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DC's$ Computer-Aided Systems Engineering Branch, RBES, has . .mented an in-house

effort to evaluate the structural reliability of the outpur waveguide window on a
‘Traveling Wave Tube (TWT). This window acts as a seal between the TWT's vacvum
envelope and output waveguide. Its purpose is to pravent any loss due to leakape of
the vacuum while allowing passage of the microwave signal. THis particular disk-
shaped window is constructed of a ceramic material, beryl and contains an inner
ring of copper and an outer ring of Mon 1 K-500 (70-3Q Ni-Cu). It was suspected that
excessive thermal stresses associated with the very high operating temperatures by
this window had caused it to_faile

inite element analyses, along with material failure theorics werc used to determine
the window's response to a time-dependent heat source and operating heat sink
temperatur Analyses were made for various rates of heat dissipation through the
~window-ranping from 20 to 120 watts. It was determined that cracking of the
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baryllia at its outer edge could occur if more than 20 watts of hecat were to be
dissipated through the window. The effect of power cycling on the window's
ductile materials (copper and Monel) was also studied. It was found that,
depanding on the amount of heat dissipation, the copper portion of the window
could survive between 500 and 9000 power cycles before fallure would occur.




PREFACE

The structural reliability of a ceramic RF output window of a Travel-
ing Wave Tube (TWT) i3 asseased in this report. This TWT was part of the
ALQ-99 ECM system currently in service on the EF-111 ajreraft. The Finite
Element program, Numerically Integrated Elements For Systems Analysis
(NISA), along with material failure theories were utilized Cor this anal-

ysis. All of the work was accomplished in-house ut RADC.

The author wishes to thank Mr. Edward J. Jones, Ms. Gretchen A.
Bivens, Mr. Douglas J. Holzhauer, and Mr. William Bocchi, RADC/RBES, along
with Dr. Edward Daniszewski, RADC/OCTP, for their technieal assistanca on

this project.
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0.0 EXECUTIVE SUMMARY

The ebjective of this study was to lnvestigate the physieal integrity
of a TWT's output RF window (Figure 1). Thia window i3 part of a TIWT that
is used in the ALQ-99 ECM system. The output cnergy that this window is
subje~* to causes the window to experience very high operating tempera-
tures that cause high material stresses which adveraely affect its reli-
ability. The window analyzed in this study hud been taken from a failed
TWT and was found to be cracked. Many microwave tube failures have been
attributed to mechanical stresses induced in the output window by heat
sources which induce a temperature distribution throughout the window.
Any quantitative analysis of this phenomena involves the calculation of
temperature and stress distributions. Heating conditions that caused
cracking of the window and also the e’ cts of power cycling on the system
(number of power cycles to failure) were determined. These are good

indications of the window's design reliability.

In order to assess the window's reliability, finite element simula-
tions were employed. Finite Element Analysis (FEA) is a computer simula-
tion technique which predicts the physical behavior of a system under any
specified type(s) of load(s). A geometric model of the system Is generated
and the material properties of the model are defined within the input data
file. The data f{ile also contains thermal loads and/or physical con-
straints on the system (depending on the type of analysis being performed).

The data file is then read by the finite element code and the analysis is
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performed. Several parametric studies were made of this window using this

technique and the results used to aszess the window's reliability.

The results of the pavameuric studies made by finite element analyses
ware used in conjunction with the Manson-Coffin equation to predict the
number of power cycles the copper portion of the window would survive in
the ALQ-99 environment. The Manson-Coffin equation is an empirical rela-
tion based on fatigue-life uata which considers the total strain within a
ductile material and the effect of load reversals on these strains. One
power cycle was considered to represent one loading cycle. Therefore, the
number of power cycles to failure indicates how many times the TWT can be

operated before window failure would occur.

