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NepiAnyn

H mopovca petamtuylokn daTpiny EKToviOnKe G€ GTEVH KOL GLUVEYY CLVEPYOGIO HUE TNV
OSRAM Opto Semiconductors oto Peykevopmovpk ¢ eppaviag kot giye ¢ okomd v
Beltiotonoinon  didtaéne mapaymyng euocoridmv - bubbler. TIpog v katedbvvon avtn
xpnooromdnke 10 Aoyiopikd vmoroyiotikng pevotounyovikng ANSYS FLUENT 6mov
npocopol®Onkayv ot depyacieg e€dtone kol cvoumvkvoong pe v pébodo Volume Of
Fluid (VOF). EmAbbnkav ot €£lo®oE  QUIVOUEVOV HETOPOPAS UE KOUTAAANAOVG OpOvG
mYNS €@aprolopevoug oty Jemedvelo. tv 000 edcewv (vypng-aéptag). To poviéro
EMKVPOONKE PE TNV EQAPLOYN TOL oT0 TPOPANua Stefan, yvootc avoivtiking Avong. H
BeAtiotomoinon g Swdtaéng meptiapfdvel v e£étaon SlUPOPETIKOV YEMUETPLOV OF
GLUVOLOCUO HE SPOPETIKES THES pLOUOD poNg €16000V, Kol 6TAOUNG VYPOL HEGOH GTOV
bubbler. Ta Bacikd kprTnpLo. TOL YPNGOTOWONKAV Y10 TNV AVAAVGT TOV TEPITTOGEMY TOV
eEetdotnrov cuvdéovior pe To okOAoLOO peyEéOn: TO HEGO YPAUUOUOPLOKO KAACUO TOV
aTHOV 6ToV OYKO TOV agpiov kot oTnV ££000, 0 ¥POVOSC TAPOUUOVIG CLGYETILOUEVOS LE TNV
TOGOTNTO, TOL aEPiov mov Vapyel péca oto vYpod (gas hold up) kot mpokodei dvodo Tng
otdOuNG T0V VYPOL péca otov bubbler kot v péon Ty g Beppokpaciog oe OAGKANPN THV
owataln.

Ta Bacwd copmepdopata g epyaciog sivon ta €Ng:

e H moapammpoduevn coumdkvmon o6Tov COANVA TPOPOdociag emnpedliel v TN
€€6d0v 10V KAAGHOTOG 0THOV, M) ool TaVTICETAL e OLTHV TNG TIUNG THG LGOPPOTIOG
otnv é€odo tov bubbler .

e O av&avopevog puiudg 16680V TPpoPodoaciag dev emnpedlel T0 KAGGHA aTtpol otV
€€000, Omov emtvyydvetal otabepn €voelEn, m omoio €lvol GE  IKOVOTOIMTIKN
CUUPOVIO LE TIC TEWPUUOTIKES LETPT|OELS.

e H didtaén bubbler peyolvtepng Swpétpov  mapovoldler  ta  embountd
YOPOKTNPIOTIKG OGOV QPOpd TNV TN TOV KAGAGUATOS OTHOV (T 1GOPPOTiaG) Kot
Tov ypdvo mapapovig (HeEYaro). Qotdco, oty SdToln ot YPNOLUoTOoLEiTOL
ueyadvtepog Oykog vypov (Trimethylgallium, TMG) 1o omoio &ivar axpifo kot
emPBapiivel 1o KOGTOG YPNOTG.

e H duataén bubbler pikpdtepov vyoug petdvel o péco KA 0THoD GTOV OYKO TOV
aepiov Kot otV ££000 Kol LELOVEL TOV XPOVO TOPOUOVIG TOV 0EPIOV GTOV OYKO TOL

VYpOL.



H ddra&n bubbler n onoio mtapovsialel Ta kKaAdtepa TEYVIKA YOPOKTNPIOTIKAE Eivar
avt 6mov mpooTifeTan pa vEa GEPA TTEPLYIMV Ko KAEIVETOL Lot Ot GTNV TAGKQ
dtavoung tov aepiov kKabmg avtd E1GEPYETAL KOl SIOVELETOL GTOV OYKO TOL VYpov. H
dgtaén avtn cLVOVALEL TNV TIUN 1GOPPOTING Yot TO KAAGHO aTUOD HE TOV HEYEAO
¥POVO TTapapovig Kabmg emiong dtatnpel 6tabepd T0 KOGTOG TOV YPNGUYLOTOLOVUEVOV

vypov TMG.



Abstract

In this computational study, the optimization of a bubbler design, including evaporation
and condensation processes, were investigated using the Volume-Of-Fluid model (VOF)
in the ANSYS FLUENT code. Mass transfer contributions were calculated and source
terms at the interface were accordingly incorporated in the continuity, energy and species
equations. The model was validated by Stefan’s problem. Different geometries in com-
bination with different values of inlet flow rates and liquid filling degrees were studied.
The main optimization criteria used to analyze the results were the average vapor mole
fraction in the gas and at the outlet, the residence time associated with the gas hold up
and the average temperature in the flow domain. The key findings of this work are the

following:

e Reaching equilibrium at the bubbler outlet is significantly affected by the conden-

sation at the feed pipe during the filling process

e Even at high inlet flow rates, a constant source flow is generated at the outlet, in

accordance with the experimental results

e Wider bubblers are advantageous since they yield average mole fraction closer to
equilibrium and higher residence time. However, they imply storage of an expen-

sive liquid (such as Trimethylgallium, TMG)

e Reducing bubbler height increases average mole fraction in the gas and at the outlet,

and reduces residence time

e Modified bubblers with an addition of internals and closing a particular hole close
to the feed pipe brings the system faster to equilibrium and increases the residence
time. This design comes out to be the optimum in the range of the examined design

modifications
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Chapter 1

Introduction and Literature Review

1.1 Company profile of OSRAM Opto Semiconductors

This work was carried out at OSRAM Opto Semiconductors. OSRAM Opto Semicon-
ductors is one of the world’s leading manufacturers of optoelectronic semiconductors.
OSRAM produces high brightness and high power LED’s. LED’s include an epitaxial
grown crystal with a light producing internal layer while, crystals are grown on substrates
(wafers) in MOCVD reactors at OSRAM.

With its headquarters in Regensburg (Germany), Sunnyvale (USA) and in Hong Kong,
production sites in Regensburg and Penang (Malaysia) and a global network of sales and
marketing centers, OSRAM Opto Semiconductors is in an excellent position to meet the

challenges faced by a global high-tech company [1].

1.2 Metalorganic Chemical Vapor Deposition (MOCVD)

Metalorganic chemical vapor deposition is an epitaxial deposition technology used to pro-
duce high quality electronic and optoelectronic devices. In the semiconductor industry,
laser diodes, light-emitting diodes, transistrors etc. are produced. In the MOCVD process
the goal is to produce solid thin films in a controlled way. Gaseous chemical precur-
sors, pass over a heated crystalline substrate seed crystal, where pyrolytic reactions cause

chemical decomposition and subsequently produce solid films.
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The MOCVD equipment consists of three main parts (Fig. 1.2, [2]):
1. Chemical vapour precursor system
2. MOCVD reactor

3. Effluent gas handling system

Furnace

L
"[zf‘l%]

e

Speadivalve

Chamical
trap

Rotary 1.substrate

wacuum 2.susceptor
pump

Figure 1.2: Typical laboratory MOCVD equipment for the deposition of epitaxial films

on heated substrates.

In detail the main parts are as follows:

Chemical vapour precursor supply system (Fig. 1.2, 1)

The role of this part is to generate vapour precursors (solid, liquid, gas) and then de-
liver them to the reactor. Liquid sources use a bubbler to vaporize the reactants and a
carrier gas (reactive gases as Hj or inert gases such as N;) to transport the vaporized re-
actants into the reactor. The delivery of the reactants depends on the source temperature,

the carrier gas flow rate and the pressure over the source.

MOCVD reactor (Fig. 1.2,2)
The MOCVD reactor consists of a reaction chamber equipped with a loadlock for
the transport and placement of the substrate into the chamber, a substrate holder, and a

heating system with temperature control. The main part of the MOCVD reactor is used
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to heat the substrate to the deposition temperature. There are different types of reactors:

horizontal, vertical, semi-pancake, barrel and multiple wafer [2].

The effluent gas handling system (Fig. 1.2, 3)

This part consists of a neutralizing part for the exhausted gases, and/or a vacuum sys-
tem to provide the required reduced pressure for the MOCVD process that performs at low
pressure or high vacuum during deposition. The main part of the effluent gas handling
system is the removal of the hazardous by-products and the toxic unreacted precursor

safely.

