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ABSTRACT
This research endeavors to better understand the physical vapor deposition (PVD) vapor
transport process by determining the most appropriate fluidic model to design PVD coating
manufacturing. An initial analysis was completed based on the calculation of Knudsen number
from titanium vapor properties. The results show a dense Navier-Stokes solver best describes
flow near the evaporative source, but the material properties suggest expansion into the chamber
may result in a strong drop in density and a rarefied flow close to the substrate.
A hybrid CFD-DSMC solver is constructed in OpenFOAM for rapidly rarefying flow
fields such as PVD vapor transport. The models are patched together combined using a new
patching methodology designed to take advantage of the one-way motion of vapor from the CFD
region to the DSMC region. Particles do not return to the dense CFD region, therefore the
temperature and velocity can be solved independently in each domain. This novel technique
allows a hybrid method to be applied to rapidly rarefying PVD flow fields in a stable manner.
Parameter studies are performed on a CFD, Navier-Stokes continuum based compressible
solver, a Direct Simulation Monte Carlo (DSMC) rarefied particle solver, a collisionless free
molecular solver and the hybrid CFD-DSMC solver. The radial momentum at the inlet and radial
diffusion characteristics in the flow field are shown to be the most important to achieve an
accurate deposition profile. The hybrid model also shows sensitivity to the shape of the CFD
region and rarefied regions shows sensitivity to the Knudsen number.
The models are also compared to each other and appropriate experimental data to
determine which model is most likely to accurately describe PVD coating deposition processes.
The Navier-Stokes solvers are expected to yield backflow across the majority of realistic inlet
conditions, making their physics unrealistic for PVD flow fields. A DSMC with improved
collision model may yield an accurate model, but additional research will first need to be
completed to accurately describe the complex intermolecular forces of metals and ceramics.
Overall, a hybrid CFD-DSMC solver with an improved equation of state for evaporated PVD
materials is recommended to model PVD flow.
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Chapter 1
Overview of Physical Vapor Deposition
1.1

Physical Vapor Deposition

Physical vapor deposition (PVD) technologies are capable of producing a wide
assortment of unique material coatings for a variety of applications. PVD coatings have been
investigated for use in creating functionally graded ceramic coatings to protect turbines against
extremely high temperatures [1], super-hard coatings for wear-resistant machining tools [2], and
combined high conduction/high radiation heat panels for power plant exhaust in nuclear space
vehicles [3]. However, PVD suffers from substantial drawbacks, including high overhead costs
and guess-and-check prototype fabrication methods. These drawbacks are partially due to a lack
of understanding of the physics that governs the deposition process. This research seeks to better
define the physics of PVD coating processes to improve application and optimization of this
manufacturing process.
Physical vapor deposition is any coating technique in which the coating material adheres
to the target surface through condensation. This is different from the more widely known
chemical vapor deposition (CVD) in which coatings adhere through a chemical reaction [4]. PVD
involves sputtering or vaporization of the coating material within a vacuum chamber by
application of a high-power energy source such as an electron beam gun. By applying PVD
coatings through simultaneous evaporation of multiple ingots, substrate manipulation and
utilization of background gases, a greater variety of coating designs can be manufactured with
PVD than through any other method.
A typical PVD coating process is illustrated in Figure 1.1. The substrate is mounted in the
chamber and the coating materials are placed in water-cooled crucibles below the desired
substrate. The chamber is sealed and a vacuum is created. A directed energy beam, in this case an
electron beam gun, is applied to the coating material to induce vaporization through sputtering or
evaporation, depending on the type of energy source. The vapor cloud of coating material then
moves through the chamber until making contact with the substrate surface where it condenses
and solidifies to form a coating. In most applications, the substrate is heated to create a more
uniform coating through liquid movement prior to solidification. Given this progression, PVD
modeling is broken down into three steps: vaporization, vapor transport and deposition. The focus
of this research is the vapor transport.
There are many variations of PVD technologies. Individual devices are most often
delineated by the energy source used to evaporate the coating material. The selection of energy
source is important because it changes the type of coating materials that can be used, the method
and rate of vaporization, and the required input power. Electron-Beam PVD (EB-PVD), Cathodic
Arc PVD (CA-PVD), Pulsed laser PVD, and Ion-beam sputtering are some of the more popular
varieties of PVD [4]. Some PVD devices are illustrated in Figures 1.2-1.4. Other variable features
of PVD technologies include an ingot-feeding system for continuous and consistent vaporization,
multiple crucibles to create functionally-graded coatings and an adjustable substrate mount to
vary the substrate position and orientation during the fabrication process.
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Figure 1.1: Schematic of the EB-PVD device used by Chromalloy Turbine Technologies of
Middletown, NY, Simon and Pal [5].

Figure 1.2: An EB-PVD rod fed ion plating system, Hill [6].
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Figure 1.3: Schematic of a directed vapor deposition coating system, Hass et. al. [7].

Figure 1.4: Diagram of the RIBA EB-PVD in a Denton Vacuum chamber, Wolfe and Singh [2].
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The primary PVD device studied throughout this research is an industrial prototype
Sciaky, Inc. EB-PVD unit used by the Applied Research Lab (ARL) at Penn State. It is shown in
Figures 1.5-1.7. This device features six 45 kW electron-beam guns, up to three continuously-fed
ingots, ion bombardment capabilities, a graphite radiative substrate heater, a six-axis substrate
manipulator arm and an ingot shutter to prevent uncontrolled deposition during initial heating of
the ingots [9]. ARL's EB-PVD device is capable of evaporating any element, running for
extended lengths of time, temporarily removing the substrate to change grain growth and
introducing a background or reactive gas during fabrication. Because of the wide range of
available features, this device is ideal for a fundamental study of the underlying physics of PVD
coating fabrication. The important specifications of ARL's EB-PVD device are summarized in
Table 1.1:

Figure 1.5: External view of ARL’s EB-PVD.

Figure 1.6 (right): Internal view of ARL’s EB-PVD. Numbers denote electron-beam guns. Letters
denote ingot feeding locations, Wolfe and Singh [8].
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Figure 1.7: ARL EB-PVD Schematic.
Table 1.1: ARL EB-PVD parameters, compiled from Kelly et. al. [9].
Chamber Dimensions:
910 mm depth x 896 mm width x 726 mm height
Ingot Dimensions:
70 mm diameter x 500 mm length
Pressure Ranges:
~1x10-6 torr (pre-start evacuation) to ~1x10-2 torr (max evap. rate)
( ~1.333x10-4 Pa to ~1.333 Pa )
Ingot Feed Rate Range: 0.15 to 15 mm/min

1.2

Empirical Modeling Efforts

The first PVD models used empirical observations to describe the vapor transport. Early
PVD modeling techniques used the cosine model, an empirical model based on free-molecular
flow from a point source. This model can be derived for both a point source and a disk source as
summarized by Smith [4]. To extend the model to real coatings, the coefficients are typically
generalized and curve fit to the data of interest. Chamber leaks, a very high evaporation rate,
multiple materials diffusing into each other and concentrated ingot heating that causes a recessed
evaporation zone may all affect the deposition and the resulting curve-fit. This generalized form
describes PVD results well, given that plumes, jets and particle clouds all yield similar profiles.
The generalized cosine model is given by Equation 1.1:
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J  Jo  cos n 

(1.1)

where J is the mass flux, Jo is the maximum flux directly above the center of the vapor source, 
is the inclination angle between the center of the vapor source and the location of interest and n is
a curve-fitting exponent for the desired case.
Cosine law based analyses are numerous and have been applied to a wide variety of
coating processes [6]. These coating processes suggest the existence of a dense viscous region of
evaporated material directly over the ingot. This region behaves like an isotropic emitter from
which the vapor expands in straight lines. The point within the viscous region that the material
appears to emit from has been called the virtual source. The virtual source concept is illustrated in
Figure 1.8:

Figure 1.8: Illustration of suspected “virtual source” phenomena, Hill [6].
A variation of the cosine distribution was developed by curve-fitting to experimental data
from the EB-PVD evaporation of aluminum by Graper [10]. This variation is given by Equation
1.2:

J  1  Acos n   A

(1.2)

This profile was curve-fit to experimental results with a discrepancy of less than 2%. The virtual
sources were also observed through pinhole camera techniques. However, the results showed any
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virtual source present to be within 1 cm of the melt surface, suggesting its impact on these coating
processes is minimal.
A simpler source-to-substrate model has also been used to describe PVD methodologies
[11]. A collection of small substrate plates were placed symmetrically around the center of an
evaporating ingot and the resulting deposition rate was related to the source-to-substrate distance,
as given by Equation 1.3:

t  k  s n

(1.3)

where t is the coating thickness and s is the source-to-substrate distance. This profile showed
accuracy within 4% and yielded n coefficients between 2.1 and 3.6 for titanium, aluminum and
zirconia.
The cosine distribution was also tested for vertically placed substrates [12]. Plasma
assisted PVD (PAPVD) and gas evaporation systems were tested for copper and zirconia and the
results were fit to the standard cosine distribution given by Equation 1.1. The results proved to be
consistent with the cosine distribution if some adjustments were made to the curve-fitting
parameters. An R2 value of 0.93 or better was obtained by setting the coefficient to between 3.4
and 5.0.
These successful results have led to PVD coating processes with complex geometries to
be modeled based on mathematical combinations of the cosine distribution [13]. The first attempt
used a ray-tracing algorithm to predict coating thickness on stationary or rotating geometries. The
discretization caused less than 2% error from known analytical solutions. Experimental
comparisons to flat plates and rotating cylinders yielded less than 15% difference between
predicted and actual coating thicknesses. The accuracy improved noticeably for parts at an
inclination angle of more than 20°.
This methodology was expanded by adding a motion planning optimization algorithm
[14]. At each time step, the optimal position was determined to maximize deposition rate,
minimize variation or some combination of the two. Calculations where performed for jet nozzles
which showed this methodology has the potential to substantially improve upon traditional
coating methods.
Intelligent control systems were also tested to optimize the coating process for a turbine
blade [15]. The model detailed in the motion planning optimization paper was implemented to
create a motion plan with only 2.7% thickness variance and without substantially affecting the
minimum thickness. Additional feedback control systems were also tested to improve EB-PVD
methods. Control systems for the substrate temperature and melt pool were successfully
implemented to control the desired features.

1.3

Theoretical Modeling Efforts

These empirical modeling efforts are effective at modeling well known and
experimentally researched PVD processes and materials. However, they are not useful for coating
design. When planning new deposition processes or obtaining a better understanding of the
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underlying physics involved, a computational physics-based model must be employed. Numerous
fluidic models have been used to describe PVD coating processes including incompressible
Navier-Stokes solvers, Direct Simulation Monte Carlo Methods (DSMC) and free molecular
algorithms.
PVD researchers select their physics model based on one of two factors: the general rate
of material evaporation or a calculation of the Knudsen number. Both of these criteria are a
measurement of the number of collisions an average particle undergoes while traveling through
the region of interest. The Knudsen number is defined by Equation 1.4:

Kn   L

(1.4)

where λ is the mean free path of the particle field and L is the characteristic length of the flow.
Therefore, the Knudsen number is the average fraction of the distance of interest the particle
travels between collisions [16].
If the number of collisions is substantial, the mass, momentum and energy reach a local
equilibrium, the continuum approximation applies and the fluid can be approximated by the
Navier-Stokes equations. With smaller collision rates, individual collisions define the physics and
particle methods must be applied to approximate the vapor cloud. Typical cutoffs used to select
the physical model are summarized in Table 1.2:
Table 1.2: Typical cutoff criteria for selecting the PVD physics model.
PVD Mass Evaporation Rate
Physics Model
High Rate or Carrier Gas
Continuum Mechanics
Moderate - Low Rate
Direct Simulation Monte Carlo
Very Low Rate
Free Molecular Physics

Knudsen Number

Kn  0.01
10  Kn  0.01
Kn  10

An approximation of the mean free path can be made by assuming the fluid behaves like
an ideal gas. This calculation uses the hard sphere collision model, which is often applied
regardless of the coating material to maintain a single consistent calculation method. This
calculation of the Knudsen number describes flows in an equilibrium state and is calculated by
Equation 1.5:

Kn 

1
2 nL
2



k BT
2 2 pL

(1.5)

where σ is the maximum distance at which the particles interact, commonly referred to as the
collision diameter and the second equality is the most common form, which is found by applying
the ideal gas law. The resulting Knudsen number has been plotted over a standard PVD
temperature and pressure range by Powell et. al. [17]. This plot is reproduced in Figure 1.9. The
plot shows that in the range of typical evaporation pressures, between 10 -2 and 10-5 torr, an ideal
gas will be well approximated by a rarefied methodology. This suggests why Monte Carlo solvers
have been the most common computational tool used to study PVD vapor transport to date.
While Monte Carlo solvers may be the most common, other computational techniques
have been implemented to attempt to better understand the coating processes. Finite-volume

9

Navier-Stokes solvers and ray-tracing free molecular solvers have also been used to approximate

Figure 1.9: Predicted Knudsen number for an ideal gas. Diamonds signify a solution using
2400K, squares signify 300K. The collision diameter for titanium, 8.32 angstroms, is used. The
characteristic length is 1 m, Powell et. al. [17].
PVD flow fields. All of these methods have been applied because of observed variations in
evaporation methods, chamber pressure, material properties, addition of a carrier gas and
chemical reactions in the vapor cloud. An overview of previous PVD computational modeling
methodologies is presented here.
A free-molecular analysis of PVD flow fields has been completed by Malhorta et. al.
[18]. This research used the radiation solver ABAQUS to model co-evaporation of multiple ingots
at very high Knudsen numbers. The radiation solver is used because the tracing of radiation
throughout a region of interest is analogous to tracking particles through a collisionless flow field.
Solutions for flow through a long tube, dual planar sources, and flux from short tubes were
calculated. The results showed accuracy within 6.04% of experimental measurements of a very
low pressure deposition process.
Likewise, continuum finite-volume solvers have been used in a limited scope to model
PVD coating profiles. Researchers have simulated Electron-Beam PVD [19], pulsed laser
ablation [20], and cathodic arc deposition [21] for processes with high pressures. Unique features
of these simulations include co-evaporation onto rotating cylindrical substrates [21], slip
boundary conditions [19], and modeling of the heating target [20]. Each model assumes the
evaporated material behaves like an ideal gas, uses a uniform evaporation source and yields
results similar to the cosine distribution. However, none of these modeling techniques were
confirmed by experimentation.

10

By far, the most common type of PVD model is the Direct Simulation Monte Carlo
(DSMC) method for intermediate Knudsen number flows. This is due Knudsen number
calculations, a desire for higher speed deposition processes which cause increased chamber
pressures and the ability of DSMC methods to describe both the viscous region and rarefied
regions accurately, if not efficiently. Overall, DSMC methods are the simplest and most direct
way to model rarefied flow fields.
Multiple papers by Boyd et. al. have modeled the deposition of yttrium, titanium, and the
co-evaporation of yttrium, barium, and copper with DSMC methodologies. The yttrium research
[22] focused on atomic absorption in the vapor plume and application of the variable-hard sphere
model for metal vapors. Calculations using two different rarefaction parameters determined
rarefied physics were the best model for this PVD flow field. Results were consistent with
experimental results but showed better agreement with a low evaporation case expected to yield
very few collisions.
The titanium paper [23] focused on the effect of electronic energy levels on the
deposition profile. Multiple comparison models were utilized to determine the effect of including
the electronic energy on PVD modeling. The test case was extremely rarefied and near
collisionless, so the electronic energy caused radial expansion as it was converted to translational
energy. Overall, the electronic energy had a minimal effect on the expected deposition profile.
The co-evaporation work [24] expanded this model to a multi-species case. An inversepower model was utilized for the collision models of all species and atomic absorption was
included in the simulations. Again, multiple Knudsen parameters concluded pure yttrium
evaporation was best modeled through DSMC methods. The co-evaporation simulation was then
completed and the collision rate between species analyzed without experimental validation.
Hass et. al. used Icarus, a DSMC code developed at Sandia National Laboratories, to
model the deposition of aluminum on cylindrical substrates using EB-PVD [25]. They showed
that a carrier gas can be used to obtain a uniform coating on all sides of a substrate if the ratio of
the carrier gas inlet pressure to the chamber exit pressure is kept low. However, this low pressure
ratio may have yielded a flow field that is dense enough to be described through the NavierStokes equations, suggesting a more effective simulation method for this PVD process.
Powell et. al. [17] performed a study of titanium deposition that concluded the flow field
should be modeled through DSMC methodologies. This calculation assumes the vapor cloud
could be approximated by the ideal gas law. DSMC solutions were found for a disk and a ring
source that were successfully fitted to the cosine law. The results yielded cosine law exponents of
3.5 and under. However, these results did not include an experimental validation.
A DSMC simulation of copper was validated experimentally by Mukherjee et. al. [26]. A
simple circular evaporation source with a Maxwellian distribution was used to simulate copper
deposition and was validated using a stainless steel box positioned over the source. The results
showed good agreement, however the box was positioned very close to the ingot (0.2 m), which
may have limited the development of the radial diffusion characteristics present in most other
PVD cases.
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Venkattraman et. al. performed a similar experiment using copper that focused on the
effect of the collision model on the final profile [27]. A Lennard-Jones model showed substantial
deviation from the experimental results across a wide variety of simulated runs. A VHS model
with a higher effective viscosity proved more consistent in modeling the PVD flow fields in both
high and low Knudsen number regions, suggesting a high viscosity region was present. The final
results were also noted to show a disagreement at collector plates far away from the source that
could not be fully explained.

1.4

Survey Overview and Research Motivation
There are numerous features of these models that are important to note:


Every attempt to model PVD vapor transport has been done with a single model type.
Despite the expected virtual source phenomenon and large density change across the
chamber, all researchers to date have used a single physics model to model the entire
PVD chamber.



A single material model has been used for PVD materials. The evaporated metal or
ceramic is described by either the ideal gas law in continuum calculations or a variable
hard sphere collision model in particle-based calculations. This may be an
oversimplification of PVD coating materials that could drastically affect the results.



The inlet models are extremely similar across all previous work. All evaporation sources
are modeled as simple inlets set to obtain a desired mass flow rate, regardless of the
appropriate evaporation properties. A few of the models use the mass flow rate from a
specific experimental case. The remaining models calculate the mass evaporation rate
using a version of Langmuir-Knudsen relationship given by Equation 1.6 [6]:

J  kApv

M
T

(1.6)

where J is the evaporation flux, pv is the vapor pressure of the saturated liquid and k is a
constant. This model is based on the assumption that the particles are evaporating in a
quiescent environment and are moving at their most probable thermal speed. Quiescence
is a reasonable approximation in a continuum environment, where any excess kinetic
energy in individual particles is quickly dissipated throughout the flow field by a large
number of collisions. However, this may be inaccurate in a rarefied environment where
evaporation is caused by a bombardment of high-energy particles with minimal
collisions. Matching mass flow rate at the inlet also may yield boundary conditions that
are unrealistic and incapable of being used to design new PVD coatings.


The selection of physics model is extremely similar across all methodologies. Either an
assumption is applied without confirmation, or a representative Knudsen number is
calculated using Equation 1.5. This form of the Knudsen number is based on an
equilibrium variable hard sphere gas. However, PVD flow fields are unlikely to be in
equilibrium given their rapid expansion into the chamber and a variable hard sphere
model may not well represent the dense viscous region.
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With such consistent modeling practices, a large amount of the underlying physics has
gone unexplored. The effect of the material properties, the evaporation pool, the viscous region
and the evaporation rate are still not established. However, the most curious feature of previous
work is the variety of physics models that have been used to achieve accurate results. Although
the physics differ in important ways, continuum, rarefied and free molecular physics have all
been used to model PVD methodologies. Despite the constant assumptions used, a dependable
modeling scheme has not been established, severely limiting the potential to numerically design
and optimize coatings.
This research seeks to expand the current knowledge of PVD methodologies to these
unexplored features. The effect of material properties, inlet profiles and model selection will be
explored as well as the variation of common inlet parameters, such as pressure and velocity. A
multi-physics CFD-DSMC hybrid model is developed and compared to previous physics models
to determine if unique handing of the viscous region improves the description of PVD flow fields.
By analyzing each model separately and then comparing the models to a single experimental
case, the key parameters and optimal modeling methodologies will be identified for a wide
variety of PVD vapor transport processes.

1.5

Objectives

In order to improve the overall applicability of PVD technologies, this research seeks to
gain a better understanding of the effect of model selection on predicted PVD coating profiles.
The objectives of this research are:
1. Determine the expected physics regime(s) present in PVD vapor transport by performing
a study of the properties of PVD coating materials and the corresponding Knudsen
number.
2. Construct a hybrid CFD-DSMC solver designed to simulate rapidly rarefying flows such
as PVD vapor transport.
3. Perform a parameter analysis of each physics model and determine the effect of each
parameter on the predicted deposition profile.
4. Compare the models to a sample experimental case and determine which model(s) best
describe PVD vapor transport.
These objectives will be completed by performing a preliminary analysis of the expected flow
characteristics and comparing those expectations with the results from each possible model. In the
second chapter, titanium vapor material properties will be presented and the resulting rarefication
predictions will be analyzed. Chapters three and four perform parametric studies of the continuum
and rarefied solvers, respectively. Chapter five presents the hybrid solver that was developed for
PVD solutions and its parametric study is presented. The Navier-Stokes, DSMC and hybrid
models are compared to experimental results and each other in chapter six. Finally, the
conclusions of these analyses are summarized and discussed in chapter seven.
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Chapter 2
Thermodynamic Properties of Titanium & Preliminary Model Selection
To complete a computational analysis of PVD flow fields the appropriate physics model
must be identified. As shown in the previous chapter, the selection of the physics model is
traditionally based on a calculation of the Knudsen number. Therefore, the first step of this
analysis will be to select a PVD coating material, determine its vapor phase material properties
and calculate the range of Knudsen numbers that describe ARL’s EB-PVD capabilities.
A wide range of coating materials is utilized in PVD manufacturing. The most common
materials are ceramics and metals that show the best properties for standard coating applications
such as corrosion or heat resistance. Examples of common materials include aluminum, titanium,
tungsten, molybdenum, copper, chromium and niobium [6, 28]. Some specialized coatings have
also been used for manufacturing unique parts with specific needs, including rhenium which
shows near-zero wear under extreme temperatures and pressures [14], titanium carbide and
chromium carbide to fabricate super-hard coatings [29], and yttrium stabilized zirconium which
makes a highly effective thermal barrier coating [30].
During the literature survey, it was found that available material properties for vaporphase PVD materials are extremely limited due to the expensive and complex nature of
experimentation with superheated metals and ceramics. This became the key factor in material
selection for this analysis. Given the available information, titanium was chosen as the material
for this study. Not only is it an atomic species with simplified molecular characteristics, it is the
only PVD material the author is aware of for which complete T-υ-p data of its saturated vapor
state is available.

