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ABSTRACT

The purposes of this study are to examine the
reduction of the drag of a blunt cylinder by a cyllindrical
probe in the transonic regime, and to determine
characteristics of the flowflield from the experimental drag
coefficient data. This study is signiflcant because it is
the first extensive study of this flow Iin the transonic
regime.

The exper iment was conducted in the NASA Ames Research
Center 6X6-ft. supersonic wind tunnel. The model consisted
of a blunt cylinder with diameter d, and several extendable
cylindrical probes, yielding probe-to-cylinder diameter
ratios dqy/do of 0.248, 0.368, and 0.45, and probe length-
to-cylinder diameter ratios I/dy up to 2.0 (3.0 for the

smallest probe). These configurations were tested at Mach

numbers between 0.8 and 1.5.
Cp decreased as both 1/dy; and dy/dy increased, due to

the fact that the cylinder face was immersed in a wake of
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reduced stagnation pressure created by the probe. After
reaching a minimum, Cp |Increased as |/dy increased,
indicating a transition of the flow over the probe from a

lower-drag open cavity mode to a higher-drag closed cavity

mode. This change was rather abrupt, and there was also
hysteresis, in the supersonic tests, in agreement with
previous experiments. Cp also reached a minimum and

increased as dy/dp increased, due to the increasing
resemblance of the cylinder/probe configuration to a blunt
cylinder as dq/dy approached 1.

Cp usually Increased with Mach number, due to the
increase in stagnation pressure with M, For a particuiar
range of length and dlameter ratios, Cp decreased with
increasing M for 0.8 < M < 0.95. This was attributed to
the transition of the flow over the probe from the higher-
drag closed mode to the I|ower-drag open mode as M

Iincreased.
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. INTRODUCTION
1.1 Description of Problem

The reduction of the drag of a biunt object by the use
of a shilelding device Iis a well-documented phenomenon“a,
and the principle has been appl!led to vehicles ranging from
tractor-trailer rlgs4'5 to the Trident mlsslles. This type
of flow has been studied rather extensively in the
Incompresslble1 and supersonlcz'3 regimes. However, little
attention has been paid to this flow In the transonic
reglme7. Only one experlment6 has concentrated
specifically on the transonic regime, and this experiment
was |limited to fiow pictures and drag calcutations from
data obtained in a ballistics facility. No exper iment has
been conducted in the transonic regime that has compi led
extensive force, pressure, and velocity data. To rectify
this omission, an experiment was conducted in the National
Aeronautics and Space Administration Ames Research Center
(NASA-ARC) 6-foot supersonic wind tunnel. The model used
was a blunt cylinder with a co-axlal cylindrical probe
extending ahead of the cylinder face. The axis of the
model was aligned with the flow direction. The tunnel was
run at freestream Mach numbers between 0.8 and 1.5. Force,
pressure, and velocity measurements were made. This thesis
Is an examination of the drag data from this experiment,
with the intention of determining various aspects of the

flowfield from the drag data.

.

_
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1.2 Background

The Idea of using some sort of shielding device to
reduce the drag of a btunt object seems to have first been
explored by Eiffel® In his experiments on two discs in
tandem. These exper iments have been more recently repeated
by Morel and Bohng. Some of the earliest experiments
involving the use of a probe to reduce the drag of a blunt,
cylindrical object in the compressible regime were
conducted by Spooner2 and by Beastall and Turner3. Koenlg7
has compliled a falrly comprehensive survey of the work
conducted prlor to 1983 1In the area of transonic merging
separated flows and has explained how the resuits might be
applied to the cylinder/probe drag reduction problem. The
research by Haupt and Koenig6 is one of the very few
exper iments to directly address the problem of the
cylinder/probe configuration in transonic flow.

1.3 Qualitative Discussion of Drag Reduction and Flowfields

The geometry of Interest in this thesis is shown in
Figure 1. This configuration consists of a blunt cylinder
of diameter dpy with a cylindrical probe of diameter d; and
length | aligned co-axially with the cylinder. The model
used Iin the exper iment was based on this configuration, and
will be discussed in more detail later.

An examination of any of the data in the papers
previously cited will reveal a decrease Iin the drag
coefficlent of the blunt cylinder - shielding device

combination as the shielding device is extended in front of




the blunt cylinder. This shielding device usually takes
the form of either a disc mounted on a probe or a probe
with a blunt face. The decrease in drag Is due to the fact
that because of viscous forces, the flow that impacts on
the disc or probe face separates from the edge of the disc
or probe face, as sketched in Figure 2. This creates a
large wake with reduced stagnation pressure in which the
blunt cy! inder face Is immersed. The reduced stagnation
pressure is the reason for decreased Cp. This ls a

reasonabie explanation for the reduction of biunt body drag

by a probe or disc. However, for a more complete
description of the manner Iin which the flowfield affects
the drag of the <cylinder/probe configuration, it Is

