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FOREWORD

This report is one of a series of related papers covering various aspects of a

broad program to investigate the flow-field variables associated with hypersonic -

velocity projectiles in free flight under controlled environmental conditions.

The experimental research is being conducted in the Flight Physics Range of

GM Defense Research Laboratories, General Motors Corporation, and is

supported by the Advanced Research Projects Agency under Contract No.

DA-01-021-AMC-11359(Z). It is intended that this series of reports, when

completed, will provide a background of knowledge of the phenomena involved

in the basic study and thus aid in a better understanding of the data obtained

In the investigation.

HI



GM DEFENSE RESEARCH LABORATORIE S : GENERAL MOTORS CO RPORATION

THB4-02K

ABSTRACT

Experimental measurements have been made of the distance of transition to

turbulence of the wake behind hypersonic spherical and blunted-cone models

at hypersonic speeds in a ballistic range. Transition distances behind blunt

bodies were found to be independent of body shape, whereas a definite shape

effect was observed for slendei bodies. A single shape pa-rameter was determined

which successfully correlated all the slender body data. The transition process

was found to be markedly different between blunt and slender body flows, the

transition occurring rather abruptly behind blunt bodies and being extended

over many body diameters for slender bodies. In all cases, the transition

distances were independent of body size and flight speed. The correlations

were found to break down at high Reynolds numbers where turbulence originated

at the recompression region. A method of using the distance to transition in

clean wakes to discriminate between blunt and slender bodies is outllined.
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LIST OF SYMBOLS

a speed of sound

b wake diameter

cR disturbance phase speed, relative to wake edge speed

CDf boundary layer drag coefficient based on free-stream
conditions and base area

C p pressure drag coefficient based on free-stream conditions
and base area

D model diameter

M Mach number

p pressure

Re Reynolds number per unit leng-th, Re = PV

S shape parameter defined by Equation 2

T temperature

V model speed

wC wake speed (relative to wake edge) where gradient of
density-vorticitv product vanishes

x transition distance measured from model nose

r" free-stream density in atmospheres r

u fluid viscosity

p fluid denw.ity

Po° standard sea level density

SUBSCRIPTS

e conditions at wake edge

o conditions on wake centerline

Co) free stream (ambient) conditions
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I INTRODUCTION

Present methods of detecting and discriminating amnong various rlleentring

vehicles rely upon observables which are characterhstic of the vehicle's- shape.

speed and altitude. The trail deposited by vehicles withia theatmosphere is a

source of such observables, and as such has been the subjtc!t of much scientific

interest in recent years. In particular, the strikii g differences between the

near-wake signatures of blunt and slender body shapes suggest a poxssible

means of discrimination.

Blunt-body wakes are characterized by a high-temperature inviscid outer wake

(Figure 1) generated by the strong portion of the detached shock at the body

nose, and a high-temperature, but narrow viscous inner wake generated by

the body boundary layer. In the case of a slender body. this inner wake becomes

much more important because of thicker boundary layers developed on the body

and also because the inviscid wake is at a lower temperature, being generated

by a weaker body shock. Consequently, the radiation and electron observables

generated in the trail vary from a case in which the flow field is shock-dominated

to one in which it Is boundary-layer-dominated as the body becomes more slender.

Further, the transition of the laminar viscous wake to turbulence is shape-

dependent, Inasmuch as wake stability is governed largely by the temperature

difference between the Inner and outer wake. The location of the onset of

turbulence is of prime importance both as an observable per se and because

turbulence mixing radically affects the observables. If the trail of a hypersontc

vehicle is to be used as a means of discrimination between blunt and slender

bodies, a systematic study of shape effects ;s essential.
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Earlier measurements of observables obtained in the GM DRL Ballistic Range

have been reported elsewhere.(1, 2)' The present paper is concerned with

schlieren studies of the laminar trail and transition to turbulence.

I1 BACKGROUND

Experimental evidence(3) indicates that the transition process in two-dimensional

viscous wake flows can be classified into three sequential regions: a linear, a

nonlinear and a three-dimensional region. It is expected(4) that transition

behind three-dimensional, axisymmetrtc bodies will be of a similar nature.