2.1

Available Titanium Vapor Properties

To successfully model titanium vapor transport processes, saturated vapor temperaturepressure-density data, specific heat, viscosity, molecular weight and atomic diameter are required.
These properties are cited and summarized here.
Saturated titanium T-υ-p data is available by combining the temperature-pressure data
from Desai [31] with the pressure-volume vapor dome plot from Pecker et. al. [32]. The
temperature-pressure data is reproduced in Table 2.1 and the temperature-volume vapor dome
plot is reproduced in Figure 2.1. The temperature-volume relationships were digitized using Plot
Digitizer version 2.5.1 [33] and only used after multiple consistent iterations were performed over
the range of 1600 – 3600K. It is important to note that these properties are for saturated titanium
and do not necessarily describe titanium vapor in a superheated state.
The variation of specific heat at constant pressure with respect to temperature is the most
common available property and is given by multiple sources [31, 34, 35]. The data is extremely
consistent across all sources and is reproduced in Table 2.2.
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Table 2.1: T-p saturated vapor data, Desai [31].
T [K]
p [atm]
T [K]

p [atm]

T [K]

p [atm]

298.15

1.05E-75

1200

1.12E-13

2200

0.00011

300

3.39E-75

1300

3.90E-12

2400

0.00078

400

1.25E-54

1400

8.12E-11

2600

0.00405

500

2.67E-42

1500

1.12E-09

2800

0.0164

600

4.34E-34

1600

1.11E-08

3000

0.0546

700

3.11E-28

1700

8.38E-08

3200

0.155

800

7.53E-24

1800

5.02E-07

3400

0.388

900

1.90E-20

1900

2.48E-06

3600

0.871

1000

9.90E-18

1945

4.82E-06

3637

1

1100

1.63E-15

2000

1.01E-05

3800

1.786

1166

2.91E-14

Figure 2.1: Saturated vapor dome plot used for T-υ saturated data, Pecker et. al. [32].
Viscosity is a particularly difficult property to define for evaporated titanium. No data
could be found in available literature, most likely due to the lack of applications and difficulty in
designing an experiment to measure it. However, viscosity is expected to be of limited
importance due to the scale of the inertial forces and the rarefaction present. Therefore, a
reasonable approximation will suffice for this research.
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Table 2.2: Variation of specific heat with respect to temperature for titanium vapor, compiled
from Desai [31], Barin [34], Kolskly and Gilles [35].
T [K]
Cp [J/K-mol] Cp [kJ/K-kg]
T [K] Cp [J/K-mol] Cp [kJ/K-kg]
298.15
24.432
0.510414
2000
24.537
0.512608
300

24.398

0.509704

2100

25.089

0.52414

400

23.086

0.482295

2200

25.659

0.536048

500

22.37

0.467337

2300

26.243

0.548248

600

21.921

0.457956

2400

26.837

0.560658

700

21.629

0.451856

2500

27.439

0.573234

800

21.446

0.448033

2600

28.046

0.585915

900

21.349

0.446007

2700

28.656

0.598659

1000

21.327

0.445547

2800

29.269

0.611465

1100

21.376

0.446571

2900

29.881

0.624251

1200

21.481

0.448764

3000

30.492

0.637015

1300

21.659

0.452483

3100

31.101

0.649738

1400

21.911

0.457748

3200

31.706

0.662377

1500

22.23

0.464412

3300

32.308

0.674954

1600

22.608

0.472309

3400

32.905

0.687426

1700

23.035

0.481229

3500

33.497

0.699793

1800

23.504

0.491027

3600

34.083

0.712035

1900

24.007

0.501536

3700

34.662

0.724131

3800

35.235

0.736102

The viscosity of titanium can be approximated by comparing titanium to other well
established fluids. Due to the large number of free electrons and the addition of electrons due to
bombardment by an electron beam gun, vapor phase titanium is expected to have stronger
intermolecular forces than other standard gaseous materials. Therefore, titanium viscosity is
expected to be stronger than standard gases but weaker than standard liquids. Using viscosity
plots such as those found in references [36] and [37], the viscosity can be approximated to fall
between the gaseous and liquid groups to obtain the strong intermolecular forces expected. This
yields the range given in Equation 2.1:

2 10 4

N s
m2

 Ti  2 10 5

N s
m2

(2.1)

To model titanium as a particle, the molecular weight and a collision model are required.
The molecular weight of titanium is 47.88 g/mol or 7.95x10-26 kg/particle [4]. The effect of
collision model on the deposition profile has not been established and will be one of the
parameters studied in this research. However, the collision diameter is required to approximate
the rarefaction of a flow. The collision diameter used for this calculation is 8.32x10-10 m [17].
This value was selected because it uses the simple hard sphere model, making it a good reference
value, and it is one of the largest reported collision diameters, making this value the most
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consistent with the assumption of large intermolecular forces.
The only other metallic or ceramic material found to have such a substantial amount of
information is mercury. Not only is the viscosity [38, 39] and heat capacity [39, 40, 41] readily
available, but thermal conductivity has also been researched [39, 42], and equations of state have
been developed for the vapor phase [39, 42]. Because mercury is not a typical PVD material, due
to its low evaporation temperature and minimal applications as a coating, it was not used in this
research. However, it is important to note this availability of thermophysical knowledge. Future
PVD experimental research should consider the possibility of using mercury to obtain a clear and
precise model of the PVD vapor cloud.

2.2

Comparison of Data to Standard Equations of State

As shown earlier, the selection of physical regime is based on a calculation of the
Knudsen number which varies with the number density of the material. Therefore, it is important
to determine typical densities of the vapor cloud and whether the density is likely to vary across
the PVD chamber. These features of the flow field are known as rarefication and compressibility.
They will be determined by calculating possible inlet Knudsen numbers and Mach numbers from
the titanium data.
Previous research efforts into PVD modeling have consistently approximated the
evaporated coating material as an ideal gas. This has seemed to be a good assumption because the
vaporization occurs in a hard vacuum, which is an extremely low pressure environment. Given
the strong impact on flow characteristics, it is important to confirm whether the ideal gas law is
valid for titanium vapor at typical PVD pressures and temperatures. This is tested by calculating
the compression factor, z, for the T-υ-p data researched. The compression factor is defined by
Equation 2.2:

z

P
P

RT RT

(2.2)

The results of this calculation and the properties used are given in Table 2.3. The results show that
over the range of possible PVD vaporization pressures (1.33x10-4 Pa – 1.333 Pa), saturated
titanium is between two and seven orders of magnitude denser than predicted by the ideal gas
law. This is consistent with the expectation of strong intermolecular forces. However, additional
research will need to be done to fully confirm this hypothesis. For this research, it is sufficient to
recognize that titanium vapor is substantially denser than traditional gases.
Other common equations of state were also studied to see if they could accurately model
titanium vapor. The equations utilized are van der Waals, Dieterici, Berthelot, and RedlichKwong [43]. These equations are presented in Appendix A. To study these equations, the
compression factor is calculated with respect to density, as given in Equation 2.3:

z

 actual
 EoS

(2.3)
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Table 2.3: Compression factor of saturated titanium vapor.
T [K]

P [Pa]

ρ [kg/m3]
0.00980
0.01399
0.01974
0.02753
0.03184
0.03792
0.06938
0.12095
0.20090
0.31796
0.47948

z

1600
1700
1800
1900
1945
2000
2200
2400
2600
2800
3000

1.12471E-06
8.49104E-06
5.08652E-05
0.000251286
0.000488387
0.001023383
0.01114575
0.0790335
0.41036625
1.66173
5.532345

4.13115E-07
2.05517E-06
8.23985E-06
2.76611E-05
4.54014E-05
7.76956E-05
0.000420426
0.001567529
0.004522972
0.010745723
0.022142489

3200

15.705375

0.68892 0.041014702

3400
3600

39.3141
88.254075

0.94312 0.070584778
1.23018 0.114728653

where the subscript actual refers to the researched value and EoS refers to the value calculated
using the equation of state. The compression factors for the studied equations of state are plotted
with respect to temperature in Figure 2.2. As the plot shows, these equations only show a small
improvement in the low temperature region. This is understandable, since most of these equations
are used primarily to make minor adjustments near the critical point and titanium vapor shows
extremely non-ideal behavior all along the vapor dome. These results show that standard
equations of state cannot reasonably approximate vaporized titanium and additional work will
have to be done to accurately model the vapor.

Figure 2.2: Saturated titanium vapor compression factor for various equations of state.
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2.3

A PVD Equation of State

Since these near-ideal equations of state cannot accurately describe titanium vapor, an
equation of state was constructed to better understand the properties of titanium vapor. The
literature survey found no information on the state of superheated titanium vapor. Therefore, an
equation of state was constructed that fit the saturated data and transitions into an ideal gas during
rarefaction. The equation of state is used to approximate important information about titanium
vapor including the speed of sound.
As titanium vapor expands into a vacuum chamber, the density drops and the titanium
atoms spread apart. At some point, the particles will have separated enough that any
intermolecular forces are extremely weak and irrelevant, yielding an ideal gas. Therefore, the
equation of state has been designed to change the compression factor from the saturated value to
an ideal gas as the density approaches the breakdown of the continuum approximation. These
conditions are listed in Equation 2.4:

z1  z Tsat , Psat   z sat
z 2  z Kn  0.01  1

(2.4)

With this in mind, the first attempt at an improved equation of state uses a linear change
of compression factor with respect to density. This is the simplest possible equation of state that
directly varies with the property of interest, density. The equation is illustrated in Equation 2.5:

P  z  RT
z  z 2  z sat  z 2 

   2 

(2.5)

 sat   2

where z2 and zsat correspond to the conditions given in Equation 2.4. This equation of state is
uniquely defined for each simulated case based on the saturated compressibility value at the
ingot, zsat. While this is a reasonable first attempt at a titanium equation of state, this equation
describes an unrealistic fluid with an undefined speed of sound. The derivation of the speed of
sound through standard thermodynamic relationships for this equation of state is given in
Appendix B.
The next attempt defined compressibility to change linearly with pressure, as shown in
Equation 2.6. This equation was tested because pressure has an inverse relationship with density
and so the derivatives throughout the calculation were expected to switch signs, giving a defined
speed of sound:

P  z  p RT
z  z 2  z sat  z 2 

 p  p2 

(2.6)

p sat  p2

Since density is not directly controlled in this case, it is important to note that P2 is calculated by
setting T2 equal to Tsat.
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This derivation is also presented in Appendix B. The equation yields a positive speed of sound
and reasonable properties. The important features of this equation of state are tabulated over a
range of possible evaporation pressures in Table 2.4 and a more complete listing of the derivation
is given in Appendix B. The density of the improved model is plotted against the ideal gas law in
Figure 2.3 and the speed of sound is similarly compared in Figure 2.4.
Table 2.4: Saturated properties of titanium vapor equation of state.
T [K]
P [kPa]
ρTi [kg/m3]
c [m/s]

1600
1.12E-06
0.00980 1.00000 0.0152
1700
8.49E-06
0.01399 1.00000 0.0349
1800
5.09E-05
0.01974 1.00000 0.0718
1900
2.51E-04
0.02753 1.00000 0.1352
1945
4.88E-04
0.03184 1.00000 0.1752
2000
1.02E-03
0.03792 1.00000 0.2324
2200
1.11E-02
0.06938 1.00000 0.5668
2400
7.90E-02
0.12095 1.00000 1.1428
2600
4.10E-01
0.20090 1.00001 2.0190
2800 1.66E+00
0.31796 1.00003 3.2244
3000 5.53E+00
0.47948 1.00013 4.7775
3200 1.57E+01
0.68892 1.00044 6.6843
3400 3.93E+01
0.94312 1.00126 8.9738
3600 8.83E+01
1.23018 1.00322 11.6484

Figure 2.3: Saturated density for an ideal gas as compared to titanium.
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Figure 2.4: Speed of sound for an ideal gas as compared to the predicted titanium value.

2.4

Governing Physics Selection

With titanium vapor well approximated, the next step is to obtain a fluid mechanics
description of PVD flow fields. There are 4 general categories of fluidic models of interest to this
work: incompressible, compressible, transitionally rarefied and free-molecular. Each of these
methods is expected to yield a cosine-like distribution for PVD flows because each uses similar
advection and diffusion physics. However, each physical model also contains additional unique
physics that may alter the predicted deposition profile considerably. Therefore, it is important to
select the appropriate model to ensure accurate and efficient calculations are made.
The selection of the appropriate model is based on two factors. The first is the rarefaction
of the flow field, which determines whether a particle method or finite-volume method is
required. Rarefaction is measured by the Knudsen number. The second is the compressibility of
the flow field, which determines if the speed is high enough to affect the density field. The
compressibility is measured by the Mach number. Unfortunately, these calculations are extremely
difficult for PVD problems because the evaporation source and material properties are not well
defined. However, some general conclusions can be drawn based on the known PVD conditions
and the application of the laws of conservation.
The critical boundary condition in this problem is the evaporating ingot which is the lone
fluid inlet. It is the source of all material in the flow field and defines its rarefaction and
compressibility. While the melt pool and vapor state is not well-defined during a given PVD
process, the solid ingot is strictly controlled by the ingot-feeding system. This allows a control
volume analysis of the ingot to yield the required data to define the vapor cloud.
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The necessary rarefaction and compressibility information can be determined by
performing a mass conservation analysis. The manufacturing processes are run at steady-state, so
the rate of solid being fed into the chamber must equal the rate of vaporization to maintain the
ingot surface at the same location. This ingot control volume is illustrated in Figure 2.5 and the
result of mass conservation is given by Equation 2.7:

Figure 2.5: Ingot control volume.

 evap
m feed  m
U A feed  U Aevap

(2.7)

where subscript feed refers to the solid material and subscript evap refers to the vapor. The areas
are the same and are eliminated from the equation. Solving for the vapor velocity yields Equation
2.8:

U evap 

 feed U feed
 evap

(2.8)
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By applying the range of ingot feed rates and the range of saturated densities from ARL’s
EB-PVD device, the possible vapor inlet velocities can be calculated and the Mach number range
can be found. The solid density is assumed to be equal to the density of titanium at room
temperature, 4500 kg/m3 [44]. This is a reasonable assumption as long as the control volume is
extended down the ingot to a point where it has been sufficiently cooled by the copper crucible.
The conservation of energy could be applied to strictly define the density and velocity. A
precise measurement of the amount of energy applied to evaporate the coating material could
establish the evaporation temperature and the left over kinetic energy applied to the evaporating
particles. However, the energy distribution cannot be well established due to electron scatter and
absorption in the vapor cloud, conductive heat loss to the crucible, and unknown radiative
properties of the ingot and melt pool [6]. Total losses can amount to 10-50% of the input power,
which makes a strict definition of the density and velocity impossible. Therefore, input conditions
can only be narrowed down to a range of possible values.
The calculation of the velocity and Mach number range is completed over the entire
saturated vapor range for both an ideal gas and the suggested titanium equation of state in Table
2.5. In addition to the Mach number, the Knudsen number must also be calculated to determine if
vapor cloud is dense enough for continuum mechanics to apply. The Knudsen number calculation
was given previously in Equation 1.5. It is also tabulated in Table 2.5 and is plotted in Figure 2.6:

Figure 2.6: Comparison of inlet Knudsen number for ideal gas and titanium vapor.
These results describe many important features of the PVD flow fields. First, the
Knudsen number plot shows that while the ideal gas predicts a range of potential physics models
the titanium vapor will have to rarefy by a factor of a thousand before the continuum
approximation will fail. This suggests continuum solvers should be strongly considered when
modeling PVD flow fields and this also shows the model selection choices of most researchers
contradict this observation.
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Table 2.5: Inlet calculations for titanium ideal gas (top half) and suggested titanium equation of state (bottom half).
T [K]

P [kPa]

P [torr]

ρideal [kg/m3]

Kn

Uevap,min [m/s]

Uevap,max [m/s]

c [m/s]

Mamin

Mamax

1600

1.12471E-06

8.44E-06

4.05E-09

1.60E+01

2782706.907

278270690.67

680.47521

4089.35827

408935.82671

1700

8.49104E-06

6.37E-05

2.88E-08

2.25E+00

391629.470

39162946.99

701.41779

558.33980

55833.98044

1800

5.08652E-05

3.82E-04

1.63E-07

3.97E-01

69221.220

6922122.01

721.75295

95.90708

9590.70833

1900

0.000251286

1.88E-03

7.62E-07

8.49E-02

14790.143

1479014.33

741.53066

19.94542

1994.54238

1945

0.000488387

3.66E-03

1.45E-06

4.47E-02

7790.100

779009.99

750.26056

10.38319

1038.31927

2000

0.001023383

7.68E-03

2.95E-06

2.19E-02

3822.778

382277.81

760.79441

5.02472

502.47189

2200

0.01114575

8.36E-02

2.92E-05

2.22E-03

386.101

38610.06

797.92791

0.48388

48.38790

2400

0.0790335

5.93E-01

1.90E-04

3.41E-04

59.400

5940.01

833.40852

0.07127

7.12737

2600

0.41036625

3.08E+00

9.09E-04

7.11E-05

12.393

1239.34

867.43909

0.01429

1.42873

2800

1.66173

1.25E+01

3.42E-03

1.89E-05

3.296

329.60

900.18408

0.00366

0.36615

3000

5.532345

4.15E+01

1.06E-02

6.09E-06

1.061

106.07

931.77905

0.00114

0.11384

3200

15.705375

1.18E+02

2.83E-02

2.29E-06

0.399

39.86

962.33726

0.00041

0.04142

3400

39.3141

2.95E+02

6.66E-02

9.71E-07

0.169

16.92

991.95455

0.00017

0.01705

3600

88.254075

6.62E+02

1.41E-01

4.58E-07

0.080
7.98
1020.71281
↑ Ideal Gas Results ↑
↓ Titanium Equation of State Results ↓
Uevap,min [m/s] Uevap,max [m/s]
c [m/s]

0.00008

0.00782

T [K]

P [kPa]

P [torr]

ρTi [kg/m3]

Kn

Mamin

Mamax

1600

1.12471E-06

8.44E-06

0.00980

6.60E-06

1.1499

114.99

0.01516

75.83138

7583.13835

1700

8.49104E-06

6.37E-05

0.01399

4.62E-06

0.8051

80.51

0.03486

23.09814

2309.81401

1800

5.08652E-05

3.82E-04

0.01974

3.27E-06

0.5706

57.06

0.07181

7.94566

794.56640

1900

0.000251286

1.88E-03

0.02753

2.35E-06

0.4092

40.92

0.13516

3.02792

302.79244

1945

0.000488387

3.66E-03

0.03184

2.03E-06

0.3538

35.38

0.17519

2.01953

201.95278

2000

0.001023383

7.68E-03

0.03792

1.70E-06

0.2971

29.71

0.23238

1.27854

127.85371

2200

0.01114575

8.36E-02

0.06938

9.32E-07

0.1624

16.24

0.56685

0.28646

28.64571

2400

0.0790335

5.93E-01

0.12095

5.34E-07

0.0931

9.31

1.14283

0.08150

8.15002

2600

0.41036625

3.08E+00

0.20090

3.22E-07

0.0561

5.61

2.01899

0.02777

2.77724

2800

1.66173

1.25E+01

0.31796

2.03E-07

0.0354

3.54

3.22444

0.01099

1.09876

3000

5.532345

4.15E+01

0.47948

1.35E-07

0.0235

2.35

4.77751

0.00492

0.49177

3200

15.705375

1.18E+02

0.68892

9.38E-08

0.0164

1.64

6.68429

0.00245

0.24463

3400

39.3141

2.95E+02

0.94312

6.85E-08

0.0119

1.19

8.97384

0.00133

0.13310

3600

88.254075

6.62E+02

1.23018

5.25E-08

0.0092

0.92

11.64842

0.00079

0.07861
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With continuum behavior established, the next feature of interest is the compressibility.
First, incompressible solutions will be considered. For any vapor cloud with a Mach number less
than 0.3, the flow can be described as incompressible. These flow fields cannot contain strong
density gradients and therefore the steady-state solution would have a dense finite-volume field
with a fairly constant pressure throughout the chamber.
Referring to the table of inlet parameters, incompressible flow fields can occur at
saturated pressures of around 1x10-2 torr or higher but only for very low evaporation rates. Such
evaporation rates are extremely unlikely for modern PVD processes. Incompressible flows are not
guaranteed unless the evaporation pressure reaches 10 torr or higher. To achieve these pressures,
carrier or reactive gases must be employed during the coating process. Because additional gases
are not a feature of interest in this research, the potential incompressible solutions will be ignored.
However, it is important to note that the incompressible assumption is consistent with models that
employ such techniques.
Therefore, cases of interest in this case are expected to be defined by compressible
continuum mechanics near the ingot. As Table 2.5 shows, the Mach number of these compressible
fields is often very large, easily reaching into the hundreds. It is likely that in such a flow field,
the vapor cloud would expand extremely quickly and the density would become low enough to be
modeled by rarefied methods a short distance above the ingot. This possibility is consistent with
the virtual source observation and the cosine law as described during the literature survey in
Chapter 1. In fact, if the expansion is fast enough, it is possible the continuum region will be too
small to have a substantial impact on the overall flow field. However, a slower expansion or the
effect of intermolecular forces may require the two regions to be modeled separately.
This leads to the conclusion that there are four possible models that may accurately
describe PVD flow fields: compressible continuum mechanics, DSMC, free molecular and a
combination of continuum and DSMC physics, otherwise known as a hybrid flow solver. Each of
these models will be studied and compared to make conclusions about appropriate model
selection for PVD vapor transport.
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Chapter 3
Compressible Finite-Volume Solver
As seen in the previous chapters, there are a large number of input parameters to PVD
flow fields that are vaguely approximated or defined. To determine which boundary conditions
and material properties are important for accurate modeling, a parametric study has been
performed for each methodology. The parameter study was performed by constructing a base case
with median input values and then changing each parameter individually across the range of
known values. The next three chapters introduce each of the codes used and summarize the
effects of key input parameters on their predicted deposition profiles. A suggested modeling
method is then presented for each model based on the results.
OpenFOAM is an open source field operation and manipulation software package written
in C++ [45]. It contains a wide variety of prepared but fully modifiable fluid mechanics solvers.
These solvers were often heavily modified in unique ways to improve their capabilities and
overall applicability to PVD flow fields. The starting code for each solver will be identified and
any improvements to the code will be described in the introduction of the appropriate chapter.
In every case, the sought solution is the steady-state mass flux of coating material onto
the substrate. The mass flux is either directly solved in the code, or calculated through Equation
3.1:

m    U  A  

M
At

(3.1)

where M is the mass of all particles moving through the area of interest, A. Any other quantities of
interest for PVD flows can be calculated through the mass flux. For example, the total deposited
mass can be determined by integrating over the area of interest then multiplying by time and the
coating thickness can be found by dividing the total deposited mass by the solid density and
surface area.
All coating vapor that collides with a surface is assumed to condense onto that surface
due to the very large temperature difference between the vapor and the chamber surfaces.
Because all of the coating material that collides with a surface is removed, the deposition rate on
a single substrate can be found by modeling the chamber empty and measuring the flux rate
through the surface of interest. This assumption is confirmed during the validation and
verification (V&V) portion of each model by comparing the deposition of an empty and impinged
case.
During the parameter studies, the deposition profile is calculated perpendicular to the
ingot at a height of 0.4 m. This is an average coating location for the Sciasky EB-PVD device and
was chosen to maintain consistency across all results. All models will assume the titanium vapor
behaves like an ideal gas to allow comparison to previous work and maintain consistency across
models. Model comparison with using an improved equation of state requires a matching
collision model for the particle based methodologies. While an improved equation of state has
been developed in the previous chapter, finding a matching collision model is beyond the scope

26

of this work. Future work will find this collision model and study the effects of more accurate
equations of state on predicted deposition profiles.
The models were run on the Titan cluster in use at the Computer Science and Engineering
Department at Penn State. The Titan cluster features 192 2x Dual Core AMD Opteron 2216
processors with 8 gigabytes of memory. The operating system is RedHat EL 5.3 and OpenFOAM
version 1.7.1 was used. Parallel processing was used where applicable to decrease overall run
time. Results are plotted in two forms. Flow visualizations of complete solution fields are given
using ParaView version 3.8.0 [46], a parallel visualization application developed by Sandia
National Laboratory and included with OpenFOAM. Profile plots are made by extracting the
desired data using OpenFOAM’s built-in sampling algorithms and are plotted using Microsoft
Excel [47].

