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Hypersonic Wakes and Trails
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California Institute of Technology, Pasadena, Calif

The distribution of observables in hypersonic wakes and trails is the result of a complex
interaction of body shape, chemical kinetics, and the onset of laminar-turbulent transition
This paper discusses progress and problems in these three areas with emphasis on scaling laws
In the ‘“‘near wake” the growth of the turbulent core and the cooling rate depend strongly
on body shape The growth of the turbulent far wake is described by the wuniversal
relation YTf/(CDA)1/2N[x/(CDA)1/2] 13 pegardless of body shape or Reynolds number An
analysis of data on laminar-turbulent transition in the wake of blunt bodies obtained in
a wind tunnel and in a ballistic range shows that these data are correlated by taking a con-
stant value of (Re; ;)1 = 56 X 10, £ 159% over a Mach number range from 3 6 to 14 4. (Here
x is distance from the body to the location of transition ) The minimum critical Reynolds
number for a blunt body is about 5 X 10* at M, = 20, based on freestream conditions and
body diameter This value corresponds to an altitude of 220,000 ft for a body 6 ft in diameter
For a sharp-nosed slender body, transition in the wake should appear at about the same alti-
tude A tentative explanation of transition in hypersonic wakes is presented based on recent
work on the instability of laminar compressible wakes Scaling parameters for oxygen-
electron attachment and electron-ion recombination are derived, and theoretical calcu-
lations are compared with some recent experimental results  For full-scale re-entry vehicles,
oxygen-electron attachment in the wake is important below an altitude of about 150,000
ft This paper concludes with a brief discussion of some of the main problems for future
research in this challenging field

Nomenclature Cp = total drag coeflicient
Cp; = turbulent inner-wake drag coefficient,

a = gound speed d = body diameter
A = area h = static enthalpy
¢ = phase velocity of laminar disturbance L = length
&y = dimensionless group velocity M = Mach number
cr = ¢r*/(uy — uo) My = relative Mach number (u; — up)/ay
cr = dimensionless phase velocity of laminar disturbance in n = particle number density

moving-fluid coordinates n = electrons/cm3
cs = dimensionless phase velocity of laminar disturbance P = pressure

in body-centered coordinates Rp = body base radius
—_— Ry = body nose radius
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Fig 1 Wakebehind bluntbody at hypersonic speeds

p = density

v = kinematic viscosity
Subscripts

e = local external inviscid
I = turbulent front

7 = Iinitial

! = outer inviscid

0 = along axis

T = turbulent

TR = transition

@ = freestream

1 Introduction: Present Status of the Problem

VERY body moving through a fluid medium leaves a
characteristic signature in its wake At hypersonic
speeds in a gas, electrons and radiating species are generated
by the bow shock wave in front of a blunt body, and also
by the deceleration and heating of the gas at the ‘“neck”
formed behind the body by the coalescence of the free shear
layers shed from the body surface' * (Fig 1) The nose
shock produced by a sharp-nosed, unyawed slender body
heats the gas only moderately, but significant concentrations
of electrons and radiating species can be generated by viscous
heating in the boundary layer over the surface and by com-
pression at the “neck” (Fig 2) These species are swept into
the wake, and are responsible for observable effects up to dis-
tances of hundreds or even thousands of body diameters
behind the body
When the flow in the wake is entirely laminar and in ther-
modynamic equilibrium, the diffusion process is described
in terms of well-known scaling laws,® ¢ and the problem is
relatively straightforward + However, recent experimental
studies” 8 of wakes behind spheres and cylinders at hyper-
sonic speeds show that transition to turbulent flow occurs in
the viscous “inner wake” downstream of the neck if the
Reynolds number exceeds a certain critical value (Fig 1)
On the basis of these experiments, this critical Reynolds
number based on conditions ahead of the body is about
5 X 104 at a velocity of the order of 20,000 fps, corresponding
to an altitude of about 200,000 ft for a blunt body with a nose
diameter of 1 ft Slattery,® Demetriades and Behrens,
and Pallone et al ™ have observed a similar phenomenon in
wakes behind sharp-nosed bodies at hypersonic speeds
Thus, any realistic model of the wake must allow for turbu-
lent diffusion above the critical Reynolds number
At present the treatment of the turbulent wake is neces-
sarily semiempirical 2 ¢ Turbulent diffusion is much faster
than laminar diffusion, and the turbulent “front” spreads

t The effect of the pressure drop along the wake axis in the
first 50~100 body diameters can be included in the analysis along
the lines developed by Kubota® and Gold ¢
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outward, engulfing the fluid originally contained in the outer
wake (Fig 1) At each station the turbulent flow is assumed
to behave like a “slice” of a low-speed, self-similar turbulent
wake in Townsend’s!? sense In this model, the turbulence
intensity at each station is proportional to the local value of
the velocity difference Au = u, — wu, across the inner wake,
and the scale is proportional to the “proper” local wake
width In fact, the effective turbulent diffusivity €r is
represented by the expression}

&r = KAuYo,

where, for a body of revolution,

Va? = 2 j;’(ﬂ) ydy
Ps

and K is inversely proportional to Townsend’s ‘‘universal’”
Reynolds number  Thus,?

07/ peo[€7/Ux(CpA) 2] YT, ~ K{ [CD,((E)/CD]}

where

Yo = ?T;(CDA) Tz & = x(CpA)~12

C'p is the usual total body drag coefficient, and Cp, is the local
value of the drag coefficient corresponding to the momentum
defect relative to the velocity u,, already swallowed by the
inner wake up to that station [At the neck, (Cp,): < Cp ]
The wake growth may be roughly described by means of the

relation
~ % 1/3
Yo (@) ~ I:ng *—CDféjT’)] 1)

The development of the turbulent “near wake,” and especially
the enthalpy decay rate, depends strongly on body shape,
because of its influence on the shape of the nose shock and
the manner in which the momentum defect Cp(Yr,) is dis-
tributed across the outer wake (Sec 2) However, when
& =2 1000 practically all of the body drag has been swallowed
by the turbulent inner wake, and beyond this region Yz, ~
(K£)13 regardless of the body shape or the Reynolds number

