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Abstract

Thig veport describes a model of vaporization and dissociation occur~
ring as a result of intense heating over a localized area of a material
surfacae. The balance of heat between the inpub power and losses due to
vaporization, as well as radlation and conduction in the material, are
congidered. The model includes the effect of binary mass diffusion and
changes of surface stoichiometry for multiple component matevials. ULffects
of vapor recondensation are included. The model is then applied to the
description of spot heating on a vacuum arc anode through the use of a
gimple power feedback model. Comparison of surface temperature measutrements
to model predictions are used to parametrically describe the arc behavior.
Finally, extensive parametric analyses showing the effect of material

property variations on the arc behavior are described.
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I. INTRODUCTION

Prediction of thermal behavior in materials undergoing intense surface
heating 1s of interest for applications where materials are exposed to non-
penetrating energy sources such as lasers or low-energy electron beam
devices, Although applicable to othef modeg of heating, the calculational
technlques described in this report will be used to examine the transient
electrical discharge heating which oceura at the electrodes of vacuum arc
devices. Particular emphasis will be placed on anode phenomena in this
work, These discharge events are uged for electrical switching, arc heat-
ing and for pulsed ion sources in accelerator technology.

The thermal behavior of an electrode contalning a single material
apecies has been discussed in work by Grissom and Newton,l by Coblne?, as
well as others. In this report, a model is described which extends the
previous work to digsoclation and vapor production occurring in binary mate=-
rials. To do thim, the effects of mass diffusion and surface stolchlometry
changes must be considered. Addition of these, as well as the effects of
vapor recondensation, to the thermal model will be described.

One application in which these features are important fs for the pulsed
hydrogen ion source where thermal dissociation of g hydride material is
used. Examples of thermal transients calculated for hydride materials will
be described in Section IIT. Thermal decomposition of other binmary mate-
rials, such as lithium in carbon, are potential sources of other ifons as
well. 1In these applications, the neutral vapor flux and the related ion
production have been found to be directly determined by the electrode sur-
face temperature.l>2 Thus, a model will be presented in the next section to

describe the temperature—time behavior for a variety of different electrode



materials and arc conditions. Emphasisz will be on the subsmtllisecond time

interval.

The calculations involve the golution of coupled equations for heat
transfer, mass loss by disscciation gud vaporization, diffusion of mass
speclies within the material and the effect of stoichiometry changes on the
vaporization. Because of the heat transfer coupling to the thermochemical
and mass Jiffusion effects In this probleam, the uge of standard numerical
heat transfer computer codes lg not possible without extensive rewriting of
such codes. Thus, a relatively simple numerical code specialized for the
spot surface heating problem has been developed. The thersodynaasics of
decomposition and diffusion, as well as the source heating terus have heaen
parameterized. The values for these parameters are obtaimed through
comparison to arc experiments rather than by attempting to describe the
heating with calculations of arc plagma phencmena. These comparisons to
experiments, as well as a study of parametric variations and their effects
on the electrode surface temperatures will be described.

The first section describes a thermophysical model of heat transfer
and dissociation resulting from spot surface heating. Next, extensions of
this wodel for binary materials will be discussed, followed by application
of thie model to a vacuum arc. Finally, a series of calculations which show
the effect of parametric and materialyvariations will be described to

illustrate the thermal arc electrede phenomena.




I1I. SURFACE KEATING INDUCED VAPORIZATION MODEL

A. A Model for Single Constituent Materials

The model in this section describes the heat transfer within a semi-
infinite solid. The material is initially at a temperature, T,, and subjected
to heatiny over a circular surface area of radius, a. The configuration for
thege calculationz is shown in Figure 1. Power input to the surface 1is
aspumed to be uniform over the circular area and may have any specified
variation as a fuaction of time. The heat input to the surface in this
model is balanced by several dissipation terms. These are, first, the con-
duction of heat into the bulk of the material below the heated spot. Second,
as the surface temperature of the material rises, additional heat loases
from dissociation and/or vaporization of the surface material occur. Third,
the losa of radiant energy from the surface is calculated, although for
nogt short duration anode heating events considered later thig term is gwmall
compared to the evaporative and conductive losses.

The heat transfer portion of this prob.em may be solved analytically
using an equation from Carslaw and Jaegeré. The surface temperature at
the center of the heated avea Is expressed for an arbitrary time dependent

power input to the surface by,

t .
™) = To + A f Q(tr: 1) dt
] T

where

A=__1 [1 - exp(=aZ/4Dt)
pe V7D }




Figure 1.
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Schematic illustratioa of the spot heating calculations. Power

{s input to the surface over an area of radius "a" where the temperature
rise of the surface is balanced by heat conduction into the material and by
radiative and evaporative heat losses. Jor binary media, effects due to
changes in surface concentration of the evaporating species are also

included.




In this equation D is the thermal diffusivity of the material through which
heat is being conducted, p is it's density, and c is the material heét
capacity. The term ;(t) is the net power input to the surface.

We assume that the power input to the surface to be composed of a
gource teria é(t) and a logs term i(t). The source term 6(t) 1s the power
input for the problem, for example, the optical input power in a laser
heating problem, or the electrical power input to the surface in a vacuum
arc caleculation.