A plot was obtained relating heat dissipation through the window to
power cycles to failure. From this plot, for any value of heat dissipation
rate (ranging from 20 to 120 watts) the number of power cycles to failure
could be determined for the copper portion of the window. Within this
heating runge, the number of power cycles to failure was found to vary {rom
500 to 9000 cyeles. FEA results were also used in conjunction with the
maximum normal stress theory for brittle {racture t¢ determine what condi-
tions would cause the beryllia portion cf the window to crack. It was
determined that for heat dissipation rates through the window of greater

than 20 watts, the beryllia would begin to crack at its outer circumfler-

ence.
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All conclusiona were made on the assumption that there were no manu-
Fasturing defents ascociated with the window. Faflure could only be caused
by design defects or tube operation beyond deaign capabilities. Struc-
tural failure is but one failure mode assoociated with TWT's. A study is
currently underway at RADC to identify other failure modes associated with
TWT's. It 1s anticipated that the results of theae studies will provide
information that would lead to design and munufacturing of mora reliable

Traveling Wave Tubes.




1.0 INTRODUCTION

A Traveling Wave Tube (TWT) i{s an electron tube used for amplification
of microwave and millimeter wave signals. 1Its operation depends on the
interaction of a beam of clectrons with an electromagnetic wave. Some
applicavions of TWT's include use in space communications, electronic¢ war-

fare, radar and the relaying of home video signals.

Investigation of the effect of high operating temperaturas on the
structural rel:ability of a TWT's output window was the main objective of
this study. If temperature limits are exceeded due to high heat dissipa-
tion and/or inadequate cooling metlxdn, the resulting thermal stresses can
reach a high 2nough value to cause crackil.g or fatigue failure of the

window.

The most widely used waveguide window for high-power tubes is the
circular ceramic disk window in a section of round waveguide. This type of
window can achieve a bandwidth in the thirty percent range and has a high
average and peak power handling capability (8). This ceramic window is
constructed of beryllia (BeO). Beryllia ceramic winduws are used for high
average power outputs because of their good thermal conductivity at high
temperatures (111 W/M-C at 325°C or 64.14 BTU/hr-ft-F at 600°F). Beryllia
is avoided in many cases for window applications because of its texicity,
unless its high thermal conductivity is an absolute requirement. The

material is used more as an electrical insulator where the chance of

- exposure to beryllia in powder form is very slim (8).




The system analyzed in this study and its dimensions are shown in
Figure 2. This system consists of the beryllia disk which surrounds a
thin-walled copper tube through which the output RF energy is conducted.
The beryllia disk i{s surrounded by a nickel-copper alloy. A laboratory
analysis determined the composition of this alloy to be 6U% nickel and 36%
copper. This material was assigned the properties of Monel K-500 (70-30
Ni-Cu), the material whose composition most closely resembled the alloy's

composition.,

When the TWT i3 powered up, current flow through the copper interacts
with the copper atoms causing displacement and heat generation. The system
experiences a uniform temperature distribution which induces a thermal
stress distribution throughout the disk. If these stresses reach a high
anough value, the beryllia disk, which behaves in a brittle manner, can be.

expected to crack.

The effect of thermal cycling from repeatedly powering up and power-
ing down the system can lead to fatigue failure of the window. When the
system is powered up, the ductile materials in the window (copper and
monel) become strained due to thermal stresses. After the system is
powered down, the materials return to their original thermal state. How-
ever, not all of the total strain is recovered. A portion remains within
the material due to plastic deformation. Every time this process is
repeated, strain accumulates within the material and after a certain

number of power cycles, the total strain within the material can reach a
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great enough value to cause failure. The predicted number of power cycles

to failure gives a good indication of the window's reliability.

MIL-HDBK-217, Reliability Prediction of Military Equipmen , “{des
8 wodel to predict the operating failure rate for Travellng Wavi Tubes
based on tube characteristics and operating environment. This model was
formulated from failure data obtained from previously designed tubes and
only considers the reliability of the overall TWT. Since no mathematical
model exists that can be used to predict the reliability of an output
window, an alternate method is needed. Therefors, several parametric
studies were made of the window using finite element techniques and the
results used to assess the window's reliability. Research into this area
turned up no reports of previous {inite element analyses done on TWT output

windows.

