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ABSTRACT 

A simple approximation for predicting the concrete erosion rate and depth 

is derived based on heat balance integral method for conduction with the time de

pendent boundary conditions. The problem is considered a four-region model in

cluding separate, moving heat sinks at the boundaries due to endothermic decom

position reactions. Polynomial temperature profiles are assumed and the results 

are compared to previous experimental data and other analytical solutions. Since 

the technique provides an approximate temperature distribution on the average, it 

does not give the real temperature evaluation but provides a simple prediction of 

the erosion rates in terms of the parameters that are important during the physical 

phenomena. Because of its simplicity and reliability, the model might be useful 

for the larger molten core/concrete interaction models. 
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CHAPTER 1 

INTRODUCTION 

1.1. Introduction 

The commitment to exercise great care in fabrication, operation, mainte

nance, and extensive in-service inspections to make today's nuclear power plants 

safe and reliable requires in depth engineering design and analysis, for particu

lar, the evaluation of the risk associated with an accident provides guidance in 

establishing design criteria for both passive and active engineering safeguards. 

The risk assessment to the public associated with the operation of nuclear 

power plant has been investigated by several nations around the world [1,2] since 

the early 70's. These investigations have evaluated the risk of an accident by 

studying the hypothetical scenarios of the operational failures and their resulting 

events. They demonstrated that the accident sequences that may lead to a core 

meltdown dominate the risks for low probability, high consequence power plant 

accidents. More importantly, an understanding of the physical progression of such 

accidents provide guidance in the selection of possible methods of intervention to 

terminate the accident and establish design criteria for engineering safeguards like 

containment and heat removal systems. 
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1.2. Phases of a Meltdown Accident 

The meltdown accident scenario in light water reactors (LWR) starts with a 

complete failure of normal and emergency cooling flow in the core. Such a complete 

cooling loss may be the result of accident initiating events like the complete loss 

of off-site power and the subsequent failure of on-site emergency power sources, 

low probability external events like a large earthquake or other large consequence 

events. This loss of coolant accident (LOCA) may quickly develop into the melt

down since the uncovered fuel rods are heated, by the fission decay heat and by the 

exothermic zirconium/water reactions, to the temperatures well above the normal 

design limits. Molten core then looses its geometry and enters to the lower plenum 

and possibly causes exothermic chemical reactions [3,4], or explosions when it con

tacts with residual water. The reactor pressure vessel failure could occur with the 

penetration of hot melt into RPV. This primary vessel meltthrough is the last step 

of the in-vessel consequences of the meltdown accident. 

When the molten core debris slumps onto the reactor cavity, that is ei

ther concrete basemat in pressurized water reactors (PWR) or operating systems 

in boiling water reactors (BWR), possible steam explosions which would over-

pressurize the containment, and water/melt reactions which would provide extra 

energy to the melt occur. The molten debris eventually contacts with the concrete 

structure of the containment building. This final molten core/concrete interaction 

is identified as an important part of the accident sequence. 

The evaluation of these accident sequences can provide the basis for the 

design criteria for emergency cooling systems and ultimately for the containment 

system. 
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Molten core/concrete interactions (MCCI) have major impacts on several 

safety assesments. The early-time effect is generation of noncondensable gases 

from the MCCI that may result in an explosion or containment overpressuriza-

tion. Decomposition of concrete releases substential amount of carbondioxide and 

water vapor. When these gases come into contact with molten debris, they tend 

to be reduced to hydrogen and carbonmonoxide. All of these gases cause an 

overpressurization of containment. Further, hydrogen and carbonmonoxide are 

combustible gases their ignition might cause a risk of sudden overpressurization 

of the containment. The risk associated with noncondensable gases and aerosols 

is derived from their potential to causing the release of radioactivity to the at

mosphere. This consequence of MCCI can be identified as an "above-ground" 

impact. 

