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Absiract

The dynamic behavior of a high power traveling wave tube's (TWT) helix
interaction circuit was determined while operating in its system
environment. The purpose of this effort was to develop a fundamental

knowledge base of material interactions under thermal! loading, develop an

understanding of long-term thermal effects on materials and to develop a
relationship to TWT performance and reliability.

The interaction circuit for the TWT analyzed consists of a variable pitch
tungsten helix, three beryllia support rods spaced at equal 120 degree
intervals around the helix, and a stainless steel barrel which encloses the
vacuum cnvelope. A three-dimensional finite clement model was constructed
that represented the entire interaction circuit (89 helix (uius in length).
There was a great deal of complexily associated with the development of this
model due to the irregular "T-shaped" cross-section of the support rods and
variation in pitch of the helix. Upon completion, the model contained
approximately 18,000 elements and 45,000 nodes.

A steady state heat transfer analysis was performed using calculated heat
dissipations and boundary temperatures that were obtained from an
cxperiment performed on the TWT by it's manufacturer. Although the
absolute amouni of power dissipated by the interaction circuit is relatively
small compared to the total heat dissipation of the TWT, it is locally
concentratcd over small areas which creates large heat fluxes. The resulting
temperatures from this analysis were then uvsed as loading conditions in a
linear static analysis of a smaller model which represents a 12 turn scction of
the circuit. This section is located approximately half way between the RF
input and output and where backward waves reflected from the TWT's output
waveguide are attenuated. It was at this attenuation scction where the largest
temperature gradient was found.

The failure modes investigated in this study were cracking of the helix tape
and fracture of the support rods due to excessive thermal stresses. Cracking of
the helix tape would cause an open-circuit to occur while fracture of the
support rods could cause small mcchanical perturbations in the slow wave
structure which may rcflect the RF signal., Both cases could possibly lead to
electrical failure of the TWT, Static stress analysis of the attenuation section
indicated that the stress levels iu (the helix and support rods due to this
particular temperature gradient were within acceptable limits and would not
fracture if these components were free of initial cracks or flaws.,  Stresses
through the helix were sufficient to nucleate cracks, however the length of
these cracks would be very minut¢ and would not affect the useful life of the
helix.

The results of this cffort have led 10 a major increase in the fundamental
understanding of helix instabilities in current designs and has led to a method
for predicting material instabilities within helix interaction circuits for
future designs.



PREFACE

The structural reliability of the interaction circuit of a Traveling
Wave Tube (TWT) is assessed in this report. This project was part of
a FY 91-92 Rome Laboratory effort enitled "EW-TWT Reliability
Enhancement” funded by the PRAM office, Wright-Patterson AFB, OH.
All work on the interaction circuit analysis was accomplished in-
house at Rome Laboratory with the exception of calculation of the
circuit's power dissipation, which was performed under contract by
Atlantic Research Corporation.

The author wishes to acknowledge Mr. Douglas Holzhauer, Mr,
William Bocchi, Mr. Edward Jones and Mr. Clare Thiem, RL/ERSD, for
their technical assistance, along with Mr. Mark Stoklosa, RL/ERSD, for
his assistance in operating the Silicon Graphics Workstation.
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0.0 Executive Summary

The dynamic behavior of a high power traveling wave tube's (TWT) helix
interaction circuit was determined while operating in it's system
environment, This effort was initiated as part of the AFOSR Task 2305/19
and the PRAM funded joint program betwecen Warner Robins-Air Logistics
Center (WR-ALC) and Rome Laboratory. The purpose of this eftort was to
develop a fundamental knowledge base of material interactions under
thermal loading, develop an understanding of long-term thermal effects on
materials and to develop a relationship to TWT performance and
reliability.

The physical integrity of a TWT's interaction circuit, also known as a
slow wave structure, was investigated.  The structure analyzed in this
study is from a helix TWT used in an clectronic countermeasures (ECM)
system. A helix TWT schematic is shown in Figure 1. This structure
consists of a rectangular cross-scction tungsten helix, three beryllia
support rods, and a thin-walled 304 staialess stecl barrel which encloses
the circuit., A cross-section of the interaction circmt is shown in Figure 2.

