STRUCTURE OF LOW-DENSITY SUPERSONIC JET

V. I. Nemchenko and N. I. Yushchenkova

The use of supersonic jets to obtain intense molecular beams and high-velocity, low-temperature
plasma streams has stimulated the development of experimental and theoretical studies on the structure
of underexpanded supersonic jets. The structure of the initial segment of the supersonic underexpanded
jet is characterized by the position, dimensions, and shape of the closing shock,

Theoretical estimates and some experimental data are presented in [1-7] on the shape of the caten~
ary shock and on the location and diameter of the central shock., However, most of the studies correspond
to ideal gas flow conditions in the continuum regime.

With reduction of the jet density we would expect a change of the flow structure,since the transport
processes, whose role increases with decreasing density, have a significant effect on catenary shock forma-
tion and the jet boundary. '

The results presented in this paper from an experimental study of the structure of a supersonic air
jet for different discharge conditions 10=n=10% 1,15=M, =3.3, 10~*=Kx =Ax/d* =1073, where Mg is
is the Mach number at the nozzle exit, Ax is the molecular mean free path at the nozzle critical section,
dx is the nozzle critical section diameter, and n is the ratio of the nozzle exit pressure to the ambient pres-
sure, make it possible toidentify the influence of high pressure ratios n, high Mach number M,, and flow
rarefaction on the structure of the supersonic underexpanded jet. The Knudsen number Ky and the parame-
ter C =K« VT are also used to characterize the flow rarefaction.

1. The experiments were conducted in the low-density wind tunnel described in {8]. The working gas
was air, preheated to ~600°K to prevent condensation during adiabatic expansion [9]. The gas jet discharged
through a supersonic conical nozzle into a low-pressure chamber, The nozzle dimensions and jet discharge
conditions are shown in Table 1, where in column d the upper numeral corresponds to the nozzle throat
diameter and the lower numeral is the nozzle exit diameter; £, is the nozzle half-angle; in the column M
the upper numeral is the Mach number M,' at the nozzle exit, calculated for isentropic expansion of the
gas, and the lower numeral is the nozzle exit Mach number, obtained from measurements of the total pres-
sure py'; and p; is the adiabatic flow stagnation pressure, in mm Hg.

The following parameters were measured in the experiments: pressure p; and temperature T, in the
adiabatically decelerated flow, the total pressure p,', and the vacuum chamber pressure p;. A Pitot tube
of 0.8-mm diam. was used to measure the total pressure. The viscous corrections were introduced in ac-
cordance with the technique presented in [8]. The results of the p,, Ty measurements were used to calculate

Fig. 1. Discharge gap power supply circuit.
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TABLE 1

d Zo M Do K, n
1
1 55° 1.14 700 2.14-1074 1008000
1.01 500 3.01.107¢
300 5.01.107¢
1.85 6°12° 2.5 700 1.16.107% 17-—785
3 2.23—2.,27 | 500 1.62.107¢
300 2.7-1074
150 5.4.107¢
50 1.62.107¢
1.85 | 7°57 2,75 700 1.16-10°4 371000
3.35 2.5 500 1.62-10¢
300 2.7.107¢
150 5.4-107
1.85 1 10°05° 3 700 1.16.107% 20—500
3.83 2,8 500 1.62.107¢
300 2.7-107
1.5 | 10°20 3.5 700 1.43-107 ¢ 24—221
4.4 3.4 500 2.1.107¢
300 3.34.107

Fig. 2. Results of glow discharge
jet visualization. For the case

Mgy =2.8 Kx~1,62-107%, (a), (), and
(c) correspond to the value n =56,
176, 185; for the case M, ~3.3 K«x®
1.43°107%, (d) corresponds to n =87,
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the flow parameters at the nozzle throat, and the measured
values of py', p; were used to calculate the parameters at the
nozzle exit and in the jet.

The pressure measurements in the range from 107% to
107! mm Hg were made using the LT-2 thermocouple mano-
meter, which was calibrated against compression manometers;
the higher pressures from 1072 to 10 mm Hg were measured
using the VR-3 radioactive manometer, also calibrated against
compression manometers. The pressure measurement in the
range from 1 to 700 mm Hg was made using oil and mercury
U-tube manometers. The relative pressure measurement error
in the range from 1072 to 1 mm Hg did not exceed 3%, and in
the range from 1 to 700 mm Hg the error did not exceed 1%.

