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WAKE INVESTIGATION ON SHARP AND BLUNT NOSE
CONES AT SUPERSONIC SPEEDS

Prepared by:

R. Lehnert
V. L. Schermerhorn

ABSTRACT: A study was made of the relationships between
given local flow conditions at the downstream end of cones
in supersonic flow and the corresponding base pressure and
wake configuration.

The models chosen for this investigation were a 100 semi-
apex angle, sharp cone and a 100 semi-apex angle, sphere cone.

Surface pressure distribution anc e pressure measurements
were made as well as total-pressi 4 surveys of the wake and the
boundary-layer near the base. A of the measurements were
taken at zero angle of attack. Variation of the boundary-
layer profiles immediately upst eam of the cone bases was
accomplished by changing surfage roughness and the wind-
tunnel supply pressure and t.mperature. The local Mach number
was the same at the dowsst-ieam end of both cone models due
to the proper choice of the ambient Mach number.

VThe boundary-layer development along the cone surfaces was

calculated for each case tested in the wind tunnel. The
momentum thickness Reynolds numbers at the end of the cones
derived from these calculations were in good agreement with
the ones obtained from the boundary-layer surveys.

It was established that the base pressure and the wake angle
are the same for sharp and blunt nose cones of the same half
angle when the local Mach number and the Reynolds number based
on boundary-layer momentum thickness at the downstream end of
the cones are the same.

U. S. NAVAL ORDNANCE LABORATORY

White Oak, Silver Spring, Maryland
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This report presents results of experimental wake-flow studies
on sharp and spherical-nose 100 semi-apex angle cones and the
correlation between wake flow behavior and local flow conditions
at the downstream end of the cone. Further, a theoretical
study of the boundary-layer development along the cone surfaces
was carried out.

The task objective was originated by Dr. R. K. Lobb and the
work was perforned for the Army Ballistics Missile Agency
under Task Number NOL-300.

The authors are deeply indebted to Dr. R. K. Lobb for his active
interest in this project. Partic,,lar acknowledgemint and thanks
are due to Mr. J. Persh who participated in the theoretical
boundary-layer treatment as a consultant and promoted greatly the
IBM machine computations. Further, the authors are indebted to
many persons too numerous to mention in the Aerodynamics and
Mathematics Departments for various contributions to model and
instrumentation design and fabrication, wind-tunnel testing, and
data evaluation. However, Mr. Henry Sweet is to be particularly
commended for the excellent manner in which he handled the com-
plex test set ups and the wind-tunnel operation associated with
the project. Thanks are due W. R. Witt, Jr. and J. J. Brady
for the use of shadographs taken in the NOL Pressurized
Ballistics Range.

MELL A PETERSON
Captain, USN
Cor•,•.nder
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SYMBOLS USED IN TEXT

Cf local skin.friction coefficient

d distance between roughness elements

D base diameter of roughness elements
6*

H shape parameter - Z-

k average roughness elevation

k equivalent sand roughness

L axial length

Ma Mach number

P static pressure
P 0 Pitot pressure0

r recovery factor

R base radius U p

Re/Ft Free-stream Reynolds number per foot; Re/Ft - POO__JPoo
Rea Reynolds number based -on boundary-layer momentum

thickness or Momentum thickness Reynolds number

Reo e Pe

Re O Re at the downstream end of the cone

Re Reynolds number based on distance along surface
5 UPes

from stagnation point; Re s -

s contour length from stagnation point (see Figure 6)

T absolute temperature

T ' stagnation temperature0

U velocity in flow direction

Y model contour ordinate (see Table I)

a angA.e between a surface element and the flow
direction ahead of the bow shock

B angle of elevation (see Figure 4)

ratio of specific heats

5* boundary-layer displacement thickness

V
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wake angle (see Figure 12)

0 boundary-layer momentum thickness

Svis c o s i t y

1'kinematic viscosity

p density

azimuth angle (see Figure 4)

The symbols a, b, c, d, e, , sw, n, I , n are empirical con-

stants and are defined in place in Appendix A

SUBSCRI PTS

ad equilibrium wall temperature for zero heat transfer

b values on base or sting

B values inside the boundary layer

c values on cone at most downstream station (1.5
inches upstream of base)

e values at outer edge of boundary layer

inc incompressible

L value at edge of laminar sub-layer

Lam laminar

o supply conditions

R rough surface

s distance from nose on model contour

TR transition values

Turb turbulent values

w values in the wake

OD undisturbed free-stream conditions

vi
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WAKE INVESTIGATION ON SHARP AND BLUNT NOSE
CONES AT SUPERSONIC SPEEDS

INTRODUCTION

1. The wake of supersonic vehicles is known to be dependent
upon the local-flow characteristics directly upstream of the
base (references (a), (b), and (c)). Consequently, for a
given body geometry, knowledge of the structure of the boundary-
layer as well as the Mach number at this critical locale con-
stitutas the key for predicting the wake-fl Tw, The common
similariity parameters, Mach number and Reynolds number based
on free-stream conditions, do not correlate in a unique fashion
the pertinent local flow conditions with wake-flow structure.