Interaction Circuit Collector

; \
z

Gun

Electron Beam *
RF Input RF Output

Figure 1:  Helix TWT Schematic




Helix
(Tungsten)

Support Rods
(Beryllia)

Barrel ~——---3 ::
(304 Stainless Steel)

Figure 2: Interaction Circuit Cross-Section

Heat dissipation from ohmic losses and electron beam impingement
cause portions of the interaction circuit to experience high operating
temperaturcs that induce material stresses and strains which, if they reach
a critical value, can physically damage the interaction circuit. The failure
modes investigated in this swdy were cracking of the helix tape and
support rods due to cxcessive thermal stresses,  These faillures were
analyzed because the mechanical behavior of the helix and support rods
under thermal loads is critical to TWT performance. Cracking of the heiix
tape would cause a short-circuit to occur while cracking of the support
rods could cause small mechanical perturbations in the slow wave
structure which may reflect the REF signal.  Both cases couid lcad to
clectrical failure of the TWT.

Finite clement techniques were used to determine the structure's steady
state thermal rvesponse to combined forward and reflected power
dissipations and measured boundary temperatures. A threc-dimensional
finite element model was constructed of the entire interaction circuit (89
helix turns) and a steady state heat transfer analysis was performed using
calculated heat dissipations and boundary temperatures obtained from an
experiment performed by the TWT's manufacturer.  The finite clement
model ¢ atained approximately 18,000 elements and 45,000 nodes.
Because of the size of this model, a stress analysis, which involves more
degrees of freedom than a thermal analysis and therefore requires a much
greater amount of computer memory, could not be performed on the cntire




circuit.  Therefore, a linear static -tvess analysts was petrformed over a
smaller portion {12 helix turns in tenpth) of the circuit using the resulting
temperatures  from  the steady state thermal analysis,  'This section s
located approximateily half way between the RE input and output and
where backward waves reflected from the TWT's output wavepuide are
attenuated. [t was at this attenuation section where the largest
temperature gradient was found.

The results of this study show that the stress levels in the helix and
support rods were within acceptable limits when the TWT is operating
under full forward power and 1000 watts reflected power.  This s
considered a “worst case" scenario since 1000 watts is the maximum
reflected power that this TWT can dissipate (from the TWT's Sparc
Specification). Mechanical failure would not occur if the helix and vods
were free of initial cracks or flaws. The stress levels through the helix
were found to be high enough to onucleate small cracks, However, because
these cracks would be microscopic in length, the useful life of the helix
would probably not be affected.

Finite clement analysis can prove to be a valuable tool in advancing
TWT technology by aiding in the design of future TWT components,  Up-
front structurdl reliabiliry  assessments can be made on a  component
before production actually begins to insure that it can withstand conditions
it was designed for. Finite element can also be used as an analysis tool for
identifying design tlaws in previously failed tubes and assist in the
diagnostics associated with forensic analysis of these tubes. The results of

this effort have led to a major increase in the fundamental understanding
of helix instabilities in current designs and has led to a wethed for
predicting material instabilities within helix interaction circuits for future
designs.

All work on this project was conducted in-house at Rome Laboratory.
The finite element analyses were performed on the System Reliability &
Engincering Division's Silicon Graphics 210GTX workstation using NISA, a
commerciaiiy avatlable finite code developed by Enginccring Mechanics
Rescarch Corporation (EMRCO).




