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ABSTRACT

Pulsed surface irradiation of an absorbing material induces a
temperature transient which leads to melting and vaporization. If the
target is a two-component solid that evaporates incongruently, the near-
surface composition is also perturbed. A.mathemétical model and
numerical solution scheme have been developed to simulate the heat and
mass transport processes which result from rapid energy deposition in the
surface of a binary solid. The response surface method was used to
determine the loss of precision in such a computation due to. uncertainties
in the material properties at high temperatures.

‘Application of the method to incongruently-vaporizing UO, irradiated
by a pulsed laser demonstrated the extent of oXygen depletion of the
surface and revealed the sensitivity of the computed temperatures and
vaporization rates arising from lack of knowledge of the diffusivity of

oxygen in liquid UO,.
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I  INTRODUCTION
When an intense pulse of radiation is incident on a highly absorbing

solid material, the resulting rise in surface temperature and the gener-

"~ ation of temperature gradients beneath the surface produce a variety of

physical effects, which include surface vaporization, melting, thermal
radiation, thermal stresses, and shock waves. Typical characteristic
pulse times (microseconds or greater) are far longer than the time for
transfer of the absorbed energy to lattice phonons (picoseconds), so

that redistribution of the absbrbed energy can be treated as a macroscopic
heat conduction procéss.

In addition, composition redistribution due fo incbngruent evaporation
must be considered if the target material is a compound. In the uranium-
oxygen system, for example, oxygen is the‘preferentially-Vaporizing
component , and as a result of the limited mobility of oxygen in urania, a
deficiency‘ofvoxygen develops near the surface. The solid responds to this
change in surface composition by diffusion of oxygen from the bulk, thereby
creating a concentration distribution in the same near-surface layer which
contains thé temperature nonuniformity.

Although transient heating has been widely applied to investigatevthe '
thermophysical properties of 1liquid U02(1-4), there has been no report of a
calculation of the thermal and composition evolution of UO2 subjected to
a siﬁgle intense Surface heat pulse. In their laser pulsing experiments,
Ohse et al(Z).relied mainly on pyrometriC’measurement of surface temperatures;
their only sub-surface temperature profile calculation(5) was based on a
model of Dabby and Paek(6), which assumes a pribr(known) steady state

surface temperature. Surface dxygen depletion, which cannot be experimentally



determined, was not treated theoretically. The KfK group initially relied
on a gasdynamic model to infer vapor temperatures in laser pulsing of uo, (3)
but later switched to pyrometric measurement of the surface temperature(7).
Alfhough the solid temperature was not treated theoretically, surface
oxygen depletion was calculated from Breitung's ''forced congruent
evaporaﬁion"'model(S). This calculation assumes i) a constant, steady
state temperature throughout the solid achieved after a step change from
low temperature and 1ii) sufficient time for oxygen diffusidn in the solid
to establish a steady state O/U distribution in the vicinity of the
evaporating surface. Although these restrictions are adequate for the KfK
apparatus, they cannot be applied to transient heating pulse of arbitrary
temporal shape, particulafly when the characteristic time for mass diffusion
is of the same order as that of the temperature rise. In such cases, the
-asymptotic stationary congruent evaporation condition is not achieved,

In the present study, the response of two-component
solids to rapid addition of heat at or just beneath the surface of a semi-
infinite medium is analyzed by application of appropriate conservation
equations and flux laws. Because of the small penetration depth of the
temperature and composition perturbations, a one-dimensional analysis of a
semi-infinite medium is adequate. The moving boundary effect due to
surface ablation, temperature-dependent physical properties and sub-surface
melting are taken into account. No radial 1liquid movement is permitted
in the calculation but a planar melting front moves away from the surface.
The thermal effect of melting is treated implicitly via the heat capacity
term in the bulk. Both penetrating incident radiation, which produces

near-surface volumetric heating, and direct surface heating of



opaque solids are allowed. This option is designed not only to accommodate

different optical properties of thelmaterials subject to the surface
radiation, but also permits application of the calculation to a variety of
heat sources such as laser light, electron beam bombardment, energetic

ion impingement, and neutron and gamma ray pulse heating. Such transient

heating schemes have been proposed for the acquisition of thermochemical

data on refractory materials and are often good simulations.of’the thermal
loading on the walls of pulsed thermonuclear fusion reactors.

