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Background

• Fluid with heavy molecular weight

• Organic Rankine Cycles (ORC)

Waste heat recovery technology
Solar thermal energy system

Exergy 1 MW radial outflow rotor, 2015

Refrigerant: R1233zd(E)

C3H2ClF3

Siloxane: MDM

C8H24O2Si3
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Physic Problem

• Bypass transition induced by wall roughness.

• 𝑀𝑎! = 2.0, 𝑅𝑒! = 635,000.

• Working fluids: Air, R1233zd(E) and MDM.

This is a benchmark to investigate the
compressible bypass transition, which
is close to the experimental condition of
Shutts (reported by Fernholz 1977 ).
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Methodology - EOS and cases

• Helmholtz energy (EoS) proposed by Span & Wagner (2003) is used in this work (Colonna et al. 2006).

• Viscosity and thermal conductivity are a type of extended corresponding states (ECS) model (Huber et al. 2003).

• Computational domain inlet is varied so that cases 
have the same Reynold number based on the 
displacement thickness.

Case R&M

Case Air
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C3H2ClF3 C8H24O2Si3



Methodology - DNS

§ Governing Equation

§ Discretization 
𝝏𝑭𝒋
𝝏𝒙𝒋

• 7th order upwind scheme based on Steger-Warming splitting: acoustic waves, entropy wave and 

inhomogeneous wave

§ Discretization 
𝝏𝑽𝒋
𝝏𝒙𝒋

• 6th order central scheme

§ Discretization 𝝏𝑼
𝝏𝒕

• 3rd order Runge-Kutta
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Methodology - Boundary Condition

§ Wall Roughness

A trip made of ‘No 
100 Aloxite grit’

boundary layer

The wall roughness is modelled by local ‘blowing and 
suction’ on the trip (Rai, M.M. 1995)

spatial temperal

inflow

§ Adiabatic wall

boundary layer 𝜕𝑇
𝜕𝑛

= 0
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Results - Wall Friction

Wall 
Roughness

• The transition process completes earlier in an organic case than air.

• Theoretical results can agree with DNS once !!
!"

→ #!
#"

. 

Theoretical results
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Wall friction coefficient



Results - Energy Spectrum

Wall 
Roughness

• The higher the `K`, the smaller the vortex. Compared to R3 and M3,  energy contained in the `small vortex` of air is much 
lower.

Energy spectrum along the streamwise direction for wavenumbers k = 4, 8, 16, 24, 32 at the wall distance y+ ≈ 1

slow growth 
region

• There is an obvious `slow growth` region in air, while energy growth in R3 and M3 keeps steep.

Air R3 M3
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Results - Energy Spectrum

• 𝝐 ∝ 𝒌𝟐𝝑: energy dissipation is much more significant for higher wave numbers.

• 𝝐 ∝ 𝒌𝟐𝝑: energy dissipation is reduced in organic fluids.

Due to molecular-complexity effect of organic fluid, temperature variation through the boundary layer is less 
significant than air. Consequently, `𝝁` is lower than air, while ` 𝝆` is higher. 

𝝐 ∝ 𝒌𝟐𝝑
energy dissipation
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wave number

kinematic viscosity

𝝑 = 𝝁/𝝆

𝑻 𝝆 𝝁



Air M3

Results - Vortex Structures
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• Air: two branches of `λ` vortex in staggered pattern, which leads the `slow growth region` in air.

• M3: two branches of `λ` vortex in parallel pattern.



Results – Fluctuation Fields

10/13

• For ideal gas, during transition, Reynold analogy between velocity and temperature is obvious.



Results – Fluctuation Fields
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• For organic fluids, during transition, Reynold analogy between velocity and temperature is no longer valid. This suggests 
that apart from `vortex transportation`, `acoustic` model also significantly attributes to the fluctuation fields.



Future Work
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Shock Wave - Boundary Layer



Conclusion
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• DNS has been applied to investigate by-pass transitions induced by wall roughness.

• Transition completes early in an organic fluid than air.

• Reynold Analogy between velocity and temperature are no longer valid for R3 and M3, which are most close 
to the critical point. This implies that ‘vortex transportation’ is no longer the only dominant mechanism to 
fluctuate flow fields.

• In the future, interaction between shock waves and boundary layers will be investigated.

ü Lower energy dissipation through the boundary layer.

ü Energy keeps steeply increasing during transition.
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