions indicates a consistent
influence of Il‘o:cal un:.t Rey‘nolnils nmarber on the transition Reynolds
nun_foier. From a.’c.:omp‘ari‘son of the present data to the correlation of

Pate and Schueler (re_f._}E) ,» which is based on aerodynamic noise param-

eters and is independent of unit Reynolds number, it was shown that
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radiated aerodynamic noise had a major influence on the transition data
of the present investigation.

5. From the comparison of transition data from various facilities,
the dependence of transition Reynolds number on local hypersonic Mach
number was shown to vary from a minimum at M; = 5 and increase sharply
with increasing local Mach number. The correlation of transition
Reynolds number with loeal Mach number for the present study was similar
to that of other investigations.

6. The location of the start of transition with increasing free-
stream unit Reynolds number was shown to generally move forward for the
tests conducted with the sharp cone.

7. The local Reynolds number was reduced significantly for the
blunt tip cone configurations as compared to the sharp tip case and,
assuming the same critical Reynolds number for transition for the blunted
cone as for the sharp, the transition delay moved transition completely
off the blunted cone surface. Approximate caleculations for the rearward
shift in transition using Stetson and Fushbon's (ref. 1) data indicate
that transition on the cone with the three nose tips, x, = 0.15 inch,
0.30 inch, and 0.60 inch would have occurred ab Sgp = 15.6 inches,

20.4 inches, and 12 inches, respectively, if the cone had been of suffi-
cient length. These calculations were made for the maximum Reynolds

number tested.



VI. SUMMARY

An experimental investigation was made of laminar, transitional,
end turbulent boundary-layer flow over a sharp and blunt tipped 10°
half-angle cone at s nominal free-stream Mach number of 7. The tests
were conducted at stagnation pressures ranging from 185.5 psia to
608.8 psia and for free-stream unit Reynolds numbers of 1.88 X 10° 4o
6.21 X 106 per foot. Stagnation tempersture varied over the range of
1020 R to 1250 R.

Measured Stanton numbers showed good agreement with laminar and

turbulent theory for the sharp cone case. The heat-transfer rates

. measured on the blunt tipped cone configuration were below that of

lémina.r theor‘y f:or spherically blunted cones. Transition Reynolds
numbers for the sbart and end of transition on the sharp cone indicated
a strong dependence on local wnit Reynolds number.

By comparing slender éharp cone transition data from various
facilities it was shown that the unit Reynolds number effect is a
common parameter in many wind tunnels. A comparison of the present
data to a correlation based on aerodynamic noise parameters showed the
influence of radiated tunnel aerodynamic noise on the present results.
The transition data from varlous facilities also showed a strong depen-
dence on local hypersonic Mach number. A correlation of transition
Reynolds number with local Mach number based on the results of the
present investigation compared favorably with correlations of other

investigations.

28
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For the blunt tip cone configurations, the local Reynolds number
was reduced considerably compared to the sharp tip case and transition
was delayed to the extent that it did not occur on the cone with any of
the blunt tips. This transition delay was approximated by an available
method for the three blunt nose tips, r, = 0.15 inch, 0.30 inch, and
0.60 inch, and the caleculations indicéted that transition would have
occurred at a sqrféce‘distance of 15.6 inches, 20.4 inches, and 12 inches,
respectively Cf&r thé maximum unit Reynolds number), if the cone had

been of sufficient length.
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APPENDIX A

EXTERIMENTAT, HEAT-TRANSFER DATA REDUCTLON

The convective heat-~transfer rate to the ecome shrface was. calculated

using the equation:

. aLy
Qeonv T PuCpw®™ To (a-1)

‘The value of thé'waﬁl @ensity Py Wwas ﬁaken to be 530 lb/ftB, and the
speéifi.c heat varied with the wall temperature as Q= 0.1041