To study the structure of the initial segment of the super-
sonic underexpanded jet at low flow densities, when the schlieren
technique cannot be used, we used the glow discharge flow visual-
ization method which is widely used in studying supersonic gas
flow past bodies., For example, studies of supersonic rarefied
gas flow past a flat plate with a sharp leading edge, made in [10]
with the aid of the glow discharge technique, ard studies using
the schlieren method, thin-film sensors, hot-wire anemometers,
and total head tubes have shown that the shock wave shapes ob~
tained by the various methods are the same,

For visualization of the jet flow field we used a molybde-~
num rod reinforced with quartz as the discharge gap anode, and
the nozzle itself, which was thermostatted, as the cathode. The
discharge gap power supply circuit is shown in Fig, 1, where
Dy, ..., Dy, are the rectifying bridge diodes, and Uy, U, are the
voltages at the input and output of the rectifier. The voltage
Uy was varied by the autotransformer from 10 to 250 V. For the
concrete flow discharge conditions the discharge gap current I
and the voltage drop V across the gap were selected experimen-
tally in the ranges 0.5=1=40 mA, 300=V=700 V, The power
put into the discharge gap did not exceed 20 W.
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Fig. 3. a) Proportionality coefficients A and Ay (2.1) of
nozzle exit Mach number; b) values of the coefficient f
for different M, and Ky Vn,
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Fig. 4, a) Catenary shock incidence angle at the
jet axis as a function of nozzle exit Mach number
Mg; b) transition of central compression shock

into an x-shock for My =2,5 and different K4« with
increase of the pressure ratio n; ¢) region of exist-
ence of different types of shock wave configurations
near the jet axis: 1) region of existence of central
compression shock; 2) region of transition of cen~
tral compression shock into an x-shock; 3) region
of existence of the x-shock,

Total pressure distribution measurements made along the jet
axis with and without the discharge showed no influence of the dis-
charge on the gas flow for I<40 mA, Langmuir probe data showed
that the free electron concentration in the jet did not exceed 108-10°
cm~?, which corresponds to a gas ionization degree of 1075, For an
ionization degree less than 107°-107%, the influence of the discharge
on the gasdynamic parameter field in the jet can be neglected [11],
which makes it possible to use the glow discharge flow visualization
technique to study the geometry and location of the shock waves oc-
curring in the case of supersonic underexpanded jet discharge.

2. The jet photographs obtained (see, for example, Fig. 2a, b, ¢, d) made it possible to determine

the geometry of the closing shock in the supersonic underexpanded air jet for different exit conditions; x,
is the distance to the closing shock along the jet axis; D is the maximal diameter of the catenary com-
pression shock; Dy is the diameter of the central shock; and « is the angle at the triple point between the
incident shock wave and the axial direction. The results of the study show that for high flow densities
K«Vn <10~% and y =const, when the rarefaction influence is not significant, the ratios D /x,, Dy/x, (Table 2)
will be functions of the Mach number at the nozzle exit and will not depend on n, which characterizes self~
similarity of the jet structure. A similar result was obtained in [1] by the schlieren technique for a jet

with My ~1.
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The position of the central compression shock is defined by a linear function of vn:
2olrg = A 13 (2.1

where Ty is the radius of the nozzle exit section, and A is a coefficient of proportionality, defined by the
empirical relation '

~ 1.38 VM, (2.2)

suggested in [4]. In (2.2) v is the specific heat ratio. The values of the coefficients A (points 2 in Fig. 3a),
obtained as a result of analysis of the photographs of the jets visualized in the glow discharge, agree well
with Eq. (2.2) and the results of experiments of other authors [1, 2], obtained by the schlieren technique
for high flow densities (points 3 and 4 in Fig. 3a) up to some limiting Mach number M,;.

The results of the central compression shock diameter measurements show that for high stream
densities and M,y <My the central compression shock diameter is a function of vn

Dojd, =F V' (2.3)

In the nozzle exit Mach number range 1.1=M, = 2.8 the coefficient of proportionality F depends very
little on M,, and for approximate calculations it can be taken equal to 0.5 for n >20. The values of the co-
efficient F are shown in Fig. 3b, where the points 1, ..., 10 correspond’ to the following parameter combina-
tions (Mg, K#): 1(1.15, 2.14, 1079, 2 (1.15, 3-107%, 3 (1.15, 5-1079, 4 (2.27, 1.16:107%), 5 (2.27, 1.62-1079,
6 (2,27, 1079, 7 (2.27, 5.4-1079), 8 (2.8, 1.16-107%), 9 (2.8, 1.62-107%), 10 (2.8, 2,7-107%). The results of
a study of the central compression shock diameter (curves 11 and 12 in Fig. 3b), obtained by the schlieren
method and published in [1] and [2], are in good agreement with the glow discharge jet visualization data
for small values of KxVn.

