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I. INTRODUCTION

A method for predicting transition has been developed that correlates
the effect of distributed roughnesses varying in height over five orders of
magnitude. The data base includes the passive nosetip technology (PANT)
series A1 and JZ, ART3 and various other wind tunnel tests, the NASA.-

Langley flight tests, and some 50-MW arc data.

The correlation departs from previous attempts by dividing the body
into two distinct regions: a forward region where concave streamline curva-
ture in the shock layer dominates transition, and a following region where
streamline curvature is not an influence. Noise is found to have little or
no effect in most of the experiments, and the extension of the correlation
to roughnesses measured in microinches tends to indicate that there is no

such thing as a smooth wall.

iA. D. Arderson, Analysis of PANT Series A Rougb Wall Calorimeter Data,
Aerotherm Report 73_81, Part II, Aerotherm Division/Acurex Corp.,
Mountain View, California (1973).

2M. D. Jackson, Interim Report Passive Nosetip Technology (PANT)
Program, Aerotherm Report 74-100, Vol. XV, Aerotherm Division/Acurex
Corp., Mountain View, California (April 1974).

3R. E. Phinney and F. P, Baltakis, Influence of Roughness on Heat Transfer
and Transition: ART Program Data Report, NOLT 3-231, Naval Ordnance
Laboratory, Silver Spring, Maryland (December 1974).
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II. DISCUSSION

A, CHARACTERIZATION OF ROUGHNESS

Previous treatments of roughness-induced transition have
nondimensionalized roughness height using the smooth-wall' momentum
thickness. Various heuristic arguments on the pros and cons of this
approach can be made, but the fact is that it has not produced fully satis-
factory correlations. An alternate quantity, the nose diameter (D = 2R},
has been used here. The basis for this usage is the simple observation that
the tripping effectiveness of a roughness element diminishes with the size
of the body on which it is placed,

The roughness height used is the peak to valley (PTV) value as

»

suggested by Ande rsonl, denoted by k., Several experimenters have

shown that, for distributed three-dimensional roughness elements on blunt

bodies, transition occurs at the element or not at all (i.e., disturbances
are not amplified downstream as is the case for two-dimensional trips).
Thus, in an idealized situation, transition would be distributed about a line

determined by the median roughness height. In the actual situation, this

picture is modified by the wakes from larger elements that, by obscuring
smaller elements, bring transition forward of the median. Thus, for materi.
als with a wide roughness distribution, the apprcoximate line of transition will
be determined by those larger elements that occur frequently enough to form

such a line. Upstream or downstream departures from this line will occur

IJ. B. Peterson and E. A. Horton, An Investigation of the Effect of a Highly

Favorable Pressure Gradient on Boundary-Layer Transition as Caused by
Various Types of Roughnessess on a 10-Foot-Diameter Hemisphere at Sub-
sonic Speeds, NASA Memo 2-8-59L, National Aeronautics and Space
Administration, Washington, D.C. (April 1959),

5A. E. von Doenhoff and E. A, Horton, A Low-Speed Experimental Investi-
gation of the Effect of a Sandpaper Type of Roughness on Boundary-Layer
Transition, Technical Not 3858, National Advisory Committee for Aeronau-
tics, Washington, D.C. (October 1956).
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when exceptionally large elements or a region of smaller elements are

encountered, This produces transition asymmetries, In this study it was

found that the size of the elements that determine this approximate line of &}
transition are those which are shown by a roughness distribution curve, to be '

greater in height than 85 percent of the elements, k85' This is necessarily

et e A i, a firai e L

oL an approximate figure and may vary with markedly varying types of rough-

b

ness. This approach will be discussed in more detail in Section E.

For calorimeter tests with a manufactured surface roughness, the distri-

bution is usually quite narrow (intentionally) and the average k approximately
‘ equals k85' Thus, the average value of k as reported is used in these

cases, ;

An attempt was made in this analysis to also include roughness spacing

in the form of the spacing-to~-height ratio A /k. It was found, however, that

A/k varied at most by a factor of 1.3, while k/D varied by five orders of

magnitude and the wall-temperature ratio (to be discussed later) varied by a
: factor of 3; therefore, no meaningful correlation could be obtained.