3.1 The Kurganov-Noelle and Petrova (KNP) Finite-Volume Compressible Solver
The compressible finite-volume solver chosen to model PVD vapor transport is
rhoCentralFoam [48]. This solver was chosen over the other standard compressible solvers due to
its stability when PVD boundary conditions are applied and accuracy over the range of input
parameters. The solver is an explicit, colocated density-based solver that uses the second-order,
semi-discrete, non-staggered schemes of Kurganov and Tadmor (KT) [49] and Kurganov, Noelle
and Petrova (KNP) [50] to calculate the values at cell faces. The governing equations are the
compressible Navier-Stokes equations, given in Equation 3.2:


   U   0
t

 U 
   UU   p    τ
t

(3.2)

 e 
   Ue     τ  U     τ   U  p  U     q
t
where τ is the compressible isotropic stress tensor given by Equation 3.3:
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τ    U  UT  trU I 
3



(3.3)

The flux evaluation at the cell faces must include both the convective-diffusive transport
and wave propagation behaviors. This is done by evaluating the sum of fluxes across all faces of a
cell using the KNP methodology, as given by Equation 3.4:

 U f
f



 









 A f φ f    U f  A f φ f   1    U f  A f φ f   D f φ f   φ f 



(3.4)

f

where φ is a tensor field of interest, f denotes the face number, and + and - denote the flux out and
into the cell, respectively. This allows the integral describing the convective terms of a cell to be
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evaluated using Equation 3.5:

V   UφdV   U f  A f φ f
f

(3.5)

where the weighting factor, α, is given by Equation 3.6:



φf
φf  φf 

(3.6)

and the diffusive flux, Df, is given by Equation 3.7:

D f  φ f  1   

(3.7)

Using this discretization scheme, rhoCentralFoam solves the Navier-Stokes equation through the
following sequence:
1)
2)
3)
4)
5)

Solve the inviscid terms of the Navier-Stokes equation.
Update the primitive variables from the inviscid results.
Solve the diffusion terms.
Update the velocity and temperature fields using the diffusion solution.
Repeat steps 1-4 until the desired residuals are achieved.

This methodology allows the compressible Navier-Stokes equations to be solved explicitly across
a wide range of Mach numbers.

3.2 rhoCentralFoam Validation
The rhoCentralFoam solver has been verified by previous researchers for both inviscid
and viscous cases [48]. The inviscid tests were a Mach 0.9 unsteady shock tube and a Mach 3
flow over a forward-facing step. The viscous tests were a Mach 1.002 supersonic jet and a Mach
11.3 hypersonic flow over a 25°-55° biconic. Each of these test cases showed results consistent
with the expected results and other compressible solvers. These and a few additional cases have
been packaged with OpenFOAM as tutorials for individual study and confirmation of the results.
An additional validation case was completed during this research by modeling a 1D de
Laval nozzle. The nozzle was designed with a total pressure of 3 atmospheres and an outlet Mach
number of 2. The pressure and total temperature were defined at the inlet and the velocity
gradient was defined at the outlet. This solution method yielded a maximum error of 0.22% and
an average error of 0.14%. The resulting Mach number and pressure profiles down the center of
the nozzle are given in Figure 3.1.
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Figure 3.1: de Laval nozzle validation case.

3.3 Geometry and Parameters Studied
The finite-volume geometry used to model Penn State’s EB-PVD chamber is shown in
Figure 3.2 and the mesh is shown in Figure 3.3. The vapor transport process is modeled as a 2D
axisymmetric chamber with a single ingot centered in the floor. The steady-state solution is found
by running the transient calculation to steady-state instead of a direct solution due to stability
issues. The location of the EB gun is designated to allow the gun vacuum system to be specially
considered. The gun boundary extends 0.15 m radially and axially from the outside ceiling corner.
The floor is angled inward by 20 degrees to improve stability and remove the unneeded, hard-toresolve outside floor corner.
Numerous combinations of boundary conditions were attempted to find the best
conditions for stable and consistent solutions across the entire ranges of PVD inlet values. Tested
options include only setting the floor as a wall to simulate deposition throughout the chamber,
fully defining the inlet to allow it to expand freely into an open field, and forcing an outlet along
the entire chamber wall and ceiling. Each of these methodologies failed to yield results due to
instability or unrealistic flow fields.
The boundary conditions selected for this model are given in Table 3.1. Velocity and
temperature are defined at the ingot, pressure is defined at the ceiling and gun boundaries, and the
floor and radial surfaces are treated as walls. Such a flow field yields features that are expected in
PVD vapor clouds but also a few that are inconsistent, as discussed in the next section.
Three parameters are analyzed during the finite-volume solution: Mach number,
Reynolds number and inlet profile. These parameters represent the range of potential
compressibility (Ma), mass flow rate (Re) and inlet momentum states (profile) that the ARL EBPVD device can create. Each of these parameters is altered through the appropriate boundary
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Figure 3.2 (left): CFD chamber geometry.
Figure 3.3 (right): CFD chamber mesh.
Table 3.1: rhoCentralFoam boundary types.
Boundary
Pressure
Ingot
Zero Gradient
EB Gun/Ceiling
Value
Floor/Radial
Zero Gradient

Velocity
Value
Zero Gradient
Zero

Temperature
Value
Zero Gradient
Zero Gradient

condition, expect for the infinite Reynolds number case, which corresponds to the inviscid case.
In all other simulations, the viscosity is set equal to 5x10 -5 N-s/m2, a number near the median of
the expected range. The Reynolds number is the only parameter that includes the viscosity, so the
viscosity is kept constant and the velocity is changed to achieve the desired study.
The values of the boundary conditions are selected to maintain a desired inlet
compressibility and inlet mass flow rate. The appropriate inlet velocity and pressure can be
determined by combining the definitions of Mach number, mass flow rate, the ideal gas law and
the relationship between static and stagnation temperature. The resulting equations for inlet
parameters are given by Equations 3.8 - 3.10:
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where γ is the ratio of specific heats and To is the stagnation temperature of the ingot. It is
important to note that this solution method does not allow the mass flow rate to be directly
controlled. The pressure is defined at the outlet and the inlet pressure is solved during the
calculation. This causes a discrepancy in the mass flow rate due to the pressure gradient across
the chamber. To obtain an accurate mass flow rate, an initial case with an estimated outlet
pressure is solved. The resulting pressure gradient is then used to adjust the outlet pressure to
achieve the desired inlet pressure and, therefore, the desired mass flow rate.
The heat capacity ratio, γ, is not directly defined in rhoCentralFoam. It is calculated based
on the specific heat of the vapor as given by Equation 3.11:

Cp 

R
 1

(3.11)

This definition only allows the specific heat or the heat capacity ratio to be directly controlled.
The temperature variations are not of particular interest in this analysis because the vapor is
expected to be adsorbed onto any surface that could create a substantial gradient. Therefore, this
analysis defines the heat capacity ratio to maintain reasonable compressibility characteristics in
exchange for a possibly unrealistic specific heat.
The ratio of specific heats is selected to remain consistent with the choices made
throughout the titanium analysis in the previous chapter. The ideal gas approximation models
titanium as a monatomic gas with a specific heat ratio of 5/3. The improved titanium equation of
state yields an expected specific heat ratio of approximately one at saturation as seen earlier in
Table 2.5. Therefore, a median value of 4/3 is used for this model. This yields a specific heat at
constant pressure of 695 J/kg-K. The median parameters for the base run and the list of variations
tested are given in Table 3.2:
Table 3.2: Parameters used during CFD study.
Base Case
Reynolds Number
76
8
Mach Number
0.7
0.3
Inlet Profile
Constant U Constant
MFR

12
0.5
Cosine,
n=1

Other Cases
17
143
0.9
1.1
Cosine, Cosine,
n=4
n=8

181

775
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The inlet profiles have either constant velocity across the inlet, constant mass flux rate
across the inlet or a cosine distribution. The cosine distributions describe the inlet as a point
source centered below the ingot from which the vapor is projected. The cosine distribution takes
the form given by Equation 3.12 and the corresponding geometry is illustrated in Figure 3.4:







U  U o cos n  tan  rˆ  cos n  zˆ 

U o cos n  tan  sin  x̂  cos n  tan  cos  yˆ  cos n  zˆ



(3.12)

where the leading coefficient, Uo, is chosen to yield the desired mass flow rate.

Figure 3.4: The geometry of the point source based cosine distribution.
The normal velocity component of a variety of normalized cosine profiles is given in
Figure 3.5. These inlet profiles are produced using groovyBC, a third-party modification to
OpenFOAM [51]. The resulting profiles produce a more concentrated mass and momentum
profile at the center of the ingot as the exponent n is increased. A more detailed discussion of the
profiles can be found in Appendix C.

Figure 3.5: Comparison of the normal velocity component for PVD profiles.
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3.4 Mesh Independence, Steady-State Verification and Impinging Tests
A mesh independence check was performed by comparing a base case to cases with oneninth the number of cells and nine times the number of cells. The base case uses a mesh of 108
cells radially x 105 cells vertically. The other cases are given one-third and three times the
number of cells in each coordinate direction. The results of the convergence check are presented
in Figure 3.6. Similarly, the steady-state is confirmed by plotting the mass flux rate over time and
confirming the solution constant. The steady-state convergence check is given in Figure 3.7.
The CFD solutions of the PVD flow fields contain a large region where the material is
nearly stagnant. This stagnant region can yield an extremely high percentage error with velocity
differences of 1 m/s or lower, which is negligible in this analysis. Such extremely small variations
are to be expected in the stagnation region due to the small oscillations that will occur throughout
the numerical solution. Therefore, a jet region is defined to allow analyses of the deposition
profiles to be confined to the primary region of interest. The jet region is defined as given by
Equation 3.13:

 U

r jet  r 
 0.05 
 U max


(3.13)

The plots show the final profiles are independent of mesh characteristics and time. The
base and triple meshes only show deviation at the edge of the jet with a maximum difference of
2% of the maximum flux rate, confirming mesh independence. The time convergence is even
more accurate. The 0.05s and 0.1s time steps yield a maximum difference of 0.37% of the
maximum flux rate within the jet region, confirming steady-state.

Figure 3.6: Effect of mesh density on the base CFD solution.
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Figure 3.7: Variation of mass flux profile over time for the base CFD case.
Finally, a test case was performed to ensure the solution of an empty chamber compares
well to a chamber containing an adsorbing object. The base case was repeated including a 15 cm
diameter impinging substrate (r/R ≈ 4.3) at a height of 0.4 m that adsorbed all colliding material.
This geometry is shown in Figure 3.8.

Figure 3.8: CFD geometry for the impinging test.
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The resulting mass flux rates are plotted in Figure 3.9. The only variation comes at the
edge of the substrate due to slight adjustments as the flow field resolves the pressure changes
caused by the removal of material. Thus, as long as the model is applied to a single substrate,
modeling an empty chamber will accurately predict the deposition profile.

Figure 3.9: Comparison of predicted deposition profile for an empty chamber and onto an
impinging substrate.

3.5 Parametric Study of CFD
The flow field of the base case and the case with minimum flow rate are given in Figures
3.10 and 3.11. The Navier-Stokes PVD solution is a standard free jet. The flow enters the
chamber at high speed and diffuses radially outward. As the evaporant spreads out, its velocity
decreases and pressure increases. This does not match the expected physics of PVD flow fields,
in which the pressure is expected to decrease as the evaporant spreads across the empty space
inside the chamber.
The most important feature of Navier-Stokes solutions is the presence of backflow.
Across the majority of the inlet range, the solution predicts the flow field will contain backflow
into the chamber. The high evaporation rates cause a concentration of momentum directly over
the ingot that cannot be radially distributed. The only way to fill the remainder of the chamber is
with backflow in from the ceiling. This produces entrainment into the jet that artificially inflates
the predicted mass flow rates and hampers radial diffusion. Although the profile shapes may look
accurate, such a flow field cannot be used to design PVD coating processes.
However, cases that evaporate material at a slower rate yield solutions without backflow.
As shown in the case with minimal Reynolds number, the vapor immediately slows and diffuses
across the chamber. This yields a positive deposition rate across the entire chamber. However,
CFD cases are expected to be more accurate at higher evaporation rates. These results also
suggest that a more accurate equation of state is required to realistically design PVD flow fields.
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Figure 3.10: (left) Overall velocity and pressure field of the base CFD case.
Figure 3.11: (right) Overall velocity and pressure field of the minimum Reynolds number case.
The parameter study begins by looking at the effect of Mach number with a constant inlet
flow rate. The variation of the deposition profile with Mach number is plotted in Figure 3.12. As
the result shows, at a constant inlet mass flow rate the Mach number does not have a substantial
effect on the deposition profile. The average percent difference of mass flux within the jet region
is only 4.7%. This result is expected. A constant mass flow rate yields a constant Reynolds
number and a constant ratio of inertia to viscous forces. Therefore, the rate of diffusion of mass
radially across the chamber is constant and the deposition profile is unaffected. This means the
compressibility of the flow field should have no effect on Navier-Stokes PVD solutions.

Figure 3.12: Variation of the Navier-Stokes deposition profile with respect to Mach number.
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Next, the effect of Reynolds number is studied by changing the mass flow rate. To remain
consistent, all of the solutions were performed at the median Mach number of 0.7. The
characteristic length used in the Reynolds number is the ingot radius. The range of potential inlet
flow rates is found using mass conservation between the solid and vapor states as given in
Equation 2.7. The resulting range of mass flow rates and Reynolds numbers are Equation 3.13:

 evap  4.3  10 3 kg/s
4.3  10 5 kg/s  m
7.8  Re  780

(3.13)

The resulting profiles are plotted in both dimensional and non-dimensional variables in Figures
3.13 and 3.14. Across these two figures, identical symbols correspond to the same case. As
shown, there is a substantial change across the range of interest. The mass flux percent difference
scales well with the Reynolds number. The average percent difference between Re=7.38 and
Re=70.6 is 870%, while the difference between Re=70.6 and Re=720 is 10400%.
Increasing the Reynolds number increases the relative size of the inertial forces driving
the vapor jet. This results in a faster deposition rate but much less uniform profiles due to the
limited diffusion. A high Reynolds number can limit deposition to as little as 2.5 ingot radii. Only
the lowest Reynolds number case is absent of backflow and entrainment. These observations
suggest that the ideal gas assumption is insufficient for CFD flow fields. An equation of state that
is initially dense but rapidly expands into the available space would yield much more reasonable
deposition profiles across the range of inlet flow rates.
Despite the diffusion and entrainment deficiency, the profiles are still consistent with the
shape of expected PVD results inside of the jet. This suggests a CFD methodology could give
results consistent with experimental measurements. However, the corresponding inlet parameters
would be unrealistic and fail to describe a real PVD process.

Figure 3.13: Effect of Reynolds number on predicted Navier-Stokes profiles.
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Figure 3.14: Effect of mass flow rate on predicted Navier-Stokes deposition rates.
Finally, the inlet profile was studied. Each inlet profile uses a maximum azimuthal angle
of 30° and selects a velocity coefficient to match the inlet mass flux with the base case. The
deposition profiles of the base case, uniform mass flux and cosine point sources are plotted in
non-dimensional and dimensional form in Figures 3.15 and 3.16:

Figure 3.15: Effect of inlet profile on predicted deposition profile.
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Figure 3.16: Effect of inlet profile on predicted deposition rate.
As expected, adding radial momentum through the inlet velocity profile increases the
radial diffusion compared to the uniform case. A cosine profile with an exponent of 8 yields a
result extremely similar to the uniform velocity case. The average mass flux percent difference
inside the jet region is only 4%. As the exponent is decreased the radial momentum is increased
and the profiles become more uniform. This increases the average mass flux percent difference
between the uniform profile and the n=1 cosine profile to 27%. The constant mass flux profile
yields the most even profile. The effects of the profile are concentrated to within 5 radii of the
axis, making the effect of inlet profile less substantial than the effect of Reynolds number. All of
the inlet profiles yield backflow into the chamber, again suggesting that Navier-Stokes solutions
require a non-ideal equation of state to yield reliable results.

3.6 Suggested CFD Use and Methodology
Overall, the results suggest Navier-Stokes continuum mechanics cannot be used to model
PVD vapor transport. CFD solutions are most reasonable when used on cases with a very low
evaporation rate. However, without full knowledge of the vapor properties of PVD materials the
expansion of vapor cannot be accurately simulated and reliable results are not possible. There
may be some specific circumstances that make Navier-Stokes physics more applicable, such as
the use of a unique PVD material that behaves very similar to an ideal gas or the application of a
carrier gas to help direct the vapor towards the substrate. Special care and extensive testing
should be completed before applying Navier-Stokes physics to simulate PVD flow fields.
The recommended process to model PVD flows with CFD methods is as follows:
1) Determine the appropriate equation of state to obtain accurate saturation properties.
2) Approximate the viscosity based on literature or previous models.
3) Measure the temperature of the melt pool or choose a design temperature. This is the inlet
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4)
5)

6)
7)

model temperature.
Use the inlet mass flow rate and the saturated density to calculate the inlet velocity.
Calibrate the outlet pressure. The outlet pressure should be approximated based on the
inlet saturated pressure and the estimated pressure drop across the chamber. In small
chambers without entrainment, the pressure drop can be estimated and re-run to achieve
accurate inlet conditions. In large chambers with entrainment, the pressure drop may be
nearly negligible if the outlet very far is away from the jet.
Calibrate the viscosity. Compare to the calibration conditions. Change the viscosity to
obtain an accurate Reynolds number and therefore deposition profile.
Run the model with the chosen properties for the desired case or design.

The advantages and disadvantages of modeling PVD flow fields are given in Table 3.3.
Overall, CFD models are the fastest and most efficient, but are unlikely to yield accurate results
without additional research into PVD material properties or unless PVD features are being
applied.
Table 3.3: Advantages and disadvantages of CFD modeling methodologies
Advantages
Disadvantages
 Fast and efficient
 Entrainment can cause large errors
 Easy to use
 Only useful with high density flows
 Direct solution of steady-state
 Inlet BC’s are not fully defined
 Macroscopic properties used throughout
 Best used at low Reynolds numbers
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Chapter 4
Direct Simulation Monte Carlo (DSMC) Solver
4.1 The Direct Simulation Monte Carlo (DSMC) Methodology
The Direct Simulation Monte Carlo methodology is a probabilistic methodology for
solving Boltzmann’s equation, the governing equation for rarefied flow fields [52]. Boltzmann’s
equation describes a cloud of particles through a probability density function, f, defined by
Equation 4.1:

dN  f x, t , cdxdc

(4.1)

where dN is the number of particles at a location between x, x  dx with a velocity

between c, c  dc at time t. The coordinate system used by Boltzmann’s equation defines space,
time and velocity as independent variables and is referred to as phase space. By applying particle
conservation, the change of the probability density function can be shown to be described by
Equation 4.2:
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f
f
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c  F
t
x
c

(4.2)

The first two terms denote the change of the density function by advection of particles, the third
term accounts for the change due to external forces, F, and the fourth term, S, denotes the effect
of particle interactions.
The effect of particle interactions can be extremely complicated. However, the term is
simplified by approximating how the particle density function is affected by collisions [53].
These approximations consist of four parts:


Many collisions are required to substantially change f. Given the large number of
collisions present, individual collisions will not substantially affect the phase space. This
allows multiple particles to be averaged together and represented by a single particle.
This approximation will fail in extremely rarefied flow fields, but in those cases the
collision term can usually be considered negligible.



Binary collisions occur much more often than collisions between three or more particles.
Therefore, only binary collisions are considered to affect f. This approximation will fail
when considering a flow field where a multi-particle chemical reaction is crucial to
describe the field, but when chemical reactions are included those effects need to be
separately handled anyway.



While f varies in phase space, it can be considered constant over the range of
intermolecular forces. This approximation states that only the change of f due to an entire
collision is of interest. The collisions can therefore be modeled as instantaneous events
and particles do not interact between collisions.
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At every point in space-time, the values of f for different velocities are independent. This
is the foundation of molecular chaos. Of course, two particles that collide have dependent
post-collision velocities. However, velocity gradients throughout the flow field are
caused by the average of a large number of particle interactions and are not defined by
expected distributions.