2. A study was made at the Naval Ordnance Laboratory, White
Oak, to establish experimentally whether or not a unique
relationship exists between given local-flow conditions at the
downstream end of cones in supersonic flow and the resulting
wake conditions independent of the history of the generation
of these local conditions.

3. The models chosen for this investigation were a 10" semi-
apex angle, sharp-nose ccinc and a 10 semi-apex angle, spheri-
cal nose cone, being referred to later on also as the sharp
cone and the blunt cone, respectively.

4. Local-flow characteristics at the most downstream station
on the cones were determined from surface pressure distri-
bution measurements, wall temperature measurements, and
boundary-layer total pressure surveys. Base pressures were
measured and the corresponding wake-flow structures were ob-
tained from total-pressure wake surveys, schlieren photographs,
and Prandtl-Meyer expansion computations. The sharp cone was
tested at Mach numbers of 2.66, 2,74, and 2.76 while the blunt
cone data were taken at Mach numbers of 4.74 and 4.85. Boundary-
layer surveys were made for a restricted number of tests;
consequently, it was necessary to calculate the boundary-
layer growth along the body contours in order to have a
momentum thickness Reynolds number, ReQ'c with which to

correlate the wake angles and base pressures of all the tests.

DESCRIPTION OF FACILITY, MODELS, AND TECHNIQUES

5. The experimental investigation was performed in the NOJ
40 x 40 cm continuous Aeroballistics Tunnel No. 2. This
supersonic, recirculating type tunnel is capable of con-
tinuous operation in a Mach number range from 1.2 to 5.0 at
supply pressures from about 0.2 to 3.5 atmospheres and at
supply temperatures from 300'K to 400*K.

1
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6. The models used for this investigation were a 10* semi-
apex angle, sharp-nose cone (sharp cone) with a flat base
of 6 inches in diameter (Figure 1) and a 100 semi-apex angle,
sphere ^one (blunt cone) with the same base diameter (Figure 2).
The sphere cone nose radius was 1.5 inches or 0.5 times the
base radius (R) giving the sphere cone a bluntness ratio of
0.5 R while the sharp cone nose radius was 0.005 inches.
In addition, the flat base could be exchanged for a spheri-
cal base with a radius of 4.618 inches (Figure 3).

7. The distribution and location of the 16 static pressure
orifices on the nose and the conical surface of the blunt
cone are shown in Figure 4 and in Table I. The sharp cone
was fitted only with orifices at stations 14, 15, and 16
located 1.5 inches upstream of the base.

8. Base pressure taps, were digtributed over the spherical
base as indicated in Figure 4 and Table I and on the support
sting at its intersection with either the flat or the spheri-
cal base as shown in Figure 4.

9. A thermocouple was placed 1.5 inches upstream of the
base of the sharp cone for measuring wall temperatures.

10. The original surface finish of both models was about 125
micro-inches. During the investigation the sharp cone surface
was polished to a finish of 15 micro-inches in an effort to
obtain data at lower Reynolds numbers. To trip the boundary-
layer on the blunt cone single roughness elements in the form
of various diameter annular trip rings, inserted at the
junction of the nose section and the conical body (Figure 4)
were first used and secondly a distributed surface roughness
of No. 24 grain carborundum powder (Figure 5) was applied.

11. The models were mounted in the NOL 40 x 40 cm Continuous
Aeroballistics Tunnel No. 2 on a cylindrical sting support
1.5 inches in diameter. At its downstream end, the sting was
fastened to the tunnel sidewall by a special double-wvedge
support beam. A hinge system at that location permitted a
pitch-and-yaw angle adjustment of the models while the tunnel
was blowing. The desired zero pitch-and-yaw attitude was
achieved when the differential pressures between the three
cone surface orifices near the base were zero within the
measuring accuracy (0.05 mm Hg).

12. For the surface and base pressure distribution measure-
ments, multiple manometer banks with mercury and Dow Corning
Silicone oil (DC200 of a kinematic viscosity of 10 centtstokes)
were employed. These manometer banks were developed at KOL
and their features are described in reference (d).

