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Abstract-Superconducting niobium cavities are important 
components of linear accelerators. Buffered chemical 
polishing (BCP) on the inner surface of the cavity is a standard 
procedure to improve its performance. The quality of BCP, 
however, has not been optimized well in terms of the uniformity 
of surface smoothness. A Jinite element computational fluid 
4namics (CFD) model was developed to simulate the chemical 
etching process inside the cavity. The analysis conJirmed the 
observation of other researchers that the iris section of the 
cavity received more etching than the equator regions due to 
higher flow rate. The baffle, which directs flow towards the 
walls of the cavity, was redesigned using optimization 
techniques. The redesigned baffle signijicantly improves the 
performance of the etching process. To veri& 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 injecting arrangement is used for tracking 
the fluid path. Experimental results are in general agreement 
with CFD and optimization results. 

I. INTRODUCTION 

The nuclear industry provides a significant percentage of 
the world, as well as of the United States, with electricity. 
Nuclear power plants produce thousands of tons of spent fuel. 
Some of this spent fuel can be radioactive for thousands of 
years. The US DOE is currently exploring the possibility of 
creating a permanent storage site at Yucca Mountain, Nevada, 
for spent nuclear fuel. The US Congress has recently authorized 
exploring an alternative way to deal with spent nuclear fuel: 
Accelerator Transmutation of Waste (ATW). In this approach, 
a particle accelerator produces protons that react with a heavy 
metal target to produce neutrons that hit spent fuel and shorten 
the life of radioactivity through nuclear reactions. A major 
component of the system is a linear accelerator (linac) that can 
accelerate over 100 mA of protons to several GeV [l]. Los 

Alamos National Laboratory (LANL) is an active participant in 
developing a high-current superconducting rf (SCRF) 1' inear 
accelerator. It has three major components: niobium cavities, 
power couplers, and cry0 modules. This paper principally 
deals with niobium cavities. 

Niobium cavities have several advantages including 
significantly small power dissipation compared to copper 
cavities due to the superconductivity. These cavities are 
usually made of multiple elliptical cells, Figure 1. They are 
formed from sheet metal using various techniques such as deep 
drawing or spinning. The cells then are welded together using 
electron-beams. Multi-cell units are usually tuned by stretching 
or squeezing them. 

Figure 1. A LANL APT Five-Cell Niobium Cavity Assembled 
with Helium Vessels. 

The performance of a niobium cavity deteriorates if its 
surface has stains of chemical products on the surface. 
Insufficient degreasing, liquid retention in pits, areas with 
varying metal structure introduced during the manufacturing, or 
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mechanical surface damage also affect the performance. 
Foreign particles sticking to the cavity surface also cause field 
emission that degrades the cavity performance. To ensure the 
success of the niobium cavities, they are chemically polished 
and then subjected to high pressure rinsing, [2]. Palmieri, [3], 
stated that chemical etching is the industry standard. The 
following is a brief overview of some of the research activities 
in this area. Kneisel [4] compared chemical etching to electro 
polishing. He presented etching rates for different etching 
fluids. Ono [5] studied the effects of many factors including 
chemical polishing on the performance of superconducting 
cavities. He concluded that chemical etching might not improve 
the performance after a certain depth (~100 r.lm). Kneisel and 
Palmieri, [6], however, stated that good performance of 
seamless cavities requires removal of a relatively large amount 
of material removal. Singer et al. [7] used a combination of 
electro polishing and chemical etching to improve the surface 
quality. Aune et al. [8] presented a comprehensive study on 
developing nine-cell cavity. They applied chemical etching to 
the surface of the cavity during different stages of 
manufacturing. The researchers noticed that the surface of the 
cavity experiences more etching near the iris than near the 
equator of the cavity. To improve the uniformity of the etching 
process, researchers at Los Alamos National Laboratory 
(LANL) proposed inserting a baffle inside the cavity to help 
direct the etching fluid toward the equator walls of the cavity, 
Figure 2. The objectives of this paper are, 
(i) Evaluate the effectiveness of LANL design using a 
computational fluid dynamics (CFD). 
(ii) Propose an alternative baffle design if needed 
(iii) Optimize the baffle design to improve the uniformity of the 
flow speed on the cavity surface. 
(iv) Visualize and verify the CFD results using an experimental 
setup composed of a transparent prototype of the cavity, 
fabricated optimized baffle, CCD camera and a traversing 
mechanism for positioning the camera. 

