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SUMMARY

Nozzle base pressure measurements and flow visualization results are presented for plug nozzle mod-
els with a 6x100 mm throat and plug lengths of 30% and 40% referenced to the full plug length. The
model was mounted in supersonic free streams of Mach 1.5 and 3.0 produced by the Delft University
supersonic wind tunnel ST-15. Measurements without a supersonic free stream were conducted as
well. The jet exhausting from the nozzle had a design Mach number of 4.16 and operated at various
jet stagnation pressures, such as to have different jet exit pressure to ambient flow pressure ratios. The
tilt angle of the nozzle throat was © = 67.84° and the ratio of exit area to throat area at design condi-
tions was A./A; = 12.35. Starting with a high value the jet stagnation pressure was reduced during a
run in order to study the transition from the ‘closed wake’ state to the ‘open wake’ state. Two differ-
ent phenomena cause changes in the nozzle base pressure curves: 1) the ‘closed wake’-‘open wake’
transition, and 2) the envelope shock moving onto the plug. The flow phenomena encountered were

visualized. The present investigation was part of a joint computational/experimental research program
on plug nozzle flow physics.
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LIST OF SYMBOLS

Po;
Pty Ptos

nozzle exit area (mm?)

nozzle throat area (mm?)

nozzle throat diameter (mm)

plug length (mm)

Mach number

design Mach number

free stream Mach number

static pressure

nozzle base pressure at pressure tap i

wind tunnel stagnation pressure

Jet stagnation pressure

free stream static pressure

streamwise cooidinate, x = 0 at position of vehicle base
lateral coordinate, y = 0 at model vertical symmetry plane
coordinate pointing upwards, z = 0 at corner vehicle base
tilt angle nozzle throat
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1. INTRODUCTION

A linear external expansion or plug nozzle engine uses an exhaust nozzle that can be thought of as a
conventional bell shaped nozzle tumned inside-out. The plug nozzle is a truncated version of an ideal
plug. Truncating the ideal plug results in a wake at the base which has some performance loss.

In abell nozzle propellant gases expand through a converging-diverging nozzle and the diverging walls
of the nozzle constrain the expansion away from the centerline. Bell nozzles are a point design with
optimum performance at one specific ambient pressure (i.e., altitude). Careful design is needed to
achieve desired high altitude performance while avoiding flow separation at the walls of the nozzle
near the exit when operating at low altitudes, which can lead to loss of performance and possible
structural failure of the nozzle due to dynamic loads. Therefore a compromise altitude must be used
for the design point of a bell nozzle.

The plug nozzle offers a solution to this problem. One side of the supersonic expansion is a center-
body or plug, the other side is a free streamline. The flow is directly exposed to ambient pressure and
its expansion is thus directly coupled to the external environment (continuous altitude compensation
with no moving parts). A sketch of the flow field physics of a plug nozzle with co-flowing super-
sonic stream can be found in Fig. 1. At low altitude the expansion of the exhaust gas is restricted by
the surrounding ambient pressure. A shock wave (the envelope shock) forms on the plug, raising the
engine exhaust pressure to match the surrounding ambient pressure. As altitude increases, the ambi-
ent air pressure is reduced, the exhaust expands further, and the shock wave moves down the plug.
Eventually, at high altitude, it moves off the plug altogether. Thus, a very high area ratio nozzle (high
vacuum performance) can also operate efficiently and safely at sea-level.

Subsequently, plug nozzles have two attractive features that satisfy requirements of minimization of
vehicle weight and maximization of engine thrust performance: altitude compensation of thrust and
better utilization of vehicle base area. However, airflow over the base of the vehicle can result in
pressure below ambient at the nozzle exit, causing the nozzle to overexpand, with a resultant perfor-
mance loss. This loss is most pronounced when the engine is operating near transonic Mach numbers.
Furthermore, an undesirable operating condition is found when the envelope shock impinges on the
plug contour: it not only causes flow separation, but also causes the heat flux to peak. Again, carefull
design is needed to avoid flow separation.

The present study concerns experiments on a linear plug nozzle (or 2D plug nozzle) placed in a su-
personic flow. The effect of the free stream Mach number M, and the pressure ratio of jet stagna-
tion pressure to free stream static pressure (p¢, /Poc) on the nozzle base flow physics was determined.
At the nozzle base a subsonic region, bounded by a shear layer (the inner shear layer), and a shock
wave (the trailing shock) are formed (Fig. 1). Surface pressures at the nozzle base were measured and
Schlieren recordings of the flow field past and behind the body were made. The series of experiments
may be considered as preliminary in order to define a more detailed model configuration with a num-
ber of pressure taps along the plug, the vehicle base and the nozzle base. Also the proper design of
the exhaust dimensions was part of the objectives.