+ 0.0000535 T,;. The thickness of the wall at each thermocouple station
was measured and varied over the range from 0.028 to 0.0%L inch. The
temperature-time derivative thW/dt was determined by measuring the

slope of’each tﬁermocouple trace at the instant constant flow conditions
were established in thé test section (between 2 and b sec). Corrections
for radiative heat transfer both from the tunnel wall to the model or
from the model to the surrounding environment were insignificant due to
the low temperatures encountered (meximum Ty =~ 120 F). The heat-transfer
measuremen%s were made under nonisothermal wall conditions, with the
-model. wall temperature varying a maximum of about 40 F 0§er the mcdel:
length. Estimates of the error in the measurements due to heat conductior
along the wall were made using the eguation for one-~dimensional heat

conduction in a radial direction along a cone surface:

2 .
. d=T, 1 dT,
= —_ -
e k-.q—( —*3 ds) (a-2)

41
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Conduction effects were minimized by the thin skin of the model

(Ay =~ 0.030 in.). The maximum correction due to conduction was calculated
to be asbout 2 percent, with most of the corrections being less than

1 percent of the measured hest-transfer data. For this reason,
corrections due to heat conduction effects were neglected.

The adisbatic wall temperature was calculated from the equation:

Taw = Tt I:Tl + %Tﬁ(l - Tl)] (A-3)
t

where 1 1is the recovery factor and was taken as 1 =\V/Pr for laminar
flow and 7 = ~Q/P—r for turbulent flow. For the range of temperatures
encountered in this investigation, the Prandtl number (Pr) varied from
C.T10 to 0.728. A wvalue of 0.72 was used for all of the calculations.
The convective heaet transfer was converted to a Stanton number by

the equation:

q
PeoVeo CP(Taw - Tw)

Il

Nat (a-1)

where a specific heat of p 0.24 for air was used.



APPENDIX B

THEORETICAL HEAT TRANSFER

Laminar Theory

The local heat transfer to the cone wall is

(8

(B-1)

For a laminar boundary layer, the temperature and velocity profiles have

similar shapes at hll'locations, assuming a uniform wall temperature.

That is, both temperature and velocity may be considered as functions

of y only. We have ,

&), - @ &),

using the relationship

we have

{3,

From the expression for Stanton number

4
(T

Ngt =
Poolla Cp\tay ~ TW)

43

(B-2)

(B-3)

(B-4)

(B-5)



Lh
and by substituting equation (B-4) into (B-5) we have an expression

for the local Stanton number

Ngy = ———r (B-6)

where

(B-7)
Pr = (59&) (B-8)

Equation (B-6) expresses a relationship between heat transfer and skin-
friction and is known as the Reynolds analogy. Crocco {ref. U6) and
VanDriest (ref. 47) both developed similar expressions for the Reynolds
analogy. v

Blasits y\ioi. 1u) usvelvpcu au Capressivn Lur vue tovar siin-frietion

on a flat plate in laminar flow as

(B-9)
which combined with the Reynolds analogy glves

332
Ny = %5;__ (B-10)
VEg

PrW
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From VanDriest (ref. 49) the local Stanton mumber for axially symmetric
laminar flow over a sharp cone is \l?times that for a flat plate at the
same local Reynolds number, Mach number, and wall temperature to local
free-stream temperature ratio.

Rewriting equation (B-10) for the laminar heat transfer to a cone
in terms of free-stream conditions, introducing a reference temperature,

and assuming Pr = 0.72, we have

1/h

T PyMyu T
Wen = 4.%17 2k B-11
5% S prw\} ST (5-12)

vhere a reference temperature defined by Monaghan (ref. 50) was used

L
AN 0.575(-3) + 0.425 + 0.0328 M (B-12)
iy} I3,

Turbulent Theory

For turbulent theory, the same relationship between local Stanton
number and skin friction holds true (eq: (B-6)). Schlichting (ref. 7)

gives the followlng expfession for the local skin friction for turbulent

flow on a flat plate

_ 0.0592 )
CP.= (RS)1/5 (B-13)

which combined with the Reynolds analogy gives

Ny = 0.0296
" m 2BE 5

(B-14)
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For turbulent axisymmetric flow over a cone, the local Stanton number is
1.15 times the value for a flat plate under the same turbulent loecal

conditions (ref. 49).

