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Numerical Simulation of Transient, Inconfruent Vaporization 
Induced by High Power Laser 

C. H. Tsai 
U C Berkeley - Lawrence Berkeley Lab 

2. INTRODUCTION 
When laser radiation Is incident on an absorbing material, all the 

effects such as phase changes (melting or vaporization), thermal stress, 
thermal radiation and shock waves from the surface and mass transport in 
the bulk are associated with the surface temperatures, temperature gra­
dients and composition gradients during the irradiation transient. The 
laser energy absorption and conduction is considered as a heat transfer 
process because the laser pulsing time and the characteristic heating 
time are far longer than the time for electronic relaxation and transfer 
of energy to the lattice phonos (—10 sec). In addition to the heat 
conduction problem, the composition redistribution during the transient 
due to the incongruent evaporation has to be considered when the target 
material is a compound. 

Although laser surface heating (L5H) technique has been developed 
(I_i4) 

for years for thermal physical property invest igat ion of l i q u i d 

phase urania, there has been no any attempt to ca lculate the ~msec ther­

mal evolution of a sol id urania subject to intensive laser impingement. 
(2 ) Ohse e t a l r e l i e d mainly on the pyrometric measurement of surface 

temperature and no surface oxygen deplet ion has beer, considered. The 

only e f f o r t they did for temperature p r o f i l e ca lcu la t ion was the 
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adoption of Dabby and Paek model assuming a prior known steady state 

surface temperature, called "evaporation temperature" for the purpose of 

investigating the- influence of the sub-surface temperature profile on 

the pyrometric measurement of surface temperatures ( i . e . the difference 

In emitted thermal radiation intensity between a uniformly heated sample 

and the one with non-uniljrm temperature pro f i l e ) . Bober et al relied 

on f i r s t l y the gasdynamic model Interpretation ' , then the pyrometric 
(7) measurement . The surface oxygen depletion and oxygen-to-uranium 

ratio profi le was calculated based on the "forced congruent evaporation" 

(8) 

model by Breitung assuming a prior known steady s ta te , uniform tem­

perature and eventually an asymtotlc steady state oxygen-to-urar.ium 

ratio prof i le . The basic requirement for the forced congruent evapora­

tion model i s the 3teady s tate temperature, and i t i s not applicable to 

~msec transient heating condition because the characteristic time for 

oxygen diffusion process i s in the same order as the temperature evolu­

tion and the asymtotic stationary "congruent" evaporation i s not obtain­

able. 

In this study, a mathematical model and numerical calculations 

developed to solve the heat and mass transfer problems speci f ica l ly for 

uranun oxide subject to laser irradiaton. It can easly be modified for 

other heat sources or'and other materials. In the uranium-oxygen sys­

tem, oxygen i s the preferentially vaporizing component, and as s result 

of the f in i te mobility of oxygen in the so l id , an oxygen deficiency i s 

set up near the surface. Because of the bivariant behavior of uranium 

oxide, the heat transfer problem and the oxygen diffusion problem are 

coupled and a numerical method of simultaneously solving the two boun­

dary value problems i s studied. The temperature dependence of the 
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thermal properties and oxygen diffuslvity, as well as the highly abla­

tive effect on the surface, leads to considerable non-linearities in 

both the governing differential equations and the boundary conditions. 

Based on the earlier work done in this laboratory by Olstad and Olander 

on Iron and on Zirconiun hydride , the generality of the problem 

is expanded and the efficiency of the numerical scheme is improved. The 

f inite difference method, along with some advanced numerical techniques, 

is found to be an efficient way to solve this problem. 
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£ . MATHEMATICAL MODEL 

Consider a semi - in f in i t e slab occupying the region z>0f and the 

slab i s i r rad ia ted by a pulBe of l a se r beam propagating in z -d i r ec t ion . 

One-dimensional heat conduction, one-dimensional ablat ion (no radia l 

l iquid movement) with phase change and one-dimensional oxygen diffusion 

are assumed. The phase change, or fusion, i s considered impl ic i t ly in 

the heat capacity term and heat of vaporizat ion term (see Appendix C). 

Although the l a se r focal spot size i s usually very small , i t i s s t i l l 

orders of magnitude la rger than the c h a r a c t e r i s t i c lengths of hea. con-

dution and diffusion in most mater ia l s , espec ia l ly refractory mater ials 

l ike uranium oxide. Thermodynamic equilibrium during t rans ient vapori­

zation due to l a se r heating i s assumed because the decrease in surface 

stoichiometry can only be quantified based on th i s assumption. Either 

penetration of l a se r radia t ion (volumetric heating) or the absorbing 

surface (surface heating) is allowed. This option i s designed not only 

for the dif ferent opt ica l propert ies of the mater ia ls subject to laser 

rad ia t ion , but also for tne appl ica t ion to other volumetric heating 

techniques, such as exploding wires, e lect ron beam bombardment heating 

and neutron pulse heating, which are also proposed for the acquis i t ion 

of thermochemical data measrements. The vapor plume created by vapori­

sat ion i s assumed to be transparent to the incident l a se r rad ia t ion . 

2_.\_ Mass Balance Equation 

Due to the low diffusion coeff ic ient of uranium ions in V10_ 



coapared with the diffusion coeff icient of oxygen ions, the uranium ions 

are considered to form an immobile l a t t i c e through which oxygen can 

migrate. 

The mass balance equation of oxygen in the solid phase i s : 

where C = mass concentration of oxygen atom in the so l id , g/air 

j = oxygen diffusive flux in the so l id , g/cm - s e c . 

To account for the poss ibi l i ty of s ignif icant ablation from the 

interphase boundary, we make the following coordinate transformation: 

r = t 

l x = z - vt (2) 

where z i s the coordinate from the original surface, v i s the ablation 

(surface recession) veloci ty . 

After the coordinate transformation, the balance equation of oxygen 

becomes: 

oC oC v . 
o o o .d . , 

"ST " ""ST -- - *Si J o ( 3 > 
Neglecting the prime on t' and rearranging the equation, we have: 

oC \ _, oC o o .fl o 
"ST • - ot Jo + ""ST <*> 

2.2 Energy Balance Equation 

The general energy balance equation for the so l id , assuming that 

oxygen i s the only mobile component i s : 
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where p = mass density, g/cm 

0 = specif ic internal energy, J/g 

q = heat f lux, W/cm 

h = partial specif ic enthalpy of oxygen, J/g 

Q = volumetric heat source, W/cm . 

For the heat conduction through a condensed. Incompressible medium 

with mobile oxygen and immobile uranium, the specif ic internal energy 0 

i s a function of temperature T and concentration C only. Therefore, 

oO , o 0 , , i C o . ,o0 , ,oT, 
Si * '-cc-V-oF' + (ST°C ( o t ' ( 6 > 

O 0 
Assuming no mechanical work is done, 

0 = A = Th^+h^J/p (7) 

g/cm 

Since h,, and C,, are assumed independent of C (based on the assurap-U U o *^ 
tion that uranium atoms are immobile), 

# ' T = VP ( 8 ) 

o 
Similarly, 

<o7>c - <&c = c p <» 
o o r 

where C i s the constant pressure specific heat in J/g-K. Therefore, 

equation C6) becomes: 

M i X r OT 
• C p ^ 

(10) 
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Substituting eq. (10) into eq. (5) and using the coordinate transforma­
tion of eq. (3), we have: 

?CM - P V K * »<£•• - V&* - fe - h$o> • °v »» 
Multiplying eq. (4) by h and subs t i t u t ing the resul t in to eq . (11) 

y i e l d s : 

O C T 2 - O C V ^ = - | 3 - jdJ^."h • Q (12) 
f p J t ' p ^ x 6x J oSx n o y v l * ' 

2 . J Oxygen Diffusive Flux and Heat Flux 

Ta^-rg in to account the Soret and Dufour e f f e c t s , the ma&3 and heat 

f luxes are given by: 

<d o o ooT . . . . 
J

0 = - Vsr - ? ox ( 1 3 ) 

RT D 0 iiC M (1M) 
o 

where D = diffusion ine f f i c i en t of oxygen in uranism oxide, 
2 cm /sec 

Q = heat of t ranspor t of oxygen in uraniun oxide, 

J/mole 

R = gas constant = 8.311 J/K-mole 

H = atomic weight of oxygen = 16 g/g-atoci 

X = thermal conduct iv i ty , W/cm-K 

2_.£ Initial and Boundary Conditions 

Tne two Dalance equations CO and (12) are coupled through the two 
d 

fluxes j and q. In order to solve th03e two partial differential equa­
tions, we need two initial conditions and four boundary condicions. 



The initial conditions are: 

I (15) 
where T i3 the initial temperature before lasfji* impingement t 

d C is the initial mass cone o 

The boundary conditions are: « 

(i) at the moving interphase boundary, x • 0: 

As a result of preferential vaporization*' and finite supply rate 

from the bulk, oxygen is depleted at the surface and a concentration 

gradient is set up across the inside of the oxide which drives a stream 

of oxygen atoms towards the surface. The diffusion flux at the surface 

is given in eq. (13) except all the quantities are evaluated at x=0. 

The mass balance for oxygen atoms at the interphase boundary gives: 

S ' * 
where C is the mass concentration of oxygen atom of the solid at the 

* 
surface, j** is the total mass flux of oxygen in the gas phase, 

Jo = - ( 5 * U O 3
+ 2 % O 2

+ * J O + V 2 * O 2
) M O 07) 

and v is the surface recession velocity, which is the ratio of the eva­

poration mass flux of uranium-bearing species j ~ . and \he mass concentra-

v * - iV% = (%o 3
+*Jo 2

+*ao +*u ) Mu / cu . . ( , 8 ) 

Th'.' sign convention is that a flux (mass or heat) is positive if it is 

in the positive x direction. (Remember that the fluxes are relative to 

the moving boundary.) 
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The Langmiur vaporization rate of species i, •. is: 

2 
T — mole/cm -sec (19) 

\ ! 2 " E , I s \ ! H i 

where T is the surface temperature and P. is the equilibrium pressure 

of species i over the solid at the surface composition and temperature. 

The vacuum vaporization formula of eq. (19) is strictly valid only if 

the vapor plume in front of the solid is collisionless. However, many 

theoretical investigations have shown that even in a collision-

dominated vapor plume, the net vaporization rate is at least 82% of that 

given by eq. (19) (i.e. the fraction of the forward vaporization flux 

backscattered to the surface is <18#). 

Combining eqs. (15) and (16), we have: 

o-C D Q C 
' ^ ! „ - .1« + 

R T 2 dx'x=0 j* + vC (20) 

The heat flux in the solid at the interphase .boundary is balanced 

by the heat loss carried by the vaporizing species (ablation), the radi­

ation heat loss and the heat flux input from the laser (for surface 

absorption only), i.e., 

(q) x = 0 - - MS&l - «t(XT* - Tj) *Q (2,) 
1 

whereof. = heat of vaor iza t ion of species i , j / g 

T h = the ambient temperature (usually room temperature) , K* 

to t a l hemispherical optica 

C = Stefan-Boltzmann constant 

- 5.6686 x10~ 1 2 J /cm 2 -sec-K 4 

2 
and Q = surface heat source, W/cm . 
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If the laser radiation i s considered to penetrate into the so l id , 

the volumetric heat source term Q in the energy equation i s nonzero and 

the surface heat source term Q In the boundary condition i s zero. If 

the laser irradiation i s considered as a surface source, Q i s nonzero 

and Q i s zero. 

Combining eqs. (11) and (21) , we have: 

Do°*^ Co oT v 1 « 
" -S-ST 1 x=o " € i x=o = " »i*&1 - V ( T s - V • «, < 2 2 > 

o l 

The boundary condition eqs. (20) and (22) can be separated to solve 

for oC /ox and OTAX exp l i c i t l y : 

(23) rgl) = i s 2 
'*» x = 0 D ( qVu " 

k __° a 
2 M RT 

O 3 
d = uo3,uo2,uo,u,o,o2) 

oC o RT i 
OX X-0 D ( Q j<! c 3 

M HT 2 

0 S 
( i i ) at the far end of the so l id , x = oo: 

T(oo,t) = T and C (oo,t) = C° (25) 
o o o 

2.5_ Oxygen Diffusion and Heat Conduction Equation 

Substituting the f luxes, eqs, (13) and (11) , into the partial dif­

ferential equations CO and (12) , we obtain the two boundary value prob­

lems to be solved for T and C : 



Jo v Jc t ( c v >c o a /„ o . o OMS ^ 
ST ' H ( V a T * ——a-5S> + ^ T ( 2 6 ) 

ST 1 S , v X . .3T, . , D o t e o„ 
K • j ^ ( MQ Sx + kSx° * (j5c^ST * 

D / C O * T » * O + ST + «v , „ , 

I p 2 l p 

I . C . : T(it,0) = TQ and C o (x ,0) - C° 0 t -0 (28) 

- • • • * - • * ^ — 
k 3 

M HT 
o s 

* s 

< A * ^TTW 
M RT2 

o s 

T(oo, t ) - T Q and C (oo , t ) = C° @ x=or (31 ) 

2,f> Approximate Conservation Equations 

In this study, an approxima 3 solution is treated by assuming that 

3 and ôh fbx are aero; in othtr words, the thermal diffusion (Soret and 

Dufour effects) of oxygen is neglected and the oxygen diffusion does not 

transport any energy. Also, the ablation heat term 2M.$.£j{. is approxi-
i 

mated by J t 0 4 £ ^ v a p t where j , i r the t o t a l vaporizat ion flux (=SM.'1\) 
i l l 

and /V; i s -jhe heat of vaporization from p. -T r e l a t i on (P i s the 
—' vap r tot v tot 

total vapor pressure of U0_). 

The boundary value problems become: 

5c * fcc fcc 
Tr-& D«*r> + T5T (52) 
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0.. 

i p i p 

I . C . : T(x,0) » T Q a n d C ( > ( i , 0 ) - C° (34) 

0 

T(oo, t ) = T and C (oo , t ) - C° (37) 

The v a l i d i t y of these approximations has been tes ted and found to 

be acceptable . 

In r e a l i t y , i t i s the oxygen-to-uranium r a t i o , 0/U, which we are 

in te res ted in , ra ther than the oxygen concentrat ion C . Let us define 
CQ/M 

the oxygen-to-uranium r a t i o r = •_• ;-• . Since the concentration of 

uranium C.. i s assumed constant, we can obtain equations for r simply 

multiplying the equations involving C by • •• : 
° o U 

o"r ^ ,- ^ r x A ^ r /,_-, 

i P i p 

I . C . : T(x,0) - T and r (x ,0) - r (40) 
0 0 

a 

&x=o - - ̂ < |K> 
0 

T(oo,t) = T and r ( o o r t ) = r (43) 

where and r are the oxygen-to-uranium r a t i o s of the aolid a t the s o 
surface and in the bulk, respec t ive ly . 
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£•2 Nofl-dircensionaligation of Conservation Equations 

Because of the non- l inear i ty of the governing d i f f e r e n t i a l equa­

t ions (38) and (39) and the boundary condition equations (41) and (42) , 

the ana ly t i ca l so lu t ions are not poss ib le . Before the numerical methods 

are applied, eqs. (38) - (43) have to be non-dimensionalized, because 

the numerical values in the computations are normally assumed dimension-

I sss and i t i s obvious t ha t i t i s meaningless to carry on the operat ions 

among the numerical values of d i f fe ren t u n i t s . 

By introducing appropriate c h a r a c t e r i s t i c composition r , charac­

t e r i s t i c temperature T, c h a r a c t e r i s t i c time T; and c h a r a c t e r i s t i c length 

x, we can define the dimensionless q u a n t i t i e s : 

Y - - ; 9 = ^ ; T - - ; x = ^ (44) 
r T I x 

In the problem formulated in the begining of the sec t ion , espe­

c i a l l y for U0 ? t the c h a r a c t e r i s t i c quan t i t i e s were taken a s : 

r - r ; T « T ; t - t _ ; x - ( - # 4 (45) 
o o pul bC m 

' P 

where r = i n i t i a l oxygen-to-uranium ra t io 

P * i n i t i a l temperature, K 

t . = ef fec t ive l a se r power pulse width 
= J > ( t ) d t / P = E . . / P •̂  max tot max 

E. , * to ta l l a se r energy, Joules to t 
P max 

and "m" means that the quantities are evaluated at the melting tem­

perature. 