Main steps of MOCVD process
In general the main steps of the MOCVD process are [2]:

1. Active gaseous reactant species are generated
2. Gaseous species are transported into the reaction chamber
3. Gaseous reactants are forming intermediate species by reacting in the gas phase

4. Absorption of gaseous reactants onto the heated substrate where heterogenous re-
action occurs at the gas-solid interface which produces the deposit and by-product

species

5. Diffusion along the heated substrate surface forming the crystallisation centre and

growth of the film

6. Removal of gaseous by-product from the boundary layer through diffusion or con-

vection

7. Transportation of unreacted gaseous precursors and by-products away from the de-

position chamber

Bubbler system and chemical precursors
The precursors used in a MOCVD process can be liquids and solids. Such precursors

are widely used and are better on physical properties and less harmful, flammable and
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corrosive compared to the gaseous ones. Here are only mentioned the liquid precursor
types that are used to fill the bubbler through which the carrier gas is bubbled. The
bubbler is a vessel made of steel, filled with the precursor which has to be evaporated
and transported in to the reaction chamber.

There are different commercial bubbler types where the liquid is mainly heated by
a temperature controlled heater device and evaporates. Temperature of the liquid deter-
mines the vapor pressure in the bubbler. Due to the strong dependence of vapour pressure
on temperature, current bubbler systems have problems to deliver a stable source flow
when the flow rate is increasing. To deal with this, different configurations of a new bub-
bler design are studied in this thesis. The typical bubbler type used in the semiconductor

industry is shown in Fig. 1.3.

Figure 1.3: Typical bubbler type used in semiconductor industry

In the described commercial bubbler system, as the inlet flow rate increases, source
flow reduces (Fig.1.5). The goal of the new design is to create a bubbler system able to

conserve a stable source flow even for high inlet flow rates (above 2000 sccm).
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1.3 New concept to provide stable source flow

The experimental set up consists of two bubblers connected in series. The first one (No 1
in Fig. 1.4) is a commercial bubbler like the one shown in Fig. 1.3 and is used to saturate
the carrier gas before it passes through the second (No 2) in-house bubbler. The in-house
bubbler is designed by OSRAM and has to be optimized. Depicted in Fig. 1.4 is a new

concept of bubbler design.

T
supersaturated .
Concentration
TMG vapor
measurement
Qo+ Qotmg device

No2

Figure 1.4: New prototype bubbler system

Pure carrier gas enters the commercial bubbler and is saturated to some degree depend-
ing on the flow rate. The vapor-gas mixture includes the carrier gas (Hydrogen gas(H>))
with the saturated precursor (Trimethylgallium vapor ((CHz)3)Ga, TMG) and enters into
the second bubbler, through a centered feed pipe, which operates at a lower temperature.
Therefore, the gas mixture in the second bubbler is supersaturated and vapor condensates,
while it evaporates at the free surface. In this way the liquid level is kept constant in
the bubbler. The mass transfer is concentration gradient driven under almost isothermal
conditions. This is very important for the saturation and the delivery of the gas inside
the MOCVD reactor chamber. The bubbles are distributed over the whole tank by means
of a series of internals. At the outer walls water cooling is applied, to keep the bubbler
on a constant temperature. The carrier gas flow, through the bubbler, is metered with an
electronic MFC (mass flow controller) while the bubbler’s internal pressure is controlled

by an electronic BPC (back pressure controller). A concentration measurement device is
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attached at the outlet.
The experimental results show that at low filling degrees the vapor mole fraction at

the outlet is almost constant for different inlet flow rates even for the higher ones Fig.1.5.

In-house bubbler VS Commercial bubbler
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Figure 1.5: Comparison between commercial and in-house bubbler

1.4 Literature review on bubbler models

Regarding the importance of bubbler for the chemical vapor deposition processes very
few theoretical, experimental and numerical work is available in the literature.

Love et al. [3] present a lumped mathematical model of the performance of a bubbler
as a vapor delivery system. The model defines and elucidades the parameters that control
the behavior of the bubbler and an experimental protocol was used to measure the mag-
nitude of the thermal resistances and the response of the bubbler to changes in operating
conditions.

Holstein [4] investigates the increasing partial pressure that was described in the study
of Stagg et al. [5] at low flow rates by considering thermal diffusion due to temperature
gradients. This increment occurs in a tube after the bubbler where the exit temperature is
increased. He proposed that at low flow rates, the entire saturator should be submerged in
a constant temperature bath and by using a narrow diameter extension of the exit tube in
the saturator vessel. The temperature of the exit tube should be kept constant.

All the above systems are temperature sensitive and they have to be designed and
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operated very carefully to ensure that the exit gas stream delivers a constant vapor pressure
of the precursor.

A study from Bour [6] describes a way to calculate the filling degree in a commercial
bubbler which is filled by a liquid or a solid source. Andre et al. [7] studied a proto-
type design of a bubbler filled by solid TMIn to overcome the issues associated with the
constant delivery of a fully saturated vapor into a MOCVD reactor.

In summary, all the studies mentioned above are focusing on experimental analysis
of the bubbler system along with some parametric studies regarding its operation. In this
work, the bubbler is studied via a computational analysis based on Computational Fluid

Dynamics (CFD).

1.5 CFD simulation of bubbler flow

Being a multiphase system, the bubbler is considered as comprising continuous and dis-
persed phases which can include different chemical components. The continuous phases
can be liquids and/or gases. The dispersed phases can be liquid droplets, gas bubbles or
solid particles depending on the continuous phase. In the particular bubbler, the flow is a
two-phase one. The continuous phase is the liquid phase and the dispersed phase is the
gas phase (bubbles).

There are two modeling strategies to approach multiphase systems by means of CFD:

e Free surface flow models

e The two-fluid model

Choosing a multiphase model

To solve a multiphase problem, as the bubbler flow, the choice of the appropriate
model is required. In the current study the Volume Of Fluid (VOF) model is used.
The size of the formed bubbles, is bigger compared to the mesh size and can be repre-
sented on the mesh. So, for rather low flow rates and laminar flow the VOF model can be

applied.
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The two-fluid model - Eulerian model

The Eulerian model treats the different phases as interpenetrating phases. It solves
momentum and continuity equations for each phase. Pressure and interphase coefficients
combined with the phase types are used for coupling. It is used when interfaces cannot
be represented on a mesh. Typically, for vapor high flow rates and turbulent flow the dis-

persed bubbles that appear cannot be shown on the mesh.

The free surface flow model

The VOF model is used for tracking the interface between different continuous and
immiscible fluids. Two or more fluids can be used and the equations being solved are
shared by the phases and include a single set of momentum equations. The volume frac-
tion of each phase is tracked. This model is used when interfaces are large enough (e.g.

bubble-liq) to be represented on the mesh.

1.6 Purpose

The purpose of the current study is to optimize the design of the bubbler (OSRAM in-
house) by means of CFD modeling and to suggest design optimizations. The main idea is
to improve the creation of fully saturated bubbles that transfer the metalorganic precursor
into the MOCVD reaction chamber at constant source flow and temperature. To succeed
that, more interfacial area and higher bubble residence times are probably needed. Differ-
ent design parameters are varied such as the height of the bubbler, the diameter, the shape,

the number and the position of the internals.
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Chapter 2

Mathematical Formulation

2.1 Governing equations

2.1.1 General Description of the model

In the current study a numerical analysis has been performed to optimize the design of a
new bubbler. For this purpose a free surface model is used to model the two-phase flow
and is supplied by coupled mass and heat transfer models to account for the evaporation
and condensation of the liquid or vapor. Here, mass transfer is driven by the species mass
fraction gradient at the gas-liquid interface and liquid evaporates to gas and gas conden-
sates to liquid depending on the local conditions at the interface. The gas phase is defined
by two species components, the precursor and the carrier gas, and the mass fraction dis-
tribution of the two species is computed. Heat transfer due to evaporation/condensation
is computed as well.

A transient problem is defined, the VOF method is used and the governing equations

are solved for gas and liquid phases.

2.1.2 Multiphase model

In this study the VOF method available in the commercial CFD code ANSYS FLUENT
14 is used. The VOF method is a fixed mesh technique which can model two or more

immiscible fluids [8].
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In the VOF model, a single momentum equation, the continuity equation and a volume
fraction equation for the secondary phase are solved. Interface tracking is based on the
volume fraction field of the secondary phase. In this study the gas phase is taken as

secondary phase.

2.1.2.1 Volume fraction and continuity equation

The continuity equation is given by:

dp
T AV.pl= )
5, TV -pi 0, 2.1)

where, p [kg/m?] is the mixture density, defined below and i [m/s] is the velocity.