For thermodynamic equilibrium (for example) the decay
of the peak enthalpy h(0) along the wake axis is obtained by
combining Eq (1) with the energy conservation integral
across the inner wake, which takes the simple form

pr (hO) = B\ & , _ (Yo — DM (Cp(¥r)
;( P )YTf_ 47 G < Co > @

where

lh—hf Y
T

(For a parabolic enthalpy profile, Gy = %) If the body is
blunt and the flow is in thermodynamic equilibrium, the inner
wake is surrounded initially by hot gas [(h;/h.) > 1], and
the characteristic cooling distance is quite long even with
turbulent diffusion 2 For example, for a sphere at a flight
velocity of 22,000 fps, the equilibrium enthalpy on the
wake axis is still about 25 times ambient at z = 300 and 10
times ambient at x = 600 At an altitude of 100,000 ft
the peak electron density is about 2 X 10%/cm? at x =< 300,
corresponding to the critical plasma frequency at uhf (400
Me/sec) When the body is slender and sharp-nosed, or
only slightly blunted, the inner wake is surrounded by rela-
tively cool gas, and the temperature history along the axis
is quite different; this case is examined in Sec 2

At low ambient density or high altitude, the flow field at
hypersonic speeds is far from chemical equilibrium, and
chemical and electronic rate processes play an important

$ In Ref 2thesymbol Y7, = ¥p,/d
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role in determining the “initial” radial distributions of
physical quantities in a transverse plane at the “neck,” and
the subsequent history of observables in the wake For
blunt bodies, Gibson!® and Hall, Eschenroeder, and Marrone!*
have shown that the “slow’”’ three-body chemical recombina-
tion processes can be neglected altogether in the vicinity of
the nose of the body if the ambient density is low enough
In Fig 3 the thermodynamic regimes for a blunt body based
on Gibson’s work are indicated schematically To the left
of the solid line the flow near the nose is in chemical equilib
rium To the right of the dashed line chemical recombina-
tion near the body can be ignored, and the normalized physi-
cal quantities and mass fractions of chemical species are
correlated by means of the binary scaling parameter kp.d/
Mai Ueo ~ Pl 8t & given flight velocity (Here k; is a repre-
sentative dissociation rate “constant” in cm?/sec, and 9M,;
is the weight of a molecule of air in grams ) In this regime
the atom and molecule mass fractions are “frozen” in the
inviseid expansion region, but the frozen levels may lie well
below infinite-rate equilibrium values calculated just behind
the bow shock Dissociation is “self-limiting” because the
temperature drops rapidly along a streamline in the shock
layer as dissociation progresses; finally, the temperature
drop caused by the expansion around the body effectively
quenches the process 13 14

At flight velocities less than 23,000 fps, electrons and
ions play virtually no role in determining the temperature
of the gas, and their local “environment” is dictated by the
behavior of the atoms and molecules To the right of the
dashed line in Fig 3 electron production can be ignored in
the expansion region around a blunt body However, elec-
tron-ion recombination rates are much faster than chemical
recombination rates, and must be taken into account The
most important electron removal process near the body is the
dissociative recombination

NO*+ e —=N+4O

Thus, one expects binary scaling to apply to the electrons
even when electron-ion recombination is included The
history of electron number density along a streamline is ob-
tained by integrating the number density conservation equa-
tion

o(d/di)(n /p) = —an? 3)

where «(T) is the rate “constant” in em3/sec  One obtains

1\ _ Gi/e) _ (L ()
Ga) = - () L(F)e o

— expansion <

<recombination —

where § = s/d, p = p/pw, T = U/U, $is the distance along a
streamline, and ‘4"’ denotes the location of electron production
“cut-off” on the particular streamline When the flow field

is characterized by the binary scaling parameter p.d,
nd = f[3; ped (nd):]

at a given flight velocity

A FREE STREAMLINE BOUNDARY (p CONSTANT)
B CYLINDRICAL STING

Fig 2 Inviscid flow configuration for slender body
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Fig 3 Thermodynamic regimes for hypersonic flow over a
blunt body

To take some representative values, at a flight velocity of
23,000 fps the right-hand side of Eq (4) is of the order of
3 X 107 ¥ em?at § = 1, whereas (n ); along a streamline that
crosses the “strong” portion of the bow shock is about 5 X
10'%/cm3 at an altibude of 150,000 ft 3 Also, (:/p)s=1 = 10
Even for a body as small as 1 em in diameter, electron-ion
recombination is dominant The value of nd at s =2 1 is
virtually independent of its initial value and is of the order
of 3 X 10%%/cm? if d is in centimeters At an altitude of
150,000 ft the initial electron density 7 ; along a streamline
that crosses a weaker portion of the bow shock (shock angle =
30°% u, = U sinfs = 11,500 fps) is about 5 X 101%/cm? at
“cut-off ’¢+ In that case electron-ion recombination is
negligible compared to expansion in the flow around the
body, even for d = 100 em, and n = 5 X 10%/cm?® at s = 1
foralld = 100 cm at this altitude

Chemical recombination in the inviscid flow behind a full-
scale blunt body is not important above an altitude of about
150,000 ft; “swallowing” by the inner viscous core occurs
first Below this altitude chemical recombination in the in-
viseid portion of the wake can no longer be ignored, and some
attempts have been made to follow the progress of the various
reactions by means of a streamtube approximation ©® In
the laminar portion of the viscous core, diffusion is so slow
that chemical recombination is much faster by comparison?s
when Re;q > 10* (A = 250,000 ft) Turbulent diffusion,
on the other hand, is much faster than chemical recombina~-
tion at altitudes above 150,000 ft The chemically reacting
turbulent wake below this altitude has been treated 1 by
an extension of methods employed in Refs 2 and 4 In
Ref 19, for example, a separate conservation integral across
the wake is written for each species, and, in addition, the
continuity equation for each species is satisfied along the
wake axis

If the atom mass fractions in the inviscid flow are virtually
frozen, the inner wake behind a blunt body is surrounded by
cool gas, and the temperatures in the turbulent wake drop
very rapidly along the axis In this case the ionization rate
is negligible, and electron-ion recombination or removal by
oxygen attachment proceeds almost independently of the
behavior of the chemical species, except for the effect of these
species on the temperature The distribution of drag or
momentum defect Cp(¥r) across the outer wake is not
much changed by chemistry, and so the wake growth Y (%)
and the swallowing rate are not much affected

The chief difficulty with these reacting viscous wake calcu-
lations is the lack of knowledge of the flow field in the “neck”
region (Figs 1 and 2), wnich determines the “initial” condi-
tions This difficulty is particularly acute for a sharp-
nosed slender body  Rates of production of chemical species
and electrons are quite sensitive to the temperature in the
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Fig 4 Inviseid equilibrium enthalpy profiles

neck region This temperature, in turn, depends on the
velocity along the “dividing streamline” in the free shear
layer, including the effect of the finite boundary-layer thick-
ness at separation (Sec 5)