The growth and penetration of a molten pool into decomposing concrete 

is a potential long term effect of the MCCI and has a risk to the containment 

basemat penetration. If the containment basemat fails, a substantial amount of 

radioactivity would be released to the soil underneath the rector building, or even 

further to the underground water system. The risk to the public associated with 

this "under-ground" sequence of MCCI is very important. 

A product of the MCCI evalution is the partition of the energy release 

from the molten pool as a part of post accident heat removal (PAHR) process. 

The debris coolability also plays an important role in sequence analysis of the risk 

assesment associated with meltdown accident in LWR [5]. 

All these impacts of MCCI are almost certainly may coupled together, mak

ing the analysis more complex. Overall these effects are rooted in the evaluation 
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of the decomposition of the concrete, or in other words, to the calculation of the 

concrete erosion rates and depths. For this purpose, different models have been 

improved over the years since the first detailed report of WASH-1400 [1]. 

1.4. Previous Models of MCCI 

The simplest but mostly reliable analysis of the MCCI is based on the steady 

state approximation of the phenomena. The steady-state concrete erosion model 

which is used in computer analysis [6-9] of the molten core/concrete interaction 

(MCCI) after a vessel failure during a meltdown accident gives an overestimated 

concrete ablation rate and an underestimated in-depth concrete decomposition 

rate. This is simply caused by assuming that the concrete temperature remains 

constant during the process. In the actual case, temperature in concrete is time 

dependent due to the cooling molten core in time, i.e. decreasing surface heat 

flux, and heat conduction properties of concrete that are to change because of 

decomposition of the concrete as water and gas release reactions. Therefore steady-

state approximation does not provide an exact answer to the actual situation, 

however, it is a good and simple approach to the problem. 

CORCON's [6,7] steady state model predicts the erosion rate based on the 

first law of thermodynamics so that incoming and outgoing energies and masses 

are balanced [Fig.l]. The surface heat flux that decomposes and ablates the con

crete is then balanced by the product of the ablation enthalpy which includes 

sensible heat of concrete, latent heat of fusion, and chemical energies due to the 

reactions that decompose concrete ingredients and the rate that this energy is 

produced by decomposed material. This model is a good approximation for the 

high temperature phase of MCCI where the melt is so hot that erosion is very 
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Model . 
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rapid and solidification of the melt does not take place. If solidification occurs or 

the decomposition rate is slow, steady state calculations are not valid. 

Transient models for MCCI phenomenon or related subjects such as melting 

or freezing have been studied in .the past by several authors. Landau's [10] analysis 

for one dimensional melting of solid which is subject to a known surface heat flux 

showed that the velocity of the melting front reached a steady state value when 

the thermal front penetration rate was equal to the melting front velocity. 

Henry [11] assumes an exponential temperature distribution in concrete and 

derives an expression for a steady state ablation rate after the thermal boundary 

layer is developed by assuming that all sensible and chemical energies are lumped 

together as a single latent heat. He finds the amount of time to reach the steady 

state by substituting the in-depth penetration with one steady state boundary 

layer thickness which is the ratio of thermal diffusivity to ablation velocity. 

Another model that was derived by Corradini [12], as shown in Figure.2, 

includes a detailed approach to the latent heat of fusion and chemical energies 

due to decomposition. All of the chemical energies were also considered as a 

lumped energy source at the surface of ablation, although they were calculated at 

each decomposition front. Then, by the use of the integral technique, assuming 

a polynomial temperature profile in the concrete, he found the concrete ablation 

velocity in terms of the thermal front depth. His approximation for the boundary 

condition at the surface is valid if the thermal properties of concrete are constant 

for each phase of decomposed concrete. The composition of concrete is mainly 

water, carbon dioxide and some other oxides. Decomposition of these components 

depends totally on temperature. Table. 1 gives the decomposition temperature 

ranges for different ingredients of concrete in the order of decomposition. Thermal 

properties also depend on temperature and those properties would not be the same 
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Figure.2. Conceptual Picture of Corradini's Transient 
Model . 
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for the phases of the concrete i.e. for water free concrete or gas free concrete. Since 

the thermal properties are not the same for each phase, conduction of heat will be 

different for each region. Thus, a model considering those regions separately can 

be improved resulting in a closer analysis of the problem. 

