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Introduction

HE use of induced flow separation devices for blunt-body
drag reduction has proved effective in several practical
applications. Notable examples are the spike used on the
Trident ballistic missile! and the various cab-mounted shields
found on large tractor-trailer trucks.? Little has been done to
exploit this concept at transonic speeds, however. The present
work is intended partly to provide information on the aerody-
namic properties of flow separation devices at transonic
speeds in order to assess their potential in this flow regime.
This work has a broader and more fundamental purpose,
however, and that is to examine the fluid mechanic properties
of a cavitylike flowfield in the transonic regime. The geometry
in question is sketched in the inset of Fig. 1. It is composed of
a simple, flat-faced, circular cylinder (diameter d,) aligned
with the flow and in front of which is coaxially extended a
smaller-diameter flat-faced cylinder, known as the probe. The
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probe diameter d, and length / can be varied. For relatively
short probes, there is a single separated zone between the
probe face and the cylinder face, whereas longer probes pro-
duce two separated zones in this region.? These two situations
correspond to the open and closed modes, respectively, of a
cavity or cutout in a wall* (see the inset of Fig. 3). The probe
length, which distinguishes the open from the closed mode, is
designated as the critical length /. Cavitylike flows are en-
countered in a wide variety of situations, and this study is in-
tended to explore one such situation found in drag reduction
schemes.

Experimental Details

In this presentation, measurements of drag coefficient Cp,
as a function of probe length, probe diameter, and freestream
Mach number will be used to calculate the flowfield character-
istics. The drag coefficient is based on the drag force acting on
the entire probe and cylinder minus the cylinder base drag.
The reference area is the cylinder cross-sectional area. No cor-
rections for blockage were made to the drag coefficient, and
its estimated accuracy is + 0.02.

These measurements were obtained in the (now nonexistent)
1.83-m X 1.83-m supersonic wind tunnel at the NASA Ames
Research Center. The Mach number M ranged from 0.8 to
1.5, and the stagnation temperature and pressure were nomi-
nally atmospheric for the majority of the tests. The cylinder
had a diameter of 127 mm and was 889 mm long. Three probe
diameters were used giving diameter ratios d,/d, of 0.248,
0.368, and 0.45. The smallest probe had a length ratio //d, up
to 3; the two larger probes had maximum //d, of 2. The results
to follow are representative examples for the smallest probe
diameter; a complete presentation for all diameters can be
found in Ref. 5.

Results and Discussion

Figure 1 demonstrates how Cp, varies with length ratio for
fixed Mach number. The trends for subsonic and supersonic
flow have qualitative similarities. The value of Cj, at very
short lengths is large and roughly proportional to the free-
stream stagnation pressure coefficient. Increasing length
brings about a rapid decrease in Cj, to a minimum value. The
subsonic minimum is broad and is followed by a gradual in-
crease to a plateau. The supersonic flow abruptly changes to a
higher drag level; the probe is too short to show the asymp-
totic behavior. Hysteresis (not unique to this experiment®) ap-
pears in the supersonic drag as the probe is subsequently
shortened; no subsonic hysteresis occurs. The magnitude of
the drag reduction due to the probe, as much as two-thirds of
the zero length drag, is significant enough to perhaps be of
practical value.

Insight into the fluid mechanic properties of this flow
system is provided by the alternate presentation of C;, as a
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Fig. 1 Influence of probe length on drag coefficient, d,/d,
= 0.248.
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Fig. 2 Influence of Mach number on drag coefficient, d,/d, =
0.248.
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Fig. 3 Critical probe length, d,/d, = 0.248.

function of M for fixed //d, in Fig. 2. Each curve shown in
this figure has been chosen to highlight a particular flow phe-
nomenon.

For l/d, = 0.7, a monotonic increase in Cp is observed
through the entire test range of M. This is characteristic of
relatively blunt bodies. Lengthening the probe to //d, = 1.3
produces a drop in Cp, beyond M = 1.1. The differences in
these two cases are probably related to the shock detachment
distance as follows. Each of these probe lengths produces
open-mode flow, and at supersonic speeds this mode has a sin-
gle bow shock ahead of the main cylinder.’ For a flat-faced
cylinder, the shock detachment distance is on the order of
2-1.5 cylinder diameters for M varying from 1.1 to 1.2.7 In the
l/d, = 0.7 case, the probe is apparently too short to have
much influence on the bow shock, and the probe and cylinder
faces are thus subjected to the high pressure produced by a
nearly normal shock. For //d, = 1.3, the probe length is ap-
proximately the same as the detachment distance, particularly
at M = 1.2. It is likely that now the probe distorts the shock
into a more oblique shape and thereby reduces the pressure
drag.

A most remarkable behavior appears with //d, = 2.1 and
2.3: as M approaches 1 from below, the drag coefficient ac-
tually decreases. Furthermore, above M = 1, the case
l/d, = 2.3 shows an increasing drag coefficient whereas, for
lengths on each side (//d, = 2.1 and 2.5), Cp decreases. A
plausible explanation for these behaviors can be made with the
aid of Fig. 3, which has been prepared using the entire set of
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measurements from Ref. 5. Previous studies of qualitatively
similar flows have suggested that Cp, reaches a minimum value
at a probe length slightly less than critical.? Guided by this, the
critical length for the probe/cylinder might be approximated
by the probe length midway between the minimum and pla-
teau for subsonic flow and by the probe length at which the
drag suddenly increases for supersonic flow. The length so de-
termined appears in Fig. 3.

In Fig. 3, the length //d, = 2.1 starts out at M = 0.8 in the
closed mode and progresses into the open mode as M increases
toward 1. Correspondingly, the drag coefficient decreases
(Fig. 2) as this mode change occurs. Apparently, the multiple
compression processes upstream of the main cylinder face in
the closed mode exact a greater drag penalty than the single
compression process of the open mode.’ Similarly, at
1/d, = 2.3, there is a mode change from closed to open as M
increases toward 1 and a second mode change back to closed
as M progresses on to 1.2. Hence, C, decreases subsonically
and increases supersonically. In contrast, //d, = 2.5 is greater
than critical at all Mach numbers and does not experience any
mode changes. The variations of Cp, with M for this longest
length are thus typical of more slender bodies.

Conclusions

The probe/cylinder geometry experiences significant varia-
tions in drag coefficient as Mach number and probe length are
changed. These variations appear to be closely linked to
changes in the fundamental character of the flow, in particu-
lar, the transitions between the cavitylike open and closed
modes. The critical length, which distinguishes open from
closed flow, is a strong function of Mach number, and this
leads to surprising changes in the drag coefficient as Mach
number varies for fixed geometry. In addition, an apparent
subdivision of the flow character in the supersonic open mode
distinguishes probe lengths that do or do not significantly alter
the bow shock structure. Although confirmation of these flow
descriptions must wait for detailed measurements, the view of
the flow as presented here is a reasonable first approximation
to this complex and interesting problem.
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