The resulting collision term is modeled by removing each pair of particles that undergo a
collision, which have a velocity of c and c1, and adding each pair of particles that are the result of
a collision, which have a velocity of c’ and c1’. This fulfills Boltzmann’s approximations and
yields Boltzmann’s equation, given by Equation 4.3:
 2  / 2





f
f
f
    f ' f1'  ff1 cr  sin  d d dc1
c  F
t
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c   0 0

(4.3)

where θ is the collision angle,  is the angle of orientation of the collision plane with the
coordinate planes and cr is the magnitude of the relative velocity difference between the two
particles.
Solving this integro-differential equation is extremely difficult for all but a few
specialized cases. Rather than attempt to directly solve this equation, Dr. Grahame Bird
developed a method to model the particle cloud and its collisions [16, 54]. The Direct Simulation
Monte Carlo (DSMC) method approximates the flow through a representative amount of
simulated particles. Averages of the mass, momentum and energy of the particles are used to
calculate the desired solution.
This methodology works by decoupling the particle movement from the collisions and
making them two separate steps in the calculation. This is reasonable as long as the time steps are
smaller than the mean collision time of the flow field and larger than the duration of a collision.
Using this methodology, all of the particles are first moved based on their velocity and external
forces. Then, collisions are identified and carried out.
Specifically, the DSMC method is implemented through the following sequence [16]:
1) Create an initial particle field based on the desired macroscopic properties and an
assumed particle distribution, typically an equilibrium distribution.
2) Move each individual particle in the cloud for the time step, Δt. For any particle that
collides with a wall, resolve the collision and continue moving for the remaining portion
of the time step. At inlets, create an appropriate distribution of particles and move them
into the computational domain.
Walls are traditionally modeled as either specular reflection, which reverses the normal
velocity, or diffuse reflection, which distributes the velocity over a Maxwellian
distribution, as given by Equation 4.4:
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U
U n   2 log 1  R01  MPS  U wall, n
2
U
U t ,1  RGauss ,1 MPS  U wall, t1
2
U
U t ,2  RGauss ,2 MPS  U wall, t 2
2

(4.4)

where Un is the inward normal velocity, Ut,1 and Ut,2 are the two tangential velocities, R01
is a random number between zero and one with a linear distribution, RGauss,1 and RGauss,2
are linked random numbers with a Gaussian distribution between zero and one, and UMPS
is the most probable speed, given by 2k BT m .
Inlets are generally modeled by assuming the particles enter from a particle field in
equilibrium with a Maxwellian distribution. Using the macroscopic quantities defined at
the boundary, the number flux, N , is calculated from Equation 4.5:
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(4.5)

where n is the defined number density at the inlet and Uinlet,n is the defined bulk velocity
normal to the inlet. The velocity of the incoming particles is given an equilibrium
Maxwellian distribution accounting for both bulk and thermal velocities [52], as given by
Equation 4.6:

U n  32 R01  1U MPS  U inlet , n
U
U t ,1  RGauss ,1 MPS  U inlet , t1
2
U
U t ,2  RGauss ,2 MPS  U inlet , t 2
2

(4.6)

3) In each cell, the number of attempted collisions is calculated and randomly selected pairs
of particles are checked for the possibility of collision using an acceptance-rejection
criterion.
First, the maximum number of collisions is calculated using Equation 4.7:

N Collisions 

N N  1 T cr max t
2Vcell

(4.7)
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where N is the number of particles present in the cell, Vcell is the volume of the cell, σT is
the total collision area of the particle and cr is the magnitude of the relative velocity
difference between the two particles.
Then, a pair of particles inside the same cell are selected and tested to see if they collide.
The acceptance-rejection criterion for each collision is given by Equation 4.8:

 T c r 
 T c r max

 R01

(4.8)

where  T cr is the volume swept by particle and the subscript max denotes the maximum
calculated value in the cell over the course of the simulation. A collision occurs when this
inequality is true.
The collision area of the particle varies based on the collision model used. The most
common collision model is the variable hard sphere (VHS) model [16]. This model
accounts for the variation of collision area with respect to relative velocity in order to
better model viscosity. The VHS collision area is given by Equation 4.9:

T

2
 2k BTref 
 r12



2.5   
2 
e
m c



r r

  0.5

(4.9)



where r12 is the sum of the collision radii of both particles, mr is the reduced mass of the
particles, ω is the exponent of the viscosity power law given by   T  ,  is the gamma
function and Tref
reference.

is the appropriate reference temperature for the same viscosity

If a collision occurs, the resulting particle velocities are calculated using standard elastic
collision relationships. However, because each DSMC collision represents an average of
a large number of actual collisions, the final direction of the particle pair is selected
randomly. The post-collision velocity for the VHS model is given by Equation 4.10:



U  UCM  cr cos R xˆ  sin R cos R yˆ  sin R sin R zˆ

 mmr

(4.10)

where UCM is the velocity of the center of mass of the particle pair, Rθ and Rϕ are two
distinct random angles and ± denotes where the sign is changed for each distinct particle.
4) The microscopic properties are calculated from averaged particle values to obtain the
macroscopic description of the flow field. Depending on the desired solution, the average
may be over time to obtain a steady-state solution or an ensemble across many
simulations for a time-varying solution.
5) The time step is completed. The time is advanced and steps 2 through 4 are repeated until
the full solution is obtained.
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4.2 The rarefied solvers, birdFoam and freeMolecFoam
The OpenFOAM solver used to apply the DSMC method in this research is a modified
version of dsmcFoam. This code follows the DSMC methodology to simulate 3D rarefied flow
fields, but is limited in the possible scope of application. Features of this code were altered,
improved or expanded as part of this research to allow it to model PVD vapor transport. This
expanded version is called birdFoam, in honor of Dr. Graeme Bird who created the DSMC
method. The improvements made to dsmcFoam during this investigation to create birdFoam are:


Fully customizable initial macroscopic fields by elimination of the stand-alone initialize
dictionary. This allows the initial flow field to vary as desired without limitation and
allows the use of common third-party tools such as funkySetFields and groovyBC [51] to
create functional gradients across domains and boundary conditions.



An unlimited number of wall, collision and inlet models in each simulation. This allows
each wall to reflect each species of particles differently, each inlet to distribute particles
differently and each species pair to collide differently. This is essential to model flows
with carrier gases, multiple inlets, imperfect adhesion and the future addition of chemical
reactions.



Improved output controls and calculations. Output was redesigned to include a large
number of additional parameters, including individual species number densities, mass
flux through boundaries, thermal velocity, mean free path, and various versions of the
Knudsen number. The averaging calculation was also placed inside the primary DSMC
code to multi-part calculations involving the field averages, to expand the averaging to all
time steps and allow averaging when this code is combined into the hybrid solver,.



Additional wall, collision and inlet models were created. An adhering wall was created
that counts the particles that collide with it and removes them to simulate and track vapor
deposition. An exact inlet was used that does not distribute particle properties over a
distribution to study free-molecular flow and validate other DSMC changes. Hard sphere,
variable soft sphere and generalized hard sphere models were created to study the effect
of collision model on PVD fields.

Of particular importance are the additional collision models created for this research.
They are similar to the standard built-in VHS model but show several important distinctions. The
hard sphere (HS) model [54] is a simplified version of the VHS model. The collision-cross
section is modeled directly from the molecular collision radius, as given by Equation 4.11:
2
 T   r12

(4.11)

This simplified model has deficiencies but it is a great base model for comparison to other
collision methods.
The variable soft sphere (VSS) model [55] was developed to create a VHS model with an
accurate momentum to viscosity relationship. This is done by adding a variable, α, to the model
that changes the deflection angle compared to the VHS methodology. This form can be described

45

by changing the calculation of cos  in Equation 4.10 to the form given by Equation 4.12:
1/ 
cos   2 R01
1

(4.12)

The HS, VHS and VSS collision models are compared in this research to determine the effect of
collision model on the deposition profile. These models were chosen because they behave the
most like an ideal gas, making their application consistent with the Navier-Stokes analysis. Other
collision models such as the generalized hard sphere (GHS) [56], generalized soft sphere (GSS)
[57] and quantum-kinetic [58] models take into account attractive forces between particles and
discrete quantum energy levels for vibration. These models will be explored along with improved
continuum equations of state in future work.
A collisionless DSMC code was also developed to model extremely rarefied PVD vapor
flows. This code was created by eliminating the collision step and only moving each particle
across the chamber. The resulting code has been called freeMolecFoam and is governed by the
collisionless Boltzmann equation, given in Equation 4.13.
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(4.13)

Such a collisionless flow field is only affected by the distribution of particles at the inlet
and any interactions with solid surfaces. However, evaporated PVD materials are expected to
adhere to the first surface they contact. Therefore, the inlet profile is the only variable when
modeling PVD processes as extremely rarefied, collisionless flow fields.

4.3 DSMC Validation and Verification
The dsmcFoam solver was verified by previous researchers [59]. Test cases were
performed for 1D, 2D and 3D cases and validated across a number of sources. The 1D test case
was relaxation of argon gas to equilibrium. 2D cases included supersonic flow over a flat plate,
non-equilibrium hypersonic flow over a flat plate and hypersonic flow over a cylinder. Full 3D
cases included hypersonic corner flow and hypersonic flow over a flat-nosed cylinder. These
benchmark cases were compared to theoretical results, Bird’s DSMC solvers and MONACO, a
commercial DSMC solver. These cases show good results across this wide variety of applications,
however there are some slight differences in the results that may be due to statistical scatter or an
inaccurate number of representative particles.
The validation case performed here is a two-dimensional Mach 4 flow of nitrogen over a
flat plate [16]. The geometry for this case is given in Figure 4.1. The leading edge is located 5.4
mean free paths from the domain inlet. The plate is approximately 70 mean free paths long. The
inlet and outlet and freestream boundaries are set at Mach 4 towards the outlet. At the outlet, this
boundary condition creates so few particles that move backwards into the domain that it behaves
similarly to a vacuum. The boundary upstream of the plate is treated as a specular wall and the
plate is modeled as a diffuse wall. The temperature of the plate is set at 1.6 times the free stream
temperature.
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Figure 4.1: Geometry for DSMC validation over a flat plate. Arrows mark boundaries with a
Mach 4 velocity boundary in the direction indicated.
Because additional details were not given, such as the collision model used, numerous
runs were completed to attempt to model this flow field. Inlet stream temperature, T, plate
temperature, Tplate, and collision model are analyzed. The results were compared to Bird’s plots
for the skin friction coefficient, the pressure coefficient and the net heat transfer coefficient.
These results use approximately 30000 simulated particles and are plotted in Figures 4.2 - 4.4 on
top of the original solution plots.

Figure 4.2: Comparison of skin friction coefficient results of birdFoam to benchmark results, Bird
[16].
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Figure 4.3: Comparison of pressure coefficient results of birdFoam to benchmark results, Bird
[16].

Figure 4.4: Comparison of net heat transfer coefficient results of birdFoam to benchmark results,
Bird [16].
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The plots show that the primary unknown factor affecting the results is the collision
model. The pressure coefficient shows that the collision model used for this analysis was the VHS
model that uses the Larsen-Borgnakke method to model energy exchange between kinetic energy
and internal energy modes [60]. Because this methodology cannot be used to model atomic
titanium, which has no internal modes of energy storage, this method does not apply to the focus
of this research and the details will not be reviewed here.
These results compare well to the validation plots. The heat transfer coefficient and skin
friction coefficient are slightly higher for the higher inlet temperature cases but otherwise the
results are extremely accurate. The pressure coefficient is the most variable result of the three, but
it is still accurate and consistent with the known solutions. Cases without the Larsen-Borgnakke
method show a substantial increase in the pressure coefficient. Cases with an increased plate
temperature also show a slight pressure increase. However, all of these cases yield a matching
shape and the variation of Knudsen number follows the trend of results accurately. Overall, these
results validate that the newly developed birdFoam correctly models rarefied flow fields with the
DSMC methodology.

4.4 Geometry and Parameters Studied
As in the CFD case, the DSMC problem can be described by a 2D axisymmetric domain.
However, a 2D axisymmetric problem describes the cell volumes and surface areas as equivalent
rather than enlarging as the radial location increases. This yields inaccurate results when using a
particle tracking method because densities and particle motions cannot be correctly simulated.
For example, an equilibrium uniform density modeling in an axisymmetric domain requires fewer
particles in the smaller cells close to the axis and more particles in the larger cells away from the
axis. However, modeling particle motion two-dimensionally in such a case will yield an even
distribution, which is inconsistent and inaccurate.
Axial weighting factors have been utilized to account for the geometric variation and
achieve reliable results [16, 61]. Yet to this author’s knowledge, axial weighting factors have not
been used when solving a gas rapidly expanding into a vacuum. There also does not seem to be
an established calibration methodology that can be applied to find the appropriate weightings for
an uncalibrated case. Because of these deficiencies and the unique nature of this problem, the
DSMC solution was obtained using a 3D computational domain. This increases computational
time, but ensures accuracy. The DSMC geometry used to model Penn State’s EB-PVD chamber is
given in Figures 4.5 and 4.6.
Because particle methods do not solve a system of equations, the DSMC method does not
require material throughout the entire chamber. This allows the chamber to be modeled directly
without stability adjustments, such as those utilized when studying the finite-volume method.
Therefore, the DSMC domain is modeled as a 0.9 m cubic volume with an ingot centered in the
floor. The ingot is modeled as a particle inlet and all other boundaries are modeled as adhering
walls.
Deposition profiles are sampled at the same height as the CFD profiles, z = 0.4 m. The
profiles are taken along the midpoint of a line of cells to ensure no extrapolation error is
introduced into the results. For example, in Figure 4.5 the profiles can be sampled along the x or
y axis.
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Figure 4.5: DSMC chamber geometry.

Figure 4.6: DSMC floor mesh including the circular ingot geometry.
DSMC flow fields are rarely analyzed or described using non-dimensional parameters
due to the particle-based methodology. The inlet parameters required for DSMC modeling,
averaging to the final solution and the difficulty in defining certain properties leads naturally to a
dimensional description. For example, the viscosity of the material is not directly set by
properties at setup, so an accurate Reynolds number would require a post-solution calculation
from the averaged results. However, the mass flow rate and collision model are direct inputs so
describing the case with these dimensional parameters is more consistent and logical. The DSMC
solutions of PVD flow fields are discussed dimensionally throughout this work, although results
are normalized where appropriate and the coordinate system is still plotted non-dimensionally to
remain consistent across all parameter studies.
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The DSMC parametric study considered four parameters: Knudsen number, inlet mass
flow rate, collision model, and inlet profile. The Knudsen number defines the density at the inlet
and the overall flow field rarefaction. The inlet mass flow rate is used in conjunction with the
density to define the inlet bulk velocity. The variation of collision model alters the macroscopic
material properties of the vapor and the inlet profile adjusts the ratio of radial to axial momentum.
By varying these parameters, all possible DSMC inlet conditions can be studied and the
fundamental physics model can be fully understood.
The inlet properties for each case are calculated from a combination of the Knudsen
number and the mass flow rate. The inlet density is solved for using the desired Knudsen number
from Equation 1.5 using the ingot radius as the characteristic length. The inlet velocity is then
calculated by iteratively determining the solution to Equation 4.5 for the desired flow rate.
However, the net mass flow rate is not directly controlled due to a number of factors, such as
backscattering. Therefore, the approximate mass flow rate is used to solve for the input velocity
and the resulting net inlet flow rate is calculated and reported throughout the results.
The collision model is another feature substantially varied throughout this study. The
standard collision model used is the VHS model with a reference atomic diameter of 4.17x10-10 m
and ω = 0.74. This data was chosen to mimic an ideal gas, specifically nitrogen, such that the
material model is consistent with the CFD solutions in the previous chapter. These same
properties were also used with a hard sphere and the variable soft sphere model with a variety of
values for α. Models used by two other researchers were also tested. First, a titanium VHS model
used by Powell et. al. approximated the atomic diameter as double the value for nitrogen [17].
Also, Fan et. al. used an inverse power law model to calculate appropriate VHS parameters for a
variety of metals [24]. Their calculations suggested that titanium metal vapor should be modeled
with a diameter of 5.844x10-10 m and ω = 0.849. The parametric study explores all of these
collision model options for PVD titanium deposition.
The parameters of interest in this study are highly dependent on the number of collisions
that occur within the domain. For example, the collision model will have no effect in a
collisionless flow field, while the distortion of the inlet profile by collisions has already been
extrapolated to its extreme during the CFD analysis. Therefore, the parameters will be broken
down and each will be studied in the applicable physics regime. Specifically, lower Knudsen
number flows, or collision-based flows, will be used to analyze the effects of collision model
while higher Knudsen number flows, or collision-less flows, will be used to study the effect of
mass flux rate and inlet profile. Both regimes will study the effect of the Knudsen number. Each
of these categories uses a different base case and the parameters utilized are given in Tables 4.1
and 4.2.
Table 4.1: Parameters used during the FM study.
Base Case
Mass Flow Rate
2.38x10-4
2.51x10-4 2.95x10-4
[kg/s]
Knusden Number
1
10
0.1
Collision Model
VHS
Cosine,
Cosine,
Inlet Profile
Constant U
n=1
n=4

Other Cases
5.98x10-4
0.05
Cosine,
n=8

8.35x10-4

1.09x10-3

1.35x10-3
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Table 4.2: Parameters used during the DSMC study.
Base Case
Other Cases
-4
Mass Flow Rate [kg/s]
4.85x10
Knusden Number
0.005
0.001
0.01
VSS,
Collision Model
VHS
HS
α=1.3
Inlet Profile
Constant U

VSS,
α=1.6

VSS,
α=2.0

VSS,
α=2.5

Double
d12

Metal
Vapor

For cases with a Knudsen number of 0.01 or less, the mass flow rate is well above the
desired value even when a bulk flow rate is not applied. Therefore, the bulk inlet velocity is set to
zero for all of these cases to most closely approximate ARL’s EB-PVD chamber.

4.5 Particle Number Independence and Steady-State Verification
In DSMC methodologies, the mesh defines how the microscopic quantities are averaged
over the domain not how the solution is calculated. In DSMC flow fields, the primary variable
that is important is the simulated particle density. There must be a large enough number of
particles to allow accurate collision modeling and averaging throughout the field, but a small
enough number to allow a reasonable computation time. The number of particles was tested by
comparing a base case of 300,000 particles to cases with approximately quadruple, double, half
and a quarter of that number for the low Knudsen number base case. The result is given in Figure
4.7. Between the base and quadruple particle cases, the average error is 0.23%. The time
independence is verified by plotting the mass flux rate over time and is given by Figure 4.8. The
average error between time steps 0.11s and 0.13s is 0.11%. These results show that steady-state
has been verified and 300,000 particles yield a consistent average.

Figure 4.7: Effect of number of simulated DSMC particles on mass flux rate.
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Figure 4.8: Confirmation of steady-state for DSMC solution.

4.6 DSMC/FM Knudsen Number Cutoff Value
The first step of this analysis is to determine at what level of rarefaction collisionless
flows occur. This is done by comparing birdFoam and freeFoam solutions across a range of
Knudsen numbers. The DSMC/FM cutoff value is found where the collisionless and collisionbased codes begin to show substantially different results for the same case. A collision-based code
can accurately solve collisionless flow fields but not vice-versa. Therefore, the cutoff value is
selected to ensure freeFoam is only used in sufficiently rarefied cases.
The results of the relevant test cases to determine the cutoff value are given in Figures 4.9
through 4.12. These plots not normalized to make the variations more pronounced. As the plots
show, the first evidence of divergence appears at a Knudsen number of 0.03. The variation shows
a decrease in mass flux directly over the axis as the collisions spread the material from the
densest region more uniformly over the chamber and increases backscattering to the floor. The
effect will become more distinctive as the Knudsen number decreases further and the region of
substantial collisions expand radially.
The plots suggest the free-molecular solution should be applied at an inlet Knudsen
number of 0.04 or higher. This free-molecular breakdown Knudsen number is two hundred fifty
times lower than expected by the standard Knudsen number distribution given in Table 1.2. This
suggests either the characteristic length is incorrect or the hard sphere Knudsen number is
insufficient to describe rapidly rarefying flow fields. A quick calculation shows the characteristic
length cannot be the problem. It the characteristic length is adjusted to yield the standard cutoff
Knudsen number of 10, the new characteristic length is 8.75 meters. This does not correspond to
any feature of the 0.9 meter chamber. Therefore, the hard sphere Knudsen number must be
insufficient in this case and a rarefaction parameter based on mass diffusion should be used. The
construction, testing and verification of a new characteristic number is beyond the scope of this
work, however it is an important scientific goal and should be researched at a later time.
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Figures 4.9 - 4.12: Comparison of DSMC and free-molecular (FM) deposition profiles for Kn =
0.05 through Kn = 0.01.
The flow regime plot given in Figure 2.6 is adjusted for the new cutoff value and
reproduced in Figure 4.13.

Figure 4.13: Adjusted Knudsen number plot for physics model selection.
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This adjustment suggests the entire Knudsen number regime that was expected to be
modeled with DSMC can actually be modeled using a simple free molecular method. Free
molecular models are a much more powerful option than previous research suggests. This leaves
the DSMC and continuum regimes ambiguously defined, however the titanium vapor results are
still at least 3 orders of magnitude below this new breakdown parameter. Given how substantially
this decreases the range of CFD applicability and the knowledge that the inlet is dense enough to
warrant such a model, a hybrid CFD/DSMC methodology is expected to describe PVD flow
fields well.
It is important to note that this study is specifically looking at the distribution of mass
from the ingot throughout the vacuum chamber. The diffusion of energy is much more sensitive to
the particle collisions than the mass and momentum of the flow field. As such, temperature
characteristics of the DSMC flow field should show substantial deviation from the free-molecular
flow field at a higher Knudsen number than the determined breakdown parameter. Extreme care
should be taken when all aspects of the flow field are of importance, such as when a substantial
amount of the material fails to stick to the substrate or the internal energy of the coating vapor is
required to accurately determine the final coating characteristics. To demonstrate this property,
the thermal speed of the case with a Knudsen number of 0.03 is plotted for both a DSMC and
free-molecular solution in Figure 4.14:

Figure 4.14: Comparison of thermal speed for DSMC and free-molecular cases, Kn = 0.03.
As the plot shows, the excess thermal energy generated at the inlet has been spread out
more uniformly in the DSMC case, yielding a lower average thermal speed across the profile.
This is due to the higher number of collisions which more evenly distribute the kinetic energy
among the particles, reducing the thermal speed. If a lowered temperature would adversely affect
the quality of the manufactured coating, it is essential that a DSMC solver be used to accurately
design the coating.
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4.7 Parametric Study of DSMC
The overall DSMC flow field of the low Knudsen number base case is illustrated in
Figures 4.15 and 4.16 and the high Knudsen number base case in Figures 4.17 and 4.18. Particles
are inserted at the bottom center of the chamber and move and collide throughout the vacuum. At
a high Knudsen number, the particle distribution and momentum are focused directly above the
ingot with minimal flow into the floor corners. As the flow moves upward, the particles move into
the vacuum within the chamber. At lower Knudsen numbers, more particles enter the chamber
which causes additional collisions that redirect particles radially. This yields higher overall
momentum magnitude and substantially higher diffusion of momentum radially. The overall
DSMC flow field displays the expected characteristics of PVD vapor transport.

Figure 4.15: (left) Overall distribution of particles in DSMC base case, Kn = 0.005.
Figure 4.16: (right) Overall momentum magnitude distribution in DSMC base case, Kn = 0.005.

Figure 4.17: (left) Overall distribution of particles in free-molecular base case, Kn=1.
Figure 4.18: (right) Overall momentum magnitude distribution in free-molecular base case, Kn=1.
The effect of Knudsen number on the deposition profile is studied in both the DSMC and
free-molecular regions. The variation of Knudsen number is shown in Figures 4.19 and 4.20. In
the free-molecular regime, the deposition profiles show a substantial increase in mass diffusion
radially across the chamber as the Knudsen number decreases. However, below a Knudsen
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number of around 0.01, the Knudsen number has a much smaller effect on the mass diffusion.
This suggests increasing the number density does not increase the radial diffusion, despite the
additional collisions. The core must contain the additional particles and prevent additional radial
momentum from escaping to the empty portions of the chamber. Otherwise, the Knudsen number
seems to have a limited effect, as the other variations are consistent with the change of inlet mass
flow rate between the cases.

Figure 4.19: Effect of Knudsen number on deposition rate. (Mass flow rate in parentheses)

Figure 4.20: Effect of Knudsen number on deposition profile. (Mass flow rate in parentheses)
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Therefore, the next parameter of interest is the inlet mass flow rate. The dimensional and
non-dimensional plots of mass flux for this study are given in Figure 4.21 and 4.22, respectively.
These profiles are for cases with a constant Knudsen number of 1, so these results yield the effect
of mass flow rate independent of collisions and Knudsen number. They show an effect similar to
the effect of the Reynolds number on continuum flow fields. As the flow rate increases, the rate
of deposition increases throughout the profile. The increased axial momentum focuses the flow
toward the center of the chamber, causing less uniform profiles to develop.

Figure 4.21: Effect of inlet mass flow rate on deposition rate.