The equation for the gas phase volume fraction is:

J0lgPg
ot

where index g denotes gas phase variables, Sq, is a source term due to mass transfer,

+ V- (0Pgil) = Sey» (2.2)

to be defined later and «, is the volume fraction given by:

o volume of gas in a cell
. =

volume of the cell 23

The volume fraction @, can have the following values:
e o, =1, cell is full of gas
e o, =0, cell is full of liquid

e 0 < o < 1if the cell is partially filled with gas and contains an interface between

gas and liquid phases

The volume fraction of all phases in each control volume sums to unity. As it is
considered to be a two-phase problem, the volume fraction of the liquid for the given

system and for every cell is calculated by:

o +o0y =1, 2.4)

where index / denotes liquid phase variables.
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The properties and the fields for all variables that appear in the conservation equations
are determined from the volume fraction of each phase. For instance, density and viscosity

[t[Pas], in each cell are determined by:

p = Ogpg+ (1 —0)py, (2.5)

1= Otgltg + (1 — o)y, (2.6)

respectively.
In conclusion, the VOF method solves only N-1 volume fraction equations. It also
uses the continuity equation to construct the pressure-correction equation for the velocity

field [9].

2.1.2.2 Interface reconstruction

ANSYS FLUENT offers different methods to solve the volume fractions as the donor-
acceptor method, the simple line interface calculation (SLIC) method and the piece-
wise linear interface calculation (PLIC) method generalised to be used with unstruc-
tured meshes which is also called the geo-reconstruction scheme. The geo-reconstruction
scheme is used in the current study as it is recommended for this type of problems. This
method is illustrated in the Fig. 2.1 (b) [10]. The interface reconstruction is very impor-
tant for the solution accuracy because the interfacial area is involved in heat and mass

transfer.
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a) b)

(
\ \

(a) Real interface shape (b) Shape calculated by VOF

geo-reconstruction scheme

Figure 2.1: Geo-reconstruction scheme

2.1.3 Momentum equation

A single set of momentum equations is solved throughout the flow domain to describe the
momentum transport in both phases.
The momentum equation includes the volume fractions of all phases through the prop-

erties p and u:

d(pid)
ot

In the momentum equation, accumulation and convective terms are balanced in every

+V - (piiid) = =Vp+ V- u(Vi+ (Vi)' )+ pg+F. 2.7)

cell with pressure p [Pa], shear, gravitational body forces, and additional forces F. Here,
F is a force due to surface tension at the interface.
The surface tension force can be expressed as proposed by Brackbill et al. [11] em-

ploying the Continuum Surface Force (CSF) model:

pr Vo
1T, - o
%(Pg+Pl)

where, Vo is the gradient of the volume fraction in the gas phase, ¢ is the surface

F=-0

2 2.8)

tension [N /m], p, p;, pg are the mixture, liquid and gas density [kg/ m?], respectively and
K, [1/m] is the curvature.

The surface tension source term F [N / m?] in Equation 2.8 written as a pressure jump
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at the interface for a two-phase system, is expressed as volume force by the use of the
divergence theorem. In that way the surface tension is changed to a volume force and is
added to the momentum equation.

In the simple case where surface tension remains constant and only the interfacial
forces are considered, the surface tension is associated with the pressure drop across the
interface and the surface curvature by the Young-Laplace equation:

1 1

p2—p1= G(ITI R—z). (2.9)

where R and R are the radius of curvature, as shown in Figure 2.2. Thus,

(2.10)

Figure 2.2: Young-Laplace equation quantities

In the general case, the curvature is computed from the surface divergence of the unit

vector normal to the interface, 7i,:

Va,
e = . 2.11
" Vay| &1
Ky =V g, (2.12)

where, || denotes the modulus of a vector.
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Additionally, due to the presence of solid boundaries, in cells close to walls the inter-
face shape is adjusted to enforce the given contact angle (0) at the wall (Fig. 2.3). The

unit normal vector in these cells is set to:

it = it,ycosB,, + 1,,sinb,,, (2.13)

where 7i,, and 7,, are unit vectors normal and tangential to the wall respectively.

e 50" vettingout

Nw
[
M
tw .
1 90°<8.<180" non-wetting

Figure 2.3: Contact angle

2.1.4 Energy equation

The energy equation is written in enthalpy form and shared between the phases:

d(ph nooo,
J£J+Vﬂmm:V(WT—Z%@HS& (2.14)

i=1
where, i is the index for species and » is number of species. The thermal conductivity
k [W/mK] is calculated as density in Eq. 2.5 and enthalpy h [J/kg] is a mass average

variable defined as:

§— OgPghg+ (1 — ocg)p,hl.
otgpg + (1 — g )y
The enthalpy depends on temperature and heat capacity, C,, [J/kgK]. The temperature

(2.15)

is calculated from:

T
h:%+/@ﬂ* (2.16)
Ty
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where, Ty [K], ho [J/kg] are reference temperature and enthalpy respectively. Cp, is
calculated as e.g. density in Eq. 2.5

The second term on the right hand side describes the enthalpy transport due to species
diffusion and Sg is the source term for heat transfer related to mass transfer at the inter-
face.

Dissipation effects (e.g. viscous) are neglected.

2.1.5 Species equation

The species equation is phase-specific and is solved only for the gas phase since here the

liquid phase is not a mixture but a pure liquid:

8(pgagY;)
ot

where, Yé is the mass fraction of component i, Sgp is the species source term due to

+ V- (pg0tgiily) = ~V - (OCgJZ,) +S;

- (2.17)

interfacial mass transfer and Jé, is the diffusion flux term of component i in gas phase.

Here, the gas is a binary system and thus the diffusion flux is given by Fick’s law:

Ji = —p,D;VY, (2.18)

where, D; is the diffusion coefficient of species i.
The effect of thermal diffusion (Soret effect) is neglected because temperature gradi-

ents in the bubbler are too small.
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2.2 Interface conditions

Mass transfer takes place from the liquid to the gas phase (evaporation) and from the gas
to the liquid phase (condensation). To overcome the discontinuity at the interface between

gas and liquid, jump conditions are used to couple interphase heat and mass transfer.

2.2.1 Mass transfer

In general mass transfer is coupled and driven by concentration and temperature gradi-
ents at the interface. As already mentioned, due to small temperature differences but large
concentration gradients here it is assumed that the mass transfer is driven by the concen-
tration gradients only. Assuming that A [m?] is the interfacial area in a cell with volume

Vo1 [m?], then the model used can be written as:

I pgKA
n; = —>—
Vcell
. 111

where, i’ is the volumetric rate [kg/ m3s], K [m/s] the overall mass transfer coeffi-

(Vg =Yy), (2.19)

cient and Y;* the mass fraction of species at the interface defined by the equilibrium value
based on the vapor pressure (Eq. 2.44).

The interfacial area is given by:

A= Vcell]Vag\. (2.20)

Inserting Eq. 2.20 into Eq. 2.19 the mass transfer formulation used, is given by:

i = pK(Yy = Yy)|Vatg. (2.21)

A combined diffusive and convective mass transfer formulation for the flux n‘fz;-' [kg/ m?3s],

can be written as [12]:

n
'y =T+ pgii =T+ Y Y iy (2.22)
i=1

Since here only a single gas phase species participates in the mass transfer pg,u =

Y} we find [13]:
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i = —pDiVY, + Y iy | (2.23)
and:
Wi/ Y/ X = /!
m’ =m =m -Vag, (2.24)
Vcell
thus:
PeDi i
"= _ T Y;* VY, Vo, (2.25)

The overall mass transfer coefficient approximation is obtained by the comparison of

Eq. 2.21 with Eq. 2.25 :

% i —P, D; i
PeK (Y —Yp)[Vou| = =5 VY, - Vag. (2.26)
8

(Yi—Y)

If VY, is approximated as —

, where L is an appropriate length scale, and Vo, as

|Vt |, then the overall mass transfer coefficient is given by:

= f) ;g’ % (2.27)
and is validated later.
In the bubbler system the length scale is chosen L = Vcle/l?.
The final form of the used mass transfer model is:
)" = p, bi 1 Y] Vayl. (2.28)

1-Y&L
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2.2.1.1 Mass related source terms

Appropriate volumetric sources for evaporation and condensation and related heat transfer
have to be added to the governing equations because such terms are not available by

default in the ANSYS FLUENT VOF model. The units of the source terms for continuity

and species equations are % and of the energy source term is mL3s Figure 2.4 illustrates

the position of the needed source terms in a given bubble.

Interphase conditions
source terms

Figure 2.4: Interphase mass transfer in a bubble

Volumetric species sources - species equation

In the species equation the source term is added to model mass transfer at the interface
between liquid and vapor.

It is added to the vapor species equation only:

SeoP = rity, (2.29)

vap*
Positive source terms model evaporation and negative condensation.
The source term for the gas phase continuity equation is given by the sum of the source
terms for the species equations. Regarding that there is zero source term for the carrier
gas only the species source for the vapor precursor exist and satisfies the desired balance

equation.

Volumetric mass sources - VOF equation

Liquid and gas phase mass sources related to the species source are:
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S = —Suer, (2.30)
Sg = S, 2.31)

respectively. Thus, in case of evaporation, S:;p > 0, liquid is consumed and for con-
densation liquid is created.
The overall continuity equation, (Eq. 2.1), should be satisfied and the sum of the

source terms §; and S, should be zero: §; + S, = —Szzp + S:Zp =0.