The loss term for these caleculations is the sum of a radlant energy

loss term L; and a term Ly describing the loss of energy by evaporation and

dissociation at the surface. These are:

Lp(e) = ¢ T(t) 4 and

Lo(t) = 1 +9“) (T-T)]
2 gji,[vi (ﬁip o

where H,, 1z the heat of vaporization/dissociation for the i'th specles and

(aﬁi) ig the heat capacity of the 1'th component. The vapor flux of the
P

3T .
ith component from the surface, j{, is related to the equilibrium partial

pressure P; hy
P

Ji ® 2y 1 f e

17 =7 YiawT

where my ls the molecular mass, and k is Boltzmann's constant. The Langmuir
accommodation coefficient, oy, is surface geowmetry dependent and
expresses the ratio of vapor flux during evaporation from a free surface

to the equilibrium Knudsen effusion flux.®
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The equilibrium partial pressure for the i°th specles is related to

the temperature-independent heat of vaporization or dissociation, By, by

laP, = :ﬁ:& + B
£ RT i

wher Hvila and By are paraveters derived from vapor pressure measuremants.
The temperature used to evaluate the flux and pressure expressions in the
apot heating caleulations of this report is taken to be tha value at the
center of the heated spot. Vhile variations of temperature across the
heated apot may be important in some cases, the vaporizatlon heat loss Ia
this work acte to atteauvate such variations.

The above get of equations form a complete get which may be solved for
a4 glven power {nput. Thus, surface temperatures and vapor flux predicticns
can be obtained for comparison with experisents.

B. Mage Diffusion Effects in the Surface Materisl

The surface heating calculatfons just deascribed are ugeful for single
component waterials. Ta the heating of binary materials, however, they do
not sccount for changes of stoichiosetry which may occur at the surface as
vaporization preferentially removes the more volatile constituent. This
surface depletion must be replenished by mass diffusion from the undepleted
subsurface material. Tn high vapor flux conditions, the bulk mass diffusion
rate limits the supply of velatile species to the surface and determines
the flux of the volatile component.

To calculate the change in surface composition, the binary diffusion
problem is assumed to obey Fick's law. The diffusion of species A in mate-

rial B is described by




where Dap 1s the binary diffusion coefficient and Cp is the local concentra~ =

tion of specles A. The flux of species A, which is called Fj, may be related
to the concentration of Cp by,
3CA
Fo = Dag  3x
As an example, che above two equations can be solved to give the surface

concentration for the case where a time-independent flux, F, is maintained

at the surface for ¢t > 0 to give,S

c(t)uco-ZF‘, t_ ,forc(t) >0 .
D
AB

This result may be generalized to the case of an arbitrary surface flux f(t)
using Duhammel's theorem. Assuming an initial uniform concentration of

spacies A in the material to be Cy, the surface concentration as a function

of time becomes

e(t) = ¢ = w f(e - 1) 1.
° VT!DAIB ‘{ T

subject to the constraint that f(t) = 0 for ¢ = 0,

This expression describes the surface concentration for a given surface
vapor flux as a function of time, £(t). 1In the present work where the depth
of the depleted region is very much less than the heated spot diameter, the
surface concentration may be evaluated with this one~dimensional expression.

Since the flux is described by the equations of the previous section, this

LR



equation allows ome to calculate the surface conceatration z3 a function of

time.

The relation of equilibrium vapor pressure to the surface stolchiometry
is in general complex and must be studied experimentally for the system of
interest. The tread of variatiom, however, may be approximated for many

binary media by Sievert's Law as:
P(e) = P (e/ey)?
o 0

where Py is the equilibrium pressure at concentratiom ¢y« Other functional
forms for this concentration dependence will be discussed in Section IV.

When the above expressions for the surface councentration and for the
concentration dependence f the cquilibhrium pressure are combined with the
equations of the previous section, they form a complete set of equations to
describe the surface temperature as g function time for a given heat input
to the surface. The integral equations for temperature and flux must be
solved numerically for all but the simplest power input functions. The
Fortran program written for this purpose is included in Appendix A.

A number of material parameters must be specified to solve this heat
transfer problem. Among these are the vapor pressure equation parameters,
the mai.erial thermal diffusivity, density and heat capacity. There para-
mevers for several metal and hydride materials are listed in TABLE I. The
vapor pressure parameters for the metals were derived from curves published
in Ref. 6. The hydride parameters are from Refs. 7 and 8. Heat capacity

and thermal diffusivity values have been taken from Ref. 9 and 10.




TABLE I. Thermal parameters for assorted metals and hydrides. The para~-
meters C and D correspond to the expression In P = ~(C/T) + D
where T is in degrees Kelvin and P is in dynasfcmz. The tempe.a=
ture range listed corresponds to the interval over which these
parameters were fit to the tabulation of Ref. 6.

Vapor Thermal Heat

Pressure Parameters Range Diffugivity Density* CQCapacity
Material ¢ D 104K em?/s g/ end Jig-Pe
Actinium 47276 .7 27.3265 11=20 1% 10.07 L13%
Aluninum 37212.7 27.5937 10-20 L4101 2.70 J90%
Boron 64.79.3 30.3648 14-30 L0178 2.34 1.02%
Copper 38.540.5 27.4942  10-21 .806H 8.96 .386%
Chromium 46506 .4 30,4485 10=20 .120H 7.19 L6k
Erbium 345245 26.2578 10-20 .099i 9.06 \222%
Er Hydride 26931.0 32.2060 4=10 L05% ' 8.53 .28%
Magnesium  16121.0 25.56193 10=14 243% 11.4 L13%
Molybdenum  77586.4 30.3586 20-26 L3220 10.2 L4BH
Scandiun 39321.2 26,4204 12-16 J093% 3.02 653
Sc Hydride  24128.0 31,1672 410 04 2.98 NEL
Silver 32819,0 27.5804 9-18 .62gH 10.5 (235%
Tin 15662.8 26.1146 10-19 .298H 7.3 L2278
Titaninm 54459.2 29.6834 15=20 .0807H 4.5 52
Ti Hydride 19875.0 35.8220 4=10 —— - -
Tungsten 103635.0 32.1993 25-35 .375% 19.3 302
Yttrium 48322 .4 28,0578 12-17 J162H 4.5 J30%
Zine 15244 .4 27.2537 4=8 A416% 7.14 .39

REY: lnl[P(dynes/cmz)] = «C/T + D * - Room Temperature Value

H = Value for 1300K
t+ = Value for 2000K

13
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IITI. APPLICATION TO VACUUM ARCS

The surface heating model described up to this point is applicable to
any type of surface heating. In thie seetion of the report, the model will
be applied specifically to vacuum arc discharges in which inteasely heated
apote are formed by power incident to the electrode surfaces from the are.
Predicting the surface temperature response to thia power input ie essen~
tial te understanding the performance characteristice of vacuum elsectei. al
switching devices and pulsed arc lon seurces for use iun acc:lerators.

