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2. ABSTRACT
Modeling Optimization and flow visualization of chemical etching process in
Niobium cavities
by
Sathish k. Subramanian
Dr. Mohamed B Trabia, Examination Committee Chair
Professor of Mechanical Engineering
University of Nevada, Las Vegas
Niobium cavities are important component of the linear accelerators. Researchers have
concluded that buffered chemical polishing on the inner surface of the cavity improves its
performance. However the mechanism of chemical polishing is not well understood. A
finite element computational fluid dynamics (CFD) model was developed to simulate the
fluid flow characteristics of chemical etching process inside the cavity. The CFD model
is then used to optimize the baffle design. The analysis confirmed the observation of
other researchers that the iris section of the cavity received more etching than the equator
regions. The baffle, which directs flow towards the walls of the cavity, was redesigned
using optimization techniques. The redesigned baffle significantly improves the
performance of the etching process. To verify these results an experimental setup for flow
visualization was created. The setup consists of a high speed, high resolution CCD
camera. The camera is positioned by a computer controlled traversing mechanism. A dye
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injecting arrangement is used for tracking the fluid path. The Experimental results
are, in general, in agreement with the CFD and the optimization data.
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8. CHAPTER 1

9. INTRODUCTION
1.1 Significance of the study
Niobium cavities are important components of the integrated Normal conducting
/Super conducting high-power linear accelerators. Over the years, researchers in
several countries have tested various cavity shapes. They concluded that elliptically
shaped cells and buffered chemical polishing produce good performance. Niobium
cavities have several advantages including small power dissipation compared to
copper cavities. The performance of a niobium cavity deteriorates under certain
conditions:
•

Stains on surfaces

•

Insufficient degreasing.

•

Liquid retention in pits.

•

Areas with varying metal structure introduced during the manufacturing.

•

Mechanical surface damage.

•

Foreign particles, such as dust, sticking to the cavity surface.
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To ensure the success of the niobium cavities, they are subject to chemical
etching process. This thesis presents an analytical and experimental study of the
chemical etching process and how it can be optimized.
1.2 Study procedures/methodology
The study procedure is basically divided in to four parts;
a) Simulation of etching process:
A model of the cavity is created using computational fluid dynamics (CFD) software,
once the mesh and boundary conditions of the model are understood. It is analyzed for
etching process without baffle and with LANL baffle.
b) Parametric study of variables
The baffle in the CFD model is then created in terms of all its possible variables and a
parametric study is done to identify the variables that play a vital role in the etching
process.
c) Optimization:
Based on the parametric study, key variables are identified. The variables are then
optimized by coupling the CFD- file with the optimization algorithm.
d) Experimental verification:
An experimental setup is built using a prototype of the cavity to visualize the etching
process. A high-speed high resolution CCD camera is used for photographing the flow
process. The camera is positioned by a computer-controlled traversing mechanism.
Seeding particles and/or dye injection is used to track the flow profile inside the cavity.
Experiments to visualize the flow around the original and optimized baffles are
conducted. The results are then compared with numerical studies.
2

1.3 Research questions/hypothesis
The objective of this research is to analyze the fluid flow characteristics of chemical
etching process in niobium cavities. A model of the cavity with baffle that directs flow
towards its walls is created using computational fluid dynamics software. Once the model
is well understood, it is analyzed
•

How the baffle design and its position inside the cavity affect the etching
process

•

Identify regions inside the cavity, which receive more and less etching

•

How the baffle rotation inside cavity affects the etching process

Except for the baffle rotation effects, all other results of the computational fluid dynamics
will be verified using an experimental setup. The setup consists of a CCD camera,
traversing mechanism, and dye injecting mechanism for tracking the fluid path of the
etching fluid inside the cavity.
1.4 Background of niobium cavity:
A Niobium cavity is one of the major components of a linear accelerator. It is used
for accelerating charged particles to hit the target material. Niobium cavities have several
advantages including small power dissipation compared to normal conducting copper
cavities. Very high electromagnetic fields of the order of 40MV/m can be achieved with
these cavities [1], which makes them attractive to be used as accelerating structures.
Unfortunately, if the inner surface of the cavity has foreign particles, insufficient
degreasing, liquid retention in pits, areas with varying metal structure introduced during
the manufacturing, or mechanical surface damage, can lead to multipacting. Multipacting
3

is a phenomenon of resonant electron multiplication e.g. in the particle accelerators
of the high energy physics, in which a large number of electrons build up an electron
avalanche, leading to remarkable power losses and heating of the walls, so that it
becomes impossible to increase the cavity fields by rising the incident power. This effect
can seriously limit the performance of the cavity. Therefore allot of precautions are taken
to avoid particle contamination, and to ensure their success they are pre-cleaned
chemically etched and subjected to high pressure rinsing [2].
These cavities are usually made of multiple elliptical cells, Figure (1.1). They are formed
from sheet metal using various techniques such as deep drawing or spinning. The cells
then are welded using electron beams. Multi-cell units are usually tuned by stretching or
squeezing them [3]. The following is a brief overview of the chemical etching processes.

Figure 1-1 Schematic diagram of niobium cavities (executive summary: development and
performance of medium-beta super conducting cavities (LANL))
4

Pre-cleaning:
The pre-cleaning of the cavity usually consists of rinsing the cavity from both outside
and inside with a detergent, when the cavity enters the clean room. After that the cavity
will be transported to the ultrasonic bath, where it is immersed into a tank with water and
detergent. There are ultrasound resonators in this tank to increase the agitation of the
detergent right on top of the niobium surface. Grease can be removed efficiently by such
a procedure. This is followed by ultra- pure water rinsing. Ultra-pure water usually means
that the resistivity of the water is above 17 milliohm and it is filtered with 0.2 µm particle
filters [4].
Chemical etching:
After pre-cleaning, a cavity normally receives a chemical treatment. A freshly
manufactured cavity has to be etched by approximately 100 µm, because of the damage
layer induced by forming the niobium sheets to half-cells. The etching is done using
cooled particle filtered acid. The cooling allows for better control of the etching removal
rate and the particle filtration is done to avoid contamination of the inside of the cavity
surface. In fact, the standard etching produces reliably accelerating gradients between 20
- 25 MV/m in niobium cavities. Test cavities at DESY, in collaboration with CEA Saclay
and CERN, confirm that the accelerating gradient, can be as high as 42 MV/m.
High-pressure water rinsing:
The final treatment of the cavity is always a high-pressure water rinse. A water jet at
around 100 bar is swept over the niobium surface. The mechanical force of the water jet
washes particles away very efficiently. After this process, the cavity is brought into the
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class 10 clean room environment for final assembly of diverse antennas and flanges.
This is done with great caution to avoid any new contamination with particles from
screws and other parts. So with improvement of fabrication techniques and ultra
cleanliness, the limitation of performances of SC cavities seems to be limited by the
surface state generated by the etching process [4].
1.5 Effect of acid concentration on the etching process:
The buffered chemical is polish commonly known as BCP. Etching fluid used by
LANL consists of hydrofluoric acid (HF), phosphoric acid (H2PO4) and nitric acid
(HNO3) in the ratio 1:2:1.It is important to know how the individual concentration of the
acids affects the etching process, which is studied by changing the concentration of one
acid while maintaining the other two constant [5]. The result is shown in the Figure (1.2).

Figure 1-2 Evolution of Nb dissolution rate versus acid concentrations.
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Note that etching rate goes to a maximum with increasing HNO3 and H2PO4
concentration [5].
The results show that except for very high etching rates (10.6 mol.L-1< [H2SO4] <11.8
mol L-1), the obtained surface states were equivalent, as long as the reactants are present
in the solution. It is therefore possible to master the etching rate in order to get more
controlled chemical polishing.
1.6 General etching of niobium in BCP[6]:
The etching of a square 1-inch niobium wafer in BCP solution is described [6]. The
purpose of the study was to determine an approximate etch rate for niobium in buffered
chemical polish (BCP), and to get accustomed to the safety measures required for
working with corrosive chemicals. The etch rate in a non-agitated solution was found to
be 1.4 µm/min with an average temperature of 29 °C. When the wafer was slowly swirled
in the solution, the etch rate increased to 3.5 µm/min. BCP solution is created by mixing
250 mL of phosphoric acid, 125 mL of nitric acid and 125 mL of hydrofluoric acid in a
1000 mL polypropylene beaker. A 3/16” hole was drilled through a 16.7 g niobium wafer
with the dimensions of 1” by 1” by 0.125”. Teflon string was tied through the hole and
used to suspend the wafer in the acid solution. The etch rate was determined by
suspending the wafer in BCP solution for periods of five minutes or twenty minutes and
determining the change in weight of the sample. The temperature of the solution was
determined by placing a Teflon covered thermometer in the corner of the solution. The
same BCP solution and wafer was used for every test, allowing dissolved niobium to
build up within the solution. The first five etches were performed without mixing. The
7

final two five minute etches involved manual mixing of the solution by slowly
swirling the niobium wafer around in the container. The wafer was swirled at
approximately 40 rpm, which did not cause any noticeable turbulence in the solution, and
the wafer was never allowed to touch the sides of the container or break the surface of the
liquid. The etch rate in µm/min is calculated based on the assumption that the niobium
wafer has dimensions of exactly 1” by 1”by 0.125”. The first five etches had an average
etch rate of 0.0204g/min and a standard deviation of 0.023g/min. The general etching of
Niobium leads to the following conclusions. The best chemical composition of the
etching fluid consists of 2 parts of 85% phosphoric acid to 1 part 49% hydrofluoric acid
to 1 part 70% nitric acid. At first the etching process will have the effect of cleaning the
niobium so the calculated etch rate is much higher, because impurities and particulate
were quickly removed from the surface of the niobium and had a significant effect on
weight change of the sample.
The temperature of the BCP increases throughout the tests. Between each test was an
approximate ten-minute cooling period during which the wafer was being reweighed. The
solution’s temperature, however, did not cool considerably in the open polypropylene
container during this time period. Therefore, it can be assumed that the etching process
occurs at very close to adiabatic conditions.
Manual mixing has a very significant effect on the etching rate. The etch rate
increased by about 260% when the solution was agitated enough to remove the localized
buildup of dissolved niobium near to the surface of the wafer. The mixing, however, was
not great enough to make the movement of the liquid turbulent.

8
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14. CFD STUDY OF ETCHING ON NIOBIUM CAVITY

Figure 2-1 LANL chemical etching layout (Communication with LANL personnel)
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2.1 LANL chemical etching setup
The layout Figure (2.1) shows the chemical etching process of niobium cavity in Los
Alamos National Laboratory (LANL). The system comprises of tanks, filters, pump and
also valve mechanisms for controlling the flow rate. The etching fluid used is a mixture
of nitric acid (HNO3), hydrofluoric acid (HF) and phosphoric acid (H2PO4) in the ratio
1:1:2. To direct the etching fluid toward the walls of the cavity, LANL personnel added a
baffle inside the cavity, Figure (2.2)

Exit holes 3x 120º

Figure 2-2 LANL Baffle
(Communication with LANL personnel)
10

Current Etching configuration:
Figure (2.3) shows that the fluid enters the cavity through the inlet and leaves through
the tiny holes at the baffle. The flow is moving against gravity. LANL personnel
predicted that this baffle could direct flow towards walls of the cells. They also sketched
possible streamlines for this baffle arrangement, Figure (2.4), and the streamlines what
they desired, Figure (2.5).

Figure 2-3 LANL current etching configuration
(Communication with LANL personnel)
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Figure 2-4 Possible streamlines with LANL baffle inside the cavity
(Communication with LANL personnel)
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Figure 2-5 Streamlines desired
(Communication with LANL personnel)

The first step in this study is to assess the effectiveness of the current etching
configuration without a baffle and with LANL baffle. If they are not effective, an
alternative design should be investigated. A parametric study of the alternative design is
done to identify the most relevant variables. Then, these variables are used to optimize
the baffle design. The last step is to experimentally verify the numerical results.

13

A CFD study of chemical etching process without the LANL baffle and with it is
presented. The etching fluid characteristics are listed in table 2-1:

Table 2-1 Chemical composition of the etching fluid
Part
(By Volume)
1
1
2

Acid

Reagent Grade

Nitric Acid (HNO2)
(69-71%)
Hydrofluoric Acid (HF) (48%)
Phosphoric Acid
(85%)
(H2PO4)

This combination results in an etching fluid with the following characteristics
Density=1532 kg/m3
Dynamic Viscosity=0.0221 Ns/m2
The flow is moving against gravity.
Femlab software is used as the finite element-modeling tool. The model is axisymmetric. The inlet condition is described by etching fluid flowing through the cavity.
The flow is laminar and has a fully developed laminar velocity profile. Since the etching
fluid is a Newtonian fluid and its density is constant at isothermal conditions the NavierStokes and the continuity equation characterize the axi-symmetric flow.