Volumetric energy sources - Energy equation

The energy source is calculated from the species source and the latent heat by:

Sg = =S¢ AHqp, (2.32)

where, AH,,,;, is the latent heat in J/kg and is always positive. In case of evaporation

Szzp > 0 and the gas/liquid mixture is cooled, while for condensation it is heated.

Momentum equation
In the single momentum equation the source term is zero because the momentum

source terms in the liquid and gas should balance.

2.2.1.2 Numerical implementation

Numerical problems were encountered which could be remedied using the following sta-
bilization means.

In this study Eq. 2.28 is multiplied by the factor 2¢; recommended by Banerjee [14].
By definition the interface is located where the volume fraction is equal to 0.5, although,
the interface in the VOF method is smeared over a few cells as shown in the Fig. 2.5.
Considered a region at the interface where, liquid (right side) exceeds the value of 0.5
and gas (left side) with values lower than 0.5, where evaporation takes place from liquid

to gas. Then 20y never exceeds 1, because the mass transfer term is only calculated on
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the gas side of the interface. Thus, the factor is 1 at the interface and much smaller else-
where. It was checked that this modification introduces only a small error but improves

the computational stability considerably.

interface

gas

1

Figure 2.5: Definition of the stability term

Other implementations to improve the stability of the mass transfer model is the multi-
plication with factors such that cells with very low gas volume fractions and/or interfacial
area do not exchange any mass. The factors are designed to give a smooth transition
between the low and higher values.

The models used are the following:

Volume fraction limit

The driving force for the mass transfer according to Eq. 2.28 is (Yé* —Yh. Itis

g
reformulated as, driving force = (Y — Ygi), where Y is a function given by:

Y=Y 9 +Y,(1-9), (2.33)
where ¢ is a factor dependent on the volume fraction in the following way:

: _ _yi
o if o, <@, ,¢=0,Y =Y, nomass transfer occurs.

d lf aglow < ag < aghigh 2

—15 [0
(b(x — e'xp[ 1 aglaw /(1 - o g
( - w) ghigh

(2.34)
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o if iy > Olgjian> 0=1Y= Y;*, full mass transfer according to Eq. 2.28
Limit of B = |Vo,| in Eq. 2.28

The term f3 is reformulated as:

B = Voy|dq (2.35)

where ¢, is a dimensionless factor, calculated as follows:

o if ‘V‘xg’ < ﬁlow7¢0€ :07ﬁ :0’

o if ﬁlow < |V(Xg| < ﬁhigha

— \Y%
0 = expl—— /(1= %)) B — (g, 2.36)
1—[#?;2 ﬁhtgh

o if |V05g’ > Bhigh;ﬂba = 17B = |VOCg|

Values used for the limis were Qo = 0.025, Qgpign = 0.075, Biow = 0.1, ﬁhigh =2

which are all small compared to typical values close to interfaces.
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2.3 Solution method

A control-volume-based technique is used by ANSYS FLUENT 14 to convert the gov-
erning equations into algebraic equations that can be solved numerically. To model the
source terms, User Defined Functions (UDF) are used. The UDF is a routine programmed
by the user written in the C programming language and FLUENT macros and is dynam-
ically linked to the solver. Pressure-velocity coupling is achieved by using the Pressure-
Implicit with Splitting Operators scheme (PISO) [15]. The continuity equation was spa-
tially discretized by the Pressure Staggering Option (PRESTO!). The momentum, energy
and species equations were discretized by a Second Order Upwind scheme. Addition-
ally, the Geo-Reconstruction interpolation scheme (generalized PLIC approach) was used
for interface tracking. The volume fraction equation was solved by an explicit scheme.
Adaptive time stepping was used and the time step is adjusted to maintain a CFL num-
ber (CFL = “%jc&) of 0.25 because the time-accurate behavior of the VOF solution is
important [16].

In conclusion, Table 2.1 summarizes the used numerical schemes/settings.

Computational parameter Settings
Solver Pressure based transient
Discretization Pressure (PRESTO!)

Momentum (Second Order Upwind)

Volume fraction (Geo-reconstruct)

Pressure-velocity coupling PISO
Transient formulation First Order Implicit
Convergence level 1x1076

Time step minimum 0.0001

Table 2.1: Numerical settings

2.3.1 Physical properties

In the current study the liquid phase is liquid TMG (Trimethylgallium Ga(CHs)3). The

gas phase is a mixture of a TMG vapor and hydrogen (carrier gas). The properties of the
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materials used for the calculations are given by the Tables 2.2, 2.3, 2.4 and 2.7. Tempera-
ture variations are small so it is decided to assume constant properties.

Liquid TMG properties

The liquid density is provided by the supplier. Liquid viscosity is given by [17],
thermal conductivity is given for a constant temperature from the ASPEN software [18]
and specific heat is defined according to [19]. Antoine and Clausius Clapeyron equations

are used to calculate the vapor pressure and the latent heat of vaporization for the TMG:

() _ Moy 11
P1 R T, T

where, AH,,, [J/mol] is the latent heat, R is the gas constant [J/molK] and T; is the

(2.37)

operating temperature and 75 is the inlet temperature in [K], p; and p, are the vapor pres-
sures at the temperatures 77 and 7>, respectively, in [Pa]. The latent heat of vaporization
is always positive.

All the properties for liquid TMG are listed in Table 2.2

Properties TMG  Temperature
density [kg/m’] 1151 20°C
viscosity [kg/ms] 0.0007 20°C
specific heat [J/kgK] 1631 17°C
thermal conductivity [W/mK] 0.11191 25°C
latent heat [J/kg| 285997 17°C —22°C
molecular weight [kg/kmol| 114

Table 2.2: Physical properties of liquid phase (TMG liquid)

TMG vapor and hydrogen properties

The gas phase species are H, carrier gas and TMG vapor. Properties for H; are pro-
vided by the ANSYS FLUENT database and are listed in Table 2.3. TMG vapor density is
provided by the ”Air Liquide” company. Specific heat, thermal conductivity, heat capac-
ity and viscosity are calculated according to the kinetic theory (Appendix) at the operating

temperature of 17°C.



2.3 Solution method 29

Properties TMG vapor Hydrogen
density [kg/m?] 4.856 0.08189
viscosity [kg/ns] 0.00002548 0.00000841
specific heat [J/kgK]| 36.46 piecewise — polynomial
thermal conductivity [W/mK]  0.000931 0.1672
molecular weight [kg/kmol] 114 2

Table 2.3: Physical Properties TMG vapor and H;

Gas mixture properties
The gas phase mixture properties calculated from kinetic theory and shown in Table

2.4, where typical values are presented at the operating temperature 73, = 22°C.

Properties Gas mixture
density [kg/m?] 1.34
viscosity[kg /ms] 0.000009
specific heat[J/kgK] 900
thermal conductivity[W /mK] 0.068

Table 2.4: Physical properties of gas phase

Mass diffusivity was calculated using the Wilke and Lee (1955) [20] formula at the

operating temperature:

[3.03 — (0.98/M,,)](1073)T3/2

1/2 o ’
pM,p 0480

Dsp = 0.0001 (2.38)

where, Dyp is the binary diffusion coefficient [m? /s], T is the temperature [K], My,
Mp are the molecular weights of A and B [g/mol], Map = 2[(1/My) + (1/Mp)]~" and p is
the pressure in [bar], c4p = (04 + 0p)/2 [Angstroms] is the characteristic Lennard-Jones
length, and Qp is given by:

A C E G

Qp =
P B + exp(DT*) + exp(FT*) i exp(HT*)’

(2.39)

where T* =T /(€ap/A) A[J/K] is the Boltzmann constant and €4p is the characteristic

Lennard-Jones energy, €43 = (EASB)I/ 2, and the values A, B, C, D, E, F, G, H are given
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in Table 2.5:

Constant Value

A 1.06036
B 0.15610
C 0.19300
D 0.47635
E 1.03587
F 1.52996
G 1.76474
H 3.89411

Table 2.5: Constant values

Values for the mass diffusivity that are used in the calculations refered to the operating

temperatures 10°C and 17°C and are given in Table 2.6.

Mass diffusivity [m?/s] Temperature
0.00002717 109C
0.00002839 179C

Table 2.6: Mass diffusivity at different operating temperatures

For the density is used the so-called incompressible ideal gas approach:

p=—"Lor (2.40)
RTZM—gM

where, R [J/K mol] is the universal gas constant and p,,, [Pa] the operating pressure.
By using this approach, density is a function of temperature and gas composition.
Further, the surface tension is calculated by the Parachor method [20], used for organic

compounds for which group values are available. The formula used is:

103

where ¢;[kmol /m?] and c4[kmol /m?] are the saturated molar liquid and gas densities,

o = [P( )t (2.41)

respectively. P is the parachor factor for each group. In this study the Parachor factors for
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methylene and gallium are 55.25 and 50 respectively and the calculated surface tension
is 0.021 N/m.The contact angle used in the current study is 60°. Note that the angle has

been varied, 60° — 120°, but without noticeable effect on the solution.

