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Abstract: To obtain more in—depth understanding on the physics, especially the instantaneous near—field
characteristics of highly underexpanded jets, three—dimensional large eddy simulation (LES) of highly under-
expanded nitrogen jets with nozzle pressure ratio (NPR) from 5.60, 7.47, 9.34 to 11.21 and Reynolds num-
bers about 10° are carried out utilizing the AstroFoam solver developed based on OpenFOAM function libraries.
The time—averaged near—field flow characteristics are examined to verify the reliability of the LES results, which
successfully capture the typical near—field wave structures in comparison with experimental measurements and lit-
erature data. The formation and time evolution of near—field shock structures of highly underexpanded jets which
are difficult to be measured experimentally are revealed, which is found to be more influenced by the initial field
conditions rather than the NPR. A kind of diamond-like cellular structures of small scales in the Mach barrel is
reported, and confirmed by high—speed pulsed schlieren images. The oscillation characteristics of the Mach disk
for highly underexpanded jets are found to be highly transient and nonlinear, and are investigated quantitatively.
The oscillation cycles of Mach disk under different NPRs are almost identical, and mainly dominated by the axi-

symmetric mode with f=5.298 kHz.
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Fig. 1 3D schematic of the nozzle employed for the LES of
highly underexpanded jets

Table 1 Flow parameters and simulation conditions

Property Case 1 Case 2 Case 3 Case 4
Mach 1.0 1.0 1.0 1.0
p/MPa 0.3 0.4 0.5 0.6
po/MPa 0.57 0.76 0.95 1.14
T,/K 300.0 300.0 300.0 300.0
T,/K 360.0 360.0 360.0 360.0
U, /(m/s) 353.1 353.1 353.1 353.1
Re, 1.36x10° 1.82x10°  2.27x10°  2.73%10°
nip. 2.96 3.95 4.93 5.92
polp.. 5.60 7.47 9.34 11.21
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(a) Top view at y/D=0 (b) Close-up view at nozzle exit

Fig. 2 Computational grids
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Fig. 3 Time averaged contours of various flow properties in the near field of the jets
(x/D: =1~1,y/D:-1~ 4,2/D=0) for NPR=7.47

(a) LES,NPR=5.60

(c) LES,NPR=9.34

(b) Exp,NPR=5.60

(d)Exp,NPR=9.34

Fig. 4 Comparison between the time averaged density gradient obtained from LES and schlieren photography™”’
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Table 2 Comparison of the Mach disk height and diameter

Author Technique D/mm Po/Pa H,/D W./D o
Ashkenas et al. (1965)" Exp - 20~200 - - 0.67
Ewan et al. (1986)" Exp - ~10 - - 0.55
1.4 5.50 1.43 0.36 0.61
Vuorinen et al. (2013)"! LES
1.4 7.50 1.72 0.55 0.63
2.0 5.60 1.43 0.38 0.60
2.0 7.47 1.70 0.54 0.62
Present work LES
2.0 9.34 1.93 0.76 0.63
2.0 11.21 2.14 0.90 0.64
(a) t=2t, (b) t=8t,
(C) t=20t, (d) t=28t,

Fig. 5 Development of near-field shock structure of highly underexpanded jet for NPR=7.47
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(b) Shock strength p,/p, for the first four shock-cells ( p, and p,
is the pressure upstream and downstream the shock respectively )

Fig. 6 Shock structures in highly underexpanded jets
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(a) NPR=5.60

(c) NPR=9.34

(b) NPR=7.47

(d) NPR=11.21

Fig. 7 Instantaneous snapshots of density gradient in the near field of the highly underexpanded jets
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Fig. 8 Similar diamond-like cellular structures in the Mach
barrel of the transverse underexpanded ethylene jets
injection into the supersonic cross-flows
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Fig. 9 Instantaneous snapshots of density gradient in the
near field of the jet for NPR=9.34

(b) NPR=9.34

Fig. 10 Instantaneous profiles of non-dimensional pressure along the jet centerline at different time,

indicating the oscillation characteristics for highly underexpanded jet Mach disk in half oscillation cycle
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(a) NPR=5.60 (b) NPR=7.47
(c) NPR=9.34 (d) NPR=11.21
Fig. 11 Cross spectrum and relative phase of pressure fluctuation on either side of the jets at
(x/D=1,y/D=2,2/D=0) and (x/D=-1,y/D=2,z/D=0)
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