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New Horizon of Rocket Engine Modeling and Simulation
The University of Tokyo, Sep/28-29/2010
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A high-resolution scheme for jet mixing flows

under supercritical thermodynamic conditions
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Numerical methodology

« The compressible Euler/Navier-Stokes equations in generalized coordinate

» Sixth-order compact differencing scheme for advection and viscous terms (Lele 1992)
» Third-order TVD Runge-Kutta scheme for time integration (Gottlieb 1998)
» Sixth-order compact filtering for numerical stabilization (Lele 1992, Gaitonde 2000)
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» for example, the internal energy consists of perfect gas component and the departure function

1p dp
() =eolm)+ [ |5 -2 (8T)p K
Localized Artificial Diffusivity (LAD) LAD method

7th-order WENO

- Cook and Cabot, 2004 wﬂ
- Cook, 2007 o N
- Kawai and Lele, 2008, 2010 5 :

» adding artificial transport coefficients to the fluid transport coefficients

po= pptpt , OVu
B = Bp+p pw upZ%AizA B* _CBPZ oE AL A
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D = D;+D*
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Problems set up

KFLEDOMERE, BRAMSHMOICDH, 1, 2XTBERFREREEE T &E L.

1. Advection flows, including trans-critical state
2. Shock tube problem, introduced by Arina 2004

3. Modified Shu-Osher problem

4. Two-dimensional cryogenic jet at supercritical pressure

20109728 H XIEH 7

ERDEEFE
Per = 34AMPa, T, = 126.2K, per = 313.3kg/m®

Result 1: 1-D advection flow

» Nitrogen at 4MPa (trans-critical state) and 8MPa considered

(450.0,10.0,124.6,4.0) 0 < z < 0.3m,
(45.0,10.0,298.5,4.0) 0.3 <z < 1.0m.

(p,u,T,p)Z{

» 101 grid points, CFL: 0.4 (C,, =0.01)

Schematic of an advection problem
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Smooth initial interface
» Centered schemes T8 & 73 % initial startup errorz & % 7 OB A
Smooth initial interface, generated with an error function:
1 o ol 8
1 + erf AR € a SIhn'll'F‘iﬂ‘(rl;I\:(
fsm = [ / ], e =C.Ax % e s
2 0R Ce=5.0
AR : distance from interface
5 0.6
o
(=N
Ce - 00 ~ 50 0.4
q= QL(l - fsm) + QRfsm
02
02 025 03 it at
x/L
20104F9 28 HARER 9
Result 2: Interface thickness ;
q
\ o
» Interface thickness defined as: i = L
Az Axdq/0z|max
)
7 I ] I . Schematic of interface thickness
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» Even with smooth initial interface, the present method keeps the interface sharper than
MUSCL (SHUS) with sharp initial interface
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Result 3: Influence of LAD: k™ B

» The following results are with| C,, = 0.001
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» LAD g*effectively can reduce spurious oscillations due to initial startup errors, the effect appears
particularly in the temperature profile as expected.
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TRACIRERDERFE
Per = 7376MPa7 TCT = 30422K7 Per = 3488kg/m3

Result : Shock tube problem

» CO2 considered

(o, p) = (348.8,0.0,73.76) 0 < x < 5m,
Py P) =) (3.488,0.0,0.7376) 5 < a < 10m.

» 801 and 8001 grid points, CFL: 0.4, Cg =1.75,C,, = 0.01

1 #r i T T T 04
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Result : Modified Shu-Osher problem

» Nitrogen under supercritical pressure considered

( | (3.86p0, Myeper,10.33pg)  —5 < 2 < —4m. po = 50kg/m®
P U,p) - . where
(po(140.2sinb5x),0.0,p9) —4 <2 < 5m, po = 4.0MPa

» 201 and 2001 grid points, CFL: 04, Cg =1.75,C,, = 0.01

S et e 1.55 :
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Density (zoom-up) and ratio of the specific heat profiles at t=5.903e-3s

20109728 H XIEH 13

Two-dimensional case: cryogenic jet

» Cryogenic LN2 plane jet injected into GN2 supercritical pressure condition

Injection jet Chamber
————— 130.0K 298.0K
LN2
3.97 MPa 3.97 MPa
236.3 kg/m3 45458 kg/m?3

GN2 at supercritical pressure : . ;
Maximum injection velocity V0=10.0 m/s

Velocity profile using hyperbolic tangent

Diameter of inlet D=2.2 mm
Reynolds number: 2.63 X105

» Velocity profile at the inlet

W D D 2 D
Vire = > {1 + tanh (0.256(2—% — 3)>} , where O = 0
» Viscosity from Zeberg-Mikkelsen et al.
» Thermal conductivity from Vasserman and Nedostup
2010697280 AIEH 14
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Continued.

» Four grids used for grid convergence study

’Grid1: 199X185, Grid2: 368 X345, Grid3: 689X 645, and Grid4: 1309 1185.

Minimum grid spacing: 1.5X10°m

Computational domain: 400D X 100D

Slip wall condition

Pressure fixed

,’" e

4§ _ |

Slip wall condition A computational grid (Grid 1) near the inlet

» Statistics during 60ms

20109728 H XIEH 15

Result 2: Statistic (density) o< x/D=200

centerline

——

Grid1: 199X 185

Grid2: 369345

Grid3: 689X 645

Grid4: 13091185
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Result 3: Statistic distributions e
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Density: mean on centerline, mean at x/D=5, fluctuation at x/D=5
201059 28H X EH

Result 4: Comparison with MUSCL scheme (SHUS)

» Instantaneous density distributions

Left: SHUS, Right: Present on Grid3: 689X 645
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Result 5: Comparison with SHUS on Statistics

250

= ===+ {irid |
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il 3
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=— SHUS, Giid 2
sesiases SHUS, Grid 3

Density, kgu"m"
Veleeity, m/s
L
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Density: mean on centerline o

Velocity:
mean at x/D=5 (upper),
fluctuation at x/D=5 (lower)
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Conclusions
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