After the in t roduct ion of dimensionless quan t i t i e s and re -

arrangemen t ( eqs. (38) - (43) become: 

\ | pu l>C 'm j * 
E — U - ^ 

(47) 

I .C.: 8(x,0) - 1 and Y(x tO) - t (48) 
B-C-: ( | U - 1 T <«> 

(H>X=0 " % < 5°> 
»(oo,T) = 1 and Y(oo,T) - ' (51) 

where A . <£-)/&) 
' P ' P 

_1_ 
A2 - \ ! V ^ ^ 

Is. iis 
A 3 * k dT 

A = (.-*-) 1 P U 1 Q ft4 V ; m k T v v r p o 
B, " <jK>Do 

' P 

B2 • v\l v T ( ^ / D o 
T dP 

B . _ £ _ a 
3 D Q dT 

rl̂  =* dimenaionless surface temperature gradient 
't < k ) 2 

\! pul bC 'm . , 
= ' £, T [i 7 ^ +< .r(T4-</)-Q ] 

k o'-^tot-'vap t a b s J 

and q = dimensionless surface composition gradient 

D r o o 
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The standard c l a s s i c a l reference on the heat t r ans fe r ana lys i s i s 

the book by Carelaw and Jaeger , in which a number of exact so lu t ions 

are given for i n f i n i t e and semi- inf in i te s o l i d s , sol id bounded by two 

p a r a l l e l planes, and the heat flow in rec tangular , cy l ind r i ca l and 

spher ical geometries, tha t are subjected to a var ie ty of i n i t i a l and 

boundary condi t ions . In almost a l l of the problems for which an exact 

solut ion i s poss ib le , the thermal proper t ies k, b and C are taken to be 

constants , independent of both temperature and pos i t ion . And also the 

i n i t i a l and boundary conditions are in l i nea r form. However, in our 

case, the considerable non - l i nea r i t i e s r e su l t i ng from the temperature 

dependent thermal p roper t i e s , the convectivelike term from coordinate 

transformation, and the nonlinear boundary condi t ions r e su l t i ng from the 

strong temperature dependent abla t ive and radia t ion heat loss terms , 

make exact solut ion impossible. 

The system of eqs. (46) - (51 ) i s solved numerically by the method 

described in Appendix A. The most commonly used numerical method for 

solving th i s kind of problem is the f i n i t e difference method, which has 

been developed for decades and widely used . Although i t has been 

found that the f i n i t e difference method i s not very e f f i c i en t for highly 

non-linear problems, i t turns out to work qui te well with smoothly-

varying heat source which dr ives the t r ans i en t and with the help of 

p red ic tor -cor rec tor scheme for construct ing a good i n i t i a l guess for the 

i t e r a t i o n and the varying time and space increment scheme. A sample 

ca lcu la t ion for UO. i s given in Appendix L. The mater ial p roper t ies of 

U0- required in the analys is are giv-^n in Appendix C and they are per­

mitted to vary with temperature but not with oxygen-to-uraniura r a t i o . 

The overal l effect of the vaporization process i s to make the surface of 
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the urania hypostoichiometric. Although the diffusivity of oxygen in 

solid U0_ has not yet been measured, it is almost certainly 

composition-dependent and larger than that in U0„. However, the surface 

is melted very shortly at the initiation of a high energy laser pulse, 

and the diffusivity of oxygen in liquid U0„ is the important quantity. 

Its value is completely unknovm but it is doubtful that concentration 

effects are as important as temperature effects in the liquid range. 
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APPEMDIX .A: NUMERICAL SOLUTION OF EOS. ( 4 £ ) - (51_) 

Reconstructing eqs. (46) - (51): 

S(x,0) - 1 and ¥(x,0) - 1 (A-3) 

<lf>x-o ' 1T < A ^ 

8(oo,T) - 1 and Y(oo,T) - 1 (A-6) 

*2 " ^ V ^ i ^ p E - ' 1 P ' P 
T 

3 * k dT 

A . (JL.) V'-Q 
4 k pC • , i n k T W v 

' ,P 
B2 ' ' ^ j o H ^ o 

T dD 
„ „ _° 2 3 D dT o 
rL • diraensionless surface temperature gradient 

if f te ) 1 ^ 2 

\ ! p u l joC Jm 
• ; E T [«V vty «< ff(r-T')-Q 1 

k o L to lHvap t s b ' " s J 

and rt • diraensionless surface composition gradient 

IT / k ,1/2 

• r - 2 tr 2 *".] 
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A*.! Crank-Nicolson F in i t e Difference Approximation 

The Crank-Nicolson f i n i t e difference method i s an impl ic i t method 

in which truncated Taylor s e r i e s expansions a re used to approximate the 

der iva t ives in the governing d i f f e r e n t i a l equations and the space and 

time der iva t ives are then replaced by second order correc t f i n i t e 

difference represen ta t ions . 

Let W. and Lf. denote the approximate so lu t ions of the diraen-i , n i , n r r 

s ionless temperature © and the dimensionless oxygen-to-uranium ra t io Y 

a t space (dimensionless) grid x. (cal led "grid" hereaf ter) and time 

(dimensionless) s tep T (cal led "s tep" hereaf ter) respectively* Then 
(17) the Crank-Nicolson method assumes tha t 

^ , P 2 
i.n-4- , O . , i W. , 

, - £ - k 1' B* 1. k£) * o((&r)2) 
= i3;<wi,„-,*wi,n>- o<<A*> 2-<s^) 

* 2 " 1 2 2 
i , n 4 , > U. . , > U. 

(A-7) 

lx' d Ix 2 

" ^ ( U i , n » ) + u i , n ) + ° ( ^ ) 2 + ( f i r ) 2 ) (A-8) 

i n+— W -W 

- T r i " - L 2 2 F i i t 0 ( ( * ) 2 ) ( A ' 9 ) 

i . n - 4 U. -u. , 
—W^~ ' ' % 1 , n *o«fr> > (*-"» 

2 
where A W « second order correct centered second —a i , n 
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difference of W( 

p A U. = second order correct centered second ~~% i ,n 
difference of U. 

1 ,n 
AW, = second order correct centered f i r s t difference —x l ,n 

of W i.n 
A U, = second order correct centered f i r s t difference -~x i ,n 

o f U i . n 

By utilizing these finite difference operators, the differential 
equations (A-1) and (A-2) can be approximated by the difference equa­
tions: (for i>2) 

^ < W l . . , * W , . ) = A n+1 i .n 1 /*• 

- V 3 V W i , n * 1 + H i , n ) 3 - ' 3 C ^ c ( W i . n * 1 + H l , n ) ] Z - A ' . ( * " 1 3 > 

A l U l . n + l + U l . n ) = B 1 ATT 

- B

2

C ^ ( U l . n . 1

+ U i . n ) ] - ' s 3 C ^ ( W i . n + . + W l , n ) ] 

[ £ V U l , n * 1 + U l . n > ] <*~W 

where the coeff ic ients A-.A^.A^.A^.B ,B_ and B are. in general, func­
tions of [ x . , * , , ^(Wf „J.,*W, >J and t , 4 < * ,+*„) . 

1 1 2 i.n+1 i .n - ' 2 n+1 n 
n+^ n+-

A.2 Second Order Correct Centered Finite Difference Operators 

The f in i te difference method i s an iiaplict method in which a trun­

cated Taylor ser ies expansion i s used to approximate the space and time 

derivat ives . Thes: f in i te difference representations are called f in i t e 

difference op»"«tors; for example, i f Fj i s the f in i te difference 

approximate solution of f(x) at *^ C^F^ i s t h e f i r s t difference opera-
2 

tor of F. , A F, i s the second difference operator of F , e t c . There are 
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several ways of expressing the f i n i t e difference operators of different 

degree of order of accuracy, depending on the truncated error fro... Tay­

lor ser ies expansion. In th i s sect ion, the second order correct cen­

tered f in i t e difference operators are discussed. 

For the case of constant increaent of «, denoted Ax, the Taylor 

series expansion of F. , around F, is: i+1 i 

F i+1 = F i + ^ F i * ̂ 2 ' F 'i * 0 ( ^ ) 3 > CA-l5> 

2. , 
^Y~F\ * 0(</\x) 3 ) (A-15) 

L e t ' s approximate the f i r s t de r iva t ive F. by the f i n i t e difference 

opera tor / \xF . Then AxF can be solved from the equat ions : 

2 
F i +1 =F. +A«AF t ) + ^>4; (A-17) 

f l - l ' r i - ^ ' i ' ^ i U - 1 8 ) 

These two equations yields: 

A<Fi * F-i±w=1 <*-"> 
which i s order of (Ax) 3/(/\x) = 'Ac) 2 correct. 

p Similar ly , the second dfference operator A F, can be solved from 

the two equations: 

\2 3 /vw\3— 

•i+1 " 'i T -~ i T ^ ^ V V + ^̂ "i f, ., = F < + £**\ + -̂ -sHCJF,) + -"' F, (A-20) 

l F j , - F - W , • * * £ / & > - U&5, (A-21) r l - 1 - ' i " i - - i T 2 ^ r i ' - — 6 -i 

Tr.ese two equations yields 
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which is order of (Ax) /(Ax) = (Ax) correct. 

(A-22) 

Rather than using a constant Ax as i s usually the case, in th i s 

prograr /\t increases geometrically into the bulk of the solid according 

to the relat ion: 

Ax t = ^ c ^ , = < l ~ 1 Ax 1 (A-23) 

where < = a constant greater than 1, taken to be 1.035 

Ax. = grid increment following i th grid plane 

/^i 1 = the f i r s t grid increment at the surface 

Then the second order correct differences are considerably more 

complicated; however, the way of deriving the f in i t e difference opera­

tors from the truncated Taylor serios expansion i s exactly the same. 

From the following third order truncated expansions: 

fl+, = r l * a > 1 < 1 1 « y l > • — 4 — p t CA-2-O 
i-2 2 

i -2 < ^ V ' -

Solving for ( A F . ) , we have: ~~x l 

^ - i * " " 1 ^ * ^ , ^ <A-26) '-ii i ~ _ . i - l L H ? i - 1 i 1v< i+1 

which is second order correct. 

From the following fourth order truncated expansions: 

. (Ax.) 2(1+<) 2 , (Ax,) 3 ( l -K) 3 . . 
F 1 + 2 -. F ^ + D A j c ^ j < V i > — S F i ( A - 2 7 ) 

• (Ax,) 2 o ( A x . ) 3 -
F u i • F i ^ i F i + - r - ^ < F i ) + - o — F i <A-28> 
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Ax,. (Ax,) 2 , (Ax.)3... 
F i - i • F i - r ^ i + J ^ - ^ F i > ' ^ - F i < A - 2 9 ) 

where Axj = ^"^C*^. 
p 

Solving for (A£F,) t we have: 

A 2F = 2 c «3(2-*;) r < 2 i8<-1 r 

~ * * (Ax < i _ 1 ) 2 (1+<+<2><1+<) i _ 1 1 + < 4 

2 

+ * n S h + i ~—a^i+a 1 ( *- 3 0 > 

Applying these formulae to the variables W and U y ie lds : 

1 - < 2 1 
~~x i,n « z 1 " ' * + * i—i »n I ,n l+< 1+1,11 

A 2 H = 2 r < 3 ( 2 ^ > w -42+2<-\ 
~* *•» (Ax/"1)2 ( I ^HHO 1 - 1 ' n 1 + < 1 ' n 

2 
4TT^TW. — s-W, ] (A-32) 
<(1+<) i + 1 . n < ( 1 + J . ) ( 1 + < + i ! 2 ) i+2.n 

1 -£ 1 
, n " Ax < i _ 1 l*^i_'»«i i,nTi?W,ii J 

A t l ' n (Ax/ ' 1 , 2 O ^ x i + O ^ . n ^ u T ^ i .„ 

A. 3_ Initial and Boundary Conditions 

In the notations of the approximate solutions, the f in i te d i f fer ­

ence approximation to the in i t i a l conditions (A-3) are: 

ifj 1 = 1 and U t 1 = 1 for every x± at -^(=0) (A-35) 

The f i n i t e difference approximation to the boundary conditions (A-

il) & U - 5 ) are: (for i=1) 
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M U l - l T ( T n + 1 ' H 1 . „ + r U

1 . n + 1 > < A - 3 6 ) 

uI.n+1 " Wl-'Wl.B*!* U - 3 T ) 

t 
where W, , = second order correct forward f i r s t differrence 

i »n+i 

1,n+1 
i 

U, , = second order correct forward f i r s t difference l ,n+i 

governing equations, because time derivt ives re involved in the l a t t e r s 

but not in the formers.) 

For the case of constant /^t, the second order correct forward 

difference can be solved from the two truncated equations: 

( FU2 - Fi^fi^-Fi U-38) 

1 F. + , = F^F ' 1+(Q|1 F\ ( A-39 > 
here F'. denotes the second order correct forward f i r s t difference 

instead of exact f i r s t derivative. 

2'" Eliminating (Ax) F. from the above equations, we have: 

F ' i = 2 ^ - 3 F i + , , F i + r , W l A-" <» 

Similarly, for the case of varying At according to eq. (A-23), the 

second order forward f i r s t difference can be solved from the two trun­

cated equations: 

<£w.V\x. . ) 2 . . 
| F

l + 2 = Vg»i*»i+i ) rY ' 2 r i < A -* 1 > 
</\x> 2 . . 

1 F i + 1 = F i ^ i F * l — 2 - F l C M 2 ) 
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where /\fi = < i " 1 A i 1 . 

The solution cones out to be: 

F . - -LtJiSp / . t i p - •' F ] u - m > 

For i=1: 

ci !_r_£±Sf + £ i l c _ ! rr 1 f a_uii 1 

1 / y , * T r i ^ T ' 2 < « + i ) l 3 

Applying these results to the variables W and U y ie lds : 

w" !_rzi^t£lu +-^W - w 1 (A-U5) 
*1.n+l Ac, l+< i ,n+1^r"2,n+1<(1+«r3,n+1 J i»-f9J 
V n + 1 = ^ t d ^ U i . n + 1 4 T U

2 . n . 1 ^ r r ^ ) t J 3 . n , 1 ] < M 6 ) 

k.± Solutions of Finite Difference Equations 

Step-by-step method i s used to take care of the time (dimension-

less) variation. At each s tep , eqs. (A-13), (A-14), (A-36) and (A-37) 

comprise a set of nonlinear equations that are to be solved for u. 

and U. , for a l l i . Only a i terat ive technique can be used to 30lve a x ,n+i 

set of nonlinear equations. The Newton-Raphson*s method i s adopted in 

t h i s study to carry on the i terat ions , which i s found to be quite power­

ful fnd well convergent. The adoption of the predictor-corrector scheme 

in finding good starting values for i terat ions also helps to retain both 

efficency and convergency of the program with reasonable s ize of time 

steps. 

A.M..1. Predictor-corrector Method 

The idea of the predictor-corrector method i s that, instead of 

using the resu l t s from previous step as the f i r s t guess to start the 
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i t erat ion , the approximate solution at half of the time step i s solved 

by the simpler linear equations (called "predictor") which ue-us only 

the Informations at previous step and then the "corrector" i s used to 

obtain an approximate solution for the current step as the f i r s t guess 

for the following iteration of more complicated nonlinear equations. 

If the difference equation has the form: 

4<\2(F +F ) - A JA»."t-- F l i" 
? V f i , n * r r i . n ' fl1 / * 

• W * l 4 ( F i . n + l

+ F i . n > A ( F i . n + 1 + F i . n ) ] " - « > 
n + 2 

then the predictor is:(18) 

F< „ 1~ Fi.n 1 2 i.n+2 ' 
A ( F 1 + F i .n> - A , M 

l . n + j — 

* V V * r F i . n A , F i , n > ( A - i , 8 ) 

which becomes a linear algebraic problem, because unknowns only appear 

in the l e f t hand side with linear forms. 

After solving F , i t follows with the corrector: ' 
i ,n+j 

F -F 
A ^ i . n + I ^ i . n * " A 1 ' £p 

= V (x ,* , .F A F ) (A-U9) 
' l n+£ i , n * ^ i.n+£ 

which i s also a linear pioblan. The solution of the corrector, denoted 
(o) by F. - , i t then used as the f i r s t gue3s for the i terat ion: 

F ( k > -F l»2,_(k) „ , , r l .n+1 i .n 
A ^ i . n + I ^ i . n * " A 1 ' / * 

n+— * 
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where k -1 ,2 , . . . , with repeated iteration, i f necessary, to obtain finai 

solution. 

The CranK-Nicolson method with and without predictor-corrector 

scheme has been tested and compared and the result corner out that the 

predictor-corrector scheme is very powerful. 