( )

r
v
− ∇p + µ ∇ 2v + ρ b = ρ v&

(2.1)

∇ ⋅u = 0

(2.2)

Where η denotes the dynamic viscosity (kg m-1s-1).
u Velocity vector (ms-1),

ρ Density of the fluid (kgm-3),
14

p

Pressure (Pa).

The applied boundary conditions are,

n.(u, v) = 0 at symmetry
p=0 at exit
n and t are the normal and tangential vectors respectively; vmax is the maximum velocity
in axial direction.
u = (0, v max(2 s − s 2 )) as inlet,
where s is a parameter that varies from 0 to 1 from boundary to the centerline of the
cavity. Thus u is zero at s=0 which occurs along the walls of the cavity, and u=vmax
along the center of cavity where s=1. The velocity varies parabolically in-between the
walls and centerline.
2.2 Analysis without a baffle
A CFD model of cavity is created without a baffle and analyzed for streamlines and
circulation. Since the cavity is axi-symmetric only the left portion is modeled, which
reduces the number of elements. This analysis is used to decide whether the baffle
structure is required or not to create circulation inside the cavity.
Boundary conditions:
The model with the boundary conditions is shown in the Figure (2.6). The inlet and
exit are represented by two straight lines. Symmetry is applied along the centerline of
cavity and no-slip along the walls of the cavity.

15

Figure 2-6 Boundary conditions without baffle

Meshing:
The mesh for this model had 953 nodes with 1682 elements. The mesh was very
coarse near the inlet and exit regions, Figure (2.7).The regions are then refined using the
refine selection tool to improve the accuracy of the solution. The mesh before and after
refinement is shown in Figure (2.8) and Figure (2.9). The mesh at the inlet region is also
refined for mesh.The final mesh after refinements had 1014 nodes with 1791 elements
Figure (2.10).
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Figure 2-7 Mesh for without baffle model
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Figure 2-8 Zoomed in view of exit region before mesh refinement

Figure 2-9 Zoomed in view of exit region after mesh refinement

18

Figure 2-10 Final mesh without baffle

Results:
Surface and flow plot under no baffle conditions are shown in Figure (2.11) and
Figure (2.12) respectively. It is evident from the results that the flow maintained a
straight path throughout the cavity without creating circulation inside the cells. This
proves the necessity of the baffle

19

Figure 2-11 Surface plot under no baffle conditions

Figure 2-12 Flow plot without baffle
20

2.3 Analysis with LANL baffle:
The next stage is modeling the LANL baffle to study its effectiveness. The boundary
conditions, mesh, and results are explained as follows.
Boundary Conditions:
Boundary conditions are shown in the Figure (2.13). The inlet slip/symmetry and
straight out regions are shown by ellipses. The no-slip boundary condition is applied
throughout the walls of the cavity from inlet to straight out and also along the baffle. The
fluid exits through the three equally spaced holes in the LANL baffle Figure (2.2). This
situation is replaced by straight-line segment of height, h, in the CFD model, the close-up
of which is shown in the Figure (2.14). The basis for h is shown below
h=

3r 2
2R

(2.3)

where
h is length of the exit line segment in the CFD model.
r is radius of the baffle exit holes.
R is radius of the baffle pipe.
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Figure 2-13 Boundary

conditions

Figure 2-14 Close up of fluid exit under current configuration
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Sections of cavity:
Each cell of the cavity is divided in to six sub-sections Figure (2.15),
1. Bottom iris
2. Bottom straight
3. Bottom equator
4. Top iris
5. Top straight
6. Top equator
Internal boundaries are created parallel to the inner walls of the cavity at a distance of
0.01m from the cavity walls. These boundaries will be useful in evaluating the baffle
effectiveness. Inlet and outlet are represented using one boundary each, so a total of
thirty-two internal boundaries exist for the entire cavity Figure (2.16).

Figure 2-15 Sections of cavity
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Figure 2-16 Internal boundaries

Mesh:
Meshing presented a serious challenge with this model compared to the one without
baffle. Convergence of the solution was not always achievable for two reasons:
1. Narrowing of flow area near the baffle.
2. Relatively small flow outlet area.
The critical areas were around baffle edge where the flow area reduces and also in the
tiny exit region where the flow reaches high velocity. Finer mesh around these regions
will help in better convergence. Mesh controlling techniques like elements per edge,
refine selection, were used to obtain useful mesh. Denser mesh at a particular edge can be
obtained by increasing the number of mesh elements at a particular edge. Table 2-2
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shows the mesh elements before and after refinement for baffle edges. The mesh
elements around the edges a to e are changed from 10 to 20, the refined mesh is shown in
Figure (2.18). Mesh refinement on selected regions Figure (2.19) is done using refine
selection tool. The Mesh before and after refinement is shown in Figure (2.20) and Figure
(2.21). The inlet and exit region meshing for this model follows the same technique as
discussed in Figure (2.8) and Figure (2.9).

Table (2-2) Mesh elements along edge
Edge Mesh elements before refinement Mesh elements after refinement
a

10

20

b

10

20

c

10

20

d

10

20

e

10

20
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Figure 2-17 Mesh before refinement

Figure 2-18 Mesh after refinement
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Figure 2-19 Selected mesh region

Figure 2-20 Mesh before refinement
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Figure 2-21 Mesh after refinement

Similar mesh refinement is done for the other baffle edges of the cavity. Eventually, we
were able to get useful mesh, by using the techniques explained above. The final mesh
has 9475 triangular elements.
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Figure 2-22 Final mesh for LANL baffle

Results:
The CFD results with LANL baffle inside the cavity is shown in Figure (2.23) and (2.24)
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Figure 2-23 CFD surface plot of LANL baffle

Figure 2-24 CFD flow plot with LANL baffle
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The results prove that the baffle succeeded in directing the flow toward the cavity.
The flow was however restricted to the iris and straight regions of the cavity with very
limited circulation in the equator regions. The baffle also leads to back flow behind the
second through fifth cavities. Moreover in the current etching configuration the flow
leaves the cavity through the tiny holes at the exit. This leads to sudden significant
increase in velocity at the exit, Figure (2.25)

Figure (2-25) Current flow exit configuration

It is therefore decided to eliminate the holes of the baffle and allow the flow to leave the
cavity in the axial direction, which will help subside velocity variations, creating a
smoother flow throughout the cavity.
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2.4 Parametric study of chemical etching of niobium cavity
The etching process is studied using a CFD model for LANL baffle and under no
baffle conditions. The next stage is constructing the model in terms of variables as shown
in the Figure below and doing a parametric study so that the variables, that play a vital
role in the etching process, can be identified. The exit arrangement is also modified and
now flow leaves in axial direction

Figure 2-26 Parametric modeling of baffle

A total of possible ten variables are identified, these variables are,
v (1) location of the baffle
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v (2) thickness of the baffle
v (3) spacing between baffles
v (4) radius of the pipe
v (5) radius of the baffle
v (6) extension of the baffle
θb1=baffle bottom angle at inlet
θb2=baffle bottom angle from second through fifth cell.
θt1=baffle top angle from first through fourth cell.
θt5=baffle top angle at fifth cell
The parametric modeling is done by saving the CFD model as matlab m-file and
replacing the numeric coordinates in the geometry part of the m-file by variables shown
in bold under geometric coordinates. Whenever the variables are changed, the model is
altered. Variables used, and the geometry coordinates of m-file are shown below to give a
clear idea about this modeling. This type of modeling is essential for doing a parametric
study and also for optimization.
Geometry coordinates:
[-v(1) v(1)+v(2)+v(3) v(1)+2*v(2)+v(3) ...
v(1)+2*v(2)+2*v(3) v(1)+3*v(2)+2*v(3) v(1)+3*v(2)+3*v(3) ...
v(1)+4*v(2)+3*v(3) v(1)+4*v(2)+4*v(3) v(1)+5*v(2)+4*v(3) ...
0.599 0.621 0.670...
0.045 0.0699 0.093...
0.183 0.207 0.231...
0.321 0.345 0.369...
0.459 0.483 0.507...
0.684 0.714...
v (1) v (1) +v (2)...
v(1)+v(2)+v(3) v(1)+2*v(2)+v(3) ...
v(1)+4*v(2)+3*v(3) v(1)+4*v(2)+4*v(3) v(1)+5*v(2)+4*v(3) ...
v(1)-(v(5)-v(4))*tan(thetab1) v(1)+v(2)+v(4)*tan(thetat2) ...
v(1)+v(2)+v(3)-v(4)*tan(thetab2) v(1)+2*v(2)+v(3)+v(4)*tan(thetat2) ...
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v(1)+2*v(2)+2*v(3)-v(4)*tan(thetab2) v(1)+3*v(2)+2*v(3)+v(4)*tan(thetat2) ...
v(1)+3*v(2)+3*v(3)-v(4)*tan(thetab2) v(1)+4*v(2)+3*v(3)+v(4)*tan(thetat2) ...
v(1)+4*v(2)+4*v(3)-v(4)*tan(thetab2) v(1)+5*v(2)+4*v(3)+v(4)*tan(thetat5) ...
0.614 0.654 0.714 -0.169 -0.069...
v (1)-v (5)*tan (thetab1)];

Performance index:
Each time a baffle parameter is varied the model changes accordingly. So to
distinguish between models, they are quantified using performance index. The velocity is
integrated along each section. The average value of velocity along the sections is found
using equation (2.4) and the standard deviation of velocity using equation (2.5). These
two variables define the performance index

∫ vds
∑ ds
∫
VEL =
n

i =1

(2.4)

n

 ∫ vds

−
VEL


∑
ds
i =1 

∫

SDV=
nVEL

2

n

(2.5)

where n=32,
LANL baffle:
The LANL baffle model is built in parametric form. Maintaining the same mesh, the
boundary conditions at the exit is altered to have the flow exit in the axial direction. The
change in boundary condition is explained in Figure (2.27) and Figure (2.28). The model
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is now quantified and the velocity values along the 32 sections of the cavity are
shown in Table (2.3). The standard deviation and average velocity is also calculated.

Figure 2-27 Original boundary condition
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Figure 2-28 Modified boundary with axial exit

Table (2-3) Velocity values along the 32 sections of the cavity
Location

Average
Velocity (m/s)
0.0001

Inlet
Cell #1

Cell #2

Bottom iris

0.0377

Bottom straight

0.0017

Bottom equator

0.0001

Top equator

0.0001

Top straight

0.0023

Top iris

0.0947

Bottom iris

0.1493

Bottom straight

0.0035

Bottom equator

0.0001

Top equator

0.0001

Top straight

0.0021

Top iris

0.0942
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Cell #3

Cell #4

Cell #5

Bottom iris

0.1527

Bottom straight

0.0035

Bottom equator

0.0001

Top equator

0.0001

Top straight

0.0021

Top iris

0.0940

Bottom iris

0.1564

Bottom straight

0.0034

Bottom equator

0.0001

Top equator

0.0001

Top straight

0.0020

Top iris

0.0938

Bottom iris

0.1604

Bottom straight

0.0036

Bottom equator

0.0001

Top equator

0.0001

Top straight

0.0001

Top iris

0.0210

Outlet

0.0001

V EL

0.0338

SDV

0.2879
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Figure 2-29 Surface plot of cavity with LANL baffle
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Figure 2-30 Flow plot of cavity with LANL baffle

Parametric Study table:
By changing the variables of the parametric model, seventeen different cases were
made. The first case corresponds to the LANL baffle with the modified flow exit, which
acts as reference for cases from three to eleven. For the remaining cases, which deal with
change in angles, and baffle extension, case two is the reference. The reason for using
case two as reference is that case two has the baffles aligned with centerline of cavity
thereby providing enough clearance for change in angles and extension without
interfering with the cavity walls. The variables that are changed in cases (3-17) are shown
in bold in each case Table 2.4.
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2.5 Sensitivity of variables to the etching process:
In this study, a variable is considered sensitive if the rate of change of average
velocity or rate of change of standard deviation is high. The results are shown in table
(2.5). As stated earlier case 1 is referenced for cases 3-11, and case 2 for 12-17. Their
respective changes in velocity, standard deviation, rate of change of velocity and rate of
change of standard deviation are tabulated.
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0.012
0.012
0.012
0.012
0.012

-0.006

-0.006

-0.006

-0.006

-0.006

0.012

-0.03

0.012

0.012

-0.03

-0.006

0.012

-0.03

0.015

0.012

-0.03

-0.03

0.012

0

0.012

0.012

-0.006

-0.03

0.012

-0.006

Case2
Case3
Case4
Case5
Case6
Case7
Case8
Case9
Case10
Case11
Case12
Case13
Case14
Case15
Case16
Case17
0.012

