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High-fidelity numerical simulation of transcritical turbulent boundary layers
atsupercritical pressures

by
Soshi Kawai (ISAS/JAXA)

Abstract
This paper proposes a numerical strategy that is robust and high-order accurate for enabling to simulate trans-
critical turbulent boundary layers at supercritical pressures. The method is based on introducing artificial density
diffusion in a physically-consistent manner in order to capture the transcritical thermodynamic jump robustly,
while solving a pressure evolution equation to achieve pressure equilibrium. The unique thermodynamic and
transport properties (real fluid effects) are tabulated by using NIST database, and the tabulated look-up table is
used to estimate accurate thermodynamic and transport properties in the simulation. Direct numerical simula-
tion of transcritical turbulent boundary layers at supercritical pressures is conducted, and unique and interesting

interactions between the real fluid effects and wall turbulence and its turbulent statistics are reported.
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1. Introduction
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Figure 1: Pseudo-critical temperature and trans-

critical condition on a phase diagram.
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Figure 2: Variable thermophysical properties for

para-hydrogen. p = 1.2858MPa (Black); 1.5MPa

(red); 2.0MPa (blue); 4.0MPa (green).
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2. Challenges in transcritical simulations
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2.2. Pressure equilibrium
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2.3. Real fluid effects
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Figure 3: Variable thermophysic and transport
properties for para-hydrogen at p = 4.0MPa. cir-
cles, NIST data; blue, tabulated look-up method;
red, SRK EoS with Chung’s transport coefficients.
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3. Capability for transcritical flows
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Figure 4: 1D transcritical interface advection in
uniform flow at ¢t = 4 with Cy = 0.1. Black, ex-
act; blue, present method; red, total-energy-based
method (solving Eqs. 7,8, and total energy equa-
tion with tabulated NIST look-up method).
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Figure 5: Proposed method and conventional
total-energy-based solver on a heated transcriti-
cal turbulent boundary layer. Pressure contours
(3.8 x 10° < p < 4.5 x 105 [MPa]) (on top) and
temperature contours (25 < T < 50 [K]) (on bot-

tom) in wall-parallel plane at yT ~ 20.

4. Transcritical turbulent boundary layers
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Figure 6: Direct numerical simulation of tran-
scritical heated para-hydrogen turbulent bound-
ary layer under supercritical pressure conditions.
Mach number contours in side, cross, and wall-

parallel (at yT a 20) planes.
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Figure 7: Turbulent statistics at p = 4MPa.

Tw = 25K (black); T, = 100K (blue); T, =
200K (red); circles in (a), incompressible ideal-
fluid DNS by Spalart at Reg = 1,410 [10]; thin
gray line in (a), U}, = 1/0.41log(y™) + 5.2.
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(a) Temperature: 25 < T[K] < 80

e O S et e T
(b) Density flctuation: —0.5 < p//pss < 0.5

(c) Reynolds stress: —0.008 < —17/\1)/”/U§o <0.018
Figure 8: Instantaneous snapshots of heated tran-

scritical boundary layers in wall-parallel plane at
y/d ~ 0.12 under p = 4MPa and T, = 200K.
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