2
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13. Wake surveys were performed with a total pressure probe
at stations two inches and four inches downstream of the
model bases. An NOL precision manometer was used to make
the measurements. Assuming the wake flow to be axially sym-
metricalthe wake studies were restricted to radial surveys
in a ve.rtical plane only, covering a distance from the sup-
port sting surface to a region well outside the mixing zone
of the wake.

14. Boundary-layer profiles in a vertical plane were measured
on the cone 0.9 inch upstream of the base with a total pressure
probe.

15. The wake and the boundary-layer total pressure surveys
were made with the same probe. The probe nose had a wall
thickness of 0.003 inch and an opening of 0.078 inch by 0.002
inch. Support and drive of the probe were ac•complished by
the use of a three-directional micro-drive apparatus. With
this arrangement the locations of the probe nose were deter-
mined with an accuracy of ± 0.002 inch. The starting position
for all surveys was given by the mechanical contact of the
probe nose with either the model-support sting surface or the
cone surface. This position was determined with a precision
cathetometer to 0O0004 inch. Due to the finite wall thick-
ness of the probe nose the survey station nearest to any
surface was restricted to a distance of 0.004 inch. The
survey intervals were varied in an individual fashion as
dictated by the minimum number of data points needed for
plotting a wake or boundary-layer profile.

16. Spark-schlieren photographs for the determination of
boundary-layer transition were taken at each run. The ex-
posure time was in the order of one micro second. Schlieren
photographs with 1/100 second exposure time were also tkken.
They showed the average wake-flow shapes.

17. The sharp cone was tested at Mach numbers of 2.66, 2.74,
and 2.76 at supply pressures from 0.4 atmosphere to 1.6 at-
mospheres and at supply temperatures from 390C to 58*C. Blunt
cone tests were conducted at Mach numbers of 4.74 and 4.85
with a variation of supply pressures from one atmosphere to
3.5 atmospheres and supply temperatures from 30C to 55*C.

APPLICATION O BOUNDARY-LAYER THEORY

18. For studying the interrelationship between boundary-
layer behavior and wake-flow, the Reynolds number based on
the boundary-layer momentum thickness, Re0 , was chosen to

describe the boundary-layer at the base. The simplifying
assumption of zero heat transfer was made.

3
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19. Measurements of the boundary-layer profiles needed for
the Re Oe determinations were carried out for some of the

tests. Theoretical calculations of the boundary-layer de-
velopment along the body contour were made in order to
determine Re for all the tests for which there were noQ,c

experimental boundary-layer data.

20. The method used for the calculation of the boundary-
layer growth is a stepwise solution of the boundary-layer
momentum equation for compressible flow:

f - -f (*/)+2 e I dPe 1+ y(1)

LdS I-Ue Te s i
using appropriate values of Cf and 6*/Q throughout the

laminar, transition, and turbulent regions of the boundary-
layer (references f, h, j). The quantities Ue, Pe' Y and
their derivatives and the temperatures Tad and Te were deter-

mined from the measured pressure distribution (Figure 6),
ambient flow data, and the model geometry. Details of the
calculation procedure are given in Appendix A.

RESULTS AND DISCUSSIONS

Surface Pressure Distribution

21. The results of the pressure distribution measurements on
the blunt cone with a 125 micro inch finish at Ma 0 4.74 are0o

given in the form of p/p 0  f (s/R) in Figure 6 and com-

parison is made with theory. The pressure distribution over
the spherical part of the model has been calculated according
to the modified Newtonian approach:

OD . 2(2
P T pI -- sin a (2)

o 00

where a is the angle between a surface element and the flow
direction ahead of the bow shock. The pressure on the cone
surface ao determined from the Kopal tables (reference (e))
is also given for compari3on.

22. Because of the deviation between the Newtonian distri-
bution and the experimental data only the experimental pressure
distributien has been used for the computation of the pressure
gradients needed for the calculation of the boundary-layer
development and the Reynolds numbers based on the momentum
thickness of the boundary layer.

4
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23. From the data obtained at stations 14, 15, and 16,
(1.5 inches upstream of the base) the local Mach number was
determined to Ma = 2.46.

C

24. An evenly distributed roughness (No. 24 Prain carborundum
powder) did not affect the surface pressure distribution.

Boundary-Layer Characteristics and Momentum Thickness Reynolds
Number.