1.0 Introduction

The unique combination of bandwidth and gain provided by TWT's has
yet to be matched by any other device.  The operation of a TWT depends
on the continuous interaction of a  beam of clectrons with an
clectromagnetic wave.  The ioteraction circuit analyzed in this study is
from a helix TWT used in an electronic countermeasures (ECM) system,
The circuit empioys a vectangular cross-section helix tape which a radio
frequency (RF) signal is propagated down at a speed newr that of light
Howcver, the axiad velocity of the wave is reduced by the pitch of the
helix., When an electron beam is injected along the axis of the hEelix, the
axial clectric field accelerate some electrons and decelerate others |7].  This
causes electrons in the beam to form "bunches" which interact with the
helix RFF wave, surrendering encrgy to it. By the time the RF signal rcaches
the output coupler, it has been amplificd exponentially.

The helix from this TWT is constructed of tungsten, has & reciangulac
cross-section and variable pitch.  Tungsten is an attractive material for
high temperature applications because of it's extremely high mclting point
(= 3400 degrees C), and high ductile-brittle transition temperature.  Thiee
diclectric support rods cquispaced arvound the helix act to hold the bheiix in
place and also provide a path by which heat is removed from the helix,
These rods also attenuate any backward wave which reflects from the
output waveguide back through the circuit.  Beryllia is used because of it's
good thecrmal conductivity at high temperatures and case of fabrication.
The rods are coated with a thin film of carbon over a lengih of about
twenty helix turns starting appresimately  half way  between the RE input
and RF output.  This carbon coating dissipates any reflected waves in the
form of heat.  The helix and support vods are enclosed in a vacuum
environment by a thin-wall barrel constructed of 304 stainless steel,

When the TWT is powercd up, heating of the helix occurs from heat
dissipations duc to ohmic losses and eclectron beam impingement. The
diclectric support rods  also dissipate heat. partally  from  ohmic  losses
associated with the forward wave but mostly from fully dissipating any

reverse  waves that reflect back through the circuit from the output
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ceopler. These heat dissipations induce a temperature distribution
through the circuit, which in turn, induces a thermal stress distribution. If
stresses reach a critical value, cracking of the helix tape and/or support
rods can occur, which could lead to clectrical failure of the TWT. Whether
or not these thermal stresses lie within the region of safe operation is a
good indication of the interaction circuit's structural reliability.

MIL-HDBK-217, Reliability Prediction of Military Equipment, provides a
model to predict operating failure rates for Traveling Wave Tubes based
on tube characteristics and operating environment, This model was
formulated from failure data obtained from previously designed tubes and
only considers th. reliability of the overall TWT. Since, no mathematicai
model exists that can be used to predict the reliability of critical TWT
components, finite element techniques were used to detertiine the circuit's
thermal/mechanical performance and the results used to assess the
circuit's structural integrity.

The FEA code used at Rome LUaboratory is Numerically Integrated
Elements for System Analysis (NISA). NISA's steady state heat transfer
code was used to simulate the circuit's response to a constant heat load and
previously measured boundary temperatures. The resulting temperature
distribution was used as a thermal load into NISA's static stress code.
Results from the stress analysis were then used with the maximum normal
stress theory to determine if the calculated stress level. were high euough
to cause failure of the helix and support rods. Fracture mechanism maps
were then used to determine the fracture behavior for both tungsten and
beryllia.  These maps take into account the temperatures and stresses
experienced by these materials as well as the presence of pre-existing
cracks or flaws.

This report is organized in the following manner. First, the method of
construction of the finite element model is described and attributes of this
model are defined. Next, all input variables associated with the steady
state thermal analysis are described and results of this analysis are
presented. These results are then input into the stress analysis code and
resulting stresses are presented.  Finally, these results are interpreted
using appropriate mawrial failurz and fracture theories.

5




2.0 Finite Element Modcl

Finiic element models are numerical models that represent an actual
physical system. The three-dimensional finite element developed for this
study is shown in Figure 3. A 3-D model was constructed because it was
felt _that the heat flow through this structure would not be restricted to.
two dimensions. The model was constructed interactively using NISA's
DISPLAY pre-processor. Figure 3 shows a portion (= 35 %) of the model
used in the heat transfer analysis. The whole model consists of 89 helix
turns, support rods and vacuum envelope barrel. It contains
approximately 18,000 elements and 45,000 nodes.

