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Abstract A one-dimensional real-fluid delayed equilibrium model (DEM) was developed to improve the prediction of mass flow rate,
axial pressure, and nonequilibrium flashing in cryogenic throttling flows. The model was validated against the data from Venturis,
converging-diverging nozzles, thick orifices, and a self-built orifice test rig. Compared with the homogeneous equilibrium model
(HEM), DEM reduced the root mean squared error of pressure (RMSE) at the Venturi pressure taps from 0. 616 to 0. 232 kPa. For the
nozzle cases, the mean absolute percentage error (MAPE) values of axial pressure and mass flow rate were 5.10% and 6.94%,
respectively, while the mass-flow MAPE and RMSE for thick orifices were 11. 81% and 14. 40%, respectively. The results show that
nonequilibrium effects depend strongly on the throttling geometry and flow time scale and are more pronounced in sharp-edged short
orifices than in smoothly varying nozzles. Further liquid-nitrogen experiments with 0. 5-2. 0 mm orifices showed that the mass flow rate
increased with the inlet pressure, inlet subcooling, and orifice diameter, approximately following m oc d"®. These results indicate that
cryogenic throttling is jointly governed by the inlet thermodynamic state, geometric scale, and nonequilibrium phase change, and the
proposed model can support the flow prediction, pressure evaluation, and design of cryogenic throttling components.

Keywords liquid nitrogen; delayed equilibrium model; nonequilibrium flashing
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