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Abstract and wear properties than conventional structural materials,
the output of the continuum, thermomechanidghite
Development of a robust, high-average-power (210 kVElement Analysis (FEA) will becoupled to aWeibull
CW) microwave transmission line system for thestatistics code. Weibull analysis is performed with
Accelerator Production of Tritum (APT) facility is a CARES (Ceramic AnalysiandReliability Evaluation of
stringent engineeringnd operational requirement. One Structures) [1], a finite element probabalisgoftware
key component in this RF transmission system is thfwveloped byNASA. Probability of Failure (POF) is
vacuum barrier window. Therequirement of high-power inferred from calculatedWeibull parametersusing data

handling capabilitycoupled tothe desirability ofgood from four pointbendingtests on AL300 (97.6% alumina
mean time to failure characteristics can béreated ceramic).

substantially with a set of microwave, thermal-structural,

and Weibull analysiscodes. Inthis paper, weexamine 2 PHYSICAL DESCRIPTION
realistic 3-D engineering models of the ceramic windows.
We modelthe detailedcooling circuitand make use of
accurateheat deposition models for tHeF. This input
and simulation detail is used to analyzéhe thermal-

structural induced stresses in baseline coaxialindow

configurations. We also use a Weibull-distributfaiiure

predictioncode(CARES), using experimentallgbtained
ceramic material failure data and structural analysis
calculations, to infer probability of failure.

Two RF waveguidegeometriesare presented ithis
paper: (1) a generic, single window, desibat hasbeen
used in experiments, and (2) one of the compedegigns
for the power coupler on the APT linac (courtesy of CPI
Communications & Power Industries).

Electric fields from microwaveransmissionproduce
heat loads from imperfections in the electrical properties
of copperandalumina. For the test geometrhere is
active cooling from air flowing through thénner

1 INTRODUCTION conduc_torandout across thevindow surface. The walls
of the inner conductors, outer conductard t-bars are

The Accelerator Production of Tritium (APT) project isplated with copper (for electrical propertiesind are
a Department of Energy (DOE) sponsorieestigation gtherwise aluminumand stainless steel. For the CPI
into the feasibility of using lineaacceleratotechnology geometry, the active cooling circuit is a more aggressive,
(as opposed to traditionegactors) to producitium. A watercool, in the innerconductor coupledvith airflow
major technical issue is the design of vacubarier petween the ceramics. Thmnductors are copper and

ceramic windows insidehe RF transmission system.copper-platedstainless steel. Thaindows are kept in
Specifications call for material transparentniicrowaves place by a brazed joint.

at as much as 700 MHand 500 kW, CW (actual
operation will be at half that power). Compromise of the 3 FINITE ELEMENT MODEL
system results in vacuum breach and costly down time for
the accelerator.

The objective of this analysis is talevelop a
simulation that will model the thermaland structural
effects of transmission inefficiencies coupled to an

The single window Finite Element (FE)odel isbuilt
using 8-node bricks and 4-node shell elements and the CPI
model is built as a 2-D axisymmetric simulation with 4-
node quads. Using a 2-D axisymmetric simulation for the

. . . CPI geometry (as opposed to the 3-D implemented in the
atmospheric load to determiife andmore appropriately, singlge Windov)\// gtest c%pse) sssumed from tEe observation

when the ceramics will fail. . T : ”
Since ceramics have much higher deviations in strengttrﬁat very little problem insight is gained from thedition

* The work was performed under the auspices of the U.S. Department of Energy by LLNL under contract
W-7405-ENG-48.
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of 3-D effects. There isgeometric axisymmetry of the
problem (in the region that ware interestedand our
main concern isthe stress state of the windows, not the
entire system.

The heat deposition as a result of thlectric field
calculation along the walls of the inneand outer
conductorandthe ceramic is conservatively approximated
to be axisymmetric with the maximum azimutialues
represented. The values of thlectric fieldare calculated
using a 3-Ddirect Maxwell equationsolver. Thevalues T E e RN
for power depositiorare determinedrom the calculated e
electric field averagedover a RF cycle for th@erfectly
matched case.

Convective cooling is accounted for by computhmesat
transfer coefficients from correlations for fluid flow [2]. conventional heat transfer rule-of-thumb would suggest
Enclosure radiation isaccountedfor in the vacuum the opposite, that less cooling will result tigher
cavities (in the 2-D axisymmetricase)using gray diffuse  thermal stress. Further analysis shows thanthgnitude
view factors. Natural convectioand radiation exchange of the face cooling is just as important. Figure 2 shows
with the surroundingsre accountedor on all outside the variation of stress when the flow rates across the
surfaces. window are varied.

The simulation isperformed intwo steps: (1) solution
of the thermal profile from the givepower load(using
TOPAZ [3]) and (2) solution of stress contours
throughout thewindow from the sum of thermal stress
and mechanical stress from the vacuum pull (uSiHgE
[4]). These combine to give the thermal stress result.

Maximum Principal Stress (MPa)
2

EYS

Figure 1: Maximum principal stress at variofiew
rates inside the inneconductor (windowcooling held
constant).

Maximum Principal Stress (MPa)

4 RESULTS

There are thresignificant resultspresented here and
each allow insight into to thindamentaphysics of the -
problem.