The FEA code used at RADC is Numerically Integrated Elements for
System Analysis (NISA). In this study, NISA's transient heat transfer code
was used to simulate the system's response to a heat input and time varying
operating heat sink temperature. The resulting temperature distribution
was used as a thermal load into NISA's nonlinear static stress module.
Nonlinear stress analyses were performed to account for the plastic behav-
ior experienced by the ductile materials of the system beyond their respec-
tive yield points. Stresses beyond a material's yield point will cause the
material to deform in a plastic manner. Results from the nonlinear anal-

yses were used in the maximum normal stress formula to predict
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a heating value that would cause beittle failure of the beryllia to occur.
These results were also used in the Manson-Coffin equation in order to
predict a number of power cycles to failure for the copper portion of the

window.

This report is organized in the following manner. First, & des' ‘tp-
tion of the finite element model is given. Second, the inputs {uto -he
transient heat transfer code are described along with the resultin ten-
perature distributions for different heating values. These results are
then input to the nonlinear code which gives the resulting stress distribu-
tions throughout the window. Finally, results from the stress analyses ave

interpreted using material failure theories for both brittle and ductile

materials.
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2.0 FINITE ELEMENT MODEL

Finite alement models are geometric models that roprosent an dotusl
rhysical ayatem. Since heat was being genarated on the ontire inner
dianeter of the copper, the heat Yransfer was axisymmetric; that is, the
temperatura varied only in the radial directien (x-direction) (Figure 2).
Because the window is of uniform thickness, it was also assumed that the
texperature remained constant throughout the thickness of the disk (y-
direction). With these assunptions, the heat transfer is actually one-
dimensional, however, to better visualize the temperature distribution
throughout the system, a two-dimensional model was created. The geometric
rodel is illustrated in Figure 3. Figure 3 is oriented such that the x-
axis represents the radial direction and the y axis represents the axlis of
rotation. This model i3 a two-dimensional cross-section of Figure 2 taken

parallel to the x-y plane (looking into the z axis).

Using HISA's Geometry Data Base Coamputer Program, this model was
easily crcated. The model was divided into four patches (regions) with
each patch representing a different material. Patch 1 represents a very
elastic mabterial used to simulate boundary conditions. This patch was
assigned highly elastic properties and its purpose was to represent the
space between the y-axis and the copper (patch 2). The space was repre-
sented in this way so that the model 2ould be properly constrained in the x
and y directions. Constraining the left-hand side of the copper would have

been invalid sin2e the whole model must be allowed to expand radially.
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Patohiea 3 oand dowere eaizaed Bhe propertior o bepyllia and Moeel H-800,

reapaatively.

The finite flement nadel (Figurs 1) ia Jdefinnd by two mathomatieal
parazmetors, nodas und olements. A nede {8 a grid polnt letated in spaca.
Since this model was orcated in two dimensions, cach nede was defined by
two coordinates, % and y. Tho olement i3 defined by a materlal indox
nuaba and a set of nodes. Each index nuaber has specific material propor-
ties 3asociated with it. The properties can be defined to be constant or
teaperature dependent. Two of the materials, c.pper and beryllia, had
temperature-dependent thermal conduckivities. A fow sets of data points
woere input into the data file and the NI3SA code linearly interpolated
between these points to determine the conductivity at any temparature.
Only one value of thermal conductivity ceuld be found for moncl, therefora,
its thermal conductivity was assumed to be independiont of temperatura.
Since the thermal conductivities of most metals do not depend heavily on

temperature, this is a reasonable assumption.

The elements used in this study were two-dimensieonal, four-sided,
axisymmetric solid elements. Each element was defined by four nodes, one
at each corner. Two types of these elements were utilized, the first for
the heat transfer analysis and the second for the nonlinear static stress
analysis. These elements were identical in shape and orientation with
their only difference being that the heat transfer element has only one
degree of freedom, temperature, while the static element has two degrees of

freedom, movement in both the x and y directions.
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The finite element model contains a tota) of 800 nodes and 690 ele-

ments. Each materdal cantalins the followinz node and olemant nushoers:

Materdal Nede 2's Element &'s
Copper 1-5l 1-45
Beryllia 65-480 46-420
Monel 481-736 U21-645
Elastic 737-800 646-690

The results obtained for the elastic material wera reviewed to verlfy

the acsuracy of this technique, but not considered in the strass analyses.