The first instabilities observed are small sinusoidal oscillations corresponding

to the classical Tollmein-Schlichting type. These oscillations amplify exponentially

in the linear region, eventually becoming finite, nonlinear waves in the nonlinear

region. The nonlinear disturbances appear to be vortical in nature, being best

explained by a model which consists of a double row of two-dimensional vortices,

analogous to the classical Kirmin vortex street. These vortices subsequently

distort into three-dime nsional disturbances before finally breaking up into

three-dimensional turbulence.

Experimental observations have been limited to a large extent to the location

of transition as determined by the first evidence of disturbances in the laminar

wake (the beginning of the linear region), since it is here that the flow first

becomes unstable. Further reference in this paper to the transition lxpint will

imply such a definition.

It is expected that the location of the transition point is controlled largely by a

Reynolds number based upon local wake conditions. At extremely low Reynolds

numbers, instabilities which might occur are damped by viscous dissipation

placing a lower limit on the Reynolds number at which transitio( may occur. As

the Reynolds number increases, the transition point moves towards the body

* Raised numbers in parentheses inicate refexences, listed at the end of
this report.

3
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until, in the vicinity of the body, it becomes "lodged" at the "neck" (Figure 1).

Since the free-shear layer formed by the boundary layer separating froui the

base of the body is stable at high Mach numbers, the transition point will jump

to the boundary layer at a sufficiently hign Reynolds number. A sketch of

transition distance in model diameters vs a pertinent Reynolds number based

on body diameter is shown in Figure 2, based upon the above arguments. It

appears from ballistic-range and wind-tunnel measurements using blunt bodies

that In the Intermediate Reynolds number region, x/D-- (Re D)Y' or Re x =const.(4)

This implies that we may define a "transition Reynolds number" which is

independent of body size. It must be borne in mlnc' that such an artifice must

be discarded when transition approaches the neck region. The effects of shape

upon the transition Reynolds number is not clear, but marked differences

between the values for spherical and conical models(5) indicates that a strong

shape effect exists.

For the phenomenon of wake transition to be of practical use in reentry detection

and discrimination, it is essential to relate transition to body or flight param-

eters. As stated previously, transition should be determined by the local wake

conditions, and indeed good correlations of this type have been obtained(6) by

basing Reynolds numbers on wake width and calculated wake edge conditions.

In this way, body shape and flight conditions are accounted for but are not

easily related to transition. Zelberg (5)has succeeded in correlating ballistic

range data of others (5-7)accounting for body shape by modifying the transition

Reynolds number as Re x(E where Re x is based on free-stream

conditions and MC and Me are the flight and wake edge Mach numbers. Once

again, however, Me is not easily related to the body shape.

For a given body shape, simple correlations are available. A Reynolds number

based on free-stream conditions seems to he satisfactnry fowr cirrelat=it, x I)

at constant flight Mach number. In fact, even the product I(DD appears to

suffice.(7) If shape effects are to be correlated, however, it is necessary to

have a better understanding of the transition mechanism and resort nitist Ibt.

made to analyses of wake stability.

4
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The linear region as defined in Reference 3 is the most amenable to aialvsIs of

the three regions. The initial ampltfication of sfttusoidal os( clhat tons can lhe

treated by a linearized theory such as the Orr-Sommerfield approach. Most

notable of the analyses of recent date which bring an insight into the hypers-onic

wake stability problem are the calculations of Sato and Kuriki (3for two-

dimensional incompressible wake flows: the work of Batchelor and Gtll(9) for

axisymmetric incompressible wake-type flows: and the extension of this work

to compressible flows by Gold. (1 01 In all cases the effects of viscous dissipation

are excluded (high Reynolds number assumption), and it is assumed thai the

flow is unstable only to subsonic disturbances.

In order that a disturbance be subsonic, the phase velocity of the disturbance

relative to the surrounding fluid (cR) must satisfy the condition

(cR) - ae (Condition 1)

where a is the sound speed in the fluid at the edge of the wake. Lees and
(1)e

Lin '1 ~have shown that a neutral subsonic disturbance must have a wave speed

equal to the fluid velocity (wc) at the point where the gradient of the density-

vorticity product is zero, i.e.,

(CR) ý Wc (Condition 2)

where w is measured relative to the surrounding (wake edge) flow. Gold(10•

6IT To - T w
has calculated Wc as a function of - Te where To and Te ore the

c T
viscous wake centerline and wake-edge temperatures respect\ivtly. The results

ATindicate a rapid decrease in cR as - is increased. Roth conditioms (1) and
R Te