0.012

-0.03

Case1

-0.03

V2

V1

Variables

0.125

0.125

0.125

0.125

0.125

0.125

0.125

0.135

0.125

0.125

0.125

0.125

0.125

0.125

0.125

0.125

0.125

V3

0.03

0.03

0.03

0.03

0.03

0.03

0.03

0.03

0.04

0.02

0.03

0.03

0.03

0.03

0.03

0.03

0.03

V4

0.06

0.06

0.06

0.06

0.06

0.06

0.06

0.06

0.06

0.06

0.07

0.05

0.04

0.06

0.06

0.06

0.06

V5

0.03

0.03

0.03

0.03

0.06

0.04

0.001

0.001

0.001

0.001

0.001
0.001

0.001

0.001

0.001

0.03

0.001

V6

0

0

0

30º

0

0

0

0

0

0

0

0

0

0

0

0

0

Thetab1

Table 2--4 Parametric study table

0

0

30º

0

0

0

0

0

0

0

0

0

0

0

0

0

0

Thetab2

0

30º

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

Thetat2

30º

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

Thetat5

Table 2-5 Sensitivity of baffle variables to the etching process
Variable changed
∆v
W.R.T case (1)

Case1
(Case 3) ∆v1=0.024
(Case4) ∆v1=0.03
(Case5) ∆v5=0.02
(Case6) ∆v5=0.01
(Case7) ∆v5=0.01
(Case8) ∆v4=0.01
(Case9) ∆v4=0.01
(Case10) ∆ v3=0.01
(Case11)
∆v2=0.003

VEL
0.03375
0.02854
0.02856
0.02542
0.02891
0.03943
0.03029
0.04092
0.02890
0.031296

S.D.V

0.28792
0.27263
0.27309
0.28331
0.28424
0.29149
0.29482
0.28311
0.26888
0.27745

∆ VEL

Ref
0.00520
0.00519
0.00833
0.00484
0.00567
0.00346
0.00716
0.00484
0.00246

∆ S.D.V

Ref
0.01529
0.01483
0.00461
0.00368
0.00357
0.0069
0.00481
0.01904
0.01047

∆ VEL/∆V

∆ SDV/∆ v

Ref
0.2169
0.1732
0.4166
0.4842
0.5673
0.3462
0.7163
0.4849

Ref
0.6370
0.4943
0.2305
0.368
0.357
0.69
0.481
1.904

0.82

3.49

Variable changed
∆v
W.R.T case (2)

VEL

S.D.V

∆ VEL

∆ S.D.V

∆ VEL/∆V

∆ SDV/∆ v

Case2
(Case12) ∆v6=0.01
(Case13) ∆v6=0.03
(Case14)
∆Thetab1=0.523
(Case15)
∆Thetab2=0.523
(Case16)
∆Thetat2=0.523
(Case17)
∆Thetat5=0.523

0.03755
0.0339
0.0376
0.0321

0.22358
0.2368
0.2076
0.2508

Ref
0.00365
5E-05
0.00545

Ref
0.01322
0.01598
0.02722

Ref
0.365
0.00166
0.01042

Ref
1.322
0.53266
0.05204

0.0322

0.2517

0.00535

0.02812

0.01022

0.05376

0.0322

0.2516

0.00535

0.02802

0.01022

0.05357

0.0321

0.2513

0.00545

0.02772

0.01042

0.05300

Conclusion:
From the Table 2.5, it is clear that varying variables v1, v2, v3 and v6, affect standard
deviation more than velocity, whereas the variables v4 and v5 affect them to equal extent.
The angle variables affect neither of them, which show that the problem is insensitive to
them. It is therefore decided to eliminate them and optimize the more sensitive variables
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v1 to v6. The elimination of baffle angle variables is also an advantage from the
manufacturing point of view, as it results in a simpler baffle.
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2.6 Effect of baffle rotation on etching process:
The etching process is to be studied under baffle rotating at very low speeds of the
order of say 10-20 rpm to analyze how it affects the process. To better understand the
problem two concentric cylinders with dimensions close to that of cavity and baffle are
modeled in Femlab. The inner-one acts as the baffle and the outer one as the cavity
Figure (2.31). The inner cylinder is rotated around its axis. The etching fluid
characteristics and the flow velocity remain as before, Table2.1:

Table 2-6 Chemical composition of the etching fluid
Part (By Volume)
1
1
2

Acid

Reagent grade
Nitric Acid (HNO2)
(69-71%)
Hydrofluoric Acid (HF) (48%)
(85%)
Phosphoric Acid
(H2PO4)

Density=1532 kg/m3 Dynamic Viscosity=0.0221 Ns/m2
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Figure 2-31 3-Dimensional model

Mesh:
Meshing the 3-dimensional model was more problematic than the 2-dimensional
cases as dense mesh results in memory problems that lead to unsolvable models. So the
mesh is iteratively adjusted to reduce the number of elements required to solve the
problem. Changing the solver from iterative to “Super LU decomposition” also helps in
reducing the memory related problems. The initial mesh, Figure (2.32), had the mesh
parameters of Table (2.7) but was unsolvable by the computer due to memory problems.
The mesh parameters are then iteratively adjusted to reduce the mesh elements from 3911
to 2477. The statistics of which is shown in Table (2.8).
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Table (2-7) Initial mesh parameters
Scaling factor

1.9

Mesh growth rate

1.6

Mesh curvature factor 0.6
Mesh curvature cutoff 0.03
Number of nodes

987

Number of elements

3911

Table (2-8) Adjusted mesh parameters
Scaling factor

2.1

Mesh growth rate

1.8

Mesh curvature factor

0.8

Mesh curvature cutoff

0.03

Number of nodes

647

Number of elements

2477
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Figure 2-32 Mesh before adjusting.

Figure 2-33 Mesh after adjusting.
47

Boundary conditions for the problem:
The boundary conditions of the problem is shown in Figure 2.36.The outer cylinder is
given no slip boundary condition (u, v, w) =0. A parabolic velocity profile for the in-flow
between annular cylinders is governed by the equation,

V = V max (a + bri + cri 2 )

(2.6)

Where a, b, and c are constants.
The constants are found based on the conditions
1, velocity is Vmax at ri=

Ro + Ri
which corresponds to the centerline of the annular
2

section.
2, velocity is zero at ri=Ro which corresponds to the edge of the outer cylinder.
3, velocity is zero at ri=Ri which corresponds to the edge of the inner cylinder.
Solving for the constants and expressing velocity in terms of Ri and Ro is
V =

V max(−4 RiRo + 4( Ri + Ro)ri − 4ri 2 )
( Ro − Ri ) 2

(2.7)

Where
Ri inner cylinder radius=0.02m
Ro outer cylinder radius=0.1m
Vmax, the maximum velocity=0.09505m/sec
ri varies between Ri and Ro.
Figure (2.34) shows velocity profile. The exit is given a straight out boundary condition t.
(u, v, w) =0, and pressure p is zero at exit.

48

Figure 2-34 Velocity profile

The rotating boundary for the inner cylinder is dealt using an inbuilt function for normal
velocities (nx, ny, nz), which are:
U=-velocity*nz
V=0
W= velocity*nx
Through which a normal component of velocity along the periphery of the inner cylinder
is applied. Since the rotation is in the X-Z plane, the y component velocity v is zero.

49

Figure 2-35 Velocity components

Where velocity= Ω ∗ Ri , (0.020944 m/s)

Ω=

2πN
(1.0472 rad/s)
60

N = 10 rpm
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Figure 2-36 Boundary conditions for the problem

Results:
The arrow plot results obtained under stationary, Figure (2.37), and rotating
conditions, Figure (2.38) are compared. The arrow plot under rotating conditions exhibit
a slight uplift in the radial component in the vicinity of the rotating inner cylinder in
addition to the axial flow of the fluid. In the streamline flow plot the flow streamlines
spin around the rotating inner cylinder Figure (2.40), whereas no such spinning exist in
stationary inner cylinder Figure (2.39).
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Figure 2-37 Velocity vector plot for stationary inner cylinder

Figure 2-38 Velocity vector plot for rotating inner cylinder

52

Figure 2-39 Flow plot for stationary inner cylinder

Figure 2-40 Flow plot for rotating inner cylinder
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Quantative comparison:
Internal boundary of width 0.03m was created between the coaxial cylinders at a
distance of 0.05m from the inner cylinder. The width and distance of the internal
boundary is properly selected so that they do not alter the mesh of the model
significantly. Tangential velocity is integrated along the internal boundary, so that the
models can be quantified and compared effectively.

Figure 2-41 Internal boundaries for rotating cylinder
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Table 2-9 Comparison of velocity rotation versus stationary
Condition

Average velocity

No rotation 0.000308622m/s
At 10 rpm

0.000308632m/s

Conclusion:
The plots and quantitative data prove that it does not make much difference when it
comes to rotation at low speeds of the order of 10-20 rpm. Moreover, the code requires
extensive memory for solving this basic rotation problem with a simple cylindrical
geometry. For the original problem of baffle and cavity, which involves complex curves,
it would at least take four times more mesh than the current mesh, which will lead to
unsolvable condition.
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15. CHAPTER 3
16.
17. OPTIMIZATION OF THE BAFFLE MODEL
Based on the parametric study it is clear that, except for angles, all other variables
(Figure (3.1)) affect the etching process. The variables list is shown in the Table (3.1).
The next step is to optimize them for maximum etching performance. They are optimized
by coupling the CFD model m-file with the optimization algorithm.
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Figure 3-1 Optimization variables
Table (3.1) Optimization variables
Variables
v1
v2
v3
v4
v5
v6

Description
Location of baffle.
Thickness of the baffle.
Spacing between baffle.
Radius of the baffle pipe.
Radius of the fixed portion of baffle.
Length of the extended portion of baffle.

3.1 Optimization technique:
The optimization technique used is simplex method [13]. The process starts by
generating a geometric Figure formed by a set of n+1 points in n-dimensional space,
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which is called simplex. When the points are equidistant, the simplex is said to be
regular. Thus in two dimensions, the simplex is a triangle, and in three dimensions, it is a
tetrahedron. The basic idea in the simplex method is to compare the values of the
objective function at the n+1 vertices of a simplex and move the simplex gradually
toward the optimum point by moving away from the point with the highest function
value.
The following equations can be used to generate the vertices of a regular simplex of step
size a in the n-dimensional space.
X i = X o + pu i +

n

∑ qu

j =1, j ≠ i

j

i = 1,2......n

,

(3.1)

Where
p=

a
n 2

( n + 1 + n − 1)

and

q=

a
n 2

( n + 1 − 1)

(3.2)

Where Xo is the initial base point and uj is the unit vector along the jth coordinate axis.
The movement of the simplex is achieved by three operations, reflection, contraction and
expansion. [13].
Reflection:
If Xh is the vertex corresponding to the highest value of the objective function among
the vertices of the simplex, we can expect a point Xr obtained by reflecting the point Xh in
the opposite side to have the smaller value. If this is the case we can construct a new
simplex by rejecting the point Xh from the simplex and including the point Xr. This
process is shown in Figure (3.2).In Figure (3.2) the points X1, X2, X3 form the original
simplex, and the points X1, X2 and Xr form the new one. Again we can construct a new
simplex from the present one by rejecting the vertex corresponding to the highest
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function value. Since the movement of the simplex is always away from the worst
result, we will be moving in a favorable direction. If the objective function does not have
steep valleys, repetitive application of the reflection process leads to a zigzag path in the
general direction of the minimum. Mathematically, the reflected point Xr is given by
Xr= (1+α) Xo-α Xh

(3.3)

Where Xh is the vertex corresponding to the maximum function value:
f(Xh)=

max

i = 1 to n+1

f(Xi),

(3.4)

Xo is the centroid of all the points Xi except i=h:

Xo =

1 n +1
∑ Xi
n i =1

(3.5)

i≠h

α>0 is the reflection coefficient defined as
α=

distance between Xr and Xo
distance between Xh and Xo

(3.6)

Thus Xr will lie on the line joining Xh and Xo, on the far side of Xo from Xh with |XrXo|=α|Xh-Xo|. If f (Xr) lies between f(Xh) and f(Xl) ,where Xl is the vertex corresponding
to the minimum function value,

f(Xl)=

min

i = 1 to n+1

f(Xi),

(3.7)

59

Figure 3-2 Reflection

Expansion:
If a reflection process gives a point Xr for which f (Xr)<f (Xl), (i.e., if the reflection
produces a new minimum), one can generally expect to decrease the function value by
moving along the direction pointing from Xo to Xr.
Hence we expand Xr to Xe using the relation
Xe=γXr+(1-γ)Xo

(3.8)

Where γ is called the expansion coefficient, defined as

γ =

dis tan ce between Xe and Xo
>1
dis tan ce between Xr and Xo

(3.9)

If f (Xe)<f (Xl), we replace the point Xh by Xe and restart the process of reflection. On the
other hand, if f (Xe)>f (Xl), it means that the expansion process is not successful and
hence we replace point Xh by Xr and start the reflection process again.
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Contraction:
If the reflection process gives appoint Xr for which f(Xr)>f(Xi) for all i except i=h and
f(Xr)<f(Xh),we replace point Xh by Xr. Thus the new Xh will be Xr. In this case we
contract the simplex as follows.
Xc=βXh+ (1-β) Xo

(3.10)