Before elements and nodes were generated, the structure's geometry
had to be defined. Because of the irregular geometries associated with this
structure, the geometry definition was not a trivial task. The first entity
that was created was the helix tape. DISPLAY allows the user to create
helix curves by defining the curve's center line, radius, pitch and total
length. Eighty-nine of these curves were generated which represents the
entire length of the helix. The variable pitch of the helix was also
accounted for whken generating these curves. The curves were then
"dragged" into a second, then a third dimension, representing a 3-D,
rectangular cross-section helix tape. Next, the support rods were created.
Because of the irregular "T-shaped"” cioss-section and curved surfaces
associated with these rods, this was a complex geometry to define.
Through manipulation of several grid points and lines, individual 3-D rod
sections were created on each turn of the helix at 120 degree intervals.
Using NISA's "Macro” utility, this process was repeated over all 89 helix
turns. A Macro is a set of user input commands that control the production
and execution of DISPLAY command lines. Thais particular Macro contained
all of the necessary commands to construct a 3-D rod section on the surface
of the helix and the control structure which, when read in by DISPLAY
executed these commands a specified amount of times. Since there were
267 rod sections to be created (3 rod sections/helix turn x 89 helix turns =
267 rod sections), use of this utility saved an enormous amount of time.
Using a second Macro algorithm, the spaces in between the helix turns
were filled in, resulting in three continuous support rods equispaced at




TWT Interaction Circuit

Finite Element Mode!




120 degree intervals around ihe helix.  Finally, the vacuum envelope
barrel was easily defined by creating a hollow cylinder with the
appropriate outside diameter, thickness and length.

After the entire geometry was defined, finite elements were generated.
The element type used for the heat transfer analysis was NISA type 104, a
3-D solid, hexahedron (brick) element suited for modeling 3-D heat flow
(Figure 4). This element contains eight nodes, one per corner. For the
static stress analysis, NISA element type 4 was employed. This element is
based on a 3-D state of stress and is suited for modeiing 3-D solids subject
to 3-D loading. These two element types are identical in shape and
orientation with their only difference being that type 104 has one degree
of freedom per node (temperature), while type 4 has three degrees of
freedom per node (x, y and z translations).

Figure 4: 3-D, 8-Noded Hexahedron (Brick) Element




3.0 Steady State Hcat Transfer Analysis

The steady state heat transfer analysis performed in this study
simulated the interaction circuit's thermal performance under constant
(non-time-dependent) heat dissipations and bouadary temperatures.
Generally, the typical temperature differences between the helix and the
cooling jacket are such that the effect of radiation from the helix can be
neglected and, with the helix in a vacuum environment, there is no
convection [4]. Therefore, we can assume that heat is transferred only by
conduction from the helix, through the support rods, out through the
barrel, which encloses the vacuum envelope.

Heat Dissipation

The interaction between the dc electron beam and RF wave is the most
complicated process in the TWT. In calculating the heat dissipations
through the interaction circuit, a modeling appioach was adopted to work
backwards from a given TWT RF output power and forwards from a given

RF input powsr to determine an "effective” TWT gain parameter for the
forward wave and an ‘“effective" attenuation parameter for the reflected
wave. To simplify this procedure, the following assumptions were made.

1. The interaction structure was modeied as a lossy coaxial
transmission line. Ohmic losses are assumed to occur on both the
helix and inner surface of the barrel.

2. The regions of the dielectric support rods which contain the
attenuation coating partially dissipate the forward power and fully
dissipate the reflected power.

3. The forward power gain is an exponential function of the
interaction length.

4. TWT operation occurs in the small signal region only.




From the spare specification for this particular TWT, the following
information was used in calculating heat dissipations.