25. Boundary-layer velocity profiles, momentum thickness, and
momentum thickness Reynolds numbers just upstream of the cone
barn have been determined from the boundary-layer total pressure
survey*, the measured local static pressure and a calculated
boundary-layer temperature profile. In this evaluation the
usual assumption was made that the static pressure across the
boundary-layer is constant and is equal to the pressure
measured on the cone surface. Local wall temperature data on the
sharp cone at Mam - 2.76 were found to be in agreement with

adiabatic recovery temperatures. Therefore, the wall tempera-
tures for all other cases considered were also assumed to be
equal to the adiabatic recovery temperatures. The Crocco
equation (reference f) was used to determine the temperature
profile

TB Tc Tc - TTad (UB) Tad- Te (UB)2

T_ '. _(T
0ee e e

With

T T2
c- ad- 1 + r Mae, where the recovery factor re e

was assumed asO.850:for the laminar region, 0.870for the trans-
itional region andO.896 in the turbulent region, equation (3)
reduces to

TB Td T T B'2

0 e e li

wbere:

(UB)2 MaiTB 
(5)

77- -2 T
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Solving equations (4) and (5) together yields

T T Ma2 N 2 T
e e ( - e6)

1Wr2 2 77
B ad Ma e Mae0 ad

which was used with equation (5) to determine 0 from:
TeUB UB
e B(I B)dY (7)
B0 "e e

The Reynolds number based on the boundary-layer momentum
thickness is then determined by

Q

Re0 ' PeUe,• (8)

or specifically - as needed for the correlatiun of base
pressure and wake angle - at the downstream end of the cone
by

ý!;,a - pec U (, c (9)P, epc\$e ,cI

A plot of the momentum thickness Reynolds numbers, Re@c,

as a function of the free-stream Reynolds numbers per foot,
Re/Ft, is given in Figure 7. Because there was reasonable
agreement between predicted data and experimental results
the theoretically obtained Re ,c was used in cases where

boundary-layer profiles were not measured. In these cases
it was only necessary to have spark schlieren photographs
for the determination of the location of the end of transition.
Representative samples of these spark schlieren photographs
are given in Figures 8(a) and 8(b). The sharp cone with a
15 micro-inch finish at Ma O- 2.76 and Re o,- 2470 shown in

Figure 8(a), experiencgd transition at a free-stream Reynolds
number, Re -4.16 x 100  At Maw- 2.74 and Re - 3090

(Figure 8(b)) transition on the sharp cone with a surface
finish of 125 micro-inches occured already at a free-stream
Reynolds number, Re - 3.45 x 106. However, in both cases the
Reynolds number based on the momentum thickness at the end of
transition was the same, Re ,TR; 1600. The corresponding

appearance of the end of transition has been pointed out by
arrows. The calculated relationship between the momentum
thickness Reynolds number and the distance along the surface
from the stagnation point at a local Mach number, Ma - 2.50,

C
is given in Figure 9 for the sharp cone. From this figure

6
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It appeaxes that for the sharp cone the location of the
transition region is a function of the supply pressure while
in terms of momentum thickness Reynolds number the start of
transition occurs at ReQ • 500 and the end of transition takes

place at Re0; 1600 independent of the supply pressure. A

plot of ReQc vs. Re for both configurations tested, is

given in Figure 10 where both Reynolds numbers are based on
the local condition at the edge of the boundary-layer.

Base Pressure as a Function of ReQ c

26. With the relationship established between Re Qc and the

Reynolds numer per foot (see Figure 7) or Re Qc and Re8 (see

Figure 10) it was possitle to correlate all base pressure data
taken with the sharp cone and the blunt cone taking into ac-
count model geometry and surface roughness. Figure 11 is a

plot of b vs. Re 0 ,c where P is the base pressure taken at
C

orifices 17 and 18 (Figure 4) one located at the intersection
of the flat base and the support sting and the other one
1.0625 inches downstream of the flat base. P is the staticC

pressure on the cone surface mrasured 1.5 inches upstream of
the base. Despite the variation of individual parameters
known to influence the base pressure (pressure gradient, sur-
face roughness, ambient flow conditions), all the base
pressure ratios obtained show a common functional relationship
with respect to Reec when the local Mach number at the end

of the cone as well as the base geometry are the same. The
previously established general tendency of the base pressure
behavior in relation to boundary-layer characteristics (ref-
erences (a), (b), and (c)) is basically confirmed within the
available limits of Reynolds number variationpi.e., (1) rapidly
decreasing base pressure ratio with increasing free-stream
Reynolds number when the boundary-layer along the entire body
surface is apparently laminar; (2) existence of a base pressure
ratio minimum when the boundary-layer becomes turbulent at
the model base; and (3) slowly increasing base pressure ratio
with increasing free-stream Reynolds number approaching a
quasi constant value when boundary-layer transition travels
upstream on the body. In terms of momentum thickness Reynolds
number the onset of boundar;-layer transition occurs at ReQ,c•

500 where the slope of the b vs. Re 0C curve (Figure 11)
C

experiences a sudden change, and the end of transition takes
place at Reg e 1600 where the base pr ssure ratio is a minimum.