Steel properties
The solid parts of the bubbler are made of steel. The properties of the steel are taken
from the ANSYS FLUENT database and are listed in Table 2.7.

Properties Steel
density [kg/m’] 8030
specific heat[J /kgK] 502.48

thermal conductivity[W /mK]  16.27

Table 2.7: Physical properties of solid steel

Properties at the interface
It is assumed that the property values at the interface are given by their respective

thermodynamical equilibrium values: ¥;"¢*=Y ..

Applying Raoult and Dalton laws the

equilibrium mole fraction can be calculated as (Fig.2.6):

Xomg = 2242 (2.42)
Pop

where p,q, 18 the vapor pressure.
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Figure 2.6: Equilibrium mole fraction of TMG

The vapor pressure for the TMG is a function of temperature (Fig. 2.7):

1703

Prap = 133.32-10807=77°) (2.43)

and py) is given in [Pa] and T in [K].
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Figure 2.7: Vapor pressure of TMG as a function of temperature

Note that since the hydrostatic pressure and the dynamic pressure differences are very
small ( 4000 Pa) compared to the operating pressure (120000 Pa), their effect on vapor

concentration and gas density are negligible in this study.
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The interface and equilibrium mass fraction of TMG vapor is then given by:

x xtmthmg
tmg —
& xtmthmg + (l - xtmg)MHg

Equilibrium Mass Fraction (-]
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Figure 2.8: Equilibrium mass fraction of TMG

(2.44)
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2.3.2 Validation
2.3.2.1 The Stefan problem

To validate the mass transfer source term, the Stefan problem is used [21]. The overall
mass transfer coefficient (K) is defined by the Eq. 2.27.

In the Stefan problem the length scale (L) is the typical length of a cell, a constant for
the used meshes.

The Stefan diffusion problem describes the evaporation of a volatile liquid from a
partially filled container. In the current study, a vertical tube is partially filled with pure
liquid TMG, elsewhere the tube is filled with H,. Liquid TMG evaporates and the mole
fraction distribution of TMG is determined as a function of time. Evaporation occurs at
the gas-liquid interface. The species equation is solved and the problem is approximated
to be 1-D by imposing zero-gradient conditions for the mass fractions at the side walls.

In the current study two models are compared. The Stefan tube analytical solution
is given by calculating the species distribution in a tube where equilibrium mass fraction
at the bottom and zero mass fraction at the top of the tube were imposed and only the
diffusion equation is solved (Fig. 2.9 left-hand-side). The numerical solution is given by

solving the mass transfer model including the source term from Eq. 2.28.

Yme=0 Yme=0
®

gas gas
............ een interface

Ymwe=Yeq liquid

Figure 2.9: Stefan tube boundary conditions

Figure 2.10 displays the contours of the TMG mole fraction at t=150s (numerical

solution).
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Figure 2.10: Contours of evaporating TMG mole fraction at = 150s (right column). The

left column shows the colour scale.

Figure 2.11 compares the mole fraction of TMG vapour obtained from CFD and ana-
lytical solutions. It is concluded that the numerical solution is in good agreement with the
analytical and as a result the mass transfer source term is an adequate basis for investiga-
tion of evaporation and condensation in the bubbler. Also, different mesh and geometry

sizes were tested and the comparison was equally good.

0.14 T T T T T T T

-5-- Analy‘itical

=== Numerical

Vapor mole fraction

D I I 1 -~
0 n.oe 0.04 0.06 0.oa 0.1 01z 0.14 0.16
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Figure 2.11: Comparison between analytical and numerical solution
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2.4 Model Set-up

2.4.1 Geometry and Mesh

The geometry and the mesh were created in the ANSYS Design Modeler and are shown
in Fig. 2.12. The bubbler geometry is modeled as 2D axisymmetric. The original design
has a centered inlet tube, three series of internals and two perforated plates at the bottom
and at the top of the bubbler. The main role of the internals and the perforated plates is to
increase the residence time and the interfacial area.

The 2D axisymmetric approach can be used because the bubbler is cylindrical 3D
symmetric about an axis. The modeled 2D domain represents a slice of the actual 3D
model which, if revolved around the X-axis of the reference cartesian coordinate system,
would become the original 3D structure.

The dimensions of the bubbler are given in the Table 2.8 where d;, > d,,; and H > W.

Dimensions Symbol

Inlet diameter din
Outlet diameter dour
Height H

Width W

Table 2.8: Dimensions of the bubbler geometry

The geometry used for the calculations is depicted in Fig. 2.12. Variations of this
geometry are tested to optimize the current design.

A uniform mesh with maximum skewness of 0.79 is used. Edge sizing and inflation
around the internals is applied. The mesh size used for the original geometry is 12456
nodes. Meshing influences the accuracy, convergence and speed of solution, so its role
is critical for the quality of the solution. Naturally, the resolution should be as high as
possible, but higher resolution costs more in computing resources. Thus, a compromise
between mesh resolution and computational cost was necessary. A sample mesh used for
the calculations is shown in Fig. 2.12.

Here, the focus is given to the design information that can be extracted from the sim-
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ulations. By increasing the number of cells the computational time increases. The sim-
ulations in this study are transient and need long time to reach statistically steady-state
conditions. A typical simulation time to reach statistically steady-state conditions with
a rather coarse mesh is almost a week. Finer meshes were also checked but the design

information could be extracted from the coarse one fast and reliable.

Perforated plate

internal

internal

Perforated plate

Figure 2.12: Geometry and Mesh of the initial bubbler design
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2.4.2  Set up - Solution procedure

In this section initial and boundary conditions of the model are described and simplifica-

tions are justified.

2.4.2.1 Initial and Boundary conditions

The initial and the boundary conditions are depicted in the Fig. 2.13.

Inlet : “hot” Inlet : “saturated”

Equilibrium
mole

®——> fraction at
Top

Gas

Inlet mole
fraction at
Tin

Liquid

Figure 2.13: Initial and Boundary conditions

Inlet

The inlet gas is introduced at the top of the centered tube at a constant velocity, tem-
perature and composition (Fig. 2.13). The inlet gas temperature was T;,. The inlet gas
consists of two components, the carrier gas and the vapor precursor. Different cases of
the inlet composition have been examined according to experiments and to the industrial

practice. The inlet velocity is calculated from:

_ QT po
Ajp Ty Pop

(2.45)

Uin
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where, To = 0 °C, po = 101325 Pa are the Standard conditions, 7j, the inlet tempera-
ture and p,,, the operating pressure.
Qi 1s the sum of the inlet flow rates of the carrier gas and the precursor (TMG) coming

from the commercial bubbler Fig. 1.4:

Qin = Qo+ Qormg = Qo + QoX S (2.46)

where, Qg is the inlet flow rate to the commercial bubbler, Qg is the flow rate of
pure TMG vapor extracted from the commercial bubbler, S is the degree of saturation in

the commercial bubbler and X is given by:

X =P (2.47)
pop - pvap

The saturation degree is an approximation that comes from the experimental data (Fig.
1.5) and the value of S = 0.9 is used for the simulations.

Walls

The walls in the model are approximated as smooth walls and the no-slip condition
is applied for the velocity and the zero-gradient condition for mass fraction. The bubbler
system is adiabatic except for the heat loss by the cooling system applied to the walls.
Heat transfer occurs through the walls and cooling conditions were imposed with heat
transfer coefficient /., = 15000W / m?K and temperature T, < T,,. The contact angle at
the walls was set at 6,, = 60°. In special cases condensation at the walls was modelled
by setting the equilibrium mass fraction value at the wall instead of the zero-gradient
condition.

Outlet

At the outlet the pressure value was imposed. Regarding temperature(operating), mass
and volume fraction for bubbler-gas (equilibrium at operating temperature), appropriate
“backflow conditions” were set.

Initial conditions

The initial conditions are specified in the following way. Initially, the bubbler was
already partially filled and the operating temperature and pressure are 15, pop. Above

the liquid level equilibrium mass fraction at the operating temperature and pressure are
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patched. In the inlet tube inlet flow rate, bubbler-gas and mass fraction according to the

saturation degree were patched.

2.4.2.2 Assumptions

Laminar flow

In the current study laminar flow is assumed. To justify this assumption, Reynolds
numbers Re = pT”L are calculated at the inlet pipe and in the whole geometry by taking the
inlet diameter and the bubbler diameter as characteristic length scales (L), respectively.

Also local Reynolds numbers are calculated by tracking single bubbles in the flow domain.