1. Maximum input Voltage Standing Wave Ratio (YSWR) =2.5:1
2. Maximum output VSWR = 2.7:1
3. Maximum return power from output = 1000 watts

Using the aforementioned facts and assumptions, heat dissipations
through the circuit were calculated for forward, reverse, and combined
forward/reverse power. The values for combined forward/reverse power
were used as inputs to the finite element model because it was felt that
this would represent a "worst case" heat dissipation. Also, since the heat
dissipated at the surface of the barrel was an order of magnitude less than
the heat dissipated by the helix, it would have little or no effect on the
overall temperature distribution and therefore was not included in this
analysis. Heat generation was simulated on the inside surface of the helix,
which represented most of the forward wave loss, and on the attenuation
portion of the dielectric support rods, which accounts for a small
percentage of the forward wave loss and the entire reflected wave loss.

Boundary Temperature

In order to provide a path for the heat to flow, boundary temperatures
were designated over the entire outside surface of the barrel. The
manufacturer of this particular TWT ran a test on the same band TWT
which provided Rome Laboratory with realistic boundary temperatures.
The TWT was first stripped down to the barrel and modified to route three
thermocouple wires. Three thermocouples were then spotwelded to the
barrel. The TWT was then re-assembled, the gun re-potted, and the test
was performed. Temperatures were recorded at several operating
frequencies under each of the following conditions.

1. Ambient oil (75 degrees C), RF at low drive.

2. Ambient oil, RF at saturated output power.




3. Hot oil (100 degrees C), RF at low drive.

4. Hot oil, RF at saturated output power.

5. Ambient oil, 2:1 VSWR mismatch on output, RF at low drive.
—6.- Ambient oil; 2:1 VSWR, RF at saturated- output power.

7. Hot oil, 2:1 VSWR, RF at low drive.

8. Hot oil, 2:1 VSWR, RF at saturated output power.

The case which most closely represented the conditions under which the
heat dissipations were calculated, as well as a worst case condition was hot
oil, 2:1 VSWR mismatch and RF at saturation. Using temperature values at
the same frequency for which heat dissipations were calculated,
temperatures were assigned at ecach node on the outside surface of the
barrel. Linear interpolation was used to determine temperatures at node
points that lie in between the thermocouple coordinates and it was
assumed that these temperatures remained constant around the
circumference of the barrel.

Coupled Nodes

To account for the helix-rods and rods-barrel conduction path,
appropriate nodes on these structures were thermally coupled, that is,
forced to exist at the same temperature. This coupling of nodes causes the
calculated helix temperatures to be lower than the actual temperatures
because the thermal interface resistances for the helix-rods and rods-
barrel interfaces are not accounted for. These thermal resistances are a
function of the contact pressures between the components, since there are
no bonding materials, brazes or welds associated with the structure. This
data was not available for this particular TWT, therefore the thermal
resistances could not be determined. Coupling of these nodes, however,
would not effect the determination of temperature trends through the
interaction circuit, which is the main objective of the thermal analysis.

11




Material Properties

Each element within the model is defined by a material index number.
Each index number has specific material properties associated with it. For
a steady state conduction heat transfer analysis, thermal conductivity is
~the - material- property- that needs to be entered into the input file. NISA
has the capability to handle temperature and/or time dependent material
properties as well as directional dependent (anisotropic) material
properties. For this analysis, all thermal conductivities were assumed to
independent of crystallographic direction (isotropic) and independent of
time. The thermal conductivities of all three materials were, however,
temperature dependent. The nature of this dependency is illustrated in
the temperature vs. thermal conductivity graph in Figure 5 [10]. Each data
point shown in Figure 5 was entered into the NISA input file. The NISA
code interpolated between these points to determine a material's thermal
conductivity at any temperature.