2. EXPERIMENTAL APPARATUS

2.1 Wind Tunnel

The ST-15 supersonic wind tunnel of the Faculty of Aerospace Engineering is a blow down facility
with fixed interchangeable blocks. When operated at Mach 3 its test section is 15cm x 15¢cm and
at Mach 1.5 the height of the test section has increased to 20cm. Due to its long running time - a
total running time of the order of 18 minutes is available before recharging of the pressure vessel
is required - the wind tunnel is still very much in demand for tests involving flow visualization or
detailed exploration of the flow field. The possibility of using specially adapted liners has proved to
be an advantage for particular tests, as shown in the present configuration depicted in Fig. 3.

2.2 Model Geometry

The selected geometry is symmetric with respect to the x, z-plane and uses the full width of the test
section, 15cm. The co-ordinate system used in the x, z-plane can be seen in Fig. 2. The model, shown
in Fig. 4, has an overall height of 91.96mm and the distance from the nozzle throat-plug intersection
to the lower tunnel wall is 71.84mm. The nozzle throat diameter is D* = 6mm and the width of the
nozzle throat is such that only the central 100mm of the test section width is covered. The tilt angle
of the nozzle throat is © = 67.84° and the ratio of exit area to throat area at design conditions is
A./A; = 12.35. The maximum mass flow through the nozzle was restricted to 2.7 kg/s because of
structura] design reasons. The expansion is being controlled by a nozzle lip at the lower end of the
vehicle base (Fig. 1).

The plug is a solid boundary substituting a streamline from a Prandtl-Meyer expansion (simple wave)
at the nozzle lip. A perfect plug may be obtained by terminating the solid boundary at the point where
itis intersected by a characteristic line and where the expansion has proceeded to just the desired pres-
sure ratio. In other words, a single streamline, cut at the proper point, gives the shape of the supersonic
plug contour for any specified pressure ratio. The plug nozzle was designed for a Mach number of
My = 4.16. Thus, a full plug, i.e., from the nozzle throat-plug intersection to the lower tunnel wall,
would have a plug length of L, = 304.8mm. Plug lengths of 30% and 40% of the full plug length
were used. The model has a free vehicle base and nozzle base. Further details of the model are shown
in Fig. 4. Details on plug nozzle design can be found in [1] and [2].

Fig. 5 shows the distribution of pressure taps at the nozzle base. For both plug lengths of 30% and 40%
3 pressure taps were provided at the nozzle base in order to study the effect of the free stream Mach
number M, and the pressure ratio of jet stagnation pressure to free stream static pressure (ptj /Poo) ON
the nozzle base flow physics. The different locations were used to check the two-dimensionality of the
base flow, which may be indicated by the influence of the lateral direction on the base pressure. The
exact location of the pressure taps is given in Tables 1 and 2. The surface pressures were measured
using a Druck Ltd PDCR-22, 0-15 psi differential pressure transducer mounted in a Scanivalve.




3. EXPERIMENT DESCRIPTION

3.1 Transition Closed Wake - Open Wake

The experiments were set up to investigate the transition of the nozzle base flow from the ‘closed
wake’ state to the ‘open wake’ state. Fig. 1 shows a sketch of the flow field physics of a plug nozzle
with co-flowing supersonic stream. The primary flow from the plug nozzle expands down the plug
surface and then around the corner at the end of the plug. A recirculation region develops at the nozzle
base. Within the shear layer the subsonic region is bounded by the nozzle base and the sonic line of the
base region. On the outboard side of the plume, the flow expands to match the static pressure of the
expanded free stream. At the vehicle base a subsonic region is present, bounded by the jet boundary
and the outer shear layer. The jet plume compresses the free stream, causing the formation of a plume
shock. Expansion waves from the nozzle lip are reflected from the plug contour as expansion waves
and then from the jet boundary as compression waves [3). The compression waves will coalesce,
developing an envelope shock. The altitude compensation characteristics of the plug nozle are directly
related to the position of these compression waves in the flow [5].

At high ambient pressures the jet boundary is close enough to the nozzle (the plume does not sig-
nificantly expand) for the compression waves to strike the nozzle contour and the inner shear layer.
The nozzle base pressure is increased by the compression waves impinging on the inner shear layer
bounding the subsonic region at the nozzle base. As the ambient pressure decreases, the jet bound-
ary moves outward such that the compression waves and/or envelope shock move down the nozzle
contour. The nozzle base pressure remains under the influence of ambient pressure as long as the
compression waves impinge on the inner shear layer bounding the subsonic region. Once the com-
pression waves move downstream of the sonic line of the nozzle base flow additional decreases in
ambient pressure have no further effect on nozzle base pressure [4). The plug nozzle is in the ‘closed
wake’ regime as the nozzle base pressure is insensitive to ambient pressure. Prior to this point, when
the nozzle base pressure is sensitive to ambient pressure, the plug nozzle is in the ‘open wake’ regime.
Altitude compensation affects the nozzle thrust only during the ‘open wake’ regime.

