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Hypersonic Laminar Wakes and Transition Studies
ADRIAN PALLONE,* JOHN EnDOs,t AND JEROME ECKERMAN$

Avco Corporation, Wilmington, Mass

This report presents the results of theoretical and experimental investigations of the flow in
the wake of hypersonic vehicles Nonsimilar solutions of the equations governing the "far
wake" aie obtained, and numerical results for the flow field in the wake of ballistic range and
wind-tunnel models and of a flight-size vehicle are presented A series of ballistic range
experiments with conical models of 10°, 15°, and 27J° semivertex angles are described The
model velocity ranges between 4000 and 17,000 fps with lange pressuies varying from 15 to 380
mm of Hg in aii The experimental data are discussed in detail, and the analysis is used to
compute and correlate appropriate transition parameters Based on the con elation, exem-
plary predictions of the location of transition in the wake of a 12° semivertex angle cone at
22,000 fps are made for the altitude range from 200,000 to 100,000 ft

Nomenclature

d = base diameter of body
h = static enthalpy
H = stagnation enthalpy
j = an index, either 0 or 1
M = Mach number
p = pressure
Pr = Prandtl number
r,y = normal coordinate, measured from axis or plane of

symmetry
R = gas constant
Rex = Reynolds number, based on local inviscid properties and

x distance
S = Sutherland constant
T = static temperature
u = x component of velocity
v = r component of velocity
V — velocity vector
x = stream wise coordinate, measured from forward stagna-

tion point
p = mass density
fj, = viscosity
£ = transformed streamwise coordinate
?7 = transformed normal coordinate
8 = wake thickness (from axis or plane of symmetry)
6 = momentum thickness
0 = cone semivertex angle
7 = ratio of specific heats

Subscripts
1 = evaluated at r = 8 or TJ = 1
c = evaluated at r = 0 or 77 = 0
k = evaluated at edge of kth strip

partial derivative with respect to variable indicated
reservoir conditions0

I Introduction

THE flow in the wake of hypersonic vehicles has been the
subject of considerable research in recent years The

interest in this subject stems mainly from the realization that
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the trails of hypersonic vehicles are a potentially significant
source of observables, i e , electrons and radiating species
The bulk of the literature deals mainly with the trails of
blunt bodies1"3 where the viscous core comprises a significant
portion of the wake flow field (from the point of view of ob-
servables) only if turbulent mixing is present However,
in the case of slender bodies (e g , Fig 1) the observables in
the inviscid flow field are minimized, and the viscous region
(laminar or turbulent) becomes the sole source of electrons
and radiating species

Excellent accounts of the state of the art of the turbulent
far wake have been presented by Lees4 and Vaglio-Laurin,
Bloom, and Byrne 5 These authors extended their blunt-
body analyses to the slender-body case Most analyses of
the laminar far wake have been restricted to similar solutions
involving linearized forms or to solutions obtained by the
Karman-Pohlhausen method The notable exception is the
classical Goldstein solution for the incompressible wake of a
flat plate 6

Recent experimental data acquired at Avco/RAD and
the Naval Ordinance Laboratory (NOL) ballistic ranges
show appreciable lengths of laminar wake at Reynolds num-
bers higher than those previously reported 4 Therefore, for
slender bodies a critical analysis of the laminar far wake has
a twofold value: to provide detailed flow fields for the pre-
diction of observables, and to compute accurately the ap-
propriate transition parameters

This paper presents a theoretical analysis of the laminar
far wake and also contains some of the experimental results
obtained in the Avco/RAD ballistic range The method of
analysis is an extension of the multistrip integral technique
for obtaining nonsimilar solutions of the laminar boundary-
layer equations7 Since no solution of the near wake is
presently available, the choice of initial conditions is some-
what arbitrary However, initial velocity and enthalpy pro-
files can be prescribed with some degree of confidence from
existing knowledge of gross near-wake properties and by
utilizing over-all momentum and energy conservation
Only wakes composed of pure air in equilibrium or com-
pletely frozen are considered in the present analysis Some
results for nonequilibrium wakes have been obtained by
Vaglio-Laurin, Bloom, et al by the Karman-Pohlhausen
technique 3 5 8 An analysis using the present nonsimilar
technique has been formulated for chemical nonequilibrium
and some preliminary results obtained,9 10 but they are not
included here