In one-component or congruently vaporizing multicomponent solids,
no composition redistribution occurs and only transport of heat need be
considered. In incongruently vaporizing binary solids, recession of the
surface is controlled by the rate of evaporation of the less volatile species,
but the rate of supply of components to the surface from the interior may
be governed by either species. In the zirconium-hydrogen system treated by
Olstad and Olander (9), hydrogen diffuses through a rigid zirconium lattice,
but because zirconium is nonvolatile, surface recéssion does not occur. In
initially stoichiometric urania, oxygen is the most volatile element because
of the high vapor pressure of U0z compared to UO. Oxygen is also the more
mobile element, and Sovéontrols the 0/U distribution. In uranium carbide,
on the other hand, the metal volatilizes preferentially and leaves behind
a carbon-rich solid. However, carbon is more mobile than uranium in the
solid and thus controls the composition changes. |

Vaporization of the surface affects the temperature and composition

~in the solid in the following ways. First, the evaporation process con-



stitutes a heat sink at the surface which must be incorporated into the
thermal boundary condition. In the limit of very intense heating, all of
the incident energy may be utiiized in supplying the heat of vaporization,
thus 1limiting the maximum temperature achievable. -Second, the recession
of the surface caused by ablation produces a moving-boundary complication
in the heat transfer analysis. Third, incongruent vaporization causes an
imbalance in composition between the surface and the bulk, which generates
a diffusive transport of the constituents of the solid near the surface.
To treat surface vaporization, it is essential to be able to relate the rate
of evaporation to the temperature and composition of the surface. Vaporiza-
tion of species i due to surface heating is described by the Hertz-Langmiur
formula: |

0 = i S | o

./z_wM_iWs' .

where o is the molar vaporization flux and P.1 is the equilibrium pressure
of vapor species i over a condensed phase at the instantaneous temperature
T and the composition of the ablating surface. Mi is the molecular weight

of species i, R is the gas constant, and @ is the_vapofization coefficient.

The vaporization coefficient in Eq(l) contains all of the kinetic
restrictions to vaporization arising from molecular processes which occur
on the surface before a particle is emitted to the vapor phase. For the
surfaces of single crystals of substances which must assemble many atoms
into a complex molecule prior to evaporation, « can be considerably less
than unity. However, for vaporization of monatomic solids to a monatomic

vapor or of solids in which only a modest rearrangement of atoms to form the
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vapor molecule is required, o is invariably close to umnity(10, 11). For

the polycrystalline surfaces of interest here, the evaporation coefficients
are larger than for single crystal surfaces. Thus for the exampleé cited in
the previous section, unit evaporation coefficient for steady state vacuum
vaporization is probably a very good assumption. In the following analysis,
the assumption a; = 1 is retained even for rapid transient heating.

Deépite reservations céncerning use of Eq(l) expressed by Breitung(4),
there is no other known theory for connecting vaporization rates to equilibrium
vapor pressures. This formﬁla has been widely applied in steady state
vacuum evhporation, being the only meané of measuring the vapor pressures
of refractory substances such as tungsten. .However, the validity of the
Hertz-Langmiur formula in rapid transients is a legitimate subject of
- concern, especially since evaporation rates may be so large that the vapor
plume is better described by continuum fluid mechanics than by free molecule
flow theory. The gas kinetic theory models of Anisimov(12) and Ytrehus(13)
predict collision-dominated flow after é nonequilibrium layer a few mean free
-paths thick. This theory is based on the assumption that molecules leave
the surface with a Maxwell-Boltzmann velocity distribution characteristic
of the sufface temperature. In_integral form, this assumption gives the
Hertz-Langmiur formula. Backscattering of emitted particles from the
vapor cloud above the surféce reduces the vaporization rate by a factor of
only ~ 18%, which is the value of the factor g8 in Eq(1).