A.^l.2 Iteration Procedure b% Newton-Haphson's Method 

Let UJ multiply eqs. (A-4) 4 (A-5) by Ac and rewrite as the form: 

f1 (*n+1> - C V n + r l T ( ' t ' n + r W 1 , n + 1

) ^ t 1 = ° ( A ' : , ) 

«1< an,1> " C U l , n + l - \ ( * n . r U 1 , n . 1 > ] ^ , ' ° ( A " 5 2 > 

2 Let us also multiply eqs. CA-1) & CA-2) by 2I£* ) and rewrite as 

the form: 

f i ( *n+1> " ( 4 ( W l , n , 1 - W i , n ) - 2 A 1 W l ' n ^ " W l ' n 

— n 
t A 2 " 4 ( H i . n + 1 + W i , n ) l + ^ l A < ( V , i . n + 1

+ W i . n ) ] 2 + 2 A

l t

) ( ^ 1 ) 2 = ° ( A - « > 

g.CiT , ) = 1A2(U. ,+U. )-2B, i ' n X l 1 , n 

"1 n+1 —* l ,n+1 I ,n 1 / \ f — n 

+ B 2 ^ ( U i , n + 1 * U i . n ) ] ^ ( W i , n + 1 + H i . n ) ] 

^ U i , n + 1

+ U i . n ) l K ^ 1 ) 2 = ° ( A - 5 l , > 

where 7 n + , i s a vector of [ W , ^ , . W . , ^ , W ^ , ] . 

T , i s a vector of [ u , , ,U„ U , } , 
n+1 1,n+1 2,n+1 ' m,n+1 ' 

and m is the number of gr id beyond which the p r o f i l e s are essent ia l ly 

constant. 

Therefore, we have a set of 2m nonlinear equations to be solved for 

if , and IT , . n+1 n+1 
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U-55) 

1 n+1 

r,(w" . ) = o 
2 n+i 

m n+1 

« 1 ( U n + l ' ' ° 

^ n + l * " ° 

m n+1 

To do so , we have to start with an i n i t i a l guess solutions 

\J ° and U ° , from predictor-oorreotor scheme described in the l a s t n+1 n+1 

section for example, and then find the successive new approximate solu­

tions following the procedure: 

( i ) For the f i r s t i teration of W, W, , and I), , in the coeff ic ient 
i,n+l i ,n+1 

terms of eqs. (A-51) - (A-54) are approximated by W, , and u, , 
i ,n+1 i ,n+l 

and we can solve the l inear equation: (19) 

n+1 n+1 n+1 n+1 (A-56) 
or. 

where J i s an m x m matrix with elements/Y =(TJJ—-—) i f the 

n+1 
derivative can be obtained analytical ly; otherwise, the derivative 

i s approximated by Steffenson's method. 
(19) 

rtf-'+h^-f.C^ 0!) / \ i n+1 .1.1 I n+1 
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IT = Ch-.h. h ] 
1 2 m 

The equat ion i s then solved f o r W by the Gaussian e l i m i n a t i o n 

( i i ) For the f i r s t i t e r a t i o n o f U, every W. , i s approximated by 

W. , and U. „ , i n B . ,B 0 ) B- , and n i s approximated by U, . , and i»n+ i i »n> i \ d i 'r l ,n+i 

we can so lve the l i n e a r equa t i on : 

where L i s an m x m mat r i x w i t h elements £ . .= £r^ ) i f the 
i j i U J . n + 1 j* (o) 

n+1 

d e r i v a t i v e can be obta ined a n a l y t i c a l l y ; o t h e r w i s e , the d e r i v a t i v e 

i s approximated by the S te f f enson ' s method. 

.+ 1 > , 82 ( Un*l )-

The equation is again solved for u\ . by the Gaussian elimination 
- C " ' v t % 0 <A> 

(iii)The approximate solutions w: and U. from the first itera­

tion are then used to calculate solutions for the second iteration. 
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( i v ) The process is repeated u n t i l the successive i t e r a t i o n s are s u f f i ­

c i en t l y close to each other , and then the calculat ions go on to the 

next step a f t e r deterainat ion of the next step s i z e . 

A.4,.3. Gaussian Elimination Hethod 

Either the predictor-corrector mehtod or Newton-Raphson's method is 

a kind of l i n e a r i z a t i o n process in order to deal with a nonlinear prob­

lem. After l i n e a r i z a t i o n , another numerical scheme has to be chosen to 

solve the system of l inear equations, and the Gaussian e l iminat ion back-

subst i tut ion i s found to be a very easy and e f f i c i e n t way. 

In solving eqs. ( A - 4 8 ) , (A-49) in section A.4.1 and ( A - 5 6 ) , (A-57) 

in section A . 4 . 2 , we are a l l dealing with a set of equations with the 

format l i k e : 

b o +c b +d b = e 
1 1 1 2 1 3 1 

a & +b & +c o +d b = e 
2 1 2 2 2 3 2 4 2 

a o +b o +c o +d o = e 
3 2 3 3 3 4 3 5 3 

a i S l - 1 + b A + 0 i 6 i + 1 + d i 6 i + 2 = e i ( A " 5 8 ) 

a ,o +b ,o ,+c , & = e , m-1 m-2 m-1 in—1 m-1 m m-1 

a b . +b o m 
m m-i m m 

where S. denotes ei ther the var iables W , U in ( A - 4 8 ) , 
i .n-fj i , n + j 

w i „ ,< u i „ •, l n < * - * " o r ^ i -^T 1 ' 1 i n t A - 5 6 ) , ( U ^ k ' - u K k : 1 ) ; in i ,n+1 i ,n+ l n+1 n+1 n+1 r+1 

( A - 5 7 ) , a . , b ,c ,d denote ei ther the coe f f i c ien ts in ( A - 4 8 ) , (A-49) 

with eqs. (A-31) - (A -34 ) , and (A-45 ) , ( A - 4 6 ) , or the elements o f Jaco­

bin matrixes J , L in ( A - 5 6 ) , (A -57 ) , and e denotes the known quant i t ies 



- 30 -

from either the previous step in eqs. (A-48) and (A-49) or the previous 

i t e r a t i o n In eqs. (A-56) and (A-57). 

i i i i 
Note tha t the primes in b . , o , , a and b are because we approxi-m—1 m-l DI m r r 

mated 6 , and o_ , by a l inea r extrapolat ion of i , and 6 in order to m+l m+2 m-1 m 
eliminate the number of unknowns to mf 

b , s b , - d ,4 m-1 m-l m-1 

o , = c , + d , ( 1 * < ) m-1 m-1 m-1 

o A - d « 1 * < ) 

b = b • o ( l + O • d ( !+<•<") 

CA-59) 

The system of equations (A-58) can be put in the matrix form: 

M^ = E (A-60) 
where A i s a column vector 6 , . 6_ 6 

f i s a column vector e , , e . e_ 
i £ m 

and M i s an m x m quad-diagonal matrix since a l l elements are zero 

except those on the pr incipal diagonal v one below and one and two 

above the pr inc ipal diagonal . 
, 6 . 

\v o 

l o \ \ J 

( 1 1 

2 

U J 

(A-61) 

The idea behind the Gaussian elimination methcd is to eliminate the 
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unknows in a systenatic way; the f i r s t equation can be used to e l in inate 

& from the second equation, the new second equation used to eliminate 

6. from the third equation, and so on, until f ina l ly , the new l a s t but 

one equation can be used to e l ininate & . from the las t equatioi., g iv­

ing one equation with only one unknown 6 . The unknowns 6 can then be 

found in turn by back-substitution (19) 

Generally, after 1-2 eliminations ( i>2 ) , we obtain the following 

two equations for the next elimination: 

d 6 + fi 6 + d & - S i-1 1-1 "i-1 1 1-1 i+1 1-1 
ai 6l-1 + bl 6l + ci 6l*1 + di &l*2 = el 

(A-62) 

where d ^ b ^ p .=o . , S ^ e , -

Eliminating 6. leads t o : 

(", 
a.B. , a d i 1 

i . e . d ^ ' - p ^ , * t l i M 

with the recursion relat ions: 

CA-63) 

(A-61) 

A, = b 1 1 <t< 

a i d i i 

s. = e - ^ r ^ 

whenl < 1 < m-2 (A-65) 

After m-3 eliminations, the l a s t three equations are: 
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f V ^ B - Z * Pm-26»-1 * dm-2&m = Sm-2 

a , o _ + b , S , + o . 8 = e . m-1 m-2 m-1 m-1 ra-1 m m-1 (A-66) 

= & , + b 6 
m m-1 mm 

Eliminating o _ from the f i r s t two equations y ie lds: 
Bl—d 

U ,i , + B ,0 = S , I m-1 m-1 r n-1 m m-1 

= e » 

Vl^m-2 

a 6 , + b o 
in m-i m m 

PB-1 

m-2 
a ,d ra-1 m--2 

m-2 
a ,S m-1 m-•2 

m-1 m-1 

Eliminating & . from (A-67) yie lds: 
in—1 

d'6 = 3* 
mm m r i 

a nrm-l 

i 
a S , m m-1 

(A-67) 

(A-68) 

Therefore, the solutions are: 

Sm-TrVAi 

(A-69) 

& i " 3 7 l S i " P i S i , l " d i S i + 2> ' i 1 ^ ' 
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A.5> Determination of the I l w Increment 

The s tep-by-s tep methods as described above could be e i ther one-

step methods or mul t i - s t ep methods, depending upon whether the informa­

t ions from previous s teps are used in taking the next s t e p . The mul t i -

s tep methods are more e f f i c i en t in the sense tha t general ly they requi re 

fewer evaluations of the difference operators to achieve a given acccu-

racy. The grea te r eff iciency of the mul t i - s t ep methods i s obtained at 

the cost of requir ing special provisions for changing the s tep s i z e . 

Considering the fact t ha t the general shape of the solut ions could be 

c lose ly estimated and the powerful i t e r a t i o n a l method used here , the 

mul t i - s tep s tep-by-s tep method i s wised in t h i s study ar.d the way of 

determining the s tep s ize i s described as the f o i l i n g : 

Define the r a t i o of the truncated second order term to the f i r s t 

order term a s : 

I (Art f I Aflf i . l l / w ; I i . j ; „ n (A-7Q) 
(AH I f I I f I 

where f i s e i t he r T or r , f and f are f i r s t and second order de r iva t ive 

of f, r espec t ive ly . 

In the problem we are dealing with, the composition changes much 

slowlier than the temperature, so the time increment i s determined by 

the truncated error r a t i o for W: 

u _w w _u 
/\u , AJ AV , I n+1 n n n-1 I 

V |/w, - |,/w. | ' .v* -w, ( A _ 7 1 ) 
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while /*• is decreased when d is larger than 10%. A maximum of three 

times the previous step size is inposed. Both upper and lower bounds 

for the permissible step size are set considered the convergency and 
efficiency. 

A flow chart of the program is shown in Fig. A.1. 
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r^ Input 
Mater ia l Proper t iea 

/—"\ PROP 
( B t g i n V PIE Coef f i c ien t s 
(.TLCDS/^ TAE-B 
V_>/ F i r s t Step a Grid 

SIZE ( I T , , * * , ) 
Difference Operator 
LOAD (A) 

Energy Input 
SHAPE1 
SHAPE2 
EI, OP 

Blank Comaon 
Al loca t ion 
ALLOC 

Non-dinensional | 
V * ~ 7 

I n i t i a l 
Condition 
IHITAL 
Cha rac t e r i s t i c 
Constants 
CVf.P. 

ttevton-Raphaon Cnuas ian 

»"£!., F"1 I n i n a t i o n 

NEVTOH SA'JSS 

_ t/_2 * * _ COSVRCr-.--

/ ~ \ I N e" S "P| 1 ~ 
i f 111}—-J Size * r L Solutif 

V - ' I TSTEP | W{1).-1 
ution 

-Wf3) 
< CRIT Ma»(!w 

P r i n t a Plot 
Havit.. Surface Temp 

1 Temp Pro f i l e va x 
I Surface Temp va t 

[ ,r 

Fig. A.l The Flow Diagram of the Computer Programs 
"STAR" and "SURFT" 
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APPENDIX B: COMPUTER PROGRAMS AND SAMPLE ANALYSES 

IL'l. Computer Programs: 

Three computer programs have been developed in this study. The 

program "STAR" (Surface Teaperature And composition Ratio calculation) 

is for the materials which vaporize incongruently so that the surface 

composition changes with time coupled with a temperature transient. In 

this program, one-dimensional time dependent heat conduction and diffu­

sion equations are solved considering melting, ablating moving boundary, 

ablation and radiation heat losses. The program "SURFT" (SURFace Tem­

perature calculation) is for the materials which vaporize congruently so 

that no diffusion process is involved and only one-dimensional heat con­

duction equation with ablating moving boundary and ablation and radia­

tion heat losses is solved. The program "SURFR" .(SURFace composition 

Ratio calculation) is for the incongruently vaporizing materials in 

which the surface and bulk temperature is kept constant. Only one-

dimensional diffusion equation with ablating moving boundary is solved. 

All the programs have been developed based on the numerical scheme 

described in Appendix A and are coded in FORTRAN IV language. Variable 

dimensioning is used to make optimum usage of the available storage and 

flexible capacity controllable by the user. The total blank common 

block storage MTOT has to be greater than 

NGMAX*(NPDE*7+11)+LSFUL*(3+NPDE)+NPDE*15 

An error message will be generated and the run will be aborted if MTOT 

is set too small. 
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%.2_ Program Listing: 



5 ( 1 . 0 0 3 
S ! « 0 0 » 
£ 1 * 0 1 0 

STA0J0 

S I R 0 3 J 

r n o w * f t t T A f u m e u r . 

* M t M * t t * i 
' S PNQQKAH CALCULI" 

I TRANSPOHT WIi.2Li.nS lit 
• • » 5DLV1H0 COUfLfB |1> 
i AHO D I F F U S I O N E U U A I ~ ~ 
I ABLATING nOUIHQ 
i m r I H C O H G N I I C N I 
I THIS PhOGHAH ALLOUS 

. TAPES- IHPUI ,TPPE**OUTPUT. TAPE*?> 

IKANSILHI HEAT COHPUCIION AHD MASS 
lPUUND SlfVJlLT I D LASER l b R A 0 I A I I O N 5 
HiitONAL I t H L DEPENDENT HEAT CONDUCTID 

- • - • - - 3 MELT1H0. 

I h l ' HMnCKICAL r 
METHOD U I T H UARlAb 
H U E INCREr t tN I i HL 

• SUBSTITUTION HE M i l 
1L 1'fiiOlCTtlO-CUI.H 
J fES AND FASTER L 

INi'rthtt AHtl D A I l I n t m H . 
l I K I / f t T I . I H I S C d N b l l l l M 

iif i i n r t K n i i n n o r L A S E K H A K I A T I O N 
U I K U I llh Ab'iUOMNfa MJKFAL't (SUKtrtCE H E A T I H O ) . 
I f lMOl-a U i l l i A h 1 CfcnNK-HKOLSUH U N I I F DIFFERENCE 
u i b i i I . I - I I I srAti l u c h i n L H l A N D S E L F - A D J U S T A B L E 
p HLUIUfl HAfHSOH AND GAUSSIAN EL IMINATION fcACK 

ClifrtJ 13 USED FOR FIHDIHQ BETTER 1 H I T I M 

1 - b C d h E i F v 

SIR 0.13 
SIBOJft 

SIR047 

CUMMUH/CHART/ I tH<I 
CDnHTlNSLASER/CI.OP 
COMMJM/STEP / D T I 

COMMON ctooooi 
niDr-ioao 

4,H?iHi.Hf,HJ0.«ll.mi.H13 

COMMON STORAGE ALLOCATION 
D l ^ K l f T I O H DIMENSION 

D I H E N S I U M I US SOLUTION KGHAXt3«HPDC 
DIFFER I H - L H A I D R COEFF MDMA*»7 
NORMAL 1 J I D PULSE SHAPE LEPUt 
TIKE luCKE FOR SS 4 D M > LSPUL 
PEAK PT-CJi DLN51TT AT I T LEPUL 
CHART U IMNTITr * OR y 1DIH) NPDE 
SURPAfL U AT INUU HPDE 
SuflF u AS FIINC l » T I ( D I H I LSPULIHPDE 
U P P F l f U l 
SPACE IIK1U TOft FRFLE U 

9UKFALI. 1 
( H i m * K L 

AT IOLB ( 0 I H L 5 5 ) HII'L 

IMITIAII 
M A P HI 1 

« LA1L 

w a s 
IHOS* 
R 0 3 7 

J f t M i 
« 0 3 » 
HO 6 0 
R O M 
RUA2 

[R0A6 
[R067 
ifloae 

» 0 6 ? 

