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Multi-Scale Approach is Needed to Improve Flight-Scale Simulations
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Evaluation and Calibration of Models:  E-E and E-L Approaches

1. Limited experimental (validation) data available to characterize gas/particle/particle 

interactions in propulsive landing conditions 

2. Limited data for mixtures with well-characterized polydispersity and supersonic flow –

PFGT. 

3. In shock-particle interactions, additional (unresolved) velocity fluctuations appear at 

particle-scale due to wakes: Pseudo-Turbulent Kinetic energy (PTKE)

a) Not included in the E-E methodology

b) Effect of this term in high-speed flows with particles expected to be first-order

i. Large possible contribution to total kinetic energy (between 30% and 100%)
ii. Play a significant role in predicting choking and post-particle conditions

c) Exists even in laminar flow regimes!

 
Figure 1. EL simulations of particle-shock interactions using the proposed PTKE transport model. Left: averaged 

fluctuating energy of the shock tube shown in Fig. 3. DNS (dashed line), EL with PTKE model (solid black line), 

EL without PTKE model (red line). Right: local Mach number from the EL simulation without the model (top) 

and with the model (bottom). 
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Pseudo-Turbulent Kinetic Energy

The equation of state is also modified to include PTKE: 

PTKE is defined as the trace of the PTRS (pseudo-turbulent Reynolds stress) [1]:

where the PTRS, often neglected, arises from filtering the governing gas-phase equations [2] 

[1]

[2]
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Modeling PTKE
PTKE can be modeled in two ways: algebraic (incompressible [1] or compressible [2])

Transport [3]:

with:

PTRS Drag PTKE 
Dissipation

PTKE Dissipation Algebraic Model (others currently under study) [3]:

with:

2D coefficient from 
VF-EL [3]

[1]

[2]

[3]



6 of 18www.cfd-research.com

PTKE with EL PTKE Dissipation Coefficient

• Utilized Euler-Lagrange (VF-EL)[1] 
dissipation coefficient in initial Euler-
Euler (Loci/GGFS) [2] runs.

• PTKE dissipating too soon after particle 
curtain ends.

• Peak PTKE in EE significantly lower 
compared to EL.

• Investigated better dissipation 
coefficient for EE.

Energy Source only: 

[1]

[2]
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PTKE Dissipation Coefficient
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New Power-Law for PTKE Dissipation Coefficient in E-E
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PTKE with New Dissipation Coefficient
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Pressure Profile Comparison with PTKE
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Error of Computed Pressure with PTKE
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Sensitivity Analysis of Shock-Particle Curtain for Drag, Virtual Mass, 
and PTKE

• Input uncertain parameters (20% form nominal, uniform):  drag, PTKE, and virtual mass sources in governing equations in Loci/GGFS
• Level one analysis with 31 simulations (Sparse Grid Adaptation in Parameter Space, with Stochastic Expansion methods) with DAKOTA
•                 α =                                4    -dimensional time to allow for curtain spread
• Sensitivity of leading/trailing edge location and pressure at (dx=1curtain width) before/after curtain
• Drag most important for upstream
• Downstream drag and PTKE both important

a) Curtain Leading Edge, b) 
Upstream Pressure, c) Curtain 
Trailing Edge, and d) Downstream 
Pressure
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A-priori assessment of PTKE for PSI-Related Cases

• Major questions remain on how important PTKE is in PSI environments
• Probably not a major factor within a crater
• Could be a factor in enhancing shearing/ejecta away from crater

• Two cases are studied to give insight and investigate parameter space where 
PTKE may be active:
• Plume impingement of underexpanded jet on a granular bed (see Figure 

below)
• Apollo Lander (2D axisymmetric simulation) (data courtesy of the PSI 

team at NASA MSFC ER42)
• In order to examine regions of high importance in these cases, PTKE was 

parameterized by slip Mach number, granular-phase Reynolds Number, and 
slip kinetic energy

Figure: Underexpanded PSI Geometry
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Plume Impingement: Algebraic PTKE

Contours of 
α and PTKE

Parametrics
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Early Time Later Time

PTKE PTKE

Volume 
fraction

Volume 
fraction

1. PTKE significant in 
expected regions

2. Initially when shearing 
is happening near the 
surface

3. Later on when 
significantly  larger 
relative velocities 
between gas and 
granular phases 
happens with ejected 
material

4. At least source terms 
for PTKE seem 
reasonable !

5. Sink of PTKE is a 
different story

Plume Impingement: Algebraic PTKE Discussion
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Apollo Lander Parametrics
Unscaled Scaled

Mslip

Res

α α
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Conclusions & Future Work

• PTKE transport for EE simulations was introduced
• Shock tube cases with 3 volume fractions were utilized to study implementation of 

PTKE
• Compared to VF-EL simulations of Shallcross
• New dissipation coefficient power-law for EE was developed to better match VF-EL 

data -> implying missing physics
• Algebraic PTKE was exercised on PSI-relevant simulations to determine parametric 

space of relevance for PTKE
• Showed that PTKE may have greatest impact on crater where high Mslip is relative 

to α
• Scaling by slip kinetic energy further points to PTKE being highest with lower Mslip

in regions of high α
• Investigate improvements to PTKE dissipation to address deficiencies with current 

algebraic dissipation model
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