II Analysis

Steady flow downstream of the neck of a wake (i e, the
stagnation point in the wake beyond which no recirculation



856 FALLONE, ERDOS, AND ECKERMAN AIAA JOURNAL

Fig 1 Typical features of a slender body flow field (10°
cone, Fa, = 9700 fps, 0 300-in base diameter, Poo = 75

mm Hg)

takes place) can be described in the context of boundary-
layer theory by

(puri}x + (pvr) = 0

puux + pvur = — px + r~i(

0 = pr

(1)

(2a)

(2b)

PuHx + pvH = r-i{(fjLr''/Pr)[H + (Pr - l)(u*/2) ]} (3)

where

• = JO f°r planar flow
•* ~~ ( 1 f or axisymmetric flow

The conventional boundary conditions apply at the outer
edge of the wake :

u = HI, u = 0
H = HlyH = 0 ; r = 5

whereas at the plane, or axis of symmetry, the boundary
conditions are

u = u , u = 0
H = H,H = 0 at r = 0

In the present analysis, the wake is divided into an arbi-
trary number of strips N in the streamwise direction, and the
equations are then integrated with respect to r across the
strips, i e , between the limits of r = 0 and r = rk, to give
two ordinary differential equations§ :

^ f o CTk Pu (u* u\ 7 "1T PiUi2 I ±— — - - 1 r>dr -
dx L ^° Pi^i \^i Ui/ j

dxa rk ou 7 \ d ,. N—— rdr } — (mui) —) piUi / dx

' rJCrdr + [ul^(-}~]rk = 0: J° L \ui/ Jodx

Hk

(4)

H

dx

§ The strip-integral method is discussed in greater detail in
Ref 7

The transformed independent variables £, rj, are now intro-
duced :

where L is a characteristic length of the problem and

<5* = 0' + 1) I ~~ ri&r

is the thickness of the velocity and thermal profiles in the
transformed plane The equations now become

' ^ 4. x —fc — \F — (^\ +

- I T ) +

- l = o
(6)

+ 1\ dX dFih d H

—— 7- -5-\piUiLiJ J |Pr

= 0 (7)

where

X =

ff

1 + (N -k)
N

= r n u
Jo ^

Hk H

k = 1,23
The transformed boundary conditions are

u/Ui = 1, r = 0) , -,^/^- = i <r = oi ^ = *
W/Wl = W /Wi, T = 0)

, a- = OJ ^ "

Moreover, the transformed momentum and energy equations
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evaluated at T? = 0 become

«.£/«A
HI a£ \^i/ X(p /fh)*

and
Uc _d
HI di X(P /ft

X

} uS
} H, = 0 (9)

The velocity and stagnation enthalpy profiles can be ex-
pressed as polynomials in 77 However, additional numerical
accuracy can be obtained by choosing the following^:

a- N+l

which identically satisfy the imposed boundary conditions at
77 = 1 (and moreover satisfy the requirement that all higher-
order derivatives also vanish at that point) The poly-
nominal coefficients are made to satisy the boundary condi-
tions at 77 = 0 and the values of Uk and Hk at the strip bound-
aries and at the wake axis, or plane, of symmetry

The ordinary equation of state, p = pRT, provides the
necessary thermodynamic relations for a perfect gas with
frozen flow approximated by the use of the appropriate gas
constant R and ratio of specific heats 7 A Mollier chart
is employed for the thermodynamics of equilibrium air

At low temperatures, the Sutherland viscosity law is em-
ployed to give

T (k = 1,2,3, , N,c)

where S = 120 °K, whereas at high temperatures the (equi-
librium) pjj, ratio is approximated by

h = (k = 1,2,3, , N,c)

where A = 3 03, B = 2 03, h = 4 5 X 106 ft2/sec2 There-
fore, 2N + 2 first-order ordinary differential equations are
obtained (N momentum integral, N energy integral, and
momentum and energy at r = 0) which can be solved nu-
merically for the 27V + 2 unknowns (X, Uk, Hk) for k = 2,
3, , N, and u , H , and H^) A predictor-corrector
marching scheme11 is employed for solution of the equations
on an IBM 7094**

