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Introduction

THE Mach disk is a distinctive characteristic of the near-
field shock wave structure in freejet flows from sonic or

supersonic nozzles. In this Note, results are presented from an
experimental investigation of the effects of axisymmetric
sonic nozzle geometry on the onset, diameter, and location of
the Mach disk in moderately under expanded freejet flows.
The axisymmetric nozzle geometries investigated were a
contoured converging nozzle, four conically converging
sharp-edged nozzles, and a sharp-edged orifice.

Previous experimental investigations of the Mach disk were
less conducted for axisymmetric1'6 and planar7'8 nozzle
geometries which produced uniform sonic or supersonic
flows. These investigations established empirical relationships
between the stagnation-to-ambient pressure ratio and the
Mach disk diameter and location for different gases,1'2'5'7'8
gas-particle flows,M and reacting gas flows.6

Theoretical models for predicting Mach disk location and
diameter range in complexity from postulations concerning
the pressure at the Mach disk2'9 to coupling between the
shock-wave structure and the accelerating subsonic flow
downstream of the Mach disk.10'13 While these models have
been used primarily to analyze freejet flows from uniform
flow sonic or supersonic nozzles, they could, in principle, be
extended to analyze freejet flows from nonuniform flow
nozzles. Diringer12 analyzed the freejet flow from a conically
converging sharp-edged nozzle with a highly distorted sonic
line; the predicted and experimental flowfield shock-wave
structure were in good agreement.

Experiments
The experimental apparatus and the geometries of the six

axisymmetric sonic nozzles that were used in this investigation
are shown in Fig. 1. During the experiments, the stagnation
pressure P0 upstream of the nozzle was varied while the back
pressure Pb in the observation chamber was maintained
approximately constant. Consequently, the Reynolds number
based on nozzle exit diameter varied in the approximate range
105 <Re>D<5x 106. The Mach disk diameters and locations
were determined from short-duration, 10 /^s shadowgraph
photographs of the freejet flowfields.

Results
The mass flowrate and choking characteristics of the six

sonic nozzles were investigated over the stagnation-to-back
pressure ratio range of l<P0/Pb<10. The limiting ex-
perimental values of the mass flowrate coefficient and the
stagnation-to-back pressure ratio for choked flow are
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tabulated in Table. 1. The deviations of the observed mass
flowrate coefficient and the choking pressure ratio from the
values of ideal, one-dimensional flow are measures of the
distortion of the sonic line and interactions with the sonic line
in these nozzles.

The experimental data for the Mach disk diameter and
location are compiled and presented in Fig. 2 for the six sonic
nozzle geometries investigated. The onset of the Mach disk
structure for the different nozzles is indicated by the shaded
portion of Fig. 2 for which Dmd/Dn^0; the pressure ratio for
the onset of the Mach disk structure is seen to increase with
nozzle convergence angle. If the convergence angle at the
nozzle exit plane is taken to define the nozzle geometry, a plot
of the stagnation-to-back pressure ratio for the onset of the
Mach disk structure can be defined; Fig. 3 is such a plot for
the nozzle geometries investigated. The shaded region in Fig.
3 represents the uncertainty band associated with the tran-
sition to the Mach disk shock structure; this transition region
is accompanied by instabilities in the shock structure near the
flow axis.

Near onset of the Mach disk, instability in the shock wave
structure made it difficult to determine accurately the location
of the Mach disk for the sharp-edged nozzles. As a result,
data for the location of the Mach disk in the transitional
regime are presented in Fig. 2 for only the converging nozzle.
In the well-established Mach disk regime of Fig. 2, the Mach
disk location is not significantly affected by the sonic nozzle
geometry; the empirical equation, curve 3, proposed by Crist
et al.5 is shown to correlate well the Mach disk location data
except for the contoured converging nozzle (@n = 0) data at
low operating pressure ratios.

In Fig. 2 the Mach disk diameter varies significantly be-
tween the contoured converging and sharp-edged nozzles. All
sharp-edged nozzle data have consistently smaller values of
the diameter ratio, Dmd/Dn; after the Mach disk structure is
well established, the Dmd/Dn data are clustered for all the
sharp-edged nozzles. Crist et al.5 and Davidor and Penner6

proposed an empirical correlation for large pressure ratios
that the Mach disk diameter and location are linearly related;
from Fig. 2 it is evident that a linear relationship does not
hold for moderately under expanded pressure ratios. Rather,
the Mach disk diameter data are better correlated for the
smooth converging nozzle (@n = 0) by the empirical equation,
curve 1,

Dmd/Dn =0.36(P0/Pb -3.9)1/2

Table 1 Experimentally determined sonic nozzle
performance characteristics

(1)

Nozzle geometry,
^,deg

0 (contoured)
30
45
60
75
90 (orifice)

Mass flowrate
coefficient, aCy

0.975
0.927
0.898
0.869
0.839
0.812

Observed choking
pressure ratio, b

(P0/Pb) choked

1.92
2.78
3.85
5.00
5.56
5.88

aFor these experiments, ReD > 106. bFor air flow, the ideal choking pressure
ratio is P0 /Pb = 1.894. '
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Fig. 1 Experimental apparatus and soniz nozzle geometries for Mach
disk investigation. (All dimensions are in millimeters.)
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Fig. 2 Mach disk onset, diameter, and location for moderately
underexpanded freejet flows from different sonic nozzle geometries
(curve 3 from Crist et al.5).

and for the sharp-edged orifice (&n =90 deg) by the empirical
equation, curve 2,

Dmd/Dn=0.31(P0/Pb-5.0)» (2)

All Mach disk diameter data are bounded by Eqs. (1) and (2);
the data for the five sharp-edged nozzles are, for the most
part, clustered near curve 2 corresponding to Eq. (2).

Conclusions
Empirical correlations and bounds were established from

these experiments for the Mach disk diameter and location for
moderately underexpanded pressure ratios and extremes in
sonic nozzle geometry. It was observed that the pressure ratio
at the onset of the Mach disk increased smoothly and con-
tinuously with the convergence angle of the nozzle and that
the. Mach disk structure was stable and well established for all
nozzles when P0/Pb>5. In this regime, the Mach disk
location was relatively independent of the nozzle geometry
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Fig. 3 Onset of Mach disk structure from different sonic nozzle
geometries.

and convergence angle and was well correlated by the em-
pirical expression developed by Crist et al.5 from their high-
pressure experiments. In contrast, the Mach disk diameter in
this regime was affected strongly by the nozzle geometry and
was affected weakly by the convergence angle of the sharp-
edged nozzles.

These experimentally observed effects are attributed
primarily to the distortion of the sonic line due to nozzle
geometry and to local interaction between waves in the
flowfield and the sonic line. However, the extent and coupling
of these phenomena are not well understood and require
further investigation. Of particular interest are: the onset of
the Mach disk, intermittent jet screech, instability of the
shock structure to small and large disturbances, and their
coupling.
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