H071 

fi07J 

[S07B 
IR079 
ROBO 
ROfll 

IK0H3 

[R0B7 

K092 
R O M 

INPUT THC HATER I AC PROPERTIES AND LA9C« CMftKACTCftlSTICB 
CALL PROP 

DEHCRATION OT COEFFICIENT T A K E S 
CALL T A K E 

CALL BHAPEt 

f T9T0P * CALCULATION TO I E EHOED * 
KLAD 1 5 . 9 ) TSTOP.tETCL 

* F O A H A T C E I O . O I 
I F < T S f O P . G T . C I H 3 - l ) > I S T O P . C C W i - l ) 

DEFAULT OF ICYCL FOR SINGLE PULSE I B 1 0 0 . • 
UH1CH I S ASSUMED TO BE I N F I N I T I V E . 

I F I T C T C L . E D . O . O t T C Y C L ' 1 0 0 . 

INPUT LASER ENCRQT 
BB RFAD I S . B J E I 

B F O R H A f ( E l O . O ) 
I F i E I . E Q . O . O * CALL E X I T 
O P - E I / < T P U L * A E F F l 

1 C ( H 5 H M ) - a P » C I H 3 t I H I * ( l . - P . > 

LOAD I N I T I A L CONDITIONS 
CALL t N I T A L I C ( N l l r C ( N I I I > H P D C > I M > H « X ) 

CHNRACTEBISTIC CUHSIANTS FOR MOM-DI "EMS I OH ALIZ AT I Oft 
CALL C H A R I C I H l K ' C I N A l i H P D E t 
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9TR10* C ITEP-IT-lTCr NUMERICAL CALCULATION 
SIR1IO KO 111 N-ItIOOO 
SIft l l l TOLD.TWW 
£1*112 IFtH.lO.tt 60TO 11 
SIH113 CO 3 I-l.HPDE 
Ctk in 3 CtHI3M-lt*ClHtt<I-l)13IH(MAX) 
SrRIIS I t CALL NlinCALtC(HI>.W!0UfDI>C<Mt).H.C<H3l>C(M31>L*FU.i 
511.114 t NiIFLrtG.[iUS.C<H7>fC<M13>iHPDI>HOHAXI 
bl*117 UHF-THOUtTCH 
SrSliS TS'ClH7)ICi«A> 
SrRll9 C 
SlfclSO C 101*1. AnflllrtT Of BMtt lM. tVAfOHMEt 
6IRIJ1 RS>ClN7M>*CINAM) 
SfKIJS CALt, f1FUPX<TInE.T5>R5.AHEiAn£I.AHE2iIFLA0) 
G I B I ; J i>nnni>(AnE-Airu ru/uirtTCHi 

c»M35 A«iir-AHr«ni«ArrF»icM 
51*136 IftrtE-rAnElnnEDT 
01BIS7 FRAC>AHEliT/tAnE 

tnAi-imEfiiOES 

1 10 1-liHPClE 

CTRI4I J I - T n . j - i 
51RI43 Jj . in«JtJ-
S1R143 10 C<N?IJI)-t 

SIR145 30 IFmnE.LT.C(N4IK-l>> GOTO t i l 
5TR144 c 
STM47 DO 30 I>|.tiP[IE 
S i ' i ' o in -c i - t U L S I U I 
SIRH? 30 CINBHFim-l l -T"Hr?M-l) + <C(H44R-I]/TCH-T0LD)HCtHI+3HI-l 
SIHlSo 1 HGHflKl-C(H13+I-l>>/(TN0U-fOl.DMtCIH*tI-l> 
SIR151 IF(C<H4tK-l)<GE.TST0P> DO10 40 
5TMS3 K-HM 
SIRI53 111 CONTINUE 
SIB1S4 C 
STB155 40 *K-K 
BtBlSt C 
S I M ' J 7 C IE"? AND COUP PR(i> ILE AT THE TInE UHEW SURF TEnP IS I1AX 
5IM5B CALL rRFLEITStlAX. MMAX.CIHVliCJHlO) tLH'NPDE.NGHAX) 
S«RIS? Mt 4 l-J.LH 
SI til 40 4 CINtOM-l)-C(NI0tl 1)11.64 
SIRU1 If&l-O 
3TKU2 CALL FLO! I.CtHV lit-ll.IFRMI 

CALL nOTRK<C<N101.C(NrtK)IMXt.Lt1>IFf>H> 
C 
C TOTAL M10UHT OF NA^rtlAL EVAPORATED 

IFLAQ-1 
CALL HrLUX(TIHAX/l.C-3>TSHAX.IITnAX(WIET.AHETl«AHCr2flFLJWll 
IFlDAKDT.GC.O.OI 0010 41 
1t.MU1JHO»t\E/MM)l 
GOTO 42 

41 TEW1-FI11C 
« CUHTIMUE 

> IFCTEHD.OT'TCTCL) TENP-TCYCL 
TAHC1-IAHE+AHE4AEFF*t1EMD-T1HCI 
TAHCI-AHE T*TPUL*AEFF 
UKIIE (6>l03) TANE.FRAOTAHE2 
UhlTE 16.1041 TCVCLtTENPiTJinei 

c 
C SURFACE TEWEfiATURC AND COMPOSITION RATIOS 
C 

30 WRIIE (4 .100) 
UklTt (6.101) EltOP 
UfltTE (6,103) 
ro 70 [-i.KK 
I ' ( I -0T.2) OOta 4.0 
IFLAC-1FLA041 

40 CALL ttFLUX(C(N4tI-l) lC(MtI-l> >C(WH.SPUL41-ll>FLUXtFt.F:*IFLil0f 
70 CONT IMUt 

C 
00 5 I M . M C 

s c<rMfi-i>.( 
CULL FLO!If 

c 
100 FORHAT<lHI>10XrGBUH*>> 
101 rORHATUH .13X.66)iriK: SURFACE TCHFERAMMCS AN* COIiraSITIOM ffATIOC 

IUITII HOC fOK EI • •U0-3.VH (JOULES)/ 
2 iux.4jiar >.Ei0.3>ert lu/CMii) 

102 FOUMATdn .10X.BU(IH*J/1 
103 IUK!1AT(1H0>AX.A4HTHE TOTAL AnoUKT OF MATERIAL EVATDRA1CD FFOH Tint 

1 1ME0RAI1OH IS.C13,4,*« GKAHS/ 
3 ZAXitltHFRACTlaN Or HIE HAS3 OF TInE STEr TO TOTAL IS.E13.4/ 
3 7X.75IITHE I01AL AHDUHT Or XA1CRIAL EVAPORATED FROM MX SIX-r 
4 TEMP AM& Tf'UL CA1C lS.Et3-6.6H GRA15) 

104 lOKHAKlim.AX./lllctLL •>E13.6.1^I( SCG AND TEWI> •.CI3.6.4M SEC/ 
i j*.ot.m><c IDTAI AXOUHI or HAICRIAL EVAroKAtED TA>.IMG ACCDUU 
?T THE AM1UNT FbUn ttXL 10 IENU lS'E 13.6<6H 0RANSI 

REftU «5.2Q«» ItTL 
IFIJCTL.E().O.0R.ICIL.0T.2> IFRn-1 
CALI PLOIRS(C(N4).C(NS4LGPUL)rKK.IFRHI 
[ID SI I- I .Rh 

SI C i m U M ) . C c m t I - t l / l . E 3 
II (ICTL.En.D GOTO BO 
iri lClL.CU.?' GOTO 9? 

200 rOKnAKM) 
END 
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TLCOOI I 
TLCOM I 
TLCOM i 
TLCOO* 
TLCOOB 
TLCOSV 
TLC010 
TLCOll 
TLCOll 
TLC013 
ILCOlS 
TLC014 
ILCOl? 
ItCOt8 
TLCftiO 

ncori 
TLC022 • 
I I C O ? J 
TLC034 
TLC03J 

TLCOl l 
TLC032 
T L C O l l 

• U M t Q U I I N i T L C K 

/MPt>e>HGnAX>LBPU. 
DIMENSION H i ; (HAI .DAIE<2> 
DIMENSION H31K21 
DATA nOD/3HS(W'T>SHSIOP / 

10 HEAD < 3 t l 0 0 ) H a O E . U K f L . M i D . B A I t 
i r < n o o E , t 0 . i i O D i 2 i > s i c 
i F < n o u . E o . n O O ( i > > o o i o j o 
URITE t 4 . 3 0 0 ) 
OOIO 10 

ftEAD HO OF P A * I I A t D I F f E K l N T I A L EQUATION! . 
AND DIMENSION of IMXlHUn GKII) P Q I N t B 

2 0 READ < 3 > 1 0 1 ) NPDE.HGHA« 
IF(MQMAlt .Or ,U» 0.0 JO JO 
MfcHE I A r 3 D I ) 

3 0 UftlTE < 4 . 2 0 0 I KED.OATE 
H K I I E < 4 > 2 0 W HPDE.HGnAK 

100 FDRf lAT(2<A3,3X>iAA3.3K>2A3> 
101 F O K I I A T O I S l 
2 0 0 F 0 h l 1 A I I ( n i , 3 ( l H i t . ? x . a A ; , 2 X , 3 < i H l l / l * . 3 < I H « > . I 2 * » a A 3 . 1 2 X . 3 < l H » » / / ) 
201 FONKATUH0>4C>HThC HUnhiU OF DIFFERENTIAL COUATIOHa I B ( 1 2 / 

i i « , 3 ? H t w . Hrik inun H U H B E R D F i . .* in P L A N E S I U > I S / / I 
3 0 0 F 0 H M T I / / 4 B H MEHKUfc l * DATA DECK MUSI BED I N U I T H START CAJtD> 
301 f O N f t t T ( / / « * H *>ENKQRI I MO. Of GRID PLANE* MUST BE <U ZEHO> 

RETl 

A 1.0001 
At. 0 0 0 2 

AL0004 
AL0003 

A1.0008 
A t 0 0 0 9 
ALOOIO 
A L 0 0 1 1 
AL0012 

SUBROUTINE ALLOC 

ALOOM 
AL0013 
ALOOIA 
ALG0I7 

A L 0 0 I 9 

conHOH/bLocK/n ioT 
COnHOH/DlH /HPDE.HU 
C O I M O N / OMAIN/ H I < K J i H 
Conr tON/ [>cR«H/n i .H j .n 
COAPtDM/DHEWT/LIiLl-. l i:S:S:5:S:s:S;:f!i:c:i:?ii.l„. 

)13 C PARTIT ION OF tLAHK C 

AL.0020 N7 - M 4 tMTDC 
AL0021 H I - N 7 I M f M 

NV ' H « tLSPULWVI lE 
AL0023 N I O - N ? t N ' U M M N F U : 
AL0024 N11-M10INU1AK 
Ai .0023 f l S - H l l t U H C 

«13 -N124Hf t>E 
AL0027 M.AS1>M13*HPDE 

I F l M L A S T . G I . H I O T ) CALL £MK)(t l tN.AtT>HTRTI 

AL0030 C f A K T I U O N UF BLANK COMMM F(* &UDROUUNE O 
A L 0 0 3 I 

H2 - I M * H l i H ( . X » W M 
A L 0 0 3 J K3 >H2 tNGRAX*NPDE 
ALO034 N4 - H 3 *NCHAX«MfDE 
A l 00.13 H3 -M4 t H f E 
.W.0M4 HA - H i 4HfUE 
AL0037 H7 -HA i H f l i E 

W) - H 7 fNJ-tlE 
AL0039 HV 'MB tNPliE 
A I D 0 * 0 n i o - n ? tHPbE 

M l * m v t N l ' D E 
M 1 2 - H I M N F M ; 

A10O44 I F ( m 3 . 0 T . n I 0 T I CALL F - M K M I M l S - H f O r t 
ALO045 C 
A L 0 0 * a c PARTIT ION OF BLANK COMttON TO* &UMDUT1NE H 

L I -NLAST 
ALO0*B L 2 - L I •NBNAX 
AL0049 L3 - L 2 +NQHAX 
AL0050 L4 - L 3 +NGHAX 
ALOOSI L3 - L 4 IMPhE 
AL0052 LA - L 3 fNPDE 

L7 «L6 *NPDE 
AL0OS4 LS - L 7 tNPDE 

1 9 - L B *NPDE 
ALOOSA 1 1 0 - 1 9 thPDE 

Ll l»L10«NI iFIAXtNPDC 
ALD02C L I 2 ' L l l l N l i n n x » N P D C 
A 1.0059 L I 3 - L i : > N K l > E 
ALDOiO L14>L13tNl ' t>E 
AL0.061 L t V - L I A t H C b C 

L I A - L I ^ I N I bC 
L17 -L IA INGHAX 
I F C L l / . ( i I . n t O I > CALL ERROR t L I 7 - H T O M 

ALOOAS G 
Al. 110*4 f lMURH 



•ZEOOS I 
•ZE004 
SIC007 
sieoei 
szcoai i 
«ita\« 
siEOia 
SZE014 
s/toii 
szcoii 
SIIOI* 
SZEOlB 
S « O I » 
3 « « o 

J / [ > » ! , t ^ . t f S l . E M I 
C W t M M / t H R / t r n a X f C A I I 
C D W H W / l T E r / D T I 

«E*D (3t\oo) DIIIBXWIPB 
WRITE ( 4 i 2 0 O I P I l . I U l . E P S 
MEAD ( S t l O I I I T A f t K i L K I t 

• 0 0 FORI IATtSElO.O. I 1 0 . 0 1 
i o i r o H n A T i i i O r C i o . o ) 
2 0 0 f O * i n * I C t H 0 . J l H I i i C H i m t h l C M - CONSTANT!/ 

1 S l . J i i l l M t F IRST STEP S U E - t E P . 1 / 
2 3 i . ? l l l l ' I L F IRST GRID S IZE - . E V . J / 
3 3 X . : t H i > K I U IHCftE , ; A C T M - . F 9 . J 1 

301 F 0 J t H A T I 3 * . 2 l h n A ( 1 0 OF ITERATION • • ! * , * 
1 3X>21HEf>k0h lOLEftAHCE - < E V . 3 ) 

RETURN 

LObOOl 
LOliOOZ ' 

L 0(1004 
LOOOOS 
IOLO0A 
LOC007 

LOliooa 

l a o o i o 
101.011 
LODOtl 
L 01.014 
L0D015 
L0D014 
L0UQI7 

E U H D U M N E LOAbiA-MlnAX) 

i . E P S l EP62 

iiiiiilllllilir'-
i ( i . ? > - i . / i E P £ i t c & n 

L 01.031 
LQ&022 
L 1 0 0 2 1 

L O I > O ; » 
L0DOJ7 

SAPI01 
SAP 102 
SAP103 
SAP104 
SAPJOS 
SAP10* 
SAP107 

S A P 1 0 * 

•U1R0UTIMC SHAPE 1 
C 
C READ » T AND LSPUL 

RtAD O i l O O ) S i U . L S P W . 
. WRITE ( 4 . = 0 0 1 6UT.LSPUL 

100 F O K f M T I E l O . l i I l f l t 
2 0 0 F D R M K l H O ^ S H I E n P PRINT OUT PARAMETERS/ 

t 3 X . 4 H S 0 T - r E 7 . 2 t 4 H S E C . S I i A H L I P U L - . 13> 

RETURN 

tU(ROUTINE S H A P E 2 t S t , T r » t 

| | 

COnnOWPULE /EOT 
DINEHSIDH E l f L B P U L 

DO 1 - I . L S P U L 
T T I I I 
READ 3 ? i O M ° ? S S l i 
" R I T E < 4 . 2 0 l > 
WRITE ( 4 . 2 0 2 . 
WRITE 1 4 . 2 0 3 ) 
WRITE I 4 . 2 0 4 t t l » t 

• I - I . L S P U L ) 

r P U L K F R M POWER T 

" . J n M < r I 2 , l H l - i E a . 2 > 3 H > 3 N S S < . I 3 t 3 H I - . r * . 3 > 

F U N C T I O N s u » h C £ M i f i i . r r . L S P U L ) 

i L n r D H M S B A P L FRun L A S E R p o u t * I M A C F 



EOUftCE*FF( I I 
ftCTURM 
fiOUKCC-D.O 

C*G0O2 

cueoos 

CKU009 
CAtiOlO 
CR001I 
CRG012 
CR001J 
CAGOIS 

ceooi? 