III Hypersonic Laminar Far Wake for a
Slender Body

A Initial (Neck) Conditions

The conditions that occur at the neck of the hypersonic
wake are the result of simultaneous mixing and recirculation

IT However, a posteriori, with four to six strips, the results
become independent of the type polynomial expression selected

** It is important to note that in a numerical solution Eqs
(8) and (9) are singular for u = 0, although, as pointed out by
Kubota,24 this difficulty can be avoided in an analytical solu-
tion by use of an appropriate, nonzero pressure gradient The
behavior of the equations near this rear stagnation point has
been examined by Cheng25 and by Vaglio-Laurin, Bloom, and
Byrne5 In the present analysis, solution of the equations
is always begun slightly away from the stagnation point, with a
small but finite value of u

of the boundary-layer shed from the body, as well as a strong
adverse pressure gradient (which "drives" the recirculating
flow) Also at the base of the body is a stagnation point
that has been experimentally observed to have many of
the features (e g , high heat flux) of a blunt-body stagnation
point, although less severe Unfortunately, the near wake
thus far has eluded successful theoretical treatment, but it
is currently receiving considerable attention Various ap-
proximations have been attempted, but none offer any really
satisfactory insight into the mechanism or magnitude of the
recirculation and base heating

The mixing phenomenon per se has been treated by Denison
and Baum,12 and Vaglio-Laurin, Bloom, and Byrne5 as an
extension of the earlier ideas of Chapman,13 who studied
the mixing of a stream with quiescent air Chapman's
analysis assumed a zero-thickness shear layer at the begin-
ning of the mixing region, for which he obtained a value of
Ud/Ui — 0 587 for the velocity ratio of the dividing stream-
line tt Denison and Baum considered the supersonic mix-
ing process starting with a Blasius profile and both cold
quiescent air (freestream static temperature) and hot quies-
cent air (freestream stagnation temperature) for a variety
of cone and wedge angles Their results indicate that the
dividing streamline velocity ratio is on the order of 0 25 to
020 at hypersonic speeds for 10° to 20° cones for the cold
case, and 0 35 to 0 30 for the hot case With constant-
temperature quiescent air (at approximately the body wall
temperature), constant pressure mixing, and Prandtl number
of unity, the Crocco integral is an exact solution of the energy
equation, which gives

where

Hd = dividing streamline total enthalpy
Hb = total enthalpy of the quiescent air
HI = total enthalpy of the in viscid stream

For the cold case, Hb/Hi <£ 1, giving Hd/Hi ^
Clearly, in the hot case Hd/Hi « 1 Therefore, considera-
tion of the mixing process alone leads to a realistic lower
limit on the dividing streamline enthalpy Assuming that
the compression process occurs through a shock-like dis-
continuity (allowing the neglect of viscous dissipation),
then the dividing streamline enthalpy can be taken as the
value occurring on the axis at the neck (i e , where the dividing
streamline is stagnated)

The nature of the compression process in the neck region
suggests that the neck bears certain similarities to a boundary-
layer separation point (Indeed, it has been recognized by
various authors that gross properties, such as base pressure
and wake angle, are predictable in terms of separation-point
pressure correlations) Therefore, the use of a separation-
point velocity profile from similarity solutions such as Cohen
and Reshotko14 appears to be a reasonable approximation
However, the enthalpy profile that would result after such
a compression is not known beyond the axis value indicated
previously Clearly, the use of the Crocco integral is not
correct for the entire near wake, a region which includes
strong pressure gradients, but it does have the justification of
being at least a consistent means of approximating the neck
enthalpy profile in terms of the assumed velocity profile
and the (approximately) known enthalpy on the axis How-
ever, it should be noted that the use of the Crocco integral
leads to an "annulus" of high-temperature gas, rather than a
"cylinder," at the neck for slender bodies It is not obvious
whether or not this is physically reasonable; intuitively it
would be expected that the peak temperature would occur
at the axis Regardless, for the lack of any better knowledge

f t The "streamline" that separates the net recirculating
mass flux from that which continues downstream past the neck
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Fig 2 Velocity profiles in the equilibrium wake of a 10°
cone

of the near wake, the Crocco integral will be used in the pres-
ent analysis to specify the initial total enthalpy