necessary to include a brief discussion of cavity flows.
The similarities between the flow past the
cylinder/probe combination and cavity flows has been well
documented Iin the incompressible reglme1°. A compar ison of
the results of other experlmentsz'6-7, as well as the data
from the present experiment, with the incompressible
results will confirm these similarities Iin the compressible
regime. Of particular importance is the existence of the
two cavity modes, open and closed (as defined by Charwat
et. al.“), for the cyl inder/probe configuration.
Referring to Flgure 3a, If the flow which separates from
the probe face reattaches at the cylinder face, then the
flow could be considered to be In the open cavity mode. |

the flow that separates from the probe face reattaches on
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the probe side, then separates again and reattaches on the
cylinder face, as in Figure 3b, then the flow could be
considered to be In the closed cavity mode. The existence
of two modes Is Important because of the differences in
drag experlienced by the cy!inder/probe configuration In the
two different modes. For a given M and diameter ratio
dy/dp, Cp Is less for the open mode than for the closed
mode. An examination of the pressure distribution In the
cavity (as revealed by the pressure distribution along the
probe side) for each of the two modes, as shown in Flgure
3c, will reveal the reason for the drag difference. This
figure 1Is a qualitative sketch representative of the
resuits of previous experiments on two-dimensional and
axisymmetric cavities in incompressible and compressible
fiows10-13  The abscissa in this graph is the x-coordinate
along the probe, with origin at the probe face corner, and
nondimensionalized by the probe tength. In both modes, the
flow exper iences an acceleration and sharp drop in pressure
at the corner. In the closed mode, which occurs for "long"
probes, the flow experiences a sharp recompression as it
reattaches to the probe side and then another pressure rise
as It separates ahead of the cylinder face. In the open
mode for "short" probes, since the flow does not reattach
to the probe side, it does not experlience the sharp
recompression. The open mode flow experiences only a
gradual pressure rise as |t approaches the cylinder face.

The sharp recompression and the generally higher cavity




pressures In the closed mode lead to hilgher cylinder face
pressures, and thus higher values of Cp, than for the open
mode. This can be seen in several reports:"s'7 which show
that for flows that are known or can be assumed to be in
the closed mode, Cn is higher than for the known or assumed
open mode flows.

The mechanism which causes the cavity to close or open
as the probe |Is lengthened or shortened Is not well
understood. The pressure distributions of Reference 10
seem to show that In the Incompressible regime, the
transition from one mode to another Is very gradual,
whereas the observations of Beastall and TurnerS3 indicate
that in the low supersonic regime (1 < M < 2.5), the change
Is rather abrupt. The observations of Beastall and Turner
aiso demonstrate a hysteresis condition in the mode shape,

with the probe 1ength at which the mode changes (known as

the critical length) being dependent upon whether the probe
is being extended or retracted. Since the drag is
dependent upon whether the cavity Is open or closed, the
abruptness of the mode transition and the hysteresis
effects show up as sharp, clear hysteresis loops in the
plots of Cp versus probe length for the supersonic Mach
numbers. It should be noted that in the subsonic mode
transition range, where the flow Is undergoing the gradual
transition from open to closed mode, the flowfield is very
unsteady, with large fluctuations and large turbulent RMS

veliocities.




With this understanding of how features of the
flowfleld affect the drag of the cyl inder/probe
configuration, the experimental results may now be examined
to ylield Information about characteristics of the flow past

the cylinder/probe configuration.




i

ti. EXPERIMENTAL DETAILS

2.1 Wind Tunnel

The tests were conducted In the NASA-ARC 6 X 6-ft
supersonic wind tunnel. This is a closed circuit, single
return, continuous flow tunnel powered by an 8-stage
external axial compressor rated at 60000 hp. The Mach

number Is varied with an axisymmetric sliding block type

nozzle. The test section Is 6 feet high, 6 feet wide, and
14 feet long. It has a perforated ceiling and floor for
transonic tests. The Mach number range of the facility Is

fromM = 0.25 to M = 2.2, and the Reynold's number range is
from 5 X 105 to 5 Xx 106 per foot. The tunnel stagnation
pressure is variable from 4.4 to 14.7 psia, the tunnel
dynamic pressure |s variable from 200 to 1000 psf, and 5800

R is the maximum tunnel stagnation temperature.
2.2 Model

The model was constructed according to the
configuration shown in Figure 1, and consisted of a blunt
cylinder with several extendable/retractable probes. The
cylinder was made from aluminum and was 5 inches in
diameter and 35 Inches long. The cyl inder face and side
were instrumented with pressure taps. The usable face taps
were located on a single radlal line at radil of 1.25,
1.75, 2.0, 2.25, and 2.425 inches, measured from the
centerline. The wusable side taps were |ocated at 1.25-

Inch intervals, beginning at the <cylinder corner and
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proceeding rearward along the cylinder side to 10 Inches
from the cylinder face, where the iInterval changed to 2.5
Inches. This spacing continued unti| 15 inches from the
cylinder face, where the Interval changed again to 5
inches. The rearmost tap was 25 inches from the cyl inder
face. Thus, there were 13 usable taps on the c¢ylinder
side. There were also pressure taps l|located on the base of
the cylinder and inside the cyllinder cavity. These were
used to measure base and cavity pressures, which were then
used to compute a correction to the measured Cp that
removed the base and cavity drag. The cyliinder contalined
the drive mechanism for the extendable probes, and was
mounted in the tunnel on a sting through a six-component
internal balance. The balance was used to make force

measurements.