(2) must be met for a subsonic neutral disturbance to exist, In the case 44 at

blunt body a is high but cR is also high since LT is low (llow itheld shock-
e RT

dominated). For a more slender Ix)dy ae is lower, but also c1 is l(,wt'Jr since

tT is higher (flow field boundary-layer dominated). Becaust. o this, IAe.s W
T "

indicates that subsonic disturbances can exist (wake no longer -,ah-nuniln' r

stabilized) fairly near the neck for bo)th blunt and slender bodies 1llu•-vter.

the amlplification rate of the disturbances ;'. also deptsident ';)(,, ._T and h,-ýuc
T

6
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upon the body slenderness. Gold(1 0)further shows that the amplification rate

is higher for low A . In other words, even though subsonic disturbances can
Te

occur for slender bodies, they may require considerable distances to amplify

before a transition point is observed.

From these considerations one might expect the blunt bodies to exhibit an early

transition with rapid amplification and an accompanying short region to full

turbulence. The very slender models, on the other hand, should exhibit a

later transition and a long region for amplification, behaving much as the low-

speed transition of Sato and Kuriki.

The slenderness of a body by these arguments has not been related entirely to

its shape but rather to the temperature difference between the Inviscid and

viscous wakes. The outer wake temperature is controlled by the body shape

but the inner viscous wake is affected not only by the shape but also by viscous

effects on the body or by the viscous drag. On the other hand, the shock shape

and hence inviscid wake heating is largely determined by the pressure drag of

the body. This immediately suggvsts that the temperature difference - is
DfTe

largely determined by the ratio C where CDf is the friction (viscous) drag

coefficient*, and C is the pressure (shock) drag. It appears then that

CI f/CDp should be a suitable shape parameter for correlating transition behind

bodies of various axisymmetric shapes. This parameter has been used to

correlate the results of the present investigation.

* To be more precise, the wake drag, CDW should be used. However, for

cone-like bodies, CDw -- CDf since the drag due to the trailing shock is

negligible. This is not the case for spheres, however.

7
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III EXPERIMENTAL STUDIES

1. General Observations

The wake-transition studies were performed In the GM DRL Aerophysics

Range, where launching techniques have been developed so that saboted conical

models can be launched at speeds up to 24, 000 fps. A series of cone models

were launched with semi-vertex angles (9) from 6. 3 to 45 degrees and nose-to-

base radius ratios (RN/RB) from . 06 to 1. Spherical models of 2.5-, 5-, and

15-mm diameter were also used. The models were copper coated to delay

ablation effect and ballasted where necessary to achieve a favorable margin

of stability. A sketch of the models used and a list of model dimensions is

given in Figure 3.

Transition distances were measured using an f; r10 and an f. 20 double-pass

schlteren system, described in detail elsewhere.(12) The f. 20 system employed

a laser light source of 10-nanosecond exposure and the f 10 a spark source of

150-nanosecond duration, giving maximum model motion blurring of . 003 and

. 040 inches respectively.

The schlieren system is sensitive to density gradients in the flow field. In the
aT

case of a blunt body where the temperature change i- is small, the density

gradients are small and the viscous wake is barely discernible from the inviscid

wake. The large density differences between the inviscid and viscous regions are

clearly noticeable for the cone, however. A comparison between the schlieren

photographs of the flow behind a sphere and a cone (see Figures 4. 7. and 91

points out this striking difference between shock-dominated and boundary-

layer-dominated wakes,

The low contrast between the viscous and inviscid wake til-trind lijit umndies:

makes the transition point and the ensuing fluid motion very difficult it stud"

from schlieren photographs. At low ambient densities and high flight Ma.h

numbers, only the outer inviscid wake is observed (Figure 5). This intviscid

trail extends behind the model for many hundreds of dt iaeteirs_ -ihit 3)hysl(c.I1

8
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2 0 oR 2

R RN/RB Mm ReD Mco xDM___D S

Degrees inches - - (Eq--2)