Assuming, a priori, that the net drag contribution of the
near wake is negligible in comparison with that shed from the
body in the boundary layer, the initial momentum thickness
is given by

l WJbody

where

= l/o1 — C1 - -) 4{JO PlUl \ UiJ Jbody

In the numerical examples, the initial value of the thick-
ness parameter X is computed from the neck momentum
thickness in the following manner:

A = {BeL/(j+

The preceding assumptions are verified a posteriori only
in that they lead to results that are in good agreement with
the experimentally observed facts (i e , the wake thickness
and its Reynolds number dependence), which are discussed
in greater detail later in this paper However, when they
are applied at very low pressures (high altitude) certain
anomalous results are obtained, namely initial wake thick-
nesses, which exceed the body diameter and even the "dis-
placed" body diameter (i e , body plus boundary layer)
This is undoubtedly due to neglect of interaction with the
inviscid flow The viscous-inviscid interaction is a separate
problem which is not considered in this analysis nor in any
of the examples
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Fig 4 Velocity profiles in the wake of a cylinder

B Numerical Examples tt

The present analysis was applied to study the develop-
ment of the laminar far wake for some typical cases of interest
The medium is assumed to be air in equilibrium, unless other-
wise noted, with a constant Prandtl number of 0 72

The following case is an example for which conditions are
typical of experiments performed in the Avco/RAD ballistics
range: 10° (semivertex angle) cone; base diameter, 0300
in ; velocity, 15,688 fps; pressure, 150 mm Hg The axial
pressure gradient is neglected on the basis of method of char-
acteristics solutions for this and other slender bodies Ve-
locity and temperature profiles (with He/Hi = 03 initially)

0 300 INCH DIAMETER CYLINDER
PQ 100 PSIG
TQ 262 F
M_ 5 7

L/ 2.72 FROM STAGNATION
POINT

20 22

Fig 5 Temperature profiles in the wake of cylinder

Fig 3 Temperature profiles in the equilibrium wake of a
10° cone

Jt In all the numerical examples presented herein, six strips
were used in the computations Rapid convergence of the re-
sults was obtained with N ^ 4 Computer time of about 5 to
10 min/case (on an IBM 7094) is required, with N = 6, to ap-
proach the known asymptotic solution6 (i e, to reach a small
velocity defect)
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Fig 6 \ elocity decay in the wake of a cylinder

for the wake at these conditions are shown in Figs 2 and 3
The features of the flow field which can be observed from the
schlieren photos (e g , Fig 1, the thickness and growth rate)
are, essentially, in agreement with these results

This slender, axisymmetric body example is now con-
trasted to the results for a blunt semi-infinite body; namely,
a cylinder placed normal to the flow The conditions selected
correspond to one of the experiments performed by McCarthy
in the Graduate Aeronautical Laboratories, California
Institute of Technology (GALCIT) wind tunnel15: 0300-
in-diam cylinder; freestream Mach number, 57; reservoir
pressure, 10 psig; reservoir temperature, 262 °F In this
case, the viscous core may entrain mass flow from the en-
tropy layer as it grows This "swallowing" effect was esti-
mated using the method of characteristics It was found,
however, that the laminar core (in the present example) does
not entrain any appreciable mass from the entropy layer for
at least 25 diam from the neck An appreciable velocity
gradient is encountered, none-the-less, due to the presence
of expansion waves reflected from the bow shock §§

A constant stagnation enthalpy (equal to the freestream
value) was assumed, since the tunnel running time was long,
allowing the model to approach an equilibrium temperature
Because of the low static temperature, the medium was assumed
to be a perfect gas Typical resulting velocity and tempera-
ture profiles are shown in Figs 4 and 5 The very fast ve-
locity decay observed here is similar to that found in the
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Fig 7 Velocity profiles for a 10-ft 12° cone