There were essentially three different interchangeable
probes used in the exper iment. The first was an
instrumented probe of diameter 1.84 inches, or dy/do =
0.368. This probe had pressure taps mounted on its face
and side. The usable face taps were located on a single
radlial line at radlii of 0.0, 0.465, and 0.736 inches,
measured from the centerline. The wusable side taps were
located at 0.46-inch intervails from 0.92 inch behind the
probe face to 5.52 inches behind the probe face, where the
interval! Increased to 0.92 Iinches. The last tap was
located 9.2 inches behind the probe face. There were 15

usable taps on the probe side. This probe could be




extended up to 10 Inches (2 cylinder diameters) from the

cylinder face.

There was a second, non-instrumented probe of diameter
1.24 inches, or dj/dy = 0.248. This probe could be
extended up to 10 inches (2 c¢cylinder dliameters) from the
cylinder face. There was an extension that could be added
to this probe so that it could extend up to 15 inches (3
cylinder diameters) from the cylinder face. The third
probe was also non-instrumented. it was in fact a 1.24-
Inch diameter probe with a 2.25-inch dliameter disc attached
to the end, which ylielded a diameter ratio dq/dy of 0.45.
This probe could also be extended up to 10 Inches (2

cylinder diameters) from the cy! inder face.

2.3 Data Acqulisition

In addition to the force measurements made with the
internal force balance and the pressure measurements made
using the pressure taps, veloclity data was also obtained.
This was accomplished through the use of a two-component
laser doppler velocimeter (LDV) system. Thls system
measured mean velocity profiles, RMS velocity profiles, and
turbuient shearing stress profiles. As is almost always
the case with LDV data, the number of different cases
covered was limited, and detalled pictures of the velocity
field were obtained for only a few of the configurations
and Mach numbers. Because of the |imited scope of this set

of data, it willl not be included in this thesis.

I.L
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2.4 Flow Regimes

The smallest probe (dy/dy; = 0.248) was tested over the
range of Mach numbers 0.8 < M <« 1.2 for the range of length
ratlos 0 < 1/dp < 3. It was attempted to conduct these
tests at a stagnation pressure equal to atmospheric
pressure. However, due ¢to difficulties with the tunnel,
the tests were conducted at 1634 psf, approximately 77% of
atmospherlic pressure. The Iintermediate diameter probe
(dqy/dgy = 0.368) was tested over the range of Mach numbers
0.8 < M < 1.5 for the range of length ratios 0 <« 1/dpy < 2.
These tests were conducted with stagnation pressure equal
to atmospheric. The probe-with-disc configuration (d;/ds =
0.45) was tested for +he range of Mach numbers 0.8 < M <«
1.2. over the range of length ratios 0 < I/dy; < 2. Again,
because of difficulties with the tunnel, these tests were
conducted at a stagnation pressure equal to 1634 psf

(approximately 77% of atmospheric).

2.5 Other Details

As mentioned earlier, there were pra2ssure taps located
on the cylinder base and inside the cylinder cavity. These
were used to compute the base drag of the cylinder, which
was then used to correct the measured Cp. The reason that

this correction was desired was that in these types of

exper iments, the greatest interest lies typlcally in the
drag of the forebody system, which consists of the cylinder
face and probe. This |s because |t is this part of the




geometry that causes Cp to vary the most. Thus, it is
desired to determine the contribution to the totail drag of
the forebody system alone. The skin friction drag on the
side of the cy!l inder is not corrected for because it
contributes much Iless to the total drag than either the
forebody system or the cylinder base.

In the discussion of the model construction, only the
locations of the usable taps were noted. There were other
pressure taps mounted on the cylinder and probe. However,
these either duplicated the information given by the taps
listed above or were determined to be unusable or bad at
some point In the experiment, and so only the taps that

ylelded usable information were noted.