3.2 Description

The measurements were performed at free stream Mach numbers of M, = 1.5 and 3.0 and at wind
tunnel stagnation pressures of p; = 2.6 and 6.2 bar, respectively. Measurements were also performed
with plug nozzle flow only and a surrounding pressure of 1.0 bar. These values are nominal values.
For the case without free stream the jet operated as an ejector, decreasing the surrounding pressure.
Wind tunnel stagnation pressures ranging from p; = 0.6 to 1.0 bar were found during a run. Two
series of measurements were made: one with a plug length of 30% and one with a plug length of 40%,
both referenced to the full plug length. The jet stagnation pressure was varied between 1 and 20 bar.
Starting at a high jet stagnation pressure the pressure was reduced during a run with a step interval of
about 0.5 bar. At each separate stage surface pressure measurements were conducted with 10 samples
for each pressure transducer. The test matrix is given in Table 3. Schlieren video recordings were
taken of each test.




4. RESULTS

4.1 M, = 0, Nozzle Base Pressures and Schlieren Results

Figures 6 and 7 show the nozzle base pressure curves for a plug length of 30% for the case of no free
stream. Table 4 shows the tabulated data. All three ports are depicted in the same figure for compar-
ison. A negligible difference in nozzle base pressure is found for the different ports. Thus, it can be
concluded that the base flow in the central part of the model is two-dimensional, the verification of it
being the reason for the lateral pressure tap positions. A ‘closed wake’ state would show a constant
Ps/pt; in the pp/ Pt;~Pt; [Poo CUIVE, since the nozzle base pressure is insensitive to ambient pressure
for this state. Fig. 6 does not show a constant p,/p; ,» suggesting that the ‘closed wake’ state was
not reached. However, the Schlieren recordings show that the ‘closed wake’ was reached for a small
range of jet stagnation pressures, ranging from about pt; /Poo = 23 to Pt; /P = 30.6. Fig. 7 shows
the place of transition from the ‘closed wake’ state to the open wake’ state; at about py; /p = 23,
where the nature of the pressure curve changes. The Schlieren recordings show that here the transi-
tion takes place. Fig. 7 also shows that the nozzle base produces drag for the complete range of jet
stagnation pressures, since the base pressure is less than the free stream static pressure.

Figures 8 and 9 show the nozzle base pressure curves for a plug length of 40% for the case of no
free stream. Table 5 shows the tabulated data. Again, the nozzle base pressure is independent of the
position of the pressure tap. Fig. 8 shows that the ‘closed wake’ state was reached, but only for a small
range of jet stagnation pressures, ranging from approximately Pt;/Poo = 26 10 py; /Pos = 30.4. The
transition from the ‘closed wake’ state to the ‘open wake’ state is found at about Pt; /Poo = 26. The
limitation of the jet stagnation pressure prohibits a proper study of the ‘closed wake’ regime. Fig. 9
shows that, again, the nozzle base produces drag for the complete range of jet stagnation pressures.

Schlieren photographs are shown in Figures 10 and 11 for the cases of no free stream and plug lengths
of 30% and 40%, respectively. Fig. 10 shows a ‘closed wake’ state. This photograph is taken in the
regime where the flow alternates between the ‘closed wake’ state and the ‘open wake’ state. The
actual transition appears to occur by alternating between both states. Fig. 11 is taken in the ‘open
wake’ regime. The jet boundary, the envelope shock, the inner shear layer and the subsonic region at
the nozzle base are visible (see Fig. 1 for an explanation of the different terms). In the photographs
the jet boundary is represented by the black layer and the envelope shock by the white layer. In both
Figures 10 and 11 the envelope shock impinges on the plug. In both cases separation of the flow at
the plug is present and the jet boundary interacts with the separated flow.

42 M, = 1.5, Nozzle Base Pressures and Schlieren Results

In Figures 12 and 13 the nozzle base pressure curves for a plug length of 30% at M., = 1.5 are shown.
The tabulated data are given in Table 6. For a ratio of jet stagnation pressure to free stream static
pressure, ranging from about 13 to 22, a considerable fluctuation in nozzle base pressure is found. This
fluctuation is caused by the interaction of the shear layer originating at the corner of the vehicle base
and the jet boundary. This interaction shows an instability effect related to the vehicle base pressure.
A clear description can be given for the case of M., = 1.5 and a plug length of 40%, which will be
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4.3 M~ = 3.0, Nozzle Base Pressures and Schlieren Results 5

discussed later. Due to the instability effect and the limitation in jet stagnation pressure the ‘closed
wake’ state was not reached.

Fig. 14 shows Schlieren photographs for the case of M, = 1.5 and a plug length of 30%. In Fig. 14a
a high ratio of jet stagnation pressure to free stream static pressure is shown. The vehicle base pressure
is too high for the shear layer originating at the vehicle base to form a closed subsonic region at the
vehicle base with the jet boundary. Compression waves coming from the shear layer coalesce into a
shock wave (black streak at top right in Fig. 14) which reflects at the tunnel wall. Fig. 14b shows
a Schlieren photograph at a ratio p¢, /poo of about half the preceding case, the instability effect is no
longer present. The envelope shock impinges on the inner shear layer. The transition from the ‘closed
wake’ state to the ‘open wake’ state could not be visualized.

