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Mach In Flows

Thomas V. Giel Jr.* and Thomas J. Muellert
University ofNotre Dame, Notre Dame, Ind.

The first shock reflection within trancated pSeg nozzle propulsive jets is investigated experimentally using a
free jet folowdowii facility. The locations and sizes of these reflections in axisymmetric plug nozzles, with cylin-
drical shrouds and conical truncated plugs, are presented. Data are presented for a range of ambient to nozzle
total pressure ratios. The effects on Mach disk location and size resulting from changing plug length and from
varying amounts of base Weed are documented.

Nomenclature
A
L
^max
Af
P
r
X

= area
plug length from the geometric throat
length of the untruncated conical plug
Mach number
pressure
radius
axial coordinate along the nozzle axis with orgin at
the shroud exit plane

Subscripts

at = atmospheric conditions
b = conditions at the base of the plug
md = refers to Mach disk
ne = nozzle shroud exit conditions
nt = nozzle throat conditions
01 = test nozzle stagnation conditions
sh = nozzle shroud

Introduction

EFICIENT exhaust nozzle performance over a wide range
f ambient operating conditions is a major requirement

for advanced propulsion systems. Analyses and tests1"4 have
demonstrated that altitude compensating nozzles can fulfill
this requirement. One altitude compensating nozzle is the
truncated plug' (T-P) or aerospike nozzle, which appears par-
ticularly attractive because it is short, lightweight, and
relatively easy to cool. Furthermore, T-P nozzles can be
designed as the entire vehicle base in either axisymmetric or
nonaxisymmetric configurations, thus alleviating the flow in-
terference and base heating problems of clustered nozzles. 5

However, improved understanding of the T-P nozzle
flowfield is necessary in order to optimize design. This un-
derstanding is lacking because plug nozzle flowfields are
highly nonuniform, contain a viscous separated flow region
(near wake), and contain multiple shocks. In addition, the
nozzle can operate in both the "open" and "closed" wake
configurations.3"5 At high values of ambient pressure ratio,
Pat/Pol9 the separated wake region is in the "open" con-
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figuration (i.e., sensitive to ambient conditions). As the am-
bient pressure ratio decreases, the shear layer between the
exhaust flow and the wake converges on the nozzle axis and
eventually "closes" the wake to ambient influen. Once the
wake is "closed", the plug base pressure remains relatively
constant as the ambient pressure ratio decreases. For most T-
P nozzle applications, the wake would be "closed" for the
major portion of the flight. The near wake is more clearly
defined in the "closed" than in the "open" configuration,
but even this configuration is difficult to treat analytically.3'6
Therefore, experimental data are necessary both to improve
understanding of the flow and to evaluate analytical models.

One conspicuous structure in "closed" wake T-P nozzle
flowfields is the first Mch disk.7 A qualitative analysis of the
shadowgraphs obtained by Mueller, et al.4 indicates that the
Mach disk structure characterizes the T-P nozzle "closed"
wake exhaust flowfield. For example, as the ambient pressure
ratio, Pat/P()i,decreases, the Mach disk moves downstream
and grows in diameter while the jet external boundary plumes
away from the nozzle centerline. Occurrence of a regular
reflection indicates that the nozzles studied are operating
reasonably close to the "open" wake configuration,4'7 and a
small ambient pressure ratio increase will "open" the wake.

The phenomenon of the Mach disk appears when the in-
ternal shock wave generated near the corner of an axisym-
metric nozzle shroud is too strong to be regularly reflected at
the centerline. For T-P nozzles, as for converging-diverging
(C-D) bell nozzles, left running expansion waves reflect from
the freejet boundary as compression waves which coalesce to
generate the internal shock. Thus the Mach disk structure for
T-P nozzles can be expected to have similarities to the C-D
nozzle disk behavior, (well documented in both un-

a. C-D Nozzle Mach Disk Formation

Lip

c. Regular Reflection for T-P Nozzle

Secondary
Shock
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b. Primary T-P.Nozzle Mach Disk Formation d. Secondary T-P Nozzle Mach Disk Formation

Fig. 1 Shove interactions for axisymmetric C-D and T-P
nozzles.
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Fig. 2 Test apparatus: a) sketch of nozzle thrust facility; b)schematic
of test nozzles.