Where β is called the contraction coefficient 0 ≤ β ≤ 1 and is defined as

β=

dis tan ce between Xe and Xo
dis tan ce between Xh and Xo

(3.11)

If f(Xr)>f(Xh), we still can use eqn(3.8) without changing the previous point Xh. if the
contraction process produces a point Xc for which f(Xc)<min[f(Xh),f(Xr)],we replace the
point Xh in X1,X2 ……Xn+1 by Xc and proceed with the reflection process again. On the
other hand if f (Xc)>=min [f (Xh), f (Xr)], the contraction process will be a failure, and in
this case we replace all Xi by (Xi+Xl)/2 and restart the reflection process.
A fuzzy adaptive simplex search optimization algorithm is used for searching the
minimum points. While most optimization algorithms use empirically chosen fixed
parameters as part of their search strategy, fuzzy simplex uses fuzzy logic to make the
search more responsive to changes in the problem. Fuzzy simplex generally results in a
faster convergence [14]. The fuzzy simplex algorithm can be adapted for constrained
minimization by including the constraints in the objective function as penalty terms. The
problem can be represented as follows after transformation.
j

Minimize, FC = f ( x) + ∑ Ωi j
j =1

Ωij=Rj*gj(x)2 if gj(x)<=0;

(3.12)
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Ωij=0 if

gi (x)>0;

Every time a constraint is violated the g (x) value becomes negative and the penalty term
becomes a large positive number that modifies the objective function.
3.2 Model constraints
Constraints are imposed such that the baffle does not expand more than the available
physical geometrical space inside the cavity. All the baffle variables are constrained.
The variable v1 changes the location of the baffle discs inside the cavity cells.
-0.022<v1<0

(3.13)

This constraint can be expressed as:
g(1)=0-v1

(3.14)

g(2)=v1+0.022

(3.15)

The upper limit v1=0 m corresponds close to the centerline of the cavity cells Figure
(3.3). The baffle can be lowered up to a maximum distance of 0.022 m, before it
intersects the cavity, Figure (3.4).

Figure 3-3 Lower limit v1

Figure 3-4 Upper limit v1
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Thickness of the baffle discs v2 is constrained between
0<v2<0.044

(3.16)

g(3)=0.044-v2

(3.17)

g(4)=v2-0

(3.18)

Since there is no restriction on the lower limit of it, the limit is set to zero. The upper
limit is fixed by the narrowest space available inside the cavity between the lower straight
and top straight regions, which is 0.044m, Figure (3.5)

Figure 3-5 Maximum baffle thickness
Spacing between baffles v3 is constrained as follows.
0.094 <v3< 0.138

(3.19)

g(5)=0.138-v3

(3.20)

g(6)=v3-0.094

(3.21)

The upper limit v3=0.138 corresponds to maximum possible spacing between the
baffle discs Figure (3.6), beyond which the thickness of the baffle reaches zero. The
lower limit is the minimum spacing required between baffle discs so that they do not
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intersect with the walls of the cavity. The value is set at 0.094m, which includes
clearance for fluid flow between the baffle and the walls of the cavity, Figure (3.7).

Figure 3-6 Upper limit on v3

Figure 3-7 Lower limit on v3

Radius of baffle pipe v4 is constrained between the limits
0.01 <v4 <0.04

(3.22)

g(7)=0.04-v4

(3.23)

g(8)=v4-0.01

(3.24)

The baffle pipe radius is set to minimum radius of 1 cm. This value cannot be zero
without eliminating the baffle pipe, and should be close to commercially available pipe
sizes. The maximum value is set at some clearance distance from the cavity cell iris
regions, Figure (3.8).
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Figure 3-8 Upper limit on v4

Fixed (v5) and extended (v6) portion of baffle radius is constrained between the limits

0.01 <v5< 0.06

(3.25)

0 <v6< 0.8v5

(3.26)

g(9)=0.06-v5

(3.27)

g(10)=v5-0.01

(3.28)

g(11)=0.8v5-v6

(3.29)

g(12)=v6-0

(3.30)
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The lower limit on the fixed portion of the baffle is set at 0.01m; this value cannot
be zero, as it would result in a condition without baffle discs. Whereas the extension of
baffle radius lower limit is set at zero. The upper limit on fixed and extended radius is
selected such that, adding their heights would still result in clearance inside the cavity,
Figure (3.9). Thus upper limit of fixed baffle radius is at height of 0.06m and upper limit
on extension is 0.8v5, which is 0.048m.The clearance, is required to fit in the baffle
inside cavity without interference.

Figure 3-9 Clearance inside the cavity.

Additional constraints:
Apart from the constraints applied on the baffle variables two additional constraints
are imposed to the model; one has to make sure that the baffle does not hit the internal
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walls of the cavity. The basis for this constraint is intersection of line segments
[Appendix A]. Lines were represented by equations in their parametric form. Solving the
equations of two lines in the parametric form leads to condition like intersection, no
intersection, and parallel or coincident [12]. A separate function called from the
optimization code checks the intersection between the expanding baffle and the top
straight and bottom straight regions of the cavity. Figure (3.10) shows the co-ordinates of
top straight and bottom straight sections of the cavity and the expanding baffle coordinates in the parametric form.

Figure 3-10 Intersection between cavity and baffle
g(13)=intersection(-0.112,-0.036,-0.17,-0.025,-(v(5)+v(6)),v(1),-(v(5)+v(6)),-v(1))
g(14)=intersection(-0.171,0.022,-0.097,0.036,-(v(5)+v(6)),v(1),-(v(5)+v(6)),-v(1))
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The last constraint checks whether the amount of fluid entering the exiting the model
are close to each other. If more than two-percentage error occurs in the equation below
then the constraint is violated.
g(15)= Qi*0.02-abs(ACC)

(3.31)

Where
ACC=I39-I40,
Qi is the flow rate
I39 is the integral of velocity multiplied by cross-sectional area at the inlet,
I40 is the integral of velocity multiplied by cross-sectional area at the exit,
Thus ACC is difference in fluid entering and exiting the model.
3.3 Objective function:
Combining the average velocity, standard deviation and adding the penalty term gives
the objective function.
2

 ∫ vds

VEL
−


∑
j
ds
i =1 

V
∫
+
+ ∑ Ωij
n VEL
j =1
∫ vds
n

Y= k
n

∑
i =1

∫

ds

n
Ωij=Rj*gj(x)2 if gj(x)<=0;
Ωij=0 if gi (x)>0;
Where Y is the objective function
j

∑Ω

ij

is the penalty term whose value depends on g(x) valve.

j =1
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(3.32)

Rj is the penalty parameter, whose value is 1015
V is the average velocity of the fluid.
VEL is the average velocity along the internal boundary.
K is the constant that makes the two components of the objective function of the
same order which is 0.1.
n is the number of internal boundaries which is 32
j= total number of constraints
3.4 Interfacing optimization algorithm with CFD file
The CFD file is stored as matlab function file; the file is then referenced from the
optimization algorithm. The important sections like variables, constraints, parametric
geometry, sub- domain integration of velocity, average velocity, standard deviation and
objective function of the CFD file are highlighted and shown below.
function y=f1(x)

************************************************************************
***********************************

% FEMLAB Model M-file

% Generated 17-Oct-2001 15:50:41 by FEMLAB 2.2.0.125.
% This file parameterizes the geometry of the baffle
%This file uses a more streamlined version of the baffle
%v(1)
%v(2)
%v(3)
%v(4)
%v(5)
%v(6)
x

location of the baffle
thickness of the baffle
spacing between baffles
radius of the pipe
fixed radius of the baffle
extension of the baffle
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v(2)=x(1);
v(1)=-v(2)/2;
v(3)=0.138-v(2);
v(4)=x(2);
v(5)= x(3);
v(6)=x(4);
%Impose constraints on the thickness of the baffle
g(1)=0.044-v(2);
g(2)=v(2)-0;
%Impose constraints on the size of the baffle extension
g(3)=0.8*v(5)-v(6);
g(4)=v(6)-0;
%impose constraints on the size of the fixed pipe
g(5)=0.04-v(4);
g(6)=v(4)-0.01;
%impose constraints on the radius of the fixed part of the baffle
g(7)=0.06-v(5);
g(8)=v(5)-0.01;
%impose constraints on the baffle location
g(9)=0-v(1)
g(10)=v(1)+0.022
%impose constraints on spacing between baffle
g(11)=0.138-v(3)
g(12)=v(3)-0.098
for i=1:12
if g(i)<=0
g(i)=10e15*g(i)^2;
else
g(i)=0;
end;
end;
%calling the function intersection to check intersection between the baffle extension
% and the internal boundaries(bottom straight)
g(13)=intersection(-0.112,-0.036,-0.17,-0.025,-(v(5)+v(6)),v(1),-(v(5)+v(6)),-v(1));
%calling the function intersection to check intersection between the baffle extension
% and the internal boundaries(top straight)
g(14)=intersection(-0.171,0.022,-0.097,0.036,-(v(5)+v(6)),v(1),-(v(5)+v(6)),-v(1));
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check=sum(g)
if (sum(g)<100)
%flclear fem
% FEMLAB Version
clear vrsn;
vrsn.name='FEMLAB 2.2';
vrsn.major=0;
vrsn.build=125;
fem.version=vrsn;
% Recorded command sequence
% New geometry 1
fem.sdim={'r','z'};
% Geometry

clear s c p
p=[-0.200 -0.200 -0.200 ...
-0.200 -0.200 -0.200 ...
-0.200 -0.200 -0.200 ...
-0.200 -0.200 -0.200 ...
-0.200 -0.200 -0.200 ...
-0.172 -0.172 -0.172 ...
-0.172 -0.172 -0.172 ...
-0.172 -0.172 ...
-0.170 -0.170 ...
-0.112 -0.112 ...
-0.098 -0.098 -0.098 ...
-0.098 -0.098 -0.098 ...
-0.098 -0.098 ...
-v(5)-v(6) -v(5)-v(6) -v(5)-v(6)...
-v(5)-v(6) -v(5)-v(6) -v(5)-v(6)...
-v(5)-v(6) -v(5)-v(6) -v(5)-v(6)...
-v(5)-v(6) ...
-0.080 -0.080 -0.080 ...
-0.080 -0.080 -0.080 ...
-0.065 -0.065 -0.065 ...
-0.065 -0.065 -0.065 ...
-0.065 -0.065 -0.065 ...
-0.065 -0.065 -0.065 ...
-0.065 -0.065 ...
-v(5) -v(5) -v(5) ...
-v(5) -v(5) -v(5) ...
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-v(5) -v(5) -v(5) ...
-v(5) ...
-v(4) -v(4) -v(4) ...
-v(4) -v(4) -v(4) ...
-v(4) -v(4) -v(4) ...
-v(4) -v(4) -v(4) ...
-v(4) ...
0 0 0; ...
-0.036 0.0 0.0320 ...
0.106 0.138 0.170 ...
0.244 0.276 0.308 ...
0.382 0.414 0.446 ...
0.52 0.552 0.588 ...
0.0320 0.106 0.170 ...
0.244 0.308 0.382 ...
0.446 0.52 -0.036 ...
0.588 -0.046 0.598 ...
0.045 0.093 0.183 ...
0.231 0.321 0.369 ...
0.459 0.507 v(1) ...
-v(1) v(1)+v(2)+v(3) v(1)+2*v(2)+v(3) ...
v(1)+2*v(2)+2*v(3) v(1)+3*v(2)+2*v(3) v(1)+3*v(2)+3*v(3) ...
v(1)+4*v(2)+3*v(3) v(1)+4*v(2)+4*v(3) v(1)+5*v(2)+4*v(3) ...
-0.169 -0.070 -0.046 ...
0.599 0.621 0.670 ...
0.045 0.0699 0.093 ...
0.183 0.207 0.231 ...
0.321 0.345 0.369 ...
0.459 0.483 0.507 ...
0.684 0.714 ...
v(1) v(1)+v(2) ...
v(1)+v(2)+v(3) v(1)+2*v(2)+v(3) ...
v(1)+2*v(2)+2*v(3) v(1)+3*v(2)+2*v(3) v(1)+3*v(2)+3*v(3) ...
v(1)+4*v(2)+3*v(3) v(1)+4*v(2)+4*v(3) v(1)+5*v(2)+4*v(3) ...
v(1)-(v(5)-v(4))*tan(thetab1) v(1)+v(2)+v(4)*tan(thetat2) ...
v(1)+v(2)+v(3)-v(4)*tan(thetab2) v(1)+2*v(2)+v(3)+v(4)*tan(thetat2) ...
v(1)+2*v(2)+2*v(3)-v(4)*tan(thetab2) v(1)+3*v(2)+2*v(3)+v(4)*tan(thetat2) ...
v(1)+3*v(2)+3*v(3)-v(4)*tan(thetab2) v(1)+4*v(2)+3*v(3)+v(4)*tan(thetat2) ...
v(1)+4*v(2)+4*v(3)-v(4)*tan(thetab2) v(1)+5*v(2)+4*v(3)+v(4)*tan(thetat5) ...
0.614 0.654 0.714 -0.169 -0.069 ...
v(1)-v(5)*tan(thetab1)];
CFD
% Integrate on subdomains
I39=postint(fem,'(v)*2*pi*r',...
'cont', 'on',...
'contorder',1,...
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'edim', 1,...
'solnum', 1,...
'phase', 0,...
'geomnum',1,...
'dl', 37,...
'intorder',2,...
'context','local');
% Integrate on subdomains
I40=postint(fem,'(v)*2*pi*r',...
'cont', 'on',...
'contorder',1,...
'edim', 1,...
'solnum', 1,...
'phase', 0,...
'geomnum',1,...
'dl', 43,...
'intorder',2,...
'context','local');
18. ACC=I39-I40
%PI for the Entrance
% Integrate on subdomains
I1=postint(fem,'U',...
'cont', 'on',...
'contorder',1,...
'edim', 1,...
'solnum', 1,...
'phase', 0,...
'geomnum',1,...
'dl', 40,...
'intorder',2,...
'context','local');
P(1)=I1/L(1);
Similarly I2 to I 31
%PI for the Exit
% Integrate on subdomains
I32=postint(fem,'U',...
'cont', 'on',...
'contorder',1,...
'edim', 1,...
'solnum', 1,...
'phase', 0,...
'geomnum',1,...
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'dl', 41,...
'intorder',2,...
'context','local');
P(32)=I32/L(32);
P';
aveP=sum(P)/32;
stdevP=0.0;
for i=1:32
stdevP=stdevP+(P(i)-aveP)^2;
end;
stdevP=(sqrt(stdevP)/32)/aveP;
%combine average velocity and standard deviation in the minimized function
%use inverse of average velocity to maximize it.
%we may need to multiply std. deviation by a factor if it is not dominant
%vmax is increased by 2 times
y=(((0.09505*0.5*1.0)/aveP)*0.1+stdevP);
% do not use this point since the FEA code failed to converge
%g(15)=abs(ACC)-0.00092886*0.001;
g(15)=0.00092886*0.02-abs(ACC);
if g(15)<=0
g(15)=10e15*g(15)^2
else
g(15)=0
end;
[aveP, stdevP, y]
y=y+sum(g);
else
y=10^15;
[y]
end
3.5 Optimization studies
A few optimization study cases were done and each one is discussed below.
Case study 1:
The six variables are optimized with constraint on each of them. The initial guesses and
the final values of the variables after optimization are shown in the table below. The
minimum points are reached after 738 function evaluations in this case.
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Table 3-2 Variables after optimization
Variable
v1
v2
v3
v4
v5
v6