This brief discussion of hypersonic wakes and trails shows
that the distribution of observables in the wake is the result
of a complex interaction of body shape, rate chemistry, and
the onset of laminar-turbulent transition In this paper
we discuss some of the main aspects of these three elements
in more detail, with emphasis on secaling laws whenever
possible In Sec 2 the contrast between turbulent wakes
behind sharp-nosed slender bodies and blunt bodies is brought
out, and the effect of nose blunting on a slender body is ex-
amined A correlation of recent experimental results on
laminar-turbulent transition in wakes is discussed in Sec 3,
and some tentative theoretical explanations offered In
Sec 4 we give a brief, approximate treatment of the problem
of diffusion and recombination or oxygen attachment of elee-
trons in a nonequilibrium turbulent wake, and compare our
calculations with some recent experimental results on the
decay of electrons in the wake behind a blunt body  Finally,
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Sec 5 outlines some of the main difficulties and problems
for future research in this fascinating field

2 Effect of Body Shape on Equilibrium
Turbulent Wakes

According to the semiempirical description of turbulent
wakes? the growth of the turbulent core in thermodynamie
equilibrium depends on the enthalpy and the radial enthalpy
gradient in the outer, inviscid flow at the location of the
turbulent “front” Two interesting questions are explored
with the aid of this model: 1) the contrast between the
turbulent wakes for a blunt body and a sharp-nosed slender
body, and 2) character of the “near-wake” for two bodies of
different shape but the same C'pA4

The approximate relations for wake growth and enthalpy
decay given by Egs (1) and (2) are helpful in understanding
the results obtained by means of a detailed analysis 2 The
drag coefficient Cp, appearing in these relations is expressed
in terms of the integral of the radial enthalpy profile as
follows?:

= S (i),
®)
where
Vi = 7,(Cpd)-12
and§

Tuo=2 fo v <Z—:> vy ©)

Tigure 47 shows the inviscid enthalpy distributions at a flight
veloeity of 22,070 fps and an altitude of 100,000 ft for a
family of spherecones with a common half-angle of 12° and
ratios of nose radius to base radius (Ex/R3z) of 0, %, %, and
1 (hemisphere) Also shown in this figure is the enthalpy
distribution for a sharp-nosed cone with a half-angle of 22°
having the same CpA as the 12° cone with Ry/Rz = %
These distributions are obtained by ecalculating the shock
shapes by the method of characteristics, and then expanding
the flow isentropically to ambient pressure 2 The expan-
sion around the blunt base is calculated by assuming that
the static pressure is constant along the free streamline A

_§ The turbulent and laminar mass flow quantities 173, and
Y1, respectively, are connected by the relation? (ps/p) Y12 =
Y12 — 8 (constant) )

4 Figure 4 follows the notation of Ref 2, namely, Y, = Y /d,
j=y/d
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Fig 7 Growth of turbulent wake for a blunt-nosed and a
sharp-nosed body with the same CpA

in Fig 2, and that the flow direction along this streamline
is parallel to the wake axis just behind the wake shock **
At this velocity the wake shock itself has only a small effect
on the enthalpy distribution (Fig 4)

Clearly, the extent to which the enthalpy distributions for
the moderately blunted (Ry/Rs = %) and sharp-nosed cones
differ depends on the amount of the enthalpy pulse near the
axis which is absorbed by the viscous inner wake at the
“neck ” The boundaries of the inner wake are indicated on
Fig 4 by the horizontal lines labeled (Yz;); These values
of (Yr,); can be caloulated from Eq (2) once (Coy), and
(ho/hw); are known; (he); is the enthalpy obtained when the
velocity along the dividing streamline?' 23 is brought to rest
1soenergetically, and (Cp,); is estimated from the friction and
base pressure drags

Because the nose shock for the sharp-nosed cone is uniform
in strength until it is intercepted by the expansion waves
from the base (Fig 2), the enthalpy distribution is flat near
the wake axis Of course the peak enthalpy is much lower
than the peak enthalpy for & moderately blunted cone  Sup-
pose that the radial enthalpy profile for the sharp-nosed cone
is represented by three straight-line segments, as follows:

(ht/he) = (hi/ho)y when 0 < V. < (Vo1 ()

(hi/he) = (h/ho)o — al¥r — (Y1)i]
when (Yo, < ¥ 2 (V). @)

where
a = [(he/ho)o — 11[(Y )2 — ()]
(hi/he) = 1 when V1> (). (iit)
Then [Eq (5)]
Cp;/Cp = Cp,/Cp when Vi, < (¥on (7a)

C»,/Cp = (Cp,/Cp) +
@ lra/(ve — DM 1P — (F2)i¥]
when (V) < Yi, < (¥r)2 (7b)
and, of course,
Cp, = Cp when Y’L, > (Y1), (7¢)

Thus, Eqs (1) and (7) predict that the turbulent core behind
a sharp-nosed cone grows slowly in the near-wake region,
until the turbulent “front”” reaches (Yz);, after which an

** For the hemisphere and the blunted cones, the flow is deter-
mined by setting ps;/p. (Fig 2) equal to the pressure ratio
obtained by an isentropic compression of the velocity along the
dividing streamline 2!~2¢  For the sharp-nosed cones, p; is close
to ambient pressure, and its value was estimated =21 2po
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explosive growth occurs over a relatively short distance
Once the front passes Y, the wake takes up its asymptotic
far-wake behavior For the moderately blunted cone, on
the other hand, the radial enthalpy gradient is large near
the axis (Fig 4, Rx/Rs = %), and one expects the turbulent
core to grow rapidly in the near wake as soon as swallowing
commences

These qualitative predictions are borne out by the results
of the detailed calculations of wake growth (Figs 5a and 5b)
Experimental results obtained by Slattery and Clay® show
similar trends (Fig 6) In Fig 7 we compare the growth
of the turbulent core for two bodies of different shape, but
with the same CpA: 1) blunt-nosed cone with 8, = 129
and (Ry/Rz) = %; and 2) sharp-nosed cone with 8, = 22°
Evidently the difference in near-wake growth for these two
bodies depends to some extent on the Reynolds number
through (Cp,):; of course the far wakes are identical