Thermal Conductivity (W/in C)

- g ) g v

L ) 4 ' ¥  } v
0 1000 2000 3000
Temperature (Deg C)

Figure §: Material Thermal Conductivities
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Results

NISA's steady state heat transfer was executed using all of the
aforementioned input data. Temperature contours are shown in Figure 6.
What can be ascertained from this plot are the specified boundary
- temperatures on the outer surface of the barrel. Figures 7 and 8 show
temperature contours through the helix and support rods for the end and
attenuation sections, respectively. These three contour plots indicate the
interaction circuit's temperature distribution for combined
forward/reverse power under prescribed boundary conditions. The TWT's
manufacturer indicated that these temperatures are a good lower bound
for the problem but the maximum temperatures should be about 30%
higher than the maximum temperatures determined in this analysis.  This
discrepancy was due to not accounting for the thermal interface
resistances between the helix-rods and rods-barrel. These resistances are
dependent upon the contact pressures between the components and could
not be determined because of lack of information concerning the assembly
process of this interaction circuit. This analysis does however, represent a
valid description of the temperature trends throughout the circuit,

13
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4.0 Thermal Stress Analysis

Thermal stresses are stresses arising from  deformations caused by
temperature  gradients present within a material,  When a material s
subject to a temperature gradient, the various fibers that make up the
tuaterial tend to expand (or contract) different amounts. If the material is
physically constrained, tensile and/or compressive stresses are induced.
Vhent Stresses exceed a prescribed level (dependent upon the material),
yielding or fracture occurs,

Since the size of the finite element model used in the heat transfer
analysis was very large, a stress analysis, which involves more degrees of
frecedom than does a heat transfer analysis and thercfore requires a much
greater amount of computer memory, could not be performed on the entire
circuit. A smaller portion of the interaction circuit (12 helix turns in
length) was thereforc sclected to perform a linear static stress analysis,
This section corresponds to the attenuation section of the circuit where the
largest  temperature gradient was found, and therefore is the location
where the  highest thermal stresses will occur.  This smaller model
consisted of 2,578 clements and 6,476 nodes.

Thermal _Loading

The results of the NISA steady state heat transfer analysis gave
temperare values at each node within the model.  The calculated nodal
temperatures were written to an output text file. A FORTRAN 7/ program
was written that read in this file and wrote a reviced text file hat
contained temperatures only for those nodes present in the attenuation
scction finite clement model. This updated filc was then used av a thermal
loading condition for the subsequent stress analysis,

Boundary__Conditions

In order to apply proper physical constraints to this model, the
coordinate system in which the nodal coordinates were defined had to be
converted from cartesian  to cylindrical (sce Figure 9).  This was casily

accomplished within NISA's pie-processor.  Definition ol nodal congirants
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in the cartesian coordinate system would have led to an invalid stress
solution.

(a) (b)

Figure 9: (a) Cartesian and (b) Cylindrical Coordinate Systems

When constraining a finite clement model, one must be careful not to
overconstrain  or inadequately constrain  the model siace numerical
inaccuracies would result.  Constraints must be piaced on all degrees of

- freedom associated with the model,  If the model were allowed unlimited
displ.cement in any direction, an incomplete solution would arise,  When
applying these boundary conditions, precautions were taken not to
overconstrain the model and to apply proper, realistic displacement
constraints.

Figure 10 illustrates the displacement constraints that were placed upon
the finite element model.  First, all barrel and rod nodes lying on the z=0
plane were constrained in the z-direction (2xial direction). Movement in
the axial direction was permitted for all remaining nodes.  Secondly, a strip
of nodes iyving along the axial length of the barrel were constrained in the
radial direction. Movement in the radial direction was permitted for the
remaining nodes. Finally, as a rotaiional constraint, one node lying on the
outside surface of the barrel was constrained, rotation for remaining nodes
was permitted.
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AL i A

One node on outside surface
2 of barrel constrained from
rotation

" Rod and barre! nodes lying \ N Strip of nodes-lying on outside
in z=0 plane constrained in surface of barrel constrained in

axial direction radial direction

Figure 10: Constraints For Stress Analysis

To account for interfaces between the interaction circuit components,
appropriate nodes lying on ihe helix-rods and rods-barrel interface were
coupled together. These nodes were coupled in the radial direction only.
This allowed the nodes to move relative to each other in the rotational and
axial directions.