11




P11. RESULTS

3.1 Variatior of Drag Coefficient with Probe Length

Flgures 4a through 4d show the variation of drag
coefficient with probe length-to-cylinder diameter ratio
(1/dp) for each of the three different probe diameter
ratios, with Mach number as the parameter between curves.
Figures 4a and 4b contain the data for dy/dy; = 0.248 for
the subsonic and supersonic Mach ~umbers, respectively, at
which this probe was run. The subsonic and supersonic
curves have been separated for clarity. Fligures 4c and 4d
contain the data for dy/dy = 0.368 and dy/dp = 0.45,
respectively. Only the data for the extending probe
lengths Is shown in all cases except in Figure 4b, the
supersonic drag curves for dg/dp. This is because in the
cases where there was no hysteresis, the data for
retracting probe lengths reasonably repeated the data for
extending probe lenoths, and so the repeated data points
could be omitted for clarity.

As can be seen from these figures, all of the data
begin with the same trend: a decrease in Cp as the probe
length ratico Increases from zero. This has been explained
previously as being due to the reduced stagnation pressure
of the flow Impacting on the c¢yl!linder face. All of the
subsonic drag curves show the same decrease in Cp until
some sort of minimum Is reached, and trnen Cp begins to
increase gradually. This minimum appears to be at a probe

length of roughly 1 cylinder diameter. Figure 4a shows the

12
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trend for dy/do = 0.248 for a probe length extending to 3
| cylinder diameters. Cp beglns to increase slightly more
rapidly in the range of probe lengths from 2 to 3 cyl inder
diameters. If the explanation given in the |Introduction is
# accepted, then the minimum and gradual rise in Cp Indicates
that the flow over the probe is transitioning from the open
mode to the closed mode. The levelling off in the drag
b curves would indicate that the flow has complietely
transitioned to the closed mode. It appears in Figures 4c

and 4d that Cp is beginning to increase for |1/do > 1, which

would indicate that the fiow in these two cases is
beginning to transition to the closed mode.

The supersonic drag curves for dy/dy = 0.368 and dy/d,
= 0.45 (Figures 4c and 4d) do not have a distinct minimum,
but Instead keep on decreasing for the entire range of
length ratios investigated here. It should be noted that
the drag curve for dy/dy = 0.45, M = 1.2, appears to level
off. However, it is possible that this Is due to having a
disc on the end of a probe Instead of having Jjust a blunt
probe. Since no Iincrease in drag is noted in the
supersonlic curves for these two probes, it would appear
that the flow over these probes has not yet transitioned

from open to closed mode for the length ratios shown.

Figure 4b, on the other hand, contains abrupt drag rises
and clear hysteresis loops for the larger values cf 1/d,.
In the hysteresis |oops, the lower branch corresponds to

increasing values of 1 /do, and the higher branch 1
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corresponds to decreasing values of 1/dj. This would
“' indicate that the flow undergoes an abrupt transition from
open to closed mode as the probe Is extended, and that the

length ratio at which the mode transition occurs is

dependent upon whether the probe is being extended or
retracted, as discussed in the Introduction.

Another important feature to note on these figures is
the point or points at which the curves for the subsonic
flows cross, and the point or points at which the curves
for the supersonic flows cross. For dy/dp = 0.368 (Figure
4c), the point on the subsonic curves is at a probe length
of approximately 1.6 cylinder diameters, and on the
supersonic curves, at a probe length of approximately 0.8
cylinder diameter. For dy/dp = 0.45 (Figure 4d), the point
on the subsonic curves ls at a probe length of
approximately 1.6 cyllinder diameters, and on the supersonic
curves, at a probe length of approximately 1 cylinder
dlameter. For the subsonic curves for dy/dyg = 0.248
(Figure 4a), there are two crossings: one at a probe length
of approximately 1.6 cylinder diameters, and another at
approximately 2.4 cylinder diameters. For the supersonic
curves for dq/dp = 0.248 (Figure 4b), there is one distinct
crossing at a probe length of approximateily 0.9 cy! inder
diameter. These crossings are important because they
define |Iimits for ranges of probe length ratios within

which some peculiar variations of Cp with Mach number
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occur. These variations will be discussed In a later
section.

3.2 Vvarlation of Drag Coefficient with Diameter Ratio

Figures 5a through 5f show examples of the variation

of Ch with dlameter ratlio (dy/dy). Each figure contains
the drag curves for altl of the Mach numbers and for a
particular probe length ratio. These curves were obtained
in the following manner. For a particular iength ratio and
Mach number, the values of drag coefficient were obtained
for the three different configurations, iI. e., for the
diameter ratios of 0.248, 0.368, and 0.45. Two other
values were obtained In order to extend the domain of the
curves. In the |limits of d4y/dyp = O and dy/dy = 1, the
cylinder/probe configuration reduces to a blunt cyl inder.
For the zero diameter ratio case, the <conflguration s
exactly the same as the modei cylinder with zero probe
extension, and so the measured Cp for the model cylinder
with zero probe length at the particular Mach number was
used. For dy/da = 1, the confliguration |is also a blunt
cylinder, but longer, by the probe length, than the model
cylinder. Therefore, for this case, a slight increment was
added to the measured Cp for the cylinder with zero probe
length at the particular Mach number, to take into account
the increase in drag due to skin friction. This increment
was calculated by using an expression from Whlte14 to give
the skin friction coefficient for the cylinder in

Incompressible flow, and then correcting this value
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according to the data in Chapman and Kester‘s, which
documents the change in skin friction coefficient of a

cylinder with Mach number. The Increment in Cp was

calculated assuming that this corrected C¢ acted over a
cylinder segment equal to the probe length. Thus, flve
actual data points were available for each length ratio and
Mach number. The curves shown In Figures 5a through 5f¢
were obtained from a cubic spline curvefit through these
five data points.