There may, of course, be other roughness distributions where spacing

becomes a factor. The same arguments also apply to individual roughness

| geometries,

B. THE CORRELATION

In a single PANT transition test, all parameters remained constant

L RPe R

except the wall temperature-edge temperature ratio Tw/Te’ which increased
with time; this caused transition to move downstream, indicating that an
increase in ’I‘W/Te is stabilizing. In an initial attempt to correct the smooth
wall momentum thickness Reynolds number Ree to account for this effect,

it was observed that the edge Mach number Me was also a stabilizing

influence. These two effects can be rationalized physically in a manner

similar to that used by Lee s6, but using a momentum argument rather than

H. 6L. Lees, '"Note of the Stabilizing Effect of Centrifugal Forces on the
Laminar Boundary Layer Over Convex Surfaces, ' Journal of the Aeronau-
tical Sciences, 25, 407 -408 (June 1958).
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considerations of centrifugal acccleration., If a fluid particle near the wall
having momentum Py Uy is displaced outwards towards the boundary layer
edge to a point wherc the momentum is Py Uss its ability to disturb this

flow will be inversely proportional to Po uz/p1 u, (i.e., a high value of this
parameter is stabilizing). For the purposes of this correlation, points 1
and 2 have been taken as the wall and the boundary layer edge, respectively.
Of course, directly at the wall u, = 0 so this term has been replaced by the
local speed of sound a, which may be regarded as the '"disturbance'
velocity. Using the equation of state and assuming constant pressure

across the boundary layer, this parameter may be written
1/2
pe ue TW 1
—a - ~\T M, (1)
w W e

This expression as it stands will produce a satisfactory correction to

'Rce. However, to eliminate the singularity which arises as Me — 0, this

term was included as

< -1/2
(1 + 4,5 =¥ M::) (2)
e

where the constants have been determined empirically, With the exception
of Tw/Te’ which was not a factor in their experiments, Eq. (2) is similar
in form to the correction term obtained empirically by van Driest and

Blumer7. Thus the value of the term

‘E. R. van Driest and C. B. Blumer, "Boundary-Layer Transition at
Supersonic Speeds--Three-Dimensional Roughness Effects (Spheres), "
Journal of the Aerospace Sciences, 29, 909-916 (August 1962).

7=
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at transition is shown plotted versus k/D in Figure la. All of the FANT data

Langley flight data, down to 10 pin. in Figure 1b. Numerical values for all of

the data base are given in Table 1. The data fall on or near a line given by

Re -1/3
: 17z - 5‘6(1(3) (3)
T !
w 2
(1 + 4.5-;i,: Me)

with the exception of those points that fall within about 20° of the stagnation
point, as indicated on Figure ib. This latter is the region of concave
streamline curvature, which is produced when flow passing through the near-
normal portion of the shock must turn sharply to follow the body, as shown

below.

N

REGION OF MILD CONVEX
STREAMLINE CURVATURE

N

It is postulated that this sharp concave flow curvature produces streamwise

vorticeg, known as Goertler vortices, which are destabilizing. A short

. mo\ut-w_'” .
) . ‘-V'
o s :

and some of the ART data are shown. The data are extended, by use of the NASA.-
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discussion of this phenomenon is given in SchlichtingS. In particular,

Goe rtler9 has calculated that such disturbances exist in the stagnation region
of bluff bodies. However, their existence has not yet been empirically
demonstrated in a completely satisfactory manner. Whether one believes

in vortex formation in the stagnation region or not, it is clear that the

nature of the streamline curvature there is radically different from that fur-
ther back on the nose. This curvature is used here to explain the departure
of the forward region transition from that given by Eq. (3). A problem arises
in attempting to use curvature as a correlation input, because it is not an
easily determined quantity. To avoid this, curvature (and other local flow
properties) were assumed to be functions of freestream Reynolds number,
ReD
tion point, S/R. Wall-related parameters were included as before as k/D
and Tw/Te' A correlation of the PANT data for those points only that fall

= U_ 2R/y, freestream Mach number, M_, and angle from the stagna-

below the curve in Figure la is shown in Figure 2. The straight line is given

by
1.23
T -1.0 -0.51
W S -0.6/k * -2
(T;) (—R-) (ReD) (-5) =0.159 X 10 (4)

Note that this is for constant M_ =5.0. Atfirst glance this correlation
appears to have considerable scatter, but note that the scales are arithmetic,
not logarithmic as in the previous curves. The maximum scatter in this
curve is 0.05 radians or an error in transition location of 0,125 in. on the
2.5-in., nose radius PANT test model. This is quite accurate as transition

correlations go. A similar plot for the ART data (M_ = 7.9), i.e., those

TH. Schlichting, Boundary-Layer Theory, 6th ed., McGraw -Hill Book Co.,

New York, pp 500-508 (1968).