In Figures 15 and 16, for a plug length of 40% at M., = 1.5, again, a fluctuation in nozzle base
pressure is present, however, this time for a smaller range of jet stagnation pressures. The before-
mentioned instability effect can be visualized by Schlieren photographs at separate stages of the pres-
sure curves. The characters A, B and C depict positions at which these photographs were taken. Ta-
ble 7 gives the numerical data for this case.

Figures 17a and 17b show Schlieren photographs for the case of My, = 1.5 and a plug length of
40%, at a ratio of py; /Poo Where the instability effect occurs. The flow alternates from the state of
Fig. 17a to that of Fig. 17b and vice versa. A relatively high vehicle base pressure drives the shear
layer and the jet boundary apart, thus decreasing the vehicle base pressure. Then, the decreased vehicle
base pressure allows the shear layer and the jet boundary to approach each other, thus increasing the
vehicle base pressure. This way the flow alternates between both states. Figures 17¢ and 17d show
Schlieren photgraphs where the instability effect is no longer present. The envelope shock impinges
on the plug. Once more, the transition from the ‘closed wake’ state to the ‘open wake’ state could not
be visualized.

4.3 M, = 3.0, Nozzle Base Pressures and Schlieren Results

In Figures 18 and 19 the nozzle base pressure curves are shown for a plug length of 30% at M, = 3.0,
see also Table 8. Fig. 18 shows that the ‘closed wake’ state was reached and the transition from the
‘closed wake’ state to the ‘open wake’ state could be visualized. This transition occurs at Pt /Do =
49. The ‘closed wake’ state is present at design conditions for the plug nozzle and generally a closed
wake produces a lot of drag, which is not desirable. The ‘open wake’, on the other hand, can produce
thrust. Altitude compensating effects are related to the state of the wake, or more directly: to the
position of compression waves in the flow [5]. In the ‘closed wake’ state a constant ratio of p,/ pt; =
0.0037 is found. Around approximately pt; /po = 35 a sudden increase in the pressure curves (as
seen from right to left; while reducing jet pressure) is present. The nozzle base starts to produce thrust,
below approximately p;; /peo = 38 (‘open wake’ regime). For the remaining part of the pressure curve
drag is produced by the nozzle base. The course of the pressure curves can be explained by Schlieren
photographs of the flow field at separate stages.

Fig. 20 shows Schlieren photographs for the case of Mo, = 3.0 and a plug length of 30%. Again,
characters depict positions at which these photographs were taken. Fig. 20a depicts the ‘closed wake’
regime. The plume shock, the jet boundary, the envelope shock, the inner shear layer and the trail-
ing shock are visible. The transition from the ‘closed wake’ state to the ‘open wake’ state may be
observed in Figures 20b and 20c. At this point the flow alternates between both states. Figures 20d




6 RESULTS

and 20e show the phenomenon which causes the above-mentioned sudden increase revealed in the
pressure curves. The envelope shock moves onto the plug, causing a rise in nozzle base pressure. Fi-
nally, Fig. 20f shows a Schlieren photograph in the ‘open wake’ regime. The envelope shock impinges
on the plug.

The results for a plug length of 40% at M., = 3.0 are shown in Figures 21, 22 and Fig. 23 and in Ta-
ble 8. Port 3 shows a slight difference in nozzle base pressure, compared to ports 1 and 2. However,
this only occured during this particular run and no plausible explanation is available. In this case, the
transition from the ‘closed wake’ state to the ‘open wake’ state occurs at Pt; /Poo = 54. In the ‘closed
wake’ state a ratio of nozzle base pressure to jet stagnation pressure of about p/ pt; = 0.0031 and
Ps/pr; = 0.0044 is found for ports 1 and 2 and port 3, respectively. Again a sudden rise in the pressure
curves is present at around pt; /pe = 38. The course of the pressure curves is similar to the previous
case.

The Schlieren pictures in Fig. 23, taken at separate stages, are similar to the previous case.

4.4 Comparison Nozzle Base Pressures

In Fig. 24 a compilation is made of ps/pt;-pt; /po curves for a plug length of 30% and 40%, respec-
tively, for port 1 at free stream Mach numbers of M, = 0, 1.5, and 3.0. Only one port is used because
of the insensitivity of the nozzle base pressure to the position of the pressure tap.

For the pressure curves at a lower free stream Mach number the transition from the ‘closed wake’
regime to the ‘open wake’ regime occurs at a lower Pt; /Poo than for those at a higher free stream Mach
number. Also, the py/p;; value in the ‘closed wake’ regime is higher. All curves follow the same trend
and there are three different regimes present. Two different phenomena mark the transition from one
regime to another: 1) the transition from the ‘closed wake’ to the ‘open wake’, and 2) the process of
the envelope shock moving onto the plug. Comparing the pressure curves for different plug-lengths
at similar flow conditions (Fig. 24c) it is apparent that the curves for My, = 1.5 do not show similar
values and the curves do not match. This is probably caused by the instability effect, which also causes
the pressure to fluctuate. The curves for the ‘no free-stream’ case do match, except for the “closed
wake’ regime. The reason for this is that for the plug-length of 30% the ‘closed wake’ state could
not be accurately reproduced. The curves for My, = 3.0 match and show that the transition from the
‘closed wake’ state to the ‘open wake’ state is found at a lower Pt; /Poo for a shorter plug-length, as
could be expected.