Figure 5a contains the drag curves for 1/dy; = 0.1,
This flgure Indicates that at this smatl length ratio the
varlation of dlameter ratio has little effect on the drag.
This is probably because for this smal{ probe length, the
probe Is having very little effect on the flow impacting on
the cylinder face. Flgure 5b contains the drag curves for
l/dp = 0.3. In this figure, the effect of increasing
diameter ratio can clearly be seen. As the diameter ratio
increases, Cp Inltially decreases to a minimum for all of
the Mach numbers. This Is probably due to the increased
size of the separated region, or wake, with reduced
stagnation pressure, that acts on the face. The reason for
the slightly more negative slope for 0.368 < dqy/dy < 0.45
Is unclear. It Is possible that thls change in sliope Is
due to use of a disc on a small probe, rather than a solid
probe, to obtain a diameter ratio of 0.45, as mentioned

previously. With the disc, there would be a greater chance

of "trapping" a vortex between the disc and the cy! inder
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face, at the smalier length ratios, than with the probe
alone. The vortex would lower the cylinder face pressures,
thus decreasing Cp. This type of flow has produced
remarkable drag reductions In the incompressible reglme‘.
Eventually, the Cp curves reach a minimum, and then begin
to Iincrease with increasing diameter ratio. This is due to
the fact that as the dliameter ratio increases, there Is a
larger blunt face on the probe exposed to the oncoming
flow, and hence a larger reglion over which near-stagnation
pressures can act, teading to a higher Cp. The same trends
continue for the other length ratios, with the portion of
the curve with a more negative slope tending to dlsappear
as the length ratio Is increased. This would support the
supposition that this "kink" In the drag curves is a disc
effect, since the differences between a blunt probe and a
probe with a disc would disappear as the probe got longer.
This would be especially true once the flow transitioned
to the closed mode, since the only effect of the disc would
be to <create a slightly larger separated region than would
otherwise normally exist.

As with the Cp-versus-l/d; curves discussed earlier,
there are some ranges of diameter ratios in which Cp
exhibits some peculiar variations with Mach number. Again,
these ranges have limits at the points where the drag
curves for varlous Mach numbers cross. Since there are no
actual data points for 0.45 < dy/dy < 1.0, in this region,

only crossings that are indicated by the values at d,/d; =
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if 0.45 and dq/dp = 1 will be noted, and values of the
h diameter ratio for the crossing points In this region will
;‘ not be given. Crossings for d1/d2 < 0.45 will be referred
{ to as actual crossings, while crossings for 0.45 < dq/djy <
h ] 1.0 as described above will be referred to as indicated
crossings.
For the two smallest length ratios, no actual nor

indicated crossings exist. For I/dp = 1.0 (Figure 5d),
there are actual c¢rossings {in both the subsonic and
supersonic drag curves at di{/d, approximately equal to 0.2,
and another actual crossing In the supersonic drag curves
at dy/dp approximately equal to 0.45. For t/dp = 1.5,
there are two actual crossings each in both the subsonic
and supersonic drag curves. The crossings Iin the subsonic
drag curves occur at djy/dp approximately equal! to 0.3 and
0.45, and the crossings In the supersonic drag curves occur
at dy/dy approximately equal to 0.1 and 0.45. For a length
ratio of 2, there are an actual and an indicated crossing
in the subsonic drag curves, and two actual crossings In
the supersonic drag curves. The actual crossing in the
subsonic curves occurs at dy/dy approximately equal to
0.15, and the two actual crossings in the supersonic drag
curves occur at d;/d, approximately equal to 0.06 and 0.42.

The importance of these crossings will be discussed later.

3.3 Drag Coefficient Contours

Figures 6a through 6f are contour plots for various

vaiues of Cp, each plot containing the data for a different
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Mach number. These figures show the combinations of length
ratio and diameter ratio that have the same value of Cp for
a given Mach number. These figures were created by
constructing curves such as those shown in Figure 5 for al
of the length ratios studied. The cubic spline equations
were used to obtain values of Cp on a uniform grid of
diameter and Iength ratios. This grid was then used by a
plotting program to generate the contour plots.

Two important points may be noted from these figures.
it appears that the minimum Cp occurs over a small but
usuable range of length and diameter ratios. Cp also
appears to be relatively Iinsensitive to the length ratio
beyond a certain value of |/dj.