9H. Gortler, '"Dreidimensionale Instabilitit der ebenen Staupunktstrémung

gegeniiber wirbelartigen Stérungen, "' Festschrift, Fifty Years of Boundary-
Layer Research, Arniversary Volume, eds. H. Gértler and W. Tollmien,

Vieweg, Braunschweig, Germany, pp 303-314 (1955).
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points that fall below Eq. (3), is shown in Figure 3. Once again agreement is
relatively good. In this case the slope of the straight line has changed to
0.99 x 1072

correlating this Mach number effect. Figure 4 shows various other wind

, due to the change in M_. Additional data is also available in

tunnel tests. The Mach number in these tests ranges from 3.0 to 10.4.

Once again the data fall on the correlation in Eq. (3) except for those points
approaching the stagnation region, The M = 10.4 data10 is especially low.

The values of the right side of Eq. (4) have been calculated for these latter
points and, together with the slopes for the PANT and ART data from Figures
2 and 3, are plotted versus M_in Figure 5. Because of the abundance of PANT
and ART data, the correlation in Figure 5 is drawn through these points., This

final correlation for the region of concave flow curvature is given by

ot 1)1 M 1.96
X =152 |—a == = (5)

D S/R 0.6
D

o

where k/D is that value of dimensionless roughness required to produce
transition. Note the strong dependence on T_ /T_ and M_., Some of the
Deveikis and Walker“ data falls slightly belZW tliis cor::elation (Figure 5) as
well as below the previous correlation (Figure 4). This data (as well as some
of the PANT and ART data) falls in an intermediate zone between the concave
and convex flow regions, and does not fall exactly on either correlation,

While this error is not great, its significance is that it marks the downstream

limit of the concave flow region, For the M_ =5 or 8 data, this limit is

1OJ. C. Dunavant and H. W. Stone, Effect of Roughness on Heat Transfer to
Hemisphere Cylinders at Mach Numbers 10.4 and 11.4, NASA TN D-3871,
Langley Research Center, Hampton, Virginia (March 1967),

11W. D. Deveikis and R. W. Walker, Local Aerodynamic Heat Transfer and
Boundary-layer Transition on Roughened Sphere-Ellipsoid Bodies at Mach
Number 3,0, NASA TN D-907, Hampton, Virginia (August 1961).

-13-
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% 4 approximately at S/R = 0,3, For the M_ = 10.4 it extends approximately to
S/R = 0,40, In general the limit of the concave region will be affected by

ReD through boundary layer development. For increasing M_ one expects that

the decreasing shock standoff distance will increase the required flow curva-

ture. However increasing M_ also lowers the Reynolds number behind the

shock, so the effect of Mca is not yet clear. Nevertheless, it appears that for

relatively high ReD and M the concave curvature region may extend over

most of the nose. This will be discussed in more detail in Section F.

C. COMPARISON WITH CORRELATION FOR TWO-DIMENSIONAL TRIPS

‘ For the case of a flat plate with a single two-dimensional trip (a wire),

Schlichtinglz quotes the following low speed (incompressible) correlation

k T
-;\/;:20 (6)

where T is the wall shear evaluated at the trip position. For a flat plate

u
= £
T—0.332pue\/vx (7)

for transition at the trip itself:

bttt ol

T P AT P eS|

—— =y

and
F
- Req = 0,664  [%e* (8)
v
|
V)

H. Schlichting, Boundary-Layer Theory, 6th ed., Mcgraw-Hill Book
- Co., New York, p 511 (1968).
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whe re u, is the edge velocity and x is the trip distance from the leading
cdge. Substitution of Eq. (7) and Eq. (8) into Eq. (6) gives

- (9)

k '2/3 r-
¢)

Re, = 0.96‘(

Equation (9) has the same form as the zero Me limit of the correlation in Eq.
(3), cxcept that k is nondimensionalized by x rather than D and the power on k
is exactly twice that given by Eq. (3). This higher power is attributed to the
fact that three-dimensional disturbances may dissipate in all directions (away
from the wall), whereas two-dimensional disturbances may not dissipate in the
dircction parallel to the trip. The correspondence between these two corre-
lations tends to confirm the validity of both of them. It also suggests that
wall shear could have been used instead of Ree in the present correlation.