§§ Attention must be called to the fact that any streamwise
pressure gradients generated in the inviscid flow field of a slender,
sharp cone are much smaller than those encountered with a blunt
body and are usually negligible Possible exceptions may be
found only in the near wake and immediate vicinity of the neck
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Fig 8 Temperature profiles for a 10-ft 12° cone

classical flat-plate solution and appears to be peculiar to
semi-infinite bodies The relative importance of the non-
similar behavior of the solution and also of the attendant
favorable pressure gradient in this example are illustrated in
Fig 6 As much as a 70% error in velocity defect (however,
this is less than 1% of HI) can be attributed to neglect of the
pressure gradient It should also be noted that no effect of
Reynolds number on the decay rates can be expected if the
initial value of the thickness parameter X is constant, which is
consistnt with McCarthy's data

As an example for the laminar far wake of a full-scale
slender body at flight conditions, a constant velocity (22,000
fps) trajectory from 200,000 to 100,000 ft was assumed for a
10-ft, 12° (semivertex) angle cone An initial enthalpy ratio
of H /Hi = 03 was assumed, and any axial pressure gradient
was neglected Typical profiles of velocity and temperature
are given in Figs 7 and 8 for an altitude of 150,000 ft The
velocity and stagnation enthalpy decay along the axis is
shown in Fig 9 The results at other altitudes are qualita-
tively similar However, it is interesting to note that the
length of the trail is found to grow with decreasing altitude 16

IV Experimental Studies

A series of ballistic-range experiments with conical models
of 10°, 15 °, and 27-J0 half-angles were performed The model
velocities range between 4000 and 17,000 fps with range
pressures varying from 15 to 380 mm of Hg in air

I I I I

150,000 FT ALTITUDE
EQUILIBRIUM AIR
L 20 FT
u c ( l ) /u , 001 H c ( l )/H,
u, 22,000 FPS
H. 24535 X I08 (FPS)2

C /nl _

Fig 9 Velocity and enthalpy decay along the wake axis
for a 10-ft 12° cone
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Table 1 Summary of experimental conditions and transition data from ballistic range

0;
deg

10
10
10
10
10
10
10
10
10
10
10
10
15
15
15
15
15
15
15
15
15
15
15
15
15
15
27 5
8&
S»

d
in

0 3
0 3
0 3
0 3
0 3
0 3
0 3
0 3
0 3
0 3
0 3
0 3
0 4
0 4
0 4
0 4
0 4
0 4
0 4
0 4
0 4
0 4
0 3
0 3
0 3
0 3
0 3
0 4
0 4

00 fps

10 0
9 7
9 3
10 0
9 5
9 0
4 9
11 7
13 0
14 8
15 7
14 1
8 1
10 0
12 7
10 5
9 6
10 3
9 0
9 8
13 3
14 5
14 2
14 6
15 8
10 0
9 2
14 8
14 8

Poo,

mm Hg

50
75
40
40
100
350
150
150
150
150
150
100
75
75
75
30
100
100
150
250
100
100
150
100
100
360
50
100
100

Mi
8 8
8 5
8 1
8 8
8 3
7 9
4 3
10 3
11 6
13 0
13 6
12 5
7 1
8 7
10 6
9 2
8 4
9 0
7 9
8 6
10 8
12 2
11 8
12 0
12 9
8 8
5 5
13 0
13 0

(Re/ii),
X10~6

4 6
6 9
3 4
3 7
8 8
30 0
6 8
17 0
19 0
21 0
21 0
14 0
5 6
6 7
7 2
2 9
8 8
9 6
12 0
23 0
8 8
11 0
16 0
10 0
11 0
33 0
1 2
13 0
13 0

(Tc/T^ ka X10-6 £t MHa (Tc/Ti)ta

4 5
4 4
4 0
4 5
4 5
3 8
1 4
6 0
8 3
8 3
8 7
8 0
3 2
4 5
6 2
4 9
4 2
4 8
3 8
4 7
6 2
7 4
7 1
7 2
7 6
4 5
2 1
8 3
8 3