Even more striking is the contrast between the decay of
peak enthalpy along the axis for the sharp-nosed and blunt-
nosed cones The sharp cone entrains gas more slowly, but
the gas absorbed is relatively cool As predicted by Egs
(2) and (7) the peak enthalpy drops rapidly with distance
behind the body (Fig 8); the peak enthalpy is 10 times
ambient at & = 150, as compared with a corresponding dis-
tance of & =2 700 for the hemisphere Because the equilib-
rium electron density is so sensitive to temperature, the
decay in peak electron density is quite marked even for the
moderately blunted cone (Fig 9) Also shown for com-
parison are the curves for pure diffusion of a “foreign” mate-
rial for the sharp cone and the hemisphere; as expected,
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Fig 9 Effect of nose bluntness on equilibrium electron
density along wake axis
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the peak concentration decays slowly in the near wake of a
sharp cone because of the relatively slow rate of entrainment
The diffusion rate increases once swallowing of the radial
enthalpy gradient begins (Figs 5a and 5b) Except at low
altitudes, the electronco ncentration in the wake is actually
far from equilibrium, and the rate of decay of electron density
is governed by the combined effect of diffusion and recom-
bination or oxygen attachment (Sec 4)

3 Laminar-Turbulent Transition
in Hypersonic Wakes

When the boundary layer on the body is laminar, laminar-
turbulent transition occurs (if at all) in the downstream flow
regions with the highest velocity gradients These regions
are the free shear layers (or annulus) shed from the body
surface, and the viscous inner wake downstream of the
“neck” (Fig 1) Three different questions arise: 1) what
is the origin of laminar-turbulent transition in these regions?;
2) what is the “proper”” Reynolds number governing the loca-
tion of transition when it does occur?; and 3) what is the
“proper” minimum Reynolds number below which turbulent
flow in the wake cannot be maintained?

Experimental studies?* 25 show that a laminar free shear
layer is remarkably stable when the local velocity at the
outer edge of the layer is supersonic In Fig 10 the ob-
served transition Reynolds number (Rer)rz = (wL/v)rr
for a laminar shear layer based on fluid properties at the
outer edge and the length of laminar “run” is plotted as a
function of local Mach number  For a blunt body at hyper-
sonic speeds M = 25 in equilibrium flow, and (Rer)rz =
105; for nonequilibrium flow M == 35-40, and (Rer)rr =
2 X 105 For a sharp-nosed cone with a half-angle of 12°,
M =2 15 at a flight number of 20, and (Rer)rr is no lower
than 108 ff

This important property of the laminar free shear layer is
certainly in the direction predicted by Lin? on the basis of
the small disturbance theory of laminar stability, provided
that one accepts the hypothesis that only subsonic disturb-
ances are important for stability 2 2° In order for such
disturbances to exist in the mixing region between two parallel

tT For comparison the transition Reynolds numbers on a
highly cooled blunt body observed by Stetson? are also indi-
cated on Fig 10
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streams, the phase velocity ¢ must be subsonic with respect
to the mean flow in both streams  Thus,

w—c<a and ¢—uz<a where wu > u
By adding these two inequalities one obtains the relation
wy— wa <o+ a ®

In the case of the free shear layer behind a body us =< 0, a,
is the sound speed in the recirculating region just behind the
body, and w; = uw, a1 = a, so that Eq (8) becomes M <
1+ (ao/a) If ap = a the condition for the existence of sub-
sonic disturbances is M < 2, whereas if the temperature
in the recirculating region is equal to the stagnation tem-
perature this condition is M, < 25 When the local Mach
number exceeds these values subsonic disturbances are im-
possible, and the laminar flow is stable to small perturba-
tions Starting from a different point of view, Landau®
reached similar conclusions in his analysis of the stability
of a sharp discontinuity between two parallel streams

Downstream of the neck the relative velocity (u; — uy)
governs the stability of the inner viscous wake and not u,
[Here u,; and wu, are the velocities at the edge and center of
the inner wake, respectively | Subsonic disturbances must
satisfy the condition u; — ¢ <ay, or

—cr = (ur — ¢)/(wr — ) < (/M) (9)

where ¢ and cg are the phase velocities of the disturbance in
body-centered and moving fluid (u,) coordinates, respec-
tively, and Mz = (uy — wuo)/as is the “proper” relative
Mach number According to the laminar wake flow solu-
tions, [(ur — wo)/us] ~ (x)~»tH/2 where m = 0 for two-
dimensional flow and m = 1 for axisymmetric flow Thus,
even when the “external” flow (u;) is hypersonic Mz be
comes subsonic eventually, and Eq (9) can always be satis-
fied far enough downstream of the neck The location along
the wake axis at which neutral or self-excited subsonic dis-
turbances first become possible is determined by the per-
missible values of the phase velocity cr given by laminar
stability theory, together with Eq (9) {i

Gold3? has extended the analysis of Batchelor and Gill3s
for the inviscid stability of axisymmetric, incompressible
laminar jets to the more general problem of compressible
wakes and jets He finds that the necessary and sufficient
condition for the existence of neutral or ‘“adjacent” self-
excited subsonic disturbances is that for some value of w =
[(uy — u)/(uy — uo)] = w, the gradient of the product of
density and vorticity in a certain direction should vanish §§
When this condition is satisfied the phase velocity of the
neutral disturbance is given by

—ce =w = fl(To — Ty)/T/]

Gold3? shows that two-dimensional compressible wakes are
generally dynamically unstable In axisymmetric com-
pressible wakes the axisymmetiic disturbance mode (n = 0)
exists only under special conditions, but the “sinuous”
(n = 1) mode is almost always unstable

Numerical calculations3? of the dependence of —c¢r on
[(Ty — T;)/T;] have been carried out for the antisymmetric
two-dimensional disturbance 71 For example, near the
neck in the wake of a blunt body at hypersonic speeds (T —
T)/T; =05, and Gold finds that —¢cg = 05 According
to Eq (9) Mg must be less than 20 Now uy < u; near

11 In Ref 31 the criterion Mr < 2 was used provisionally
to obtain rough stability estimates

§§ In a two-dimensional wake this direction is normal to the
plane of the flow; in an axisymmetric wake this direction is
tangential to the helix of constant phase 32

9 Calculations for axisymmetri¢ disturbances are now in
progress, but the results for —cx are not expected to differ greatly
from the two-dimensional case
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the neck and Mz = M, =~ 25, for a blunt body Thus
the wake goes unstable not far downstream of the neck
For a slender body at M., = 20, M, =10, and [(Ts — T,)/
T;] = 6 near the neck In this case —cz = 01, and ac-
cording to Bq (9) the wake is unstable not far from the neck
Thus, at hypersonic speeds one expects laminar-turbulent
transition to occur in the near-wake region for both blunt
and slender bodies, but the actual location of transition de-
pends on the amplification rates of the unstable disturbances
The “sinucus”’ mode has recently been observed preceding
transition in schlieren and shadowgraph photographs of the
near-wake behind a slender cone at hypersonic speeds 't 32