Figure 4.22: Effect of inlet mass flow rate on deposition profile.
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The results show the expected variation: increasing the mass flow rate increases the
deposition rate along the entire profile. However, the effect on profile uniformity is quite limited.
The profile shows negligible variation over the first 3 ingot radii and an overall variation similar
to the Knudsen number. This means the evaporation density and velocity are both individually
critical to proper DSMC models of PVD flow fields.
Next, the selection of the collision model is analyzed. The mass flux for each collision
model is given for a Knudsen number of 0.01 in Figure 4.23:

Figure 4.23: Effect of collision model on DSMC solution.
The results show that the collision model only has an effect near the axis, which is
negligible within a few ingot radii. The largest average mass flux percent difference between all
collision models is only 5%. If the collisions occurred across the entire flow field, the effect
would be seen across the entire profile. However, the focus at the axis means that collisions only
occur at the axis. This matches well with the virtual source observation, which predicts a high
collision region directly above the ingot. Any particles that leave the high collision core region
are most likely to escape if their trajectory is perpendicular to the surface of the core, creating
particles that move in parallel trajectories with little chance of colliding throughout the rest of the
domain. This small core region defines the diffusion of material across the chamber. A particle
based illustration of the virtual source is given in Figure 4.24.
Collision models differ in the amount of momentum and energy exchanged between the
collision partners. As the results show, the collision model applied does not play a large role in the
mass diffusion, although the variation in momentum exchange does allow a small effect to
develop at the axis, at the location of the greatest number of collisions. The variation suggests a
highly unique collision is required to alter the deposition profile. Because such a model may best
describe the material properties of evaporated titanium, special care should be applied to collision
model selection when using the DSMC method.
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Figure 4.24: Illustration of filter effect of evaporated particle core.
The inlet profile has the most drastic effect on the overall deposition distribution. The
variation of inlet profile for cases with a maximum azmuthal angle of 30° is shown in Figure
4.25:

Figure 4.25: Effect of inlet profile on FM deposition profile.
The simple uniform velocity inlet results in the largest least uniform coating because the
mass flow is being focused primarily in the axial direction. The spreading of the mass radially
into the chamber is limited by the Maxwellian distribution characteristics at the inlet. However,
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the cosine distributions direct substantial flow radially, which spreads the mass throughout the
chamber more evenly. It is important to remember that the finite-volume methodology showed
limited deviation due to the inlet profile. Therefore, this deviation in deposition profile is due to
the vaccum used in physical vapor deposition and will not appear in denser flow fields.
The cosine distribution to the first power shows a highly uniform mass distribution spread
across the chamber, which may account for the relatively even coating thickness seen on most
components. As the power of the cosine distribution increases, the flow becomes more focused
and the distribution is decreased and approaches the uniform inlet. This is consistent with
emperical results for evaporation from a cavity. A collimated source focuses the evaporation
momentum in the axial direction, creating a more concentrated profile as given by the cosine law
with a high exponent. This effect is illustrated in Figure 4.26. These results suggest a simple
cosine law distribution can be effective in modeling PVD flow fields, given the appropriate
parameters are selected. However, unless the evaporation source is very well defined this does not
improve the ability of DSMC to successfully design, only to reproduce experimental results.

Figure 4.26: Comparison of evaporation from a disc source and a collimated source.

4.8 Suggested DSMC Use and Methodology
The DSMC modeling methodology is applicable to a wide variety of PVD flow fields.
However, the effect of the inlet parameters is much more pronounced than with CFD
methodologies. Extreme care must be taken when applying DSMC to ensure the result is
accurately modeling the case and the case is not being constructed to give the desired result. With
the large number of inlet properties and limited amount of measureable experimental data, this
can make DSMC flow fields very difficult to implement accurately.
Despite this difficulty, DSMC solvers can be extremely powerful tools for modeling
PVD. They can model near-continuum flow fields if a very large number of particles are used,
can capture free-molecular mechanics in highly-rarefied regions and can easily be adjusted to
include chemical reactions and background gases. However, when used outside of the
intermediate Knudsen number range, DSMC methods require extremely long run times and
become very inefficient. Therefore, DSMC should be used exclusively in rarefied cases.
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The material properties tested here have a limited effect on the DSMC predicted
deposition. Using an improved collision model with strong intermolecular forces may change this
outcome, but until such a collision model is developed the material model does not strongly affect
the deposition profile. Instead, the inlet profile is the primary source of this physical process in
DSMC models. With proper modeling of the inlet, accurate PVD vapor transport models could be
made for a wide variety of cases.
The recommended method to apply DSMC to PVD simulations is as follows:
1) Choose or measure an appropriate evaporation temperature. This is the inlet temperature.
2) Find an appropriate saturated density at the inlet temperature. This is the inlet density.
3) Use Equation 4.5 to determine the inlet bulk velocity required to obtain the desired mass
flow rate. If the mass flow rate is not a parameter of interest, set the velocity directly
based on the whatever criteria define the case.
4) Select a collision model to describe the evaporated material. In most cases, the specific
parameters are not likely to affect the results unless the substrate is extremely close to the
ingot, chemical reactions are present or strong intermolecular forces are modeled.
5) Run the model with the chosen properties for the desired case or design.
The advantages and disadvantages of modeling PVD flow fields with particle methods are
given in Table 4.3. DSMC models are slower, but can accurately model a wider variety of PVD
flow fields. Care should be taken to use accurate inlet parameters when modeling experimental
cases. DSMC is an extremely powerful PVD modeling tool, however it should be limited to flow
fields with the appropriate level of rarefaction.
Table 4.3: Advantages and disadvantages of DSMC modeling methodologies
Advantages
Disadvantages
 Wide range of application
 Inlet parameters have large effect
 No stability issues
 Highly inefficient if used incorrectly
 Negligible effect of material properties
 Best on powerful machines
 Difficult to ensure accurate modeling
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Chapter 5
Hybrid CFD-DSMC Rarefied Flow Solver
5.1 Introduction to Hybrid CFD-DSMC Solvers
Multiscale or multiphysics models have become commonplace in a variety of scientific
communities as more complex processes become the focus of modern research [62]. Multiscale
modeling is any modeling process that uses multiple submodels to attempt to capture
substantially different physics in a single simulation. For example, the effect of heating a
component could be modeled on the atomic level to determine the grain size and then the grain
size could be used to determine the overall material properties. Multiphysics techniques are being
used in a wide variety of fields, including astrophysics, biology, environmental science, material
science and fluid mechanics and frequently involve interdisciplinary endeavors.
Hybrid CFD-DSMC solvers, which will be referred to simply as hybrid solvers
throughout this work, are a type of multiscale model designed to simulate rarefied or near-rarefied
flow fields. Hybrid solvers divide the computational domain into low mean free path continuum
regions and high mean free path rarefied regions. Each region is then solved with their respective
physics models. The computationally expensive DSMC solver is applied where required to
maintain accuracy and the finite-volume method is used in dense regions to model more
efficiently. A wide variety of hybrid solvers have recently been developed for application in fields
such as biomedicine, hypersonics, chemical reactions, physiology and micro-electromechanical
systems [63]. However, there does not seem to be any previous attempt to apply a hybrid model
to PVD flow fields.
Hybrid solvers have been developed with a wide variety of methodologies. Regardless of
the methodology, successful application of a hybrid solver depends on accurately determining
how to define the regions and how to exchange information between them. Correct domain
decomposition is traditionally made through selection and proper scaling of a breakdown
parameter, such as the Knudsen number. Depending on the variation of time and length scales
between the models, information exchange may be unidirectional, complete and instantaneous, or
each piece of information may be individually exchanged based on selected conditions. The
method of information exchange is highly dependent on the application and is crucial to obtaining
an accurate simulation.
As the introductory analysis showed, saturated titanium vapor is extremely dense at the
temperatures of interest to PVD modeling efforts. The vapor is also expected to expand
considerably during PVD processes as it fills the chamber. Given these observations as well as
observations made during the CFD and DSMC parameter studies, it is reasonable to assume a
hybrid CFD-DSMC solver could be the optimal modeling methodology for PVD vapor transport.
In this chapter, an overview of previous hybrid solvers is performed and a custom hybrid solver is
constructed. A parameter study is then performed to determine if hybrid solvers can be
successfully applied to PVD flow fields.
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5.2 Hybrid Solver Breakdown Criteria Overview
Numerous studies have been performed to define the appropriate breakdown parameter
for a desired near-rarefied problem type. An early study sought the optimal parameter for
predicting breakdown in 1D and 2D flows with shock waves [64]. The selection was made by
choosing a desired cutoff value of 0.05 and determining which parameter best fits the criterion.
The tested parameters were the local Knudsen number, the gradient-length local (GLL) Knudsen
number and the Bird parameter, which are given by Equations 5.1 through 5.3, respectively:
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where s and l are characteristic lengths and Q is either density, velocity or temperature. A detailed
performance analysis between CFD and DSMC methodologies showed that the gradient-length
local Knudsen number yielded the most accurate prediction of continuum failure in these shock
wave flows.
These parameters were modified and tested over a broader range of shock wave
applications in later research [65]. Bird’s parameter and the GLL Knudsen number were applied
separately to density, velocity and temperature. The maximum of the three values was used as the
breakdown parameter, as given by Equation 5.4:
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where the subscript denotes the gradient used in the calculation. This methodology was applied to
a double cone with half angle of 25° and 55° and a 10° converging hollow cylinder-30° diverging
conical flare. In both cases, Bird’s parameter showed a deficiency in predicting breakdown in a
region of the flow field that the Knudsen number accurately predicted. A maximum gradient
length-local Knudsen number of 0.05 was shown to be the most consistent predictor of nonequilibrium across these problem types.
An analysis of complex breakdown parameters was also performed [66]. The ChapmanEnskog parameter, Bird’s parameter, the GLL Knudsen number, Garcia’s parameter and the
symmetric heat flux tensor were applied to a free expansion jet flow and stationary shock waves.
The Chapman-Enskog and Garcia’s parameter are given by Equations 5.5 and 5.6, respectively:
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where q is the heat flux vector, τ is the shear stress vector and C is the random speed, also known
as the non-bulk or temperature speed. The non-equilibrium regions of the free expansion jet were
predicted accurately by Bird’s parameter, the Chapman-Enskog parameter and GLL Knudsen
number. However, the heat flux tensor was shown to accurately predict the onset of shock waves
where the GLL Knudsen number failed.
A good summary of scaling parameters, key points and descriptive simulation results can
be found in reference [67]. The summary shows that breakdown parameters can be described as a
ratio of mean molecular collision time to characteristic flow time or as a ratio of shear stress to
pressure. The modified Tsein parameter was presented as the optimal breakdown parameter for
high speed blunt body flow. The modified Tsein parameter is given by Equation 5.7:
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where the * subscript corresponds to a characteristic temperature and its corresponding viscosity
and the subscript ∞ denotes the far-field conditions.
Breakdown parameters have not yet been standardized across any type of hybrid flow.
The selection of parameter changes with application, rarefaction level and sometimes even
personal preference. Most breakdown parameters are similar and have comparable elements,
making them applicable to almost any case if properly scaled. To this author’s knowledge, no
breakdown parameter has been applied to rapidly rarefying flow fields such as PVD processes. As
such, the appropriate parameter and scaling methodology are unknown at this time and a general
approach will be needed for this study.

5.3 Hybrid Solver Overview
Multiphysics rarefied fluid solvers can be grouped into three categories: direct Boltzmann
solvers, particle-particle solvers and hybrid CFD-DSMC solvers. Each methodology attempts to
overcome the complexities of accurately patching together the widely variable physics in a
unique way. The direct Boltzmann methods solve both the continuum and rarefied regions by
discretization of the governing equations, yielding a consistent solution method throughout the
domain but introducing substantial stability issues. Particle-particle methods solve both regions
by a representative cloud of particles, again creating a solver with a single consistent
methodology but decreasing computational efficiency. Finally, the CFD-DSMC methodology
patches together a finite-volume CFD and particle based DSMC methodology with a patching
algorithm designed to accurately convert microscopic properties to macroscopic properties and
vice versa. Hybrid solvers attempt to retain the best features of each model while preventing
unnecessary computational complexity, although additional error and complexity is often
introduced through the patching process.
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A detailed analysis of direct Boltzmann solvers has been completed through a grant from
the United States Air Force [68-74]. To solve the Boltzmann equation for rarefied flows, two
methods were applied: the conservative splitting method (CSM) and the discrete velocity
conservative method [64]. CSM breaks the Boltzmann equation down similar to the DSMC
method, with a finite-volume free molecular stage and a finite-difference collision stage that is
absolutely stable. The discrete velocity conservative method solves the full collision integral
using a node-to-node (NtN) method in velocity space. The continuum Euler equations are then
solved using either a Maxwellization scheme that directly changes the distribution function in
each cell to the equilibrium state or the Euler flux scheme that solves for the flux across each cell
boundary. Application of these schemes to a Mach 3 flow over a cylinder showed any
combination of these schemes yields good results and improved efficiency.
Further work adapted the code for parallel calculation [69], added the ability to solve
multi-component and reactive gas mixtures [70] and applied the results to both low and high
speed flows [71]. An improved node-to-closest node (NtCN) method was also implemented for
the rarefied region and the Euler solver was substituted for a Navier-Stokes solver to increase the
range of applicability and further increase computational efficiency [72]. The resulting code was
applied with great success over a wide range of applications, although they all focused on flows
that developed shock waves due to high speed flow over or into various surfaces. The entire
project has been summarized briefly [73] and extensively [74], including the various solution
methodologies, V&V, applications and comparison to experimental results.
Recently, an additional direct Boltzmann solver has been developed that further improves
efficiency by solving the Boltzmann equation without splitting the solution into movement and
collision steps [75]. The rarefied region can then be solved using the same large time steps used
in the continuum regions, reducing the number of time steps needed to reach the solution. Results
for many simple 1D problems showed this methodology was valid in both the continuum and
rarefied regions, however more complex applications have not been attempted.
Particle-particle methodologies have the most complex coupling mechanisms, but directly
model the physical process rather than attempting to solve a governing equation. An early
methodology uses a modified version of the DSMC methodology [76]. After each particle
movement step of this model, the Chapman-Enskog parameter is used to determine which cells
are rarefied and which are continuum. Rarefied cells undergo DSMC collisions, but continuum
cells are projected into a local thermal equilibrium. This greatly simplifies the calculation of the
continuum regions, improving computational efficiency. The code was successfully applied to
flow over an off-axis 2D ellipse. This model was expanded to utilize automatic domain
decomposition based on deviation from a local Maxwellian distribution on a 1D shock tube [77]
and implement the steady-state Navier-Stokes solution as the initial condition for a 2D micro
cavity problem [78].
Another particle-particle code uses volume deformation to track Navier-Stokes cells as
they move throughout the domain [79]. A bulk velocity and single macroscopic temperature value
are calculated for each cell. Those results are then used to move and deform the continuum cells
as they cross the domain. This model was applied to a shock tube and a ramp-channel flow. A
combination of local Knudsen numbers was selected as the breakdown parameter and buffer
zones were added later [80]. This code was shown to yield very good agreement for a Mach 6
flow over a cylinder.
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Finally, a relaxation time Monte Carlo method was used to model continuum-transition
flow regimes with lower Knudsen numbers using particle-particle methods [81]. This
methodology moves a select number of particles in each region based on the local relaxation time.
Two additional collision models were also utilized to more accurately capture the continuum in
dense areas: the ellipsoid-statistical and multiple translational temperature models. These models
showed improved computational efficiency and acceptable accuracy for a variety of microchannels.
CFD-DSMC methodologies are the most common type of dense-to-rarefied solver. CFDDSMC solvers tend to be slightly less efficient than the other methodologies, but these solvers
use the two most commonly recognized and thoroughly validated numerical fluid mechanics
methods to ensure consistency and accuracy. They also tend to be easier to construct because of
the plethora of pre-made CFD and DSMC solvers available and are more generally applicable
over a wider range of applications.
Early CFD-DSMC solvers used decoupled approaches to minimize computational
complexity. A decoupled scheme was used to study a Mach 10.3 steady-state rarefied flow over a
blunted cone [82]. This research used the steady-state Navier-Stokes solution to calculate the
breakdown parameter and determine the appropriate regions for DSMC. Once the DSMC regions
are found, the steady-state CFD solution is used as the inlet for the DSMC region as it runs until
steady-state. Maxwellian and Chapman-Enskog distributions were tested as possible hybrid
interface, but the comparison showed only a small difference between the two cases. The results
showed the hybrid and pure CFD solutions were more accurate on different parts of the blunted
cone, although the hybrid method may have been improved through a higher resolution mesh that
would more accurately select the DSMC region in the tight corners.
A similar methodology
was also applied to a plume flow through a high speed nozzle into a hard vacuum [83]. The
Chapman-Enskog parameter was used to breakdown the flow region and results showed that the
addition of the DSMC region substantially improved the accuracy compared to a pure CFD
model.
Decoupled methods have also been created which use the DSMC solution as the input
into the CFD solution. For very dense regions, a coupling scheme was created to calculate the
friction forces over solid surfaces to replace generic slip boundary conditions [84]. The CFD is
solved throughout the region but the DSMC particle scheme is used in a small overlapping region
near wall boundaries to calculate the appropriate friction forces for the CFD boundary. This
method was shown to yield good agreement for flow over a near-rarefied flat plate.
Similarly, the CFD solution method has been used as a filter to more quickly solve
DSMC regions [85]. By using the CFD solution method as an intermediate step in the DSMC
averaging process, the particle fluctuations are reduced quickly in a manner similar to CFD multigrid methods. This was successfully applied to a microchannel with Knudsen numbers of 0.07
and 0.14 with as few as 10 CFD time steps.
Hybrid CFD/DSMC methods are particularly well suited for use with microfilters. Such a
study was performed using a Schwartz coupling scheme with overlapping domains and a kernel
selection process for interpolation between the solution regions [86]. The microfilter was
modeled as a CFD region flowing into a DSMC region at the filters and exiting again into another
CFD region. The convergence of the code was tested for varying size filters and a dual filter
configuration. This research was continued to further study the coupling scheme and
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computational savings [87]. The results showed overlapping regions are mandatory for accurate
convergence and convergence was found 8.26 times faster than with a simple DSMC solution.
However, the study was theoretical and did not validate the result against an experimental
standard.
A common method for coupling CFD and DSMC regions is through the use of
overlapping buffer cells. These cells generate a standard particle distribution based on the CFD
solution a number of cells back from the interface and allow the DSMC particle field to develop
into a more realistic distribution before entering the actual solution field. Such a technique was
applied along with an Information Preservation (IP) methodology to simulate the flow of argon
through a shock tube [88]. The IP method tracks the macroscopic properties throughout the
DSMC solution field to reduce statistical scatter where flow moves from DSMC to CFD regions.
The results showed good agreement with experimental results, but higher computational expense
than a simple DSMC solution field. This was analyzed in more detail in future work with
simulations over a flat plate and a micro airfoil [89]. The results showed a numerical savings for
simulations with a larger percentage of CFD cells due to the limited incorporation of additional
macroscopic calculations. This methodology may be greatly improved by applying the IP
technique exclusively to DSMC cells near a CFD boundary, similar to the application of buffer
cells.
A time adaptive technique has also been implemented for use with hybrid CFD-DSMC
methods [90]. The CFD is first solved over a reasonable time step and the solution is stored.
Then, the DSMC regions are calculated through multiple smaller time steps set based on the mean
free path of the particles. This minimizes the number of CFD calculations required to reach a
solution while also maintaining the accuracy of the DSMC region. This methodology was
validated for a variety of problems, including thermodynamics equilibrium, concentration
diffusion and various shock waves. The results concluded this methodology has substantial
potential, but additional tests for robustness and accuracy were required before wide-scale
implementation.
This time adaptive technique was also applied to a steady-state solution methodology
using Schwartz coupling and adaptive region selection [91]. In this methodology, the steady-state
CFD solution is found throughout the field and KnGLL, max is calculated and used to define the
CFD and DSMC regions, including an overlap region based on a Kn that is chosen to obtain
the desired overlap size. With this preliminary field established, both regions are calculated
separately in their own subdomains until a steady-state solution is again achieved at which
point KnGLL, max is recalculated and the subdomains are split again. The cycle continues until the
domain breakdown is confirmed accurate within a prescribed amount. The DSMC region also
employs a separate grid refinement to ensure optimal solution methods are employed. This
method was applied to a 1D shock tube and a 2D expanding jet and compared to the CFD
solution to show this method yields improved accuracy. Later work validated this methodology
for a supersonic expansion [92]. It was able confirm the expansion-shock region of the flow field
entrains background particles into the flow field which concentrate at the point of lowest pressure
just behind the Mach disk. The inlet particles collided with these entrained particles an average of
1.8 times as they cross the supersonic region, suggesting they may have a significant impact on
the flow field.
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A complex multi-zone coupling methodology has been developed and applied using an
unstructured 3D mesh [93]. This method breaks the coupling zone into 4 regions that overlap
CFD and DSMC property calculations, coupling boundary conditions and solution
methodologies. This design achieves accurate results without the need to perform calculations far
from the boundary regions. Verification was performed for 2D supersonic flow over a 25° halfangle wedge and 3D flow of two parallel near-continuum orifice jets. This methodology was
redesigned for parallel implementation by utilizing a different Navier-Stokes solver [94]. A
pressure based KnGLL criterion was also developed to more appropriately breakdown the
boundary layer region of the flow field. This parallel solver was applied to hypersonic flow over a
2D square cylinder and a 25° half-angle wedge for comparison to the previous work.
A simplified hybrid method was also applied to a microscale 2D converging-diverging
nozzle and compared to the CFD and DSMC solutions [95]. The hybrid model was studied by
breaking the nozzle down into a CFD and DSMC region at various axial locations. The results for
the standard CFD solution, CFD slip-boundary solution and the various hybrid breakdown
locations were then compared to the DSMC results through the total thrust, nozzle efficiency and
specific impulse. The best results were obtained when the CFD-DSMC boundary was placed at
the nozzle throat, although the slip CFD model could be considered reasonably accurate and it
was concluded a more accurate breakdown methodology was required to achieve a useful hybrid
methodology.
Most recently, a hybrid cycle was developed using the OpenFOAM solvers
rhoCentralFoam and dsmcFoam [96]. This cycle used a manual manipulation of the calculations
between the two solvers instead of a single fully automated code. Using this methodology, the
CFD solution was solved and the breakdown parameter calculated throughout the field. The
appropriate DSMC region was then crafted including additional overlapping buffer cells. The
results are then compared to a convergence criterion, which requires either an experimental
measurement or fully solved DSMC flow field. If the solution has not converged, the overlap
region is extended and the DSMC solution continues until the desired result is achieved. This
steady-state methodology was validated by a hypersonic flow over a nanoscale flat plate and a
hypersonic flow over a microcylinder. The results showed good agreement with the known
solutions and suggested that the CFD/DSMC boundary must be situated at a location that can be
appropriately described by both models or the solutions will be weakly fitted and the results will
fail to match across the interface. Although an extremely good first step, this particular
methodology is limited in applicability by the manual application, the one-time CFD field
Knudsen number calculation, the grid refinement being applied only to the DSMC field and the
coupling criterion that requires a known solution to determine convergence.
A large number of similaries are present amongst these multiphysics modeling
techniques. First, there are no rapidly rarefying flow fields simulated with this method. These
models are applied to standard pressure flows that have regions with a high Knudsen number,
such as high speed shock waves or microchannels. Also, all of these methodologies are extremely
automated. Automatic region selection and adjustment, automatic adaptive time schemes and
automatic cell overlapping are common features of these models. In fact, the focus of most
previous multiphysics modeling research has been to improve efficiency compared to a standard
DSMC method or improve these automated features.
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5.4 Hybrid CFD-DSMC Methodology for PVD Vapor Transport
This research seeks to create a hybrid CFD/DSMC code that can provide additional
insight into rapidly rarefying flow fields. As discussed previously, hybrid solvers typically include
a wide variety of automated features to improve performance, convergence, stability or accuracy.
Not only are some of these features unnecessary to study PVD flow fields, but the current
OpenFOAM architecture also prevents their application. Hence, a simplified hybrid solver is
constructed here that can be improved and expanded to include these advanced algorithms at a
later time.
The most critical limitation of OpenFOAM is the lack of infrastructure to move cells
from one model region to another. OpenFOAM’s standard multiphysics codes are used to model
fluid-solid interfaces, in which cells may deform throughout the simulations. However, each cell
is never removed or added from a model region, nor is their relationship to neighboring cells or
boundary conditions. OpenFOAM is currently incapable of transferring cells between regions and
redefining the internal boundary conditions to match. This makes any method of redefining the
CFD and DSMC regions based on a breakdown calculation impractical to implement. To
overcome this limitation, CFD and DSMC regions are predefined and altered between
simulations to achieve the desired results.
The OpenFOAM architecture also makes an adaptive time step unfeasible. Standard
multiregion codes implement a single control dictionary and therefore use a single t throughout
the entire region. Application of adaptive CFD and DSMC time steps is possible with extensive
alteration and tracking of multiple dependent time parameters. However, this feature is utilized to
improve computational efficiency. Since the emphasis of this research is the development of a
hybrid CFD-DSMC model for PVD flow fields, the implementation of adaptive time steps and
other optimization features are left to future research.
These limitations require the hybrid solver to be designed specifically for PVD flow
fields rather than a generalized application. Therefore, the first step is to determine any unique
features of the flow that may aid in the design process. PVD flow fields are driven by the dense
inlet region near the inlet which is the source of all mass, momentum and energy. The DSMC
results showed that for these rapidly rarefying flow fields, particles expand into the open vacuum
in such a way that collision are very unlikely away from the inlet. Particle collisions in a hybrid
model are expected to be focused very near the boundary between the CFD and DSMC regions
and negligible farther into the flow.
Besides being the region of highest density, the particles are also inserted into the DSMC
region with a Maxwellian distribution, forcing non-parallel particle flow near the CFD-DSMC
boundary until the first series of collisions can resolve. However, this region is extremely small
and requires a concentration of particles to be inserted at a single location before a large number
of collisions can occur. Therefore, it is assumed that material backscattering from the DSMC
region to the CFD region is negligible at any Knudsen number for which the application of a
hybrid solver is desirable. This is illustrated in Figure 5.1:
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Figure 5.1: Schematic of important regions during CFD-DSMC modeling of PVD.
The adapted methodology based on the assumption of negligible backflow is analogous to
a forward differencing scheme. The known flow direction, in this case from the CFD region to the
DSMC region, is used to design and optimize the hybrid solver. In each time step, the CFD region
is solved first to describe the DSMC inlet. The CFD information is then used to create the inlet
particle fields and complete the solution of the DSMC region. Coupling occurs directly at the
CFD-DSMC boundary where information is exchanged between regions. This best utilizes the
OpenFOAM architecture and functionality. The hybrid CFD-DSMC algorithm has been named
hybridFoam and is diagramed in Figure 5.2:
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Figure 5.2: Logic tree algorithm for hybridFoam.

