Liquid Nitrogen Laval
Nozzle

Combustion Research and Flow Technology, Inc.

&—Q__CRA FT Tech

Nl nnovati ve Soluti ons to C(C
www.craft -tech.com

January 23, 2009



Schematic of Configuration

Diffusion too strong , strong

Separation for LES calculation
Grid | ——‘.‘#

Laval Nozzle: 375,386 total points, 185,700 total cells
Grid units: mm, 4.9801 mm inlet radius, 1.18383 mm throat
Calculation done with this section

Grid || .
Remove end: 330,086 total points, 163,200 total cell$™™""*"

Grid | was first generated and unsteady LES-RANS single-phase solution was generated.
However separation at the second diffuser section resulted in separated flow reaching exit.
Subsequently cavitating calculation was done only on Grid II.

Grid Il was generated with second diffuser section removed. Solution good for unsteady single
phase solution. However when cavitation started strong vortices reach exit boundary (as shown
later). Constant back pressure condition did not hold. Pressure had to be relaxed as vortices
reached outflow boundary. Back Pressure history shown later.

We note that the strength of these vortices is artificially strong because we are doing an
axisymmetric calculation and no vortex stretching/helical instabilities. We are quite confident that
for a true 3-D simulation, the mixing and dissipation of vortices will be substantially stronger and
this issue will not arise.

We also performed a cavitating RANS calculation. As expected the flow is steady and separated
flow region is small. Cavitation occurs only in throat region for RANS calculation.



Calculation Detalls

Final cavitating calculations were done only on Grid II.

Inlet velocity: 0.48 m/s, Temperature: 77 K, Density: 807.6937 kg/m3, Freestream vapor pressure at 77 K:
9.715226E04 Pa. Inlet Diameter 9.9602 mm and Throat diameter 2.36766 mm.

Estimate of single phase throat velocity : 8.495 m/s

Cavitation number based on back pressure and throat velocity: 0.19

Therefore nominal back pressure condition specified : 102688.8956 Pa (However as noted earlier unsteady
calculation had strong cavitation vortices and back pressure had to be relaxed as vortices went thru. Back
pressure history shown).

For cavitating cases: background vapor fraction 1.E-6, background bubble radius: 1.E-6m, and maximum
bubble radius input :126.E-6 m. This was specified smaller than case | and Il because the scale of the
problem is much smaller and therefore maximum bubble sizes will be smaller.

Two calculations were performed. Steady RANS calculation and a very detailed Unsteady hybrid LES-RANS
calculation.

Physical Time Step for Unsteady Calculation: 5.E-7 s

Number of Inner iterations per time step: 5

Number of processors: 32 ( additional equation for temperature solved)
Number of time steps for unsteady calculation: 60,000

(Unsteady calculation done after initial steady state single phase flowfield was computed and initial cavity set
up)

CPU time per time step: 7.6 s/step

Total time for unsteady calculation: 123 CPU hours

Hybrid LES-RANS Calculation plots are shown at every 0.75 ms

Time Stamp for Plot #1: 0.75 ms

Time Stamp for Plot #25: 18.75 ms



Unsteady Hybrid LES-RANS
Simulation



Pressure (in Pa) Plots Time Stamp# 1-12
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Pressure (in Pa) Plots Time Stamp #13-25
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Pressure Movie
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Vapor Volume Fraction (log scale) Time Stamp#1-13
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Vapor Volume Fraction (Log Scale) Time Stamp# 13-25
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