6.3 .125 .15 19.5 1.49 x 104  28 34
12.5 .125 .02 20.3 2.98 x 104  14 31
12.5 .125 .02 19.9 5.95 x 103  73 31
12.5 .125 .02 19.9 5.95 x 103  73 31
12,5 .125 .06 20.6 1.48 x 104  24 31
12.5 .125 .06 20.3 1. 48 x 104  30 31
12.5 125 .06 20.3 1.48 x 104 31 31
12.5 125 .06 20.3 7.96 x 103  61 31
12.5 125 .06 20.3 7.96 x 103  55 31
12.5 125 06 20.0 1.48 x 104 30 31
12.5 125 .06 20.0 1,48 x 104  30 31
12.5 .125 .06 20.0 9.90 x 103  39 31
12.5 .25 .03 17.7 l. 19 x 104  39 31
12.5 125 125 20.7 9.90 x 103 50 30
12.5 .125 16 18.2 9.90 x 103 37 29
12.5 .125 16 18.2 9.90 x 103  37 29
12.5 .188 19 17.6 1.52 x 104  15 27
12.5 .188 19 17.6 1.52 x 104  14 27
12.5 125 25 21.0 2.98 x 104  8 24
12.5 .25 .25 20.9 1,48 x 10 4  17 24
12.5 .125 .25 20.0 2.98 x 104  7 24
12.5 125 .25 20.0 2.98 x 104  7 24

12.5 125 .24 19.0 1.99x104  13 24
12.5 .125 .32 19.8 9.9 x 103 19 17
12.5 .188 .38 16.6 1. 52 x 104  9 14
12.5 .188 .38 16.3 3.04 x 104  5 14
12.5 125 .5 17.2 3.97 x 104  4 10
22.5 .25 16 16.7 I.99 x 104  8 9.5

30 .25 16 17i5 1. 99 x 104  7.5 4.7

30 .25 .16 17.5 1.99 x 104  8 4.7

30 .25 16 17. 1 1.99 x 104  9 4.7

30 .25 16 16.2 1.99 x 104  10 4.7

30 .25 16 15.6 1.99 x 104  7 4.7
30 .25 16 13.9 1.99 x 104  8 4.7
45 .25 16 17.4 1.99 x 104  8 1. 4

45 .25 16 17.2 1.99 x 104 8 . 4

Figure 3 Model Shapes and Dimensions

9
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size of the viscous wake within this trail can be estimated from the schlieren

photograph of Figure 6 in which the wake was inadvertantly seeded with ablation

products from a break in the model skin, making the viscous wake faintly

visible. For smaller models, the outer wake becomes more pronounced

(Figure 7) since the density gradients become much more severe.

The boundaries of the inviscid wake are very well marked in the flow behind

cones (Figure 4) because of the large density gradient generated at the inter-

section of the conical body shock with the expansion wave from the base.

The inviscid wake diameter (b) increases at a rate independent of the model

shape, depending only on the free-stream Reynolds number and the initial

wake size (about one body diameter). A good correlation for the growth law of

both spherical and conical models is, Lv reference to Figure 8,

b/i \Re-D/
e D

This growth is somewhat slower than the growth of the turbulent wake at large

distances behind the model, viz.,

(bl)turb D() 1/3

and may be much slower near the body, depending upon the body shape. It is

of interest to note, at least for the case of a cone, that the laminar viscous

wake grows slightly less rapidly than the outer wake. Hence, we may expect

the inner wake to remain imbedded within the outer wake until some distance

beyond transition. We expect, then, that turbulence behind blunt bodies at

very low Reynolds numbers will not be observed by the use of schlieren

techniques until the turbulence has grown through the surrounding hot fluid.

Upon emergence of the turbulence through the inviscid ctre, strong Mach-type

disturbances are generated in the surrounding flow when the local Mach number

is sufficiently high.

10
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c-a) SPHERE, M=19- I)4Oflvn Hg,I D=l5mm

b) BLUNT CONE, M=17. 5, p=50mm Hg,-

ID=1/2 inch, 8=36 0, R N/R B= 16

c- ) SLENDER CONE. MI 20, p75mm 11g.ID-1 4 Inch, 0 -12-1 2'. N lilt.02

I~ Figure 4 SchI teren Photographs oif Flow- Beh ind

MU11 AndS.I-ld11
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x/Dsu-50 (AT CENTER OF PICTURE) -*

4- x/ D 120

xi D, 280 -o.