For hoth heat transfer and static streas analyses, all nodes lying on
a boundary batween materials were coupled to each other. What this means
iz that {or the thermal analyses, these nodes were required to have the
same temporature and for the stress analyses, they were required to move
equal amounts in both the x and y directions. If these nodes were merged
instead of coupled, the temperature and stress results given would have
been average values between nodes of two dissimilar materials, which would
have been inaccurate. If these nodes were left uncoupled, the NISA pro-

grams would not execute due to disjointed alements at the boundaries.




3.0 TRANSIENT HEAT TRANSFER ANALYSIS

NHodel

A transient heat transfer analysis simulates the model's thermal
stata when the teaparature distribution varias with time. Since the window
i3 enclosed in a zZection of round waveguide, it was assumed that the
primary mode of heat transfer was conduction. There was no convection or
radiation to the outside air. The thermal resistance associated with
conduction iz censiderably less than the resistsnces for ccanvection and
radiation, therefore, this is a reasonable assumption. This case of pure
conduction represents a worsc case scenario under which the window's reli-

ability will be characterized.

This analysis was performed with heat being generated on the entire
inner diameter of the copper. The heat generation was simulated as concen-
trated nodal heat fluxes at nodes 1, 5, 9, 13, 17, 21, 29, 33, 37, U1, 45,
53 and 61 (see Figure 4). In order to provide a path for the heat to flow,
a heat sink temperaturc was designated at the outer edge of the monel.
These nodes represent the extreme outer edge of the model (see Figure 4).
The heat sink represents an area where the system is ccoled to a specified
temperature to prevent possible melting of any components. A tube operat-
ing temperature profile was measured during an actual ALQ-99 mission
flight test of the tube and is shown in the curve of Figure 5. This data
was obtained f{rom temperature readings taken on the top of TWI's beanm

nrollector. The location of the collector is close Lo the outer edge of the

15
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RF window, therefors, it was assumed that the system's heat sink tempera-
ture followsd this time-amplitude curve. A nusber of data points were
i{nserted into the input file to represent this curve. The curve was then
referenced by the sink temperature data group in the NISA input [ 'le to

give temperature and heat source valuas at any time.

Re;ults

NISA's transient heat transfer program was executed in time steps of
ten seconds over a span of 580 seconds. Tamperature contours for 50 and
100 watt heat sources are shown in Figures 6a and 6b (all temperature units
are given in degrees C). These plots show the system's thermal state at
the conclusion of the run (580 seconds). It is apparent that the widths of
the tamperature bands through the beryllia are wider than through the other
materials. This is because of beryllia's much higher thermal conductiv-
ity. Figures Ta and 7b, obtained through NISA's post processor, are time
vs. temperature curves at four nodes in the model for heat dissipation
rates of 50 and 100 watts respectively. Temperature values at nodes 1, 65
and 481 were plotted because these are the nodes of maximum temperature for
the copper, beryllia and monel, respectively. In all cases, the tempera-
ture of the model reaches a maximum at approximately 290 seconds and
remains relatively constant for the duration of the run. Node 1 is the
node of greatest temperature change from the heat sink since it is one of
the nodes where heat is being generated. Nodal temperatures decrease with

increasing distance from the heat source.

17




Tha results of these heat tranafor analyses have shown that at any
time during the TWT's eperaticn, the temparature distributien throuzhout
tho RF window is in the radial direction and dees aot vary in the vertical

direction.
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4.0 THERMAL STRESS ANALYSES

Thermal stresses arc stresses arising {rom temperature variations
within a material. When a material is subjected to a temperature gradient,
the various fibers tend to expand different amounts. This expansion
induces tensile and compressive stresses throughout, if the mataerial is
physically constrained. When these stresses exceed the yield strength,

deformation and/or failure will occur.