7
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27. From these results the very interesting conclusion can
be drawn that the pressure on the flat base of a cone is a
function of the Reynolds number based on the momentum thick-
ness of the boundary-layer at the base for a given Mach
number on the cone surface and is independent of the
history of the boundary-layer development. In the case of a
sufficiently high Reynolds number, Re0  , where the boundary-

layer at the base is fully turbulent the base pressure seems
to be constant with increasing Re so that for the Re 0@

range considered the knowledge of an exact ReOC is no

longer necessary. With a turbulent boundary layer the
theory of Korst (reference (g)) becomes applicable and com-
parison with the sharp cone data is made in Figure 11. The
agreement between theoretical prediction and experimental
data is reasonably good.

Wake Angle as a Function of Re 0 1C

28. The wake angle is defined as the angle between t'h outer
edge of the wake mixing zone and the envelope of the displace-
ment-boundary layer (Figure 12). Three different methods were
used to determine the wake angle: direct measurement from
schlieren photographs, Prandtl-¥eyer expansion computation
based on measured cone and base pressures, and evaluation of
the total pressure profiles measured across the wake. Figure
13 shows a typical example of a total pressure wake profile
four inches downstream of the base of the blunt cone at
MaR0 - 4.74 and Re - 850. The wake pressure ratio P /P'o

has been plotted as a function of the distance from the
support-sting surface, where Pw is the local-total wake pressure,

and Po0 is the Pitot pressure measured at the stagnation point

of the blunt cone. Between the sting surface and the inner
edge of the wake mixing layer Pv,/Po is constant and at a level

corresponding to the pressure measured at the base of the model.
Within the mixing layer the pressure rises steeply, the slope
of the pressure-distance curve being approximately constant. A
sudden deviation from this slope occurs at the outer edge of
the mixing layer. The coordinates of the outer edge of the
mixing layer, obtained for the various conditions at cross
sections two and four inches behind the cone base, were used as
the determinirng coordinates for the wake angle computation.

8
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Wake angles obtained by the three different methods have been
plotted as a function of ase. in Figure 14 for the sharp

cone and the blunt cone with flat bases. The results show that
the wake angle is related to Re0 in a fashion corresponding

to the behavior of the base pressure ratio with respect to
go Otc . It can be noted that the base pressure ratio and wake

angle curves demonstrate a perfect mir-vr image behavior to
each other since the wake angle was found to agree with the
angle of flow expansion around a sharp corner depending upon
the cone and base pressure ratios. This fact is of practical
importance for the analysis of shadowgraph and schlieren pictures
of models whose base pressures are not known.

29. As an example for the application of this relationship a
spark shadowgraph (Figure 15) taken of a smooth 100 semi-apex
angle cone (2.88 inch axial length) in the NOL Prestsurized
Ballistics Range at Ma O - 2.35 was evaluated. The wake angles

were measured and the cone Mach number was determined as Mac-= 2.15

from the [opal Tables (reference (e)). With the assumption of
a surface roughness equivalent to that of the wind-tunnel model
and adiabatic recovery temperature on the model surface a
corresponding local Reynolds number Re at the end of the cone

was computed from the ambient conditions. Using this Re 8 and
the curve for the sharp cone at Mace- 2.74 (Mac= 2.48) in

Figure 10 an Re0 c- 2620 was determined. The wake angle

plotted in Figure 14 and the corresponding base pressure ratio
given in Figure 11 are in good agreement with the wind-tunnel
data. Additional evaluations of several other NOL firing range
shadowgraphe of 10* cone models at Mam=- 2.80 and with a cone

Mach number, Ma c- 2.50, yielded a wake angle and a correlated

base pressure ratio both being in favorable agreement with the
extrapolwted wind-tunnel data at ReQ = 3250 as shown inQ,c
Figures 14 and 11, respectively.

Iffect of Base Shape on Base Pressure and Wake Angle

30. In addition to the investigations of the two cones with
the flat base some base pressure and wake angle data were
taken on the rough, blunt cone with a spherical base at Mas=

4.74. This particular configuration was of interest to the
sponsoring agency. The data are plotted with the results ob-
tained from the flat base cones in Figures 11 and 14, respectively.
It appears that the base pressure ratios and the corresponding
wake angles obtained with the spherical base deviate considerably
from the flat base data at the lower end of the ReoQc region

while at about Reot- 1700 the flat and spherical base data are

nearly the same.
9
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Base Pressure Distribution on a Spherical Base Cone