Figure 2. Current Etching Configuration of Niobium Cavities. 

II. BACKGROUND 

The composition of the etching fluid is presented in Table 
I. The etching fluid has the following characteristics: 
Density=1 532 kg/m3 
Dynamic Viscosity=0.022 1 Ns/m’ 
Average inlet velocity is 0.0475 m/s. The etching fluid is 
actively chilled in a reservoir after it exits the cavity. 
Temperature is maintained below 15°C. The flow is moving 
against gravity. The fluid leaves the cavity through holes in the 
baffle. 

I(tiF) 
. 

IPhosphoric Acid I(SS%) 
I(H,Pb,) 

. 

III. PERFORMANCE INDEX 

Internal boundaries are created close to the inner walls of 
the cavity, Figure 3. Each cell is divided into six sections as can 
be seen in the zoomed-in view in the same figure: 

l Bottom iris 
. Bottom straight 
l Bottom equator 
l Top equator 
l Top straight 
l Top iris 

Inlet and outlet sections are represented using one boundary 
each. The velocity is integrated along each section. A 
performance index is defined using two quantities. The first 
quantity describes the average velocity along the internal 
boundaries of the cavity surface while the second one defines 
its standard deviation. The objective of the optimization is to 
maximize the first and minimize the second variable as follows: 

PI=F 

2 

(1) 

where, v,, is the average inlet velocity. 
n is the number of boundaries (total of thirty-two). 
F is a factor to allow combining the two quantities in 
the same performance index. 
VEL is the average velocity of all the internal 
boundaries. 



Table 11. Baffle variables 
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Figure 4. Velocity Field for the Current Baffle Design (inset: 
zoomed-in view of the flow at the exit) 

IV. ALTERNATIVE BAFFLE DESIGN 

To design an alternative baffle all possible variables 
are identified in Figure 5. These variables are listed in 
Table 11. The new design allows baffle to penetrate into the 
cells to improve etching. Baffle discs can be sloped to 
better direct the flow. Additionally the flow leaves through 
the cavity outlet instead of holes in the baffle to reduce the 
exit velocity. 

Variable 1 Description 
XI I Location of the first baffle relative to the 

I eauator of first cell I 
x2 I Thickness of the baffle 
x3 I Spacing between baffles 
XI I Radius of the niDe I 
x5 I Distance from pipe center to the end of the 1 

Extension of the baffle from the taper 
Baffle bottom angle at inlet 
Baffle top angle from first through fourth cell 
Baffle bottom angle from second through 

XS 

I fifth cell. 
X i n  I Baffle ton angle at fifth cell 

XI0 

1 
x1 T 

Figure 5. Baffle variables 

V. SENSITIVITY OF VARIABLES 

Using finite difference, sensitivity of variables is 
assessed. A variable is more sensitive to the etching 
process if the rate of change of average velocity or rate of 
change of standard deviation is high. Results show that 
except for the angles, all other variables are sensitive. It is 
therefore decided to optimize x1 through x6. 

VI. OPTIMIZATION OF THE BAFFLE VARIABLES 

Inequality constraints are used to ensure realistic 
solution. These constraints are listed below: 

-0.022<x1<0 m (2) 
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0<x2<0.044 m (3) 

0.094<x3<0.138 m (4) 

0.01<%<0.04 m ( 5 )  

0.0 1 <x5<0.06m (6) 

O<x6<0.8x5 (7) 
The upper bound in the sixth set of constraints indicates the 
physical limits of the length of the extended portion of the 
baffle. 