D. PANT SERIES J DATA2

These data arc important because shapes other than the hemisphere or
truncated hemisphere are included. The two shapes of interest here are the
laminar blunt and the biconic. The former shape is typical of a laminar ab-
lating nosectip; the latter shape sometimes occurs after transition has altered
the original nosetip shape. These data are correlated in Figure 6, For these
test models, the measured roughness varied from 2.7 to 3.6 mils. A nomi-
nal roughness of 3.5 mils was used for the correlation. The data agrees well
given the measured variation in roughness. For laminar blunt tests, D was
obtained from the actual nose radius. For the biconic tests, the diameter of
the body at the shoulder was used as D, It is probably coincidental that this
latter. data agree so well using this D. The point to be made is that the bi-
conic data can be correlated with Eq. (3) using some appropriate D. Some of
the laminar blunt data (not shown on Figure 6) falls within the concave curva-
ture region. This is shown with the appropriate correlation from Eq. (5) in

Figure 7. Once again the agreement is good.

-18-
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Laminar Blunt - Series J




E. 50-MW ARC DATA

The data presented in Figure 8 consist of seven points previously
reduced by Andersonl. The data are used exactly as given in this reference,
The roughnesses used are the k85 values discussed eaxilger. The se were 14
obtained from distributions measured by Kratsch, et al"~ and Swain, et al
on postlaminar test specimens of ATJS graphite and MOD 111-A carbon-
carbon, With the exception of one anomalous point, the agreement is
extremely good. Blowing was not included in the momentum thickness cal-

culation. This would slightly lower Re Two important observations can

be made from these data. First, the reeis no apparent noise influence in the
data. This has long been a source of uncertainty in the 50-MW data,
Second, there is no apparent "in situ' roughness effect, i.e., the post test
roughness used in the correlation appears to be very close to the actual
roughness during the test. Obviously many more tests have to be examined,

but data of this type could have great value.

Figure 9 is a typical ATJS roughness distribution15 and is shown in
order to demonstrate the selection of the k85 value, * The roughness height
distribution has a sharp knee at a value of 0.15 (corresponding to k85) on the
ordinate. From this point, the spacing between elements increases rapidly
as roughness height is increased (this assumes large spacings are associated
with large roughness elements) implying that elements larger than this will

be less likely to form a continuous transition line (but will tend to produce

“The fact that these larger roughness elements might determine the mean
transition front was originally suggested to the author by D. C, Reda of
the Naval Surface Weapons Center (NSWC),

2

1"K. M. Kratsch, et al., Erosion Mechanisms and Improvement of
Graphitic Materials, Vol., II, Hyperthermal Erosion Tests and Surface
Roughness Characterization, AFML-TR-70-307, Vol. II, McDonnell
Douglas Astronautics Co., Huntington Beach, California (June 1972).

14C. E. Swain, R. B. Dirling, Jr., and J. D. Baldwin, Erosion Mechanisms
and Improvement of Graphitic Materials, AFML-TR.73-286, McDonnell
Douglas Astronautics Co., Huntington Beach, California {November 1973).

15R. B. Dirling, Jr. and K. M, Kratsch, Graphite Microroughness and
Material Property Characterization Tests, MI?CGE?EQ, McDonnell Douglas

Astronautics Co., Huntington Beach, California (April 1975),
21
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forward transition points or asymmetries). The k85 elements, however,
are associated with a width of approximately 40p and a spacing of approxi-

mately 65u, thus forming a nearly continuous front.