Ablation analyses of fusion reactor first walls such as that reported in

Ref. 14 use the non-equilibrium vaporization model proposed some time ago by

Schrage(15):. oy
. - aiPi ) I‘rcxiPi (1)
! ZTT”ims 21T”iRI |



where ai is the condensation coefficient (the fraction of molecules
impinging on the surface which are not reflected directly back to the gas)
and T is a bulk flow correétion factor. The vapor properties Pi and T'
refer to the continuum fluid which exists outside of the nonequilibrium
layer adjacent td the surface.

The factor g in Eq(1) and the second term on the right hand side
of Eq(la) are corrections to the Hertz-Langmiur vacuum evaporation rate
due to molecules returning to the surface from the vapor cloud. The choice
of Eq(1) or (la) has a profound effect on the theoretical analysis of
surface ablation. If Eq(la) is employed, the thermal analysis of the
condensed phase is coupled to the fluid transport process occuring far
from the surface, solely because the vapor temperature and pressure
 appear in the last term of this formula. The use of Eq(l) to represent
nonequilibrium'vaporization has tWo distinct advantages, First, this
formula is based on a more thorough treatment of the physics of the vapor-
ization process than is the Schrage model, the shortcomings of which arev
discussed by Ytrehus(13). Second, the backscattering coefficient B is
independent of the state of the vapor immediately adjacent to the surface.
This factor depends only on the ratio of the equilibrium vapor pressure of

the condensed phase to the pre-pulse background gas pressure. If this
ratio is gréater than ~ 5, thenR = 0.18 and is independent of all
conditions of the blowoff. This backscattering factor applies to steady
evaporation. The time to achieve this value has been estimated by Anisimov
and Rakhmatulina (16) to be v 20 molecular collision times. The latter is
approximately the reciprocal of six times the product of the scattering

15

cross section of the evaporating molecules (v 10 cmz), the density

-6-



18 w3 fora vapor at 1

4

of the vapor in front of the surface (equal to 2x10
atm pressure and 4000 K), and the mean molecular speed (v 10" cm/s). For
these quantities, the chara;teristic time for attainment of steady state
evaporation is of the order of 0.1 ups. If the vapor density is smaller
than that assumed in the preceding example, the characteristic collision
time increaées and the backséattering factor may not achieve its éteady

state value during the transient. However, when the vapor density is so

low that this situation occurs, the collision rate is so small that

backscattering can be neglected entirely and 8 set equal to zero. Conditions

for which backscattering of evaporated molecules by the vapor cloud become
significant can be calculated by the test-particle method described in

- Ref, 17. However, situations of practical interest involve stroﬁg evaporation
in which backscattering is not only significant but occursvrapidly, so that
use of the steady state limit (i;e. B = 0.18) during millisecond-duration
transiéntS'is justified. Hence the evolution of the temperature and the
composition of the condensed phase is independent of the details of the

" vapor flow away from thé surface, and a coupled solid-vapor analysis is not

required.

IT  MATHEMATIC MODEL

- IT.1 Conservation Equations and Species Fluxes

A condensed phase (solid or 1liquid) consisting of components A and
B occupies the region x > 0 which is considered to be semi-infinite in
extent. The applicability of this simplification to a particular system
depends -on the duration of the energy pulse (tp) and the thickness of |
the object irradiated. For a material with thermal diffusivity K, the

1 e e e
thermal effect penetrates to a depth of ~ (Ktp)z. The semi-infinite

-7~
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medium approximation is valid to the extent that this depth is smaller than
the actual thickness. An upper limit to the pulse duration 1is set at (0,2
ms, which includes most applications to laboratory laser pulsing experi-
ments. With a thermal diffusivity of 0.01 cm?/s (the value for UO,), the
semi—infinite medium condition is satisfied for specimen thicknesses greater
than a few tens of microns.

Because of evaporatidn at x = 0, the surface recedes with a velocity
v. In a coordinate system moving with this surface, the energy balance

equation is:

=~ [ 8T T\ _ 3 [, oT ,.
o (E-vE) - &(xE)q @

where T is the temperature, k is the thermal conductivity and ¢ ='CA + CB
is the total mass density of the condensed phase. The volumetric heat

source QV is a prescribed function of time and position. The term Cb
denotes the effective specific heat of the condensed phase; its use to

account for melting is explained in Section II.4. A small term representing

the heat transported by the diffusing species has been neglected.