Table.1. Decomposition Temperatures for the 
Species in Concrete. 

Decomposi t ion 
Species Temperatures (K) 

Evaporable Water 290-500 

Chemically Bounded Water 630-750 

Carbon dioxide 870-1253 

Melting Point of Concrete 1350—1670 
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CHAPTER 2 

MODEL DESCRIPTION 

Concrete decomposition and ablation can be considered as the melting of 

a solid caused by a hot solid on the surface. Via this approach, concrete can be 

represented as a semi-infinite solid subject to a known heat flux on the surface. 

Heating of the concrete at the surface increases the surface temperature and a ther

mal depth moves into the concrete. Since the concrete is a heterogenous mixture 

of evaporable and chemically bounded water, carbon dioxide and refractory oxides 

(Calcium oxide, Silicon oxide etc.), those components start to decompose when the 

temperature reaches their decomposition value [13,14]. Thus, as the surface tem

perature increases, we observe, first, evaporation of evaporable water followed by 

the chemically bounded water and, subsequently, decomposition of carbon dioxide 

and, finally, refractory oxides. When the refractory oxides decompose, literally, 

the concrete is considered melted. Therefore, basically three sequent regions into 

the concrete are observed: temperature effected region, dry concrete region, and 

a region without carbon dioxide gas, i.e. gas free region. 

In this study we have made the following assumptions: 

1. Thermophysical properties within each region are constant but may 

differ from one region to the others. 

2. Temperature varies in only one direction, i.e. one dimensional problem 

is considered. 
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3. Heat flux at the surface remains constant during the transient. 

4. The only heat transfer mechanism is conduction, that is assuming that 

no gas film is existing between the hot molten core and the concrete, and energy 

transfer by mass diffusion is neglected. 

5. Phase change occurs at only a single temperature front for each phase 

and chemically bounded water and evaporable water decompose at the same front. 

6. Molten concrete is immediately removed from the surface. 

7. Density changes in nonmobile regions during the process are negligible. 

The first assumption is made to simplify the analysis. Although density, 

heat capacity and thermal conductivity are functions of time, their variation with 

temperature except thermal conductivity is not very significant for concrete. Since 

the temperature ranges considered are narrow, this assumption is reasonable. 

The penetration depth in concrete is analyzed for a large surface and very 

fast transient, therefore a one dimensional solution is good enough to estimate the 

erosion rate. 

"No gas  f i lm exis tence"  assumpt ion  i s  an  approximat ion ,  as  wel l .  Exper i 

ments [15] also studied the effects of a molten slag-gas film between the hot molten 

core and the concrete. In some molten core/concrete interaction models [16] this 

effect is simply neglected by the assumption that the slag is carried away from the 

surface by a rapid gas flow. Negligible mass diffusion is another approximation. 

Since the concrete may behave as a porous media, both vapor and carbon diox

ide gas might diffuse through the media driven by the pressure gradient, but the 

speed of the transient and the depths of thermal regions make this assumption a 

reasonable approximation to the actual situation. 

The assumption of phase change occuring at a single temperature front is a 

very simplified model of the actual physical phenomena. Decomposition of water 
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and gas occurs in a temperature range in reality, and energy absorption in these 

reactions is widely spread in those ranges. On the other hand, the enthalpies for 

those reactions are calculated for those temperature values and this does not effect 

overall energy balance of the regions significantly. In WASH-1400 [1] it was also 

assumed that water decomposition takes place at about 900 F then melting occurs 

at 1400-1600 F. 