In such applications, the intense heating of the electrode surfaces
vesults in vapor releagse from the electrode, some of which i subsequently
ionized resulting in a source of charge carriers that affect electeiecal
switch clogure or in a gource of ione or elactrons for use in particle
accelerators. The heated spots which form on the cathode surfacells'? sre
small rapldly moving aress, typically on the order of ¢ne micron diameter
where heating occurs, with currents as high as 100 Hagamps/c&z. These high
current values produce intenge Joule heating of the cathode subsurface in
addition to the surface heating from lon bombardment. These highly mobile
gpots produce sufficlent heat and pressure to induce cratering of the cathode
aurface,l1,12 By contrast, the heating of the anode surfacal:13 occurs
over larger spot areas of 50 to 100 micvons diameter. The lower power
density input to these spots produces a situation in which Joule heating is
negligible, so evaporative heat losses and thermal conduction are effective
in balancing the thermal input to the surface.l»13 This allcws the anode
spots also to remain stationary during a pulsed discharge. Thus, the heat
transfer calculations presented in this veport are particularly appropriate

to the stationary arc anode spot heating problem.




A. Counstant Are Power Calculations

A series of calculations, using the heat transfer equations just dis-
cussed, will now be described. The first of these calculatipns aggumes
constant power input to the spot during the arc pulse time and no changes
in the surface stoichiometry have been included. These assumptions can be
tested by comparing the predictions to measurements carried out on an arc
heated surface. Input parameters for this calculation are shown in TABLE
11. Surface teaperatures versus time from the caleculation are shown in
Fig, 2 and in the tabular listing of TABLE III. The points shown on Fig. 2
are values obtained from infrared radiance measurements on a typical anode
gpot expefiment.la To determine these temperatures, an effective emigsivity
of 33 was assumed for the heated surface material, The pulse duration for
the calculation has been selected to match the experiment while the power
input to the anode spot was selected in such a way as to match the observed
temperature risetine.

Two calculations are shown in Fig., 2. The lower calculation corresponds
to a Langmuir accommodation coefficient, a, for the evaporating surface of
0.2 and for the upper curve of 0.3. With this type of calculation, an
approximate description of the pulse rigetine and peak temperature can he
achieved. For both cases, the calculated temperature profiles at the end of
the pulse decay much faster than the experimental data from this test. The
reason for this is not presently understood. However, the calculations are
made for an isolated spot while the experiment actually occurs with mulitple
spots in the same reglon of the anode and may contribute to the slower
temperature decay. Possible additional deviations due to a lower substrate
thermal diffusivity relative to the surface material in the experiment may

contribute as well. Degradation of the thermal contact beneath the heated

15
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Figure 2. Calculated surface temperature (relative to 300 K) as a functien
of time for a constant power input over a 6.8 ps duration. The top curve
corresponds to an input power of 2.4 MW/em? and an accommodation coefficient
of .3 while the lower curve corresponds to 1.6 MW/cm? and an accommodation
coefficient of .2. These calculations do not account for the depletion of
hydrogen from the surface and thus predict abnormally high vapor flux levels.
The points on the figure are temperatures derived from the radiance measure~-
ments of Robertson.l




TABLE II. 1Input parameters for the arc calculation of Fig. 2.

Thermal Diifusivity = ,10 cm?/s
Specific Heat = 1.36 J/gC
Density = 3.06 g/fem’
Initial Hydrogenic Concentration = .06 moles/cmd

Pulse Length = 6.8 x 1070 ¢

Vapor Pressure Parameters =

Hydrogenic Species Hetal
A = 24100, Ap = =30321.2
B = 31.261 By = 26.4204
M= 2, M = 45,

17
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region is also possible and may account for the lower rate of cooling in the
experiments. Systematic study of a collection of such experiments will be
needed to clarify this problem.

While the calculation reproduces the major features of the anode surface
temperaturs profile, predictions of the vapor flux evolved from the surface
should alsgo be examined. The surface vapor flux required to balance the
power input to the anode spot in this example ranges up to 8.8 moles/cm?=s.
This vapor flux when integrated over the pulse is approximately 3 x 10-3
moles/cm? of vapor or the equivalent of deuterium loading in a 5 micron
layer of hydride material, This is an unreasonably large volume of vapor
for this problem sgince diffusion of vapor from a 5 micron depth in 7 mlero-
geconds would require an effective binary dif{usion coefficient for hydrogen
{n the £ilm material of approximately .l cm?/s. Both the predictions of
single pulse depletior for a 5 micron layer and the requirement for a diffu-
slon coefficient of this magnitude are in grogs disagreement with experiments
Multiple pulse tests of layered hydride materials show no such depletian.ls
Also extrapolation of the lower temperature work by Weaverl6 suggests binary
diffusion coefficlents are 3 to 4 orders of magnitude smaller than the .1
value for temperatures in the range of the arc anode spots.