In the same coordinate system, the mass balance on component A is:

8CA BCA

—_— - —=

3 .
5t 3x . 3x JA (3)

where CA is the mass concentration of component A in the condensed phase and
jA is its flux. In the moving coordinate system, the condensed phase
appears to be flowing in the negative x direction with umniform velocity v,

which accounts for the convective term on the left hand side of Eq(3).
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Two cases can be distinguished in formulating the diffusive flux of
component A in the condensed phase (jA); For binary solids in which one
component 1is considerably more mobile than the other, the mobile constituent
A can be considered to diffuse through a fixed lattice of immobile component
B. The diffusive flux is:

*
J'N'%(%%*'Q‘Czﬁ %{') | (4)
\ RT
where DA is the diffusion cdefficient of A in the soiid, Q* is the heat

of transport and R is the gas constant, The second term on the right hand

side of Eq(4) is the Soret flux. Becauée cdmponent B is considered to-

be immobile, jB = 0, and because it is assumed to form a rigid lattice,

the concentration CB is everywhere constant. In this case there is no
conservation equation corresponding to Eq(3) for component B. The
-compositionvgradient in the solid is created by Vacancies in the sublattice
- of A. The sublattice of component B reﬁains perfect. This situation is
applicable to solid UOZ’ where A = oxygen and B = uranium.

The second case of practical importance is applicable to the
surface‘éfter melting. Since there is no long-range structure in the
liquid, diffusion occurs by interchange of A and B atoms in a medium of
approximately constant density. The fluxes of A and B relative to the

bulk velocity of the liquid are:

I AB 3x-

3C ' (5)
ig= Dy T2
B AB 3x

where DAB is the mutual diffusion coefficient of the A-B liquid binary(18).

Thermal diffusion has been neglected for simplicity. There is a conser-

vation'equation for component B comparable to Eq(3), but it provides no

-9-



additional information since CA + CB = p = constant.

- II.2  Surface Composition Conditions

The boundary condition for Eq(3) requires matching of species fluxes

at x = 0. An observer on the moving boundary sees a flux ji of component
A entering the gas phase in the form of one or more molecules containing
this element. To balance this loss, condensed phase appears to the observer
to flow towards the surface at a velocity v, which provides a flux

VCA(X = 0) of component A. In addition, component A diffuses relative to
the bulk condensed phase to produce a negative flux jA(x = 0). The

equality of the fluxes of species A on both sides of the moving boundary

is expressed by:

j§=<-jA+ch> 6)
x=0 : :
A similar flux match applies to component B:
.g _ . _
Jjg = -J +vC> (7}
B ( B B =0
Assuming the applicability of the Hertz-Langmiur forhula, the -
g g

vapor fluxes jA and jB are functions only qf the surface temperature
and a single condensed phase concentration at the surface, such as the
A-to-B ratio, CA/CB. Assuming that the equilibrium thermodynamics of
vaporization indicates vapor phase molecules of the type AiBl’ the

evaporation flux of A is:
g _ .
j® =M, Yie (8)
A A AiB2

where °AB is given by Eq(l) and MA is the atomic weight of element
ive
A. The summation runs over all vapor molecules which contain one or

more atoms of A.

_10_
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The corresponding equation for the vapor flux of component B is:
g _
jn =M 28 _ ‘
B . BZ iBsc , (9)

For the case of mobile constituent A in immobile B, the boundary

condition at x = 0 is obtained by combining Eqs(4), (6) and (8).