The model by these assumptions is simple but good enough to illustrate 

the physical phenomena that are important during the transient. The conceptual 

picture of the model is shown in Figure.3. 
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CHAPTER 3 

STATEMENT AND SOLUTION OF THE PROBLEM 

3.1 Introduction 

Solutions of the problems involved with melting or freezing are mostly con

sidered to be in forms of the error function. But, in our model, time dependent 

boundary conditions prohibit the evaluation the temperature distribution in forms 

of the error function or any related functions. Therefore, the solution might be de

rived by an approximate method. In this study, Goodman's heat balance integral 

method [20] will be used to solve the problem. 

3.2 Heat Balance Integral Method 

Various analytic methods provide exact solutions for the partial differential 

equations (PDEs) where the equations and their boundary conditions are linear 

and the geometry is simple enough. Also, for limited numbers of special cases 

nonlinear equations can be solved exactly. When the geometries get more com

plicated and existing boundary conditions are nonlinear, exact solution analyses 

are not applicable. Therefore, the solutions of problems axe analyzed by the use 

of some approximate analytical methods or numerical techniques. In some cases 

numerical solution of the equations cannot be justified. For the problems which 
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require a close look at the significance of physical parameters that drive the physi

cal phenomena, numerical solutions cannot serve well enough. Use of approximate 

analytical methods for those types of problems provide better understanding of 

those parameters. 

The integral method has been used for the solution of PDEs since the first 

applications to the boundary layer and energy equations in fluid mechanics by Von 

Karman et al.[22]. In heat conduction, multi-dimensional steady state and one di

mensional transient problems or the problems involved with temperature depen

dent properties are approximated in several studies. The one dimensional transient 

melting problem was analyzed by use of the heat balance integral method. Several 

investigators [23-27] have used the method for the solution of the one-dimensional 

transient phase change problems, more commonly referred to as Stefan's problem 

named after J. Stefan who studied the thickness of polar ice [28], with both lin

ear and nonlinear boundary and initial conditions because of its simplicity and 

straight-forward approach to the problem. Comparing the results with available 

exact solutions for a few special cases shows that accuracy of the method is mostly 

acceptable [29]. 

The method involves the integration of governing equation(s) over a phe-

nomenologic distance, mostly a thermal front that is a function of time, defined 

by the certain boundary conditions applied to that region. This removes the sec

ond degree derivative of the spatial variable in the differential equation and by 

applying Leibnitz' rule on the derivative of an integral, a first degree, time de

pendent equation called "the heat balance integral" is found. The next step is to 

choose a suitable temperature profile for the temperature distribution in space. 

The most preferred type of profile is a polynomial with the degree of two to four. 

Polynomials with higher degrees do not improve the accuracy. Then, by use of the 
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boundary conditions, the coefficients of the polynomial axe determined. Replac

ing this temperature distribution in the heat balance equation gives a first degree 

ordinary differential equation for the phenomenologic distance with time as the 

independent variable. This equation is subject to given initial conditions. Solu

tion of this equation can be performed analytically if possible or by use of a simple 

and reliable numerical method such as Runge-Kutta or another predictor-corrector 

method, and then this solution is substituted into the temperature profile in or

der to get temperature distribution as a function of time and space in the media. 

Since the governing equation is satisfied only on the average, this solution is not 

exact but simple enough to illustrate the physical phenomena and very useful to 

the engineering applications. 

3.3 Solution Of The Problem 

Under the assumptions and definition of the model, we can divide the tran

sient decomposition of concrete into four consequent physical phenomena: 

- Pre-evaporation : from initial state until the surface temperature reaches 

to evaporation temperature of evaporable and chemically bounded water. 

- Dry concrete : the phase between water evaporation and gas decomposition. 

- CO2 free concrete : from gas decomposition until the melting starts. 

- Ablation : the erosion of the concrete surface. 