It is not surprising that transition in the inner wake should
be governed by a Reynolds number based on local rather
than “freestream’” properties, but it is somewhat startling
that the location of transition is determined by a constant
value of (Re. s)rr independent of body diameter In Fig
11s the observed location of transition z;r/d in the wakes
behind cylinders and spheres at supersonic and hypersonic
speeds is plotted against (Re; o) 7! where (Rey 4) is the local
Reynolds number based on body diameter and conditions
at the edge of the inner viscous wake The Graduate Aero-
nautical Laboratory, California Institute of Technology
(GALCIT) hypersonic wind-tunnel data' 8 represent a series
of independent experiments at M, = 58 using a hot wire
anemometer, pitot and static pressure measurements, and
helium and argon diffusion data, with cylinder diameters
varying from 010 to 030 inch The sphere data was ob-
tained by optical methods in the Massachusetts Institute of
Technology Lincoln Laboratory” ¢ free flight ballistic range,
with sphere diameters varying from 0 125 to 0 500 inch at
Mach numbers of 36, 72, 76, and 144 With a few ex-
ceptions the data is correlated over this entire range of
parameters by the straight line (Re. )rz = 56 X 10% =+
159% At any given flight Mach number p.zrz = constant 7 ?

Tentatively, we conclude that transition in the wake of s
blunt body at hypersonic speeds bears a close resemblance
to the transition occurring at low speeds in the laminar wake
behind a thin, flat plate set parallel to the flow 3 In our
case the neck takes the place of the plate trailing edge  Ac-
cording to the interesting experimental and theoretical
investigation of Sato and Kuriki,3* transition is initiated by
a linear regime in which small, two-dimensional disturbances
grow exponentially in the downstream direction The
growth rates observed by Sato and Kuriki agree remarkably
well with the calculated amphfication rates given by laminar
theory %2 3 This region is followed by a nonlinear regime
characterized by the development of a double row of vortices,
which leads finally to the three-dimensional development of
turbulence itself ***

In the linear regime the amplification ratio for an unstable
disturbance of a given frequency is given by

(@) L[5

where x; is the station at which this frequency ‘‘goes un-
stable,” a*c;* is the local amplification rate, o* is the wave
number, and ¢,* is the group velocity Now o* = (a/L),
where L is related to wake width, and ¢;* = ci(u; — wu), s0
that Eq (10) becomes

o (o) - L] @) o

Go =1+ [(us ~ ug)/usller + a(dcr/0a)]

where

*** The growth of the rms fluctuations along the wake axis
in the linear regime, followed by a gradual decay,3! is strikingly
similar to the hot-wire results obtained by Demetriades® in the
cylinder wake at Mo = 58, and by Demetriades and Behrens®
in the wakes behind slender wedgesat M, = 6 0
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Fig lla Correlation of transition in hypersonic wake
behind blunt bodies
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Fig 11b Distance required for fixed amplification 1atio
of unstable disturbance in wake (schematic)

Now for two-dimensional wakes3?
[(ur — u0)/u (/L) = (pu/pr) [(CnyRes 0)/87121(1/3) (12)

where the appropriate drag coefficient is the value of Cp, =
Cp,, in the inner laminar wake An approximate relation

for this drag coefficient 152

(pw/ ps)(Cy)s = 3/(Re; 0)M? (13)
By using this estimate of (Cp,)s, Eq (11) becomes

QN _ (@[ (lac)]( 3 s x
fog (@z) " J@ro [ ¢, ]<8W1/2> (Res o)V <Iog El)
(14)

But (aci/é,) corresponds to the “inviscid” amplification
rate and is very nearly independent of (x/d), so that Eq
(14) leads to the relation

(@/d) = (z:/d) (Q/Q)Y (15)

where
N = (&/ acr)(8nV*/3)[1/ (Res 4)1/2]

A schematic representation of Eq (15) for a fixed, arbitrary
value of (Q/@;) is given in Fig 11b {§1 At high Reynolds
numbers laminar diffusion and wake growth are very slow,
s0 the quantity (u; — wup)/L in Eq (11) is nearly constant,
and the unstable disturbances grow rapidly along the wake
axis At low Reynolds numbers diffusion and wake growth
are rapid, and the absolute amplification rate, which is

111 A representative value for a blunt body wake is [ac1/c,] =2

01
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proportional to [(uy — wue)/us](1/L), is much lower; hence
the nonlinear regime (and laminar-turbulent transition)
moves downstream I{i By some remarkable coincidence
the intermediate portion of the curve of (z/d) vs (Res 5)™*
is almost a straight line! However, it is not entirely clear
why the slope of this line is so nearly the same in two-dimen-
sional and axisymmetric blunt-body wakes

This provisional explanation is equally applicable to hyper-
sonic wakes behind sharp-nosed slender bodies For ex-
ample, an analysis®! of the experimental results on wake
transition obtained by Slattery® behind sharp-nosed cones
at M, = 6 gives (Re. ;)rr = 23 X 105 This value is sur
prisingly close to the value of (Re. ;)rz found experimentally
by Demetriades and Behrens'® for a series of slender wedges
in the GALCIT hypersonic wind tunnel at M., = 6 The
fact that the value of (R . ;) rz for slender bodies at M, = 6
is higher than for blunt-body wakes may be explained by
the fact that the nondimensional amplification rate acs
[Eqs (11) and (15)] decreases with increasing values of
(Ty — T;)/Ty, or increasing M; Recently Pallone et al 11
correlated their experimental wake transition data for slender
cones obtained in the Aveo/RAD Ballistic Range in terms
of a plot of (Res,s)rr vs Mz = M, up to flight Mach numbers
of the order of 13
i The location of transition in the wake moves downstream
as the ambient pressure is reduced, but this aft movement
of transition cannot continue indefinitely (see Fig 11b)
Eventually a minimum critical Reynolds number is reached
below which wake turbulence cannot maintain itself against
the action of viscous dissipation Roughly speaking, this
point is reached when the effective turbulent diffusivity €r
falls below the appropriate laminar diffusivity For a two-
dimensional blunt body the ratio of these two quantities is
given by the relation?