F. DEMETRIADES, LADERMAN DATA'®

These data are taken on a 7-in. nose radius hemisphere at M = 6, 0 under
ncar-adiabatic wall conditions. Point of transition is determined using both
hot wire and pitot tube. The data are compared with the concave curvature
correlation from Eq. (5) in Figure 10. The 2. 36-mil data roughly straddles
the correlation, hot wire above, pitot below. The 4,77-mil data is high.
This discrepancy is thought to be due to the fact that the boundary layer
temperature distribution for this adiabatic case is radically different from
the cold-wall tests used to form the correlation. This could be corrected,
but future tests are planned using a cold w~all. The data, which will be
looked at in toto at that time, are important hecause the Goertler vortex
region appears to extend to about S/R - 1,0, possibly because ReD is
higher than most of the previous data (but still lower than low altitude
flight), or because of the higher TW/'}'c values, This tends to indicate that

for typical flight trajectories most of the nose is in the concave flow region.

16.‘\. Demetriades and A, J. Laderman, Advanced Penetration Problems
Program, SAMSO-TR-75-51, Vols. [ and II, Space and Missile Systems
Organization, Air Force Systems Conimand, Los Angeles, California
(December 1974),
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. O Po-=250psia, k=2.36 mil
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I1II. CONCLUSIONS i

The extension of the correlation to very small roughness, i.e., 10 uin.
in Figure 1b, implies that there are no "smooth' walls. In the absence of
noise, some Reynolds number will eventually produce transition no matter

how small the roughness. Previous correlations using only a single corre-

lation for both the concave and convex flow regions show a greater k depen-
dence, For instance, PANT uses a power on k of -0.7 rather than the -1/3
used here, This made the correlation too high at small roughnesses and led
to the necessity of introducing a ""smooch wall limit'" or freestream noise to

explain the observed early onset,

Correspondingly, this correlation shows no apparent influence of
freestream noise--either in the wind tunnel or flight tests. Even the 50-MW
data show no evidence of noise. One could argue that noise was the domi-
nating factor in these latter tests and the results fell coincidently on the
correlation, but this would require some strong substantiation. Noise can
become a factor if experimenters go out of their way to make it so. This
is apparently the case for data taken by Dunlap and Keuthe17 where a sphere
was shrouded in an attempt to simulate hypersonic flow. Data for these
tests (not presented here) fall far below the present correlations, nrobably
because of interaction between the shroud and the model. Thus, it seems that
data scatter previously thought due to noisy test conditions is more likely

due to the correlations used. It appears that roughness elements tend to

] become significant disturbances in high speed flows, while freestream

noise may become ‘'smeared out' in the associated large veloci radients,
Yy

L

Alternately, in low speed flows, noise is often dominating. Wind tunnel
tests of highly polished models, which were not studied here, are possibly
noise influenced.

3 ;
17R. Dunlap and A. M. Kuethe, "Effects of Cooling on Boundary-Layer
Transition on a Hemisphere in Simulated Hypersonic Flow, ' Journal of the 1

Aeronautical Scicnces, 29, 1454.1462 (December 1962).
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Nosetip asymmetry depends on the random distribution of roughness

heights and will always be present if significant size variation exists.

Roughness spacing, shape, various statistical characteristics (other
than k distribution), etc., appear to have much less influence on transition
than the properties correlated here, This applies only to the types of
roughnesses studied here; however, a large variation from these types

may produce an effect,

St




V. RECOMMENDATIONS

The correlation in Eq, (5) for the concave curvature region is strongly

sensitive to the power on Mach number and requires a fairly large extrapo-

lation to flight conditions. It is thus desirable that accurate higher M_ test
data be obtained in order to check the validity of the correlation and its
extension around the nosetip, Wind tunnel tests using the PANT models
would be ideal, but ballistic range data would also be very useful if transi-

tion location can be determined accurately,

Analytical studies should also be of value to determine the extent of
the concave curvature region and to establish some sort of correlation for
this. Empirical confirmation of the existence of Goertler vortices is also

desirable,

Finally an attempt should be made to apply the correlation in Eq. (3)
to frustra transition since there is no obvious reason why it should not work

there,
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NOMENCLATURE

a speed of sound
D diameter of nose, nose radius X 2
H enthalpy
k average peak to valley (PTV) roughness height
) k85 va-lue of k greater than 85% of other roughness element
heights
M Mach number
P pressure
nose radius
| ReD freestream Reynolds number based on nose diameter
3 (D = 2R)
Ree momentum thickness Reynolds number, ueG/ve
S streamwise distance from the stagnation point
| T temperature
u streamwise velocity component
U_ freestream velocity
:‘ 0 momentum thickness (smooth wall) ‘
l X peak-to-peak spacing between roughness elements
Vs dynamic viscosity; also microns
v kinematic viscosity
p density
Lt T wall shear at trip location
1
k.