Because of the use of many interpolated polints In
these flgures, they should be used only to galn a
qualitative understanding of the flow features, and not to
obtain precise quantitative characteristics of the flow.
3.4 Variation of Drag Coefficient with Mach Number

Figures 7a through 7d are examples of the variatlion of
Cp with Mach number. Each figure contains the curves for a
particular diameter ratio and for several length ratios for
which that diameter ratio was tested.

The results that might have been expected wllil be
discussed first. The most common trend, and the one that
was most expected, was the increase in Cp in the range 0.95
«<M < 1.1 for ali of the geometries tested. This can be

attributed to the phenomenon of transonic drag rise, which
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is usually caused by a rise In stagnation pressure as M
increases and shock wave-boundary layer interactions. For
the small length ratios (1/dy nominally less than 1), the
drag coefficient increases with Mach number for the entire
range of Mach numbers and diameter ratios tested. This
indicates that for these small length ratlios, the
cyl inder/probe configuration behaves essentially as a blunt
cylinder, whose drag coefficlent continues to rise with
increasing Mach number because of the rise in stagnation
pressure of the fiow, due to compressibillty.

For the two smaller dlameter ratios, Cp decreases with
increasing Mach number In the range M > 1.1 for most of the
length ratios tested, while for the largest diameter ratio,
Cp Increases for M > 1.1. The decrease in Cp with increase
inM in the supersonic regime for streamlined bodies is
well documented!8.17 This would indicate that in the
supersonic regime, the' separated flow over the
cylinder/probe configurations with the smaller diameter
ratios Is essentially giving a streamiined shape to the
body, which then leads to the decrease in Cp with Increase
in M, In the case of the largest diameter ratio, it would
appear that the large probe face is the dominating feature.
The large probe face causes the cylinder/probe combination
to behave essentially as a blunt cylinder in the supersonic
regime, with Cp rising as the stagnation pressure rises

with Mach number.
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Note that in the supersonlic regime, for small length
ratios (nominally less than 0.8) and all diameter ratios,
Cp increases with increasing M, whereas for the larger
length ratios (nominally greater than 1) and the two
smaller diameter ratios, Cp decreases with increasing M.
it would appear that there is some sort of transition from
a "blunt cylinder” mode to a ‘"streaml!ined" mode at some
particular length ratio for the two smalfer diameter
ratios. This translition occurs at the first crossing of
the supersonic drag curves in Figures 4b and 4c. This
transition is even more graphically depicted in the
supersonlic drag curves of Fligures 5d through 5f, In which
the crossings indicate a transition from the blunt mode to
the streamlined mode and back to the blunt mode as the
diameter ratlo increases from O to 1 for the larger length
ratios.

One other expected trend was the increase in Cp with
Increasing M In the range 0.8 <M < 1.1 for dy/dpy = 0.248
and 2.5 < 1/dp < 3.0. Since in this range of length ratios
and Mach numbers the flow is essentially In the closed mode
and no further significant changes Iin the filowfield are
expected, the rise in Cp can be attributed once again to
the increase In stagnation pressure with Mach number.

There were also two unexpected trends In the data.
The most significant of these was the decrease in Cp with
increasing Mach number In the range 0.8 < M <« 0.85 for al|l

of the diameter ratios tested and for a certain range of
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length ratios for each diameter ratio. While this type of
drag reduction has been recorded before!S, it apparentliy
has not received much attention. Thils phenomenon may be
understood by a consideration of the transisiton of
cavities from open to closed mode and the probe length
ratlo at which thils transition occurs, known as the
critical length ratio (1/dg)er-

As explained 1in the Introduction, as the probe gets
longer, the flow past the probe transitions from the open
cavity mode to the closed cavity mode. In the subsonic
regime, this transition is gradual, and leads to a gradual
increase in Cp. Because of the gradual transition, it Is
difficult to precisely determine a critical probe length
ratio. However, it Is possible to define a critical length
ratio as that length ratio at which the drag coeffliclient Is
the average of the drag levels In the open and closed
modes. Using this definition for the supersonic regime
also, Flgure 8 was constructed to show the variation of
(1/d2)epr With Mach number for d4/dy = 0.248. This figure
is limited to this diameter ratio because l|length ratios at
which the flow had fully transitioned to the closed mode
were obtalned only with this diameter ratio. The flgure
was constructed by plotting each of the curves in Figures
4a and 4b separately, choosing two distinct drag levels,
finding the midpoint between these two levels, and then
recording the length ratio at which the average Cp occured.