E:—f//%? 00150, (ﬁ—j) Re; 4 ~ Reg (16)

where 6 is the momentum thickness Again the appropriate
drag coefficient is not the total drag of the body, but the value
of Cp, in the inner laminar wake, which swallows momentum
defect in the outer flow very slowly; thus, Cp, = (Cp;); Us-
ing the estimate of (Cp,): given by Eq (13), Eq (16) be-
comes

(ET/Vf) =~ 045(R€f 4)1/2 (17)
and
(Ref d)min = 500

A similar analysis for the axially symmetric wake gives

El - p_m 1/2 (hf/hm)1/2 hO —_ h/j 1/2
;, =002 (C"f pf) (v — 1>Mm21w[ 7y ] Ber s
(18a)

Using the estimated value of (po/ps)(Cp,): for a sphere,®
one obtains

(€x/vs) = 001(Re; 4)3/4 (18b)
from which

(RG/ d)mi =~ 500

The data of Kendall® and Behrens® on cylinders show
that experimentally the actual value of (Res.),; . is about
1500 By combining this lower limit with a fixed value of
(Re, s)rr = 56 X 10 it follows that at hypersonic speeds

11t At very low Reynolds numbers viscous damping enters
the problem, and the wake flow is stable below a certain mini-~
mum critical Reynolds number (see Fig 11b )

ATAA JOURNAL

transition in the wake of a blunt body cannot occur aft of
(z/d) =240

A similar analysis can be carried out for a sharp-nosed
slender body, except that in this case (ho/hs) > 1, (hy/h) =
0(1), and the appropriate laminar diffusivity to be compared
with éris

7 = s + #)/3(0s + po) = (1o/ ps)
One finds

(er/7) = (005/Mo)(Re; )** (19)

At Mo = 5, (Res @) =2 500 for a sharp-nosed slender
body; at M, = 20 (Res a)mn =2 3000 Now the Reynolds
number based on freestream or ambient fluid properties is
given by (Rewas) = (v1/ve)(Rerq) Thus, at M, = 20
the estimated minimum critical Reynolds number (Réw ).
for a sharp-nosed slender body is about 3 X 104 applying
the factor of 3 just noted, whereas (Res 4),; for a blunt
body is about 5 X 10¢

Summarizing, the tentative picture of transition in the
wake at hypersonic speeds that emerges from this discussion
is as follows: Below a certain minimum eritical Reynolds
number the wake is laminar Above this limit transition
first appears about 40-50 diam behind the body if the body is
blunt, and then moves forward as the ambient pressure
increases, maintaining a constant value of (Re, ;)7 = 56 X
104 independent of body diameter =~ When transition reaches
the neck it gets “stuck’ there until Rer exceeds (Rer)rz for
the free shear layer; then it “jumps’” to the free shear layer,
and eventually appears in the boundary layer on the body
(Fig 10) For a sharp-nosed slender body, transition first
appears in the wake at lower ambient pressure and somewhat
further back in terms of body diameter than for a blunt body,
especially at lower hypersonic speeds Again transition
moves rapidly forward as the ambient pressure increases
but this forward motion slows down when the location of
transition approaches the neck

When the value of (Res 4),;, for a blunt body is converted
to ambient conditions, we estimate that (Res o)y, . =< 5 X
10* at M, = 20 This minimum critical Reynolds number
corresponds to an altitude of about 200,000 ft for a body 6 ft
in diameter and agrees well with Lin’s% meteor radar observa~
tions of a turbulent wake behind Col Glenn’s capsule during
re-entry at an altitude of 220,000 ft For a sharp-nosed
slender body at M., = 20 with the same base diameter, transi-
tion should appear in the wake at about the same altitude
In fact the most remarkable aspect of the wake transition
problem is the relative insensitivity of the location of transi-
tion (in body diameters) to body shape, size, and flight
Mach number

4 Decay of Electron Density in Hypersonic
Nonequilibrium Turbulent Wakes

41 Eleetron Removal Rates

When the electron density is high and the ambient gas
density is low, the most important electron-removal process
in air is the dissociative recombination discussed briefly in
Sec 1, namely, NO* + e* — N + O In a hypothetical
one-dimensional flow at constant density and constant ve-
locity the electron clean-up rate by this mechanisn is given by

(dn /dt) = a(dn /dx) = — an? (20)

where « is in em®/sec  According to Lin’s¥ experimental
results, @ = (3 X 10=3)7~%2 Recent experimental studies3
of electron-ion recombination in the Cornell Aeronautical
Laboratory shock tunnel gave a rate constant “of the same
order of magnitude 7 Figure 12 shows the history of elec-
tron decay by this process alone at 7' = 1000°K and @ =
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7 X 10 cm/sec, corresponding to conditions representative
of hypersonic nonequilibrium turbulent wakes As Lin
and Teare® pointed out, electrons disappear very rapidly
when the electron density is high (n > 10'/em3), and =
soon takes on its “asymptotic” behavior given by (1/n) =
(az/u), independently of the initial level ~But when n drops
below 10'Y/ems3, electron-ion recombination slows down
[Eq (20)], and moderate but significant concentrations of
electron density would persist for very large distances, if no
other process intervened For example, Fig 12 shows that
1, drops below 108/cm?® only after a distance of 700 m

At low or moderate electron densities and high ambient
gas density, three-body electron-removal mechanisms are
much faster than electron-ion recombination The most
important three-body process for the turbulent wake is the
affinity between electrons and molecular oxygen,§§§ repre-
sented by the reaction

O;+e + 0= 074 0 21

Here the additional oxygen molecule acts as a third body
whose task is to take away the excess energy left over after
the formation of O~ 199 At constant density the electron
clean-up rate by the forward reaction alone is given by

(dn /dt) = —Kno2n (22)

where K is measured in cm®/sec  The three-body attach-
ment coefficient K [Eq (22)] was measured by Biondi
et al® in pure oxygen at 300°K and in oxygen-
helium mixtures containing 1-5% of oxygen at T = 77°K,
over a range of electron energies from about 002 ev to 1 ev
For thermal electrons at 300°K, K =~ 28 X 107% cmé/sec
In the absence of experimental data at the temperatures of
interest we assume that ****

K = (84 X 102/T) cm%/sec

By using this expression for K, taking nos = 37.:, and as-
suming constant temperature and flow velocity for purposes
of illustration, Eq (22) is integrated to give

10_29 a.ir2
n o=n, exp(— igﬂ%;-—— 7%) (23)

In Fig 12 this electron decay process at various altitudes is
illustrated for T' = 1000°K, & = 7 X 105 cm/sec, and i, =
Tambiens (300/1000)  (Clearly, the decay rate is quite sensi-
tive to temperature at constant pressure, being proportional
to T—%) Above an altitude of 150,000 ft (p.. = 11 mm
Hg), oxygen attachment is unimportant, except as a “final”
clean-up mechanism But the relaxation distance decreases
like 7.::~2, and below an altitude of 120,000 ft (p. = 85
mm Hg) this process obviously must be taken into account,
especially for n, < 10%-10°