Initial guess
-0.006
0.012
0.126
0.015
0.055
0.04

Final value after optimization
-0.022
0.044
0.094
0.0128
0.06
0.048

From the optimized values it is clear that except baffle pipe radius all other variables
baffle thickness, fixed portion of baffle radius, and extended portion of baffle reached
their maximum limits trying to fill the cavity. For optimized values of the variables the
average velocity, standard deviation and objective function are:

Table 3-3 Quantative optimization results

Average velocity
Standard deviation

Initial
guess
0.0324
0.2072

Optimized
values
0.0553
0.18543

Objective function value

0.3539

0.2713
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This is obtained by simulating the flow in CFD for this particular set of optimized
values for the baffle variables. The graphical plot from CFD for this set of optimized
baffle variables is also shown, which gives an idea about how the baffle structure looks,
and the flow pattern for this set of baffle variables. The flow is very uniform with from
entry to exit, which is also evident from the standard deviation values. More circulation is
also pronounced in the equator regions (Figure (3.12)), with this optimized baffle design
compared to LANL baffle.

Figure 3-11 Surface plot for optimized baffle
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Figure 3-12 Flow plot for optimized baffle

Case study 2:
The same conditions as of study 1 are maintained, except for the

step size a

(equation3.2)which is varied from 0.002 to 0.001and 0.005 respectively. The change is
step sizes helps in better search of minimum points. The result for 0.001-step size after
1991 function evaluations is shown below:

Table 3-4 Variables after optimization for 0.001 step size
Variables
v1
v2
v3
v4
v5
v6

Initial guess
-0.006
0.012
0.126
0.015
0.055
0.04

77

Final value after optimization
-8.9645e-3
0.017929
0.12
0.01814
0.06
0.048

For optimized values of the variables the average velocity, standard deviation and
objective function are:

Table 3-5 Quantative optimization results for 0.001step size

Average velocity
Standard deviation

Initial
guess
0.0324
0.2072

Optimized
values
0.037916
0.18959

Objective function value

0.3539

0.31494

This case took more function evaluations (1991) compared to previous study (738) which
has step size of 0.002.It also stopped at sub optimal points resulting in lower average
velocity and with same order of standard deviation. The plots to this condition are shown
below.
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Figure 3-13 Surface plot for study 2

Figure 3-14

Flow plot for study 2
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From the CFD plots it is clear that even this baffle provides uniform velocity with
circulation, but numerically the previous model is better when the values of average
velocity is compared which is higher, than the present model.
For step size of 0.005:
The initial guess and final values for step size 0.005 is shown below.

Table 3-6 Variables after optimization for 0.005 step size
Variables
v1
v2
v3
v4
v5
v6

Initial guess
-0.006
0.012
0.126
0.015
0.055
0.04

Final value after optimization
-8.2805e-3
0.016561
0.121439
0.018794
0.06
0.048

For optimized values of the variables the average velocity, standard deviation and
objective function are:

Table 3-7 Quantative optimization results

Average velocity
Standard deviation

Initial
guess
0.0324
0.0272

Optimized
variables
0.037508
0.19028

Objective function value

0.3539

0.31699

This case also resulted in sub optimal points, resulting in lower average velocity. The
CFD plots remain the same as the case with 0.002 step size.
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Figure 3-15 Surface plot for study 3

Figure 3-16 Flow plot for study 3
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Case study 3:
The factor k, which combines the two components in the objective function, is also
made as a variable and optimized. This is to make the factor more adaptive instead of a
fixed value.

Table 3-8 Variables after optimization with adaptive k
Variables

Initial guess

Final value after optimization

v1
v2
v3
v4
v5
v6

-0.006
0.012
0.126
0.015
0.055
0.04
0.1

-8.5505e-3
0.017101
0.120899
0.035073
0.06
0.048
0.050197

K

For optimized values of the variables the average velocity, standard deviation and
objective function are:

Table 3-9 Quantative optimization results

Average velocity
Standard deviation

Initial
guess
0.0312
0.2072

Optimized
values
0.046116
0.20418

Objective function value

0.3539

0.25591

The adaptive k case also does not prove to be better, as it has lower values of average
velocity and higher value for standard deviation, when compared to first case.
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3.6 Conclusion of optimization studies:
The first case has the least value for the objective function (0.2713) among the cases
dealt. The optimized set of variables for this case
is {v} = {- 0.022, 0.044, 0.094, 0.0128, 0.006 , 0.048 }
T

T

Average velocity in this case is equal to 0.0553 m/s while the standard deviation is
0.1854.
These optimization cases result lead to the following observations:
1. The thickness of the baffle, v2, reached its upper limit (baffle is trying to fill the
cavity). In other cases the search stopped at sub-optimal points with the same
order of standard deviation but with lower average velocity.
2. The location of baffle v1, and the spacing between baffles v3 changed accordingly
to accommodate for the high limit of v2.
3. Pipe radius, v4, is close to, but not at, its lower limit since minimum pipe radius
corresponds to lower average velocity.
4. Both the radius of the fixed portion of the baffle, v5, and length of the extended
portion of the baffle, v6, moves toward their upper limit consistently regardless of
the initial guess. This is reasonable since as the baffle is extended inside the
cavity, the flow follows its walls.
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19. CHAPTER 4

20. FLOW VISUALIZATION
4.1 Need for flow visualization
When the CFD results were presented to the LANL personnel, they strongly
recommended experimental flow visualization of etching process inside the cavity, to
help verify FEA simulations and to get better insight in to the problem. They also agreed
to loan a transparent plastic cavity Figure (4.1) that will be used at UNLV to experiment
etching conditions.

Figure 4-1 LANL Transparent plastic cavity
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Verification procedure:
1. The procedure is first to compare the CFD results of the LANL baffle under axial
exit conditions to the experimental flow under same conditions. The result is then
analyzed to verify whether if the CFD and experimental results agree.
2. Design the optimized baffle in such a way so that it could be properly placed
inside the cavity.
3. The flow is then analyzed with the optimized baffle inside the prototype of the
cavity. It is then compared with the CFD results of the optimized baffle.
Etching fluid:
Verification of the predicted velocity distributions in the prototype cavity using acid
etchant can be hazardous. Fortunately, laminar and turbulent flow distributions can be
verified experimentally through dynamic similitude by choosing a substitute fluid that
has the same Reynolds number as the desired flow rate. The Reynolds number is a
dimensionless quantity that relates the inertial forces in a fluid to viscous forces. By
matching the Reynolds number of the flow in a model to the prototype cavity, the
resulting flow patterns will be the same. The velocity of the substitute fluid must be
adjusted for differences in fluid density and viscosity. It was decided to use water in the
experiment as the substitute fluid. Calculation for velocity for water as model fluid is
based on Equation (4.1). The data for this equation are listed in Table 4.1.

ρ eVe ρ wVw
=
µe
µw

(4.1)
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Table 4-1 Data for the original setup and the experiment
Density of etching fluid (ρe)

1532 kg/m3

Dynamic viscosity of etching fluid (µe) 0.02 kg/m-s
Inlet velocity of etching fluid (ve)

0.047 m/s

Density of water (ρw)

1000 kg/m3

Dynamic viscosity of water (µw)

0.001 kg/m-s

Substituting in Equation (4.1), the inlet velocity of water is equal to, 0.0036 m/s
compared to 0.047m/s (velocity of etching fluid). This corresponds to a flow rate of 43.4
GPH.
4.2 Flow visualization setup:
The Setup consists of:
•

Pumps, pipes and valves to ensure proper circulation of the flow, arrangement of
the cavity and baffle inside the Plexiglas box. The box supports the cavity and is
filled with water to reduce reflection.

•

High-speed high resolution CCD camera for capturing images.

•

Traversing mechanism for positioning the camera.

•

Workstation for controlling the traversing mechanism and the camera.

Vertical configuration:
The initial idea was to have the cavity mounted vertically supported inside the tank as
shown in the Figure (4.2). This arrangement would however make it difficult to reach the
base of tank from inside for connecting the cavity to the exit pipe. The only difference
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between the horizontal and vertical configurations is the gravity effects. CFD is used
to study gravity effects on the flow. Figure (4.3) and Figure (4.4) show where to input
gravity in femlab. CFD modeling of configurations, Figure (4.5) and Figure (4.6)
indicates that the gravity effect is negligible. From the plots it is clear it does not make
much difference with or without gravity effects in both cases the maximum velocity
reached (0.0688 m/s) proved to be the same. So, it is decided to use the horizontal
configuration, Figure (4.7), to better access the cavity. The only problem with the
horizontal configuration is the possibility of having a free surface within the cavity
during fluid flow. This problem is eventually solved by properly controlling the valves.
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Figure 4-2 Vertical configuration
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Figure 4-3 CFD model applied with gravity force.

Figure 4-4 CFD model applied without gravity force.
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Gravity test results:

Figure 4-5 Surface plot of CFD model with gravity

Figure 4-6 Surface plot of CFD model without gravity
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Figure 4-7 Horizontal configuration

Horizontal configuration:
In this configuration a Plexiglas box supports the cavity. The box is filled with water
the same as that of the circulating fluid, so that the there is no change in refractive
indices. The baffle is placed inside the cavity. Water enters the inlet section of the cavity
from the tank and exits to reach the bottom tank. Valves are used to control the flow of
water inside the cavity to achieve the required flow rate. A photograph of the
experimental setup at UNLV is shown in Figure 4.14.
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Finite element analysis of the water tank:
A finite element analysis is done with the Plexiglas tank model of 0.75 inch thickness
Figure (4.8), using Algor software to be sure that it would withstand the water load
pressure. The boundary conditions Figure (4.9) are such that the tank is fully supported at
the bottom and the sides are connected to each other at the joints. Uniformly varying
pressure load, which increases with the depth of the tank, is applied. The resulting
displacement values in inches are shown in Figure (4.10) and Figure (4.11). Von-mises
stresses in psi are also shown in Figure (4.12) and Figure (4.13). The stress values are
within the allowable stress for plexiglass, which is 7000 psi. The maximum displacement
is also 6e-7 of an inch. Thus proving that Plexiglas of 0.75-inch thickness would be
sufficient to withstand the required pressure load. But the manufacturers suggested that it
is not feasible to glue and tap 0.75-inch thick plexiglass, so it is decided to manufacture
the tank with 1 inch thick, which could be easily glued and tapped.