The definition of critical length and its implementation iIn
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thls procedure are somewhat subjective but ylelds at least
qualitative information about the varijation of critical
probe length ratio with Mach number. As can be seen in
Figure 8, (1/dg)er lncreases with increasing subsonic Mach
number, and decreases wlth (increasing supersonic Mach
number for both the probe extending and retracting cases.
It Is this variation of (1/dp)oyr that expiains the drop In

Cp with Increasing M for the subsonic case. For a fixed

length ratio In the range of iength ratios for which the
drop In Cp occurs, it appears that the flow Iis In the
nigher drag closed mode for M = 0.8; i. e., (1/dg)/(l/dg)gr
> 1 at this Mach number. As M increases (below M = 1),

(1/d2)er increases, so that (1/dp)/(1/dp)oy decreases untl!l
it becomes Iess than 1, and the flow transitions from the
closed mode to the Iower drag open mode. In other words,
Iincreasing the Mach number for a fixed length ratio in the
proper range opens the cavity, thus reducing the drag. The
range of length ratios for which this phenomenon occurs is
Indicated by the crossings In the subsonic drag curves in
Figures 4a, 4c, and 4d, so that the significance of these
crossings Is demonstrated. The range of diameter ratios
for which this phenomenon occurs Is indicated by the
crossings In the subsonic curves of Figures 5a through 5f,
which seem to indicate that the range of diameter ratios
chosen for this experiment just happened to coincide with
the range of diameter ratios for which this phenomenon

would occur.
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The varlatlion in critical probe Iength with Mach
number ailso explains the other unexpected trend, which is
an Increase In Cp with Increasing M in the range 1.1 < M <
1.2 for some of the length ratios. For a fixed probe
length ratio In the range of length ratios for which this

phenomenon occurs, It appears that the flow is in the {ower

drag open mode for M = 1.1; I. e., (1/dg)/(l/da)eyr < 1 at
this Mach number. As the Mach number increases, (!/dz)ep
decreases, so that (1/dp)/(1/dy)epr increases wuntil it
becomes greater than 1, and so It appears that the flow

transitions from the lower drag open mode to the higher
drag closed mode. In other words, Iincreasing the Mach
number closes the cavity, and hence raises Cp. Due to the
hysteresis of the supersonic drag curves In Figure 4b, it
is a bit more difflcuit to determine the ranges of length
ratios for which this phenomenon occurs. Examining Fligure

4b, It would seem that the range is defined by the length

ratios where the low drag branch of the M = 1.1 curve Is
below the high drag branch of the M = 1.2 curve, i. e.,
from nominally 1.8 to 2.2 cylinder diameters. Once the

length ratio 1Is reached at which both the M = 1.1 flow and
the M = 1.2 fiow have transitioned fully to the cilosed
modes, the trend of decreasing Cp with increasing
supersonic M returns.

Figure 7c¢ indicates a rise in Cp as the Mach number
Increases from 1.2 to 1.5 for dy/dy = 0.368, an unexpected

trend in tight of the observations concerning supersonic
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drag characteristics presented eariier. Because of the
lack of data for the other configurations at M = 1.5 (most
notably for the longer probe ratios), it is difficult to
draw conclusions about this trend. One possible
expianation is that this increase is due to the increase in
stagnation pressure with Mach number, so that for the
higher Mach number, the cylinder/probe configurat.on at
this diameter ratio is beginning to behave as a blunt
cyl inder.

3.5 Computed Drag Coefficlents

Cylinder face pressure distributions were available
for all of the configurations and Mach numbers. Probe face
pressures were avallable for dy/dp = 0.368. Using these
pressures and some estimate of the skin friction on the
cyl inder, it should be possible to compute the drag
coefficient of the cylinder/probe configuration, and this
Cp should equal! the measured Cp (within the range of
exper imental error). Figures S9a and 9b are examples of the
resuits of such calculations.

Two pressures Important to the calculations, the probe
face corner pressure and the cylinder face corner pressure,
were not available, so estimates had to be made for these
two pressures. It was assumed that the outermost cyl!l inder
face pressure (measured at O0.075 inches from the cy! inder
corner) was the corner pressure. The probe face corner
pressure estimate was a littie more complicated. For zero

probe length, the pressure was assumed to be an average of
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the outermost probe face pressure and the innermost
cylinder face pressure. For large probe lengths (1/dy >
1), the pressure was assumed to be the critical pressure,
l. e., the value the pressure would have if the fiow over
the probe face corner was sonic, For 0 < 1/dp < 1, an
average between these two estimated pressures, weighted by
the probe tength, was used. Another pressure, the cylinder
face pressure immediately adjacent to the probe side, was
also unavailable. This value was assumed to be equalil to
the innermost cylinder face pressure, a not unreasonabie
assumption considering the typlically constant pressures in
this reglion. The drag coefficlent due to the skin friction
was catlulated using the method described in Section 3.2,
assuming thils C¢ acted over 80% of the cylinder. The other
20% was assumed to be effectlvely canceled by the reversed
flow and hence reversed-direction skin friction
coefficients acting In the recirculating region Iimmediately
behind the cylinder face.