Introducing a reference temperature, and converting to free-stream
conditions, assuming Pr = 0.72, the following expression for the

turbulent free-stream Stanton number for & cone is developed

oM, [T /5 T/ o\
NS‘t‘m = 0.088(&1—;&5’ m(%) (B-15)

where the following reference temperature for turbulent flow was used

(ref. 51)

' - 0.5 ¥ 4 0,46 + 0.028Y Mi (8-16)

T, Ty



APPENDIX C

SWALLOWING DISTANCE AND DEVELOPMENT OF LOCAL PROPERTIES

A convenient method for computing spproximate local. properties slong
blunted cones involves the use of the swallowing distence, Sgy. The
swallowing distance is defined as the position on the cone where +the high
entropy flow which has passed through the curved region of the bow
shock has been swallowed by the boundary layer. At this location, the
properties at the boundary-layer edge are essentially the same as that
for an equivalent sharp cone.

A formulation for the swallowing distance was developed by Zakkay
and Krause (ref. 41) by assuming a linear Mach number gradlent along the
boundary-layer edge. Thelr subsequent expression for the swallowing

distance is of the form

VoMo ap (3Mp + M) £2(n) sin®

S =71 [2 \/57')_’ pooeuaen ;h-rn Jl/B (C.—l)

The transformed stream function, #£(g), was assumed to have a value
of 2.5 after reference 1. Values of the local Mach number, M;, and the
Mach number at the shoulder jolning the blunt nose with the conical
frustum, Mgh, were cbtained from the tables of references 52 and 53,
respectively. GSurface pressure, Ppj, for the blunt cone was assumed
to be constant and equal to the equivalent sharp cone pressure.

The shock shape was obtalned from schlieren photographs and ¥ was

taken to be the raciai aistance rrom the cone axis to the shock location

b7
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where the pressure recovery across the shock was of such a value that
expansion to Pp; resulted in 0.95 M;. The local flow properties
approach sharp cone conditions asymbotically from the swallowing distance.
Therefore, the swallowing dispance can be computed from equation (C-1).
Since this distance represents the locétion where thé-local Mach number
is 0.95 My for a sharp cone (xnowm value), the local Mach number
distributions along the blunt cone, surface can be determined by assuming
a linear gradient from Mg, to 0.95 M{.:

Once the local Mach number éis£ribution is known, the energy

equation can be written

2
u
Hy = hy + 2} (c-2)
or, for a perfect gas
2
H‘b = -PTI + > -3
solving for T3, we have
H
T, = s (c-4)
C, t ——
P 2

Values of T; for corresponding values of M; can now be computed.

From these values of T3, the speed of sound ay, uy, Pz, and p3 can
p1us
Kz

be determined, thus enabling the local Reynolds number, Ry = ; To

be calculated.
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Free-stream properties were computed assuming an isentropic
expansion (¥ = 1.4) from the known stagnation conditions. For the sharp
cone case, local properties at the boundary-layer edge were computed

from the tables of Sims (ref. 52).



APPENDTX D

LAMINAR HEAT TRANSFER OVER SPHERTCALLY TIPPED CONES

The theory used for the heat transfer over the blunt-nosed cones

of this investigation is that of Iees (ref. 54) which is expressed as

3] T
cob 8 4+ |—~1= -0
d,, ¢ [rn (2 C):’

— = A(8,) (D-1)

- B(O,) + (cot Oc + % - (g- - ec):])3 He

where:
1/2
A(8,) = NI - L) sin2e, + —E- e
c 2 M2 - c M2 2 [
7&) [+.4] '700 [+4]
0.18 D( e
B(8;) = £ (8) - cot5ec

1
sinaec L - —> sinaec + 12
7001&00 700Mno

D(9) =(l - —1—)(92 _Ssinkb - cgs L_}e) . (92 - & sin 20
7°°M§ 2 7ooM§

50
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0, = cone half-angle, radians

e = - 8

C

rofa

S/rn = surface distance from stagnation point nondimensionalized

by nose radius.