Therefore, to gain a more realistic description of arc anode perfor-
mance with a binary material, the effects of arc power variation with time
and of mass diffusion within ine heated surface material must be included.
These additions to the calculations are described in the next section of

the report.

B. Poyer Variation due to Vapor Flux Feedback

In contrast to the previous calculations which assume a constant

‘specific power Input to the anode spot during the pulse, this section will

19
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Figure 3. Calculated surface temperature (relative to 300 X) as a fur.~%on
of time including the power feedback which constrains the vapor flux values
to less than .l mole/ cm?-s. The points are temperature values derived
from the radiance measurements of Ref. 14. This calculation also accounts
for surface concentration changes.
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deseribe a simple power dependent model. The power variation to be described
is based on the effect of incre;sed ion density over the anode surface which
produces z feedback to the arc discharge, thereby reducing the power input
to the spot surface. While the detailed plasma processes within the electrode
gap which lead to this regulation may be difficult to describe, their pres=
ence is evident in measurements of vapor Flux and arc voltage. The assump~
tion to be made here is that the regulation process occurs to reduce the

power input to the surface in such a way that the vapor flux cannot exceed

a limiting value, Fy. Actually, the limiting factor is probably the ion
dengity near the spot surface, but for the present, the ionization fraction,
is assumed to be sufficiently constant over the length of the pulse that

the limit may be expressed by the total vapor flux.

Thus, in further calculations, the éssumption of a peak flux value, F.,

will replace the constant power assumption over the pulse duration. For

the hydride arc problem, the value, F,, was selected to be .1 molefcmz—s
which compares well to the integrated vapor release measured In arc experi=-
ments.13 A constant input power will be assumed for the initial part of the
pulse until the limiting flux is achieved. Then the arc power will be
agsumed to vary in such a way as to never exceed F,.

Surface temperature predictions from these calculations are shown in
Fig. 3. The corresponding variation of power required to avoild exceeding
the ¥, flux level is shown in Fig. 4 and in Table IV. Again, the initial
specific power input to the heated spot was selected to match the pulse
rigetime as shown by the experimental points in Fig. 2. The peak tempera—-
ture point is matched by adjusting the accommodation coefficient. This
calculation is consistent with measured vapor flux levels and asumes a

realistic value for the hydrogen binary dlFfusion coefficient. In addition,
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the main features of the anocde spot temperature profile ave deseribed. 4
number of arc eveants show flat topped pulses similar to this caleculaticn.ld
The temperature ramp of the experimental points in Fig. 3 may be an indica-
tion of the reduction in surface stolchiometry occuring during the pulse.

To model such behavior requires the variation of hydrogen partisl pressure
with the waterial surface stolchiowetry to be kmown. This has been approxi-
mated for these zalculations with the equilibrium data published for mcandium
hydride.? For these calculations the hydrogen partial pressure was sgsumed
to be independent of concontration for Sel, with 6 ( x < 1.6. Outside of
this range a variation as the square of the concentration has heen assumed.
The effect of varyiug these parameters geparately in calculations will he
shown {n the next gection of the veport.

The importance of the arc spot power vartatioan during the arc dlscharge
ig illustrated in Fizg. 5 where a comparison of the constant power aund the
limiting flux calculations are shown. 1In these constant power czlculations,
the hydrogen diffusion and surface concentration variation are included.
These necessary features were not included in the previocus calculations of
Fig. 2. For a constant power input of .7 &W/cmz the surface temperature
rises to the peak value observed in experiments only at the end of the pulse
time. However, as one countinues to increase the power to the spot surface,
surface depletion and a runaway surface temperature increase occurs as the
cooling by hydrogen vaporization is lost. This depletion may be seen in the
.8 mi/em? calculatlon by the steeper slope late in time as depletion is
approached. Thus, when realistic hydrogen diffusion is included in the
caleulation it is not possible to simultaneously match the temperature

risetime and peak temperatures with the constant power model.
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Figure 5. This comparison illustrates the inconslsteancy between the observed
temperature profiles and the assumption of constant power input to the
electrode surface during the pulse, when the effect of hydrogea depletion
from the surface material is considered. The fast rising temperaturce pro=-
file 1is the same as the one of Fig. 3 with power feedback. The two slower
vising calculations correspond to .7 and .8 MW/cm-s power input to the
heated spot. The slight upturn in the .8 MW/ cm-g temperature profile near
the end of the pulse is due to the onset of surface depletion and a reduc~-
tion of the vaporization rate. Any further increase of power in an attempt
to match the pulse risetime results in a runaway thermal condition.
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To further illustrate phenomena occurring in an arc which may be
induced by thermal characteristic of the anede swrface, the next section
will deacribe parawetric varlations of the arc mode calculation to examine

each parameter's effect on the anode behavior.
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1V, PARAMETRIC STUDIES

The arc model just discussed consistently describes the integrated
vapor flux from the anode spot surface, the spot temperature risetime and
the peak spot temperatures during the arc event. Although it is a para-
metric model, it may be used to predict the effect on the arc discharge due
to varlations in anode characteristics. Summarized in this section is a
series of studies in which individual parameters are varied to show their
gffects on the anode spot temperatures. The parameters and model used to
glve the result in Fig. 3 have heen chosen for the base cage in these studies.

The flrst example shows the effect of the anode material thermal
diffusivity on the temperature profiles. For simplicity, a temparature
independent value of the thermal diffusivity has been uged in each case.

The temparature profiles of Fig. 6 ghow a linear variation of the tempera=
ture rigetime with thermal diffusivity. This is due to the larger mass of
material which must be heated as the diffusivity is iucreagsed. The fact
that the surface temperature decay at the end of the pulge is nearly
indepeudent of diffusivity is a consequence of the deeper penatration of
the thermal front, and correspondingly smaller temperature gradlents, as
the diffusivity is fncreased. This offsets the higher material thermal
diffusivity.