Increase of the nozzle exit Mach number My above some limiting value M, = f(X,, ») leads to transi-
tion of irregular reflection of the catenary compression shock into regular reflection (Fig, 2d). In this
case the catenary shock incidence angle w (Fig. 4a) becomes less than the limiting value

1
— s T2
o] arcsm,r[ ]

Figure 4a shows the experimental data on the magnitude of the incidence angle on the jet axis, cor-
responding to the values My >10 and X, ¥'» = 10%. The transition from one type of reflection to the other
at high stream densities takes place practically instantaneously and is accompanied by an abrupt reduction
of the central shock diameter and increase of the distance from the nozzle exit to the point of intersection
of the closing shock with the jet axis. The location of the x-shock for M.>M, is determined by a rela-
tion similar to (2.1) but with a different proportionality coefficient (curve 2 and points 1 in Fig, 3a)

A= Vrm " (2.4)

The results of the calculation of A (curve 5 in Fig, 3a) using the approximation theory of [13] agree
well with the experimental data for M,> M, and M,<€ My and high stream densities; this agreement
breaks down in the transition region.

As the jet density decreases for M,<M,, either as a result of pressure reduction in the adiabatic~
ally decelerated flow or as a result of the marked expansion for the high pressure ratios n, we observe
a change of the geometric chracteristics of the curved and central compression shocks, which shows up
primarily in a reduction of the diameter of the central compression shock shown in Fig. 2a, b, For fixed
values of Kx the beginning of the deviation of the ratio Dy/d, from the value characteristic for ideal gas
flow depends on M, and n. The higher the Mach number for the same values of Kx, the earlier the de-
viation of Dy/d, from the values defined by (2.3) begins.

The parameter C [13] was used to correlate the results obtained on the effect of rarefaction on the
flow in the central shock region.

The results of measurements of the dimensionless diameter of the central compression shock are
shown in Fig. 3b, where M, is the parameter. With increase of the rarefaction for ¢ > ¢, =7 (Ma 7v) there
is a gradual increase of the central shock distance from the nozzle exit along with the reduction of its
diameter. Figure 4b shows the location of the central compression shock as a function of n for Mg =2.5 and
three values of Kx: 3 (1.62-107%), 4 (2.7-107™), 5 (5.4-107%. Thus, increase of C >C, leads to transition
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of the central shock, whose location is defined by (2.1) and (2.2) (curve 2 in Fig. 4b), into an x~shock (Fig.
2b, c) whose position is defined by (2.1) and (2.4) (curve 1 in Fig. 4b).

The region of transition of the central compression shock into the x-shock is shown in Fig, 4c
in the coordinates M, and C. With increase of Mg the transition region narrows, and for Mz~3.3
or more under the experimental conditions there is regular reflection of the catenary shock from the
jet axis, as shown in Fig. 2d. Characteristic for the central shock configuration in the transition
region will be upstream convexity (inversion), as shown in Fig. 2b. For 1,.2=M, <3.3 and values of
C <Cj, there is irregular supersonic reflection of the shock with formation of a central compression shock.
For 2.25=M, <3.3 and C=C; the central compression shock degenerates into an x~shock, The reduction
of the central shock for C >C, and its degeneration into an x-shock for C ®#C; and fixed obligue shock in-
cidence angle at the jet axis, whose value is close to the limiting value (Fig. 4a), can be explairied by the
reduction of the incident shock wave intensity owing to the influence of dissipative processes.

These results show that both the nozzle exit Mach number, which defines the catenary shock con-
figuration, and the flow rarefaction affect the flow formation in the central compression shock region. In-
crease of the rarefaction for C >Cj will lead to thickening and smearing of the curved compression shocks
and reduction of the incident shock wave intensity in comparison with the ideal values, The dependence of
C; and C; on My for v = 1.4 is shown in Fig. 4c.
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