M 17, p=10mm Hg

Figure 5 lIiviscid Trail Behind a 15-nim-Diameter Sphere
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I
I
I
iI
I
I

II

D=15mm
M=18
p=10mm Hg

Figure 6 Viscous Wake of Sphere Made Visible by
Seeding with Ablation Products
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x/D--5O (AT CENTER OF PICTURE)

x D - 120

XI 20, 1) Ilimm III,

Figure 7 Inxisc td Trail Bhihnid a 2. 5-n )~mzrShr
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0 15 mm SPHERE

30 [3 5 mm SPHERE

X 2.5 mm SPHERE xD1/4

A CONE eF

~10
x

10- 4 U10-4 10- 3 3U10' 3  10-2 Ux10 2

NORMALIZED AXCIAL DISTANCE, i-
Re.~D)

Figure 8 Growth of the Inviscid Wake
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Striking differences in the mechanism of breakup of the laminar uake betw-een

blunt and slender bodies are evident from comparisons of the schlicreri photo-

graphs of each (Figures 4, 9, and 10). For blunt bodies, transition in general

occurs abruptly, changing from a straight laminar flow to what appears to be

well developed turbulence within a few body diameters. On the other 11and, for

slender bodies, small oscillations are noticed in the viscous wake, in some

cases requiring 50 to 100 dianieters to amplify into large-scale periodic

oscillations of the whole wake (Figure 9). These periodic oscillations then break

up into large irregular patches of turbulence and finally form a somewhat

homogeneous turbulent wake. This behavior is somewhat reminiscent of the

behavior of transition behind flat plates as observed by Sato and Kuriki. viz.,

a linear region amplifying to form a nonlinear region and finaliy, a three-

dimensional distortion before forming fully developed turbulence.

The general behavior of the blunt- and slender-body transitions is therefore

in general agreement with the earlier discussions. For blunt bodies. amplifi-

cation rates are rapid and transition occurs rapidly once subsonic disturbances

are allowed. For slender bodies amplification rates are slow and the complete

transition p"ocess is a long, gradual one.

The mechanism of transition is strongly influenced by ablation products in

the wake. Particularly, at high ambient pressures ablatiUo Call nit'dify the lhlu

field as recorded on schiieren photographs.

The effect of ablation may be seen from Figure 10, which gives a c'nnlparlsnm

of a nonablatir'g cone, a slightly ablating cone (from sha,'p edges oin the has(.).

and a cone whose flow is de-l'berately seeded w'th an eupoxy from an abllation

ring on the cone surface. The relative amount of ablation (or its aio.eict) WLs

determined by image-converter photographs of the radiation trmni the ncdei.

and from the level of electro:, antd radtationn observ:'les. s t may '!)v st th.it

the transition b~hind the nonablatinu cone occurs well lich md !he n'ýdtl. %,tn

a long sniooth lam nar regi• n. Ath sI tght ahilatior effcts, I 'a stl tI 1( .

much earlier but still ýA Lh a relatively 1ong tc-a:;,,it t ih -s, W';th h..iv

.6
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4- NO ABLATION

MODERATE ABLATION -*

I
I I'
I

1 ...... 4- HEAVY ABLATION

I
%I W-20, p -75-mm lg

I Figure 9 Effect ý;f AWlat P n Wake
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a) x/Dýw90 (AT CENTER OF PICTURE)

b) x/;- DJ-40

o 12-1/j2, R1 N' RB .02, p=30mm Hg. M20. D-. 25 inch

Figure 10 Transition in the Far Wake of a Slender Con.
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ablation, however, transition occurs very close to the base of the cone and

full turbulence develops rapidly.

Ablation effects'appear to be minimal at ambient pressures of 50 mm Hg and

below. At 75 mm Hg light ablation could result in a total scatter of the present

transition results up to 50% depending upon nose bluntness and flight speed. In

light of this, results obtained using sharp cones at pressures above 75 mm Hg

must be accepted only with the utmost caution.

2. Transition Correlations

In agreement with the earlier definition of a transition po'.nt, transition distances

were measured on schlieren photographs from the model nose to the first

appearance of disturbances in the viscous wake. Any other definition would be

difficult to assess since the boundartes of the various regions of transition, in

the case of slender bodies at least, are ill-defined. Further, of course, any

recourse to, or comparison with, existing transition theories must be made

under conditions where lincar theories are applicable.

It was early determined that the location of transition was strongly dependent

upon angle of attack of the conical models. For this reason, only those rounds

were used for data analysis which had an angle of attack less than one-half the

semivertex angle of the cone throughout the complete flight of the model.

Further, because of the strong influence of ablation products, only those

rounds were analyzed where it was indicated that no ablation was present.

These rounds are tabulated in Figure 3. Because of essential differences

between the cone and sphere transition results, the two types of models will

be discussed separately.