Inlet pipe
The characteristic length in that case is the inlet pipe diameter, d;, [m]:

Re = Pettindin. (2.48)

Hg

where, u;, [m/s] is the inlet velocity. The table below shows the Reynolds number for
different inlet flow rates and it is shown that the flow is laminar even for the highest flow

rates.

Inlet flow rates [sccm] Inlet velocity [m/s] Reynolds number

50 0.02 21
100 0.041 42
500 0.2 212
1000 0.41 425
1500 0.61 638
2000 0.82 851
2500 1.02 1064
3000 1.23 1276
3500 1.43 1489

Table 2.9: Reynolds number as a function of inlet flow rate (velocity)



2.4 Model Set-up 41

The properties used to calculate the Reynolds number are taken for the gas phase at
229C and for the inlet gas phase composition.

The flow in a pipe is laminar when Re < 2300 and turbulent when Re > 4000 [22].

Bubbler diameter
The Reynolds number is calculated also based on the bubbler diameter as:

d
Re — M, (2.49)

2
where, uy,, is the superficial velocity calculated by the area and the dj, is the bubbler

diameter. The properties (p; and ;) used to calculate the Reynolds number are for the

liquid phase. Values of the Reynolds numbers are shown in Table 2.10:

Inlet flow rates [sccm]  Superficial velocity Reynolds number

50 0.00025 25
100 0.0005 51
500 0.0025 257
1000 0.005 517
1500 0.0075 172
2000 0.01 1029
2500 0.0126 1287
3000 0.0151 1544
3500 0.0176 1802

Table 2.10: Reynolds number as a function of interfacial velocity

Single bubble
The Reynolds numbers for different single bubbles in the flow domain is calculated
by Eq. 2.50 and is shown in Table 2.11.

d
Re — piur bubble, (2.50)

My
where, u7 is the terminal velocity and dj,;p. 1S the bubble diameter. The properties

(p; and ;) used to calculate the Reynolds number are for the liquid phase. Since it was
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difficult to determine the terminal velocity from the simulation data, it was approximated
by the rise velocity which could be measured easily in the simulation results and is much
higher than the terminal. Thus, actually bubble Reynolds numbers are expected to be even

smaller.

Bubble diameter [m] Reynolds number

0.001 90

0.015 369
0.004 1951
0.0005 189

Table 2.11: Reynolds number for rising single bubbles

The Fig. 2.14 taken by Clift et al. [23] shows the wake formation around a bubble
and values of the Reynolds numbers for which the wake remains steady and the flow
laminar (Re < 130). For Reynolds numbers 130 < Re < 400 a transition range and wake

instability exists. Fully unsteadiness and wake instability appear for Re > 400.

Figure 2.14: Laminar wakes around rigid spheres

The high Re values in the above table are for the largest bubbles few in number that
move fast through the fluid domain thus they are not able to create much turbulence.

The above calculations justify the assumption that the flow in the bubbler is laminar.
Holstein [4] assumed that the flow in a similar bubbler is laminar; the Reynolds number
(up to 100) was calculated with both exit tube and bubbler diameter at low gas flow rates

(0-50 sccm). Flow in the study of Love et al. [3] assumed laminar; the Reynolds numbers
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did not exceed values of about 300 for flow rates up to 1000 sccm. Holstein [4] used TMG

as source and Love et al. [3] used corn and syrup/water as liquid sources.

2.4.3 Computational Requirements

The numerical simulations were executed on the software platform of FLUENT 14 at OS-
RAM OS with a Fujitsu Celisus R570 Workstation with an Intel Xenon X5660 @2.8GHz
2x6 core processor with 48Gbyte RAM; 4 processors were used for computations. Simul-
taneously, they were executed on a FLUENT 6.3.26 with the high performance computing
system “Pegasus” in the School of Chemical Engineering at the National Technical Uni-
versity of Athens (32 processors, 32Gbyte RAM) [24]. 5 processors were used for each
simulation. Computer time required for a simulation up to reaching steady-state was 3
days; this was for a problem consisting of about 78000 unknowns running on the Fujitsu

Celisus Workstation.
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Chapter 3

Results and Discussion

3.1 Results

3.1.1 Bubble characteristics

There are two main different types of bubbles, static and in motion. The static bubbles
have three different types sessile, pendant and floating and are used for determination of
surface tension and contact angle. The bubbles in motion are grouped in the following

categories (Fig. 3.1):

1. spherical: inertia forces are less important than the interfacial tension and viscous

forces
2. ellipsoidal: formation of oblate ellipsoids with semi axes a and b

3. spherical-cap or ellipsoidal cap: cut spherical bubble or an ellipsoidal type with

low eccentricity
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Figure 3.1: Different shape regimes (1 and 3)

Bubbles rising in a flow regime can be characterised by the non-dimensional numbers

namely Eotvos (Eo), Morton (M), and Reynolds (Re):

d2
Eo = ghp—22e, 3.1)
A
M= gui =50, (3.2)
P
u
Re = pidpuppte” - (3.3)

where, Ap [kg/m’] is the difference in density of the two phases, g is the gravitational
acceleration [m/sz], dpubble Im] 1s the diameter of the bubble, ¢ is the surface tension
[N/m], u; [kg/ms] is the viscosity of the surrounding liquid, p; [kg/m?] is the density of
the surrounding liquid and u7 is the terminal velocity.

The terminal velocity is the steady velocity that a bubble can reach when the buoyancy
and the drag forces are in equilibrium. For different bubble shapes a different formula for
the terminal velocity is provided.

Here, the values of the Eotvos and Morton numbers are calculated. The values of the

Eotvos number depending on the bubble diameter are shown in Table 3.1.
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Bubble diameter (m) Eotvos number

0.0005 0.13
0.001 0.53
0.002 2.14
0.003 4.83
0.004 8.59
0.005 13.42
0.006 19.33
0.007 26.31
0.008 34.37
0.003 43.50
0.01 53.7
0.015 120.8

Table 3.1: Eotvos number as a function of bubble diameter

The Morton number is calculated and logM equals to —9.6. According to those num-
bers and using the graph from Clift et al [23] the bubble shape depending on the bubble
diameter is in the area of spherical, ellipsoidal and spherical cap bubbles (Fig. 3.2, [23]).
The shape of the bubbles computed from the simulations shown in the following are in

agreement with the expected shape from the graph.
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Figure 3.2: Bubble shapes

3.1.2 Description of the cases

Three different simulation categories of case studies have been performed. The first cate-
gory (Category A) includes simulations with the original geometry with different bound-
ary conditions (filling degree, cooling system). The second category (Category B) in-
cludes variations in the inlet flow rates and the third (Category C) different geometry
modifications to optimize the current bubbler design. Most of the simulations run until a
quasi-steady solution is obtained and the vapor mole fraction at the outlet, < X/ng > our,

is monitored as well as the average vapor mole fraction in the gas, < X/, >, and the
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average temperature, in the bubbler, < 7" >.

The volume average vapor mole fractions and temperatures are calculated by:

1
< Xtmg > our= A_t / xtmgdA7 (3.4)
ou
out

Vi
< xzmg >g: l—, (3.5)
Vi
and

1
<T>= —/TdV, (3.6)
Vs J
b

where, A,,; [m?] is the area of the outlet and V}, [m7] is the bubbler volume.

3.1.3 Category A

The cases that are used in this section are listed in Table 3.2

Cases Description

A original geometry - no condensation at the walls
A original geometry - condensation at the walls
Az modified geometry - condensation at the walls
Aq original geometry- cooling system at the walls
As original geometry - higher temperature on the top

Table 3.2: Properties used for the Case studies A

Case Studies: Low filling degree: Ay, A, A3

Condensation at the walls

During the filling process experimental measurements were used to validate the model.
Even at low filling degree (< 20%) the measured vapor concentration was close to the
equilibrium value even for flow rates up to 2000 sccm. Therefore simulations of the origi-

nal geometry using a low filling degree (operating conditions are shown in Table 3.3), with



3.1 Results 50

two boundary conditions (condensation at walls, no condensation at walls) are performed

and compared.

Properties Value
Filling degree 20%
Inlet flow rates (sccm) 2000
Inlet temperature (°C) Tin,
S 0.9

Operating temperature (°C) T,

Operating pressure (Pa) Pop

Table 3.3: Properties used for the Category A

Comparison between the two different cases A; and A, is presented in Figures 3.3
and 3.4. It is shown that condensation at the walls during the filling process is a very
important mechanism to reach equilibrium. Almost all the incoming supersaturated gas

is condensed in the feed pipe before it enters into the bubbler.