Table 1 Axisymmetric truncated plug nozzle model ATP 1

Overall area ratio, Ash/Ant = 1 .555 (Ash = -xr2
sh )

Design Mach number, aMd = 1 .9
Shroud expansion ratio, b
Throat area,
Shroud radius, rsh = 0.405 in. (1 .03 cm)
Plug throat radius, rnt = 0.242 in. (0.615 cm)
Shroud length from throat,L5/7 = 0.30 in. (0.76 cm),

bP*e/Poi = 0.251
nl = Q.33'm.(2. 13 cm2)

Maximum plug length,Lmax = 1 .374 in. (3.49 cm)
RQ =0.31 in. (0.79cm)
a0 =33.25°
a, =12.3°

Length ratio,
•^/•^max

0.22
0.28
0.33
0.38
0.43
0.48

Plug dimensions, in. (cm)
Length from throat,

L, in. (cm)
0.300 (0.76)
0.380(0.96)
0.450(1.14)
0.520(1.32)
0.590(1.50)
0.660(1.68)

Base radius,
rb,'m.(cm)
0.188(0.48)
0.174(0.44)
0.162(0.41)
0.150(0.38)
0.137(0.35)
0.125(0.32)

aMd based on total exit area/nozzle throat area ratio (Ash/Anf).
bPne/PQi based on shroud exit area/nozzle throat area ratio.

derexpanded8'9 and overexpanded10 flows). However, the
highly nonuniform flow associated with the altitude com-
pensating ability of T-P nozzles3"5 can be expected to create
variations in the disk characteristics peculiar to T-P nozzles.
The separate region or wake in the center of the nozzle
flowfield (Fig, 1) can interfere with the Mach disk formation,
while the existence of several shocks, in addition to the in-
ternal shock originating near the shroud corner, can alter the
Mach disk orientation. Figure 1 illustrates some of the shock
reflections for C-D and T-P nozzles.

The objective of this research was to document the changes
in location and size of the Mach disk in jets from plug nozzles
with truncated conical plugs and cylindrical shrouds for a
range of pressure ratios, Pat/P0i. Both plug length and
shroud exit area ratio were changed. Other investigations2'3
have shown that bleeding small amounts of mass into the
wake region of T-P nozzles enhances their performance, so
the effects of small amounts of base oeed on the Mach disk
formation were studied.

Experimental Apparatus
The experiments were performed using the Notre Dame

Nozzle Thrust Facility (Fig. 2a). This free jet facility is a
blowdown type apparatus exhausting to the atmosphere and
capable of providing total pressure up to 11 atm for ap-
proximately 30 sec for the larger nozzle used. The primary air
flow is metered with an orifice flow meter and the secondary
" bleed" air flow is metered with an ASME long radius ven-
turi operating at critical flow conditions. The facility includes
a pin hole source shadowgraph system for visual study of the
flow including determination of the locations and sizes of the
Mach disk. Because such a "point" source system produces
finite width bands, rather than sharp lines to indicate shock
waves, an error between 2% and 5% is possible in measuring
the Mach disk sizes and locations.7'11

Two axisymmetric internal-external expansion plug noz-
zles, ATP1 and ATP2, were designed for Mach numbers of
1.9 and 2 respectively, based on the overall area ratio,
Ash/Ant. The geometry of both nozzles is illustrated in Fig.
2b. Measurements are given in Tables 1 and 2. Six plugs with
different length ratios (L/Lmax) were built for ATP1, and
special bleed plugs were constructed to match each of these.
The bleed port for each bleed plug covered its entire plug base.
Five plugs were built for ATP2, three with length ratios which

Table 2 Axisymmetric truncated plug nozzle model ATP 2

Overall area ratio, Ash/Ant = 1.684 (Ash = irr2
sh)

Design Mach number, Md = 2
Shroud expansion ratio, PnJP§\ = 0.267
Throat area, Ant = 0.60 in. * (3.88 cm2)
Shroud radius, rsh = 0.568 in. (1.44 cm)
Plug throat radius rsh = 0.5 68 in. (1.44 cm)
Plug throat radius rnt = 0.36 in. (0.919 cm)
Shroud length from throat, Lsh = 0.30 in. (0.76 cm),

Lsh/rsh=0.53
Maximum plug length,Lmax = 2.070 in. (5.26 cm)

R0 =0.20 in. (0.51cm)
a =30°

Length ratio,
^'^max

0.14
0.23
0.28
0.33
0.38

Plug dimensions, in. (cm)
Length from throat,

L, in. (cm)
0.300(0.76)
0.482(1.22)
0.573(1.45)
0.678(1.72)
0.783(1.99)

Base radius,
rb,'m. (cm)
0.312(0.79)
0.280(0.71)
0.260(0.66)
0.245 (0.62)
0.227 (0.58)

matched those of ATP1 plugs. A more complete description
of the experimental equipment and procedures may be found
in Ref. 7.