A. Spheres

The normalized transition distance x.:'D for spheres coud be correlated by

the free-stream Reynolds number Re,,D = pcVoo D (Figure 11) for the"Uco

19
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relatively small spread of flight speeds (15 c M < 19). The shape of the plot of

x/D vs Re D is in good agreement with the sketch of Figure 2, at high
CD

Reynolds numbers. No data was obtained at low Reynolds number because the

lamLnar wake prnsented Insufficient contrast on the schlieren photographs to

be discernible, as explained previously. For the 15-mm-diameter sphere, the

lowest ambient pressure for which data was obtained was 17 mm Hg. For the

smaller spheres, the limit was correspondingly higher.

.1
In the inte.'mediate Reynolds number range, x/D-- Re D or Re x = constant

6 CD ri
1. 4 x 10i for all spheres (Figure 11). At higher Reynolds number, transition

"sticks" In the neck and x,/D - const. Transition point "sticking' occurs at a

Reynolds number independent of body size for the small range of sphere

diameters studied. In general, we would expect a dependency on both ,Mach

number and Reynolds number, since both these parameters affect the location

of the neck. The dependency will be much stronger for cone shapes than for

spheres because of the effect of the thicker boundary layers of conical models

upon the base flow.

The transition distance behind spherical shapes appears to be relatively

insensitive to flight speed, a fact also noticed by others. (7, 13) As a result, it

was found that the effect of Mach number on transition could be accounted for
Re x p a x

at the high Mach numbers by using a transition Reynolds number Ro a cr

pilot of Rex vs Mo is shown in Figure 12, for values of Re CD where
M

00
"sticking" does not occur. Also included in the plot are the early results of

Slattery and Clay 1 'only the "scatter bars" are shown for the latter. It is

seen that the speed-independent transition Reynolds number is only slightly

dependent on Mach number at low Mach numbers, and appears to become

constant at high Mach numbers, giving

Re x =-,8 x 105 M for M > 10 (>
C2(,
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More recent results of Slattery and Clay (14)show much higher values of Re x

particularly at low ambient pressures, There is some possibility, however,

that these results weLe actually a measure of the position at which the turbulent

wake emerges from the surrounding inviscid layer, rather than a measure of

transition distance.(14)

[B. Cones

In attempting to correlate the transition data of the cone and blunt-cone wakes,

j It became apparent that the transition distances at Mach numbers above 14 were

insensitive to flight speed and a modified transition Reynolds number Remx

j could be obtained for each body shape; further, its value was independent of

body shape for the blunt bodies and was about a lactor of 2 higher than the

i value for spheres.

The values obtained for Reox for a variety of blunt shapes are shown in

SFigure 12 as a function of , along with results of Slattery and Clay at

.ow Ms). The same trend with Mach number is noticed for the blunt cones

1 as for spheres, with a high Mach number-transition Reynolds number of

Reco x = 1.6 x 105 M (2)

The sphere cannot be considered geometrically sinillar to the blunt cone, 1. c.

Ia cone with RN/RB = 1, since the base shapes are different. In order to

determine if this difference was responsible for the higher Re Gx for blunt

j cones, hemispherical models were launched and the results are also plotted

in Figure 12. It can be seen that there is no difference between the transition

behind these models and behind spheres within the experimental scatter. A

brpossible reason for the difference is the small contribution of the boundary
layer to the initial wake drag for spheres and hemispheres, the trailing shock(l51

producing essentially all the drag in the wake. This would have an effect on

the wake-temperature profile and, consequently, on the phase velocity of

j neutral distrubances cir

I
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In an attempt to correlate the transition Reynolds numbers for the slender

bodies. resort was made to the slenderness parameter CN. C discussedA

earlier. In order to accomplish this. a knowledge of the pressure drag

coefficient C and the friction drag coefficient C are required. The graphsDp • (15) a"
given by Lees and Hromas were used to estimate C and are reprinted inDp
Figure 13. The friction drag was calculated from flat plate, laminar boundary

layer considerations applying the compressibility correctio,.s given by Van

Driest( 1 6 )and assuming all models were pure cones (no blunting) after the

fashion of Reference 15. The boundary-layer edge conditions were determined

using the cone calculations of Romig.( 17 ) It was found that CDf was Independent

of speed in the range 10 e M co< 20 to within t 5% whern correlated with respect

to free-stream conditions. Thus, the calculated curve of CDf4 W vs $

given in Figure 14, was used in the determination of CDf.