Figure 4-8 FEA model of the water tank.
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Figure 4-9 Boundary conditions of the model
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Figure 4-10 Displacements in the model view 1

Figure 4-11 Displacements in the model view 2
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Figure 4-12 Vonmises stress of the model view 1

Figure 4-13 Vonmises stress of the model view 2
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Figure 4-14 Experimental Setup at UNLV
Inlet pipe length:
For fully developed laminar flow to occur, the length of inlet pipe or the laminar
entrance length is given by
Le=10D

(4.2)

Where Le =laminar entrance length.
D=hydraulic diameter (5 inches)
Which gives Le =50 inches (4 foot 2 inches) approximated to 5 foot long.

96

Traverse mechanism:
A computer controlled traversing mechanism is used for positioning the camera in the
X-Y plane, which is shown below Figure (4.15). The programming software used for
controlling it is, Trio Motion’s Motion Perfect-2. The software interface has also some
shortcut options for emergency Motion-Stop, enabling and disabling the Drive. It also has
provision for simulating a particular motion path to make sure it works before it is loaded
in to the EPROM of the controller. The line diagram Figure (4.16) shows the interfacing
connections between the controller with the workstation and the stepper motor. Certain
parameters like speed, acceleration, deceleration, creep, jog speed, forward switch limit,
and reverse switch limit can be controlled individually for both axes. There-by providing
more flexibility of motion. The software interface is shown in Figure (4.17).

Figure 4-15 Traverse mechanism
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Table 4-2 Controller specifications:
Payload
Horizontal Travel (Axis 0)
Vertical Travel (Axis 1)
Straightness
Positional Accuracy
Drive Type
Motor Type
Controller

5 lb
48 inches
24 inches
0.0005 in/in
0.0005 in/in
Screw
Stepper
Controller should be able to control two
motors with RS-232 ports

Figure 4-16 Controller Connections line diagram
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Figure 4-17 Controller software interface

CCD Camera and frame grabber:
A high speed high resolution CCD camera Kodak Mega plus ES 1.0 Figure (4.19) is
used in combination with PIXCI-D digital interface frame grabber board for
photographing the flow.

Lens selection:
The lens is selected based on the focal length, which is given by equation (4.3)

(4.3)
Where FL is the focal length in mm
h is the CCD chip size 9.16 mm(From table(4.3))
WD is the working distance (distance from lens to object plane 394 mm)
FOV is the field of view (radius of cavity cell 190.5 mm)

99

Substituting the values in equation (4.3) the focal length is found to be 19mm.Lenses
of such low focal lengths is uncommon. Navitor 7000 zoom lens covers the required
focal length. The specifications of the camera and lens are shown in Table (4.3) and
Table (4.4)

Figure 4-18 Lens focal length

Figure 4-19 Kodak Mega plus ES-1.0 CCD camera with lens.
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Table 4-3 Camera specifications[15]
Imaging Device
Dimensions
Lens
Sensor readout
Light-sensitive pixels
Pixel size
Center to center pixel
spacing
Active area
Pixel depth
Dynamic range
Gain
Pixel clock rate
Exposure settings
Frame rate
Power consumption

Kodak KAI-1001M w, micro lens, solid-state, Interline
CCD
2.0” H Χ 2.7” W Χ 6.0” L
C-Mount
Progressive scan
1,026,144(1008 x1018)
9x9 µm
9 µm vertical and horizontal
9.07 mm horizontal x 9.16 mm vertical
8 bits
>48 db
1x, 2x, 4x
20MHz/channel
Electronic shutter 127µs to 64.87 µs in dual channel
15 fps single channel, continuous mode
9w

Figure 4-20 Navitor 7000 zoom lens
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Table 4-4 Lens specifications
Focal Length (mm)
Total FOV (mm)
Working distance (mm)
Max CCD format inch
Aperture (f/#) C=closed
Diameter & L (mm)
Working distance (mm)
Primary Magnification

18-108
8-110
145-330
2/3
F2.5-16C
62,190
Min. 145 Max. 330
0.8x-0.14x 0.33x-0.06x

Imaging software:
The imaging software is XCAP-Lite version. The software is capable of image
acquisition, display and examination. The camera is connected to the serial port of the
computer and also to the frame grabber board. Since the application requires continuous
image acquisition, the camera is operated in continuous mode of image, though it has two
more operating modes of Controlled and triggered.
The general procedures for starting up the camera and the imaging software is described
in appendix [C]
Lighting arrangement:
Fluorescent lights were used to illuminate the flow section. They are positioned on
the top of the water tank. Initially stray light reflections were seen as patches in the image
viewer, which affected the quality of images. To avoid them sheet-polarizing filters were
used on light source Figure (4.21) and also on the lens mount Figure (4.22). This helped
in minimizing the stray reflections and aided in getting better images. The setup with the
lighting arrangement is also shown Figure (4.23).
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Figure 4-21 Sheet polarizer

Figure 4-22 Lens mount polarizer
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Figure 4-23 set up with lighting arrangement
4.3 Exit arrangement:
Figure shows the Exit arrangement LANL initially had, in which the flow exits
through the three small holes located at 120° on the baffle pipe Figure (4.24). It is better
illustrated with the Figures (4.25) and Figure (4.26). The CFD results proved that the
performance is better when the flow exit is axial to the flow inlet. However it is not
practically feasible to create a larger single circular segment for flow exit as it totally
removes the support for the baffle Figure (4.27) and figure (4.28) and leaves them in
space. Instead four small circular holes each of area 0.4415 square inch are created to
achieve the required condition of axial exit Figure (4.29) and Figure (4.30), without
totally removing the support to the baffle from the tank. The total area of the four circular
small holes is 1.7766 square inch, which contributes only to 10 percent of the initial area
of larger circular segment, which is 19.63 square inch. However it satisfies the condition
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of axial exit. It is now possible to fasten the baffle to tank side Figure (4.31). The
effect of replacing the four holes arrangement instead of a single circular segment is also
analyzed using the CFD Figure (4.32) and Figure (4.33).

Figure 4-24 LANL exit arrangement
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Figure 4-25 LANL exit arrangement

Figure 4-26 LANL exit arrangement
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Figure 4-27 Axial exit

Figure 4-28 Axial exit
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Figure 4-29 Axial exit through four holes

Figure 4-30 Axial exit through four holes
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Figure 4-31 Baffle fastened to tank
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Figure 4-32 CFD plot for axial exit with single circular segment

Figure 4-33 CFD plot for axial exit through four holes
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Table 4-5 quantitative comparison
System

Average velocity Standard deviation

Single circular segment 0.0015154

0.23823

Four holes arrangement 0.0015155

0.2382

Both the graphical plots and the numerical values prove that four holes arrangement for
exit can be substituted for a single circular segment without affecting the results.
Seeding particles:
For tracking the fluid path seeding particles were used. One is the polyamide-seeding
particle and the other is silver coated hollow glass spheres (S-HGS). The (S-GHS) is
capable of reflecting light. They are mixed with water and injected at the point as shown
in Figure (4.7). The specifications of them are shown in the Table (4.6). Both the seeding
particles are denser than the water and tend to sink close to region of injection, as the
flow not providing enough momentum to overcome the weight of the particles at very
low speeds. The arrow in Figure (4.34) shows the seeding particle in the image.
Table 4-6 Seeding particle

Mean diameter (µm)
Size distribution (µm)
Particle shape
Density (g/cm3)
Melting point (°C)
Refractive index
Material

PSP (polyamide seeding
particles)
50
30-70
Non-spherical but round
1.03
175
1.5
Polyamide 12
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S-HGS (Silver coated hollow
glass spheres)
10
2-20
Spherical
1.4
740
Borosilicate glass

Figure 4-34 Seeding particles

Image scaling:
For quantative calculations image scaling is required, It is done to determine what the
image means in reality. For this a calibrating image with a ruler is captured whenever
lens adjustments are done Figure (4.35). It is also necessary to make sure that the object
plane is at the same distance in both the images Figure (4.18). From the calibrated image
it is clear that the image corresponds to 95 mm in reality. The distance in the image can
be measured from printouts. Based on this a scaling factor is calculated.

Scaling factor =

distance in image
distance in image

(4.4)
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Figure 4-35 Image scaling
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4.4 Experimental procedure:
The general experimental procedure followed for the flow visualization system is
explained below
1. The pump is switched on to circulate the water in the system.
2. Valves are properly controlled to make sure the water runs full inside the cavity
without any free surface.
3. The discharge is then measured using a measuring jar and a stopwatch.
Depending on the discharge obtained the valves are then re-adjusted to maintain
the required discharge rate of 43.4 GPH,
4. Once the required discharge rate is obtained, the system is monitored for steady
state conditions. If steady state does not occur the process is repeated again until
steady flow condition is achieved.
5. The camera and lens adjustments are done so that a clear image is obtained.
6. The camera is then positioned at the required region by the traversing mechanism.
The dye is injected Figure (4.36) in the inlet pipe upstream of the inlet section of
the cavity and then the flow is photographed.
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Figure 4-36 Experimental procedure for flow visualization
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Fabricated LANL Baffle for flow visualization:
Based on the drawings from the LANL the baffle was fabricated using plexiglass
Figure (4.37). It is then fixed in to the cavity and analyzed for flow pattern. Figure (4.38)
shows the LANL baffle inside the cavity.

Figure 4-37 Fabricated LANL baffle
LANL Baffle inside cavity:

Figure 4-38 Fabricated LANL baffle inside the cavity
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4.5 Analysis of CFD versus experimental results for the LANL baffle:
In the CFD results the streamlines with relatively high velocity values are
concentrated in the region 0.08m from the centerline of the cavity, which corresponds to
0.03 from the baffle tip. Similar streamlines are also found in the experimental images
Figure (4.40), at a distance of 0.0224m from the baffle tip. Both results show less
penetration inside the cavity cells, with more circulation only near the iris regions.

Figure 4-39 CFD velocity plot for LANL baffle
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Figure 4-40 Experimental Result of LANL baffle
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4.6 Design of optimized baffle:
The optimized baffle from the CFD is shown in Figure (3.11). The corresponding 3-D
model of which is shown below, Figure (4.41). The diameter of the cavity at the inlet and
exit is 5.125 inches whereas the optimized baffle discs are of diameter 8.5 inches. It is
therefore required to design the baffle in such a way so that it could be placed inside the
cavity. Design alternatives are studied to this problem to analyze their feasibility, as
shown in the following subsections.

Figure 4-41 Optimized baffle

Design alternative # 1
One possibility is to use a mechanism so that the baffle discs can expand inside the
cavity to the required dimension and contract while moving in or out of the cavity. This
can be accomplished using a cam mechanism as shown in Figure (4.42). This mechanism
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is analyzed for its feasibility. The cam mechanism in its expanded and contracted
configuration with the dimensions is also shown in Figure (4.43), and Figure (4.44).

Figure 4-42 Cam mechanism

Cam equations:
Under contracted state the overall radial dimensions of the baffle mechanism should
be less than the radius of the cavity at the inlet, which is 2.5 inches.
Cammin + A + T = 2.5 Inches

(4.5)

R = A + cammin

(4.6)

Substituting (4.6) in equation (4.5)
R+T=2.5

(4.7)

Where R is the radius of the baffle pipe
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Figure 4-43 Contracted baffle

Under expanded state the radial dimensions of the baffle should be equal to the 4.5
inches, which correspond to the optimized baffle.
Cammax + A + T = 4.25

Since Cammax is almost same as R,
R+A+T=4.25

(4.8)

Substituting (4.6) in (4.8)
R+R-cammin+T=4.25

(4.9)

2R+T=4.25+cammin

(4.10)
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Figure 4-44 Expanded baffle

Equations (4.7) and (4.10) are solved for R and T using range of values for cammin. The
values are sensible only for cammin range of 0 to 0.75 “, solving outside the range of
cammin values leads to negative values for T. The three extreme values for cammin is
tabulated below.

Table 4-7 Possible values for cammin, R and T
Cammin
0.25
0.5
0.75

R
2
2.25
2.5

T
0.5
0.25
0
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A
1.75
1.75
1.75

Cammax
2
2.25
2.5

Based on the values it is clear that the cam should give a maximum lift of 1.75 inch,
which is difference between the cammax, and cammin. This is a steep rise for the
corresponding pipe radius R Table (4.7). To avoid interference problems between the
baffle discs when contracted, they should be staggered. This solution increases the overall
complexity of design and manufacturing. So it is decided to explore other design
solutions.
Design alternative # 2:
The next feasible design studied is to have the baffle split into subassemblies and
have them assembled inside the cavity. The first subassembly is between the baffle disc
sectors and the sector of the baffle pipe Figure, (4.46). Allen head screws Figure (4-47)
were used to connect the disc sectors to the pipe sector. To ensure that “a” and “b”,
Figure (4.45), of each sector are less than the cavity inlet diameter, eight subassemblies
are created. The subassemblies are connected to each other by means of the head Figure
(4-48) and an end disc Figure (4-49), to complete baffle assembly Figure (4-50).