Results
The Mach disk phenomenon appears when the jet flow con-

ditions produce an oblique shock which is too strong to be
simply reflected from the jet centerline. For both C-D and T-P
nozzles the internal shock originating near the shroud exit cor-
ner instigates the first Mach disk. The location and size of this
first Mach disk is determined by the interaction of the central
core and the outer coaxial stream downstream of the disk. In-
deed the Mach disk locations and sizes have been predicted in
C-D nozzle plumes by requiring this interaction to produce a
condition equivalent to choking for the central core flow.8>9'12

The characteristics of the shock reflection occurring in a
particular jet flow will be dependent on the nozzle operating
characteristics and in particular on ambient pressure ratio
Pat/P0i and nozzle geometry. For T-P nozzles, the Mach disk
structure shows pronounced changes with pressure ratio
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changes.3'5 The distance measured along the axis between the
shroud exit plane and the Mach disk (Xmd) decreases as
P at/Poi increases, as shown in Fig. 3. As expected this trend is
the same as that documented for C-D bell nozzles.9 Also, as
for C-D nozzles, the Mack disk radius decreases as Pat/Poi in-
creases (Fig. 4). These changes are a consequence of the in-
crease of the radial extent of the jet plume which accompanies
a pressure ratio, Pat/Poi> decrease.

Variations in the shock reflection formation resulting from
geometric changes of the T-P nozzles are indicated in Figs. 3,
4, and 5. The variation of the Mach disk location due to
L/Lmax changes is presented in Fig. 3 and quantitatively in
Fig.5. Elongnation of the plug moves the Mach disk farther
downstream. This trend is not as obvious in Fig. 3 for ATP2
as for ATP1 because, as Fig. 5c shows, the Mach disk for
ATP2 curves into a "bowl" shape for the longer plug lengths,
and since the location of the Mach disk, Xmd, was measured
along the nozzle axis, this curvature masked the trend of the
downstream movement of the disk with increasing plug
length.

Most of the Mach disks for ATP2 exhibited some such
"bowl" curvature. This curvature is expected since, for the
longer ATP2 plugs, the Mach disk occurs in a highly
nonuniform flow region just downstream of the neck of the
wake. Flow from the near wake region accelerates through the
sonic condition downstream of the neck while the free jet flow
is decelerating as it is turned by the recompression shock. For
most of the tested ATP1 plugs the Mach disks occurred
moderately far downstream from the wave neck, which
allowed the flow to achieve fairly uniform conditions up-
stream of the Mach disk. Thus ATP1 was not expected to
show as much disk curvature as ATP2.

The variation in the radii of the Mach disks resulting from
L/Lmax changes is presented in Figs. 4 and 5. As the plug
length increases, the Mach disk radii decrease. The Mach disk
"bowl" curvature again slightly masks this trend because the
nonuniform flow which creates the curvature is asymmetrical
for these imperfect nozzles thus skewing the shock triple
points (Fig. 5c) into different vertical planes. (The radii of the
disks were defined as half the distance between triple points).

An important variation in the Mach disk structure oc-
curring with the shortest plug lengths is shown in Fig. 4. The
Mach disk radii are more nearly constant with ATP1, plug
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x = 0.22, and ATP2, plug L/Lmax= 0.14, throughout
the entire pressure ratio (Pat/P01) range. Inspection of the
shadowgraphs for these two nozzles indicates that the first
Mach disk is controlled by the occurrence of a "secondary"
shock as illustrated in Fig. Id. This secondary shock is formed
from the same mechanism that generates the internal shock,
but it is the expansion waves propagating from the plug lip
which produce the secondary shock. These expansion waves
can control theach disk occurrence only when they are
generated far enough upstream to produce a shock which
coalesces with the internal shock. This has only been observed
to happen for the shortest plugs tested with each nozzle, and
both of those plugs were truncated at the shroud exit plane.