-
Figure 2: Maximum principal stress at variofiew
4.1 Single Window Geometry rates across the ceramic windows (inner condumofing

) ) held constant).
An experiment wagerformed atArgonne National

Laboratory (ANL) [5] (using an EEV/WESGO AL300  This geometryprovidedthe first look of theeffects of
ceramic) and is useébr comparison with the test FE RF shields on the resultant helaad on the ceramic.
model. This experimergrovidesthe temperature at the These shields are place in the transmission Higfere and
outer radius of the window and a temperature profile after the ceramics to prevent significant loading on the
across the vacuursurfacecourtesy of arinfrared camera. prazedjoint.  In preventing this build-up, thehield
These experimentsere done inthe range 0f1000 kW,  createshigh electric fields atthe sameradial location in
CW at 350 MHz. The test FEnodel has been run andthe ceramic (offthe conductor walls). The resultant
benchmarked tdhese experiments. Thisodelhelps Us temperaturepeak, at adistance out from the inner
understandhe significance of the cooling circuit in theconguctor, results in high thermal loading in that
stress distribution of the window. Running 1000 KW gosjtion. This has been a significant influence in the
350MHz, the effects of too aggressive an inc@mductor temperature gradient drivethermal stresspecause the
cooling without adequateattention to the air cooling peak temperature occurs awpm the innerconductor
across the window could bdisastrous. It isdiscovered \ya||, rather than directly at the wall, as theory would say.
from varying the heatransfer coefficients (effectively couple that to thdact that the inneconductor iscooled

changing the flow rates of air and water in the system) thg |ow temperatures;reates atrongtemperaturegradient
stress is significantheffected. The resultsare seen in right at the inner radius.

Figure 1. )
It can be seen that as the heansfer coefficient value 4.2 Dual Window Geometry

on the innerconductor is decreased,the maximum The CPI geometnjincludes a feature orthe inner

prln_czlpal ?tretss N tlrt]e thrr:dtovlv actuahiyle.creases.'ll'thsl ISI conductor that mitigates theforementioneaooling issue
an important result - that 1ess cooling resuits in es(?-,\specially when using high flowate water-cooling).

stress. The design features a thin-walled sheet of Oxygee
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Electronic Copper (OFE-Cu) that theeramic is directly cooling flow ratesare changed. Thus, weare able to

brazedto. This plate issupportedonly at theends, recommend optimum values to mitigatepremature

allowing the ceramic to expand, unconstrainathder a breakagedue to thermally induced stresses. We also
thermal load. The resultant stresses decrease by a factodisfoveredhat implementation of flexibleoundaries for

three over theidgedbody assumption. Table 1 shows athe ceramicvacuum barrier windowgroved an excellent
comparison of the ridged and flexible support modeth  means of preventing thermal stress buildup.

inner conductor and windowooling set at 60,000 W/n Future analysis will befocused on continuing

K and 50 W/n4-K respectively. refinement of the currerdimulations toassureaccuracy,
Table 1: Resultant principal stresses. as new experimental data becomes available in the coming
Maximum Principal | Ridged Flexible months. Moreeffort will be put on the interpretation of
Stress (MPa) support support CARES results for fast-fracture as well as the failure time
(Omear250 MPa) 92.9 28.7 as a result of sub-criticalrack growth (static fatigue).

The implementation of flexible boundaries, althouglPther emphasis will bplaced onthe EEV design for the
quite clever, leaves many questions lingering about tf&T power coupletthat was nottreatedhere. A major
integrity of the brazed joint. Stresses in tiupper plate feature of the EEV design is the use ofexpanding outer
are approaching the vyield strength of the material argPnductor, rathethan a shield, to protect thbrazed

o design may not bplagued bythe same coolingoncerns
4.3 CARES Predictions because of the smooth distribution of power absorption in

the ceramic (from the absence of shieldajhd the more
than adequate use of air cooling across the window faces.

More future analysis willexamine the structural
response to the perfect mismatched case in the
transmission (when the RWwave effectively encounters a
short and is reflected back down the line) for both the CPI
and EEV designs.

CARES is a probabilistic, publicdlomain software
program that wasleveloped atNASA Lewis Research
Center. CAREScalculatesthe POF for brittleceramic
materials from Weibulparameterandfatigue parameters
for sub-critical crack growth. These parameters are
calculated by CARES from test sample data.

Using data for WESGO AL300 ceramic [6], the
probability of failure is calculated for extreme stress.

Figure 3 shows the POF (aslculated byCARES) is 6 ACKNOWLEDGEMENTS
only significant abovel89 andbelow 273 MPa. Since Completion of this analysisvould not have possible
our problem is the 30 MPaange (see Table 1), without the contributions of colleagues at LLNL and

reliminary results suggest that the probabilityfasiure ~ WANL. The authors acknowledggtimulating discussions
\F/)vill be qui¥e low 99 P # with Dr. A. ShapiroandDr. C. Landram atLLNL, and

Dr. B. Rusnak at LANL.
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Figure 3: Probability of Failure in AL300 as a functioriS]
of Stress State.

The analysis thufar has given much insight into the
physics of the problem, significant design features, and
their contribution to failure. From thaforementioned
analysis we are able to infer trends in stress state when the
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