Neglecting thermal diffusion, the result is:

3C "
A = 1 - =

The recession velocity is obtained by setting jB = 0 in Eq(7)‘and

combining the result with Eq(9):

M2 u)AiBQ .
Vo 11
P B '

For the liquid surface, the appropriate boundary condition iS:

3C
A - _
Dap <'?B<—> L T Mazieyp - VG = 0) (12)
x=0 i

The ablation rate of the liquid surface is obtained by adding Eqs(6)

and (7) and noting that because p = CA + CB = constant, jA + jB = (:

M id + N Ld
h 2 AB, 9> A;B,
_ (13)

v = ‘
Ca + Cp

II.3 Surface Heat Fluxes

Radiation incident on an absorbing medium generally decreases in

intensity with distance as e—YX, where y is the absorption coefficient

-11-



of the material for the radiation. If the pulse duration has a

charateristic time t_, the thermal perturbation penetrates the medium

p’
to a distance approximately equal to @<tp)%, where « . is the
thermal diffusivity. If vl <</EE;} the temperature transient can be
satisfactorily represented as driven by a surface heat source. If

'1 Ktp the radiation is best treated by the'volumefric heat source
term in Eq(2).

In.general the rate at which energy enters the condensed phase is
smaller than the heat flux arriving at the surface. If the vapor is
ionized, optical radiation such as that provided byva laser can be
strongly absorbed by the plasma. Even if the vapor is transparent to the
incident radiation, a fraction is reflected from the surface and does
not contribute to direct heating of the condensed phase. In the case of
low enérgy ion bombar&ment of a surface, energy is lost by stopping in
the vapor even if it consists of neutral species only. This form of vapor
shielding of the surface has béen treated by Hassanein et al.(19). In the
present analysis vapor shielding phenomena are not treated explicitly;
instead, the actual energy flux entering the condensed phase is assumed
to be specified,

For surface heating, the heat transported by conduction into the
condensed phase at x = 0 is the difference between the input due to surface
absorption of the incident radiation and heat losses by thermal radiation
and to provide the vaporization enthalpy of the emitted molecules. The

flux balance is:

k < ) =0 B qp Yrad ~ vap (14)

-12_



where qp is the surface heat source which is assumed to be a pulse of
arbitrary temporal shape. The heat lost by thermal radiation,’qrad, is
usually small compared to the incident flux even at very high temperatures.

The heat required to sustain the vapor blowoff is:

Uvap ~ AI-R/ZQAin ‘ ' (15)

where AHV is the heat of vaporization per mole of'cbmponent A(or B) and
the sum includes all A- (or B-) containing molecules. For example, in

applying Eq(13) to UOZ’ AHV is the heat of vaporization per mole of UOZ’
irrespective of whether the actual evaporating species in U, UO, UO2 or

UO,. These four vapor species are included in the sum in Eq(13), but

3
terms for the vaporization of O and 02 are not.

1I1.4 Treatment of Melting

Transformation from solid to liquid at the melting point introduces
a planar heat source which must be taken into accouht in the thermal
analysis. Rather than‘treat the solid-liquid system as a composite
- medium requiring a heat balance and temperature eduality as matching
conditions at the melt boundary, this interface is considered to be a region
of nonzero width in which the heat capacity changes rapidly with temperature.
This approximétion is acceﬁtable because the energy absorbed by melting
is usually small compared with that supplied in the pulse. For example,
.a pulse of 3x105 W/cm2 which lasts for 0.2 ms delivers 60 J per cm2 of
surface. Assume that melting occurs to the depth of penetration of the

thermal disturbance, which is VKtp ~ 1070

cm for a ceramic such as UO2
and this surface pulse. For a heat of fusion of 275 J/g and a density

of 11 g/cms, approximately 3 J/cmz'are required for melting, which

-13-



is v 5% of the incident energy density, = Surface ablation, on the other
hand, has more significant thermal consequences because the heat of vaporiza-
tion is typically an order of magnitude larger than the heat of fusion.

An apparent heat capacity Cb which includes melting can be written

Cb(T) = Cp(T) + AHgS (T - Tg) _ (16)
where Cp is the ordinary specific heat of the condensed phase (solid or
liquid depending on the temperature), AHf is the heat of fusion. Tf is the
melting point and § is the Dirac delta function. To avoid the discontinuity
at the melting point implicit in Eq(16), which would create difficulties in
the numerical solution, the delta function in the last term is replaced by
a Gaussian function of half-width AT.. The apparent heat capacity of the
condensed phase becomes:

/ 2
e e I e Sy (Z_E% ] 17)
p p /7 AT AT¢

The enthalpy contained in a layer cqrresponding to +V24T, of melting point,
which is the integral of Eﬁ(T), is the same when calculated from Eq(16) or
Eq(17). Computed temperature distributions are not sensitive to the choice
of the temperature range over which fusion is artificially spread. The value
ATg = 50 K has been used in all calculations.