5.5 Hybrid CFD-DSMC Coupling Scheme
The coupling between the CFD property fields and the DSMC particle field utilizes the
breakdown of the boundary into two separate sides to maintain consistency and simplicity. Each
side can perform the calculation required for the associated region separately in a manner that
allows easy access and modification without editing the primary CFD or DSMC calculation in
any way. To implement this method of information exchange, the boundary conditions are
updated both before and after the calculation of the CFD region. This maintains an up-to-date
value on both sides of the boundary for information exchange between regions.
The selection of coupling methodology is illustrated in Figure 5.3. It is based on how the
boundary information relates to their corresponding solution fields. The state of DSMC particles
is defined by the velocity and temperature at the boundary which set the bulk velocity, non-bulk
velocity and internal energy of the particles. The remaining variable, pressure or density, defines
the number of particles present at the boundary.
The appropriate boundary conditions are created by applying the assumption of negligible
backscatter. Because particles do not travel back into the CFD flow field, the DSMC particle state
is defined entirely by the CFD solution and information is not sent back the other way. Therefore,
the velocity and temperature information are only exchanged one-way, CFD to DSMC. However,
the amount of material at the CFD-DSMC boundary is defined by the rate material spreads across
both regions. Therefore, the CFD pressure and DSMC number density values are calculated by
exchanging information between both regions. This is done by interpolating between the CFD
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Figure 5.3: The hybridFoam interface between the CFD and DSMC regions.
and DSMC cells using the pressure on the CFD side of the boundary and the corresponding
number density on the DSMC side. The details of the interpolation method used for this study can
be found in Appendix D.
The boundary values must be updated before each model to maintain mass, momentum
and energy conservation. This is done by performing the boundary calculations on the CFD side
of the boundary and using the DSMC side as a simple conversion. When the CFD boundaries are
calculated, the boundaries are fully prepared for the DSMC solution field, fulfilling the laws of
conservation easily and consistently within the OpenFOAM architecture.
A modified DSMC inlet model is used at the interface to ensure mass conservation. This
new inlet uses the Maxwellian distribution to define the momentum and energy of the particles, as
given previously by Equation 4.6. However, the number flux at the inlet is altered to exactly
match the amount of material leaving the CFD region. This creates a non-equilibrium inlet with a
Maxwellian distribution that assumes a negligible amount of backflow. The number of particles
created at the DSMC inlet is calculated using the standard definition for flux, as given by
Equation 5.8:

N  nU bulk

(5.8)
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5.6 Geometry and Parameters Studied
The geometry used for the hybrid CFD-DSMC simulations is illustrated in Figure 5.4.
The overall chamber matches the chamber used during the DSMC analysis: a three-dimensional
cubic chamber with 0.9 meter sides. This chamber is manually broken down into a near-ingot
dense CFD region and a far-field rarefied DSMC region.
The CFD region is generally cylindrical shaped as illustrated in Figure 5.5. The
remainder of the chamber is as a DSMC region. The lower surface of the CFD region is fixed on
the ingot, with radius ringot. As the vapor plume expands into the chamber, the dense region may
expand radially into the chamber or shrink radially due to the expansion into the vacuum.
Therefore, the remaining dimensions, labeled Z and R in the diagram, are variable and the size
and shape of the CFD region are studied during the analysis. The standard test shape for the CFD
region has been chosen as Z  R  ringot .

Figure 5.4 (left): PVD chamber geometry for the hybrid solution.
Figure 5.5 (right): Geometry of the CFD region used for the hybrid solver.
With this geometry, there are 3 types of boundaries present: the CFD ingot boundary, the
DSMC wall boundaries and the CFD-DSMC hybrid boundary. The boundary types used with the
hybrid solver are given in Table 5.1. The ingot and walls are set traditionally. The CFD-DSMC
boundary method allows the ingot to be fully defined. The walls are set to standard DSMC walls,
with zero density, zero velocity and a zero gradient temperature calculation. The DSMC side of
the hybrid boundary sets the value on the DSMC side equal to the value on the CFD side, with
standard conversions where needed.
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Table 5.1: Boundary calculation types used with the hybrid solver.
Boundary
Pressure / Number Density
Velocity
Ingot
Fixed Value
Fixed Value
CFD
CFD Hybrid
CFD-DSMC Interpolation
Zero Gradient
Region
Boundary
DSMC Hybrid
Convert BC
Convert BC
DSMC
Boundary
Region
Chamber Walls
Zero Value
Zero Value

Temperature
Fixed Value
Zero Gradient
Convert BC
Zero Gradient

The CFD side of the hybrid boundary is the most complex and the key component of the
coupling. The velocity and temperature are solved in the CFD region and sent one-way to the
DSMC region. As such, the CFD boundaries can be set to accurately model the CFD region. After
a variety of tests, a zero gradient boundary condition was chosen. Although other boundaries may
seem like they fit the case better, such as a far-field boundary, the small size of the CFD region
causes the inlet characteristics to dominate the CFD physics. Therefore, a zero-gradient BC that
best propagates those effects was chosen. Finally, the pressure boundary is interpolated linearly
between the CFD and DSMC cells to ensure a consistent value is used between both regions. The
details of the interpolation boundary condition are given in Appendix D.
The hybrid model parameter study includes eight parameters: Reynolds number, Mach
number, Knudsen number, inlet temperature, CFD height (Z), CFD shape (R), collision model and
inlet profile. These parameters cover the range of CFD and DSMC physics as well as the unique
physics present in hybrid flow fields. As with the DSMC study, the hybrid study is broken down
into collision dominated and collisionless flow fields. A breakdown of the parameter studies and
the values used is given in Tables 5.2 and 5.3.
In this analysis there are 3 inlet values (pressure, velocity and temperature) that can be
used to define 4 parameters of interest (Re, Kn, Ma and temperature), so one parameter must be
allowed to vary freely while the others are strictly controlled. The Mach number is chosen to
remain uncontrolled because it is expected to have no effect on the deposition profile, as shown
during the CFD parameter study.
Table 5.2: Parameters used in the high Knudsen number (Kn = 0.1) hybrid parameter study.
Base Case
Other Cases
Reynolds Number
9.4
4.2
7.8
11.4
15.1
18.7
Mach Number
0.7
0.3
0.5
0.9
1.1
Temperature [K]
2000
1500
1800
1900
2000
2100
2200
CFD Height (Z) [m]
0.035
0.00875 0.0175 0.04375 0.0525 0.06125 0.07
CFD Shape (R) [m]
0.035
0.0175
0.07

2500

Table 5.3: Parameters used in the low Knudsen number (Kn = 0.003) hybrid parameter study.
Base
Other Cases
Case
Reynolds Number
364
91
146
182
546
782
Knudsen Number
0.003
0.002
0.004
0.005
Collision Model
VHS
HS
VSS
Double R
Metal Vapor
Inlet Profile
Uniform Cosine, n=1 Cosine, n=4 Cosine, n=8

75

5.7 Particle Number Independence and Steady-State Verification
The steady-state and particle number density verifications are confirmed as given in
Figures 5.6 and 5.7. The number validation case yielded 0.37% average error between the base
and triple cases and the steady-state validation yielded 0.44% average error between the 0.055
and 0.065 time steps.

Figure 5.6: Validation of steady-state for the hybrid model.

Figure 5.7: Validation of the particle number independence for the hybrid model.
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5.8 Parametric Study of the Hybrid CFD/DSMC Model
The overall pressure, velocity and particle fields of the hybrid base case are given in
Figures 5.8 through 5.11. The pressure field shows the gradient established between the CFD and
DSMC regions. Overall, the pressure decreases as the coating material flows into the chamber.
Unlike the CFD model that predicts an increasing pressure gradient, the hybrid methodology
yields the desired flow characteristics through the combination of CFD and DSMC physics.
Radial diffusion of momentum from the CFD region is extremely low, as shown by the
CFD velocity distribution. This creates a strong radial decrease of pressure caused by an
extremely small number of particles entering the DSMC region in that direction. However, the
pressure gradient in the axial direction matches well across the boundary because the flow is
focused axially. The pressure quickly drops off as the particles expand into the rest of the
chamber.

Figure 5.8 (upper left): Pressure field of the hybrid base case.
Figure 5.9 (upper right): Velocity distribution of the hybrid base case.
Figure 5.10 (lower left): Particle field in DSMC region of the hybrid base case.
Figure 5.11 (lower right): Velocity distribution in CFD region of the hybrid base case.
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The overall velocity distribution shows a result equivalent to the virtual source. A limited
amount of material leaves the CFD region radially and moves to the floor and lower chamber
wall, failing to reach the substrate. The remaining material appears to expand from a point located
within the CFD region. From there, the particles expand with a Maxwellian distribution focused
axially upwards towards the ingot, yielding a cosine-like distribution at the substrate. These
characteristics match the virtual source observations very well, leading further credence to the
application of this fluid model.
The first parameter of interest is the Reynolds number. The free-molecular profiles are
given in Figures 5.12 and 5.13. As the Reynolds number increases, the coating deposits faster but
radial diffusion is reduced and the resulting profile is less uniform. This is the same effect seen
during the CFD parameter study. The collisionless DSMC field has no effect on the radial
diffusion characteristics.

Figure 5.12: Effect of Reynolds number on mass flux in collisionless flows.

Figure 5.13: Effect of Reynolds number on deposition uniformity in collisionless flows.
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The collision dominant Reynolds number study is given in Figures 5.14 and 5.15. There
are two opposing diffusive flow features of interest: the density and the number of collisions. In
this case, the particle density is increased through the increase of velocity as shown in Equation
5.8. As the density is increased, the flow is more strongly focused in the axial direction. However,
a higher density leads to a larger number of collisions and stronger radial diffusion. These
opposing diffusive forces create the profile variation seen in the parameter study.
The radial diffusion peaks and the profile becomes the most uniform at a Reynolds
number of around 400. Above this point, the increasing number of collisions does not further
increase the radial diffusion. This is likely because the core particle region has developed and the
additional collisions are contained within the core instead of deflecting particles into the vacuum.

Figure 5.14: Effect of Reynolds number on mass flux in low Knudsen number flows.

Figure 5.15: Effect of Reynolds number on deposition uniformity in low Knudsen number flows.
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The Knudsen number study is given in Figures 5.16 and 5.17. To study the Knudsen
number, the density is changed through the inlet pressure. Therefore, the results are similar to the
Reynolds number. Increasing the density increases the axial momentum but also increases the
radial momentum, yielding the same opposing effect on the predicted deposition profile. In this
case, the maximum radial diffusion occurs at a Knudsen number of around 0.0035. However, in
this case the velocity is constant, removing an additional source of axial momentum and reducing
the effect of the Knudsen number compared to the Reynolds number.

Figure 5.16: Effect of Knudsen number on predicted hybrid profiles.

Figure 5.17: Effect of Knudsen number on deposition uniformity of hybrid profiles.
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The non-dimensional results of the Mach number and inlet temperature parameters
studies are given in Figures 5.18 and 5.19, respectively. As the plots show, the Mach number and
temperature have no substantial effect on the predicted deposition profile. The average mass flux
difference across the range of Mach numbers is 9% and across the temperature is 3%. The Mach
number has no effect on the radial diffusion in the CFD region and the higher average particle
velocity does not alone affect the particle movement. Similarly, increasing the inlet temperature
increases the particle velocity and also shows a negligible effect on the deposition profile.

Figure 5.18: Hybrid parameter study of Mach number on deposition profile.

Figure 5.19: Hybrid parameter study of inlet temperature on deposition profile.
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The effect of collision model is illustrated in Figure 5.20. The majority of collision
models have a negligible effect on the expected deposition process. The average mass flux
percent difference between the HS, VHS, VSS and metal vapor models is 1.5%. The only
substantial variation occurs when applying a model with a large collision radius. At the axis, the
large collision model yields an average mass flux difference from the VHS model of 17%. The
reason for this effect is not entirely clear. The larger radius might extend the range of substantial
collisions and create a larger core region that enhances axial momentum. However, all of the
previous results suggest increasing the number of collisions increases radial diffusion, so further
research is required before drawing any conclusions about this outcome.

Figure 5.20: Effect of collision model on expected deposition profile.
The inlet profile analysis is summarized in Figure 5.21 for profiles with equal mass flow
rates and a maximum azimuthal angle of 30°. In hybrid cases, any radial momentum in the CFD
region is removed through the radial boundaries and transferred to the DSMC region. Particles
input at the radial boundary are unlikely to reach the substrate before colliding with the chamber
walls. This eliminates the variation and yields nearly identical deposition profiles for a wide
range of deposition profiles. It is important to note this is the only model to show negligible
sensitivity to variations in inlet profile.
Finally, the analysis of the CFD geometry is performed. The effect of CFD height is
plotted in Figure 5.22 and the effect of CFD radius is plotted in Figure 5.23. As the CFD height is
increased, the collision region-to-substrate distance is reduced, lowering the distance that
particles travel before reaching the substrate. This lowers the radial diffusion and yields less
uniform profiles. The CFD radius has a similar effect. As the radius is increased, more of the
evaporated material reaches the upper surface and enters the dense particle region, leading to
more material moving axially into the ingot but less chance for radial diffusion. Overall, the
height shows a 11% average mass flux difference between a height of 0.5R and 2R, while the
shape yields a 35% average difference from 0.5R to 2R. These results show that the CFD size and
shape are important to represent accurately when modeling PVD vapor transport.
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Figure 5.21: Effect of inlet profile on expected deposition profile.

Figure 5.22: Effect of CFD region height on expected profile uniformity.
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Figure 5.23: Effect of CFD region shape on expected deposition rate.

5.9 Suggested Hybrid Solver Use and Methodology
The hybrid CFD-DSMC methodology produces a unique look into the physics of PVD
flow fields. The results show consistency with expected PVD flow characteristics. The pressure
field decreases across the chamber and the velocity increases as the material expands. The flow
field is also characteristic of a virtual source centered near the CFD-DSMC boundary, as expected
by PVD observations. Overall, the hybrid methodology seems to give the best direct
representation of PVD vapor transport processes.
The hybrid methodology is the simplest to apply once material properties are chosen. The
inlet parameters are set to obtain the desired Reynolds number, Knudsen number and evaporation
temperature. The inlet profile has little influence on the expected deposition rate and can be set to
a simple uniform inlet. These features allow a simple application of the hybrid model to PVD
vapor transport.
However, accurate implementation of this methodology is quite difficult. The CFD region
must be accurately represented to obtain a reasonable flow field. This requires the selection of a
breakdown parameter and careful definition of the region either automatically or iteratively. The
collision model has also shown a small but relative effect on the deposition field, suggesting an
improved equation of state, collision model and boundary particle distribution function may be
required to ensure reliable hybrid results.
The recommended method to apply a hybrid CFD-DSMC model to PVD vapor transport
is as follows:
1) Define the ingot conditions to match the desired inlet Knudsen number, Reynolds number
and temperature.
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2) Select a collision model with an accurate collision radius.
3) Solve the solution with either an automatic domain decomposition or iterate using with an
accurate breakdown parameter to obtain the correct shape for the CFD region.
The advantages and disadvantages of modeling PVD flow fields with hybrid methods are
given in Table 4.3. Hybrid models are slightly slower than the other methods given the
combination methods and complex patching methodology. However, the extremely small CFD
region yields a highly stable solver that is extremely consistent with experimental observations.
Table 5.4: Advantages and disadvantages of hybrid CFD-DSMC modeling methodologies
Advantages
Disadvantages
 Stable solution fields.
 Highly dependent on breakdown criterion.
 Great representation of PVD
 Accurate results may require unique particle
vapor transport.
distribution for CFD-DSMC boundary.
 Can be fully defined at the inlet.
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Chapter 6
Comparison of Fluid Physics Models
The previous chapters have shown the effect of realistic input parameters on the
prediction of PVD coating profiles. The primary flow characteristics and optimal modeling
methodologies were found and the effects of the inlet parameters were determined. In this
chapter, the fluidic models are compared to determine the key differences between the models
and their predicted deposition profiles. This is done in three steps: comparing the range of results
produced during the parameter study, optimizing each model to fit an experimental case and
comparing the models using the same inlet conditions. These comparisons result in a stronger
scientific understanding of the PVD vapor transport and the optimal methods to design PVD
coatings.

6.1 Comparison of the Parameter Study Results
During the parameter studies, the results from each model were found across the entire
range of ARL EB-PVD input parameters. The range of uniformity for each numerical method can
be compared by plotting the maximum and minimum normalized mass flux across all of the test
cases. The result is plotted in Figure 6.1. The maximum and minimum values are determined at
each individual point to ensure all data is included. The constant mass flux rate inlet profile cases
are excluded because they are highly unlikely to realistically describe actual evaporation sources.

Figure 6.1: Comparison of ranges of profile uniformity for each fluidic model.
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The differences in diffusion between the three numerical methods are illustrated in this
plot. As shown throughout the parameter study, the CFD method generally yields the least
uniform profiles and DSMC generally yields the most uniform. The CFD profiles become more
uniform as the Reynolds number decreases. However, a well-constructed cosine law inlet can
yield slightly more uniform profiles directly over the ingot. The range of DSMC deposition
profiles is defined by the effect of collisions. More collisions yield more radial diffusion across
the chamber and all other parameters yield only secondary effects.
The most interesting results come from the hybrid methodology. The hybrid profiles
generally fall somewhere between CFD and DSMC results due to the combination of viscous
diffusion and particle diffusion. The CFD region near the ingot seems to recreate the collision
effects of the dense particle region quite well. In fact, a small and properly shaped CFD region
can yield a more uniform profile than DSMC methodologies. This suggests a hybrid CFD-DSMC
method can reliably model PVD vapor transport processes.
Overall, these results suggest particle and semi-particle based methods can accurately
describe PVD flow fields. The range of CFD profiles is unlikely to describe a wide range of PVD
processes due to the very non-uniform results. However, both the DSMC and hybrid profile
ranges show diffusion characteristics consistent with experimental results.

6.2 Overview of Available PVD Experimental Results
Selection of an appropriate PVD experimental test case is difficult due to the limited
information available in most sources. Research that focuses on construction of a component
tends to move the component around the vacuum chamber to obtain a more uniform distribution.
This eliminates the radial distribution over the plate and makes comparison to a given vapor
transport solution impossible. On the other hand, scientific modeling studies often limit the
discussion to the primary parameters of interest, such as the chamber pressure or mass
evaporation rate. They skip over many of the generic values and assumptions required to fully
describe their methodologies such as evaporation temperature, evaporation pressure or geometry
details. This leaves few reported works that can be used as multi-methodology comparison cases.
The most critical limiting factor is the chosen manufacturing process. The most fitting
cases are studies of PVD processes that are specifically designed to seek a better scientific
understanding of the underlying physics of vapor transport. These cases use a stationary substrate,
a single ingot evaporating at a fixed rate, report a large amount of the required input information
and present the final profiles in a useable form. Scientific studies such as these are extremely rare
due to the expense of PVD manufacturing. After an extensive literature survey, a few studies that
focus on the fundamental science of PVD were found. The normalized results of these studies are
reproduced in Figure 6.2.
In this plot, the radius is normalized with respect to the smallest characteristic dimension
of the evaporative source. These cases have a variety of materials, chamber sizes, evaporation
rates, vapor source sizes and are measured at a variety heights above the source. Therefore, a
direct comparison to the parameter study does not yield useful information. However, it does
provide information about the experimental case chosen for this analysis.
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Figure 6.2: Measured uniformity of a variety of PVD deposition tests.
Overall, there are three viable experimental data sources spread across five publications.
Thakur and Sahu’s research [98-100] was not used because the evaporative sources are not
circular and so would be inconsistent with the parameter analysis. Balakrishnan, Boyd and Braun
[23] conducted a numerical study of experimental data, but there is not enough information about
the experimental setup to create an independent model. This leaves the study by Mukherjee,
Gantayet and Thakur [26] as the best fit for this analysis.
Mukherjee et. al. performed a study of the EB-PVD deposition of copper onto a bank of
stainless steel tokens by e-beam evaporation and validated the result computationally using
DSMC [26]. This case uses a simple geometry, maintains a stationary target and reports many of
the important parameters to describe their computational model. For these reasons, it was chosen
as the comparison case for this study. Throughout the remainder of this work, this case is referred
to as the Mukherjee case. However, there are still several missing pieces of input information,
including the evaporation temperature and mass evaporation rate of the copper. Therefore, a brief
numerical study is performed to optimize each model separately to the experimental results. The
most accurate case amongst all models is then identified as the baseline and those input
parameters are used to compare all four models.