5. CONCLUSIONS AND RECOMMENDATIONS

Experimental results of a plug nozzle plume with a high supersonic design Mach number of 4.16 ex-
hausting in quiescent air and supersonic free stream flows of Mach 1.5 and 3.0 have been presented
for a number of conditions, ranging from p;. /poo = 30.6 to 2.7 at quiescent air, from Pt; /Poo = 35.0
to 3.8 at Mach 1.5 and from py; /poc = 107.7 to 15.6 at Mach 3.0. Plug lengths of 30% and 40%
referenced to the length of full plug were used. The tilt angle of the nozzle throat is © = 67.84°.

The data consists of surface pressure measurements at the nozzle base and Schlieren recordings of
all cases tested; video tapes are available. The effect of the free stream Mach number Mo, and the
pressure ratio of jet stagnation pressure to free stream static pressure (pt; /Poo) on the nozzle base flow
physics has been determined. The transition from the ‘closed wake’ state to the ‘open wake® state has
been realised.

Future plans for this program include surface pressure measurements at the plug, vehicle base, nozzle
base and downstream of the nozzle base, flow visualization in particular at the plug (oil flow) and in
the region directly downstream of the nozzle base (optical). The surface pressure measurements at the
vehicle base should clarify the instability effect at M, = 1.5. The flow visualizations should shed
light on flow separation and on the mechanism of transition of the ‘closed wake’ state to the ‘open
wake’ state. Because of limitations due to structural design reasons which dictate the maximum mass
flow through the nozzle a model with a smaller nozzle throat diameter will be used. This way, the
nozzle throat can utilize the full width of the model. Finally, from the comparison of the nozzle base
pressures it follows that it is desirable to reach higher values of (p;; /peo)-
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TABLES

Nr. | x (mm) | y (mm) | z (mm)
1 83.92 0.00 -77.53
2 83.92 | -12.00 | -77.53
3 83.92 | -24.00 | -77.53

Table 1: Positions of Static Pressure Taps, 30% Plug-length

Nr. | x (mm) | y (mm) | z (mm)
1 114.40 0.00 -84.06
2 | 11440 | -12.00 | -84.06
3 11440 | -24.00 | -84.06

Table 2: Positions of Static Pressure Taps, 40% Plug-length

Mo | plug length | pe, (bar) | pe, (bar) Ptj/Poo
0 30% 06—10 | 189-2.7 | 30.6-2.7
0 40% 06-10 [ 188-27| 304-27
1.5 30% 26 181-27 | 260-3.8
1.5 40% 1.7 159-2.6| 350-5.8
3.0 30% 6.2 182-26 | 107.7-15.6
3.0 40% 6.2 156-3.1 | 92.8-18.5

Table 3: Test Matrix
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TABLES

Pto. (bar) | Poo (bar) | pr; /Poo | Poy /Pt; | Py /Pt; | Pos/pt,
0.62 0.62 30.6 | 0.027 | 0.025 | 0.026
0.63 0.63 289 | 0.028 | 0.027 | 0.027
0.64 0.64 280 | 0.029 | 0.028 | 0.028
0.65 0.65 267 | 0.030 | 0.029 | 0.029
0.66 0.66 259 | 0.030 | 0.030 | 0.030
0.66 0.66 249 | 0.031 | 0.031 | 0.031
0.67 0.67 240 | 0.032 | 0032 | 0031
0.68 0.68 230 | 0.033 | 0.033 | 0.033
0.69 0.69 220 | 0.035 | 0034 | 0.035
0.71 0.71 20.8 | 0.038 | 0.037 | 0.038
0.73 0.73 19.8 | 0.041 | 0.041 | 0.041
0.74 0.74 187 | 0.045 | 0.045 | 0.044
0.75 0.75 180 | 0.047 | 0.047 | 0.046
0.76 0.76 17.1 | 0.050 | 0.049 | 0.048
0.77 0.77 163 | 0.053 | 0.052 | 0.051
0.78 0.78 155 | 0.056 | 0.055 | 0.055
0.79 0.79 148 | 0.059 | 0.058 | 0.058
0.80 0.80 140 | 0064 | 0.063 | 0.062
0.81 0.81 134 | 0.068 | 0.066 | 0.066
0.82 0.82 126 | 0.073 | 0071 | 0.071
0.83 0.83 120 | 0.077 | 0075 | 0.076
0.84 0.84 114 | 0.082 | 0.080 | 0.080
0.85 0.85 107 | 0.087 | 0.086 | 0.085
0.87 0.87 100 | 0.092 | 0.092 | 0.091
0.88 0.88 9.4 | 0.09 | 0.096 | 0.096
0.88 0.88 8.8 0.102 | 0.101 | 0.102
0.89 0.89 8.3 0.109 | 0.108 | 0.109
0.90 0.90 7.7 0.118 | 0.118 | 0.117
0.92 0.92 7.1 0.128 | 0.128 | 0.128
0.93 0.93 6.5 0.141 | 0.142 | 0.142
0.94 0.94 6.1 0.154 | 0.154 | 0.154
0.95 0.95 55 0.168 | 0.167 | 0.169
0.95 0.95 5.1 0.184 | 0.183 | 0.184
0.96 0.96 4.5 0.209 | 0208 | 0.209
0.97 0.97 4.1 0.230 | 0.230 | 0.230
0.98 0.98 3.6 0.266 | 0.266 | 0.266
0.99 0.99 3.1 0.304 | 0.304 | 0.304
1.00 1.00 2.7 0.361 | 0360 | 0.361