Variations in the shock reflection formation were also ob-
served with changes in the nozzle overall area ratio, Ash/Ant.
The data in Figs. 3 and 4 indicate that for the same plug length
ratios, the Mach disks for ATP2 are closer to the nozzle exit
plane and are relatively smaller than those for ATP1. This
cannot be entirely credited to the Ash/Ant difference,
however, since ATP1 and ATP2 also have different shroud
length to nozzle radius ratios and different plug length to noz-
zle radius ratios. Since those geometric effects cannot be
separated from this study, the observed results cannot be in-
terpreted without further investigation.

Influence of Base Bleed

The addition of small amounts of mass(l% of the primary
nozzle flow), bled into the near wake region distinctly alters
the external nozzle flowfield. The neck of the near wake
spreads to accommodate the increased mass flow, decreasing
the inclination of the viscous boundary of the wake. The flow
angle of the adjacent supersonic flow likewise decreases, ap-
parently (in the case of just 1% bleed) enough to eliminate the
need for a strong recompression shock to turn the flow
parallel to the nozzle axix. However, the Mach disk structure
is formed in the same manner for nozzles with bleed as for
nozzles without bleed. Therefore, for the bleed cases, as for
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Fig. 5 Shadowgraph sequence of nozzle ATP2 with increasing plus
length (P/P01= 0.107): a) LxLmax =0.14, no bleed flow;
b) L/Lmax = 0.23, no bleed flow; c) L/Lmax = 0.38, no bleed flow.
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the nonbleed cases, the distance to the disk decreases with in-
creasing pressure ratio Pat/P01 (as shown in Fig. 6), while the
disk radius decreases (as shown in Fig. 7). Furthermore, even
with bleed, the L/Lmax = 0.22 nozzle of ATP1 shows the
"secondary" Mach disk formation mode.

Some influences of varying the bleed flow rates (up to
1.5%) were also observed in this study. Changes in the Mach
disk locations as a function of base bleed for the
L/Lmax = 0.3S nozzle are shown in Fig. 6. The L/Lmax = 0.38
nozzle was selected to illustrate these trends (which occurred
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Fig. 7 Effect of ambient pressure ratio on Mach disk size for varying
basebleed flow with nozzle ATP1.

with all the geometries). Bleed initially moved the Mach disk
upstream from its nonbleed location, but increasting the bleed
(from 1% to 1.5%) moved the disk back downstream. This is
really only a consequence of the Mach disk curvature, which
is more pronounced for l<Vb bleed than for 1.5% bleed.
Initially, with a small amount of bleed, the neck of the near
wake moves closer to the Mach disk enhancing the nonunifor-
mity of the flow approaching the Mach disk. But with in-
creased bleed flow the neck of the near wake eventually moves
back away from the Mach disk enhancing the uniformity of
the flow approaching the disk and diminishing the disk cur-
vature phenomenon. The changes in Mach disk size resulting
from changes in the bleed flow rate are documented in Fig. 7
(again for the L/Lmax = 0.38 nozzle). Increased bleed flow ex-
pands the near wake and thus expands the entire jet flowfield
including the distance between the edges or triple points of the
Mach disk.

It should be mentioned that the documented changes in the
location of the Mach disk with bleed are primarily a result of
the definition of Xmd. If the disk location were to be defined
as the axial distance to the shock triple points then the newly
defined Xmd would increase with increasing bleed regardless
of the flow alterations which produce disk curvature.

Conclusions
Detailed optical investigations of truncated plug nozzle

flowfields provided both qualitative and quantitative data
delineating the changes in the first Mach disk structure with
changing ambient-to-total-pressure ratio and basic geometric
alterations. Both the axial distance separating the nozzle from
the disk and the raduis of the disk decreased with increasing
ambient to total pressure ratio. Elongation of the plug
centerbody moved the Mach disk downstream while
decreasing the radius of the disk. The longer plugs also enhan-
ced a curving of the disk structure into a "bowl" shape. Two
"modes" of formation were discovered for the Mach disk
structure and the nozzle geometry determined which "mode"
will occur.

Mass bled into the near wake base region tended to enlarge
the neck of the wake and diminish the recompression shock.
The same basic trends of Mach disk position and size with
changing pressure ratio were observed with bleed as were ob-
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served without bleed. However, increased bleed altered the
disk curvature and increased the disk radius.
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