Material Properties

The material properties necessary for the stress analysis are shown in
Table 1 [1,4,12). It was assumed that all materials exhibited isotropic
bchavior.  All properties exhibited little or no change with increasing
temperature with the exception of the thermal expansion coefficient for
tungsten.
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Modulus of Poisson's  Density Thermal Expansion
Elasticity Ratio Coefficient

(x10 %si) (Io/in 3 (x10°%/¢)

444@25C
Tungster . . 697 448@ 150C
 455@300C

Beryllia . . 105 8.0

304 Stainiess

Erool 286 1.7

Table 1: Mechanical Properties

At the onset of this study, the failure modes to be investigated in this
study were cracking of the tungsten helix and beryllia support rods. Since
there have been no documented TWT failures due to failure of thc barrel,
stresses through the barrel were ignored.

Before any failure theory could be selected to determine of the
calculated stress levels would cause failure, the mechanical behavior of
tungsten and beryllia in the operating temperature range had to be
identified. Beryllia, a ceramic material exhibits brittle behavior as do most
ceramic materials. Tungsten, a metal, exhibits ductile behavior at very
high temperatures. However, for temperatures below 1000 degrees C,
tungsten behaves in a brittle manrer [4,12].

For isotropic materials that fail by brittle fracture, the maximum normal
stress theory is the best theory to use [5]). For a triaxial state of stress, the
maximum normal stress theory is shown graphically in Figure 11.




/ - Failure Surface
/

Failure Region t
(outside) I

|

|

- - - O,
g,

A Safe Region
__ v (inside)
, |

Figure 11: Graphical Representation of Maximum Normal Stress Theory

The surfaces of the cube represent failure surfaces. All states of stress
that lie outside the cube would resuli in failure and all states of stress that
lic within the cube would safely tolerate the applied loads withont failure.
The stresses shown in Figure 11 represent principal stresses.  Principal
stresses are normal stresses associated with axes on whose normal plaies
there exists maximum normal stress and zero shear stress. These stresses
are ordered such that S; (maximum pormal tensile stress) is the algebraic
maximum and s3 is the algebraic minimum (maximum normal compressive
stress). Therefore, according to this theory, failure will occur in tension if
the maximum normal tensile stress (S1) exceeds the material's ultimate
tensile strength, and failure in compression will occur if the maximum
normal compressive stress ($3) exceeds the material's ultimate
compressive strength.

Stress contours through the helix and support rods are shown in Figures
12 and 13. The contours shown in Figure 12 are maximum principal
stresses (maximum normal tensile stresses), while Figure 13 shows
minimum principal stress (maximum normal compressive stress) contours.
These results are summarized in Table 2.
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oF T3
(Maximum Principal Stress) (Minimum Principal Stress)
ksi ksi
. _ Helix__ } 797 R 1026
Support Rods 13.92 43.6
Table 2: Extreme Component Stresses (1 ksi = 1000 psi)

The ultimate tensile and compressive sirengths for tungsten and
beryllia are given below [1,4,12] :

Tungsten: Ultimate tensile strength = 198-215 ksi

Ultimate compressive strength = 186-210 ksi

Beryllia: Ultimate tensile strength = 23 ksi
Ultimate compressive strength = 18,800 ksi

The maximum normal tensile and compressive stresses through the helix
and support rods given in Table 2 lie within the safe range specified by the
maximum normal stress theory. Therefore, according to this theory, and
the fact that brittle materials do not experience fatigue failure due to
accumulation of damage, it can be concluded that mechanical failure of the
kelix and support rods will not occur when the TWT is operating at full
forward power and 1000 watts reflected power.