6.3 Description of the Mukherjee, Gantayet and Thakur Comparison Case
Mukherjee et. al. performed the deposition of copper in a stainless steel cylindrical EBPVD chamber with a 20 x 20 x 13 cm stainless steel box of deposition tokens centered over a
water-cooled crucible source. This setup is illustrated in Figure 6.3.
A small variety of cases were performed during Mukherjee’s research. The case selected
for this comparison is the circular source case titled “experiment-1” that evaporates copper at
2000 K from a 6 mm diameter circular crucible. The experiment was performed for 45 minutes
and the mass deposited on each token was determined by weight measurement. Measurement
uncertainty was reported to be within  0.1 mg. However, all reported deposition rates were
normalized so the corresponding error bars could not be reproduced in this work.
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Figure 6.3: Geometry for simulation of the experimental case by Mukherjee et. al.
The numerical solution by Mukherjee et. al. used a DSMC methodology. The crucible
was modeled as a source of copper particles with a source temperature of 2000 K and zero bulk
inlet velocity. The copper particles were modeled using the hard sphere model and were deposited
on all surfaces inside of the chamber. The pressure, number density and evaporation rate were not
reported. Overall, the DSMC model was able to accurately describe the deposition process. An
error of less than 1.3% was found for the reported points. The experimental results and the
corresponding DSMC model results are reproduced in Figure 6.4.

Figure 6.4: Plot of experimental and DSMC results of Mukherjee et. al.
Despite these accurate results, there are some important features to note. First, the
normalized mass flux results were not given near the axis. The presented data points describe the
profile at a radius of at least 16 ingot radii. This data is far from the mass source, outside the
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primary axial momentum of the ingot and outside the conventional location of the substrate.
In addition, only the normalized mass deposition rates are presented here. This makes the
confirmation of an accurate mass inlet rate impossible. These results may yield an accurate profile
shape without accurately representing the experimental case being considered. Finally, this model
does not take into account the potential movement of deposited material. Once the coating
material condenses on the substrate, the material is expected to flow over the surface from high
concentration to low concentration before solidification. This will further smooth the coating and
make the final profile more uniform than predicted by the vapor transport process alone.

6.4 Numerical Setup of Mukherjee, Gantayet and Thakur Case
The OpenFOAM reconstruction of this experiment uses the same modeling techniques
previously applied throughout this research. The geometry and input variables are simply rescaled
to match the new geometry, material properties and evaporation conditions. In each case, the
chamber is modeled as a 22 x 22 x 13 cm region with a 3 mm radius ingot centered in the floor.
The CFD solution is still modeled as a 2D chamber with an angled floor corner while the DSMC
and hybrid methods use a full 3D region. This results in an axially shorter and radially wider
chamber compared to the ARL EB-PVD parameter studies. Examples of the CFD and rarefied
geometries are given in Figures 6.5 & 6.6:

Figure 6.5: (left) Geometry for comparison case with CFD model.
Figure 6.6: (right) Geometry for comparison case with DSMC and hybrid model.
Copper particles have a molecular weight of 63.546 g/mol or 105.52x10-27 kg/particle,
substantially heavier than titanium. The value for viscosity is reused for the same reason given
during the parameter study: copper is expected to be more viscous than common gases and less
viscous than common liquids and so the viscosity is set to the median value of 5x10-5 N-s/m2 in
the absence of additional data. The hard sphere collision model is used to match the original
methodology used during Mukherjee’s DSMC simulation. This should be reasonable given the
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limited effect of collision model on both the DSMC and hybrid models.
An initial set of input parameters was defined that match the available experimental
information along with a few educated guesses to fill in the unknown values. The boundary
conditions used for the base case are given in Table 6.1. In the hybrid solution, the base case uses
a cylindrical CFD region with a height equal to the diameter of the source, 6 mm. These initial
test runs are then altered to attempt to find the best match to the experimental results. Any
changes are identified within the appropriate plot. The CFD case proved to be difficult to validate
because of available computational resources and the time required to reach convergence.
Numerous cases were attempted and the case with a pressure of 200 Pa converged the quickest so
it was chosen for the CFD base case.
Table 6.1: Input parameters for the initial comparison cases.
CFD DSMC
FM
U [m/s]
500
0
0
P [Pa]
200
n [#/m3]
1x1018 1x1018
T [K]
1761
2000
2000

Hybrid
500
5
1761

6.5 Particle Number Independence, Mesh Independence and Steady-State
Convergence
As with the previous parts of this study, convergence was checked for each model in
terms of both time and spatial discretization. The CFD model verifies mesh independence and the
DSMC and hybrid model verify particle number independence. As in the parameter studies, the
steady-state convergence is verified for all model types. The validation was performed on the
base case of each model. The results are given in Figures 6.7 – 6.12:

Figure 6.7 (left): CFD mesh independence check.
Figure 6.8 (right): CFD steady state convergence check.
When attempting to validate the CFD model, it was found that a methodology similar to
the parameter study was too computationally expensive. To reduce the computational time, the
base case chosen was coarse (108 x 75 cells) and meshes with double and triple the number of
cells in each direction were compared to the results. As seen in Figure 6.7, the double mesh (216
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x 150 cells) yields mesh independence. The average difference across the jet region between the
double and triple meshes is 1.37%. The temporal independence was achieved within 0.02
seconds, with an average error of 0.027% across the jet.
The DSMC model convergences were much more straightforward. Number independence
was achieved using a base case of 290,000 particles. An average error of only 0.437% was found
between the base case and the triple particle case. Steady state was achieved very quickly.
Between the profiles found at 0.03 seconds and 0.04 seconds, there is an average error of only
0.24%.

Figure 6.9 (left): DSMC particle number independence check.
Figure 6.10 (right): DSMC steady state convergence check.

Figure 6.11 (left): Hybrid particle number independence check.
Figure 6.12 (right): Hybrid steady state convergence check.
The hybrid model showed particle number independence with a smaller number of
particles. There is an average error of only 1% between the base case of about 57,000 particles
and a case with triple the number. The steady state convergence was similarly confirmed. The
average error between the 0.23 second and 0.24 second cases is only 0.041%.
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6.6 Comparing Model Results to Experimental Results
The overall flow fields for CFD, DSMC and hybrid cases are illustrated in Figures 6.13 6.18. The results are similar to those from the parameter study. The same basic characteristics are
present throughout the flow fields. The CFD cases show backflow at high pressures that is
eliminated at low pressures. DSMC flows yield a particle distribution similar to those seen during
the parameter study. The hybrid results show consistent solutions across between the CFD and
DSMC zones and the pressure decreases as expected across the chamber. These figures show that
the Mukherjee results have the same characteristics and features of those found throughout the
parameter study.

Figure 6.13 (left): Field for CFD comparison to Mukherjee case with outlet pressure of 200 Pa.
Figure 6.14 (right): Field for CFD comparison to Mukherjee case with outlet pressure of 5 Pa.

Figure 6.15: Momentum magnitude field for DSMC comparison to Mukherjee et. al. [26].
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Figure 6.16: Particle field for DSMC comparison to Mukherjee et. al. [26].

Figure 6.17: CFD flow field for hybrid comparison to Mukherjee et. al. [26].

Figure 6.18: Overall pressure field for hybrid comparison to Mukherjee et. al. [26].

94

The deposition profiles for the CFD cases are given in Figures 6.19 and 6.20. The CFD
method yields profiles similar in shape to the experimental results, but only when the outlet
pressure is low enough to eliminate backflow. This occurs at pressures of approximately 50 Pa or
less. However, radial diffusion in CFD flows is caused by viscous dissipation. Maintaining the
gradients required to distribute the evaporant through viscous dissipation also limits the possible
uniformity of the coating. The maximum uniformity for a uniform profile is obtained at a pressure
of around 5 Pa. This yields an average mass flux error of 34%. Further pressure reductions yield a
similar profile shape at a lower mass evaporation rate. However, the uniformity can be improved
by adding radial momentum at the inlet. The closest match found was a cosine law profile with a
coefficient of one, an outlet pressure of 5 Pa and a maximum azimuthal angle of 70°. This cosine
law inlet profile is able to reduce the average mass flux error to 21%.

Figure 6.19: Comparison of Navier-Stokes cases to Mukherjee et. al. [26].

Figure 6.20: Comparison of Navier-Stokes non-uniform profiles to Mukherjee et. al. [26].
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The DSMC cases are given in Figures 6.21 and 6.22. The collision rate is insignificant at
lower densities. Cases with an inlet density of about 1x1021 particles/m3 or less are nearly
identical due to the lack of collisions. At higher densities, collisions increase the radial diffusion
enough to obtain results that describe the experimental case quite well. Number densities between
1x1022 and 3x1022 particles/m3 yield results that are consistent with the experimental case. The
best match across the tested cases was at a number density of 2x1022 particles/m3. This case
yielded an average mass flux error of only 3.5%. These results show that accurate coatings can be
obtained using simple uniform inlet profiles, suggesting why DSMC may be the currently
preferred method for modeling PVD vapor transport.

Figure 6.21: Overview of DSMC matching to Mukherjee et al. [26].

Figure 6.22: Detailed DSMC matching to Mukherjee et. al. [26].
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Finally, the hybrid cases are given in Figures 6.23 and 6.24. As shown throughout the
parameter study, decreasing the velocity yields more uniform profiles. At an inlet velocity of 25
m/s, the hybrid profile is quite similar to the best uniform CFD profile except the profile is more
uniform radially far from the ingot. The 25 m/s case has an average mass flux error of 24%. A
more accurate fitting can be obtained by adding radial momentum to the flow fields. Cosine
profiles and modification of the CFD region shape improve uniformity compared to a uniform
inlet, reducing the average error to around 12%. However, a constant mass flux profile yields an
almost perfect match to the experimental data with only 3.6% error. This suggests radial diffusion
is hybrid models is slightly limited by the Navier-Stokes region and non-uniform inlet profiles
may more closely match PVD evaporative sources.

Figure 6.23: Hybrid velocity matching to Mukherjee et. al. [26].

Figure 6.24: Detailed hybrid matching to Mukherjee et. al. [26].
These results give substantial insight into the proper selection of fluidic models. All of
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these models show a limit to radial diffusion that falls short of the experimental data when using
uniform inlets and standard values. The CFD results show a much steeper fall of uniformity far
from the axis. The rarefied flow fields yield more uniform deposition profiles and higher radial
diffusion rates. In general, all of these models yield results that could be called consistent with
PVD flow fields, especially when additional diffusion effects during evaporation and
condensation are taken into consideration. However, DSMC and rarefied solutions yield profile
gradients that are much more consistent with Mukherjee’s experimental results. This again
suggests that the rarefied methods are best suited to model PVD flow fields.

6.7 Direct Comparison of Each Modeling Methodology
A direct comparison of the CFD, DSMC, FM and hybrid methodologies was made by
applying equivalent boundary conditions to each model and comparing the results. A case was
selected that fits the experimental results well and the other models are run with the same inputs.
Given the previous results, the DSMC case with an inlet density of 1x1022 particles/m3 is used as
the comparison case for this analysis.
The CFD case is unique due to the application of pressure at the outlet rather than the
inlet. This heavily modifies the evaporation rate due to the pressure gradient across the chamber.
To account for this variation, two CFD cases have been studied: a case with the outlet pressure set
to the inlet pressure used throughout the other cases and a case with a heavily reduced outlet
pressure chosen to obtain a more consistent mass flow rate. The boundary conditions of each case
are given in Table 6.2, the inlet mass flow rates and average mass flux error percentages are
compiled in Table 6.3 and the direct comparison of the models is given by Figure 6.25:
Table 6.2: Boundary conditions for direct comparison of PVD models.
Model Temperature [K] Velocity [m/s] Pressure [Pa]
0.4 (outlet)
CFD
2000
193
0.012 (outlet)
DSMC
2000
0
FM
2000
0
Hybrid
2000
193
0.2673 (inlet)

Density [#/m3]
1x1022
1x1022
-

Table 6.3: Net inlet mass flow rates and percent mass flux error for direct comparison cases.
Model
Mass Inlet Rate [kg/s] Average Mass Flux Error
CFD (0.4 Pa)
1.93x10-7
37.4%
CFD (0.012 Pa)
2.61x10-9
22.5%
DSMC
5.76x10-6
7.7%
FM
5.81x10-6
21.5%
Hybrid
5.32x10-9
33.6%
A variety of observations can be made from the direct comparison of fluidic models. For
example, the scale of particle backflow can be observed. Table 6.3 presents the net inlet flow rates
for DSMC and free-molecular cases with identical inlet conditions. The difference is due to
backflow as collisions redirect a few particles back to the ingot. The results show only 0.9% of
the particles flow back to the ingot, suggesting particle backflow is negligible even in the most
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Figure 6.25: Direct comparison of PVD modeling methodologies.
extreme cases.
The direct model comparison shows similar profiles in the CFD, free molecular and
hybrid cases within 15 ingot radii of the axis. The diffusion characteristics are extremely similar,
even across the two disparate CFD cases. At first glance, it would appear the hybrid model yields
the least uniform coating, the free molecular model yields the most uniform coating and the CFD
models fall somewhere in between. However, additional variations such as liquid diffusion after
condensation, more accurate material properties and a different CFD region shape could alter
these results by substantial margins. Overall, these profiles should be considered equal given the
details of this analysis.
The comparison also shows the DSMC result to be unique. The particle-based
methodology is considerably more uniform than the other fluidic models. The particle-based
DSMC and free molecular methods can achieve the maximum relative radial diffusion by setting
the bulk inlet velocity to zero. This minimizes the axial momentum and spreads as much of the
inlet kinetic energy in the radial direction as possible. Combined with the radial diffusion caused
by collisions, this creates the large difference in uniformity when compared to the other fluidic
models.
Overall, this analysis yields important information about PVD vapor transport processes.
The sources of radial diffusion are critical to achieve an accurate deposition profile and each
model shows similar results despite unique causes. This consistency indicates why the models
have been used interchangeably in the past. However, the backflow of Navier-Stokes solvers and
the expected effects of realistic material properties on each model highlight the extreme
importance of the proper selection of fluid model.
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The observations made throughout this study suggest a DSMC or hybrid CFD-DSMC
methodology should be used when modeling PVD vapor transport. However, the application of
accurate material properties is especially difficult for the DSMC methodology. An improved
collision model that accurately describes vaporized PVD materials requires a complex description
of the intermolecular forces. Even if the intermolecular forces occur over time or at a distance, the
breakdown of collisions into a separate step may be inaccurate. On the other hand, the hybrid
method can consolidate the region of strong intermolecular forces into the CFD region, allowing
the unique material properties to be described through an improved equation of state. Given an
improved equation of state was produced in this work, the hybrid CFD-DSMC model is currently
the best choice to accurately describe PVD vapor transport.
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Chapter 7
Conclusions and Future Work
In this chapter, this research project is briefly summarized. The conclusions are presented
in terms of the research objectives, one per section. The final section presents the research
questions remaining after the completion of this work and recommended next step to further
understand PVD manufacturing techniques.

7.1 Expected PVD Flow Regime
In the second chapter, the expected fluid flow regime was determined based on an
analysis of the material properties of titanium, a typical PVD coating material. Titanium was
chosen because a literature survey yielded more vapor phase material properties for titanium than
any other material. The saturated vapor state was defined and an improved equation of state was
created to determine the inlet characteristics of PVD vapor transport.
A conservation of mass analysis was performed on the evaporating ingot to determine the
inlet characteristics. The range of predicted inlet speed of sound, Mach number, and Knudsen
number are given in Equation 7.1:

0.13 m/s  c  4.8 m/s
0.00492  Ma  302

(7.1)

2.35 x10  6  Kn  1.35 x10  7
The inlet Knudsen number suggests the material is extremely dense and would be best
modeled using the Navier-Stokes equations. The Mach number and very low speed of sound
suggest the evaporated titanium will be highly compressible. This expectation is confirmed by the
experimental observation of a virtual source. Given these results as well as the other observations
discussed in chapter two, the vapor is expected to be very dense and described by Navier-Stokes
physics before expanding into the chamber rapidly at which point the flow is best described by
the particle physics of Boltzmann’s equation. In other words, a hybrid CFD-DSMC solver is
expected to best describe PVD flow fields.

7.2 Hybrid CFD-DSMC Solver
A hybrid solver was developed to describe rapidly rarefying flow fields such as PVD
vapor transport. It is based on the approximation that once vapor leaves the dense Navier-Stokes
domain it does not return. The solver uses fixed domains, a consistent mesh across the domains
and a DSMC scaled time step. This combination of features allows a simple but accurate hybrid
method to be constructed using the OpenFOAM architecture.
A novel patching strategy was developed by applying the approximation of negligible
backflow. The velocity and temperature information is sent one-way from the CFD region to the
DSMC region. It is used to appropriately define the energy states of the particles created at the
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CFD-DSMC boundary. The remaining variable, either pressure or density, is interpolated between
both regions to create the appropriate number of particles at the boundary. This methodology
allows a Navier-Stokes region to be applied near a vacuum boundary in a stable manner that
accurately captures the physics of rapidly rarefied flow fields.
The resulting model has shown consistent results that match well across the CFD-DSMC
boundary. The velocity and pressure gradients are consistent with expectations across both
regions, suggesting the patching methodology has been well chosen. The height and shape of the
CFD region was found to be an important input parameter, suggesting an automatic domain
decomposition method is the next feature that should be added to this model.

7.3 Parameter Studies
A parameter study was applied to each fluid model to determine the primary
characteristics and variables. The results are summarized in Tables 7.1 – 7.3:
Table 7.1: CFD parameter study
Parameter
Scale of Effect
Discussion
Reynolds Number
High
Directly influences radial diffusion.
Mach Number
None
Affects density only.
Inlet Profile
Medium
Direct introduction of radial momentum.
Table 7.2: DSMC parameter study
Parameter
Scale of Effect
Mass Flow Rate
Medium
(Reynolds Number)
Low (Kn > 1)
Knudsen Number
None (Kn < 0.01)
Collision Model
Low
Inlet Profile
High
Table 7.3: Hybrid CFD-DSMC parameter study
Parameter
Scale of Effect
Reynolds
Medium (Collisionless)
Number
High (Low Kn)
Mach Number
None
Knudsen Number
Low
Temperature
None
None (Low Angles)
Inlet Profile
Med (High Angles)
CFD Height

Low

CFD Shape

Medium

Discussion
Alters diffusion through number of
collisions.
Addition of collisions improves diffusion
until diffusion is maximized.
Small differences in momentum transfer.
Direct introduction of radial diffusion.

Discussion
CFD diffusion further enhanced by DSMC
collision diffusion.
Affects density only.
Collisions near boundary add a little diffusion.
Affects inlet density only.
CFD eliminates gradients unless profile is
extremely large or CFD region has correct
shape.
Larger distance allows slightly more diffusion.
If surfaces are angled towards substrate,
substantially increases amount of material
reaching surface.
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The parameter studies show generally consistent results across all models. The Reynolds
number shows the strongest effect on the deposition profile for all cases except free-molecular
flow. The inlet profile also shows a substantial effect, although it is amplified in near-collisionless
cases as the diffusion eliminates gradients and creates a more uniform profile. Finally, the
Knudsen number shows a small effect on the profile in the rarefied regions as the additional
density increases the number of collisions that occur. Overall, the results are consistent with
typical mass diffusion characteristics and the similarity across all models confirms the accuracy
of these findings.
The parameter study also showed the important characteristics of each model when
applying them to PVD. The Navier-Stokes solver can yield backflow into the chamber and the
velocity and pressure gradients are opposite those expected in PVD vapor transport. DSMC
solvers yield good distributions with uniform inlet profiles. However, the particle distribution
should be studied to ensure the results are accurate and are not just matched to experimental data.
Hybrid solvers also yield good results, but the size and shape of the CFD region is crucial.
Therefore, any future hybrid modeling methods should yield some form of domain decomposition
to ensure the Navier-Stokes equations are applied over the correct domain.

7.4 Experimental Comparison
A comparison to experimental data was performed to determine if the unique physics of
each fluidic model have a substantial effect on the expected deposition profile. First, the
parameter studies were combined to determine the range of profiles that can be created for the
standard range of input values. The results showed the Navier-Stokes solutions yield the least
uniform profiles, the DSMC solutions the most uniform and the hybrid solver the widest range of
reasonable results.
Each individual fluid model was compared to the experimental data and a direct
comparison was made with identical inlet conditions across all models. The chosen experimental
case by Mukherjee et. al. was one of the most uniform deposition profiles found through the
literature survey. The results were consistent with those seen throughout the parameter studies.
Inlet radial momentum and radial diffusion characteristics are the primary variables that influence
the deposition profile. The DSMC solver fit the experimental case with a simple uniform profile.
However, the other models were shown to yield a good match after the application of an
appropriate inlet profile and the associated addition of radial momentum. Overall, the comparison
suggests the effect of physics model varies with the specific application but it is crucial to
accurately describe the deposition rate of PVD coating manufacturing.

7.5 Fluidic Model Recommendation
The recommended fluidic model for PVD vapor transport is a hybrid CFD-DSMC solver
using some form of domain decomposition. CFD solvers are incapable of accurately modeling
flow into empty space, creating discrepancies such as backflow and reversed pressure gradients.
The DSMC solver yields the most uniform deposition profiles, but representing the strong
intermolecular forces present in vaporized PVD materials is extremely difficult, if not impossible,
in the DSMC method. Additional research is required to determine if accurate material properties
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can be applied to DSMC solvers.
However, the hybrid methodology is more efficient and highly adaptable to PVD vapor
transport. The hybrid CFD region can be designed to cover the entire region of strong particle
interactions. This allows the PVD material properties to be implemented through an improved
equation of state such as the one developed in this work. The DSMC region is then implemented
to describe the region of the vapor cloud displaying near-ideal gas behavior or free molecular
behavior. Defining the regions in this way should create an accurate representation of the
important regions of the vapor cloud that allows a simple and direct application of PVD vapor
properties.

7.6 Future Work
Throughout this research, additional research questions have been identified. These future
PVD vapor transport model research topics are listed here:







Determine the appropriate breakdown parameter for rapidly rarefying flow fields such as
PVD vapor transport.
Experimentally measure the vapor-state properties of PVD coating materials at the
appropriate temperatures and pressures.
Apply an improved equation of state and/or an improved collision model to NavierStokes, DSMC and hybrid PVD solvers.
Experimentally test the vapor flow regime through deposition on substrates hidden
behind a shutter.
Create an improved particle distribution that accurately describes PVD evaporation and
the radial momentum at the inlet.
Compare the vapor transport model to more complex PVD flow fields, such as fields with
co-evaporation, evaporation of alloys and vapor plumes with chemical reactions, to better
understand and control these processes.