In Figure 15 a graph of the normalized transition distance x- D Is plotted

against CD CDp on a logarithmic plot. It can be seen that to a good approxi-

mation xD .-. (%2!) where n is approximately 2. Thus the transition

distance can be correlated for slender body shapes by the relation

x S=400(13)
400 (3)

The boundary between blunt-body (Equation 2) and slender-body (Equation 3)

correlations can be determined from the plot of

Re x c 2ReD
vs .-q given by Figure 16.

The two lines representing Equations (2) and (3) intersect at

C• . R% gD

M r!20 
(4)
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C D Rec D
The value of the shape parameter S = U J__ _ M then. indicates whether

Dp 'a
the body is slender so that Equation (3) applies, or blunt, in which case

D EReoD
Equation (2) applies. Since C D and C depend only on shape for

M_ p

i axisymmetric bodies, S is a geometrical shape parameter onjy, being

independent of ambient conditions, sizeand speed.

The correlation of Equation (3), given by Figure 15 was made for a rather

narrow range of flight Mach numbers. The effect of Mach number can be seen

from Figure 17 in which the results of Reference 6 which satisfy the condition

S > 20 are also plotted. At low speeds, some Mach-number effects are

noticeable, but for M(> 10 the correlation x const. appears to hold

very well. It may be noted here that since CDf and C are velocity-independent

. for MM > 10, the transition distances are also velocity-independent in the case

of blunt bodies.

A further comparison of the present results with those of other investigators

{ may be seen from Figure 16, which shows good agreement except perhaps for

the 15-degree-cone results, which lie very neat the boundary between slender

and blunt shapes. These cones exhibit a higher transition distance than would

be predicted by either Equation (2) or Equation (3). The differences are

particularly noticeable at lower Mach numbers. One might conjecture that

this shape of cone lies in a "transition" region between the two correlations.

Since Cf/ is dependent only on cone semivertex angle for nearly

pointed cones, t~e correlation expressed in Equation (3) may be written
M

x wO for a constant shape or Re x ý const. M as was the case for

blunt bodies. Hence, a transition Reynolds number may be defined for each

axisymmetric body shape, independent of body size, in the intermediate

Reynolds number range.
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The particular body shapes which satisfy the condition set by Equation 4 may

be determined from Figure 18. In order for the slender-body correlation to

apply, the bluntness ratio RN/RB must be less than 1. 3 and the maximum

semivertex angle must be less than 180.

For cone angles below 160, it is probable that the neglect of bluntness does

not cause appreciable errors in the calculation of CDf . As the angle decreases,

the friction drag will reverse its trend and begin to increase. As a result we

would expect the boundary curve of Figure 15 to behave somewhat as indicated

by the dashed line in that figure.

Although no size-dependence of transition is allowed by the present correlation,

it must be recalled that both the high-Reynolds-number (sticking effect)* and

low-Reynolds-number (viscous effect) limits will be size dependent. Hence,

the limits of Re D over which this correlation is valid are yet to be determined.

With this in mind, it is possible to use the results to predict the transition

distance in clean wakes (no ablation) behind reentry vehicles.

To this end, Equation (3) may be written

400 S
2

x =

Now a x10 9 ft 2
1'slugU

-5S2

Thus x (in feet) = 5.60 x 10"5 - (5)

where r = and po is standard atmospheric density.PO

It is of interest to observe here that the phenomenon of "sticking" was not
observed for the slender cones. At ambient pressures up to 150 mm Hg
the transition point moved continually toward the body according to the
correlation Equation (3).
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Figure 18 Slender- and Blunt-Body Regions
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Equation (5) is plotted in Figure 19. which gives transition distance x in feet

as a function of altitude and range pressure for various values of S. The

variation of density with altitude has been assumed to be an exponential one.

The shape parameter S for the particular body of interest may be deternitned

from Figure 20.

Also plotted in Figure 19 are the correlations for spheres (Equation (1)) and

for blunt cones (Equation (2)). If a measurement of x is made for an incoming

reentry vehicle .nd the altitude Is known, then the shape parameter S can be

determined. This will then classify the body as spherical, blunt,or slender. If

slender, the actual slenderness is known. Thus, these correlations offer a
possible discrimination technique based on a measurement of transition

distance. It must be stressed once again that the range of body Reynolds

number (Re D)for which this correlation is valid has not been determined.