CRG0I9 
C G O I O 
CHECH I 
CBGO;I 

CfcGOIS 
C0CO24 

CRQ010 
CHOPJI 

SUURDUTIME CMVftOtH I . H I T . H r n R E S E T i l 

. i .> ooro i 

DInEH&IOH U(N0IMI>3>HPDC)>W.ABT(HPDE) 

I F I N I T . E O . O ) (WTO 3 
oa to i-itdpuc 
R*MD-AISMtlU>3rI ) -ul l i3>I t ) / (U( l t2 i I 
I F IRATIO .OC. • ' • 

1 0 CONTINUE 
OOTD 2 

IF HOT CONVERGE. PI IMS tOO LAHQE 
DT REDUCED TO HALF 
1 M-OT /2. 

H>nftESEI 

: IF CCHUEHGEi llil) TRANTER TO (1.21. ITERATION OOCfl I 2 CONTINUE 
DO 10 I'l.WK 3D tM.*9?CII-tm.3,I> 

J < 3 < I > - M 1 J . 3 > I > 
CONTINUE 
H I T . H l T t l 
RE . URN 

t S T f O I 
T9IF-02 i 
ISTFOJ i 
TGIf-04 
TSTPOi 
TSTPO* 

TSIPOB 

r s t P i a 

TS1P13 
I S I P I J 
I B I P 1 4 

E U W O U T I H E T&IEP4DT>DUS>H> 

DETLRHIHAI IOH OF TIME iHtHtHEHT V< COHPJIRIIW BUCCCBIVE T I N E 
K R I V A T I V i OF SURFACE TEHPEkATURE (MOTE THAT ONLY T E W I B USED) 
(HOT PROtLEH NOR HATER DEPENDENT) 

DTULD'UT 
DUDT-I'US/DTDLD 
IftH.lO.li OOTO 1 
& U W i n - & b S l f c » l ) 1 - L M l i l O i / A I ' i l l U D I l 
Di-uT*o. i/ui-ui<r 

101 Uf D<Dw[iT> ia iFh .vn .1 
1 F < M . l . I . J . C H I . I I ' L - l i l | . | I . ( , * I H U 1 U 
i K L t . i , t . i o . t i j i i > I>I . o . m r i 

TSTP1S I F f O T . L T . 0 T I I D T - D I 1 
1 B H - 1 * K I - 0 
T 6 1 P I 7 1 0 M - M + l 
TSTPlB P 0 U C X > 1 0 . * I K 1 
1STP19 I F < * I H t < 0 T * P O U £ R f . E Q . O > GOTO 10 
T S I P 2 0 l i > ' A I N T ( ( J 1 * P 0 U E K t . b ) / P t W E H 
TSTP21 , 1 DM [.TO-(mill 
I S T P 2 2 I F I N . G T . l t KCTUKM 
TSTP23 ' D T I - D T 
T S I P 2 4 HLItMiN 
T B I P 2 a ENi, 

EOXOOI 
EOKOOZ 
[ U K 0 0 3 

E0R003 
EDtlOO* 

EUftNOUTINE ERROR*N) 

WRITE < * , ! > H 
r 0 h l M T f / / 3 1 H » E R R 0 f t * « STORAGE EXCEEDED DT • 
STOP 

• 
II 
ESif 
| | 

1 DWS>MS.ULASTfNPD£.MMAX» 

NUMERICAL CALCULATION OF PARTIAL DIFFERENCIAL EQUATION AT S IMC 
TIME STEP •THOU 1 WITH CRANK-N1C0L50N F l N l I C OlfUKtHCl nllHOUt 
PRCbJCTOR-CDRRC'JTDR SCHEME FOR T H E F IRST GUESS. HEUIGH-ftAPttSUM 
METHOD FOR ITERATION AND DAUBS I AN E L I M I N A T I O N METHOD F C * SOLUItM 
LINEARIZED EQUATIONS. 
<HOT PROHLEfl NOR HATER DEPENDENT) 

COnnON/ITER / I T H A X r C K I T 
DIMENSION WfHGHAXiJ.HPDEl 
DIMENSION A ( H 0 A A X i 7 ) 
DlNLHSIDN U B ( N P t i E ) . H C H t W b E ) 
DIMENSION ULASMMPDC) 
DIHLNSION F F I L S P U L I 

TULD' IRUU 

I -Jtt '2 .>WCHrNrA>FF>LSPU..NFLAa>MTDC.N0HllX) 

t COHKrUTUh 

http://IFfOT.LT.0TII
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MCL01* 
NCL01S 

HCL037 
H C L O H 

NCL040 
MCL041 
H C L O O 
H O . 0 4 3 
M L 04 4 
NCL04J 
HCiO»» 

HCLQ4.* 

MCLOAJ 
HCL0A4 
MCLOtS 

ITERATION* 
MTLAOO 

t » CONTINUE 

« I T > H t * . F F t L M > U L i l > H F U U l < l » K * M W M X I 

100 IF(AfcS!MU»J.I>-U(I.I.]M.»T.C»m OOTO 101 
IF(I.ED.l) 0010 102 
I * N P D C - I 
BDIO 100 

: U F O M FURIHER ITERATION, COMVERGCHCT I I CHECHES. 
101 CNIL CONVROIbtMLASTiHlTt l l iH I ICRtTtBTtMFDEiMMAK} 

I F l H I I . E O . O I GOTO 1 
iF(«if.pr.n«Ai» ooio io2 
0010 9 9 

C I fERATlDwS C O H P L E T E D > U ( J . 3 « H kCCOflE FIHAL SOLUTIONS OF THE 
C CURkEMT l i n e 9 I E P AH& ARE tftaH5FER£D I D U I J . | . I I AND "»0 OM 
I I D IHE H E i I I l n E STEP. 

10J D U S - U l l . 3 i l > - H l l > l < l t 

DO 13 J-t'.n 

13 U<J,3,D-W(J.3.|) 
J*l 

14 USI])>UO.I . l> 
c 

RETURN 
END 

CHkOOI 
CMnOOl 
CfMOOl 

BUIhOUI InC CRHNKIM ' • D T . t t C H i H . A . F F . L S P U L i N r L A O . N F b E . M I M I I 

CRANfi-HlCOLSOM F I N I T E l.lFFEMTNCt 
GAUSSIAN EL IMINATION m C H - L U t t S i n U I I O H 
IMOI FROKLEH NOR HATED tjtftHJt 

f l n l M S l U " 
DMCHSlDt 

CHhOZO I 
CMh02I I 
CMMI22 I 
CMK023 I 
CNK0I4 I 
CNR0 I3 I 
CHI. 0 2 A I 

C Hit 02ft I 
C H h02 t 1 
CHK030 I 
CHI .01 I 
CNH012 
CHK033 

CNK033 

CNK037 

Cltt.039 

CNl.041 

H I ALMA COEFF of i FROM ct in 
ttt « t « cucir or I * I »*,on E L M 
Ml • RCCUB Um AMtft EL In 
N4 *c twuHr •NARILHTS H^U: 
• O F E W t N M Y LMt CIHiR TCRrf M f u £ 
N * FO iHDKY L M t 1EKH A T I CDftft NDf-C 
H> DDX SEC CORN CC F H S I I . IFF M H « 
HO A l COEFF 01 TIME DCU TLfclt HfUE 
H I FHAI PUt SPACE W . M K I I C I i n l H t m 
H10 HS SURF VALUE Of y MF-bC 
N i l UJ U VALUE A l J - T H GRID H t l * 
H I ! UQS SOLUTION FKOH IIAUS.S ( I I d H G N A I 

K * H F L W m 
J- l 
DO 10 1 M . K F D E 
I I - ( I ~ 1 IfHtlNAX 
C l N 2 t I I > ' A I J i 3 1 

CALL S R t * * < C < K 1 0 » i U C H . t . F F t L § * U L . C < * M l i U . 
1 HPDCF 

DO I I I - l . H P t E 
I H - l - 1 
I I - I H I H D H A X 
C I H I t l l )>Mt J . ? ) - C « n F i n i l l ) X l 

• K H M X I N P H C 
M i M I I W U . 
MGMJUtMPl* 

CHK050 1 D m 
CHhOSI 13 C I H I U l n > - U U , H . l ) 
CMhOSI CALL A C A L C < C < N l l > > U C H i T > V t C ( N 7 l f C < N S r > C I H f > > D l l D i I i 
CHK033 W 13 1 - l i W U E 

I n - i - i 
CHkOSS r j - - A I J i l l l U ( J - | . I . I I - A < J > 2 U W I J i l > I I - A < J ( 3 l ( H I J ( i 

1 ( D . l . l t - 3 . * I C ( N » ( I n ) « g < J . l > I l / l H t C ( H » t I F l K t H l l 
CHkCl? J I > M ( H G H A X t J - l 
CNM51B 
CNK0S9 
CHt-ObO 

C I H l t j n - A r j i r i - C t N J I J I - l l f A I J ^ I l / C t M l F J I ' l l - S . v C i 
1 ? 

C l H J t j I f A I J i 3 ) - A ( J - l f 4 l « A < J > l ) / C I H M J I - l l 

CNM51B 
CNK0S9 
CHt-ObO 

C I H l t j n - A r j i r i - C t N J I J I - l l f A I J ^ I l / C t M l F J I ' l l - S . v C i 
1 ? 

C l H J t j I f A I J i 3 ) - A ( J - l f 4 l « A < J > l ) / C I H M J I - l l 

* C ( H t M l n > / u n D i m 

V^M^^rZ™..... VALUE FOR 
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M M * * 
use** 

CM.L I M I i a i M N I 
n o r P A T * r n i H i ' . H I 

JOULES. O f f C I 1 

'tsorm 
f-tsort 
M S O I D 

a i p m j i - s P i t c i j i 
S I I> [Y<J) -S> 'C i ' . . i a 
S P C c s i u > > J . o 
Cut I i L L I L H S I I i C 

F I N I S H n o i .r n r 
OTHCItUISt . CALL Hl» 

I f U f f t n . t O . I I UD 
C*Lt • • I F H N I t . K C ! 
HI IUAH 

I O M CALL ODSEMtKSPlC! 

1HC L M I (MCI 

SUtNOUTIHC r t l M U i i . r . N . t F f t H i 

c 
c I I 1 L £ V I «1>ACI 

c 

:i=3SS-:L-
I O > . l < t l , T M > 
i . . 5 i i . r . < 3 ) 

c "KSiluT!"" 
1 IMCMESI 

c • " " I™! - !'.'"• ' 'PUP. TKOt 

-.Hi!*;; 

r i x e u 
r i > 0 3 ? 
P I I O J J 

P I I O S S 

P T l O l * 

p t i o « o 
f t ' 0 4 1 
P T * 0 « ? 
P T i O « 3 
PIHC4* 

P I I 0 3 3 C 
f t « C S « 
P I 1 0 S 3 C 
C I » 0 S » 

S I 1 X I < l 4 t « l . 
S P C t t i t l S l M . 

I l l F O * H i , r ( W ! H . W A C t * i l H J F * ! E . r O * I * 0 
FONI I l ' (M C H M M I E I I OIHCR fHAN M A T H f l T L C 

SPECK i7i*o.ot 
S K C S t m - 0 . 1 2 
S P E C S ! 1 9 1 * 0 . 0 * 
C F E C t « 2 0 ) « 0 . 0 

sptccot>*;.o 
BEI 2UHLS 

B I E C 5 < 3 * I > 0 . I 
£ F C C S < = 4 > > 0 . 0 5 

AMM0IA1E H D N I I O t T M . AM 19 
S P 4 C S I 3 B I - O . C 
t K t s i = * ) > ? , a 
S t t C S f f l - S . O 
M I L HODLl» t IPCC»> 

ANNOTATE VERTICAL * M l 9 
S d C 3 ( 2 8 > - 1 . 0 
S K C B i r » ) - * . 0 
S H C B 1 1 0 1 - I 0 . 0 
CALL N O D L l L I S f E C S * 

c o w s m u c i I I T I E r w * - * » i t 
CALL t l l L r a i l t H X I r > I M O M > • • * « • > 

C O N S I N U C I H U E r n i t V - I K H 
CALL t I I l E l H 5 H t t W t » M I « Ht I>BPECSI 

COHSTHUCT ANNOTATION 0>' GRAPH T ITLE 
ALSO UbE TUM' 7 
E I C C I F T « S l A R t . TSTIMT I I H C H C t ) 

S ' i c s i r s i - J . o 
n u i r ' i . o 
i n i L i i i L t u i h u L E , l » m E H P t * n i u « P M T I L C ' S K C * ' 
S r t C S ( 2 J I - S f L C S l 3 3 > - 0 . 3 
CALL I I T t C I I H U L E i l t H A T M I SURFACE I C H P i f l f E C f l 
S ) L C B l 2 3 ) - S f £ L S l I I I - 0 . 3 
C A L L i H L r n i i . U L t . i B w c * t t • J O U I . E S • S P E C S > 

PLOT UAIA FOIMTH U I 1 X SOLID L I H 
CALL F i t i i m . i . p u i « . n u f T t S i - i c s i 

H AND b l O I T ( W E S OF PLOT ABE* 
I C S M 
i r s t s i 

i X B i n t n . i i i x r . s r i c s i 
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P T X M 3 1 DbO L M 1 ORSTNHlWlCbF 
H t > M t 
P M O R / 

P h s o o ; c 
PKi.uol C 
M S u i l * c 
Pft^OJi 
rksoot DJfXNSlON S l l * * « - l > . M l . t . < J l 
PRbOO' D] hi n i l 0« »w *•--.<><», Mil vooor 

G 
PRSOO* G 
F-PSOIO 

G 
I N W U 

IPSOI/ C 
H t S o l B 
m s o i t 
H - . U J 0 c 
f t . s a ; i 
P d s o ; j 

c 
1 fciO?4 

c 
m- . i l •* 

^ i r i i L u n s K C S ! 
P M M I ? I c 
PHS0J9 
H i t . o i o c 
FKSOl l 
PRSOIJ 
f H S t l l J c 
I 'NNOl* c ""V«..„...« p h * . u ] » ^c tsua i -o . i j Pfi lOJ? Sf l f i l lT I -0 .04 
p f i s o i e SKtSlIOI-O.O 

c 
Ft<!,0«2 
P 0 5 0 4 J c 

s i t t s i r i ' i . j . o 
r h s o * « 5IH.SIV.-5.0 

LOLL pmbLibtsnnt 
c ANMO.flti V IMICAL. A>IS 

FNSO«« SMLSUI.-4.Q 

PkSOM 
PRSOM 
PHS65J 
rusois. 

PH5O40 

1-050*3 
PNSO** 
p S = 0 * > 
pRSOAB 
I'RSOAV 

f-KSO?2 
PKS07J 
l-RSO?* 
pnSO/3 

PJ.507J 

I-NSO0O 
I X S O U l 

W i C S t I * * - 5 . D 
S P l C i < I O I - S . O 
CALL N O D L I L I S P r c a i 

CONSTRUCT H U E F H H - M l l 
C A L L r i n c p t i i H i i H E i M S E C > • • P i c a > 

c o M s i h u c r m a F U R • » * I S 
C A L L i m i L U » » ' . i / K r * t : i C O H P O I H I O M I I 

c n n s i R i f c l nfHO'tiwit or uuAttt T I I L C 
f O H f J ALSO 
- - - - - - tajimi I I H C H E U I 

SPLC! 
i-J.O 

CALL niLE0<KULC>27HSUftFACE CONPUSITtOH V I T I H f . S M C t F 
* K C 3 i ? J * - s r t c s c j > - e . J 
CALL I M I E O I R U L I . IBIMOT C I * J O U L E S i l f t C f f ) 

PLOT PAT A r o l H I U U l t H S U U B L IHC 
C A L L i F L i L i i i . f - m t r i t . b i i f f . s p t c s i 

PLOT . i N t S FOR I DP AMD DtiMl EOOCf OF PLOT AREA 

SIBLTI 
Ill-SPtCSH 

i-5rrcs<s» 91 IK «i 
8 i M T ( 2 i - a r t c s i 9 i 
S 1 H H ( 3 ) - S I E C S ( 3 1 
S t l r c i r j ( - s r t c s ( * i 
fiPECSO3>-3.0 
C A L L S L L I I ( < S I D E « > S I I > C T . S P E E D 

F I N I S H PLOT I f I I IS t H t LAST* 
O T H C I I U I S E I CALL MrnT (KANE 

l f U F R t l . C a . i l M» IO iQQn 
I SPEC! 