At temperatures above about 700°K the net electron clean-
up rate by attachment is slowed down appreciably by the
reverse of reaction (21), involving electron formation by
collisional detachment If no other processes were involved
these two reactions would reach equilibrium, and the relative
concentrations of electrons and negative ions would be given
by an expression of the form#

e 302 AE
no,~ A= exP(‘ kT) 24

where A is a constant of order 104, n is gas density (no /
em?d), and AE is the molecular oxygen electron affinity; re-

§8§ Because of rapid diffusion in a turbulent wake the atomic
oxygen concentration is diluted, and O, plays the most important
role in removing electrons by the formation of negative ions

99 According to Chanin, Phelps, and Biondi,? N,is about 50
times less efficient than O- as a third body

**¥* More recent data? show that K is virtually independent
of temperature in the range 300°K < T' < 600°K
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Fig 12 Compaiison of electron removal rates

cent measurements® show that AE is equal to 046 &= 002
ev

Negative molecular oxygen ions could be removed from
the wake by mutual charge neutralization reactions, such as

NO* 4+ 07— NO + O,
or by the charge exchange reaction
O0;"+ 004+ 0~ (25)

Generally (no/nxo™) > 1 (even though no/no, < 1), and the
second reaction is probably the more important one Un-
fortunately, the charge exchange activation energy is not
known accurately, and recent calculations by Webb and
Hromas* show that the removal rate of O, is sensitive to the
value assumed for this energy Tttt In the absence of ade-
quate information about charged particle reactions we may
state that Eq (22) gives the fastest possible rate of removal
of electrons by attachment, whereas Eq (24) leads to the
slowest rate of removal In order to illustrate the combined
effects of turbulent diffusion, electron-ion recombination,
and oxygen attachment as simply as possible, we have se-
lected reaction (21) to represent the attachment process

4 2 Diffusion and Electron Removal in a Turbulent Wake

In a steady two-dimensional or axially symmetric turbu-
lent wake the continuity equation for any species in an
effective binary mixture takes the following form:

pu(QK;/0x) + pw(0K:/dy) =

i+ (1/y7)(0/0y) [oeny(OK./2y)]  (26)
where ey is the turbulent mass diffusivity, W, = m(dn:/dt)p
is the net production rate in g/cm3/sec, and K; = mimi/p
is the mass fraction (Here m = 0 for two-dimensional
flow and m = 1 for axially symmetric flows) By multi-
plying Eq (26) by y=, integrating across the turbulent core,
and using the over-all continuity equation, one obtains

d ?Tf 11. vV, mAdV —= ﬁl i
dx[fo it Y dYT] - <p>f i %

Yoy - _ Yr dm T
l:pf fO U YT dYT] + ,f() <dt )p Fj YT dYT (27)

For electrons,

(dne/dt)p = —an? — ,Bnairzne (28)

if both electron-ion recombination and oxygen attachment

111 The charge exchange activation energy AEc¢r for the
reverse of reaction (25) is estimated to lie between 1 and 15
ev Since the atomic oxygen electron affinity is about 15 ev,
no activation energy is required for the forward reaction (25)
if the lower estimate AEcg = 1 ev is chosen In that case
this reaction is very efficient at temperatures below about
1000°K, and the forward reaction (21) proceeds unhindered **
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Fig 13 Decay of electron density in the nonequilibrium
turbulent wake of a blunt body

are considered simultaneously; here o = 3 X 1073/7T%2 and
8 =34X10"%/T (Sec 41)

By analogy with the methods employed in the case of an
equilibrium turbulent wake,? suppose that

n = noF(YT/YTf) (29a)
and
(To — T)/(To — Ty) = G(¥r/¥r) (29b)

where the subseript zero denotes properties on the wake axis
Actual integration of Eq (27) must be carried out in con-
junction with the energy integral equation for 7/7T, and,
possibly, one or two chemical species integral equations
Such calculations have been programmed for an electronic
computer by M Webb and L. Hromas at Space Technology
Laboratories and are now in progress

In order to bring out some of the main features of the
electron density history in a rough way, we will make the
following approximations: 1) electrons in the “outer” in-
viseid wake are neglected; ie, (n); = 0 in Eq (27); for
a blunt body this restriction means that & > 200-300; 2)
u = @, a mean velocity; 3) n = n, exp(— ¥/ ¥Vr»{1ii;
and 4) the gas temperature is taken to be constant over
a wake cross section, but the mean value varies with axial
distance,ie, T = T(x)

With the aid of these crude approximations and Eq (28),
Eq (27) takes the following form for an axially symmetric
wake:

(d/dx) oV r2) = —(a/20)n @?Vr2 —
(Brai 2/)n 0¥z (30)

The integral of this equation is

1 (Y 1 ¢ a (Frhy df’
ﬁ;& = (YTf2>N g(®) [(nod)N + Ev 24 (YT/2) Q(EI)]
(31)

oo = el [0 (T o] ew

Here £ = z/d, and N denotes values at the neck  According
to Eq (81a) the Oselectron attachment parameter is

N = Bn. %d/a (32)

where

1111 Note that integrations in Eq (27) now extend from 0 to

«©
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where the bar denotes a suitably defined average value
Then [Eq (31)],

nod = f(& (nd)v; )

When Af < 1, oxygen attachment is unimportant and Eq
(31) describes the combined effect of electron-ion recombina-
tion and wake spreading At a certain value of £ ~ 1/X
oxygen attachment makes its appearance, and by £ ~ 3/A
the electron density history in the wake is dominated by
attachment plus wake spreading

In Fig 13 the rough description of electron density history
in the wake given by Eq (31) is compared with experimental
observations in a ballistic range behind a L-in -diam aluminum
sphere made by Labitt and Herlin** (Massachusetts Institute
of Technology Lincoln Laboratory), using a uhf cavity The
flight velocities and ambient pressure for these four shots are
indicated on the figure In carrying out the computations
in Eq (31) the values of ¥, employed were taken to be identi-
cal with those calculated for the wake behind a sphere in
equilibrium For a blunt body (nd)y =~ 3 X 102/cm?
The variation of average temperature along the wake axis
is approximated by the function T(z) = 300 + (7 X 109/
[(z/d) + 1000]*3 °K, so that T = 3530°K at the neck, T =
1000°K at z/d = 900, and T = 725°K at z/d = 2000 For
all four cases Pware = P = 15 mm Hg, and

Bruid 139 X 107 @ _ _lom
@ (T/1000)° 22~ (T/1000)%2 ™

The effect of Oselectron attachment begins to be felt at
z/d = 500, but electron-ion recombination is still dominant
at z/d =2 700  Because the temperature is dropping along
the wake axis, the negative slope of the curve of n d vs z/d
in Fig 13 steepens continually Some evidence of this be-
havior is seen in rounds LI-27 and LI-29, but not in the
other two shots This rough calculation illustrates the im-
portance of including the effect of the wake cooling in the
analysis By using the scaling parameter A [Eq (32)],
one finds that the conditions represented in Fig 13 correspond
to a full-scale body 2 ft in diameter at an altitude of about
143,000 ft Since the geometric scale is increased by a
factor of 100, the electron densities in the full-scale wake are
100 times lower than in the wake of the %-in diam pellet;
for example at #/d = 500 the full-scale electron density has
dropped to a value of about 43 X 107/cm?