Figure 7 shows the required historles of arc power to the anode surface
power input to the surface which are taken from the series of thermal diffu-
sivity calculations. These powar histories produce the limiting flux level
of .1 moles/cm®-s over the anode spot for various thermal diffusivities.
This rapidly decreasing anode power during the pulse is in qualitative

agreement with the observed total power input to the vacuum arc measured
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Figure 6. A series of temperature profiles caleulated for indicated values
of thermal diffusivity.
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thermal diffusivity in cm?/s.
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during an arc dischargel®s15 {n which a few stable amode spots account for
a major fraction of the arc power.

The results in figure 8 summarize the effect of vary.ng the initial
power level to the anode spot. These calculations show that an initial power
density of .5 % 108 W/em? is inadequate during a ghort duration discharge
to reach the temperature at which the power input becomes controlled by che
vapor Flux. An inltial power input of 2 x 108 w/cal however reproduces the
observed risetime ln short arc events.lé

Flgure 9 illustrates the effect of the accommodation coefficlent on
the thermal profiles. The evaporation of materisl, or in this case dissocia~
tion and release of hydrogen, Is asccompanied by substantial recondensation
of material from the vapor phase. The ratic of unrecondensed atoms to the
numbher released is the so called Langmuivr accommodation coefficient. For
vaporization of common materiala,l’ this coefficient has heen observed to
have values rauging to less than 01 . The value selected for this coeffi-
cient has a strong effect on the peak temperature durlng an ave pulse for a
given vapor flux. Thus, the flux necessary to limit the aurec input power is
coupled to the surface temperature by this coefficient. The accommodation
coefficient value of .005 1s needed to produce agreement with the experiment
shown in Fig. 3. This may be compared, for example, with the sticking
probability of .001 to .005 observed by Malinowski in deuterium hydriding
studies. That value, although consistent with thermal vaporization from a
free surface, may also be influenced, in the vacuum arc case, by the plasma
space charge which tends to coufine the ions to a reglon near the anode
spot surface. These plasma processes could result in sufficient beck pres—
sure to cause recondensation and thereby limit the release of vapor from

the surface.
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effect on the pulse risetime is evident.
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Figure 9. TFour temperature profiles calculated for the indicated values of
accommdation coefficient. This parameter directly affects the peak surface
temperature during the pulse.




As hydrogen is removed from the surface material during the discharge,
it must be replenished by diffusion from the volume of undepleted material
helow the surface. This binary diffusion is parameterized in the presgent
calculations with a temperature and concentration independent diffusion
coefficlent. Figure 10 shows a sequence of four calculations in which the
diffusion coefficient is varied from 1 x 1073 to 2 x 1075 em?/s.  For
the lowest value of 2 x 10“5, the surface material is depleted of hydrogen
in half of the prwer input pulse time. Upon depletion, the cooling by way
of hydrogen vaporization 1g no longer effective and a runaway thermal
condition results. This is evidenced by the rapid increase of surface
temparature. For binary diffusion coefficients greater than 5 = 10=% cm?/s
the depletion does wot occur and the power regulation procsss continues
throughout the 6.8 microsecond power input pulse. The vapor flux level at
which this regulation occurs is constrained to be .1 mole/cn?-s in each case.
A similar depletion effect can be observed as the limiting flux parameter
i1s changed. This parameter corresponds to the flux value at which power
feedback to the arc discharge occurs to stabilize the surface temperature.
As the limiting flux parameter is increased for a given diffusion coefficient,
the surface material can reach the depleted condition under which thermal

runaway occurs., This is shown by the sequence of four calculations in

Fig. 11 where the limiting flux is varied from .05 to .22 moles/cm?-s. The

limiting flux value of .1 moles/cm2~s, selected as the base case value for

the calculations in this study, is consisteat with measurements of the total
vapor flux released in similar arc operatiomns.

As the surface hydride stoichiometry varies, the partial pressure
of hydrogenic species over the ;urface will in general vary for a given

temperature. If the variation of vapor pressure with hydrogen conceatration
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Figure 10. Four calculatios showing the effect of mass diffusion on the
thermal history of the surface. Three calculations for values of 1 x 1073,
1 x 107% and 5 x 1075 cm?/s give essentially identical profiles. For a
value of 2 x 1077 however, surface depletion occurs resulting in a thermal
runaway condition for the surface.
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during the arc.

result ia a thermal runaway condition caused by the depletion of hydrogenic

This parameter affects the peak surface temperature
More importantly, values of .2 moles/cm?-s or greater

species in the surface material.
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is known, this can be included in the surface heating calculatioms. In mauy
cases, however, this feature of the hydride properties ls not well known.
Moreover, evaporation at a surface may be affected by subtle features of the
surface material such as contamination by another apecies.

Figure 12 shows several results from calculations based upon different
assumptions for the concentration dependence of the hydrogen partial presesure.
Parameters for *he bageline calculations of this report used the published
results of Lieberman and Wahlbeck’/ for the isothermal relation of the hydeo~
gen partial pressure bo the surface stoichiometry. For measurements in the
600°C to 1000°C range, they observed a two phase behavior in ScH, which
glves a concentration ladependent equilibriuw pressure over the range of x
values bhetween .6 and 1.6, This concentration behavier has been Inzluded in
all caleulations up to this point. Alsn, the prassure~temperatura behavior
of the Scll, material reported ia Ref. 7 has been assumed. Outside of the
concentration range just mentioned, the equilibrium pressure P(x) is asgsumed
to vary according to Selvert's Law using P(x) = Po(xfxa)2 where P, is the
two-phase equilibrium pressure, where x, is the phase boundary concentra-
tion value.