2 5
2 7
0 99
1 7
2 7
5 5
1 0
3 6
6 8
5 6
15 0
5 3
2 1
1 7
2 7
1 7
2 1
2 2
2 6
5 1
3 2
5 6
3 9
3 7
4 1
4 3
0 36
6 1
9 0

3 3
2 3
3 3
2 7
1 8
1 0
1 0
1 4
2 1
1 8
2 3
2 3
2 3
1 6
2 3
3 6
1 5
1 4
1 3
1 2
2 3
2 8
2 0
2 3
2 6
1 0
3 5
2 1
3 1

5 0
5 9
4 4
5 3
6 5
7 9
4 3
9 0
8 6
10 5
10 2
8 7
5 4
7 5
8 1
4 7
7 4
8 0
7 2
8 2
8 4
9 0
9 6
9 3
9 4
8 7
3 3
10 7
9 7

5 9
5 9
5 1
6 0
6 1
3 8
1 4
7 3
11 5
9 6
10 0
9 4
4 3
5 6
7 5
6 1
5 2
5 8
4 4
5 3
7 4
8 6
8 2
8 3
8 8
4 5
2 9
9 5
9 6

a Computed for equilibrium air with H /Hi = 0 3 and u /ui
b From Naval Ordnance Laboratory

001

The techniques for the use of a light-gas gun for launching
projectiles to re-entry velocities are well established A
conical model (with semivertex angles between 10° and 20°)
has been developed which can achieve velocities up to 17,000
fps while withstanding the launching environment of a light-
gas gun This model is fabricated with a steel tip and ti-
tanium afterbody, and has a hollow base to provide a static
margin of 15% ̂  A one-piece steel cone model (having
a hollow base) has been used for half-angles of 27 5°

Two 0 600 caliber light-gas gun ranges have been used in
this program * The first range is equipped with a 12-in -
diam double-traverse schlieren system The 12-in -diam
parabolic mirror is located inside a 10-ft diam by a 14-ft-long
tank This range has been used to study the low-velocity
regime (under 11,000 fps) where the sensitivity of the double-
traverse system is utilized for flow visualization at low density
(e g, pressures in the range 15 < P < 100 mm Hg) A
second caliber 0 600 light-gas gun range has been used to
obtain data from 11,000 to 17,000 fps at pressures greater
than 30 mm Hg in air Primary instrumentation on this
range is a 12-in -diam single-pass schlieren apparatus

Some results covering the range of experimental conditions
for which transition was clearly observable from the schlieren
photographs are compiled in Table 1 Four of the schlieren
photographs which exemplify the typical features of the
flow field of a slender body wake are presented here as Figs
1 and 10-12 Similar features can be seen in shadowgraph
photos (e g , Ref 5, Fig 1) It should be noted that present
visualization techniques are inadequate at these pressures
and velocities to provide near-wake details Rather, re-
course must be made to observables such as the apparent

1TO The hollow base may alter the base flow and near-wake
structure to some extent, but presumably any influence on the
far wake is negligible No solid base models have been flown
successfully

* A description of the Avco/RAD ballistics range facility and
these tests is summarized in Ref 16

origin of the trailing shock and/or a minimum thicknes
section to define the neck location

Model pitching in the plane of the photograph is clearly
identifiable by the asymmetric location of the wake within
the shock layer Small yaw angles normal to the plane of
the photograph are indicated by an abnormally thick wake
as compared to zero yaw at the same conditions, and by ap-
pearance of a streak down the center of the wake

The occurrence of turbulence is always clearly identifiable
for sharp bodies f and is usually preceded by an instability
which manifests itself as sinusoidal waviness of the wake
Generally, the waviness is almost immediately followed by
turbulence, but occasionally it persists for an appreciable
length before breakdown into turbulence In none of the
photos does the wake appear to be pulsing (i e , periodically
changing diameter); however, some evidence of helical
motion can be seen in the cases with yaw The effect of
pressure on transition is demonstrated in Figs 1, 10, and
11; the effect of velocity can be inferred from Figs 1 and
12 where the transition distance is held constant (regardless
of doubling the pressure) by increasing the model velocity