Fr T nalysis

The fracture behavior of a structure depends on several factors. Stress
level, material properties, type of fracture mechanism and presence of
pre-existing flaws all impact fracture behavior. If a pre-existing crack or
flaw is present, failure can occur over a period of time even if the overall
component stress is below it's critical failure stress. For a crystalline solid

loaded in tension, several fracture mechanisms exist. However, for
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materials that exhibit brittle behavior at sufficiently low temperatures,
fracture occurs by cleavage and brittle intergranular fracture [2].

The fracture behavior for tungsten and beryllia was obtained through
the use of fracture mechanism maps. These maps are shown in Figures 14

~and 15 for tungsten and alumina, respectively [2).  The fracture

mechanism map for alumina is typical of the maps for many oxides, and
therefore was used to analyze beryllia's fracture behavior. The ordinate
on these maps is the material's homologous temperature (T/Tm). T
represents the material's temperature and Tm the material's melting point.
From the temperatures determined in the steady state heat transfer
analysis, T/Tm for both tungsten and beryilia is approximately 0.1. The
abscissa on these maps is the normalized tensile stress, which is defined as
the maximum normal tensile stress (Table 2) divided by the elastic
modulus (both of these variables are dimensionless). Since T/Ty for both
materials is around 0.1, the only fracture mechanisms present will be
Cleavage 1 and Cleavage 2. Cleavage 1 occurs when pre-existing cracks or
flaws are present which can propagate at stresses below the critical failure
stress. When a crack reaches a critical length, fracture occurs. If pre-
existing cracks or flaws are small or absent, stresses can reach a level
which can nucleate cracks. This regime of nucleation of cracks is called
Cleavage 2.

For tungsten, the normalized tensile stress was calculated to be .00159.
The point (0.1,.00159) in Figure 14 lies on the boundary between Cleavage
1 and Cleavage 2. This indicates that fracture can occur if there are pre-
existing cracks or flaws and it is possible for cracks to nucleate if pre-
existing cracks or flaws are small or absent. The normalized tensile stress
for beryllia was calculated to be .00029. The point (0.1,.00029) in Figure
15 lies within the Cleavage 1 regime. Therefore, if there are no pre-
existing cracks or flaws present, fracture of the support rods will not occur.
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Figure 14: Fracture Mechanism Map For Tungsten
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5.0 Conclusions

Microwave tube failures can be attributed mainly to three factors.
Manufacturing defects, insufficient operating/handling procedures and
finally, inadequate design margin between operating point and design limit
I ——are-major -contributors to -tube failures.. The objective of this study was to
- investigate the thermal/mechanical performance of the TWT's interaction

circuit when subject to full forward and worst case reflected power. It was
assumed that this TWT had not experienced any improper operating or
=— - —-handling procedures.

Results from the finite element analyses indicated that the interaction
circuit's mechanical design is sound and would not exhibit any mechanical
failure mechanisms as long as there were no pre-existing cracks or flaws in
the helix or support rods. If thorough inspection techniques are used on
these components prior to TWT assembly, there would be no mechanical
failures associated with the interaction circuit.

The results of this study have demonstrated that finite element clement
analysis is a valuable tool that can be used to assess interaction circuit
thermal/mechanical performance. The heat transfer capability of the slow
wave structure is one of the most important factors that limit the output
power capability of helix TWT's. Tube designers must be able to examine
thermal behavior of the circuit, especially the dielectric support rods which
play a critical role in removing heat from the helix [4]. By employing finite
element techniques, tube designers can be able to estimate the feasibility
of a projected design by predicting influences of various physical and
geometrical parameters of the interaction circuit on helix temperatures for
various power dissipations.

Several significant objectives have been accomplished in this effort. The
results of this effort have significantly extended the fundamental
understanding of the material behavior within helix interaction circuits
subjected to forward and worst case reflected power. Secondly, a cost
effective analysis technique has been developed for modeling helix
interaction circuits and analytically predicting their dynamic behavior
while operating in their system environments. Finally, a technique has
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been developed to determine the short and long-term effects on materials
used within TWT interaction circuits and thc long-term mechanical
structural instabilities that exist within a TWT's vacuum envelope.
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