Calculation 1 of Flg. 12 uses the concentration dependence just des-—
cribed for a problem in which the deuterium concentration of the surface
waterial, C,, is 067 males/cm3 {(or x = 1.0). TFor comparison, calculation 2
assumes C, to be 04 moles/cmS. These two calculations show constant
tempaerature segments initially, while the second shows some increase of the
anode spot temperaturé with time that ocrcurs as the surface material falls
below the .6 atomic ratio at which the hydregen partial pressure drops with

concentration.
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Figure 12. Four calculations showing the effect of concentration variatiouns
on the surface temperature profiles for an arc heated surface. Calculations
1 and 2 assume 3 two~phase region to exist for Sc Dy for x values between

.6 and 1.6. Outside this concentration range, a quadratic dependence of
vapor pressure on the surface conceatration is assumed. The constant
temperature segments of each calculation corrsponds to the two—phase regign.
Curve one is for an initial deuterium conceatration, C,, of .067 moles/cm’
{or % = 1) while calculation 2 assumes C, = 04 moles/cm3. In contrast,
curves 3 and 4 assume the quadratic Sieverts law to apply_ over the entire
range of concentrations. For curve 3, C; = .067 moles/cm3 and for curve 4,
Cy = <04 moles/em”. The ramp associated with curve 3 closely resembles the
temperature data of Fig. 3 indicating a possible concentration variation
during that pulse.




The coucentration messurements of Ref. 7, slowing the two phese reglon,

were made in the temperature range from 600°C to 1080°C. On the other hand,
the anode spot temperatures of Interest Im these caleulations are in the
1400°C range. The higher temperature and pressure of these calculations may
lay ocutside of the two phase boundary seen in the lower temperature work.
Some evidence of this can be seen in the narrewing of the 2 phese veglon
with increasing temperature which can be geen in the Ref. 7. dats.

Thug additional caleculations have been made for comparison purposes
which assume no two phase reglon to exist at the higher temperatures.
instead, a varistion of pressure with conceatration of P = PQ(S!CK}z wite e
Gy = 0536 melegicmz te assumed for the entire concentration range. Calcoy~
lation 3 has been made uslag an foltial deuterium concentration for the
anode matertal of .067 woles/ca® and calculatlion 4 a value of .04 molea/cm’.
ia each case the ave temperature rises during the pulse as the surface
hvdrogenic concentrative is reduced. The ramp of caleulation 3 closgely
watches that of the esperimental polats in Pig. 3. It le likely that the
reduction of maode surface concentratlon in that experiment gccounts for
this feature of the thermal pulse.

Effect of Anode Surface Materials

Previous sections of this report have described vacuum arc calculations
using hydride materials to simulate experiments of Robertsonl# and Newtonl9,
However, the model can be used to illustrate the fast pulse behavior for
vacuum arc phenomena in a variety of anode materials. To illustrate the
thermal states which can be achieved, a series of calculations will now be
described in which the properties of the anode material are varied to represeat
a collection of different materials La arc applications. To emphasize the

effect of thermal properties in the heating profile, these calculations zre
/




3.50
3.25 |
3.00 |
275 |
2.50  FALUMINUM
225 |
2,00 |
1.75
1.50
1.25
1.00
0.75
0.50
0.25
0.00

TUNGSTEN

MOLYBDENUM

TEMPERATURE RISE (T-300) 10° DEG K

] i i ] i ) i H ] ]

0.0 2.0 4.0 6.0 80 100 12.0
TIME 1076 SEC

Figure 13. Examples of vacuum arc discharges heatlng of anode spots on
surfaces composed of different materials. In each case, the risetime of
the thermal pulse is associated with the heat capacity and thermal di{ffu-
sivity of the surface, while the limiting of the temperature is reached
where vaporization contributes to the surface cooling.
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Figure 14. Additional examples of heating profiles for anode spots found
on the indicated materials. These materials assume the same power input of
2 MW/ca? to the surface as in Fig. 13, Put show more rapidly rising thermal
profiles due to the material properties. Vaporization is effective later
in the pulse to limit further temperature increases.




made at constant arc input power with no power feedback due to a limiting
vapor flux. The thermal parameters used for the calculations are given in .
Table 1. 4 specific power input to the anode spot in these calculations ofk,~
2 % 108 W/em? and a power pulse of 10 microseconds duration have been assumed |
for the profiles in Fig. 13 and 14.

Summary and Discussion

A model has hean presented for the thermal behavior of materials under-
golng intense surface heating. The heat balance between the surface input
power and thermal vaporization/disgociation and in some cases radiation
legses has been degcribed and applied to short pulsed vacuum arc anode
phenomena. While the power input to the anode surface from the plasma in
such an application has been parameterized, the model provides some insight
into the plasma heat gource term through observation of the anode spot
temparatures. Specifically, the exlstence of a feedback mechanism to the
arc power at high vapor flux levels is needed to describe the temperature
risetime and vapor flux levels observed in experiments. Thus, the detailed
thermal studies can complement plasma studies of anode-cathode behavior.
The model desecribed in this report extends previous thermal modeling to
include effects of two constituent electrode materials. To do this, the
effects of mass diffusion and concentration variations of the surface mate~
rial have been included. The effect of vapor recondensation at the heated
surface has also been considered. When compared to anode temperature and
gas evolution measurements, the model appears to give a consistent descrip-
tion of the temperature pulse risetime, peak surface temperature and vapor
flux.