Table 4: Nozzle Base Pressures, Mo, = 0, 30% Plug-length
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Pto (ban) | poo (bar) | P, /Poo | Dby /Dt; | Pby/Dt; | Pos/Dt;
0.62 0.62 304 | 0.017 | 0017 | 0.017
0.63 0.63 29.0 | 0.017 | 0017 | 0.017
0.64 0.64 278 | 0.017 | 0017 | 0.017
0.65 0.65 266 | 0.017 | 0017 | 0.018
0.66 0.66 256 | 0.018 | 0018 | 0.018
0.67 0.67 246 | 0.020 | 0.019 | 0.020
0.68 0.68 238 | 0.021 | 0.020 | 0.021
0.69 0.69 227 | 0.025 | 0.025 | 0.024
0.70 0.70 219 | 0.029 | 0028 | 0.028
0.70 0.70 21.0 | 0.033 | 0032 | 0.031
0.72 0.72 200 | 0.038 | 0036 | 0.035
0.73 0.73 19.1 | 0.041 | 0038 | 0.038
0.74 0.74 182 | 0.043 | 0.040 | 0.041
0.75 0.75 174 | 0.046 | 0.043 | 0.043
0.75 0.75 16.8 | 0.048 | 0.045 | 0.046
077 | 077 158 | 0051 | 0.049 | 0.050
0.78 0.78 151 | 0054 | 0.052 | 0.052
0.79 0.79 143 | 0.058 | 0.055 | 0.056
0.80 0.80 13.6 | 0.061 | 0.060 | 0.059
0.81 0.81 129 | 0.063 | 0062 | 0.062
0.82 0.82 122 | 0.065 | 0.064 | 0.065
0.83 0.83 11.5 | 0.069 | 0.067 | 0.070
0.84 0.84 109 | 0075 | 0.073 | 0.075
0.85 0.85 10.2 | 0.082 | 0.080 | 0.080
0.86 0.86 9.6 | 0.087 | 0.085 | 0.085
0.88 0.88 89 | 0095 | 0.094 | 0.094
0.88 0.88 84 | 0.105 | 0.104 | 0.103
0.90 0.90 7.8 0.112 | 0.111 | 0.114
0.91 0.91 72 | 0120 | 0.117 | 0.122
0.92 0.92 6.6 0.132 | 0.131 | 0.131
0.93 0.93 6.1 0.145 | 0.145 | 0.144
0.94 0.94 55 0.163 | 0.163 | 0.164
0.95 0.95 5.1 0.177 | 0.177 | 0.176
0.96 0.96 46 | 0200 | 0201 | 0.200
0.97 0.97 4.1 0.225 | 0.225 | 0.225
0.98 0.98 3.6 | 0257 | 0258 | 0.258
0.99 0.99 32 0.298 | 0298 -| 0.298
1.00 1.00 2.7 0.357 | 0.357 | 0.357

