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ture of N, and He where separation has taken place, the shock
wave contains gradients in both concentrations and in v so
that the shock wave relations are difficult to apply.

In measuring the rotational temperatures through the
shock wave, the author has also found non-Boltzmann dis-
tributions, as have all electron beam investigators. The
temperatures presented are approximated by merging the
rotational distribution functions. There is a considerable
controversy over the analysis of rotational temperatures (see
Ref. 6) about which the author has little to offer at the present
time.

Finally, the statement by R. E. Center that Eq. (11) should
be modified by a ratio of the appropriate lifetimes for the ex-
cited states is an oversight on his part since this equation con-
tains the ratio of Einstein’s transition probabilities of emis-
sion (Aum of He to N,) which are directly related to the life-
times by

— =2 A
m

This relationship is discussed in Ref. 7.
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Comments on Schlieren Measurements
of the Inviscid Hypersonic Wake
of a Sphere

W. H. WeBB*
TRW Systems, Redondo Beach, Calif.

W]ILSON1 has found that a sphere at high Mach number
produces a well-defined trail 8 diam in width for
thousands of diameters behind the body in a schlieren photo-
graph. This phenomenon appears to be independent of
Reynolds number and body material and is called the “in-
viscid wake” by Wilson. He finds the “edge” of this wake
by finding the location where the film contrast is greatest and
identifies this location as the place where the flowfield “density
gradient was greatest.” If this statement is modified to
read: “the radial location on the schlieren photo where the
integrated density gradient along the light path was great-
est,” then it is interesting to see if this straightforward inter-
pretation of the inviseid wake seen on the schlieren agrees
quantitatively with the expected “inviscid wake width.”
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Fig.1 Typical enthalpy profiles in near and far wake of a
sphere.

Figure 1 shows typical enthalpy profiles expected in the
near and far wake of a sphere for Reynolds numbers at which
Wilson’s data were taken. The inner “viscous wake’ near
the body is smeared out by x/d of order 10% but the shock-
produced inviscid wake continues for several thousand
diameters, its characteristic diffusion time being longer owing
to its larger size.

Denoting the distance from the axis on a schlieren photo-
graph by y, the film contrast in a schlieren system at y is pro-
portional to the light deflection,? which is given by

W) = 2 f ((bn/br)dr 1

r? — yZ) 1/2

where r is the radial coordinate of the axisymmetric wake and
n is the index of refraction of the wake. Since the wake elec-
tron density is much smaller than the neutral density, de-
tectable variations in n are due only to neutral density vari-
ations and # ~ p/pe.

We will attempt to evaluate (1) for a very simple wake
model. The drag on the body is

D=27rf0wpu(u

at large z/d. Further at this distance u ~ u., the total
enthalpy is approximately uniform, H ~ H.,, and so is the
Pressure p = Pu, 50 that w(ue — ) =~ b — he, and p/pe =~

w — w)rdr (2)

| Y=eay AT ap.
MAX
=ay AT ¢

1.4k = Yinaxe MAX

YayAT-@—h

.8 / 271 max

P MAXIMUM CONTRAST IN

A WAKE AS SEEN BY y
4
SCHLIEREN SYSTEM, € MAX
2k
1 1 1 1 1 L 1 1 1
0 2 4 [ 8 Y 12 14 16 18 20
- ho-1
haxis” e

Fig.2 Values of Y for maximum light deflection, enthalpy

gradient, and density gradient. Also maximum schlieren

light deflection ¢/4, vs 7 = hs/h., — 1. Gaussian enthalpy
profile, h/h, = 1 + 7 exp — ¥Y? is assumed.
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Fig. 3 Estimated radial location in body radii for maxi-

mum light deflection, enthalpy gradient, and density

gradient in the inviseid wake of a sphere at M, = 20 with
Cp =1.

he/h; hence, (2) becomes

7—1/‘/2 == ® _}k‘f’
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wherein the body is taken to have unit radius. We may
closely approximatet the enthalpy distribution in the far
wake of a sphere by the Gaussian profile

(h — ho)/(ha — ha) = exp{—a?} )

where /4 is the axis enthalpy and « measures the curvature of
the profile at the axis. Inserting (4) in (3) and integrating
gives a relation for a in terms of Cp, ba/he, Mo,

. loghuhe NV
o <[(7 - 1)/2]Mm20D> ®)

Using (4), (1) becomes, with the substitution »* = a?(r? — 3?),

e " dv

e(y) = 41Ve~ Yﬁj‘om T F re T e (6)

T See Fig. 1 of Ref. 3.
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where we have denoted 7 = hy/he — 1, ¥ = ay, and we have
taken n = p/p., since only relative values of e are of interest.
Thus, for small y, e ~ y and, for large y, ¢ = 0 and, as ex-
pected, e has a maximum at some value of y, not necessarily,
however, where dp/0r is a maximum as would be the case
for a two-dimensional wake. The integral in (6) has been
evaluated numerically and the variation of emax/4 and Y maxe
with 7 are shown in Fig. 2. Note that epay is insensitive to
7 for large 7 and that Yaxe = (2)Y%/2 at 7 = 0. Also
shown are the values of ¥ for maximum density gradient and
enthalpy gradient. If we now specify Cp and M., then (5)
permits the expected inviseid wake width ymaxe = Ymaxe/@ to
be calculated as a function of 7. Figure 3 shows the result
for Cp = 1, M. = 20; the location of maximum enthalpy
gradient ymax on/or = 27Y2a "t and maximum density gradient
are also shown. We note that, for large 7, the expected in-
viscid wake radius is nearly double the radius of maximum
enthalpy gradient. We further note that ymaxe =~ 8 (inde-
pendent of 7 for 7 > 2)1 in remarkable agreement with
Wilson’s measurements, The origin of the inviscid wake
phenomenon in Wilson’s photos is therefore quantitatively
explicable in a quite straightforward way.
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1 The rapid variation of ¥Ymaxe with = for 7 < 2 suggests the
possibility of using the inviscid wake width as a thermometer for
cases when = < 2; however, Fig. 2 indicates that the schlieren
contrast may not be adequate for small . Another possibility
is suggested by the fact that ymaxe varies linearly with M.
Characteristics calculations indicate that r > 5 for M, > 10;
hence, the inviscid wake width for a sphere is a direct measure
of M, for M. > 10. Wilson observes that the total variation of
measured wake width is 209, for a velocity range of 19,000 to
23,000 fps, also a 209, variation. This spread is consistent with
the preceding arguments, which suggest that the cause of this
wake width variation is simply the variation in flight Mach
number.