31. The base pressure distribution on the spherical base of
the blunt 100 sphere cone has been plotted in Figure 16 with
Re ,c as the parameter. All profiles show the same tendency,

namely, that the pressure near the edge is very nearly the
same as the one at the sting while a pressure maximum develops

P b
in between. The value of "- at the edge and the magnitude of

C
the maximum are functions of Regc,, i.e., both decrease with
increasing ReQ C"

Concluding Remarks

32. It has been shown that the base pressure and corresponding
wake angle of a blunt spherical nose 10o semi-apex-angle cone
whose boundary-layer development is subject to pressure
gradient and surface roughness effects are the same as those
obtained with an ordinary sharp nose 100 semi-apex-angle cone
if the momentum thickness Reynolds number and the cone Mach
numbers at the base are the same. This finding suggests that
base pressure and wake flow data obtained on sharp cones at
moderately high free-stream Mach aumbers can be applied to
blunt cones with the same cone half-angle at higher free-
stream Mach numbers.

33. The momentum thickness Reynolds numbers obtained from
boundary-layer calculations compared very favorably with those
determined from the measured boundary-layer profiles. Con-
sequently, the theoretically predicted Reynolds numbers based
on boundary-layer momentum thickness may be used for base
pressure and wake angle correlation. In the case of an en-
tirely laminar boundary-layer on the body of a sharp cone no
further empirical information is needed for the boundary-
layer growth calculation. If transition occurs on the body
its location aeeds to be known for the computation of the
transitional and turbulent boundary-layer development.

34. Findings on the relationship between measured wake angles
and base pressure ratios established the validity of the appli-
cation of the Prandtl-Meyer concept to the base pressure
problem. Consequently, two of the determining quantities
(cone pressure, base pressure, and wake angle) define the
third one. This provides the possibil:Ity to obtain base
pressures fairly well from spark shadowgraphs or schlieren
photographs without any pressure measurements, if the model
geometry and the ambient flow conditions are known.

10
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APPENDIX A

CALCULATION OF THE BOUNDARY-LAYER DEVELOPMM

ALONG THE CONE SURFACES

Laminar Flow

The region of laminar flow on a given body contour was cal-
culated using a modified form of the compressible boundary-
layer analysis for axially symmetrical flow given in reference
(0). Inasmuch as the transitional and turbulent flow regions
were computed by a stepwise solution of the boundary-layer
momentum equation

S- --f (16 /,)+2) dUe 1 dp e Ldy

• i- + as + yT (IA)

it was necessary to revise the analysis of reference (l) so that
equation (GA) (which is applicable for laminar, transitional
and turbulent flows) could be used over the entire body.

The following analysis is partially presented also in

reference (i).

To start the calculations, it was stipulated that

dO1 - 0

Us -a -o(2A)
so

Ce O(6*/G)Lan+2 dUe 1 dpe 1 dam' U C +TeS + 'T (3A)

At a point on the surface of the model very close to the
stagnation point, the values of Ues 0e' and Y and their
derivatives and the temperatures T and T were evaluated

O e
from the model geometry and the experimentally determined
pressure distribution. A trial value of 0 was assumed and
the following relations from reference (h) as revised in
reference (i) were solved by an iterative procedure until
equation (3A) was balanced.

f LanU 
(4A)

and (- inc - +H - 1 (5A)

14
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where

S- a n b + 0 .2 2 (6 A )

Hilnc " cnd + e (7A)

The equations for R and Hinc were obtained by empiricilly

fitting the correlation curves shown in reference (h) as
Figures 1 and 6, respectively, for only the favorable pressure
gradient regions.

The empirical constants A, b, c, d, and e were computed using
the following expressions (reference i):

a - - 1.106(3w)0.924 + 1.28 (8A)

b - - 0.088(Sw)4.533 + 0.903 (9A)C- 7.776 8 3 + 16. 125 S w2 + 7. 151 S 2.363 (10A)
w3  w wlA)

d 0.328 S w + 0.034 S w2  0.174 Sw + 0.73 kliA)

e- 2.6 (S + 1) (12A)
T w

Sw "- - 1 (13A)
0finally 02 dU T '

n - T from reference (i) (14A)

For the sharp cone, with no heat transfer and zero pressure
gradient, equation (1A) reduces to

dO constant )
. '• Pe 1/4

where, constant e T e (16A)

and 2 - 0.22 (17A)

Transition Region Flow

The start of boundary-layer transition was determined by a
semi-empirical method. This method necessitated the know-
ledge of the location of the end of transition which coincided
with the beginning of the fully turbulent boundary layer.
Schlieren pictures taken for all test conditions furnished
this information. The transition region calculations were
started at some point and continued until the local skin friction

15
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coefficient Cf m Cf at the location determined fromcoefiie tR -CTurb

schlieren photographs. This means several trial calculations
had to be made to locate the start of transition, but for
any one model and surface configuration, the momentum thick-
ness Reynolds number of transition was constant for varying
free-stream Reynolds numbers as can be seen from comparison
of Figures 9 and 10 of the text.