IV SUMMARY AND DISCUSSION OF RESULTS

The primary differences in the flow fields behind blunt and slender sphere-

cone models can be traced to the relative importance between the inviscid and

viscous regions of the wake, that is, to the extent to which the flow field is

boundary-layer-dominated (slender body) or shock-dominated (blunt bodies.

It is this difference which determines whether the trail observables will be

governed by the inviscid outer wake or by the viscous inner core. Further. it

is this difference which governs in a strong fashion not only the growth of

instabilities in the viscous wake, but also the extent and Importance of Mach

number stabilization of the wake.

It was this difference which pointed up the use of the ratio of the drag in the

boundary layer to the drag associated with the shock, (•--) as a parameter

indicative of the relative importance of the bow shock wave and thereby a

parameter through which body shape effects might be correlated.
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R was found that the primary shape parameter which described the shap_• I

abody for purposes of correlating transition distances was S = I
a A~fuclvcLLI on a cone angle --nd bluntness ratio. For S e 20 the body behaved
as a blunt body with a transition Reynolds number Re x •. 1. 60 x iO5 Mo

CD C
typifying all blunted cone shapes and another Re x z S x 104 MD typifying

spherical and hemispherical shapes. The difference between these two values

of Re x has been tentatively attributed to the importance of the drag Introduced

into the wake by the trailing shock in the case of a spherical model. For

S > 20 a common transition Reynolds number does not exist for all shapes,

but rather,

2 x (C D)2

Re0x 400 S2 M or ZIL400(eý.)

In all cases, the transition distances were independent of both body size and

flight speed for Mach numbers above 10, except at very high body Reynolds

numbers (Re oD). At large Re D, the transition "sticks" in the neck region

and the Reynolds number at which this occurs depends upon the body size, it

is believed.

It appears then that bodies can be conveniently classifled as blunt or slender,

for our purposes, depending upon their value of S = 7M Further,

it appears that the character of the transition process is radically different

between the blunt and slender bodies defined in this way. For blunt bodies
the transition to full turbulence appears to be abrupt, occurring within a few

body diameters. For slender bodies the transition process occurs in several
stages: small oscillations, large oscillations of the complete wake, irregular

patches of turbulence and f;.ially full turbulence, the whole process taking, In

some cases, hundreds of diameters to complete. A tentative explanation for

this behavior might be that in the case of the blunt bodies, amplification rates

are so high as a result of the shock-dominated flow field that transition occurs

abruptly once subsonic disturbances can exibt. Where the flow field is bocundary-

layer dominated, however, the amplification rates would be low and the transition

process would be longer for slender bodies.
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At sufficiently low Reynolds numbers, we would expect these arguments and

correlations to become invalid. Viscous dissipation then begins to play a

dominant role, limiting the minimum Reynolds number at which transition

can occur.

Because of the importance of the inviscid wake in the determination of the

wake observables, some measurements were made of its growth. It was found

that its growth rate was slightly more rapid than the viscous wake growth, and

substantially less than the turbulent wake growth. Thus, turbulence eventually

emerges from the inviscid region into the low-temperature surroundings. In

the case of very blunt bodies the viscous wake could not be distinguished within

the outer wake at low ambient pressure, since the schlteren system is Insensitive

to the small density changes occurring in the wake region of shock-dominated flow.

Keeplrs in mind the limitations and the dangers in extrapolating range results

to full-scale observations, we can plot the transition distance behind axisymmetric

bodies as a function of altitude. Using such a chart, the transition distance in

clean wakes (no ablation effects) measured by down-range radar systems would

give a direct Indication of whether a body is blunt or slender, and 11 slender, a

measure of its slenderness. The increase in transition distance from a blunt

body to a slender cone shape is roughly a factor of 4 to 8, which should be

discernible.

The effect of ablation in these results is not known. Where ablation is heavy,

range experiments show that the whole transition process is masked by the

ablation products. Even so, at higher altitudes before ablation becomes

appreciable, a correlation such as given here may prove a valuable aid to

discrimination techniques. A further factor, unsolved at the present time,

involves the relationship between the radar backscatter from transition and the

fluid-mechanical transition measured by a schlieren system. The coupling

between the two is very complex and is the subject of a research study at GM

Defense Research Laboratories at the present time under this same contract.
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