P K X O Q I EUDROUItNC P L O T * X < * . * . W p j n t m 
c 

IMJOOJ c PLOT COHPHSIUOH PROFILE US SPACE 
1H>00« c 
m x a o s 0 1 K I H S I 0 * f 1 - t . C 9 < J O > . l « l l , r i l » 
RRXOOA PIHEMSIUH S I D E . I J J . B I D C r i J ) 
PSMOO/ 
l+XOOB c 
• „«or» c GE I M U S I . Y O I S I U N INCHES) 
1-hkOlu «f«"'-'-? 
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P R I O I I * I > C C 8 I 7 I - S . 0 
r*xo>v 
cnno:o c 
P M O J 1 
m i o i l 

c 
P K I O » c 'lifHi^rrlZ.""""' 
PAKOJO c 
p ( . i o ; » 
PfttOJO 
PfcJOJl 

c "Vtcsuii-*"' 1 

PHIOJ3 

r^o" 
c 
c 

S P C L S . 1 7 1 - 0 . O B 
r m s j * •*icsiit i-o.ia 
PPmM7 •»ICEII* I .0.«4 
t h i O J B Stti:i i36i*0.a 
Pk iOJV sncBiiu-i.o 
" . * " ? c 

, L , S P E c " l 4 , . 0 . l 
P R I 0 4 3 
P f c . u t J c 
PhMti44 
P H I 0 « 3 

K < 0 » S2"«ir ii?s«c»» 
r h i o * a c 

f M M l M . M , * 
P » i O W s > t K < » i - a . o 
PR«OSI S l t t S l t r t P - 3 . 0 

C M L KOW 111'-.IT C 9 . 
I 'UIO',3 COHSihUCI H U E Fn» . - . I B 
P * « o l 4 c m > U ' U t X U m i » t C « < M g > , » E » ) 
PK*01S c C 0 H 5 I " U C I l l U t Mitt f - M I J 
H n « d C A I L u t i i i i i i i i c n H r n ^ i i i O M i W E C S t 
f h i u j / E U N t r M i c r H N N U I A M U N or ( . M I - H I I I L E 

»OHT r ALSO 
C m o S V S P U M f t > S I W I . r i l . k l . INCHES! 
PR'OtO SPECS.2JJ -J .O 

, IVHCOMPOS! H O N P R 0 f l l E i S P E C 9 > 

. i f . i n i n*> suHrACE i r * P . 3 P E C 5 1 

. i t l i 'MiK 1 | - JOUtLS.SPEC3I 

F t .JO/0 C PLUI 

H1X07? 
P k * 0 7 3 
PSH074 
p h i 0 7 9 
PDX07A 
PRH077 
P M 0 7 B 
PRH07* 
CRXOao 
PRX0S1 
FHX0R2 
PRIC0H3 

PRK0B9 

BIDEr< l l> f iPCCS<%l 
BIUCX<2>>SPECaf3> 
s i u c n 3 i « s p r c » t 5 » 
S I D U i 1 » • SPECS ( 1 > 
S l t l E T O l - 5 P E C S < * > 
S P t c a * u i - 3 . 0 
C A U 6 L L I L I i 5 I K X t S t t C r « * r C C B l 

: F I N I S H P L 0 1 I P I I I S IMC LASTt 
: OTHERUtSE' CALL NEXT F K M C 

i n i r M . E a . t t G O T O I O O O 
C A L L H X T F R F I I S P E C S ) 
h n u K H 

1 0 0 0 CALL DDSEHDISPECSI 

P W 0 0 9 
PRP010 
PRP011 
F f l f O I Z 
fhfOlS 

phP0 l& C 

EUIROUTIHE P P O P 

m ouwucrcit iBTin 

C a n H O M / p i r r E / E N > E t C X ( E L i E L E K 
cannoN/LN5Eti/E i . U P , « . I P W . . A E F T 
CDHHOrtfMATP S in iH f iUB iHFUStEn lBBiASMt 
COnnDR/nOLH / U « * 3 . 5 » 
DlnENSION I M d l 

CK* ( HO OF COnPDHEHTS - 3 
n * i HO O F A T O M o r C N C H 
COnPONCHT IH H O I E C M E - • » 

IFOR CONGRUENT VAPOftlZATIOHi B l l t t 
U A I 1 ) - UN AMD U A ( 3 I * 0> 

C HATER IAL r 

PliPO. ' i C 

M A P < S . | 0 3 

H I . H S U r - H f U S . r M I S l . A j m i 
i t n , H S U i . H F U S . E « I S S t A 3 H B 

C H . [ H I * . E > - > C I E I 
oorn io 

I [ H . E H E H . E L . E I E X 

' S ^ S S , 
> l f l O A T ( « - l » « W A ( 2 1 



rnroim 
rxroi* 
FRP040 
PRP04I 
PRP042 
PRP043 
PRP044 
PM'043 
PRP04A 
PKP04? 
P M 0 4 I 
PBf'CHV 
PHP030 
FRPOS1 
Fflf 'OSI 

101 F O R H A T t 4 F l O . 0 < t l O . O > 
103 F O R n A I < 2 < r i 0 . O i M a . O > l 
1 1 0 r O K n A t < F 1 0 . 0 i 2 < t - 1 0 , 0 > > 
3 0 0 r U R f l A T ( l H 0 . 2 3 H I H E HATCH KM. PROPER T I E 1 / 

1 S> '2 : .HA1(MtC ME I OUT OF COHP 1 - i F * . 2 / 
2 S H . ^ ' - l m t o n i C WEIDHT OF CCMP 2 « . F f . 2 l 

201 F W M A T < I H 0 . 4 I f J H l n - . r s . Q , S X » 5 t » I S u e - i F 5 > O > 3 X . 3 H H r U f l 
i 9 x > ' i < i H i s 5 > r r 9 < i > s x . i 4 H u < R 0 O H - T E n r > - > E 

3 0 2 F D « H A T t l H O f » x , J H I H . . F 7 . 0 » 5 X f 5 H E H E X - . E 9 . 2 » 3 X t 3 H « l . - i 
I 9 X r S H ( . L t X > t E 9 . 3 > 

3 1 0 F M t l M T t l H O i S l l t L A S L K CHARACTERISTICS/ 
" " 5 . 3 . 3 X t 5 H ? P W . - , E 1 0 . 4 . 4 H S E C . 

3X<5 ••E10.4 * CHJI 

SUMQOT1ME 1A»LE 

1*1007 
I H O O i 
I MOOT 
m O I O 
T M . O I I 
T H O U 
I t i d l ] 
T » 1 0 1 * 
1 K 0 I 3 
T i l 0 1 * 
I » L 0 t 7 
I H O H 
IM,0_19 
T1L.070 
T h D . ' l 
T i l 0 3 ; 
1*1,023 

1*1024 
IStOIS 
i m . o ? a 
l t t . 0 ^ 7 

I 3 - * I H l H l » - i 0 0 . 1 / 1 0 . > ( 3 
DC 1 I - 1 . I 3 
t E H P > 3 0 0 . t l 9 . * r L O A T l I - l > 
S C Q i K I I . C O N D K t H P I 

t r n i coBHECtco w i i n P I C L I I H O 
A H D - I ( T E n P - T H | / 5 0 . ) t l 2 
I F I A f l O . L I . I O . f DQIO U 
C P P - 0 . 0 
GOTO 1 2 

11 C P P - l l f U S / < 5 0 R f f J - H i ; * > « 5 0 . H E X P ( - « I O ) 
12 ! > A L < I > * R W ) I I C P 1 P 1 4 I E P H I ( t E n ' > > t C P P ] / G C 0 H l I 

l F d . E O . l t 0 0 1 0 13 
5 A 3 « 1 1 • ( 5 C D H < 1 1 - S C D N I ! - ! > > / < 1 O . I 5 C 0 N I t >I 

H f U l AS K L T A FUHCTtON 

DO I D I 
THE UALUE Of" A3 « 

13 SA3> I ) -A3RPI 
I CCHTIMUE 

R'jon U n p ( 3 0 0 K 

I N I I A L t U . U D t f l P D E i m M A X ) I I t 00 [ SUMOUTIF 
IIL0O3 C 
ITLOOJ C INITIAL CONDITIONS 
1 U 0 Q 4 C iPt.OW.Cn DEFEH1 WIT HOI fMTEK BEPENT1 
1 I L 0 0 5 C 
I t l O u l DIMENSION U(Hr->tAX >3.NF , I IEl 
I T L 0 0 7 DIMENSION UOtN' f iE) 

1 T L 0 I 3 
I T L 0 J 4 
I T L 0 1 3 
I T L 0 1 A 
111.017 
I T L 0 1 B 
1TL01V 
l i t 0 2 0 
I I L 0 2 I 
I T L 0 2 2 
I T L 0 2 3 
I T L 0 2 4 
J T t . 0 2 3 
1 I L 0 2 * 
1 T L 0 2 7 

READ < 3 > I O 0 > ( U O ( I > . ! • ! . ! * • € » 
WRITE U « 2 0 0 > 
WRITE (4.2011 <IiW(lt.I-I>HPBC> 
DO 1 K - l . K P O E 
DO 1 I - H N O H A X 

CONTINUE 
WRITE <*>30O> 
WRITE I * . 2 0 1 ) < I , U < l . t . I ! . I - l F H F M » 

100 FORMAT ( F t 0 . 0 ) 
2 0 0 F 0 R H A I ( l H I . 4 f r H T H E I H I T I At QUANTITY I H I T H • I H C t f f l O f t ) O F / 1 
201 F 0 H H A T I I l X > 2 7 H t > A R T I A L DIFFERENTIAL EON N D . I 3 . 2 M " . F 1 0 . 4 I 
3 0 0 F 0 R H A I U H 0 . 4 0 H T H C I N I T I A L QUANTITY tDIRCH9I0Mt.ESS> O F / I 

CHROOL 
CHK002 I 
CHR003 I 

CHROOS 
CHNOOA 
CHR0S7 

CHR011 
CHKQ12 

CHK014 . 
GHR013 
CHROIt 
CHR017 
CHH01B 
ClfROl? 

CHR021 

CHK023 
CHF.024 
r n s o ? 3 
CHR026 

SUBROUTINE CfMRIWOfWCHiHPK) 

C DHNON/ CHAFtT/XCHiTCH 
COXNON/L ASER/E1 • OP .R .TPW. ,AEFF 
c o n n o H / n A i p /THaH<<*> 
P InENSIOH UCHIHPDE>iUO<NFDC> 

- I C H - t P U L 
XCH-SORT(TDIFM»TCH1 
DO t I - W N P D E 

I U C H < I > * U O ( I ) 
UNITE ( 6 - 1 0 0 ) 
WHITE U t 2 0 0 l T C H . X C H » ( I i « H I I > . I - l . H P D C I 

100 F 0 R H A T I I H 2 < 3 4 H T H E CHARACTERISTIC QUANTITIES A R E I / > 
2 0 0 F 0 R H A T { I 1 X . 2 9 H C I M R A C T E R I 5 T I C T I N E * . E 1 0 . « i 4 H BCC/ 

1 UX.2VHCHAHACTCRI5T IC DISTANCE » E 1 0 . 4 > W C H / 
2 ( l IX (25 i lCHAfvAC QUANTITY OF PDC M > I 3 > 7 H - » F 1 0 t 4 ) T 

RETURN 

( I I I H E . T . A . F . F I . F 2 . I F I . A 0 ) 
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'<3>2l>Ff3.2)ir<4>3 

N-1.3 

IFIH.EO.t-*M>.n.K.I» ODIO 10 
Pt<lt>PTOftP(M>n> 
SD<50tS0RrtUHIHiH>)«P<M,M) 
Bl>5llFL0AT<H-lllPlN.H>/S0R!flM(MiH>> 
E?-S?trLOM<H-ll«P(H.hl/5ahTCIM<N>lll> 

to COMiiHUG 

C 44.2 - 3.aE2Z*?*o/4.o?3E23 - FI.UK I H a/cna-sCC 
F-CiSO 
F1-C*UHI?,1)(S1 
f2-caUHII.3»«32 
i r r iF l . *0 . l l . l .M. IFL*O.OI . ]> REIIXH 
OOIO (l>2rl»fIFL*0 

i . K l . U . P l O T 

COHUMUE 
WIIE (t.JOOl TIHC.t.n 

I PTOI.F 1<P(3<2>,P<2.3>> 

300 FUfcrMTllH fEI 

Mt tauiuimtun VM>M PRESSURES RI IMXIPUPI BURFAC 
P-UQ?..4*,4HP-tW7X.JMP-U.AX.4HP-02, 

00.20QL 
U020Q2 i 
1102003 
1)02004 > 
003003 i 
umoofc 
UO2O07 00200* U03009 
uasato 
UO2011 UDZ012 
UD2014 
U02013 
UQZOlt 
UD3017 
U020IB 
U03O20 

LM2024 
U02M1 

sutRouiiMt tnxniiEHr(Mi rn>3traini(PU0tni02frtna> 

CALCULATION OF FARtlM. VRPOR PRESSURES OF UMNIUMHHVKN 
B-fSIEH MSEB OH BtACkBURfTB HDPCL. 
MODIFIED FHOfl SUMtMllJMC DEVELOPED >r M.ACKMWK FOR HIKED OK I K 

CDHHOH/CC/At • *2.A3i«4.A3>IU>*7 
1-00-2.0 

)HtfinOB»N*MIC MTA 
lFI1EnP.01.ll1> OOTD 40 
DD*EIP(7B240./TEMP-13.*> 
EE-EXP< 16330. /IEnP-4.»*-34.*iY«T» 
FF-lXP<4700O./IEHP-H.23r 
00-EXPI2SIOO./lEnP-4.V2> 
tdC-EXPI-IB7200.7t£nPtJl.*l 
CUDC-EXPt-lSB700./TEHP*27.3> 
CUQ2C-EKP1-73400./T£MP*20,3» 
CUOJC-EXPI-31300.7T£HPU0.3> 
0010 70 

40 MI-EJIPU 78240.-».3111H>/IE«r-I2.«*M 
EE-E«P((li300.-I.OOAt'Ml/!tnP-4.1t-34.0Hf*Tl 
FF.E«Pf<47000.-.7as»IHI/IEMP-10.433> 
OC-EMPM 25100.-. 735*IHl/!EH*'-4.0*31 
CUC>EXP<-1*7900./lEhP*2?-3> 
CUOC-t»tt-109400./TEHPITO,9) 
CU02t>EKF)-3ia0O.^IEHP*|3.4j 

<*PB/DUtt-CC-ri> 

U02033 CugJOEnpi-5ioo./«hPt;.Bi 
U03034 c U02013 70 CEF-DOItEtFF 
00203A FO-FFtQQ 
U020J7 HH-I'Ef »DD/OU2«(3.0/DU 1.01 
OO.'OIB PP-['lF/0Ui*t.5*O.0/0U-1.01 
ooroj? 00-ru/OIH{J.O»EE/OUH.OIFO/Ol 
U0:'0«0 RK-i'Pifi/nann2.o/ou-i,oi 

SS-FG/au»rDM2,O/OUH<-DD-F0 
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U 0 2 0 3 3 DO 10 J - 1 , 3 
U 0 2 0 3 * 

F | i -FP<01» 
O0?0^8 u s - ' O i - F t i / r i 
uozosv 0 1 - 0 3 
U01'o*0 I F I G 1 . L T . O . O ) 0 1 - 1 0 . 0 
u a z o a l 10 CONTINUE 
uozo&2 0 2 < u i a o i 

C ' O i 
l * J - l . 0 / ( l . « 1 0 J * P 0 / 0 U * O 3 » 0 3 * B B » E C / O O a i 

u o ; " t 
U 4 - U 2 4 0 7 1 D D / 0 U 
u a - u 4 * D 2 * c c / o u 
O H - u ? t 2 . o t u 4 * ] . o * u 6 

u o ; o * o C R C L Q - t Q u - O n t / O u 
u o ; o 4 ? T£ST0-AB5<EfcEL01 
U Q ; O ? O I F i l C S I O . L T . l . O E - t ) ODTD SO 

0 0 1 0 2 0 
u n ; o > ; » i r i o . L t . o . o o o i o 4 0 
o o ; o ? j OMCK-ON 

U O J O J \ 2 0 CUN11HUE 
PRINT 2 

2 »0KMj»H*01l ,2tH«O<IT D ID HOI CONVERGE) 
U U J O ; * 100 
U020>¥ F 0 - 5 O H I I P 0 2 ) t E * P : - 3 0 I O 3 . / I E n P M . 0 3 4 ) 
ou2oaa VJ-U4/P02«CWC 
u o j o a i PU0-O4/S0RT(P02» iCUOC 
ut>2oa2 