All other physical properties can change discontinuously at the melting
point without creating computational difficulties. Dependence of properties
on composition is ignored for lack of information, particularly in the liquid
state.

II.5 Other Conditions

Conditions prior to the transient and far from the surface need to be

specified. These are:

-14-
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In some applications, the solid irradiated by the pulse may initially support
a nonuniform temperature distribution instead of the unifonn.temperature
specified in Eq.(18). The temperature transient produced by the energy

pulse at the surface can simply be added to the pre-existing

distribution provided that the latter would not have changed significantly
during the duration of the pulse due to cooling mechanisms acting on the
unirfadiated surfaces. If such cooling is important, the linearity of

heat conduction permits the problem of relaxation of the initial temperature
distribution to be treated independently of the calculation of the témpérature
trénsient induced by the énergy pulse on the Surface(ZO).. Although the high
temperatures and sﬁfface ablation involved in the thermal response to the
pﬁlse introduce nonlinearities into the heat transfer process, these are not
strongly coupled to the computation of the change in an initial distribution
during the pulée, and separability of the two thermal problems remains an
acceptable simplification.

IIT  NUMERICAL SOLUTION METHOD

Nonlinearities resulting from the temperature-dependent thermal
properties, the convective-like term appearing from coordinate transforma-
tion, the moving melting front and the boundary conditions containing the

strongly temperature-dependent ablative term, make analytical solution
impossible. In addition, for an incongruently vaporizing binary materials,
the heat and mass transport equations are strongly coupled. The linkage

occurs because the vaporization fluxes defined by Eq(1l) depend upon the

-15-
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.temperaturé and the composition at the surface. These fluxes determine the
recession velocity by Eqs(11) or (13), which appears in the conservation
equations given by Eqs(2) and (3). The vaporization fluxes also appear
in the surface energy balance via Eqs(14) and (15). A consequence
of this coupling is that the surface temperature excursion is
dependent upon the diffusion coefficient of component A in the condensed
phase.

Numerical solution is accomplished by the Crank-Nicolson finite
difference method, in which the space and time derivatives are replaced
by second order cofrect finite.difference representations. The
Newton-Raphson method is used to carry out the iterations. Although this
combination of numerical techniques is not very efficient for highly
nonlinear problems, it works qﬁite well for a smoothly-varying heat source
with a predictor-corrector scheme for constructing good initial guesses
for iterations. Gaussian elimination back-substitution is an
efficient way to solve the resulting system of linear equations. Further--
more instead of using constant space and time increments, as usually done
for slowly-varying problems, the space increment is varied in a geometrical
manner and the time variation is determined by multistep method. Details
of the numerical analysis are given in Ref. 21.
IV. RESULTS |

This section presents calculated temperature and composition variations
in initially stoichiometric UO2 which is subjected to high intensity 1asér
irradiation. The laser pulse is roughly triangular in shape and lasts
approximately 400 ys. The energy contained in the pulse varies from

10 to 30 J which, for an illuminated spot of 0.5 cmz, produces peak

_16_
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power densities ranging from 1 x 107 to 3 x 10 W/cm“. The eqﬁatioﬁs
presented in Section II are used in the computation. Bulk heating