Only a start has been made in comparing calculations with arc esperi-

ments because of the limited availability of experiments with temperature
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diagnostics. Apparent difficulties remain in deseribing “he tempevature
decay profiles at the end of the power pulse. Additional comparisens of
thermal calculations to the arc measurements may be useful in rasclving

thege differences.

The calculations show considerable gensicivity in thermal behavior to
variationg in the surface conceantration and to the vapor aticking
probabilits. Comparing such calculations to arc ancde spob temperature
and vapor flux measurements could contribute to understanding lon source
behavior durfug both normal and abnormal conditions. In other areas, the
modeling techniques developed here should be useful ia studies of material

petrformance under transient optical or electvon heating.
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APPENDIX A

Listing of che program for surface temperature and vapor flux calculations.
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MOLES-CMee3 CONCENTRATION IN CINIT

MILTIPLY ALE BY 2.320% & ARRD 7.1953 TO B TO GET P IN DYyMES- CHME
HMITH MATURAL LOGS FROM P IM MM MG GNE LOG BASE 10 POGRAMETERT,
2Nt RERN(G, ¢x ICRD

IF (EOF 8 ER. 1} GO TO 254

200 FORMAT (I1X6R1 0>

BRCKSPRCE &

IFCICRD,EQ. 1Y RERD (Gr o1 ICRD« IEASE » THAX . PHMARK T IMMAX
IFCICRD.ED IMEIREY=, T,

IFCICRD.EQ. 12 IVIMES=H
IFCICRD.EQ, 2YRERD (Gs 204 CTITLEC(IN s Tl o d
IFCICRD.EQ. IREAD (1 28O (YL (I s =l oy

IECICRDLEQ. 4VREAD (B oV ICRD FESUCH» PSUCH« BTIMs PL PINSRABFLLUKG
IFCICRDLEQ. SYREAD (G 02 TCRD» RME CRy CKIMNs Ae Be M RLPHA
IF(ICRD.EQ. A RERN (G s o) JICRD CONL » COMNM COMG« AM« BM R HDIFF
1F ICRT, EQ, SYRERD (6 200 TRASH

IFCICRDLNE. 2260 TO 201

IF MM EQ, ) MM=i

IF{M.EQ, 0 M=z}

CONC=00N0

FLUX=N

CRalKIN

=K.~ (RMOOCPY

THMRY=%00

I=n

ITIMES=ITIMES+]

IFCITIMER. BT, 40B0OTH 202

R=2, 36

COEF=S0RT (3. 14186 KeRMHISCP)

COEF=1, ~COEF

FOdir=n

TIM{1> =0

SELLIM (1 =0

nmsz0s TIME ITERSTION LDOP

0540
NN&asg
19850
Rz n
DTS
s A0c

1 I=1+1

IFCI.ST.IMAXY 60 TO 32
TIMCI+1=NTIMel
FIcIv=n
IFCPEHCHY [ 18

PO COMPUTE CONTTANT INPUT POWER.

AnFLa
anraa
WOF 50
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12 IF(TIMCID LLE.PLY FIC(ID=PIN
50 10 22



http:IF(TI"(I).LE.PL
http:COEF"'SQRT(3.1416.CI(.RMQ.CP

80740C CRLCULATE POMER FOR CONST. FLUX.

aNPS0 19 IF (FLUKAFLUXOY LE. .50 20:21

no7en 20 IF(TIMCDN.GE.PLY GO TO &2

a077n ?I(IbﬂPIH

anres &0 TO 2

anvaen 21 ﬂFﬂTmeLUX/<2 ST (I=10) =FLUKSRS (T (I=12 002D
Aaann FLCORs (FLUKN-FLUXY ~DFDT

A0810 DR=(T =13 =T (1= <FLCOR # (COEFSSART (DT IMY S
00820 FICId=FI(I=13-DF

na939 IFFICD LT FI(I=0

niE4l IFFICIY.GT.PINY FICIN=PIN

30950 28 CONTINUE

nagsen IF(TIMCIY.GE.PLY FI(Id)=N

noa7n POMCITIMES. ID=FICDD

0OBRNC

noss0C CRLCULATE SURFRCE TEMPERATURE

aasan T Ix=0

anatn b 2 IT=is1

01920 =i, ~EXP (- (RANe2H 7/ (4, ¢THTIMCII+10))
QR93E0 TIT=I-1X+1

00240 FaFICLITY-FOO IT

%N TCIvaT I+ eCIEFeFeDTIMASART (TIMII 410D
G960 2 CONTINUE

AASFAL

ANeR00 CODE TO COMPUTE POMER LDSS FROM SLURFACE BY EVAPORATION

RORSOT COMPUTE varOR FLUX

aLaant FIRST COMPUTE CONCENTRATION BF EVAP ITPECIES AT SURFRCE,

aLoLn IFC.NLESHOHNGED TO 7

1020 FLUKINT=0

ey D0 ?0 If=1.1

14N 1IiT=I-11+1

BLO%0 FLUKINT=FLUMINTHYFLUKCIITY ST IMASARTCTIMCII+10)

leEn 0 CONTINUE :