The final goal of PVD modeling should be to create a complete description that can be
used to accurately design complex coatings. A model accurate enough for design would require
the combination of an evaporation model, vapor transport model and condensation model. The
future work presented here suggests the next steps required to prepare the vapor transport model
for a design application. Additional research into the evaporation and condensation models is also
required to determine how an appropriate computational simulation can be created.
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Appendix A
Attempted Equations of State
Presented here are the studied standard equations of state used to model titanium vapor
[43]. Also listed are the critical properties of titanium vapor used in these equations [32].
Van der Waals Equation

a 

 P  2 V  b   RT
V 

27
1
a
RTcVc
b  Vc
24
3

(A.1)

Dieterici Equation

PV  b  RT exp  a / RTV 
1
a  2RTcVc
b  Vc
2

(A.2)

Berthelot Equation

P  a TV 2 V  b  RT
16
a  RTcVc2
3

1
b  Vc
4

(A.3)

Redlich-Kwong Equation

P

RT
1

V  b T 1 / 2V V  b 

a  0.4278R

5/ 2
2 Tc

Pc

(A.4)

b  0.26Vc

Critical Titanium Properties

Tc  8980 K
Pc  890 MPa

Vc  2.14 cm 3 / g
M  47.87 g/mol

(A.5)
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Appendix B
Derivation of Material Properties for Suggested PVD Equations of State
Presented here is the derivation for the material properties of the PVD equations of state
used to model titanium vapor during this research. Each model is defined and then the equations
for the speed of sound and related quantities are found. The result is used to determine the
validity of the equation and the expected compressibility of PVD materials. The thermodynamic
definitions of the speed of sound and the difference of the specific heats are needed and are given
by Equations B.1 and B.2 [101]:

 P 
c    
  T

(B.1)

2

     P 
C p  Cv  T 
  

 T  P    T

(B.2)

Equation B.2 is needed to solve for the ratio of specific heats. Dividing by C p and solving for
the ratio yields Equation B.3:

CP
1
 
2
C

  T   
T

P


1 

  1 
  
 C p   T     P  



(B.3)

B.1 Compressibility Changes Linearly with Density
The first attempt to create a PVD equation of state is based on varying the compression
factor with respect to density, due to the large density gradient found in these flows. This equation
yields unrealistic results, but the derivation is presented for completion. To start, the compression
factor is defined as given in Equation B.4:

   2 

z  z 2  z sat  z 2 
  sat   2 

(B.4)

This yields the equation of state given in Equation B.5:


    2 
 RT
P   z 2  z sat  z 2 

  sat   2 

(B.5)
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To calculate the derivatives needed in Equations B.1 and B.2, this equation of state needs to be
solved for pressure and temperature in various forms. This is done in Equations B.6 through B.8:


z  z 2  RT  z sat  z 2  RT


P , T    z 2  sat

 sat   2     sat   2   2


(B.6)


 z  z2  2
z  z2 
 RT   sat
  RT
P , T    z 2  sat
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  sat   2 

(B.7)

T P,  

P

z  z 2  R  z sat  z 2  R
 z 2  sat
 

 sat   2     sat   2   2


(B.8)

Next, the required derivatives can be calculated. The results are given in Equations B.9 through
B.11:
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From here, the ratio of specific heats can be calculated from equations B.3, B.10 and B.11. The
solution is given by Equation B.12:
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(B.12)

Finally, Equations B.9 and B.12 can be combined to yield the speed of sound of this equation of
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state, as given by Equation B.13:

c
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(B.13)

Applying the researched titanium properties, the saturated speed of sound can be determined.
Unfortunately, this equation of state yields an undefined speed of sound is because the derivative
of pressure with respect to density is negative. The results for this equation of state are listed in
Table B.1:
Table B.1: Results of equation of state in which the compression factor changes linearly with
density.
Ρ2 (Kn2=1)
T [K]
P [kPa]
ρ [kg/m3] Cp [kJ/kg-k]
[kg/m3]
(δp/δρ)T
1600
1.12471E-06
0.00980
4.72E-01
2.87E-05 -5.56E+02
1700
8.49104E-06
0.01399
4.81E-01
2.87E-05 -8.45E+02
1800
5.08652E-05
0.01974
4.91E-01
2.87E-05 -1.26E+03
1900
0.000251286 0.02753
5.02E-01
2.87E-05 -1.86E+03
1945
0.000488387 0.03184
5.07E-01
2.87E-05 -2.20E+03
2000
0.001023383 0.03792
5.13E-01
2.87E-05 -2.70E+03
2200
0.01114575
0.06938
5.37E-01
2.87E-05 -5.43E+03
2400
0.0790335
0.12095
5.61E-01
2.87E-05 -1.03E+04
2600
0.41036625
0.20090
5.86E-01
2.87E-05 -1.86E+04
2800

1.66173

0.31796

6.12E-01

2.87E-05

-3.17E+04

3000

5.532345

0.47948

6.37E-01

2.87E-05

-5.11E+04

3200

15.705375

0.68892

6.62E-01

2.87E-05

-7.84E+04

3400
3600

39.3141
88.254075

0.94312
1.23018

6.87E-01
7.12E-01

2.87E-05
2.87E-05

-1.14E+05
-1.57E+05

B.2 Compressibility Changes Linearly with Pressure
In order to change the sign of the derivative of pressure with respect to density, the
compression factor is chosen to vary with pressure. Because density has an inverse relationship
with pressure, the derivative is expected to have the opposite sign. The methodology for deriving
the speed of sound is identical to the previous model. First, the compressibility is defined and

108

used to create the equation of state. This is done in Equations B.14 and B.15:

 P  P2 

z  z 2  z sat  z 2 
 Psat  P2 

(B.14)


 P  P2 
 RT
P   z 2  z sat  z 2 
 Psat  P2 


(B.15)

Next, the equation of state is solved for pressure and temperature in the needed forms. These
forms are given by Equations B.16 through B.18:
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The derivatives can then be calculated. The results are given in Equations B.19 through B.21:
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The specific heat can then be calculated using Equations B.20 and B.21, as is shown in Equation
B.22:
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Finally, the speed of sound is given by Equation B.23:
2




 z z

z  z2
z z
1  2 sat
RT  z 2  sat 2 P2  RT 1  sat 2 RT 
Psat  P2
Psat  P2 


 Psat  P2

c
2


 


z

z
sat
2
  z 

 
P2  RT
2
Psat  P2 

 
T  
P
1


 
2
C P  

 R  z   z  z  P  P2   
z sat  z 2
sat
2

RT 
  
  2
Psat  P2   
 
Psat  P2
 



(B.23)

This result yields a defined speed of sound that is low enough to allow compressibility to take
place at expected evaporation velocities. The results of this equation of state are summarized in
Table B.2:
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Table B.2: Results of equation of state in which compression factor changes linearly with
pressure.
T [K]
P [kPa]
1600 1.12471E-06
1700 8.49104E-06
1800 5.08652E-05
1900 0.000251286
1945 0.000488387
2000 0.001023383

(δp/δρ)T
2.30E-04
1.21E-03
5.16E-03
1.83E-02
3.07E-02
5.40E-02

(δT/δν)p
1.57E+01
2.38E+01
3.55E+01
5.23E+01
6.19E+01
7.58E+01

(δp/δν)T
3.23976E-11
2.44162E-10
1.45494E-09
7.03413E-09
1.33347E-08
2.64009E-08

γ
1.00E+00
1.00E+00
1.00E+00
1.00E+00
1.00E+00
1.00E+00

c [m/s]
0.015164406
0.034856396
0.071806507
0.135155236
0.175185614
0.232379518

2200
2400

0.01114575 3.21E-01
0.0790335 1.31E+00

1.53E+02
2.90E+02

-5.03305E-09
-1.27212E-05

1.00E+00
1.00E+00

0.566847636
1.142825189

2600
2800
3000
3200
3400
3600

0.41036625
1.66173
5.532345
15.705375
39.3141
88.254075

5.22E+02
8.90E+02
1.44E+03
2.20E+03
3.21E+03
4.43E+03

-0.000361268
-0.005632235
-0.058599127
-0.443473098
-2.61690362
-12.45755821

1.00E+00
1.00E+00
1.00E+00
1.00E+00
1.00E+00
1.00E+00

2.018991058
3.224439505
4.777511842
6.684285375
8.97383584
11.64841638

4.08E+00
1.04E+01
2.28E+01
4.47E+01
8.04E+01
1.35E+02
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Appendix C
Description and Derivation of Evaporation Inlets
In this appendix, the inlet profiles used to analyze PVD flow fields are described and the
calculations used to obtain the appropriate values are given. Three profiles were used during this
analysis: a standard uniform inlet with constant values, a constant mass flux rate profile, and a
cosine distribution that replicates the cosine law model.

C.1

Uniform Inlet Profiles

The simplest profile is a uniform profile in which all input values are constant across the
boundary. The CFD uniform inlet is defined based on the Mach number, mass flow rate and
stagnation temperature. This can be completed by combining the basic definitions of mass flow
rate, Mach number and the relationship between static and stagnation temperature.
First, the ratio of static and stagnation temperatures can be used to find the appropriate
form of the stagnation temperature. The ratio of stagnation to static temperature is given by
Equation C.1:

To
 1 2
 1
Ma
T
2

(C.1)

By applying the definition of the Mach number and the definition of the speed of sound, the static
temperature can be defined based in terms of velocity, as given by Equation C.2:

T  To 

1  1 U 2
2  R

(C.2)

This result is needed later.
Next, the definition of mass flow rate is combined with the ideal gas law to determine the
appropriate inlet pressure. Equation C.1 can also be applied to obtain the result in terms of the
desired inlet values. The result is given by Equation C.3:

p

m RTo
  1

UA1 
Ma 2 
2



(C.3)

Finally, the velocity can be calculated through the definition of the Mach number.
Applying the form of static temperature given by Equation C.2 gives the desired definition, given
by Equation C.4:
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Ma 

U
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 1
2

(C.4)

U2

Squaring the equation and solving for velocity yields the desired velocity calculation. The result
is given by Equation C.5:

U

Ma 2RTo
 1 2
1
Ma
2

(C.5)

Equations C.1, C.3 and C.5 give the desired calculations and fully define a uniform
velocity inlet.
The DSMC version of the uniform inlet was described in the DSMC chapter and is much
simpler. The inlet is designed to define the temperature, Knudsen number and mass flow rate. The
temperature in DSMC defines the energy state of the particle, so the inlet temperature is set equal
to the desired stagnation temperature to obtain the correct energy level. The density is calculated
from the definition of Knudsen number given by Equation 1.5. Finally, the velocity is calculated
from the number inlet rate given by Equation 4.5. The equation cannot be explicitly solved for
velocity, so the value must be found iteratively. For completion, these governing equations are
summarized in Equations C.6 – C.8:

T  Tevap
n

1

(C.7)
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(C.8)

Non-Uniform Inlet Profiles

The various non-uniform inlet profiles are modeled as a point source of mass centered
below the inlet. The point source geometry is illustrated in Figure C.1 and the general definition
of the inlet velocity is given in Equation C.9:


U  U t   rˆ  U n   zˆ  U x  , xˆ  U y  , yˆ  U z  zˆ

(C.9)
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Figure C.1: Geometry of the point source, coordinate system and velocity definition.
When constructing a point source, an additional variable must be created to define the
location of the source. This location also affects the maximum azimuthal angle material can have
when entering the chamber. This angle is given by Equation C.10 and is a better description of the
inlet profile than the point source depth, H:

max  tan 1 R / H 

(C.10)

The axial and radial velocity components must be related to make the material appear to
originate from a single point. This relationship can be found using the geometry in Figure C.1 and
is given by Equation C.11:

U t    U n   tan

(C.11)

The velocity is altered to obtain the desired mass flow rate. In CFD cases, the density also
varies due to compressibility effects but it should be negligible over the velocity range of interest.
In any case, the profile coefficients must be scaled to obtain the appropriate mass flow rates, so
any small errors will be remedied. The relationship given by Equation C.10 defines the tangential
velocity component of these profiles while the normal velocity is used to define the mass flow
rate into the chamber.
To obtain a constant mass flux, the normal velocity must be kept constant. Therefore, the
CFD inlet velocity for the constant mass flux profile is given by Equation C.12:


U const m  U o tan  rˆ  U o zˆ   U o tan  cos  xˆ  U o tan  sin  yˆ  U o zˆ 

(C.12)

where Vo is the coefficient used to obtain the desired mass flow rate. The desired mass flow rate is
achieved by iteration of this coefficient.
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The cosine law profiles seek to describe an evaporation source that simulates the virtual
source observed in early PVD studies. The desired mass flux takes the form given in Equation
C.13:

m   J o cos n

(C.13)

where Io is a fitting coefficient. Applying this form to the axial velocity component yields the
velocity for cosine law inlets, as given by Equation C.14.








U cos  U o cos n  tan  rˆ  U o cos n  zˆ 

U o cos  tan  cos  xˆ  U o cos n  tan  sin  yˆ  U o cos n  zˆ
n



(C.14)

where Vo and n are curve-fitting constants used to choose the desired mass flow rate and profile,
respectively. Again, the desired mass flow rate is achieved by iteration of the coefficient Vo.
The DSMC inlet is applied in the same way, but with a few additional considerations. The
mass flux rate cannot be directly controlled due to Equation C.8 and the profile coefficients must
be iteratively solved. The inlet number density and temperature also define a minimum inlet flow
rate which often prevents cases from having matching inlet flow rates. The alternative is to alter
the inlet density, which varies with the inlet flow rate linearly as shown in Equation C.8.
However, altering the density also alters the Knudsen number and the ratio of radial to axial
momentum. Maintaining similar momentum characteristics between CFD and DSMC flow fields
is important to achieve consistency across the parameter study, so the velocity profile was altered
during this analysis.

C.3

Comparison of Tested Profiles
These profiles are normalized and compared for H R  1 or max  45 in Figures C.2

& C.3.
As the exponent of the cosine increases, the normal velocity is decreaed away from the
axis. In addition, an increased exponent substantially decreases the tangential velocity across the
entire ingot. This means the higher the exponent, the more the inlet momenum is concentrated
directly above the axis, which is consistent with the previous free-molecular results.
The constant mass flux, however, adds substantial radial momentum to the flow field
while maintaining a consistent normal momentum. This flow field is likely to cause large
amounts of mass to move away from the center of the ingot without the need for field applied
diffusion. Because of these differences, the cosine distribution and constant mass flux rate point
source profiles yield a good cross-section of the possible effect of inlet profile on the predicted
coating deposition rate.
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Figure C.2: Comparison of the normal velocity component for PVD profiles.

Figure C.3: Comparison of the tangential velocity component for PVD profiles.
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Appendix D
Hybrid Interpolation Boundary Condition
In this appendix, the boundary conditions used on the hybrid CFD-DSMC boundary are
explored. The applied boundary conditions are listed and discussed. The unique pressure
boundary condition designed to transfer information between the CFD and DSMC flow regimes
is derived and its features are also presented here.

D.1

Hybrid CFD-DSMC Patching Boundary Conditions

Before discussing the patching boundary conditions, a brief review of the hybrid
methodology is presented. The hybrid model developed in this work is specifically designed to
model rapidly rarefying flows in which vapor moves from a dense CFD region to a rarefied
DSMC region with negligible backflow. This can be done by defining each side of the patching
boundary individually and updating the boundaries whenever appropriate. Therefore, the hybrid
solution is broken down into 5 steps:
1)
2)
3)
4)
5)

Update the CFD boundary to obtain an up-to-date value from the DSMC solution.
Perform the CFD calculation.
Calculate the CFD boundary values from the new solution.
Update the DSMC boundary to obtain the inlet conditions from the CFD solution.
Perform the DSMC calculation.

This sequence is effective because material and information only flows from the CFD
region to the DSMC region. The DSMC region only requires up-to-date information from the
CFD field for an accurate solution. However, the CFD region must update both before and after
the calculation to obtain the appropriate values for the CFD solution and the DSMC inlet,
respectively. This allows the hybrid patching calculation to occur exclusively in the CFD region
and the DSMC boundary can be reduced to a simple lookup of the CFD result.
As discussed during the hybrid chapter, the state of particles created in the DSMC region
is defined by velocity and temperature. This information leaves with the particles and does not
return to the CFD region. However, the particle density near the ingot defines the pressure
gradient experienced by the CFD boundary. Therefore, the pressure patch is set to some form of
extrapolation between the CFD and DSMC boundaries, while the velocity and temperature patch
do not use information from the DSMC region. The boundary conditions applied to the hybrid
solver are listed in Table D.1:
Table D.1: Boundary conditions for the hybrid patch between the CFD and DSMC regions.
CFD Side
DSMC Side
Pressure/
Pressure
Density Conversion
Number Density Interpolation
Velocity
Zero Gradient
Velocity Conversion
Temperature
Zero Gradient
Temperature Conversion
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The DSMC side of the boundary has a conversion boundary condition for each variable.
These conversion boundary conditions lookup the value of the corresponding variable on the
CFD side and assign the value to the DSMC side. Additionally, the number density boundary
condition calculates the appropriate inlet number density using the ideal gas law and the CFD
temperature and pressure.
The CFD velocity and temperature boundaries are standard zero gradient boundaries.
This boundary allows the CFD velocity and temperature to be calculated independently from the
DSMC region. A variety of boundary conditions were attempted, but any method that directly or
indirectly includes data from the DSMC region places a vacuum on the CFD region which
eventually leads to an instability and failure. Therefore, zero gradient boundary conditions were
used to ensure the CFD region remains sufficiently isolated from the vacuum.
The CFD pressure boundary interpolates its value using the pressure in the neighboring
CFD and DSMC cells. Additional features were also added to make the interpolation between
both regions accurate and consistent. First, a relaxation factor was added to extend applicability
across a wider variety of initial conditions. An appropriate relaxation factor can prevent
instabilities due to sharp gradients early in the calculation as the regions begin to interact.
A stable steady-state solution also requires the interpolation to use the time-averaged
DSMC pressure instead of the instantaneous value. The DSMC fields vary sharply as the specific
number of particles, collisions and collision details vary from time step to time step. To maintain
a consistent value with which a CFD region can achieve steady-state, the interpolation must be
between the CFD pressure field and the time-averaged DSMC pressure field. However, the
average pressure field requires a few time steps to develop a smooth value that will not spike and
cause an error. Therefore, an extrapolation from the CFD region to the CFD boundary was
applied during the first few time steps to allow time for a reasonable average to develop. In this
study, the mean was considered sufficiently developed after 30 time steps. This is long enough to
prevent a sudden change in value at the boundary, while remaining small enough that the
extrapolation condition does not substantially affect the overall average.

D.2

Derivation of Hybrid Pressure Boundary Condition

In this section, the CFD pressure hybrid boundary condition is derived and the details of
its calculation are presented. The geometry and required variables are defined in Figure D.1. The
distance between the CFD cell center and the CFD-DSMC boundary is defined as ∆x- and the
distance between the DSMC cell center and the boundary is defined as ∆x+. The value of the
variable of interest, S, at the CFD center, the DSMC center and the boundary condition are given
by SCFD, SDSMC, and SBC, respectively.
The CFD patching boundary condition has two phases: the extrapolation calculation
which is used before the DSMC mean is sufficiently established and the interpolation between
regions for the remainder of the simulation. The extrapolation from the CFD region to the
boundary condition is done using a Taylor series expansion centered on the boundary. The Taylor
series is given by Equation D.1:
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Figure D.1: Illustration of the numerical calculation of the CFD-DSMC boundary.
2

3

ds
x  d 2 s
x  d 3 s
s BC  sCFD  x



dx CFD
2 dx 2
6 dx 3
CFD
CFD


(D.1)

A second-order accurate approximation is chosen to maintain consistency with the
solution of the CFD region. Therefore, the extrapolation used for the pressure boundary condition
is given by Equation D.2:

s BC  s CFD  x 

2
ds

  x    
dx CFD



(D.2)

Once the mean is developed, an interpolation between the CFD and DSMC value is used.
The ratio of cell sizes is defined to simplify the calculation. This ratio is defined by Equation D.3:

  x  x 

(D.3)

The Taylor series expansions centered on the CFD and DSMC cell centers are given by Equations
D.4 and D.5:
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(D.5)
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The objective is to combine these equations into an equation for the value of the
boundary condition in terms of the CFD and DSMC cell values. The first step is to solve for a
second-order accurate approximation of the boundary derivative. This is done by multiplying
Equations D.4 and D.5 by separate constants and adding them together. The desired form of this
calculation is given in Equation D.6:
A  s DSMC  B  sCFD   A  B s BC
x 

  A  B 

2
ds
B
A
d s
   2 x   x  
dx BC  2
2
 dx 2
BC

2 B
2  d 3s
A
   3 x   x  

6
6
 dx 3 BC

(D.6)

where A and B are the constants applied to Equations D.4 and D.5, respectively.
The highest order solution can be found by solving for A and B such that the first-order
derivative coefficient term equals unity and the second-order derivative term is eliminated. These
criteria and the resulting solutions are given in Equation D.7:

A  B  1

A 1

   1

A 2  B 
 x  x  0 B   
  1
2
2


(D.7)

Applying this result to Equation D.6 yields the desired approximation of the derivative at the
boundary, given by Equation D.8:





s DSMC   2 sCFD   2  1 s BC

   1x 



2
ds

  x  
dx BC



(D.8)

Here, the derivative can be eliminated by substituting from Equation D.5. The solution
for the boundary value is straightforward, second-order accurate and is given by Equation D.9:

s BC 

2

1

sCFD 
s DSMC   x  
 1
 1



(D.9)

With the calculations of both phases established in Equations D.2 and D.9, a relaxation
factor is applied to the results. A standard relaxation factor has the form given by Equation D.10:



srelaxedBC  s prev, t   s BC  s prev, t



(D.10)

where SrelaxedBC is the relaxed value applied to the boundary, Sprev,t is the value from the previous
time step and ω is the relaxation factor. Adding the relaxation factor to each of the desired
boundary calculations yields Equations D.11 and D.12:
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ds

s relaxedBC  1   s prev , t    sCFD  x 

dx
CFD 


(D.11)

1
 

s relaxedBC  1   s prev , t   
sCFD 
s DSMC 
 1
 1


(D.12)

Finally, these results can be applied in OpenFOAM through modification of the mixed
Dirichlet-Newmann boundary condition named mixedBC. A mixed boundary condition takes the
form given by Equation D.13:



s BC  f  nvalue  1  f  scell  n grad  Δx



(D.13)

where f is the weighting between the Dirichlet solution, given by nvalue , and the Newmann
solution, given by the bracketed term and defined by n grad . The desired CFD pressure boundary
condition can be constructed by fitting the extrapolation to the Newmann component and the
interpolation to the Dirichlet component. The result is given in Equation D.14:

1
 

nvalue  1   s prev , t   
sCFD 
s DSMC 
 1
 1

s prev , t  sCFD
ds
n grad  
 1   
dx CFD
Δx 
f  0, when t  t mean 

(D.14)

f  1, when t  t mean 

where tmean is the time step at which the DSMC mean is sufficiently developed. For completion,
the generic form of the second-order accurate CFD-DSMC patching boundary condition is given
in Equation D.15:


1
 

s BC  f 1   s prev , t   
sCFD 
s DSMC 
 1
 1



s prev , t  sCFD 
 ds

 1  f  sCFD  Δx   
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dx
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(D.15)
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