V Transition Correlation

It is generally agreed that wake transition is dependent on
a Reynolds number and a Mach number which are based on
the relative velocity of the wake u\ — u (eg, Refs 4 and
17-20) Stability theory for compressible flows indicates
that the Reynolds number and Mach number should be
evaluated using physical properties at the "critical point"
in the layer 20 However, transition correlations commonly
use properties at the outer edge of the layer and introduce a
temperature ratio as a third parameter Several length
scales, namely surface distance to transition point, boundary-

f This is not necessarily the case for blunt bodies where the
viscous core may be obscured by the inviscid entropy layer
that enshrouds it
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layer thickness, momentum thickness, etc , have been em-
ployed in defining a transition Reynolds number None
of these parameters is completely satisfactory in situations
where the viscous layer history is significant (e g , strongly
varying edge properties, nonsimilar profile shape, etc )

Clearly, the latter remarks are appropriate to wake transi-
tion A heuristic approach to this problem (short of a com-
plete stability analysis) is to attempt correlation using a
physically reasonable length scale, such as that from the
origin of the viscous layer to the transition point Xt, or the
wake diameter at transition 5 t , both of which are readily
measurable A third possibility, however, is the relative
distance | a particle travels along the axis to the transition
point Xt This is a measure of the time which a disturbance
that is convected with the particle has to amplify The
significance of this time is suggested by the experiments of
Sato and Kuriki21 in which the disturbances were observed
to originate at the center of the wake and grow as they con-
vected downstream

Some discussion of these parameters (in particulai the
last) and results of correlations based on all three are otferred
in Ref 16 The present data is found to correlate well in
terms of 5t and X\, Since the latter is quite cumbersome

Fig 10 Typical featuies of a sleiidei body flow field (15
cone, Foo = 10,000 fps, 0 400-in base diametei, Pm = 250

mm Hg)

Fig 11 Typical featuies of a slendei body flow field (10°
cone, Foo = 9000 fps, 0 300-in base diameter, Pm = 3501

mm Hg)

Fig 12 Typical featuies of a slender body flow field (10°
cone, Foo = 15,700 fps, 0 300-in base diameter, Poo = 150

mm Hg)
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Fig 13 Wake transition correlation (based on measured
wake diameter)

to compute and has no apparent advantage over the former
in correlating the data, only the correlation based on the wake
diameter at transition is considered here

Utilizing the values of Xt and 5t measured from photo-
graphs§ and values of u /u\ computed by the present (6-
stripj method, the experimental data from the Avco/RAD
and NOL ballistic ranges, and also some wind-tunnel data
from Refs 15 and 21, are correlated in Fig 13 where

Mi =

Res =

The scatter in this correlation is at least partially due to
the fact that no attempt to account for temperature effects
has been included The ratio of T /Ti at transition ranges
from about 4 to 10 for the slender cones at high velocity,
based on the assumed value of H /Hi = 0 3 at the neck
(From Table 1, the value of T /T\ at transition for case
7 is given as 1 4 However, the assumption that H /Hi =
0 3 is probably inconsistent with the low velocity of this
case ) In the experiments of Sato and Kuriki the temperature
ratio was, of course, unity, and in McCarthy's experiments
the ratio was about 1 5

VI Prediction of Transition

The Re§ and Mi histories of the wakes of 5-, 10-, and 15-ft
12° cones have been computed and are shown in Fig 14 f
The intersection of these curves with a mean line through the
correlation of Fig 13 is interpreted as defining the loci of
transition points in the wake Presumably, the transition
Reynolds number for the boundary layer will also increase
with Mach number (although present data22 23 are insufficient
to be conclusive) inferring that transition on the cone surface
will occur in the neighborhood of 100,000 ft, at which time

t i e , in a coordinate system fixed with respect to the medium
in which the body is immersed

§ The location of transition was defined from photographs by
the occurrence of distinct and continuous "waviness" of the
wake It is not clear that this is consistent with other experi-
mental techniques for defining transition or instability (eg ,
Refs 15 and 21)