Table 5: Nozzle Base Pressures, Mo, = 0, 40% Plug-length




TABLES

Pto (baD) | oo (b2r) | Pt. [Poo | Doy /Pt; | Do, /Pt; | Pos/pt,
2.56 0.70 260 | 0.043 | 0.041 | 0.037
2.56 0.70 254 | 0043 | 0041 | 0.038
2.56 0.70 248 | 0044 | 0042 | 0.039
2.56 0.70 243 | 0.045 | 0.043 | 0.040
2.56 0.70 23.6 | 0.046 | 0.044 | 0.040
2.56 0.70 229 | 0047 | 0044 | 0.042
2.56 0.70 223 | 0.048 | 0.046 | 0.042
2.56 0.70 21.7 | 0.048 | 0.045 | 0.042
2.56 0.70 21.1 | 0.048 | 0.045 | 0.043
2.56 0.70 205 | 0.049 | 0045 | 0.043
2.56 0.70 19.8 | 0.048 | 0.046 | 0.043
2.56 0.70 19.1 | 0.047 | 0.046 | 0.044
2.56 0.70 186 | 0.048 | 0.047 | 0.044
2.56 0.70 180 | 0047 | 0.047 | 0.045
2.56 0.70 173 | 0.049 | 0.048 | 0.046
2.56 0.70 167 | 0051 | 0049 | 0.046
2.56 0.70 161 | 0051 | 0.050 | 0.047
2.56 0.70 155 | 0051 | 0.049 | 0.049
2.56 0.70 149 | 0053 | 0.051 | 0.049
2.56 0.70 143 | 0050 | 0.050 | 0.051
2.56 0.70 137 | 0049 | 0.052 | 0.048
2.56 0.70 13.0 | 0.050 | 0.052 | 0.050
2.56 0.70 124 | 0.052 | 0.050 | 0.051
2.56 0.70 11.8 | 0.054 | 0.053 | 0.054
2.56 0.70 1.1 | 0.057 | 0.056 | 0.057
2.56 0.70 105 | 0.060 | 0.059 | 0.060
2.56 0.70 9.9 | 0.064 | 0.063 | 0.063
2.56 0.70 93 | 0067 | 0.066 | 0.065
2.56 0.70 87 | 0.072 | 0.071 | 0.069
2.56 0.70 82 | 0.075 | 0.074 | 0.072
2.56 0.70 74 | 0.082 | 0.080 | 0.079
2.56 0.70 69 | 0087 | 0085 | 0.085
2.56 0.70 62 | 0.094 | 0.093 | 0.092
2.56 0.70 57 | 0100 | 0.099 | 0.099
2.56 0.70 50 | 0.109 | 0.109 | 0.109
2.56 0.70 44 | 0122 | 0121 | 0.122
2.56 0.70 3.8 | 0.140 | 0.140 | 0.139

Table 6: Nozzle Base Pressures, M, = 1.5, 30% Plug-length
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Pt (bar) | poo (bar) | pe; /Poo | Poy /Pe; | D, /Pt; | Dy /D1,
1.67 0.45 350 | 0.033 | 0.034 | 0.034
1.67 0.45 335 | 0.034 | 0.035 | 0.036
1.67 0.45 324 | 0.034 | 0.035 | 0.037
1.67 0.45 31.5 | 0.034 | 0.036 | 0.038
1.67 0.46 30.4 | 0.035 | 0.036 | 0.040
1.67 0.46 20.5 | 0.035 | 0.037 | 0.041
1.67 0.45 286 | 0.036 | 0.037 | 0.042
1.67 0.46 27.6 | 0.037 | 0.038 | 0.043
1.67 0.46 266 | 0.038 | 0.039 | 0.045
1.67 0.46 258 | 0.038 | 0.040 | 0.046
1.67 0.46 248 | 0.039 | 0.040 | 0.047
1.67 0.46 23.8 | 0.039 | 0.042 | 0.046
1.67 0.45 229 | 0.039 | 0.042 | 0.045
1.67 0.46 219 | 0.041 | 0.042 | 0.046
1.67 0.46 21.0 | 0.040 | 0.042 | 0.043
1.67 0.46 20.1 | 0.040 | 0.041 | 0.043
1.67 0.46 19.1 | 0.043 | 0.043 | 0.045
1.67 0.46 18.1 | 0.045 | 0.045 | 0.043
1.67 0.46 17.1 | 0.042 | 0.045 | 0.045
1.67 0.46 163 | 0.047 | 0.045 | 0.044
1.67 0.46 152 | 0.050 | 0.049 | 0.047
1.67 0.46 144 | 0.055 | 0.052 | 0.052
1.67 0.46 13.4 | 0.060 | 0.058 | 0.058
1.67 0.46 125 | 0.067 | 0.065 | 0.064
1.67 0.46 115 | 0074 | 0073 | 0.073
1.67 0.46 10.6 | 0.084 | 0.083 | 0.083
1.67 0.46 9.6 0.096 | 0.098 | 0.096
1.67 0.46 8.8 0.112 | 0.113 | 0.113
1.67 0.46 7.7 0.132 | 0.131 | 0.133
1.67 0.46 6.9 0.154 | 0.153 | 0.155
1.67 0.46 5.8 0.188 | 0.189 | 0.188

Table 7: Nozzle Base Pressures, My, = 1.5, 40% Plug-length
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TABLES