The results of NISA's transient heat transfer analysis gave tempera-
tures at each node for a given heat source. The resulting output file was
saved at the time step where maximum temperature occurs for each source and
used as a thermal loading condition into NISA's nonlinear static stress
module. This time step was chosen at the conclusion of each run (580
seconds) which also corresponded to the steady state condition. These
nonlinear stress analyses take into account the behavior of a ductile
material's stresa-strain curve beyond its yield point. Data points con-
taining stress and corresponding strain values for both copper and monel
beyond their respective yleld points were inserted into the input file.
Copper's stress-strain curve beyond ite yield polnt is shown in Figure 12.
The same time-amplitude curve used to represent the sink temparature &in the
transient heat transfer analyses was used to represent the temperature

loading in these nonlinear stress analyses.

A series of thermal stress analyses were performed on the RF output

window. First, stress analyses of the window were made when the entire
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systen was assigned o {inite temperature (zero heat generation). This was
done to dotermine if cracking of the beryllia could possibly occur when the
TWT was in the power off conditioen and subject to extremely cold ambient
temperatures. A nonlinear static stress analysis was made with the entire
temporature of the system being dropped to -150°C (approximately -83°F).
The results showed the maximum principal stress to be 84.86N/sq mm and the
minimum prineipal stress to be -192.33N/3q mm. Since neither of these
values approach the tensile or compressive stress of beryllia (159 and
-130,000N/s5q mn, respectively), the beryllia will not crack under this

condition.

Next, stress analyses were made using the heat transfer results for
heat dissipation rates ranging from 20 to 120 watts. These results allowed
several plots to be developed relating thermal stresses to elapsed time
after power up of tha system. Because of a lack of information regarding
stress-free temperature for these materials, it was assumed that a state of
zero stress existed at 25°C (approximately room temperature). Stresses at
each node were dependent upon the difference between the temperature at
that node and this stress-free temperature. The results do not consider
the residual stresses that exist prior to power up. Residual stresses, in
general, are caused by prior thermal cyeling, manufacturing processes,
creep, ete. Since copper and monel were assumed to Yehave as ductile
materials, and beryllia a brittle material, different methods of determin-

ing the possibility of failure had to be employed.
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Beryllia

Failure of brittle materials occurs due to a peak load. These mate-
rials do not fail due to accumulation of fatigue, as do ductile matarials.
To predict brittle fracture, the maximum normal stress theory was used.
This stipulates that fracture in a brittle material will occur whenever the
maximum principal stress at a point, if it is in tension, is equal to or
greater than the tensile strength of the material., Similarly, if the
specimen is in compression, failure will occur if the algebraic minimum
principal stress at a point is equal to or more negative than the rmate-
rial's compressive strength (7). Principal stresses are normal stresses
associated with axes on whose normal planes there exist extreme normal
stress and zero shear stress. It is generally the case, and this case is
no exception, that materials have greater strength in compression than in
tension. Beryllia has a tensile strength of 159 N/sq mm and a compressive
strength of 130,000 N/sq mm. (Appendix A contains properties for all

materials used in this study.)

Figures 8a and 8b are plots of maximum principsl stress (N/sq mm)
through the beryllia with 50 and 100 watts of heat being dissipated through
the window, respectively. All positive stress values indicate tension,
while all negative stress values indicate compression. These contours
demonstrate the increased stress levels associated with increased heat
dissipation. Higher heat dissipation rates induce more positive tensile
stresses and more negative compressive stresses. Figures 9a and 9b are

curves of time vs. maximum principal stresses at node 142 in the beryllia
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at 50 and 100 watts heat dissipation. Node 142 is located at the beryllia-
monel interface and is the node of maximum principal stress (maximum ten-
sion) for the beryllia. Tensile stresses are greatest at the nodes near
the outer diameter of the beryllia because as the system is heated, the
monel undergoes greater expansion than does the beryllia (this is because
monel has a greater coefflicient of tharmal expansion than beryllia), caus-
ing the beryllia to be in tension. When heat is being dissipated through
the window at a rate of 20 watts, a maximum principal stress of 156.5N/3q
mn was calculated. Since this value approaches beryllia's tensile
strength of 159N/mm2, cracking of the beryllia can be expected to occur for