The details of the following analysis, are given in reference
(f)

At the specified transition location, the values CfTR and

(6*/Q)TR for use in the following equation

SCTf (5*/O)TR +2 dUe 1 dp 1 dYe (8A)dOR T_+ de

2l - 01 Ue -u + Te a's V•s 1A

are to be computed as follows. Using the equation
constant

C Cf - conant (reference i) (19A)
f TR fTurb Re 9

where Cf is calculated using the procedure described in

reference (J). The constant is calculated at the start of
transition where Cf R frC f Re. is known from the laminar

TR Lam
calculations. Once the constant has been determined subsequent
values of CfTR are computed from equation (19A). At the ob-

served location of the end of transition as determined from
schlieren photographs

CfTR - CfTurb (20A)

Figures Al and A2 are plots of the experimentally determined
location of the end of transition.

To compute (6*/')TR use

TR •T U (21A)fo e,

16
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where
U1
(Y "TR (22A)

T T ad T ad-T 2 U23N
andyI 1111 U 2A

S e e e)

for zero heat transfer

and nTR - 1.25 + 5.25 x 10- ARe - 1.9 x I0-6 (Z-Re 9 ) 2 (24A)

where

ARe - Re0 - Re ,TR' start (25A)

Equation (18A) reduces to
C

d C fTR _-0 for the sharp cone (26A)
s - s

Figure A3 is a plot of the skin friction coefficient
showing the transition from laminar to turbulont boundary
layer.

Turbulent Flow

The details of the following analysis are given in reference (j)

At the position along the surface where a fully turbulent flow
is assumed to exist the following relations are used to calculate
C and (66/9)Turb for use in the following equation

CfTurb 6'*/"urb + 2  dUe 1 dpe 1 diY

S2b + Z 27A)

From reference (j)

CfTurb 1- i 2 n - 2W- 1

(2 0 -)T 1T ) e_ (28A)

ee

U1
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TL Tad Tad - Te UL(30A)
r = T-e Te \-'• (30A
e e e

where the subscript L refers to values at the edge of the laminar
sublayer

and 1.0 TO( -U )d(Y)
5 Turb 0 TU e (3iA)

0 T-7-(z- )d
e e

u 1/'n
with 7- . (Y/3) (32A)

e
wherew Turb w 2,05 log ReO - 1.65 (33A)

and w Exponent in the viscosity temperature relationship

w= 0.76

T Tad Tad T (U
d ad- e( T (34A)

e e e e

Values of Q for use in equations (28A) and (25A) are computed
using 3

£ 1.*0 T eU u (Y) 3Ao(1 - U ) d (35A)
e e

with equation (32A)

Values of and (6*/Q) are tabulated for a wide rangeadeTurb

of Mach numbers and values of i in reference (k).

Equation (27A) reduces to

dQ Turb - for the sharp cone (36A)
'-]s 2 s

where

CfTR and CfTurb are computed as above, in equations (19A) and

(28A).

18
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Effect of Surface Roughness

It was assumed that the effect of roughness could be neglected
as long as the boundary layer stayed laminar.

For the rough blunt cone, using some unpublished results of

J. Persh, the turbulent local skin friction is defined as

Re k x 10-4

CfTurb + s I1! +2 (37A)

CrR "Re0
0 2 6 8 x 100. 6 7 8 (+3

where

Rek e es (38A)
kPe

and the transition region local skin friction coefficient is
defined by

C C constant (39A)
TransR TurbR Re@ 2

where k. - the equivalent sand roughness, and the constant

is again evaluated at the transition point, where

Cf - C (40A)
TransR fLam

The equivalent sand roughness was determined from Figure A4
which is a plot of experime,•tal data taken from Figure 20:22
of reference (t). As the number 24 grain applied to the model
is roughly conical in shape, the curve for cones in Figure A4
was considered most nearly applicable for the calculations.
The average height of the roughness particles was determined
from schlieren photographs and the ratio of the particle
spacing to particle base size was taken as d/D = 1. The 1 to
1 ratio was used since it approximates that of the No. 24
grain on the model surface. The average elevation as taken

k
from schlieren photographs is k - 0.0097 inch, and F M 2.6 from

d
Figure (A4) at l of 1 therefore, ks - 0.02519 inch. Using

equitions (21A), (37A), (38A), (39A), and (40A) the following
equations were solved to determine the boundary-layer growth

