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Abstract : To maximize the combustion efficiency of manifold port injection for the CNG(compressed natural gas) engine, the
gaseous fuel should be injected at a high pressure using a gas injector, which allows for sufficient fuel supply and good mixture
formation in the cylinder. In particular, the increase of the NPR(nozzle pressure ratio) because of the high-pressure injection
causes shockwave formation near the nozzle exit as well as a change in the shock patterns in the gas jet. The characteristics of gas
jets are regarded as a key design factor because they have a direct influence on the amount of fuel supply into the cylinder and on
the mixture formation around the nozzle exit of the gas injector. The experiments for investigating the characteristics of
shockwaves, however, are very expensive and time-consuming. Therefore, a three-dimensional numerical model was developed in
this study to examine the characteristics of shockwave structures and the change in the shock of the underexpanded gas jet for
various injection conditions, using DES(detached eddy simulation) based on the Eulerian approach. In addition, the analysis
results were verified by comparing the penetration length with the test results of the previous studies [10]. The obtained
computation result is in good agreement with the experimental value, with a less than 5 % difference. It can be found that the
normal pattern of repeated barrel shockwaves, the regular reflection pattern with reflection shock added, and the Mach disk pattern
with Mach disk shock, are successively generated as the NPR increases. Additionally, this study investigated the effect of
geometrical modification on the shock structure by comparing two different geometries: a flattened nozzle exit and an
inner-stepped nozzle exit. For the results, Mach disks started to emerge over an NPR of 3.37 in the case of the flattened nozzle
exit. On the other hand, in the case of the inner-stepped nozzle exit, Mach disks began to occur when the NPR was over 6. The
study results show that the inner-stepped nozzle exit has a much stronger Mach disk inhibition effect, resulting in good mixture
formation even at higher NPR conditions compared with the flattened nozzle exit.

Key words : Compressed natural gas engine(%453117F2=21%]), Under-expanded nozzle(#4 % =), Under-expanded
jets(Za~ B3 A E), Shock waves(F 2 3}), Shock cell(%-2 3} All), Transitional behavior( ©] %5, Detached eddy simulation
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Table 1 Numerical conditions

Analysis model

Tool STAR-CCM+14.02

Boundary condition Implicit unsteady

Turbulence model SST(Menter) K-Omega DES

Difference method 2nd-order upwind scheme

Time step 0.001 [msec]

Boundary conditions

Inlet static pressure [bar] 4,5,7,9 (rail)
Inlet temperature [°C] 25
Outlet static pressure [bar] 0 (chamber)
Outlet temperature [°C] 25,50
Inlet turbulent length scale [lo] 0.0847 mm
Inlet turbulence intensity [Io] 0.15

Working condition

Working fluid Nature gas, Air

Temperature [°C] 24.0,36.0,48.0

Pressure [bar] 4,5,7,9 (rail)

Nature gas properties

Species CH4 C2H6 C3Hg COz Nz
[%] 96.5 1.2 0.18 | 0.22 1.89
Density Ideal gas(Compressible)

Dynamic viscosity

Specific heat Polynomial function(T)

Thermal conductivity

Nozzle hole (inlet)
Nozzle guide (wall)

Chamber: (outlet);
8.1Ix

(a) CAD modelmg

Mesh type: Polyhedral
Volume cells: 3,478,441

(b) Mesh modeling
Fig. 2 CAD/Mesh modeling of gas injection chamber
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Fig. 3 Comparison of gas concentration fields and penetration length
of injected gas using (a) tracer based PLIF'?, (b) K-Omega
SST DES at 7 bar pressure (@ NPR 3.37)
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Fig. 5 Computational results of velocity according to chamber
temperature (@ SOI 2 msec)
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Fig. 6 Computational results of Mach number(and velocity) accor-
ding to the NPR(@ SOI 2 msec) without nozzle wall model
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