(Q, in Eq(2)) is neglected because polycrystalline UO, above v 1700 K

is opaque to the incident radiation. Thermal diffusion'by the Soret
effect is negligible. If makes little difference if the recession
velocity is computed by Eq(11) or by Eq(13); the mobile constituent (A =
oxygen) is so light compared to uranium that these two expressiéns for v
are essentially equivalent., The approkimate treatment of subsurface
melting described in Section II.4 is used in this analysis. The temper-
ature-dependent physical properties of UO2 needed for thé analysis are
given in Ref,21. Using the best estimates of these properties and an
initial temperature of 1600 K, the changes in surface temperature and
surface O/U ratio for a 10 J pulse are éhown in Fig. 1. The surfacé
temperature reaches a maximum of 3950 K.slightly after the peak of the
laser pulse and decreases slowly thereafter. The surface 0/U ratio
atﬁains a minimum value of 1.95 at about the same time that the |
temperature peaks. The solid becomes depleted of oxygen due to preferential
vaporization of UO3 from the liquid. However, a recovery of the surface
oxygen concentration occurs late in the transient due to oxygen diffusion
from the stoichiometric bulk solid. For an incident laser pulse of 30 J,
a maximum surface temperature of 4610 X and a minimum O/U ratio of 1.75
ére reached. For steady temperatures equal to the maxima achieved in the
10 and 30 J pulses, Breitung's forced congruent vaporization model (8)
predicts surface O/U ratios of 1.89 and 1.57, respectively. These

oxygen depletions are more severe than those using the present full

transient analysis. The oxygen-depleted layer extends to a depth of

~ 6 um below the surface.
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The calculations which produced the results shown in Fig. 1 assume
a perfectly defined set of input values, each combination of which
produces a unique output response (i.e., surface temperature or surface
composition). However, many of the input variables can only be specified
within a range of likely values, and as a result of this imprecision, the
plots shown 'in Fig. 1 should be bands rather than lines. The '"'response
surface method" developed in Refs 22 and 23 for application to fuel
modeling codes provides a quantitative means of calculating the fuzziness
of the output caused by uncertainties in the input variables. Application-
of this method to the calculation outlined in the preceding sections is
presented in quantitative detail in Ref. 17, and only a qualitative
description of the technique is given here.

For example, .the thermal conductivity of liquid UO2 is judged to

fall in a range bracketed by 0.044 and 0.031 W/cm-K, the heat of
vaporization to be between 980 and 1960 J/g, and the oxygen diffusivity
to follow either of the following formulas:

0.016e 2620/T

Dy = or (en’/s)
O.3e-24800/T

A "response surface'" is a representation of the maximum surface
tempefature, for example, as a function of the three variables
specified as uhcertain within the ranges given above. The response
surface can be characterized by a mean value and by a variance, the
latter depending on the uncertainties in all of the input variables.

In addition, the fractional contributions of each variable to the total

uncertainty in the output can be determined by the response surface
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method. The results.of the sensitivity analysis on the behavior of UO2
in a laser pulse over a range of laser energies are shown in Fig. 2.

The solid lines represent the mean (or best estimate) output quantitiés
and the'dashed lines indicate the variance due to uncertainties iﬁ the
input data. The uncertainty in the predicted maximm surface temperature
is approximately + 150 K, and that of the composition nearly a tenth of
an O/U unit. As expected, the uncertainty in the thermal conductivity
and heat of vaporizatidh have the greatest effect on the thermal
response. However, for the 30 J pulse, the lack of precise knowledge‘

of the oxygen diffusion coefficient adds more to the variance of the surface

temperature maximum than does uncertainty in the thermal conductivity.

V. CONCLUSIONS

A mathematical model and numerical scheme have been developed to
simulate the temperature excursion ahd component redistributiOn of a
solid subjected to a high power energy pulse. Application of the
computational method to the response of uranium dioxide to laser pulses
illustrated the importance of correctly accounting for component redis-
tribution driven by the composition changes induced by incongruent vapor-,
jzation. The response surface method was used for the sensitivity analyses
of the effect of uncertainties of some of the material properties of UO2

on the response of the system to transient pulsing,
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LIST OF FIGURES

1. (a) Surface temperature transient and (b) the surface composition
transient for a 10 J laser pulse on UO,. The peak of the pulse
occurs after 50 us froﬁ the start of irradiation and the pulse
terminates after 400 us.

2. (a) ‘Mean and variance of the maximum surface temperature and (b) the
surface composition at the time of the maximum surface temperature.
The slope discontinuity in the temperatufe plot is due to a change in
the temporal shape of the laser pulse which occurs at ~ 11 J. The

uncertainties are represented by the zone bounded by the dashed lines.
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