For the conditions of the present test, 8, = 10° (0.1744 radians),

M,= 6.85, and %, = 1.4, we have
Gy

5.671 + [?S. . 1.395]
Mo (0.2164 : Lol

g ~ g ' 1/2
s 63.7 + .(5.671\,+ &; - 1.595])
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Fluid which has passed through a near normal shock,

Fluid whiéh has passed through essentially a conlcal shock

== <2— DBoundary layer

Bow shocn

Figure l.- Flow past a blunted cone.
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(a) Nose A.

Figure 2.~ fSehlieren phobographs of model.
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(b) Nose B.

Figure 2.- Continued.
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(c) Nose C.

Figure 2.- Continued.
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(a) Nose D.

Figure 2.- Concluded.
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(a) Sharp cone configuration.

Pigure 3.- Fhotograph of model.
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(b) Sharp and blunt nose tips.

Figure 3.~ Concluded.
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TABLE 1.+- THERMOCOUPLE LOCATIONS ON INSTRUMENTED CONE MODEL

12 inches

e

180°
s e s o
PHERMOCOUPLE IN. | DEG. | THERMOCOUPLE IN. DEG.

1 2.48 I 20 7.13 0
2 .68 21 7.38
3 2.88 22 7.63
4 3.13 23 7.88
5 3.38 22 8.18
6 3.63 25 8.38
7 3.88 26 8.63
8 4.13 27 8.88
9 4.38 28 9.13
10 4.63 29 9.38
11 4.88 30 9.63
12 5.13 31 9.88 .
13 5.38 32 10.13
14 5.63 33 10.38
15 5.88 34 10.63
16 6.13 35 10.88
17 6.38 36 11.13
18 6.63 Y 37 11.38
19 6.88 38 11.63 \
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TABLE 2.~ TEST CONDITIONS OF EXPERIMENTAL INVESTIGATION

Stagnation | Stagnation Free-~stream Free-stream
Run pressure temperature Mach unit Reynolds No.
number psia R number per foot
NOSE A (SHARPf
1 185.5 1055 6.82 1.88 x 106
2 201.0 1060' 6.82 2.02
3 226.3 1040 6.82 2.3k
I 255.9 ' 1035 6.83 2.66
5 288.0 1050 6.84 2.91
6 360.0 1060 6.85 3.58
7 hoh.o 1055 6.86 k.02
8 h39.0 1040 6.86 b.52
9 482.0 1070 6.86. L. 70
10 519.0 1075 6.86 5.01
11 546.7 1070 6.86 5.33
12 608.8 1043 6.86 6.21
13 301.3 1180 6.84 2.53
1k 368.3 1194 6.85 3.03
15 437.0 1200 6.86 3.56
16 516.0 1225 6.86 k.07
17 604.0 1250 6.86 4,61
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TABTE 2.« Continued

Stagnation Stagnat;i.on Free-gtream Free-stream
Run pressure temperature Mach unit Reynolds No.
number ps%g CRr number per foot
NOSE B (r, = 0.15 in.) °
18 1974 1050. 6.82 2.01 x 100
19 294.0 1050 6.8k 2.99
20 369.2 1035 6.85 3.8C
21 423.5 1025 6.86 L 43
22 516.0 1068 6.86 5.06
23 607.5 1050 6.86 6.10
NOSE € (ry, = 0.30 in.)
2k 200.2 1020 6.82 2.13 x 1®
25 288.14 1060 6.8k 2.88
26 363.0 1050 6.85 3.67
27 h3lh.5 1055 6.86 4.36
28 520.0 1080 6.86 4,98
29 605.8 1050 6.86 6.08
NOSE D (ry = 0.60 in.)
30 196.5 1020 6.82 2,10 x 10°
31 280.0 1055 6.84 L 2.8
32 3654 1035 6.85 i 3.77
33 _L_ 436,0 1045 6.86 ? L hb




63

TABLE 2.~ Concluded

Stagnation Stagnation | Free-strean Free-stream
Run pressure temperature Mach unit Reynolds No.
‘number psia °R number per foot
3k 507.6 10ko0 6.86 5.18
35 60k.0 1035 6.86 6.21
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Figure 16.- Effect of nose bluntness on transition location.
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