Filgures Sa and 9b were constructed by calculating
separateiy the contributions to the drag coefficient of the
probe face, cylinder face, and cylinder side (the
contribution of the probe side was assumed to be zero).
The cylinder side (skin friction) curve, labelled "Cpe.g".
was plotted first. The cylinder side and cylinder face
drag coefficients were added together and plotted as the
curve l|labeltled "Cpet" - The cylinder side, cylinder face,

and probe face drag coefflcients were added together and
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plotted as the curve labelled “"Cpp¢". This curve
represents the sum of atl of the computed drag
coefficlients.

in Figures 9a and 9b, the curve labelled "Cpynh" Iis the
measured Cp curve. The "Cpp¢" and "Cpp" curves should
match one another, within the range of experimental error.
These curves do match reasonably wetl!l for smatll length
ratios. However, as can be seen In the figures, for length
ratios nominally greater than 0.5, there is a constant
error In the calculated curves (assuming that the measured
curves contain the correct values). This error is greatest
for the Iowest Mach numbers, and decreases as the Mach
number Increases, until M = 1.5, when the error begins to
increase once again. The calculated Cp tends to
overestimate the measured Cp in the subsonic regime, and
underestimate the measured Cp In the supersonic regime
(except for M = 1.5, where it overestimates the measured
values). The reason for this error is as yet to be
discovered; therefore, only these two figures have been
presented as representative of the curves obtained for all

of the diameter ratios and Mach numbers.
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1V. CONCLUSIONS

The purpose of this study has been to examine the drag
data of a blunt cylinder / cylindrical probe configuration
to determine various characteristics of the flow past the
configuration. The configuration Is important because of
the reduction of drag of the c¢ylinder/probe combination
over the biunt cylinder alone. This particuiar set of data
is significant because it represents the first in-depth
study of the cylinder/probe combination in the transonic
regime.

Most of the results were as expected. Cp decreased as
1/dy increased, due to the decreased stagnation pressure of
the probe wake. In the subsonic tests, Cp reached a
minimum and then gradually increased, as the flow over the
probe transitioned from the open to the closed mode. In
the supersonic tests, the increase in Cp was rather abrupt,
due to a sudden mode transition, as observed in other
exper iments. A hysteresis condition in Cp, and hence In
the flow mode, was observed In the supersonic tests, In
agreement with earllier results. As djq/d, increased from O
to 1, Cp first decreased due to the increasing size of the
wake. Cp reached a minimum and then increased, due to the
increasing influence of the fliow stagnating on the probe
face.

Most of the variations in Cp with Mach number were
also expected. In all) cases, Cp increased as M Increased

from 0.95 ¢to 1.1, due to the phenomenon of transonic drag
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rise. For the smaller length ratios, Cp Iincreased as M
Increased, which is essentlally how a blunt body behaves.
For the two smaller diameter ratios, Cp decreased as M
Iincreased above M = 1.1, resembling the well-documented
behavior of streamlined bodlies. The probe length at which
the transition from blunt-body to streaml! ined-body behavior
In the supersonic regime occurred was noted, roughiy at
i/dp = 0.9. In most cases where Cp rose with increasing M
where there were no significant changes in the filowfleld,
the rise in Cp was attributed to an increase In stagnation
pressure with increasing M.

Two unexpected results were also observed: a decrease
in Cp for certain ranges of probe Ilength and diameter
ratios as M increased from 0.8 to 0.95, and an increase In
Cp for certain ranges of probe length and diameter ratios
as M increased from 1.1 to 1.2. These results were
attributed to the variation of critical probe length ratio
(the probe length ratio at which the fiow transitioned from
one mode to the other) with Mach number. As M lincreases in
the subsonic range, (1/dz)er Increases, effectively
shortening the probe and causing the fiow to transition to
the lower-drag open mode. In the supersonic regime, since
(1/dp)er decreases with increasing M, this behavior is
reversed. The ranges of length and diameter ratios for
which this behavior were noted, roughly 1.5 < 1/dy < 2.5

for the subsonic cases, 1.8 <« 1/dg < 2.2 for the supersonic
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cases, and 0.2 < dq/dp < 0.5 for both the subsonic and
supersonic cases.

An attempt was made to compute Cp for the
cylinder/probe configuration from the probe face and
cylinder face pressures and an estimate of the cylinder
skin friction drag. These values oniy matched the measured
Cp’'s within experimental error in some cases. The cause of
the discrepancy has not been determined.

This experiment provided a significant plece to the

cylinder/probe drag puzzie. The behavior of this
configuration in the transonic regime has now been
documented to a certain degree. However, as with almost

all experiments, the knowledge gained Is not complete. The
most important pieces still missing are data for a wider
range of probe length and diameter ratios. More extenslive
LDV measurements of the flowfielid, as well as flow
visualizations in the transonic regime, would be extremely
useful In correlating the behavior of the flowfield and the
drag experienced by the cylinder/probe configuration. Much
remains to be learned about this extremely complex, but

also rather intriguing, problem in fluid dynamics.
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