19
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for the transitional and turbulent regions, respectively:

dQ TRR (6*/Q)TRR + 2 dUe 1 d PdY
i - He as (41A)

and

S f(Turb6 I*/Q)Tb + 2 dUe iPeQR I_ TUeb e 1_ de 1dY
- ... Q1 + --_. +] (42A)

Figures A5 and A6 are sample plots of the Reynolds number based
on momentum thickness as determined from the above calculations
over the sharp cone and blunt cone, respectivelywhile Figure 7
in the text is a plot of all the calculated Reynolds numbers
based on momentum thickness at the end of the cone as a function
of free-stream Reynolds number, in comparison with the momentum
thickness Reynolds number obtained from the boundary-layer surveys.

20
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APPENDIX B

97FZCTS OF SURFACE ROUGHNESS

The base pressure and wake flow investigations on both the
sharp cone and the blunt cone were carried out in as large
a common region of momentum thickness Reynolds numbers as
possible in order to have sufficient comparative Jata in the
laminar and turbulent boundary layer regime. For the sharp
cone tests at Mach numbers of 2.66, 2.74, and 2.76 the
supply pressure in the wind tunnel was varied from about 0.4
atmosphere to 1.6 atmospheres. This variation permitted a
modification of boundary-layer development from completely
laminar to turbulent over the downstream half of the cone.
Bowever, the blunt cone with the 125 micro-inch finish tested
at Ma - 4.84 with an available maximum supply pressure of

3.5 atmospheres experienced only a laminar boundary layer.
Consequently, it was necessary to produce transition on the
body by boundary-layer tripping.

Attempts were made to trip the boundary layer with rings
located downstream of the favorable pressure gradient region
of the spherical nose of the blunt cone (see Figure 4 of the
report). Ring elevations from 0.005 inch to 0.035 inch above
the model surface were tested at Ma - 4.74 and supply

pressures from I to 3.5 atmospheres. All trip ring elevations
larger than 0.005 inch caused local shocks which were un-
desirable in view of the requirement that the surface pressure
distribution should not be affected by roughness elements.
Furthermore, as evidenced from spark schlieren photographs,
all trip rings with the exception of the one with the largest
elevation were ineffective with respect to boundary-layer
tripping on the body surface. The largest trip ring (0.035
inch elevation) promoted only turbulence bursts near the end
of the cone at the highest supply pressure.

Base pressures measured with the smallest and the largest
trip ring applied are plotted as base to cone pressure ratio,

pb/Pc, versus free-stream Reynolds number in Figure Bl in

comparison with the 125 micro-inch finish data, the data with
distributed roughness (No. 24 grains) on the entire surface,
and the sharp cone data (15 and 125 micro-inch finish). At
the same free-stream Reynolds numbers the base pressure ratio
was not affected at all by the 0.005 inch trip ring. This
result was evident from the spark schlieren photographs. The
base pressures obtained by application of the 0.035 inch trip
ring show a distinct departure from the data obtained with

21
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the 0.005 trip ring. The larger negativi slope of the base
pressure data with increasing free-stream Reynolds number for
the 0.035 trip ring indicates that the data extend into a
region of larger momentum thickness Reynolds numbers, Reg .

This is also evidenced by the appearance of turbulence bursts
in the boundary-layer near the end of the cone. A quantitative
correlation with Re was not made since boundary-layer

surveys were not taken in connection with the trip ring tests
and the inadequate performance of these single roughness
elements did not justify local pressure distribution measure-
ments and a modification of the calculation procedure for the
boundary-layer development in order to obtain Re9 c data.

However, it appears plausible to assume that the base pressure
data would fall in line with the base pressure ratio versus
Re 9  curve given in Figure 11.

Application of the No. 24 grain carborundum powder lead to an
effective average roughness element height of 0.0097 inch
which did not affect the surface pressure distribution.
Boundary-layer transition occurred at about five inches ahead
of the base at a supply pressure of 3.5 atmospheres. The
base pressures measured with this roughness reached the same
absolute minimum as the sharp cone (Figure Bi). The corre-
sponding momentum thickness Reynolds numbers (Re 9 ,c - 1630)

were the same.

Later tests at NOL on other models indicated that a smaller
grain size roughness would have been sufficient to promote a
turbulent boundary layer. It is conceivable that oversized
roughness elements particularly in the thin boundary-layer
region at the nose could lead to energy dissipation into the
potential flow. Consequently, in severe cases laminar
boundary-layer separation could occur. However, the undis-
turbed surface pressure distribution measured with the No. 24
grain distributed roughness indicated that the potential flow
about the blunt cone was not adversely affected.

22
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