Recently Labitt* measured the decay of electron density
in the wakes of small spheres over a six-fold range of ambient
pressure  Qualitatively, the results indicate a much weaker
effect of pressure in the region n, < 108/cm? than predicted
by the simple attachment parameter A in Eq (32) In fact
the electron decay may be much closer to the rate predicted
by Eq (24) However, one should probably withhold judg
ment, in view of the large numerical differences observed
in electron density at a given z/d between two different
shots at nearly the same velocity and ambient pressure %
If these experimental difficulties can be overcome, the hyper-
sonic wake may become a useful gasdynamie tool for the study
of attachment, detachment, and charge exchange reactions
that are important in the ionosphere

5 Problems for Future Research

Wakes behind bodies moving at hypersonic speeds con-
tain most of the modern problems in gas dynamics and some
of the ancient ones as well In this paper we have described
three interesting areas in which some progress has recently
been made But a completely satisfactory description of
the hypersonic wake cannot be given until certain gaps in our
present knowledge of fluid mechanics, rate processes, and
radiation mechanisms are closed In fluid mechanics two
of the most challenging problems are: 1) the separated flow
just behind the body (Figs 1 and 2), including the “neck”
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region; 2) the structure and statistical properties of the
turbulent wake

In his original treatment of the ‘base-flow problem”
Chapman* dealt with the limiting case of a zero initial
boundary-layer thickness; in this case the velocity ratio
w* = (u/u )y along the dividing streamline takes on the
value 058 appropriate to free laminar mixing of two un-
bounded streams If, for example, the enthalpy in the re-
circulating zone is much lower than the total enthalpy ~ in
the “external” inviscid flow, then the total enthalpy at the
stagnation point of the ‘“neck’ is also about 0 58 of & (see
Ref 2) However the effect of a finite initial boundary-
layer thickness cannot be disregarded The work of Denison
and Baum,?! and others,?? 23 showed that »* depends on the
parameter (vl/6*% ), where &* is the initial displacement
thickness and [ is distance along the free shear layer But
8% ~ (vL/u ), where L is some appropriate body length, so
that u* is again independent of Reynolds number according
to this analysis, and is determined by body shape and Mach
number Denison and Baum found values of »* somewhat
lower than Chapman’s value of 058, but the analysis of
Dewey? and Kubota shows a strong effect on the value of
w* of the initial velocity profile produced by expansion around
the base

Even more important, Dewey’s?® measurements of base
pressure on slender, sharp-nosed wedges at M = 6 show a
definite Reynolds number dependence, amounting to a de-
crease in base pressure by a factor of about 25 when the
Reynolds number increases by a factor of 20 Clearly,
the influence of the ratio of initial displacement thickness
(after expansion) to base height on the recirculation zone
must be taken into account; some attempts have been made
in this direction ¥ The analysis of Reeves and Lees’! based
on integral methods also shows that the interaction between
the viscous and inviseid flows during the recompression is an
essential part of the problem

Recent measurements of density in the near-wake behind
slender bodies in a hypersonic shock tunnel by Zempel and
Muntz* indicate that the total enthalpy at the neck stagna-
tion point is about 03 2 In that case the corresponding
temperature is about 5400°K at a flight velocity of about
22,000 fps The temperature does not fall much below
this value along the laminar wake axis, because laninar
diffusion is so slow Thus the laminar portion of the wake
is an “incubator” for atoms and electrons This incubation
region is terminated by laminar-turbulent transition (Sec
3), because of the rapid cooling along the turbulent portion
of the wake Calculations of the production of atoms and
electrons in the laminar-wake region have been made by Webb
and Hromas*! and by Pallone® using neck temperature as
a parameter; they indicate the importance of an accurate
determination of the temperature level in the near-wake

Scattering of incident electromagnetic waves by a turbu-
lent wake depends on the scale and intensity of the turbulent
fluctuations Once the velocity difference u; — wup across
the wake becomes subsonie, the turbulence structure should
resemble that found by Townsend!? in the wake behind a
cylinder at low speeds  Slattery and Clay? measured density
fluctuations optically in wakes behind spheres, and found
some surprisingly large rms values On the basis of these
observations, Feldman# raises some interesting questions re-
garding the effect of density and temperature fluctuations
on rate processes and equilibrium states

In this paper we have deliberately avoided any discussion
of two difficult problems: 1) effect of ablation products de-
posited in the wake; and 2) radiation from the wake So far
as electrons are concerned, if the ablation products form
molecular ions, dissociation recombination similar to the
NO* + e~ reaction may be important ¥ If atomic ions
are formed they will be much more persistent at high alti-
tudes, because they are removed only by three-body processes

HYPERSONIC WAKES AND TRAILS 427

Under “normal” conditions electrons contributed by abla-
tion may constitute only a small fraction of the electrons
produced naturally in “air,” down to altitudes at which
oxygen-electron attachment is dominant

Even for pure “air’” our understanding of the radiation
from hypersonic wakes is still in a primitive state By as-
suming equilibrium air radiation in the wake of a blunt body,
Norling and Kivel®® of Aveo/Everett were able to estimate
gas temperatures from experimental measurements of such
radiation; the agreement between these estimated tempera-
tures and those calculated by the method of Ref 2 is satis-
factory Thompson*® has also attacked this problem by
introducing separate coefficients for absorption and emission,
instead of a single gray-body absorption coefficient He has
also discussed the nonequilibrium wake radiation problem
Of all the observables in the hypersonic wake, radiation is
unquestionably the most sensitive to details of chemiecal
composition, temperature, and “impurities ”’

Clearly, there is no dearth of problems in this rapidly
developing field 1In this situation, close coordination be-
tween experimental and theoretical investigations is essential
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