Additional constraints ensure that the baffle does not 
intersect the cavity walls of Figure 3. These constraints are 
created by representing each segment of the internal boundaries 
of the cavity and the baffle using line parametric form: 

{ ; }= { ; ; }+u { ; ; - }  O I u < l  (8) 

Where, (xs, ys) and (xf, yf) are the starting and final point of 
segment respectively. Possibility for intersection between two 
segments, a and b, is checked by solving their parametric 
equations simultaneously. If both u, and t i b  are between zero 
and one, intersection occurs. Since the quality of the mesh 
changes for each set of variables, an additional constraint is 
needed to ensure that the results of the finite-element model are 
reasonable. This constraint compares the flow rate in inlet and 
exit of the cavity as follows, 

Where, Qi and Qe are the flow rates at inlet and outlet of the 
cavity respectively. Flow rate at exit is calculated by integrating 
velocity over exit area. A total of fifteen constraints are 
included in the objective function using penalty terms. The 
modified objective function is, 

lQj  - Qel 0.02 Q j  (9) 

rn 

minimizc, FC = PI + C ai 

if gi(x) > 0 Ri = 0 

i = l  

i fg i (x )<O n i = R * g i ( x ) *  (10) 

R is the penalty parameter, whose value is 10”. gi(x) is 
equation of constraint i. Fuzzy Simplex Algorithm [9] is used to 
optimize this problem since it usually provides lesser number of 
function evaluations with comparable problems. 

The following data are used as an initial estimate for the 
modified baffle design: 

Average velocity is equal to 0.0324 m/s while the standard 
deviation is 0.2072. Results, Figure 6, show that backflow is 
eliminated. The flow is also closer to the surface of the cavity. 

{xy = {-0.006,0.012,0.126,0.015,0.055,0.04~ 

Baffle Design 

The algorithm reached the optimized solution after 738 
function evaluations: 
{ x y  = {-0.022,0.044,0.094,0.0128, 0.060,0.0480 

Average velocity in this case is equal to 0.0553 m/s while 
the standard deviation is 0.1854. Test points in the 
neighborhood of this point consistently have higher function 
value. Results of the optimized design are shown in Figure 7. 
These results and many other attempts lead to the following 
observations: 

The thickness of the baffle, x2, reaches its upper limit 
(baffle is trying to fill the cavity). In other cases the 
search stops at sub-optimal points with the same order 
of standard deviation but with lower average velocity. 
The location of baffle xI, and the spacing between 
baffles, q, changes accordingly to accommodate for 
the high limit of x2. 
Pipe radius, x4, is close to, but not at, its lower limit 
since reducing the pipe radius corresponds to a lower 
average velocity while increasing it can make flow 
area narrower. 
Both the radius of the fixed portion of the baffle, x5, 
and length of the extended portion of the baffle x6, 
move toward their upper limit consistently regardless 
of the initial guess. This is reasonable since 
observation shows that as the baffle is extended inside 
the cell, the more the flow follows its walls. 
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Figure 7. Velocity Field for the Optimized Modified Baffle 
Design 

VII. DESIGN AND FABRICATION OF OPTIMIZED 
BAFFLE 

The CFD plot Figure 7 shows the optimized baffle inside 
the cavity. The baffle has to be designed in such a way that it 
could be placed inside the cell. A 3-Dimensional CAD model 
of the optimized baffle inside the cavity is shown in Fig. 8. 

Figure 8. 3-D Model of Optimized baffle inside the cavity 

After considering several design alternatives, it is decided 
to fabricate the baffle as separate sub-assemblies and assemble 
them inside the cavity, using head and end discs as shown in 
Figure 9 through Figure 12. 