s

. :ﬁuw.
©ogae
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Subscripts

e boundary-layer edge

w wall

o model stagnation condition
© freestream

TR

g s
Nl
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NOTES ON TABLE 1

General

For the sake of brevity, detailed discussion of the experimental
procedures used in each reference has been avoided. However, some gen-
eral observations should be made. For consistency all of the data reduc-
tion, except where noted, has been done by Aerotherm/Acurex. This
includes all of the PANT and ART data. The same test models were used
in both of these series., A detailed summary of the PANT series is given
ir Ref. 19 as well as in Refs, 1 and 2, In most of the data used here the
point of transition was determined by extrapolating the turbulent heat trans-
fer coefficients or Stanton numbers back to the laminar distribution for these
quantities. The intersection of these two curves was taken as the point of
transition. Heat transfer coefficients from most references were obtained

from backface thermocouples on thin-walled calorimeters.
Notes

a, The roughness height used is that peak-to-valley (PTV) value which
on a roughness distribution curve is greater than 85% of the rough-
ness elements, kgg (see discussion in text). For uniform, (narrow
distribution) manufactured roughness, kgg is approximately equal
to the average PTV value and this latter value was used in these
cases, In references where only the rms roughness height was
reported, the correlation PTV = 4 X rms was used. This corre-
lation is discussed in detail in Ref. 19.

b. For the PANT series A tests, backface thermocouples were
located along three rays on the body at 0°, 90°, and 180° from the
vertical. Only the two best rays of data were reported in each
case,

c. S/R denotes the location of transition in radians. All local condi-
tions are evaluated at this point.

d. This is the "smooth wall' value of momentum thickness. Except

where noted, it has been calculated by Aerotherm/Acurex using the
BLIMP code and a Sutherland viscosity model with p ~ TO0.7
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e. These roughnesses were formed by grit-blasting.

f. These roughnesses were formed by brazing spherical copper
particles to the calorimeter,

g. These roughnesses were formed by brazing chopped wire

particles of 40-mil diameter to the calorimeter. These particles
were large enough that they did not deform during the brazing
process. Brazed particles of 10 mils or less did deform giving
a distinctly different shape, see sketch. As the sketch shows, in
areas where the 40-mil cylinders are packed close together they
produce an effective roughness height of approximately 20 mils.
Further, the roughness height Reynolds number Re) approached
1000 for the 40-mil case and was usually less than 250 for the
smaller roughnesses. This apparently allowed the flow to sepa-
rate over the 40-mil particles, as indicated by the dashed lines i
in the sketch, and thus produce approximately a 20-mil effective 3
roughness even when the particles were not closely packed.
This, of course., would not apply as the stagnation region is
approached and Rey falls off. Thus, for S/R < 0. 14 the 40-mil
roughnesses were given that value and for S/R > 0. 14 they were
treated as 20-mil roughnesses. This was applied to both the

i PANT and ART data and produced excellent agreement, see

' Figure 2.
’. k = 40 mils
\\v X
\\",
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’ k < 10 mils
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A 5.0-in. nose radius on an 8° cone having a 5.0-in. diameter
at the sphere-cone juncture (shoulder).

For geometry see sketch on Figure 6.

This shape is designed to simulate a stable laminar shape, see
sketch on Figure 6.

Roughness formed by molten copper spray.
Taken from Ref. 1,

Tw estimated at 530° R, personal communication with
J. C. Dunavant.

From Ref. 1, based on estimated wall temperature.

Roughness ranged from 2 to 4 mils (used 3 as a nominal value). ‘
Method of producing roughness not given, i

Hot wire and pitot measured points of transition coincide,
Mirror polish.

Obtained from Ref. 20.

Obtained from Ref. 21.

JANAF base state,

Obtained from measured pressure distributions, Ref., 23,

These values of 6 do not include blowing.

-59.

e A o Y vy e g - s o B L e - -

R | o