heat dissipation rates above 20 watts.
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In ordor to predlict tha life of the copper purtion of the RF window,
the effect of fatigua due to povwar cycling was studied. The aystom experi-
ences one power cycle when it goes from its initisl, or stress-free tem-
perature, to its power up tesperature, then back to its original state.
If, vhen the system i3 powered up, the stresses thiough the copper exceed
its yleld stress, the copper will experience a certain amount of strain.
After the system i3 returned to its original thermal atate, only the
elastic atrain i3 recoverei. The strain that reewains within the material,
the plastic strain, accumulates with every pover cycle. Therefore, after a
certain number of power cycles, the atrain will reach a high enough value

to cause the copper to fail.

When determining the total strain, the following procedure i3 used.
First, Von-Mises stresses in the copper are determined. The Von-Mises
stress is a combined stress value that is widely acrepted in predicting
failure of ductile materials. Von-Mises stresses through the copper were
calculated for different vrzlues of heat dissipation. Figures 10a and 10b
are contour plots of Von-Mises stresses in the copper for 50 and 100 watts
of heat dissipation. As was the case with beryllia, the stress levels
incressed with increased heat dissipation through the window. The Von-
Mises stress is a maximum at nodes 4 and 64, the lower and upper corners of
the copper-beryllia interface, respectively. Since the distribution is
symnetric about the center of the model, these stress values are identical

and only the data for node 4 was taken into account. The Von-Mises
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stresses are plotted in Figures 1la and 11b against elapsed time after
power up at node 4. This curve demonstrates the increase in the Von-Mises
streas up until approximately 290 seconds, when the TWT operating tempera-
ture reaches a maximur (see TWT opevating profile in Figura 5). After this

time, the stresses increase only slightly as time is Ilncreased.

The total strain is then obtained for a given stress from the stress-
strain curve for copper shown in Figure 12. This total strain value is
translated into number of cycles to failure using the Manson-Coffin rela-
tion for a specific material. The Manson Coffin mcdel, along with the
parameter values for copper, is shown in Figure 13. These values were
inserted into the Manson-Coffin model and z plot, shown in Figure 14 was
generated. This plot contains two lines and one curve. The lines repre-
sent the elastic and plastic components and the curve represents the sum of
these two components. To obtain the number of cycles to failure for a
given strain, the total strain value at node 4 is plotted onto the curve
and the nunber of cycies to fallure is determined. The chart below lists

maximum Von-Mises stresses (nvde #), strains, and power cycles to failure

for different values of heat dissipation rates.

HEAT (WATTS) STRESS (N/sq mm) STRAIN CYCLES
20 49.18 .0054 9000
50 56. 64 .007 1450
80 59.62 .01 950
90 61.49 .0118 800
100 63.17 .0125 700
120 65.96 .0145 500
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Manson—-Coffin Model

A2£ = "g (2N)® | €5 (any)©
Ne—— onm— “———_cvamm—

ELASTIC PLASTIC
STRAIN STRAIN
PARAMETER COPPER
o 345 N/sq mm
¢ 2
£ 1.25 E6 N/sq mm
-.05
c -6

9% : FATIGUE STRENGTH COEFFICIENT
“t : FATIGUE DUCTILITY COEFFICIENT
: MODULUS OF ELASTICITY

: FATIGUE STRENGTH EXPONENT
¢ : FATIGUE DUCTILITY EXPONENT

oOm

FIGURE 13
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A plot of heat dilssipation through the window (normal 3cale) va.
number of power cynles to failura (log seale) for the copper is shown in
Figure 15. This plot indicates that an increased heat input will cause a
decrease in the number of c¢yeles to failure, indicabting a less reilable
system. By using this graph for a given heat input, a number of power

cycles to failure can be determined.
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Like copper, monel behaves in a ductile mannor. Von-Mises stresses
ware caloulated and their contours are plotted in Figures 162 and 16b for
heat sources of 50 and 100 watts, reapectively. These contour shapes
remain approximately the same for all cases with the larger stress magni-

tudes accurring for larger heat sources.

