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Problem Description

A Inlet Conditions

Case 1l Case 2 Case 3
Mass Flow Rate (mg/sec) 0.028 2.8 0.28
Inlet Total Temperature (K) 144 144 144
A Outlet Conditions
I Vacuum (or near equivalent for numerical
purposes)
A Pipe

I Assumed adiabatic/viscous walls



Simulation Overview

A Difficulties with rarefied conditions within pipe and expansion
region
I All cases where either fully rarefied or borderline rarefied at pipe exit
plane

I All cases where rarefied in plume expansion region (Bird parameter >
0.1)

I Rarefied conditions results in extremely low Reynolds numbers which
skewed continuum physical model to be extremely viscous

I High viscosity prevented choking of pipe regardless of back pressure
I Hybrid method not suitable for totally subsonic flow conditions
A Three modifications utilized to compensate for non-
continuum effects through all test cases
I BaseLine: Fully viscous flow with viscosity based on Sutherlands law
I Fix 1. Fully inviscid flow

I Fix 2: Fully viscous flow based on Sutherlands law within pipe with a
geometrically damped viscosity in plume expansion region



Simulation Overview

A Two sets of continuum simulations performed

I 3D Pipe flow to obtain pressure drop
A Case 1: Utilized Fix 2
A Case 2: Utilized Baseline
A Case 3: Yet to be simulated but will use Fix 2
I Axisymmetric pipe flow for plume expansion characterization
and interfacing to DSMC
A 3D simulations showed virtually no 3D effects at exit plane

A Utilize axisymmetric assumption to expedite plume expansion
calculations

A Similar exit plane conditions to 3D calculation
A Case 1: Utilized both Fix 1 and Fix 2
A Case 2: Utilized both Fix 1 and Fix 2
A Case 3: Utilized both Fix 1 and Fix 2



Simulation Overview

A DAC DSMC calculations performed on

axisymmetric simu
| Case 1. Simulatec

I Case 2: Simulated
solutions

ations

from Fix 1 solution
from both Fix 1 and Fix 2

I Case 3: Simulated from Fix 1 solution



Simulation Overview

A 3D Simulations

I Numerically stiff especially in expansion region

I Conditions in pipe are rarefied or near rarefied for all cases possibly
affecting accuracy of pressure drop

A Axisymmetric Simulations

I All cases choked at exit plane for Fix 1 (fully inviscid flow)

I All cases choked aft of exit plane for Fix 2 (pipe viscous / expansion
Inviscid)

I Exit plane results on same order as 3D results

I All cases were rarefied in plume

I Fix 2 results with low-momentum boundary layer showed larger
turning at pipe lip than inviscid Fix 1 results which impacts the
conditions along the hybrid interface surface



Simulation Overview

A DAC Simulations

I Accuracy issues

A Because all cases were rarefied in plume expansion region,
continuum conditions along interface surface are suspect

A Zero or near zero collision frequency showed all cases where
either free-molecular or near free-molecular at interface
surface

I General trends

A The larger expansion from Fix 2 results showed much more
back scatter than Fix 1 results

A No grid adaptation required as flow over-resolved with initial
grid resolution

A Possibly requires more simulation time to obtain a smoother
solution but will not change gross properties (number density,
surface pressure, etc.)



Continuum Simulations

3D Pipe Simulations



Continuum Simulation Issues

A Extremely low mass flow = Re << 1

I Simulation for all three cases are either entirely
rarefied or become rarefied in the pipe (Kn>0.1)

A Case 1 Kn~0.3
A IC_:as)e 2 Kn~0.03 (Technically below limit but still near border
ine
I Low Re (rarefied) conditions skews continuum

numerics to be extremely viscous hindering the plume
development

A Pipe would no choke i no supersonic flow in plume

A Unphysical plume development

I Obtaining an interface surface, if possible, was
extremely difficult



Continuum Simulation Issues

A Rarefied conditions in pipe would result in slip
walls which could help choke pipe

A Unrealistic Reynolds number values in plume
need to be canceled by damping viscosity

A Resolution
I Baseline: Run flow with full viscosity
I Fix 1: Run flow completely inviscid

I Fix 2: Run flow in pipe viscous but damp out viscosity
In plume region



Continuum Simulation Setup
Three-Dimensional Simulation

A Pipe + Expansion region
A No grid singularities
A Boundary conditions

T Inlet

A Specified mass flux
A Total temperature

T External

A Mixed subsonic (static back pressure) supersonic (extrapolated) depending
on sign of eigenvalues

I Pipe
A Adiabatic no-slip
A Rarefied flow modification summary
I Case 1 run using Fix 2
I Case 2 run using Baseline
I Case 3 yet to be simulated 3D but will use Fix 2



Continuum Simulation Setup
Three-Dimensional Simulation

3D Pipe with Expansion Regions
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Continuum Simulation Results
Three-Dimensional Case 1

Exit Plane

Temperature (K) U-Velocity (m/s)
Pressure (Pa) Density (kg/m3)