2.25e-01
2.19e-01
213e-01
2.08e-01
2.02e-01
1.96e-01
1.90e-01

1.84e-01
- 1.78e-01
1.73e-01
1.67e-01
1.61e-01
1.55e-01
1.49e-01
1.43e-01
1.38e-01
1.32e-01
1.26e-01

Figure 3.3: Gas phase vapor mole fraction comparison between the Cases A and A; at

t=1sec
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Figure 3.4: Comparison between imposing equilibrium value at the walls

Comparison between original (Case A;) and modified geometry (Case A3)
A modified geometry (Case A3) was first tried in that filling degree (< 20%). An addi-
tional internal was added halfway between the perforated plate and the first internals. The
idea was to give the bubbles higher residence time in the liquid. However, no improve-
ment was evident. The gas rising at the feed pipe in the unmodified geometry at such
low filling degree creates a jet of liquid which collides with the first row of internals. The
jet then breaks up in small droplets (Cases A and A, in Fig. 3.5). By forming droplets
apparently sufficient interfacial area for mass transfer is created. This masks the benefit of
residence time increase for bubbles in the liquid due to the geometry modification (Case
Az in Fig. 3.5). Note however, that the droplet formation phenomenon is not present at

higher filling degrees at which the bubbler is normally operated (e.g. Fig. 3.24).



3.1 Results 52

Case Az
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Figure 3.5: Liquid volume fraction comparison between Cases A1, A>, A3

Case Studies: High filling degree, reference case, A4 and As
Reference case: C
Reference case refers to the original geometry with the operating conditions shown in

Table 3.4. This case is used for comparison.

Properties Value
Filling degree 80%
Inlet flow rates (sccm) 3500
Inlet temperature (°C) T;

S 0.9

Operating temperature (°C) T,

Operating pressure (Pa) Pop

Table 3.4: Boundary conditions used for the reference case
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Case A4: Cooling of the walls

In this section a cooling system is applied at the walls of the original geometry and a
heat transfer coefficient of 4, = 15000W / m?K and an external temperature of T, < T,
were imposed. Other boundary conditions are as defined for the reference case.

The results show that by imposing a cooling system at the outer walls, the liquid
temperature decreases from its initial value; negative values in Fig. 3.6 indicate that tem-
perature is lower than T;,,, while using adiabatic walls the temperature increases slightly
due to condensation. The following results show the worst case scenario for temperature

increase (Fig. 3.7).
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Figure 3.6: Comparison of the temperature distribution

Figure 3.7 shows how the temperature affects the average mole fraction of the vapor.
As shown above the cooling system reduces the average bubbler temperature slightly. As
expected the mole fraction in Case A4 is lower then in the reference case because the

equilibrium vapor mole fraction decreases by decreasing the temperature.
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Figure 3.7: Average vapor mole fraction in gas versus simulation time

Case As: High temperature on the top

In this case a higher temperature is imposed on the top of the bubbler because the
actual cooling system does only cool parts of the bubbler but not the top which is exposed
to ambient temperature (Fig. 3.8). This case is compared with the reference case. In the
experiments condensed water is observed on the top of the bubbler.

Figure 3.9 shows the increment of the temperature inside the bubbler and Fig. 3.10

the comparison of the corresponding vapor mole fractions.

Figure 3.8: Higher temperature on top, contours of temperature, Case As
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Figure 3.10: Comparison between reference case and Case As

In the figures above, the influx through the bubbler-top in Case A5 does not affect
significantly the average bubbler temperature (< 0.2°C). Also, the vapor mole fraction

increases only slightly, as expected (< 0.001).
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Finally, as shown in Category A, temperature differences in the reactor due to conden-
sation and cooling are small compared to the operating temperature and in the following
the simulations use adiabatic walls as boundary conditions. This is the worst case scenario
for temperature increase.

Assuming that the inlet saturation degree is 0.9, the heat generated in the bubbler if all
vapor that exceeds the vapor equilibrium saturation would condensate, (Qcondensation [W1)

is calculated by the formula below:

Qcondensation = vapQOtmg = 3-4W7 (3-7)

The heat loss from bubbler to the cooling system is calculated using the known water
flow rate (ri1, [kg/s]), the measured temperature difference (A7) between inlet and outlet

temperatures of the cooling circut, and the specific heat of the water (Cp,, [J/kgK]).

Qcooling = l’i’leAT =51wW. (3.8)

From the above calculations it is evident that heat which has to be extracted from the
bubbler due to condensation is 3.4W. The current cooling system extracts S1W. Thus the

cooling system is sufficient enough to keep the bubbler at a constant temperature.

3.1.4 Case Studies B

In the current category the original geometry is used and different inlet flow rates were

tried.

Case Inlet Flow Rates [sccm]

B 50

B> 1000
Bj 2000
By 3500

Table 3.5: Properties used for the Category B cases

The operating conditions are summarized in the following Table 3.6
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Properties Value
Filling degree 80%

Inlet flow rates (sccm) 50,1000,2000,3500
Inlet temperature (°C) Ting

S 0.9
Operating temperature (°C) Top
Operating pressure (Pa) Pop

Table 3.6: Properties used for the Category B

Figure 3.11 shows the vapor mole fraction for different flow rates. Because the mole
fraction is volume-averaged and the equilibrium value patched in the gas phase at t=0
(except in the inlet pipe), the initial average mole fraction is a little higher than the equi-

librium value and the mole fraction starts increasing as the supersaturated gas enters.
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Figure 3.11: Comparison of the vapor mole fraction for different flow rates versus simu-

lation time
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It is observed that the mole fraction increases at the begining and then seems to fluc-
tuate around a constant value thus having reached statistically steady-state conditions.
This happens approximately after 3 s. As higher the flow rate as higher is the final mole
fraction value, because more supersaturated gas enters into the bubbler with increasing
flow rate. In general, however, differences in the mole fraction are small and close to the

equilibrium value (Fig.3.12, < 0.007).
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Figure 3.12: Average vapor mole fraction for different flow rates at t=3 s

In Fig. 3.13 to Fig. 3.16 the contours of vapor mole fraction at different times and flow
rates are given. The supersaturated gas (red) enters into the bubbler and condensates while
rising in the bubbler and comes close to the equilibrium value for the bubbler temperature
(blue colour). Note that the transparent regions are filled with liquid, so the figures also

show the phase distribution.
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The difference in the height of the liquid free surface between initial and statistically
steady-state conditions represents the volume fraction of the gas inside the liquid. This

parameter is called gas hold-up and is calculated as:

o — AV
& Vo+AV

where, Vj [m?] is the initial volume of liquid, AV is the liquid volume due to the free

(3.9)

surface movement and is calculated as:

AV = nH<R%ubbler - R127ipe) (3.10)

where H [m] is the height difference as explained above, Rp,ppier [m] is the bubbler
radius, R);p. [m], is the inlet’s pipe radius.

Figure 3.17 shows that at high inlet flow rates more gas is ’held” inside the liquid
and moves, thus increases the level of the free surface more compared to lower inlet flow

rates.
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Figure 3.17: Gas hold up for different inlet flow rates

In the figures above it is shown that at low flow rates, few small bubbles appear and
that the time that the first bubble needs to reach the free surface is higher compared to the
other cases. As the inlet flow rate increases more gas enters into the bubbler and ”pushes”

the first bubbles to reach the surface faster Table (3.7).
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Inlet Flow Rate [sccm] time[s]
50 2.5
1000 2
2000 1.5
3500 1.3

Table 3.7: Time for the first bubble to reach the free surface

Therefore, the case with 3500 sccm inlet flow rate reaches statistically steady-state

conditions, characterized by a constant liquid level, faster.

Temperature increases by increasing the inlet flow rate because more gas with tem-

perature higher than the bubbler temperature enters the bubbler (Fig. 3.18).
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Figure 3.18: Comparison of the temperature distribution for different flow rates

The pressure drop in the bubbler system from inlet to outlet for the different inlet

flow rates is given in Table 3.8; it becomes clear that the highest flow rate has the highest

pressure drop.
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Inlet Flow Rates [sccm] Pressure drop [Pa]

50 2273.9
1000 22959
2000 2309.6
3500 2312.4

Table 3.8: Pressure drop in the bubbler for different inlet flow rates

Finally, as it is shown in the Categories A and B, the section between the lower perfo-
rated plate and the first internal does not increase the residence time and does not create
much interface, thus is not active in promoting condensation. Here, an improvement
seems possible by adding an additional internal and by closing the first hole in the perfo-

rated plate (Fig. 3.19).

Additional internal

First hole closed

Reference Caze C:
case

Figure 3.19: Possible geometrical improvement
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3.1.5 Case Studies C

In these case studies the operating conditions used for the simulations remain constant
as in the Numerical Part, e.g. the inlet flow rate is 3500 sccm. Instead of process pa-
rameter variations, modifications of the internal design (Fig. 3.20), and bubbler diameter
and heights (Fig. 3.21) are tried. Simulation results should give information that allow

optimization of the current bubbler design, Table 3.9.