1" A constant velocity (22,000 fps) trajectory between 200,000
and 100,000 ft is assumed The thickness 6 computed from the
analysis is the wake radius and is doubled to correspond to the
measured wake diameter
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Fig 14 Wake transition for a 12° cone at 22,000 fps based
onR

the near wake and any portion of the far wake still laminar
would be tripped **

The effects of chemical nonequilibrium on the prediction
of transition have not been considered explicitely The
velocity decay is coupled to the energy equation only through
the p/* ratio and the density, both of which are only weakly
influenced as functions of enthalpy by dissociation and re-
laxation Hence it is anticipated that transition will be
only slightly affected by chemical nonequilibrium

It should be noted that in the downstream (asymptotic)
limit, Re § ~ X~1/2 for axisymmetrc flow and Re§ ~ const
for planar flow In either case, at a sufficiently low pressure
or high altitude, a completely laminar wake regardless_pf the
value of X is implied by the minimum value of (Ee)^ at
Mi = 0

VII Neck Thickness of the Laminar Wake

As in the previous discussion (Sec III) on the momentum
thickness at the neck, it may be shown that the over-all
wake thickness at the neck must also vary as the square root
of the boundary-layer thickness for an axisymmetric body,
as opposed to a linear relation in the planar (semi-infinite)
case In particular, if negligible net mass addition to the
viscous core in the near-wake region is assumed, then a
simple mass balance yields

body

where

/+D

body

** It is anticipated that surface ablation will have two opposing
effects on the boundary-layer stability The blowing itself
tends to be destabilizing but, on the other hand, it will enhance
the stablizing effect due to the flavorable pressure gradient (in-
duced by viscous in viscid interaction) by further increasing the
displacement thickness

COMPUTED FROM
BODY MOMENTUM

THICKNESS

BALLISTIC RANGE DATA
O 10 DEGREE CONES
D 15 DEGREE CONES
A 27-1/2 DEGREE CONES

IE n_
8 10 12 14 16

M.

Fig 15 Laminar wake thickness at the neck for sharp
cones

For a slender cone this can be reduced to

r»
[_d

P /P

tS
/4

where

The parameter [(<W)(7fcd)1/4]neck was found to be essen-
tially a function solely of Mach number for the range of cone
angle and Mach number combinations encountered in the
present tests when computed in the manner discussed in the
previous section on initial conditions (i e , employing the
values of 5 which give the proper drag at the neck when used
with the assumed separation point velocity profile) The
values of this parameter based on the experimentally meas-
ured neck thickness are shown in Fig 15 to compare re-
markably well with the computed curve f t

VIII Conclusions

A nonsimilar, integral solution of the governing equations
for the laminar far wake has been formulated for equilibrium
air or a frozen gas Some numerical examples are presented,
using the present analysis, which emphasize the nonsimilar
behavior near the neck of the wake Similarity (linearized)
solutions for the wake, which are appropriate only asymp-
totically (i e , for very small velocity defect), are particularly
inaccurate for the wake of a slender axisymmetric body at
hypersonic speeds which is shown to generate a large ve-
locity defect which persists far behind the body

A series of ballistic range experiments on slender cones in
the Avco/RAD facilities are summarized and the results
discussed The preceding analysis is used to compute ap-
propriate parameters for the correlation of wake transition
and neck diameter from these data Moreover, predictions
of wake transition for a 12° half-angle cone at 22,000 fps are
made which indicate that transition moves from about 300
ft behind the cone apex at an altitude of 200,000 ft to about
30 ft at 100,000 ft, for a 5-ft-long cone, for example In-
creasing the cone length to 15 ft is shown to add about 100
ft to the length of the laminar trail at 200,000 ft and to add
about 10 ft at 100,000 ft It is not anticipated that a non-
equilibrium state of the air will significantly alter these
results The existence of an altitude above which transition
never occurs (for a given vehicle and velocity) is also indi-
cated by the correlation

f t The thickness 6 in this figure is the wake diameter rather
than radius
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