P U D J > U 4 * S O K I t e a s > a c u o 3 C 
K n i N I M 
END 

UOJOBV 
UU20»0 

FUHCTIDM F<K> 
COrtHOHSCC/Alt A2•A3.A4.ftj.A* • A7 
F-((((<*I«imiliXt*J)».tMl»xt*3)»» HI tURM 

UU2042 
FUNCTION FPt*l 
connoN/cc/Aj tA2>A3.A4>A3>*4*A7 

> 3 < 0 * A 2 i l X 4 4 . Q * A 3 > H t 3 . 0 * A * ) » t 2 . 0 R A 3 t * X t A * 

>ION RHOITCMPt 

LU*OUm <!??*> 

i!.e,-t..JA0«-4/ 

, 2 1 0 3 l F ( « « C . C t . t l t OOTO 1 
1*02104 T > i e m - 3 » . 
UU2103 h m ) - D / i i . * M T 4 B * i * * 2 t c * r » a i 
IMI2106 REIUfIN 
U02lt>7 l fiHO.M»*i*TEnr 
U0210B RETURN 
U U 3 1 0 * E N D 

1102110 FUNCTION EPHT(TEHP» 
U 0 2 1 1 1 c 
U U 2 I 1 2 c W E C 1 F I C HEAT OF U02 I H J / B - K 
U U 2 U X c QlVeft k l C H A S J t H O V t \ * n i MHO L C I M N I T Z ( ) f 7 1 > 
U 0 2 I 1 4 c 
I W 2 I 1 3 DMT A I • C > D . F / 2 4 . 3 * 4 . - 4 . 7 A 3 7 E - 3 * 1 • * 7 3 X - « t * . I f « K * 9 / 
U0211ft OATA T I / 3 1 3 3 . / 
UD2117 T - I E I I P 
U 0 2 I I I I F I T . O E . T l > OOTO I 

C P - 6 t 2 . t T t C » 3 . * D * ( T i t 2 1 - f H l . . / T M I > 
U O 2 I 2 0 S P H T * 4 . | « 4 t C P / 2 7 0 . 
o n ; 1 2 1 RETURN 

1 S F H T - O . 3 0 3 
U 0 2 1 2 3 RETURN 

FUNCTION COHtUTCMF) 

0 0 7 1 3 1 
U 0 2 1 3 2 
U 0 2 1 3 3 

DATA * . B / 1 0 . i 0 « O . O 2 1 l / 
DATA X > C u a , T 0 / 2 , 0 0 E - S > , 2 V f i 2 0 S 0 . / 
DATA T I > T 2 / I 2 a O . < 2 S 4 0 . / 
T»TE«P-273. 
IFIf.GE.Tll GOTO 1 
C0NP*I.stAtb4Tt 
RETURN 
lf(T.Cl,T?l COtO 2 
F « < 5 P H K T E H P > - K * T - C V O I / C V O 
Y * < l f M 0 1 - < T - T O > « T A N H f t - T 0 > > / 3 . 
CQNO-t1./(A*»*T> >»11.*F > 
KEIUBN 
COM t i - 0 . 0 3 7 
RE IURN 
EHI-

FUNCTION D I F I T E H P I 

CI lNMI IN/DIFFL/EHi 
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B.3 User's Manual 

j3̂3_._1_ Program Input Data Cards 

(1) PROGRAM INITIATION AND TITLE (2(A5,5x),6A5,5x,2A5) - One card, read 

in subroutine TLCDE. 

Column Variable Description 
1-5 MODE Problem initiation flag; 

"START" for initiation and 
"STOP" for termination 

6-10 — Blank 
11-15 MTYPE Problem type; 

"SURFT" for heat conduction only and 
"STAR" for conduction and diffusion 

16-20 — Blank 
21-50 HED Problem t i t l e for label ing output 

(an array of dimension 6) 
51-55 — Blank 
56-65 DATE Date of the run 

(2) DIMENSION SPECIFICATION (215) - One card, read in subroutine TLCDE. 

Column Variable Description 
1-5 NPDE Number of p a r t i a l d i f f e r e n t i a l equations 

to solve; 1 for "SURFT" and 2 for "STAR" 
6-10 NGMAX Estimated maximum number of grid points 

needed for space var iab le (normally 300) 

(3) MATERIAL PROPERTIES - read in subroutine PROP. 

( i ) ATOMIC WEIGHTS (2F10.O) 

Column Variable Description 
1-10 WA(1) Atomic weight of component 1 (g/g-atotn) 

11-20 WA(2) Atomic weight of component 2 (g/g-atom); 
zero or blank for s ingle component mater ia ls 
or congruently vaporizing mater ia ls 

( i i ) OTHER PROPERTIES (4F10.0,E10.0) 
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Column Variable Description 
1-10 TM Melting temperature (K) 

11-20 HSUB Heat of sublimation of sol id phase ( J /g ) 
21-30 HFUS Heat of fusion ( j / g ) 
31-40 EHISS Total normal op t i ca l emiBsivity 
41-50 A3RM Coefficient A3 (1/k dk/dT) of heat conduction 

equation a t room temperature 

(iii)DIFFUSION COEFFICIENT (2(F10.0,E10.0)) - Blank fov "SURFT" when no 

diffusion process i s engaged. 

Column Variable Description 
1-10 EH Diffusion ac t iva t ion energy / Gas constant 

of the mobile component above some 
temperature (normally melting point) 

11-20 EHEX Pre-exponential factor of diffusion coef f ic ien t 
of the mobile component above some temperature 

21-30 EL Diffusion ac t iva t ion energy / Gas constant of 
the mobile component below some temperature 

31-40 ELEX Pre-exponential factor below the temperature 

(4) LASER PARAMETERS (F10.0,E10.0,F10.0) - One card, read in subroutine 

PROP. 

Column Variable Description 
1-10 R Ref lec t iv i ty of ta rget mater ial to the 

l a s e r l igh t 
11-20 TPUL Effective l a se r pulse width (sec) 
21-30 AEFF Effective surface area (cm 2) of l a s e r 

exposure spot 

( 5 ) CONTROL CARDS FOR NUMERICAL STABILITY - Two c a r d s , r e a d i n s u b r o u ­

t i n e SIZE. 

( i ) STEP AND GRID SIZES ( 2 E 1 0 . 0 . F 1 0 . 0 ) 
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Column Variable Description 
1-10 DT1 First time step size (dimensionless); 

also the lower limit of the following 
s tep s izes 

11-20 DXt F i r s t space grid s ize (dimensionles^); 
grid s izes are geometrically increas ing 

21-30 EPS Geometric factor for increasing grid s i z e s ; 
a constant g rea te r than 1 (normally 1.035) 

( i i ) ITERATION CONTROL (I10.E10.0) 

Column Variable Description 
1-10 ITMAX Maximum nun:ber of i t e r a t i o n s allowed 

11-20 CRIT Error tolerance for i t e r a t i o n termination 

(6) TABULATED LASER PULSE 

( i ) SIZE AND DIVISION OF TABULATION - One card, read in subroutine 

SHAPE1. 

Column Variable Description 
1-10 SDT Step s ize of tabula t ion 

11-20 LSPUL Number of d iv is ions of tabulat ion 

( i i ) NORMALIZED LASER PULSE SHAPE (7F10.0) - As many cards as needed to 

specify the tabulated normalized pulse shape (LSPUL/7 or 

LSPUL/7+1), read in subroutine SHAPE2. 

Column Variable Description 
1-10 SS(l) Normalized d i g i t a l pulse shape 

(7) TERMINATION OF STEP DO LOOP (2E10.0) - One card, read in the main 

program. 
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Column Variable Description 
1-10 TSTOP Time to stop the time s tep do loop (sec) 

11-20 TCYCL Time of a cycle for r e p e t i t i v e pul3e ( s ec ) ; 
Default ( i f zero or blank) for s ingle pulse 
source i s se t to 1.e10 which i s supposed to 
be approximately i n f i n i t i v e 

(8) INCIDENT TOTAL ENERGY (F10.0) - One card, read in the main program. 

Column Variable Description 
1-10 EI Incident t o t a l l a s e r energy ( j ) 

(9) INITIAL CONDITIONS (F10.0) - NPDE cards , read in subroutine INITAL. 

Column Variable Description 
1-10 W0(l) I n i t i a l condition for I - t h 

p a r t i a l d i f f e r en t i a l equation; 
e .g . W0(l) - i n i t i a l temperature 
and ¥0(2) - i n i t i a l composition 

(10) RESTART OR TERMINATION CARD (11) -One card, read in the main pro­

gram. 

Column Variable Description 
1 ICTL Control character; 

0 or blank: STOP 
t ; same mater ia l , another run 

for di f ferent l a se r energy 
2: d i f fe ren t mater ia l , s t a r t 

from the r ight beginning 

B_.2-.2_ Subroutines to be Supplied by the User 

(1) BNDRY: The boundry condition(a) of the problem. Input the surface 

value(s) of the function(s) and output the surface g rad ien t ( s ) of 

the funct ion(s) . 

(2) ACALC: The coef f ic ien ts of the p a r t i a l d i f f e r e n t i a l equation(s) and 

the form of function(s) PHAI (^ in eq. (1) or/and y in eq. ( 2 ) ) . 

http://B_.2-.2_
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(5) TABLE: To tabula te the coeff ic ients of the p a r t i a l d i f f e r e n t i a l 

equa t ion(s ) . 

(4) INITAL: The i n i t i a l cond i t ion(s ) . 

(5) CHAR: The c h a r a c t e r i s t i c quan t i t i e s for the non-dimensionalization 

of the boundary value problem. 

(6) HFLUX: The ca lcu la t ion of the convective term (due to moving boun-

dry) and the surface heat loss due to surface recession. Also, 

some pr intout formats are to be provided. 

(7) A function l ib ra ry providing the physical p roper t i e s , such as EHC 

(dens i ty ) , SPHT (spec i f ic hea t ) , COND (thermal conduct iv i ty) , DIP 

(diffusion coe f f i c i en t ) , e t c . 

B.A_ Sample Analyses for UO^ Vaporization 

Fig. B.t shows an example of the input deck of the program "STAR" 

with t o t a l l a se r energy of 30 Joules and the d i g i t a l pulse shape meas­

ured by the photodiode. The physical proper t ies used in the program are 

provided from Appendix C. 

J,*£*J. Program Test with Analytic Solutions 

The program was tes ted by comparing the r e s u l t s with the ana ly t ic 
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Fig. B. 1 An Exanple of The Input Deck for "STAR" 

art star uo2 surf temp and oomp oalo 12/03/80 
• 2 300 

16. 238. 
3133. 2234. 275. 0.83 -.190e-2 
5033. 2.22e-02 28550. .115e01 
0.05 1.9208e-4 4.964e-1 

1.Oe-03 .2e-1 1.035 
5 1.0e-4 

1.0e-5 51 
0 . 0 0.275 0.691 0.B51 0.926 0.980 0 

1.000 0.990 0.970 0.925 0.890 0.845 0 
0.760 0.710 0.670 0.618 0.575 0.525 0 
0.440 0.400 0.364 0.330 0.298 0.27C 0 
0.214 0.190 0.170 0.145 0.126 0.105 0 
0.078 0.063 0.050 0.041 0.030 0.025 0 
0.010 0.004 0 . 0 0 . 0 0 . 0 0 . 0 

0 . 0 0 . 0 
0.25e-3 

3.el 
1400. 
2.00 

solutions assuming no ablation of the surface (v»0, j*0), no radiation 

heat loss (*"0) and constant properties jo, C and k (at 4000K) when ana­

lytic solutions are possible. 

The heat source was assumed either rectangular shape with pulse 

width equal to t . or triangular shape with total pulse width equal to 

2t , and maximum at t . . pul peak 

The test runs assumed total energy of E = 30 Joules, t . • 

1.9208x10"4 sec, and t e g k - 0.7x10"4 sec. 

Without ablation and radiation heat loss and with constant proper­

ties, the heat conduction can be solved analytically for rectangular and 
( H ) triangular surface heat sources: 

(i) Rectangular: 

T (t) - T - ̂ C — ) t / 2 0<t<t , 
s o k * pul 
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( i i ) Triangular: 

. f d ^ t ^ - c t - v " 2 ] t> t p u l ( w ) 

2/3 t , ( t - t , ) 2 / 3 

T ( t ) - T - 4 q ( K v 1 / 2 r t 2 " 1 / 

( t - t J 2 / 3 

7~L H ( t - t ? ) ] (B-2) 

where H(t- t . ) « 1 t>t . 

= 0 t<t . 
1 

where q i s the surface heat flux (W/cm ) , k i s the thermal conduc­

t i v i t y , and K i s the thermal d i f fus iv i ty (k/faC ) . 

F igs . B.2 and B.3 show the r e su l t s of the ca lcu la t ion . In both of 

the f igures , the sol id l ines mean the ana ly t ic solut ions and the dashed 

l i n e s , which f a l l almost exact ly on the sol id l i n e s , suppoaely are the 

numerical so lu t ions . This means t ha t the numerical solut ions have very 

good agreement with the ana ly t ic solut ions a t l e a s t when vaporizat ion 

process and rad ia t ion are not s ign i f ican t and proper t ies are not tem­

perature dependent. 

B_.4_.2_ Numerical Solutions 

F igs . B.4, B.5, B.6 and B.7 show the r e s u l t s of the "STAR" computer 

run in which the incident l a se r t o t a l energy i s 30 Joules with the pulse 

shape shown in Fig. B.8, and the effect ive l a se r spot area i s 0.4964 

cm . 

In Figs. B.4 and B.6, there also show the results of the "SUKFT" 

computer run which assumed no composition change so that only heat con­

duction equation is solved and the laser has the same characteristics as 

http://B_.4_.2_
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the run in "STAR". 

.B-4̂ ,5 Discussions 

The difference of the maximum surface temperature from "STAR" and 

"SURFT" is about 200K, which is mainly due to the vaporization effect in 

the ablation terms and the fact that the rate of vaporization is not 

only a function of temperature but also a function of the composition. 

Fig. B.9 shows the maximum surface temperature as a function of the 

total incident laser energy calculated from both "STAR" and "SURFT". At 

low energy (or low temperature) range where vaporization effect is rela­

tively unimportant, the two calculations give the consistent results, 

while at high energy, the discrepancy as much as 200 - 300 K attributes 

to the ablation effect. 

JL'H 0t^.e.r Applications: 

The computer program has been designed to deal with (i) thermal 

conduction problem only ("SURFT") or diffusion process at constant tem­

perature only ("SURFR") or both ("S?AR"), (ii) same kind of problems 

with different materials and (iii) 'ifferent kind of problems (e.g. dif­

ferent differential equations, boundary conditions, or/and different 

type of heat sources - laser or i^u beam, surface or volumetric source) 

with different materiaIP. 

For instance, the possible applications might be the thermal 

analysis of the first wall in CTR, the thermal analysis of laser driven 

micro- explosion, the thermal analysis of electron beam heating, the 

thermal and mass transport analysis of laser annealing or electron beam 
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annealing in semiconductor ion implantation and other applications of 

pulse heating techniques in material processing, etc. 

In this report, the thermal analysis of the first wall design is 

presented and compared with the current design based on approximate ana­

lytic solutions. 

JL-JL'-L Problem Formulation 

Consider the first wall design of an Inertial Confinement Fusion 

Reactor with proposed nuclear grade H-451 graphite.^ " 4 The heat 

loading on the first wall has been assumed consisting of 4000 MJ total 

with 2% in x-rays, 30# ir. debris and the remainder in neutrons. The 

debris pulse has been taken as 500 us duration which may be treated as a 

surface heat flux. The x-ray, which occurs long before the debris 

pulse» is assumed to be uniformly deposited on the first wall over a 

time of a few microseconds and produce initial temperature of 840K 

before the debris pulse. The neutron flux which penetrates mostly into 

the bulk will deposite only a small amount of energy in the first wall 
(39) and is neglected here 

JJ.Ĵ .j? Analytic Solutions 

Assuming no ab la t ion , no radia t ion heat loss and constant proper­

t i e s , the ana ly t ic solut ion for a rectangular shape of 500 jasec duration 

pulse i s given in eq. (B-1) with t . equal to 500 ps. The thermal con­

duc t iv i ty i s taken as constant a t temperature of 1300K (0.58 W/cm-K for 

uni r radia ted graphi te and 0.34 V/cm-K for i r r ad i a t ed one), the densi ty 

i s 1.74 g/cm , the heat capacity i s 1.89 J/g-K for unirradiated and 

i r r ad ia t ed graphi te , and t i s the time from the beginning of the debris 
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pulse. 

Figs. B.10 and B.11 show the surface temperatures as a function of 

time for three sizes of radius (12m, 13m and 14m) for unirradiated and 

irradiated graphite. 