Case Geometry description

C Internal addition and one perforated hole closed
G Internals replaced by perforated plates

G The height of the bubbler increased

Cs The height of the bubbler decreased

Cs The diameter of the bubbler increased

Table 3.9: Description of the modified geometries

Figure 3.20: Different geometries Case C; and Case C, in comparison with the reference

case (C, green)
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Figure 3.21: Different geometries Cases C3, C4 and Cs in comparison with the reference

case (C, green)

The operating conditions summarized in Table 3.10

Properties Value
Filling degree 80%
Inlet flow rate (sccm) 3500
Inlet temperature (°C) T;

S 0.9

Operating temperature (°C) T,

Operating pressure (Pa) Pop

Table 3.10: Properties used for the Category C
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The comparison of the simulation results for the above geometries are summarized in

the figure below.

. equilibrium = 0.176 _ _ |

@
o 0183 .
c
S 0082y -
o : : : : : ;
@ f : : : : : --C,
e vt et s PN
[ ” : : : : : == 3
. Fi . ) . . : =mm
= _ : : : == C,
@
=
oI

0.176

0.175 1 i 1 1 L |
0 0.5 1 1.5 2 23 3 35

Simulation time [s]

Figure 3.22: Comparison of average vapor mole fraction for different geometries

As shown in Fig. 3.22 the variations of the average vapor mole fraction between
the different geometries are small. According to the figure, the geometry with the larger
bubbler diameter (Cs) gives values closer to the equilibrium. However, the difference
between the bubbler with the larger diameter with the other configurations is not very
high (< 0.004). The larger the bubbler diameter the higher the residence time between
the two internals (e.g. Fig. 3.28) for a bubble which follows the circulating flow .

It is concluded that the reference bubbler design already is very good.

Figure 3.23 compares the reference case with the Case C;. The bubbles in Case C; are
reach the equilibrium vapor mole fraction much faster (blue colour). Due to the additional
internal, bubble residence time increases and the bubbles reach the equilibrium value

already at the first series of internals.
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Figure 3.23: Contours of vapor mole fraction for Case C; (left) and reference case (C,

right)

In Fig. 3.24 to Fig. 3.28 the vapor mole fraction is presented for the different geometry

LI Il

configurations.
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Figure 3.24: Contours of vapor mole fraction for case C; (additional internal)
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Figure 3.25: Contours of vapor mole fraction for case C, (perforated plates)
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Figure 3.26: Contours of vapor mole fraction for case C3 (increased bubbler height)
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Figure 3.27: Contours of vapor mole fraction for case C4 (reduced bubbler height)
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Figure 3.28: Contours of vapor mole fraction for case Cs (increased diameter)

The contours of vapor mole fraction in Fig. 3.29 shows that Case C saturates the
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gas phase faster than the other geometries. Case Cy yields the worst result because the

residence time decreases.

||
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Figure 3.29: Contours of vapor mole fraction for the different cases at t = 3s

The average mole fraction at the outlet, i.e. the value going to the MOCVD reactor, is
given in Fig 3.30. As it is observed, geometry Cy4 (reduced bubbler height) has the highest
mole fraction which is expected due to the geometric characteristics. Among the other
designs, Cs5 and C3 are closed to the equilibrium values because they have probably the
highest residence time due to their increased liquid volume compared to the other cases.
However, because metallorganic liquid stored in the bubbler is expensive, and because the
final mole fraction value of Case C; (additional internal) is also very close to the Case C3

and Case Cs, Case C is considered the best.
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Figure 3.30: Average vapor mole fraction at the outlet versus simulation time

The temperature distribution in the different geometries is shown in the Fig. 3.31.
The temperature remains almost constant in the whole domain although evaporation and
condensation extract and heat up locally the surrounding liquid. The inlet temperature
has only a small effect on the rest of the bubbler (Fig. 3.32). Here, some condensation
sets in at the bottom of the pipe and condensation elsewhere is observed mainly between
the lower perforated plate and the second internal above it. As shown, increasing inlet

temperature heats up locally the top of the bubbler.
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Figure 3.32: Contours of temperature for the reference case

Again all temperature increases are small (< 0.1°C).
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The pressure drop for the different geometries types is listed in Table 3.11

Geometry type Pressure drop [Pa]

C 2343.9
G 2409.05
) 2609.06
C3 3004.4
Cy 1674.6
Cs 23123

Table 3.11: Pressure drop in the bubbler for different geometries

Again the values are small compared to the operating pressure, so it seems justified to
neglect the effect of dynamic pressure on the equilibrium vapor mole fraction.

The gas hold up in these cases is shown in Fig. 3.33. High value of gas volume
fraction in the liquid TMG can be associated with high residence time of the gas inside
the bubbler. In the Fig. 3.33 the gas hold up has the highest value in Case C; (additional
internals) and the lowest in Case Cs (increased bubbler diameter). That happens because
the free surface moves very slowly in Case Cs, and the computational time needed might
be very high to be represented in this study.

Of the three cases with the same bubbler volume, Cases Cy, C; and reference C, clearly

C is the best due to the additional internal (Fig. 3.33)
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Figure 3.33: Comparison between the gas hold up of different modifications

Figure 3.34 shows the streamlines for the different geometries. In Case C; (addi-
tional internals) there are more recirculation cells, thus bubbles have higher residence
time compared to the other cases. Clearly, addition of an internal to the other cases would

also increase residence time there.

. ~ | 7 L
Cs

reference C1 C: C: Ca

Figure 3.34: Streamlines for the different geometries at t = 3s
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3.2 Conclusions

An optimization study on a new prototype bubbler system, used in metalorganic chemical
vapor deposition processes, is carried out by means of Computational Fluid Dynamics
(CFD) analysis. The mass transfer model employed accounts for the evaporation and
condensation of vapor which enters into a metalorganic source liquid.

The new bubbler system consists of two bubblers in series. The first one, which is
a typical commercial bubbler, is used to saturate the carrier gas with vapor. The second
is operated at a lower temperature so that the enterirng vapor condensates. It was the
second bubbler that was simulated by CFD analysis and the model used was validated
with a corresponding one for Stefan’s problem. Three different categories of cases were

simulated:

1. Category A:
(a) Cases with low liquid filling degree in the bubbler in conjuction with conden-
sation at the walls. The results show that, during the filling process, condensation
at the feed pipe affects significantly equilibrium reaching at the bubbler outlet. The
numerical results with regard to equilibrium vapor mole fraction at the outlet coin-

cide with the experimental ones.

(b) Cases with high liquid filling degree in conjuction with a cooling system and
higher temperature at the top. These simulations did show that the installed cooling
system is sufficient, because the extracted heat is higher than the heat generated by

condensation whereas temperature increments remained below 0.1°C.

2. Category B: Cases with different inlet flow rates of carrier gas and vapor precursor.
It comes out that even for high flow rates a constant source flow is generated at the
outlet, in accordance with the experimental results. Also, it became clear that the
lower section in the bubbler is not practically effective because it does not increase
the residence time and does not create much interface. Therefore, improvement
was carried out by adding additional internals and by closing the first hole in the
perforated plate. The pressure drop and the gas hold up increase as a function of

inlet flow rate.
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3. Category C: Cases with different geometry modifications. Special modifications
to the characteristics of the geometry have been made. Higher, smaller, wider and
modified types concerning the internals and perforated plates have been used so as
to determine the most efficient geometry choice. For the implemented geometries
shown in Chapter 3 it is concluded that all of the results obtained are similar. This
suggests that the existing bubbler (reference geometry) is already close to be opti-
mal. With regard to the reference bubbler, reducing bubbler height has to be avoided
because it decreases the residence time. Wider bubblers lead to improved operation
since they increase the residence time. As for the cost, the requiring storage for

increased quantities of an expensive liquid is a disadvantage.

In summary, an actual improvement based on a modified geometry in which the ad-
dition of series of internals and the closure of the hole at the perforated plate, guides the
system faster to the equilibrium value. This comes out to be the optimal bubbler design
within the range of the examined cases.

With regard to computational requirements, the simulations reported in this thesis,
which involve multiphase transient flow phenomena with mass transfer, are time consum-
ing. The high computing power required is effectively provided by high performance

computing clusters.
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Appendix
The fluid viscosity defined by the kinetic theory is calculated by the following equa-

tion:

=2.67107 60— "0 3.11
u o0, (3.11)
where, u is the viscosity [kg/ms], T [K], o Angstroms and Q, = Q,(T*) where,
x T
"= ¢k
o and % provided by user. [16]

The specific heat by using the kinetic theory is:

1 R

i==—(fi+2 3.12
i =3 u, (fi+2) (3.12)
where, f; is the degrees of freedom for the gas species i.

The thermal conductivity is defined by the kinetic theory as:

SR,
“amt

where R is the universal gas constant, M,, is the molecular weight, u is the materials

4 c,M, 1
— - 3.13
5 R 3 ©-13)

k

viscosity, and C, is the materials heat capacity.
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