Figure 4-45 Baffle sector dimensions
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Figure 4-46 Subassembly of baffle sectors with baffle pipe

Figure 4-47 Allen head screws fastening disc sectors and pipe sector
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Figure 4-48 Head

Figure 4-49 End Disc

Figure 4-50 Full assembly
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The process of assembling the baffle subassemblies inside the cavity Figure (4.51) is
also checked using the collision detection techniques of the Solidworks software. The
condition “stop at collision” stops movement of subassemblies whenever they intersect
with cavity. With this condition on, the entire assembly is simulated to serve as foolproof
method before the real baffle is fabricated and assembled. The complete assembly inside
the cavity is shown in Figure (4.52). It is therefore decided to proceed with this design
solution, which is comparatively easier than the previous one. The baffle subassembly is
then fabricated Figure (4.53), checked whether it assembles properly outside the cavity
Figure (4.54), and then assembled inside the cavity Figure (4.55). A photograph with dye
injection of optimized baffle is shown in Figure (4.56).

Figure 4-51 Assembling inside cavity
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Figure 4-52 Complete assembly inside the cavity

Figure 4-53 Fabricated baffle subassembly
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Figure 4-54 Assembled baffle sub-assemblies

Figure 4-55 Baffle inside the cavity
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Figure 4-56 Dye injection

4.7 Analysis of CFD result versus experimental result for the optimized baffle:
This analysis involves comparing CFD and experimental results of both LANL and
optimized baffle. This step is done by selecting a streamline at a particular distance from
the baffle tip in the experimental image of the LANL baffle. The velocity for that
particular streamlines is then interpolated from the CFD plot of LANL baffle. Once the
velocity values are known its occurrence distance in the CFD plot of optimized baffle is
determined. This distance should be almost same to the flow penetration in the cavity
with the optimized baffle, as in both experimental cases the flow rate and dye injection
locations are the same.

129

Consider a streamline at an actual distance of 0.0224m (Leading edge) from the
LANL baffle tip after including scaling factor in the experimental image Figure (4.57).
The velocity value for the streamline at this location can be found from the CFD plot
Figure (4.58). So at a distance of 0.0224 from the LANL baffle tip the velocity value is
found to be 0.0022m/s.

Figure 4-57 Experimental image of LANL baffle
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Figure 4-58 Zoomed in CFD plot.

The streamlines of velocity values 0.0022 occur at a distance of 1.1634”(0.027 m) from
the optimized baffle tip in CFD result Figure (4.60). So in the experimental images the
flow should penetrate to a distance close to that of 0.027 m from the baffle tip towards
the inner surface of cavity. The flow in the second, third, fourth and fifth cells are also
shown.
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Figure 4-59 Experimental image of optimized baffle.
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Figure 4-60 Zoomed in optimized baffle.
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Figure 4-61 Experimental image in second cell

Figure 4-62 Experimental image in third cell
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Figure 4-63 Experimental image in fourth cell

Figure 4-64 Experimental image in fifth cell
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Conclusion:
From the experimental image of optimized baffle Figure 4-64, it is clear that the flow
penetration inside the cavity cell is close to 0.03m as expected from the CFD results. The
flow penetration is slightly deeper compared to CFD which may be due to the fact that
the dye is denser than the water. The flow penetration is also consistent in the subsequent
cells as evident from the Figure (4.61) to Figure (4.64)
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21. CHAPTER 5
22.
23. SUMMARY AND CONCLUSIONS
5.1 Conclusions:
Based on the literature review it was clear that there were only few researches done
in the field of chemical etching in niobium cavities. The researches were also more
focused on the etching conditions, acid composition, and the rate of etching on the
surface of niobium. Less emphasis was given to identify the amount of etching or the
surface finish a particular region receives during the etching process.
This research was more focused on the identifying the flow path of the etching fluid
and also the regions it etches by CFD simulation and experimental verification. At first
the etching conditions at LANL was studied and simulated using the CFD software. The
problems associated with it are identified. Specific problems include exit arrangement,
their baffle structure.
CFD results proved that the etching performance was better when the exit
arrangement was modified to have an axial exit. They also proved that LANL baffle
structure was also not very effective in forcing the etching fluid towards the equator
regions. It was then decided to redesign the baffle structure. The baffle was then
constructed in terms of parametric model. A parametric study was done to identify the
key variables, which are sensitive to the etching process. The key variables were then
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optimized, by interfacing the CFD file with an optimization algorithm, resulting with
an optimal baffle structure. The etching process was studied with the modified exit
arrangement and with the optimized baffle. The result is then compared with the results
of the initial baffle structure results, which proved significant improvement.
The etching process was also tried to simulate under baffle rotating conditions by
modeling two concentric cylinders. The inner one acting as baffle, and outer one as
cavity. It did not make much difference at low speeds of 10-20 RPM. The rotation
problem frequently resulted in mesh complexities leading to unsolvable conditions when
tried to model the real cavity and baffle and also under high speeds. To verify the CFD
results an experimental setup was done for flow visualization. The experimental setup
uses a prototype of the cavity, high speed CCD camera and a traversing mechanism for
positioning the camera. Initially LANL baffle was used to in the flow visualization
experiment. The experimental results also confirmed that LANL baffle was not
successful in creating enough circulation in the equator regions of the cavity. Then the
optimized baffle was also designed in such a way that it could be assembled inside the
cavity. It was also verified experimentally. The optimized baffle was successful in
creating circulations inside the equator regions as proved by the CFD results.
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5.2 Recommendations for future works:
It is suggested to analyze the rotation problem with the optimized baffle using some
other software, which could handle dynamic problems, without creating mesh
complexities. The problem also needs to be checked at high speed to observe how it
affects the process.
The same rotation problem can also be verified using an experimental setup with a
rotating baffle.
In the practical experiments it is also suggested to use circulating fluid, which is having
the same density as that of the seeding particles or dye so that the problem can be studied
more effectively even at low speeds without the problem of dye or particle settling.
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24. APPENDIX A:
25.
26. INTERSECTION OF LINE SEGMENTS

The criteria for detecting an intersection between two lines are presented. Figure (A.1)
shows two intersecting lines. The first line is limited by points 1 and 2 while the second
line is limited by points 3 and 4,respectively. Using the parametric form of the line
equation for these two lines, the equation for the first line is,

 x   x1   x 2 − x1 

  =   + u 
1
2
1
−
y
y
y
y

    

0 ≤ u ≤1

(A.1)

and the equation for second line is,

 x 4 − x3 
 x   x3 

  =   + w
3
4
3
−
y
y
y
y


   

0 ≤ w ≤1

(A.2)

Equations (A.1) and (A.2) are solved simultaneously to find the values of x and y that
satisfy both of them simultaneously as follows,

 x1   x 2 − x1   x 3 
 x 4 − x3 
  + u 
 =   + w

−
−
y
1
y
2
y
1
y
3
y
4
y
3
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(A.3)

Figure (A.1) Intersection of two lines

The resulting values of u and w leads to the four cases listed in table (A.1). By examining
this table it is concluded that the second case is the only one, which indicates the collision
between the line segments.

Table A.1 Results of solving the equations of two lines in parametric form
Case Number

Values of u and w

Result

1

If u<0,u>1,w<0 or w>1

No intersection occurs

2

If 0<u>1 and 0<w<1

The two lines are intersecting at a point
Other than the lines limiting points

3

If u=0,u=1,w=0, or w=1

The two lines are intersecting at one of the
Lines limiting points

4

If no solution exists

The two lines are parallel or coincident
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27.
28. APPENDIX B

29. DRAWINGS
Plexiglas tank cover:
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Plexiglas tank body:
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Plexiglas tank bottom piece:
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Small water tank:
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Large water tank cover:
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LANL baffle:
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Optimized baffle subassembly:
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Baffle head:
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End disc:
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30. APPENDIX C
31.
32. CAMERA OPERATING INSTRUCTIONS

1 Connect the camera to the power source.
2 Connect the camera to the frame grabber board and to the serial port of the computer.
3 From the start menu->MEGAPLUS Universal Remote PANEL which identifies the
connected camera by responding like the image shown below Figure (a).
4 Press the identify tab and exit.
5 If the camera is not identified it responds like Figure (b), in that case the
connections needs to be checked and restart from stage 1.
6 If the camera is identified .The next step is to open-up the imaging software.
7 Start menu ->XCAP Imaging->XCAP for Windows
8 Under the PIXCI menu, PIXCI open/close
9 Select camera and format and say open. Opens up the image viewer, change the mode
from un-live to live.
10 Black levels, Contrast and gamma adjustments are done in the image viewer, to
obtain desired image Figure(c).

151

Figure (a) Camera Setup

Figure (b) Camera Setup
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Figure 4-23 Image viewer.
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33.
34. APPENDIX D
35.
36. CONTROLLER PROGRAMS
1 For positioning the controller in front of each cavity cell and to traverse up and down
'------------------------------------'Defining Home and Limit inputs for Axis 0
BASE(0)
DATUM_IN=4 ' Input 4 is the axis 0 home sensor
FWD_IN=3 ' Input 3 is the axis 0 CW limit sensor
REV_IN=2 ' Input 2 is the axis 0 CCW limit Sensor
INVERT_IN(2,ON)
INVERT_IN(3,ON)
INVERT_IN(4,ON)
FS_LIMIT=44
RS_LIMIT=-44
REP_DIST=44
'Defining Home and Limit inputs s for Axis 1
BASE(1)
DATUM_IN=7 ' Input 7 is the axis 1 home sensor
FWD_IN=9 ' Input 6 is the axis 1 CW limit sensor
REV_IN=5 ' Input 5 is the axis 1 CCW limit sensor
INVERT_IN(5,ON)
INVERT_IN(9,ON)
INVERT_IN(7,ON)
FS_LIMIT=22
RS_LIMIT=-22
REP_DIST=22
'-------------------------------------------------'Defining Base Parameter for for Axis 0
BASE(0)
UNITS=800000 'units = motor res x pitch x 16 or 10000 x 5 x 16= 800,000
SPEED=2 'in/sec
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ACCEL=10 'in/sec/sec
DECEL=10 'in/sec/sec
CREEP=.1 'in/sec
JOGSPEED=2 'in/sec
'-----------------------------------------------------