Time vs. stress curves were then plotted for 50 and 100 watt heat
sources at node U481 (Figures 17a and 17b). The largest Von-Mises stresses
through the monel occurred at this node which i3 located at the lower

corner of the beryllia-monel interface.

Monel's yield stress of T58N/sq mm was not exceeded for any of the
nonlinear stativ runs that were performed (up to 120 watts). Therefore,
this portion of the window is not expected to contribute to the RF window's

fallure.
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5.0 CMICLUSTONG

Microwave tuba roliability is strongly dependent eon three factors.
Firat, defects introduced during the manufacturing process adversely
affect reliability. Producibility problems, poor workmanship and lack of
process control are major contributers to manufacturing defects.
Sccondly, tube relliability is heavily dependent upon operating procedures
and handling. Finally, adequate deaign margin must exist between the
operating point and the ultimate design capability of the tube in order to

have reliable operation.

At the onset of this study, it was assumed that neither manufacturing
processes nor handling procedure played a part in the failure of this
window. It was “he purpdse of this study to investigate the impact of

increased operating tempercture on its struebural integrity.

Tne two most significant conclusions made based on the results of

these analyses were:

- At heat dissipation rates greater than 20 watts, cracking of the

baryllia would begin to occur.

- Depzm ... =+ ¢+ mount of heat being dissipated through the sys-
tem, the 2on.=~ ;v on of Lhe window could be expected to survive

anywher2 hetween 500 and 9000 power nycles.
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Some other conclusiona that can be made from these results are:

- Cracking of the beryllia would occur in tension, there was noe

evidence found that would predict compressive failure.

- A stress analysis of the system in the power off condition subject
to an extremely cold ambient temperature (-150°C) indicated that the

beryllia would not fail under this extreme.

- Stresses through the monel portion of the window did not approach
its yleld stress for any of the analyses made. Therefore, this region

will not contribute to the window's failure.

The results of this study have demonstrated that finite element anal-
ysis is a valuable tool that can be used to predict structural reliability
of this RF window. Lack of sufficient TWT data did not permit a conelusion
to be made on whether inadequate design or operation beyond design limits
had caused the window %to fail. It should be noted that this study was
limited to an output window of this size, composition and operating envi-

ronment.

Finite element analysis can prove to be a valuable tool in advancing
TWT technolc “v by aiding in the design of future TWT components. Up-front
structural reliability assessments can be made on a component before pro-
duction actually begins to insure that it can withstand the conditions it

was designed for. Finite element analysis can also be used as an analysis
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tool fer i{dentifying dealgn flaws in previously failed tubes and aasist

the diapnostics assoeclated with forensie analysis of theae tubes.
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APPENDIX A

MATERIAL PROPERTIES

COPPER

Material ID:=1
Ez1.21 E+05

HU=, 34

ALPHA=17.6 E-06
k=.389 € -73 DEG €
o1 8 27 wow
R ToLs I O o
a4 @327 v
Y= 1.4

oz 385

DENS= 8.U7 E-06

MONEL K-500
Material IDz3
Ez1.79 E+05
HU=.32
ALPHA=13.58 E-06
¥=758.5

k=. 01748

Cz 8.7

DENS= 8.U47 E-06

SYMBOL AND DEFINITIOQM

E: Modulus of Elasticity

Y Poissons Ratio

ALPHA : Coefficient of Thermal Expansion
Y: Yield Strength

TENS ST: Tensile Strength
COMP ST: Compressive Strength
ks Thermal Conductivity
C: Specific Heat

DENS: Mazs Density

50

BERYLLIA

Material ID=2

E=3.25 E+05

MU= .23

ALPHA=8.0 E-06

TENS. ST.=159.0

COMP. ST.=1.3E+05

k=.272 € 27 DEG C
196 8 127 v v
11 8327 v
07 @527 v v

DENS= 3.0E-06

ELASTIC
Material ID=H
E=2.76 E+0U
NU=. 4
ALPHA=S5.0 E-OY4

UNITS

N/sq mm
Dimensionless
i/DEG C

H/sq mm

N/sq mm

N/sq mm
Watts/mm C
Joules/kg C
kg/cubic mn
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