Figure 10. Head 

Figure 1 1. End disc 

, 

k End disc 

Figure 12. Optimized baffle 

VI11 EXPERIMENTAL SETUP 

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 to produce similar flow patterns. 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 of 
water is based on Equation (1 1). The data for this equation are 
listed in Table IV 

Figure 9. Baffle sub-assembly 



Table IV Data for the original setup and the experiment 

Inlet velocity of etching fluid (Ye) 
Density of water (p,,,) 
Dynamic viscosity of water (fiU,) 

Density of etching fluid (p,) 
Dynamic viscosity of etching fluid ole> 

I 1532 kg/m3 
I 0.02 kg/m-s 

0.047 m/s 

1000 kg/mJ 
0.001 kg/m-s 

Substituting in Equation ( l l ) ,  the inlet velocity of water is 
equal to, 0.0036 m/s compared to O.O47m/s (velocity of etching 
fluid). This corresponds to a flow rate of 43.4 GPH. The CAD 
layout for the experimental setup is shown in Figure 13. The 
optimized baffle inside the cavity with dye injection in the first 
cell is shown in Figure 14. 

Figure 13. CAD layout of experimental setup 

Figure 14. Fabricated optimized baffle inside cavity 

IX. EXPERIMENTAL VERIFICATION 

This section presents experimental verification of CFD 
results for both LANL and optimized baffle. This step is done 
by selecting a streamline at the leading edge of the injected dye 
near the center of a baffle disc. The location of this streamline 
is calculated. The velocity of the same streamline at the CFD 
model is identified then, which should be extremely low. Figure 
15 shows the distance between streamline on the leading edge 
of the dye and the edge of the baffle disc in the first cell. 
Calibrating the image shows that this distance is 0.0224 m. The 

streamline at the same distance in the CFD plot, Figure 16, has 
a velocity of 0.0022 m/s. similar analysis was done with the 
optimized baffle. Calibrated image with optimized baffle, 
Figure 17, shows that the leading edge occurs at a distance of 
0.028 m. The streamline velocity value at this location is found 
from the CFD plot, Figure 18, to be 0.0023 m/s, which is also 
low. This proves that the optimized baffle helps the flow 
penetrate into the cell by a distance of 0.028 m from the baffle 
tip. 

Figure 15 Experimental image of LANL baffle 

Figure 16 CFD velocity plots for LANL baffle 
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Figure 17 Experimental image of Optimized baffle 

Figure 18 CFD velocity plots for optimized baffle 

X. CONCLUSION 

This paper presents a method to assess and optimize the 
quality of chemical etching techniques of niobium cavities 
when baffle is used to direct the etching fluid along the surfaces 
of the cavity. A finite element computational fluid dynamics 
(CFD) model is developed for the etching process. The problem 
is modeled as a two-dimensional, axi-symmetric, steady state 
fluid flow problem. The model shows that existing baffle 
results in etching the iris regions of the cavity than the equator 
regions, which confirms the observations of Aune et al. [SI. The 
exit condition is also modified such that the flow leaves the 
cavity outlet instead of holes in the baffle, which helps in 
getting rid of backflow and also in maintaining a uniform flow 
through the entire surface. All ten possible variables of the 
baffle were identified. A sensitivity analysis was performed. 
The problem appears to be sensitive to the six variables. The 
key variables were then optimized to minimize the standard 

deviation along the cavity surface while maximizing the 
average velocity in the same region. The problem is subject to 
several geometrical constraints to ensure realistic solution to 
the problem. Some constraints include baffle and internal walls 
collision detection constraint; mesh quality constraint, and 
geometrical constraint. Fuzzy Simplex Algorithm improved the 
initial estimate. The optimized baffle design shows that the 
average velocity along the walls increases from 0.0482 m/s to 
0.0553 m/s and the standard deviation is reduced from 0.2422 
m/s to 0.1854 m/s compared to LANL design. To verify the 
CFD results, an experiment for flow visualization was carried 
out. The experimental setup uses a transparent prototype of a 
LANL APT cavity, high-speed CCD camera and a traversing 
mechanism for positioning the camera. At first, LANL baffle 
was used. The experimental results confirmed that the 
optimized baffle design can help the flow penetrate into the cell 
better than the LANL baffle as predicted by the CFD results. 
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