'Defining Base Parameter for for Axis 1
BASE(1)
UNITS=800000 'units = motor res x pitch x 16 or 10000 x 5 x 16= 800,000
SPEED=2 'in/sec
ACCEL=10 'in/sec/sec
DECEL=10 'in/sec/sec
CREEP=.1 'in/sec
JOGSPEED=2 'in/sec
'----------------------------------------------------'Homing Axis 0
home_zero:
BASE(0)
DATUM(4) 'Axis 0 moves backward to the home switch and them backs off
SPEED=2.5 'reduce speed for offset move
MOVE(0) 'Axis 0 moves to an offset postion of postive 1 unit
DEFPOS(0) 'Defines current postion as 0
PRINT"Axis 0 is at position 0"
'----------------------------------------------------'Homing Axis 1
home_one:
BASE(1)
DATUM(4) 'Axis 1 moves backward to the home switch and them backs off
SPEED=2 'reduce speed for offset move
MOVE(0) 'Axis 1 moves to an offset postion of postive 1 unit
DEFPOS(0) 'Defines current postion as 0
PRINT"Axis 1 is at position 1"
'------------------------------------------------------------------'
'SPEED=2
'-------------------------------------------MOVEABS(0) AXIS(1)'getting back to home position
MOVEABS(0) AXIS(0)'getting back to home position
x1=10
x2=20
x3=30
x4=39
y1=21
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y2=10
loop=1
timelag1=1000*(x1/2.5)
MOVEABS(x1) AXIS(0)
WA(timelag1)
FOR k=1 TO loop
MOVEABS(y1) AXIS(1)'The range required 10-21 to cover the box
MOVEABS(y2) AXIS(1)
NEXT k
timelag2=((y1+(2*loop-1)*(y1-y2))/2)*1000
WA(timelag2)
MOVEABS(x2) AXIS(0)
timelag3=1000*((x2-x1)/2.5)
WA(timelag3)
FOR k=1 TO loop
MOVEABS(y1) AXIS(1)'The range required 10-21 to cover the box
MOVEABS(y2) AXIS(1)
NEXT k
timelag4=(((y1-y2)+(2*loop-1)*(y1-y2))/2)*1000
WA(timelag4)
MOVEABS(x3) AXIS(0)
timelag5=1000*((x3-x2)/2.5)
WA(timelag5)
FOR k=1 TO loop
MOVEABS(y1) AXIS(1)'The range required 10-21 to cover the box
MOVEABS(y2) AXIS(1)
NEXT k
timelag6=(((y1-y2)+(2*loop-1)*(y1-y2))/2)*1000
WA(timelag6)
MOVEABS(x4) AXIS(0)
timelag7=1000*((x4-x3)/2.5)
WA(timelag7)
FOR k=1 TO loop
MOVEABS(y1) AXIS(1)'The range required 10-21 to cover the box
MOVEABS(y2) AXIS(1)
NEXT k
**********************************************************************
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2 'For fixing the vertical traverse at some point and moving the
'the horizontal one to and fro
'------------------------------------------------'Defining Home and Limit inputs for Axis 0
BASE(0)
DATUM_IN=4 ' Input 4 is the axis 0 home sensor
FWD_IN=3 ' Input 3 is the axis 0 CW limit sensor
REV_IN=2 ' Input 2 is the axis 0 CCW limit Sensor
INVERT_IN(2,ON)
INVERT_IN(3,ON)
INVERT_IN(4,ON)
REP_DIST=44
FS_LIMIT=44
RS_LIMIT=-44
'Defining Home and Limit inputs s for Axis 1
BASE(1)
DATUM_IN=7 ' Input 7 is the axis 1 home sensor
FWD_IN=9 ' Input 6 is the axis 1 CW limit sensor
REV_IN=5 ' Input 5 is the axis 1 CCW limit sensor
INVERT_IN(5,ON)
INVERT_IN(9,ON)
INVERT_IN(7,ON)
REP_DIST=22
FS_LIMIT=22
RS_LIMIT=-22
'-------------------------------------------------'Defining Base Parameter for for Axis 0
BASE(0)
UNITS=800000 'units = motor res x pitch x 16 or 10000 x 5 x 16= 800,000
SPEED=2 'in/sec
ACCEL=10 'in/sec/sec
DECEL=10 'in/sec/sec
CREEP=.1 'in/sec
JOGSPEED=2 'in/sec
'----------------------------------------------------'Defining Base Parameter for for Axis 1
BASE(1)
UNITS=800000 'units = motor res x pitch x 16 or 10000 x 5 x 16= 800,000
SPEED=2 'in/sec
ACCEL=10 'in/sec/sec
DECEL=10 'in/sec/sec
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CREEP=.1 'in/sec
JOGSPEED=2 'in/sec
'----------------------------------------------------'Homing Axis 0
home_zero:
BASE(0)
DATUM(4) 'Axis 0 moves backward to the home switch and them backs off
SPEED=0.75 'reduce speed for offset move
MOVE(0) 'Axis 0 moves to an offset postion of postive 1 unit
DEFPOS(0) 'Defines current postion as 0
PRINT"Axis 0 is at position 0"
'----------------------------------------------------'Homing Axis 1
home_one:
BASE(1)
DATUM(4) 'Axis 1 moves backward to the home switch and them backs off
SPEED=0.75 'reduce speed for offset move
MOVE(0) 'Axis 1 moves to an offset postion of postive 1 unit
DEFPOS(0) 'Defines current postion as 0
PRINT"Axis 1 is at position 1"
'------------------------------------------------------------------'
'SPEED=2
'-----------------------------------------------------'For fixing the vertical traverse at some point and moving the
'the horizontal one to and fro
MOVEABS(0) AXIS(1)'getting back to home position
MOVEABS(0) AXIS(0)'getting back to home position
x=20.5 'Position of vertical traverse
'x=12
y=x*0.3
FOR i=1 TO 1
MOVEABS(x) AXIS(1)
NEXT i
timelag=y*1000
WA(timelag)'timelag for vertical to reach x postion so that horizontal
'shall start motion
'loop for traversing forward and backward
FOR k=1 TO 10
MOVEABS(2) AXIS(0)'maximum postion beyond which hits switches
MOVEABS(10) AXIS(0)
NEXT k
'MOVEABS(0) AXIS(1)
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3 For simultaneous movement of both horizontal and vertical traverse
'------------------------------------------------'Defining Home and Limit inputs for Axis 0
BASE(0)
DATUM_IN=4 ' Input 4 is the axis 0 home sensor
FWD_IN=3 ' Input 3 is the axis 0 CW limit sensor
REV_IN=2 ' Input 2 is the axis 0 CCW limit Sensor
INVERT_IN(2,ON)
INVERT_IN(3,ON)
INVERT_IN(4,ON)
REP_DIST=44
FS_LIMIT=48 'Switch limit for axis 0 in forward direction'
RS_LIMIT=-48'Switch limit for axis 0 in reverse direction'
'Defining Home and Limit inputs for Axis 1
BASE(1)
DATUM_IN=7 ' Input 7 is the axis 1 home sensor
FWD_IN=9 ' Input 6 is the axis 1 CW limit sensor
REV_IN=5 ' Input 5 is the axis 1 CCW limit sensor
INVERT_IN(5,ON)
INVERT_IN(9,ON)
INVERT_IN(7,ON)
REP_DIST=22
FS_LIMIT=25 'Switch limit for axis 1 in forward direction'
RS_LIMIT=-25'Switch limit for axis 1 in reverse direction'
'-------------------------------------------------'Defining Base Parameter for for Axis 0
BASE(0)
UNITS=800000 'units = motor res x pitch x 16 or 10000 x 5 x 16= 800,000
SPEED=2.5 'in/sec
ACCEL=10 'in/sec/sec
DECEL=10 'in/sec/sec
CREEP=.1 'in/sec
JOGSPEED=2 'in/sec
'----------------------------------------------------'Defining Base Parameter for for Axis 1
BASE(1)
UNITS=800000 'units = motor res x pitch x 16 or 10000 x 5 x 16= 800,000
SPEED=2.5 'in/sec
ACCEL=10 'in/sec/sec
DECEL=10 'in/sec/sec
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CREEP=.1 'in/sec
JOGSPEED=2 'in/sec
'----------------------------------------------------'Homing Axis 0
home_zero:
BASE(0)
DATUM(4) 'Axis 0 moves backward to the home switch and them backs off
SPEED=0.5 'reduce speed for offset move
MOVE(0) 'Axis 0 moves to an offset postion of postive 1 unit
DEFPOS(0) 'Defines current postion as 0
PRINT"Axis 0 is at position 0"
'----------------------------------------------------'Homing Axis 1
home_one:
BASE(1)
DATUM(4) 'Axis 1 moves backward to the home switch and them backs off
SPEED=0.5'reduce speed for offset move
MOVE(0) 'Axis 1 moves to an offset postion of postive 1 unit
DEFPOS(0) 'Defines current postion as 0
PRINT"Axis 1 is at position 1"
'------------------------------------------------------------------'
'SPEED=2
'-------------------------------------------MOVEABS(0) AXIS(1)'getting back to home position
MOVEABS(0) AXIS(0)'getting back to home position
'main loop for traversing horizontal
FOR i=1 TO 10
' x=39'maximum position in the horizontal direction
x=12
MOVEABS(x) AXIS(0)
MOVEABS(6) AXIS(0)
FOR k=1 TO 1
MOVEABS(10) AXIS(1)'The range required 10-21 to cover the box
MOVEABS(18) AXIS(1)
NEXT k
'MOVEABS(0) AXIS(1)
NEXT I
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4, 'For fixing the horizontal traverse at some point and moving the
'the vertical one up and down
'------------------------------------------------'Defining Home and Limit inputs for Axis 0
BASE(0)
DATUM_IN=4 ' Input 4 is the axis 0 home sensor
FWD_IN=3 ' Input 3 is the axis 0 CW limit sensor
REV_IN=2 ' Input 2 is the axis 0 CCW limit Sensor
INVERT_IN(2,ON)
INVERT_IN(3,ON)
INVERT_IN(4,ON)
FS_LIMIT=44
RS_LIMIT=-44
REP_DIST=44
'Defining Home and Limit inputs s for Axis 1
BASE(1)
DATUM_IN=7 ' Input 7 is the axis 1 home sensor
FWD_IN=9 ' Input 6 is the axis 1 CW limit sensor
REV_IN=5 ' Input 5 is the axis 1 CCW limit sensor
INVERT_IN(5,ON)
INVERT_IN(9,ON)
INVERT_IN(7,ON)
FS_LIMIT=22
RS_LIMIT=-22
REP_DIST=22
'-------------------------------------------------'Defining Base Parameter for for Axis 0
BASE(0)
UNITS=800000 'units = motor res x pitch x 16 or 10000 x 5 x 16= 800,000
SPEED=2 'in/sec
ACCEL=10 'in/sec/sec
DECEL=10 'in/sec/sec
CREEP=.1 'in/sec
JOGSPEED=2 'in/sec
'----------------------------------------------------'Defining Base Parameter for for Axis 1
BASE(1)
UNITS=800000 'units = motor res x pitch x 16 or 10000 x 5 x 16= 800,000
SPEED=2 'in/sec
ACCEL=10 'in/sec/sec
DECEL=10 'in/sec/sec
CREEP=.1 'in/sec
JOGSPEED=2 'in/sec
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'Homing Axis 0
home_zero:
BASE(0)
DATUM(4) 'Axis 0 moves backward to the home switch and them backs off
SPEED=0.5 'reduce speed for offset move
MOVE(0) 'Axis 0 moves to an offset postion of postive 1 unit
DEFPOS(0) 'Defines current postion as 0
PRINT"Axis 0 is at position 0"
'----------------------------------------------------'Homing Axis 1
home_one:
BASE(1)
DATUM(4) 'Axis 1 moves backward to the home switch and them backs off
SPEED=0.5 'reduce speed for offset move
MOVE(0) 'Axis 1 moves to an offset postion of postive 1 unit
DEFPOS(0) 'Defines current postion as 0
PRINT"Axis 1 is at position 1"
'------------------------------------------------------------------'
'SPEED=2
'-----------------------------------------------------MOVEABS(0) AXIS(1)'getting back to home position
MOVEABS(0) AXIS(0)'getting back to home position
'x=25 'Position of horizontal traverse
x=5
y=x*0.5
FOR i=1 TO 3
MOVEABS(x) AXIS(0)
NEXT i
timelag=y*1000
WA(timelag)
'loop for traversing up and down
FOR k=1 TO 30
MOVEABS(14) AXIS(1)
MOVEABS(11) AXIS(1)
NEXT k

162

37.
38. BIBLIOGRAPHY

1.“A Roadmap for Developing Accelerator Transmuting of Waste (ATW)
Technology,” DOE/RW-0519, October 1999
2. E.Chiaveri, “Large-Scale Industrial Production of Super-conducting Cavities,”
EPAC96, pp. 200-204.
3. P. Kneisel and V. Palmieri, “Development of seamless niobium cavities for
accelerator applications,” Proceedings of IEEE Particle Accelerator Conference,
1999
4.“Cavity preparation report”,Tesla super conducting cavities design preparation and
testing http://tesla.desy.de/new_pages/4212_Cavity_preparation.html
5. C.Z.Antoine,“Alternative approaches for NB superconducting cavities surface
treatment”, 9th RF Superconductivity Workshop, Santa Fe’, 1-5 Nov 1999.
6.Casey Preston, ”Non-temperature controlled etching of niobium in BCP”,
Michigan State University report, 21 June 2000.
7. V. Palmieri, “Review of Fabrication of SC Cavity Structures,” Proceedings of
LINAC98, p. 697-700.
8. P.Kneisel,“Surface Preparation for Niobium,” First Workshop on RF
Superconductivity, Karlsruhe, Germany, 1980, p. 27-40.
9. M. Ono, “Development of TESLA-type Cavity at KEK,” Proceedings of IEEE
Particle accelerator conference, 1995, p. 1629-1631

163

10.Casey Preston, “Etching of niobium in buffered chemical polish in a small
ventilated room”, Michigan State University report, 24 Aug 2000.
11. Casey Preston, “Heat of reaction of niobium in buffered chemical polish”,
Michigan State University report, 7 July 2000.

12.John Z.Li, and Mohamed B.Trabia”Adaptive path planning and obstacle avoidance for
a robot with large degree of redundancy”Journal of Robotic Systems,1996,p. (163176)
13. Singiresu S.Rao, Engineering optimization, Theory and practice (Third edition)
14.Trabia, M. and X. Lu, "A Fuzzy Adaptive Simplex Search Optimization Algorithm,"
ASME Journal of Mechanical Design, Vol. 123, June 2001, pp. 216-225.
15. The Mega Plus® Model ES1.0 Series cameras, User’s Manual, REDLAKE MASD
INC, Revision A, 2001.
16 PIXCI® D2X User’s Manual, EPIX INC, Revision1.0

164

39. VITA
Graduate College
University of Nevada, Las Vegas
Sathish k. Subramanian

Local Address:
4210 Grove circle #1
Las Vegas, NV 89119
Degrees:
Bachelor of Science, Mechanical Engineering, 2001
University of Madras, India.
Thesis Title: Modeling Optimization and Flow visualization of chemical etching process
in Niobium cavities.
Thesis Examination Committee:
Chairperson, Dr. Mohamed B.Trabia, Ph. D.
Committee Member, Dr. William Culbreth, Ph. D.
Committee Member, Dr. Ajit K. Roy, Ph.D.
Graduate Faculty Representative, Dr. Robert A. Schill, Ph. D.

165