NLa7a CONC=CONG-FLI{INT ~SRRT (2, 141S9eHDIFFY

N10an IFCCONCLLE. 0 GONC=0

nyan P PSF%PfofoI\*ﬁﬂﬂ ‘+B§

ni1a0 IR NLFEECHY B0 TO 7

1110 TR CCONC, LT, CONLD P=P¢§HDNCJCDNL3OOE

N1120 IF (CONCLOGT, CONHY  P=aPe (DONCATONHY oo

1100 HYRP TN LYMOLE

11140 72 HYAP=-ReR

1150 FLIM2Z0RT @, 7 (%, 141 6eRO T CIV+INN, YoMl  EATY Y

1150 FLUK=FLLIXeRLPHASP 74,

N1IFN PM=EXP RN (T (10432000 +BMY

a11a0 IFCPM.ER. 1Y PM=0

1130 HYaPM=-AMeR

N1200 FLUIEM=SRRT (8- 3, 1416eRe{T VIV 4NN opMet . ENTH

11210 FLIEM=FLUXMeRLPHReFM.-4

1220 YWFLIUK CI+1vsFLUS+FLLIXM

M1E30C FLUE IN MOLER- <CMReI

1340 OQUTPUT POMER IN WRTTZACMS

1250 EVAP=FLLIKe (HYAP+] . SeReT (I 1 +FLIIXMe CHYRFPM+ 1 . SeReT (I
1 2T

NLEFO0 COMPOTE RADISTION LOSS TERM

01230 FRAD=S, AA97E~12 T OI 4200, T +e4

11230 FOI+ 1 =EVAP+FRAD

y3an

nLztan FRINT HITPUT

11220 IFCL.ED. 1 10s1 1

ﬂl*- 1 BRIMTes” ©

FRINT#: "~

T RERIMTes " k= " WCKe " RBHO= “ «RHOy * CP= * +CPs " D=
PRIMNTS: "IN P =fR-T +B FBRTE E MITH F=" «Me " B=" +Bs"
I PRINT#. FOR SECOND COMPUNENT  H= "+F M. “ Bz *
IR0 PEINTSe " PIN= " JFINe " FlL= " +PLa"  HYAP=" HYAP."
1IN FPRINTe«” COMA= “«00OMNG " TONL= "« ANLs " CINH= "« CONH "

Y i}

=" oM
sBMe " M= oMM
HYRFZ=" « HYRFM
HUIFF= “J.HOIFF

47



http:IF(TIM(I~.GE.PL
http:IF(TIM(I).GE.PL
http:IF(CFLUX/FLUXO).LE

01460 PRINT®» " ALPHAZ “:ALPHA ¢

31410 PRINTO,"~ =

31430 PRINTS “SURFACE TIME ENERGY FLUX AT SURFECE YRR YaPTR 0N
314350 FL"

21440 PRINTe:" TEMP SEC TOY DUTPUT  EMPUT RADIANY FLis PRESS MIRE
71450+8 UX" : : .

Nid6n PRINTes" € HeOM2 e CH2 WooH2 MOl -CM2-5 BYMoEME 0R
N14?70+3 2 *

01480 PRINTes™ *“

N1420 11 J=d(l=-1)~Shel

1500 Bli=}

1510 RJ=l-1

01520 AJsf 1 %041

1330 IF(RLER.BID 1213

1540 12 CONTINUE

1550 IF (FLUMM.LT.1.E=7) FLUXM=R

M%an mezﬂmwadang'duxmnu.nnnnwwﬂuamuimmﬂw-mrcxsv s CONRC FLLINK
N8P0 99 FORMAT FS, O IXsES, e ROIHES, e ZCIMIER, 22 o FS. 2 IMsET. &
N1E8N 100 FORMAT(Z{1X»EL0,. 40D

%0 P STEMP(D=T I

ARG STIMC D =TIMI

H1610 13 EOMNTINUE

01620 60 10 1

71630 3 CONTIRUE

ME40 IECFIRSTY S8

MES0 5 FIRST=,.F,

NEEN CRLL PLOTPO (O« Qe TIMs To IMAM s Lefol ot 2 TITLE s XLABYLAB Lo e 0, « TIMMsN
LATN4+e 10 O, » THRE

niAgn B0 TO 4

N1a20 & CALL PLOTPOCR« O TIMeTo IMAXes 1alala il «TITLE«XLABs YLABs el i,
NE7 004« TIMMAX s 1o £, o THAXY

M0 4 CONTIRUE

QI7EN IFCITIMES.ER. 1> PRINY2O0« <TITLECIY » T=14+%

NIP2N IECITIMES.EQ. ICRSEY &0 T 202

1740 R TO 201

ALPSN 202 PRINTe.“15 TEMPERATURE OVERLAY FROM TAPELS WANTEDT®

01740 READ 250:ANR

NPT 2%0 FORMAT (AL

7SN IF GANS, NME, tHYYRO TO 2%1

npFen I=9

n13an REWIND 14

1210 RPERDCLIE 2000 « sRLRB(IN ¢ [ =15

M0 PRINT 200 (RLAECIN o =1+ 50

130 292 I=1+1

M40 REANCIGs®Y FI(INaTOID

41250 IFJEDQF (162 (ER, 1D 253,253

N1EE0 252 CALL PLOTPOOs 0sF e Tolals Do e 1HO e TITLE« XLAR vYLAR a1 o 01, « TIMM&X
AR ..ﬂ..:\amonu-.oﬂxmx.d :

alEan 251 CONTINUE

i T DO TR OIPL=1ITIMES

B1EOn N 795 I=1«eIMRX

1SN FICIy=POMCIPLs I

A1RE0 7S CONTINUE

a1asn IFCIPLL.NE. 1 &0 TO 74

1340 CELL PLOTPOCTs s TIMeFIoIMAXe e lala1H sTLMLAB« YL T laf, « TIMMAY
135 04w 1o 0, « PHAXD

HRAN RO TO 7R

ALA7PN 74 COLL PLOTPE B NaTIMFI+IMAXs Lo lete il « TLoXLAR VL= e 1o il
L9500+« TIMMAR Lo 1, s PMAXD

N19an PR OCONTINUE

AZ200A0 PRINT Z0ne sTL T e I=1+57

asnLn G0 10 201

AZnEn 2%4 CRLL EXTFLM O

NEaEa EMNI
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