Pt (ban) | poo (bar) | pe, /Poo | Db, /Pt | Pos/De; | Pos/p;
6.21 0.17 107.5 | 0.0036 | 0.0036 | 0.0036
6.19 0.17 106.0 | 0.0036 | 0.0036 | 0.0036
6.18 0.17 103.1 | 0.0037 | 0.0036 | 0.0036
6.18 0.17 100.6 | 0.0037 | 0.0036 | 0.0036
6.18 0.17 97.7 | 0.0037 | 0.0036 | 0.0037
6.18 0.17 95.5 | 0.0037 | 0.0036 | 0.0037
6.19 0.17 92.3 | 0.0037 | 0.0036 | 0.0037
6.19 0.17 90.2 | 0.0037 | 0.0036 | 0.0037
6.19 0.17 87.4 | 0.0037 | 0.0037 | 0.0037
6.19 0.17 84.7 | 0.0037 | 0.0037 | 0.0037
6.19 0.17 81.8 | 0.0038 | 0.0037 | 0.0037
6.19 0.17 79.7 | 0.0038 | 0.0037 | 0.0037
6.19 0.17 772 | 0.0038 | 0.0037 | 0.0037
6.19 0.17 749 | 0.0038 | 0.0037 | 0.0037
6.19 0.17 71.9 | 0.0038 | 0.0037 | 0.0037
6.19 0.17 69.5 | 0.0039 | 0.0038 | 0.0037
6.19 0.17 66.9 | 0.0039 | 0.0038 | 0.0038
6.19 0.17 64.2 | 0.0039 | 0.0038 | 0.0038
6.19 0.17 61.7 | 0.0039 | 0.0038 | 0.0038
6.19 0.17 59.3 | 0.0040 | 0.0039 | 0.0038
6.19 0.17 56.7 | 0.0040 | 0.0039 | 0.0038
6.19 0.17 53.9 | 0.0041 | 0.0040 | 0.0039
6.19 0.17 51.2 | 0.0042 | 0.0041 | 0.0040
6.19 0.17 48.8 | 0.0047 | 0.0046 | 0.0045
6.19 0.17 46.2 | 0.0082 | 0.0078 | 0.0066
6.19 0.17 438 | 0014 | 0013 | 0011
6.19 0.17 41.1 | 0017 | 0017 | 0.016
6.19 0.17 387 | 0.022 | 0.023 | 0.021
6.19 0.17 359 | 0.040 | 0.039 | 0.040
6.19 0.17 337 | 0.045 | 0.045 | 0.044
6.19 0.17 309 | 0.052 | 0.051 | 0.049
6.19 0.17 286 | 0058 | 0.056 | 0.056
6.19 0.17 259 | 0.069 | 0.068 | 0.068
6.19 0.17 235 | 0.078 | 0.078 | 0.078
6.19 0.17 209 | 0.091 | 0.090 | 0.091
6.19 0.17 187 | 0.103 | 0.102 | 0.103
6.19 0.17 156 | 0.129 | 0.128 | 0.129

Table 8: Nozzle Base Pressures, M, = 3.0, 30% Plug-length
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Pto, (bar) | peo (bar) | ps; /oo | Dby /Pt | Db /Pt; | Doy /e,
6.19 0.17 927 | 0.0030 | 0.0029 | 0.0039
6.19 0.17 90.5 | 0.0030 | 0.0030 | 0.0039
6.20 0.17 87.7 | 0.0030 | 0.0030 | 0.0040
6.19 0.17 85.3 | 0.0030 | 0.0030 | 0.0040
6.19 0.17 82.1 | 0.0030 | 0.0031 | 0.0041
6.20 0.17 79.6 | 0.0031 | 0.0031 | 0.0042
6.20 0.17 77.1 | 0.0031 | 0.0031 | 0.0043
6.20 0.17 743 | 0.0031 | 0.0031 | 0.0044
6.20 0.17 717 | 0.0032 | 0.0032 | 0.0044
6.20 0.17 69.1 | 0.0032 | 0.0032 | 0.0046
6.20 0.17 66.7 | 0.0033 | 0.0033 | 0.0047
6.20 0.17 64.2 | 0.0033 | 0.0033 | 0.0048
6.20 0.17 61.6 | 0.0034 | 0.0034 | 0.0049
6.20 0.17 59.2 | 0.0034 | 0.0035 | 0.0051
6.20 0.17 56.6 | 0.0035 | 0.0035 | 0.0052
6.20 0.17 540 | 0.0039 | 0.0040 | 0.0056
6.20 0.17 51.4 | 0.0052 | 0.0052 | 0.0063
6.20 0.17 49.0 | 0.0095 | 0.0085 | 0.0089
6.20 0.17 462 | 0.014 | 0.013 | 0.013
6.20 0.17 438 | 0018 | 0017 | 0.016
6.20 0.17 437 | 0.018 | 0.017 | 0.016
6.20 0.17 41.2 | 0.022 | 0.021 | 0.020
6.20 0.17 38.9 | 0.028 | 0.025 | 0.024
6.20 0.17 36.0 | 0040 | 0.038 | 0.038
6.20 0.17 337 | 0.045 | 0.043 | 0.043
6.20 0.17 310 | 0.050 | 0.048 | 0.050
6.20 0.17 28.6 | 0.058 | 0057 | 0.057
6.20 0.17 259 | 0.064 | 0.065 | 0.065
6.20 0.17 234 | 0073 | 0072 | 0.074
6.20 0.17 20.9 | 0.084 | 0.085 | 0.086
6.20 0.17 185 | 0.102 | 0.102 | 0.102

Table 9: Nozzle Base Pressures, Mo, = 3.0, 40% Plug-length
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Figure 11: Schlieren-photograph, Moo = 0, pt; /poc = 19.6, 40% Plug-length
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Figure 20: Schlieren-photographs, M., = 3.0, 30% Plug-length
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Figure 23: Schlieren-photographs, M., = 3.0, 40% Plug-length
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