The thermal evaporation rate is approximated by 

< * 2.14x 1 0 1 2 T 2exp(-92,000/T) mm/sec (B-3) 

where T is the surface temperature given by eq. (B-1). a 

The total erosion rate per second ia obtained by numerically 

integrating eq. (B-3) assuming one second pulse repetition rate. Fig. 

B.12 shows the erosion rate per year with first wall radius for unirra­

diated and irradiated graphite. 

B_«5«_3 Numerical Solutions 

The computer code "SURFT" has been applied to this problem with 

ablation and radiation heat loss and vaiable properties. The properties 

are given from Ref. 39- Figs. B.13 and B.14 show the surface tempera­

tures as a function of time for three size of radius (12m, 13m and 14m) 

for unirradiated and irradiated graphite. 

The erosion rate is calculated along with the temperature evolution 

in "SURFT", and the result is shown in Fig. B.15 for unirradiated and 

irradiated graphite. 

.J3.jj.-4_ Discussions 

To compare the numerical solutions with the analytic solutions. 

Table B.I, B.2, Figs. B.16, B.17, B.18 and B.19 show the maximum surface 

http://J3.jj.-4_
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temperatures and erosion rate for different reactor radius design. 

Given the erosion rate of 5 mm/yr as the design criterion of first 
(59) 

wall , the ana ly t ic ca lcual t ion by Hopkins ' gives radius of 12.54 

meters for uni r radia ted H-451 graphi te and 14»3> meters for i r r ad ia ted 

H-451 garapti i te, while the numerical ca lcu la t ion of t h i s work gives 

radius of 13-38 meters for uni r radia ted one and 13-35 maters for i r r a d i ­

ated one. F igs . B.18 and B.19 show so high s e n s i t i v i t y of the erosion 

ra te to the radius that a difference of 1 meter in radius may r e s u l t in 

almost 2 orders of magnitude difference in erosion r a t e , which lea' .s to 

2 orders of magnitude difference in the f i r s t wall thickness with same 

amouiit of l i f e time. Therefore, i t i s concluded tha t the t curate ca l ­

cula t ion of thermal analys is i s necessary. 

I t i s assumed here t ha t the vaporisat ion i s tho major factor of 

mater ial erosion and the erosion r a t e i s the design c r i t e r i o n for f i r s t 

wal l ; however, i t has been pointed out that the thermal s t r e s s due to 
(41 ) the high thermal gradient may impose another design l i m i t a t i o n . 

After a l l , the purpose of t h i s repor t i s to show a useful appl ica t ion of 

the computer code developed here and to compare the r e s u l t s with the 

ana ly t ic so lu t ions . 
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TABLE B.1: Erosion Hate of Unirradiated H-451 Graphite 

RADIUS Tn»= * (K) 
(meters) Ana ly t i c 3 Numerical 

10 4289 4314 
12 3223 3766 
13 2865 3227 
14 2580 2814 
15 2351 2499 
16 2163 2264 
18 1877 1911 
20 1672 1661 

< (a 
Analytic 

3.98x10, 
3.43x10' 
0.988 
2.94x10" 
9.30x10" 
3.19x10 
5.15x10' 
1.35x10" 

.-5 

i /yr) 
Numerical 

9.15x10* 
1.50x10' 
24.7 

0.384 

10 

6.43x10 
1.45x10" 
8 .61x10" 
6.48x10" 

i-3 

TABLE B.2: Eroaion Rate of I r rad ia ted H-451 Graphite 

RADIUS C X (K) < (mm/yr) 
(meters) Analytic Numerical Analytic Numerical 

10 5357 4016 2.83x10^ 
6.93x1 o ' 

1.32x1 Op 
1.37x10 12 3965 3387 

2.83x10^ 
6.93x1 o ' 

1.32x1 Op 
1.37x10 

13 3497 3110 

2.83x10^ 
6.93x1 o ' 

11.8 
14 3125 2870 14.1 0.985 
I f 2825 — 0.635 , 

2.94x10"^ 
7 .35/10" ' 
2.46x10"' 

5.01x10"' 
2.94x10"' 

1. 2580 2466 
0.635 , 

2.94x10"^ 
7 .35/10" ' 
2.46x10"' 

5.01x10"' 
2.94x10"' ,d 2207 2168 

0.635 , 
2.94x10"^ 
7 .35/10" ' 
2.46x10"' 

5.01x10"' 
2.94x10"' 

20 1939 — 

0.635 , 
2.94x10"^ 
7 .35/10" ' 
2.46x10"' __ 



SURFACE TEMPERATURE OF LASER PULSING ON U02 

HO M l HO RAD CONST PROP 
RCGTAHGULMR £ • 3» JouUa 

ANAITIC SOLUTION 
NUflEBIML SOLUTION 

Fig. 
Rectangular Surface Heat Source with No 
Ablatron, No Radiation Heat Loss and 
Constant Properties 



SURFACE TEMPERATURE OF LASER PULSING ON U02 

NO AIL HO BAD COftST PW 
TRIANGULAR C - 31 J o t l & i 

ANALTIC SOWTKIH 
NUMERICAL SOLUTION 

. 1'riangular Surface Heat Source with No Ablatron, 
No Radiation Heat Loss and Constant Properties 



SURFACE TEPIPERATURE OF LASER PULSING ON U03 

m»£RICAL SOLUTIONS 
E • 39 J * n t M 

FRW1 5TM 
F*W1 SWWT 

Fig. B.4 The Surface Temperature of U0 2 WILII Time for Real 
Laser Pulse with Ablatron, Radiation Heat Loss and 
Variable Proper t ies 



SURFACE C0I1P0SITI0N OF LASER PULSTNG ON U02 
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£ • » J a»l«a 

Lnser Pule witli Incongruent Vaporization 



TEHPERATURE PROFILE OF LASER PULSING ON U02 

DISTANCE TROfl SURFACE ( ^ . i 

HUTCBIC«L SOLUTIWtS 
E - M J « , L . 

FRO#l $TM 
FRM1 SUftFT 

Fig. B.6 The Temperature Profile of UO Suhject to Total Energy 
30 Joule Laser Surface Heating 



COnPOSITION PROFILE OF LASER PULSING ON U02 

4 . H fi.M 

DISTM4CE FMfl SlMfACC ( * •> 

CKLCULATED FMN STM 

Fig. B.7 The Oxygen-to-Uraniura Ratio Prof i l e of UO„ Subject to 
Total Energy 30 Joule Laser Surface Heating with 
Incon^ruent Vaporization 
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Fig. B.3 The Normalized Laser Pulse Shape With Time 



P1AX SURFACE TEHPERATURE OF LASER PULSING ON U02 

IHClftEwT TOML Er*EBCY IJot ikt l 

NUMERICAL SOLUTIONS rson STM 
FAOK su»rr 

Fig. R.^ The Maximum Surfao e Temperature of lJ0o vs Incident Total Energy 
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Fig. B.IO The Surface Temperatui'e of Un-irradiated H-q51 Graphite With 
Time for Rectangular iurface Heat Load with No Ablatron, 
No Radiation Heat luas and Constant Properties 
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Fig. B.ll The Surface Temperature of Irradiated H-451 Graphite with 
Time for Rectangular Surface Heat Load with No Ablatron, 
No Radiation Heat Loss and Constant Properties 
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Fig. B.12 The First Wall Erosion Rate with Different Fusion Core 
Size for Rectangular Heat Load with no Ablatron, No 
Radiation Heat Loss and Constant Properties 
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Fig. R.13 'HIP Sur ' ^mperature of Trradiated H-451 Graphite with 
'lime for . pigular Surface Heat Load with Ablatron, 
Radiation Heat Loss and Variable Properties 
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Fig. B.14 The Surface Temperature of Irradiated H-451 Graphite 
with Time for Rectangular Surface Heat Load with 
Ablatron, Radiation Heat Loss and Variable Properties 
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Fig. B.15 Tha First Wall Erosion Rate with Different Fusion Core 
Size for Rectangular Heat Load (with Ablatron, Radiation 
Htat Loss and Variable Properties) 
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Fig. B.16 Comparison of the Analytic and Numerical Calculation of 
the Maximum Surface Temperature with Different Fusion 
Core Size for Un-Irradiated H-451 Graphite 
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Fig. B.17 The Maximum Surface Temperature with Different Fusion 
Core Size for Irratiiaced 11-451 Graphite 
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Fig. SIS Comparison of the Analytic and Numerical Calculation of 
the First Wall Erosion Rate with Different Fusion Core 
Size for Un-Irradiated H-451 Graphite 
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Tig. B. 13 Comparison of the Analytic and Numerical Code of the 
First Wall Erosion Rate with Different Fusion Core 
Size for Irradiated H-451 Graphite 
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APPENDIX £: THERMODYNAMIC DATA AND MATERIAL PROPERTIES OF UO. 

C_.\_ Density 

The density of solid U0„ is given by M, G. Chasanov et al as: 

p - ( 1 0 . 9 8 ) / [ I + 9 X 1 0 " 6 ( T - 2 7 3 ) + 6 X 1 0 " ^ ( T - 2 7 3 ) 2 + 3 X 1 0 " 1 2 ( T - 2 7 3 ) 5 ] 

for T<3140 K (C-l) 
(21 ) The density of liquid UO is given by L. Leibowitz et al as: 

(3 " 10.658 - 6.3609x10" 4T for T>3140 K (C-2) 

where b is in g/cm and T i s in K. 

£ . £ Specif ic Heat 

(22) The specif ic heat of so l id L'0 ? i s given by Kerrisk and Clifton 

K 9 2 e 9 / T I X -E /RT 
c „ * o o/m r 2 K 3 T * - ^ T e for T<3140 K (C-3) 

where 9 - 535.285 K 
RT 

ED • 1.578x105 J/mole 

K - 0.2968 J/g-K 

K2 - 1.217x10"5 J/g-K 2 

K = 8.750X10" 8 J /g 

R - 8.314 J/mole-K 

and C i s in J/g-K and T i s in K. 
(23) The speci f ic heat of l iquid UO i s given by Leibowitz v •" a s : 

C - 0.503 J/g-K for T>3140 K (C-4) 

At the melting point , the enthalpy increment exhibi ts a discon­

t i n u i t y due to the phase change. This heat of phase t r a n s i t i o n i s 
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handled by an effectivn heat capacity term in the vicinity of the 
(24) melting temperature. 

The molar enthalpy of a material at temperature T can be expressed 
in terms of the heat of fusion and the molar heat capacity at con­
stant pressure C as follows: 

P 

| *°2»%°P«' if .«., 
H°(T: - T if T>T < C ^ 

l >'^V 2 { 8 V T ' 
D e f i n e an a p p a r e n t mo la r h e a t c a p a c i t y o : 

c (T j » C (T) + / ^ J ) ( T - T } (C-6 ) 
p p w f mp 

T 
H°(T) - H ° 9 8 + X c ( T ' ) d T ' fo r e v e r y T (C-7 ) 

S i n c e d i s c o n t i n u i t i e s i n m a t e r i a l p r o p e r t i e s a r e n e t d e s i r a b l e i n 

t h e n u m e r i c a l s o l u t i o n of t h e c o n d u c t i o n e q u a t i o n , t he l i ea t c a p a ­

c i t y i a a p p r o x i m a t e d by a c o n t i n u o u s f u n c t i o n of t e m p e r a t u r e ; t h a t 

i s , in s t e a d of u s i n g a d e l t a f unc* lon t o a c c o u n t f o r t h e h e a t o f 

f u s i o n , a G a u s s i a n f u n c t i o n of f i n i t e w id th c e n t e r e d a t t h e m e l t i n g 

p o i n t i s u s e d . 

Let C " / ty„o(T-T ) be a p p r o x i m a t e d by a f u n c t i o n of G a u s s i a n pp — ' - 1 f mp r J 

form: 

-( 2E) 2 

C » i exp (C-R) 
P P \ |7tf , 

where £$i =• heat o f f u s i o . i o f UO, » 2 7 4 . 4 J / g ' 

T - 3140 K 
mp 

(23) 

(25) 
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6~ " half width of the heat of fusion peak » 50 K 

and the apparent specif ic heat 

C - C + C (C-9) 
P P PP 

Thermal Conductivity 

(26) The thermal conductivi ty of solid U0? i s given by Schmidt^ ' a s : 

k = 1/[l0.80 + 0.0218(T-273)] for T<1473 K (C-10) 

k * ( l+F) / ( l0 .80 + 0.0218 ©) for 1473 K<T<3U0 K (C-11) 

9 * [T+1777-(T-273)tanh(T-2323)]/2 

F » [C -2xlO" 5 (T-273)-0.299]/0.299 
P 

The thermal conductivity of liquid U0„ is obtained from measured 

thermal diffusivity of liquid U0„ (constant value of 2.6 x 10 
2 (27) 

cm /sec) by Leibowitz : 

k » 0.139 - 8.?2x10" 6T for T>3140 K (C-12) 

where k i s in. W/ciu-K, T i s in K, and C in eq. (C-11) i s in J/g-K. 

Vapor Pressure 

(OR) 
A computer subroutine following Blackburn's mouel , "ROOT", i s 

used to ca l cu la t e the p a r t i a l pressure of each vapor species as a 

function of both composition and temperature. 

Heat of Vaporization 

The heat of vaporizat ion i s assumed constant below the melting tem­

pera tu re : 
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AH - 2234 J /g for T<3HO K (C-13) 
*-" vap 

(29) 
givan by Bogensberger e t a l v 7 / in which the averaged vapor p res ­
sure curve of Ohse^ ' and Tetenbaura and Hunt was f i t t e d to the 
Claysius-Clapeyton equation. 
Given tne heat of fusion, 274.4 J /g , from L. Leibowita, e t 

(32) a l . , , the heat of vaporisat ion above the melting point i s : 

£ H v a p * 2234 - 274.4 = 1959.6 J /g for T>3H0 K (C-14) 

Diffusion Coefficient of Oxygen 

The ' l iffusion coeff ic ient of oxygen in solid U0„ i s given by J . 

B e l i e f ) fls; 

D = 1 . 1 5 exp(-28550/T) for T<3140 K (C-15) 

Sirce the diffusion coeff ic ient of oxygen in the oxide melt i s not 

ava i l ab le , est imates of upper and lower l im i t s are made in t h i s 

ca lcu la t ion . An upper estimate can be arrived at with the aid of 

k ine t i c gas t h e o r y . ^ ) I n a ideal gas the diffusion coeff ic ient i s 

^ ~ T 1 v, where 1 i s the mean free path and v i s the mean ve loc i ty 

of the gas molecules. If the in te r ion ic dis tance in the oxide melt 

10 A i s introduced for T, then D « 7.37x10~ 5 cm ?/aec a t 3140 K and 

1.14x10 cm /aec a t 7560 K (the estimated c r i t i c a l temperature by 

s ( 5 5 ! ) . In th i s c.ise, D is f i t t e d to be approximately 

(D ) - K59x10~ 2 exp(-25!6/T) for T>3H0 K (C-16) 

where (D ) is in cm /sec and T i s in K. This s e t s up an upper 
o max r c r 

limit of diffusion coefficient in the temperature of interest, 

since the ions in the oxide melt cannot move unimpeded between col­

lisions in the same way as gas molecules. Instead, molecules in 
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the l iquid migrate from one po ten t i a l s t e to an adjacent one, 

remaining in each s i t e for a ce r t a in t ime. A lower est imate i s 

based upon the fact that the diffusion coeff ic ient in the l iquid 

oxide i s higher than tha t in the s o l i d . 

(D ) . - 3.03x10~1 exp(-24800/T) for T>3140 K (C-17) 
o min 

This equation i s f i t t e d by taking D « 1.1x10 cm /sec from 

B e l l e * 3 5 ' a t 3140 K and 1.14x10~ 2cm 2/sec a t 7560 K. 

Optical Emissivity 

The spec t ra l emissivi ty a t )\ a 6500 A i s given by Held and 

Wilder^ 5 6 ) a s : 

V65O0X " ° ' 8 5 ( C " 1 8 ) 

which i s found i n sens i t i ve to the temperature over a wide tempera­
te 31 1 

ture range (450 - 2400 K). I t i s proposed^ ; tha t \„c500l be 

constant up to the melting point . 
(37) Above the melting point 4, > f i . . • i s measured by Bober a s : 

S»6500Jt " ° ' 8 1 t 0 ° ' 8 7 f o r 5 1 4 ° K < T < 3 7 0 ° K (C-19) 

with temperature, so an average value of 0.83 is adopted, i. 
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