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Fig. 5 Wake growth defined by the mean boundary loca-
tion (7 = 0.5) and by the farthest spread of the turbulence

(7 = 0.01).

reported by Hwang and Baldwin4 in 1966. In the present
work it was found that the probability of finding these laminar
periods on the wake centerline increases with the downstream
distance. Beyond the first 25 diameters, the corresponding de-
crease of the intermittency factor is proportional to (x/D) ~°-15,
as seen in Fig. 4.

Figure 5 shows the growth of the wake in terms of the
intermittency factor. After the first few diameters the wake
radius may be seen to increase as (x/D)llz, as expected from
similarity. Since the continuity equation requires the mean
concentration per unit cross-sectional area of any scalar
quantity contained within the wake C to vary inversely as the
wake cross-sectional area, it might be expected that C ~
(x/D) ~2/3. However, this rate of decay does not allow for the
intermittency observed in actual flows. When corrected for
the intermittency on the centerline of the sphere wake, it is
found that (7- (z/Z))-°-82.

Assuming that this is a universal relation describing the
decay of all scalars in the sphere wake, it was applied to the
data of Gibson, Chen, and Lin,5 who studied the decay of
temperature and turbulence in the wake of a sphere in a water
tunnel. The —0.82 power law was found to describe their
results, both for the axial variation of the mean wake tem-
perature and for the decay of the velocity and temperature
fluctuations.

The mean defect velocity exhibits similarity for x/D > 5
and is well described by the familiar Gaussian profile. Figure
6 shows the turbulence intensity similarity profile. The curve
has a peak near the point of maximum strain rate in the
defect profile; that is, off the axis.

Also shown in Fig. 6 is the radial variation of the inter-
mittency factor in terms of the Gaussian variable r — r/a,
where f is the mean location of the wake boundary and a is

the standard deviation of the boundary fluctuations about f.
Although the distribution is not described by a single curve,
even in the region of similarity, a Gaussian profile provides
an adequate approximation, good to within a few percent.
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THERE is a great deal of interest in the problem of deter-
mining the drag on bodies in near-free-molecule flows as

evidenced by a relatively extensive literature presenting both
experimental data and numerical or analytical attempts to
provide a solution. Also the Seventh International Sympo-
sium on Rarefied Gas Dynamics, held in Pisa during the sum-
mer of 1970, contained many contributions to the problem
which should soon appear in print.

A subsidiary problem of special interest to many investiga-
tors in the field is that of the approach of the drag coefficient
to the free molecule limit. This question is experimentally
trying since the scatter in much of the reported data pre-
cludes any definite conclusion concerning the coincidence
with this limit. Furthermore, the theoretical developments

Table 1 Sphere drag coefficient-nitrogen sample results

Mm

CD

2.63
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1.92
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1.57
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1.02
1.07
0.847
0.731
0.508
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0.174
0.130
0.091
0.071
0.054

Fig. 6 Similarity profiles for the intermittency factor and
turbulence intensity in the wake of a sphere.
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Fig. 1 Sphere drag in nitrogen and air.

have not yet reached the stage where they may speak with
authority on this point. Kussoy et al. recently reported1

some measurements with spheres using free-flight techniques
which indicated an overshoot of the drag coefficient above
the theoretical free molecule value. Other investigations,
including the results obtained by the authors2 using a magne-
tic suspension balance at the University of Virginia, imply an
asymptotic approach from below with the free molecule
value as the maximum limit. The objective of this Note is to
present comparisons of some of the existing data and to re-
port additional measurements relating to this problem.

All measurements at the University of Virginia were made
in hypersonic flow from a freejet using a magnetic suspension
system to obtain sting-free data which exhibit excellent re-
producibility. Contrary to many low-density measurements
obtained by other techniques, the magnetic suspension
method has improved the drag force measurement to the
point where the largest uncertainty is in the flow properties
rather than the force determination.

Figure 1 is a representative plot of the observed drag co-
efficient related to the calculated value for free molecule flow
in nitrogen for 0.6 mm-^th-in.-diam steel spheres. The inde-
pendent parameter chosen is the Reynolds number behind a
normal shock. Other parameters have been used with vary-
ing success in correlating data obtained under widely varying
conditions,3 and this choice is simply a matter of conve-
nience. The data used is presented in tabular form in Table 1
and some of it has appeared previously.2 In calculating the
free molecule values, no attempt is made to infer surface or
material effects and complete accommodation with diffuse
reflection is assumed. This assumption appears valid in view
of the improved observation of gas surface interaction which
have become available during the past few years.4 The re-
cent results of Kussoy et al.1 are also shown in Fig. 1 for
comparison.

Focusing attention on the near-free-molecule limit, our
data, which must be assumed as representative of a warm
wall condition (i.e., TW/T0 — 1), indicate no tendency to over-
shoot the free molecular limit, at least for Reynolds number
of order unity. Unfortunately we are not able to operate at
lower Reynolds numbers and so cannot obtain positive con-

Table 2 Sphere drag coefficient—argon sample results
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Fig. 2 A comparison of sphere drag in nitrogen and argon.

firmation of this limit. However, recent results by Legge and
Koppenwallner5 support the absence of an overshoot for Re2
of the order of 0.1. These results are again for warm wall
conditions. The results of Kussoy et al., which are for cold
wall conditions (i.e., TW/TQ <3C 1), seem to indicate an over-
shoot of the drag coefficient above the free molecular value,
although the scatter in the data makes a definite interpreta-
tion difficult. Furthermore, it is noted that the normalization
to the free molecular limit fails to collapse the data into
agreement in the mid-transition range. However, a previous
analysis2 has shown that the warm wall data normalized to the
free molecular value are in agreement with similarly reduced
results of Kinslow and Potter6 for cold wall conditions in the
Reynolds number range from 1.0 to 10.

In Fig. 2 we present additional results similarly obtained
for argon together with those for nitrogen. Here the ob-
served drag coefficient is plotted as a function of the free-
stream Knudsen number. The values of the data points for
argon are given in Table 2. Here again a smooth approach
from below to the free molecular limit is noted at an abscissa
value of approximately unity. While the argon data rises
more quickly to its free molecular limit, there is no suggestion
of any overshoot.

In conclusion, therefore, it would seem that there is no evi-
dence to support a free molecular overshoot for warm wall
sphere drag data. There is certainly room for conjecture when
considering cold wall conditions. The problem is compli-
cated not only by the need for more accurate measurements
but also by the need to be concerned with such effects as ad-
sorption due to the cold wall or some reduction in the value
of the molecular reflection parameter which may be expected
to take place at higher incident energies.
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