Then we will write the governing equation(s) for each region separately for 

each process described above and solve them with appropriate boundary and initial 

conditions applied to those regions by use of heat balance integral technique. 
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3.3.1. Preevaporation 

When hot molten core debris gets in contact with the concrete which has 

a uniform initial temperature T,-, the problem can be considered as heating of a 

semi-infinite media subject to a constant heat flux at the surface for times t > 0 

as illustrated in Figure.4. 

For this problem, the thermal boundary layer Si(t) is defined as the distance 

beyond which, for practical purposes, there is no heat flow. Thus the initial 

temperature remains unefFected beyond si(i). 

The mathematical formulation of this problem is given as the heat diffusion 

equation with constant thermal properties and no heat generation: 

d2T x{x , t )  1 dZi(a:,t) . ^ 
H~2 ~  al  m  z>0,  t  > 0 (1.1) 
ox2  ai at  

and the boundary and initial conditions: 

k \d = —q" at x = 0, t  > 0 (1.1.a) 
ox 

Ti(x, t )  = Tj at x = si( t) ,  t> 0 (1.1.6) 

dTi(x, t )  

dx 
= 0 at x = si( t) ,  t> 0 (1.1.c) 

s i( t )  = 0 at t  = 0 (l.l.d) 
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Figure.4. Heating of a semiinfinite media by a constant 
heat flux at the surface and the definition of 
thermal boundary . 
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Equation (1.1) can be non-dimensionalized by choosing the dimensionless 

parameters for temperature: 

Oi = (1.2) 

for space: 

X  
x = — and si  = — (1.3) 

and for time: 

r = t - f = F o  ( 1 . 4 )  

where Fo is the Fourier Number and / is an arbitrary distance that is chosen as: 

1 
= 1? W 

Then, the governing equation (1.1) becomes: 

6 2 0 \(x,r) _ d d i ( x , t )  

6x 2  6 t  

2 — — in x > 0, t  >  0 (1.6) 

with the boundary and initial conditions: 

60i (x ,r)  

6x 
= —1 at x = 0, r > 0 (1.6.a) 

0i(x,r) = O at x = 5i(r) (1.6.6) 

6 0 !  ( X , T )  

6x 
= 0 at x = 5i(r) (1.6.c) 
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si(r) = 0 at r = 0 (1.6.d) 

By integrating the equation (1.6) with respect to the space variable from 

x = 0 to x = si(r) : 

®=Sl X = 81 

I 2" / 2-
x=0 x=0 

or: 

(1.7) 

dd l  d0\ 

dx 
Z = 31 

X=Sl 

.  - / * -i=0 -=•_ i=0 

(1.7.«) 

can be found. 

Applying the Leibnitz' rule to the right hand side of the equation results 

in: 

ddx 

dx 

d9\ 

dx 
X=31 X=0 

X=31 

— J 9\dx — Q\ 

x=0 

dsijr)  

dr 
X—S\ 

(1.8) 

By defining: 

r=s1(r) 

6x = J 6\dx 

i=0 

(1.9) 

and applying the boundary conditions, the equation (1.8) becomes: 

ddi 
e?r 

= 1 (1.10) 

which is the heat balance integral for the problem considered. 
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Now we can assume either a quadratic or a cubic polynomial for the tem

perature distribution. To choose a polynomial greater than the fourth degree does 

not improve the accuracy of the solution significantly [29]. Also the boundary 

conditions for this problem limit us with the maximum a third degree polynomial. 

Then a cubic polynomial is chosen for 9\ (x, r) in the form of: 

$1 (®!t)= A + Bx + Cx2  + Dx3  (I ' l l )  

where the coefficients might be the functions of the time. 

Three of these coefficients can be determined by the use of three boundary 

conditions. The fourth condition that is necessary to determine the last coefficient 

can be found by evaluating the governing equation at the edge of the thermal 

boundary layer si(t). Since T\ = T,- = constant at x = .si(i), the derivative of 

the temperature with respect to time vanishes and we obtain the condition as: 

d2^,T) =0 at x = s a(r). (1.12) 

Application of four conditions to the equation (1.11) yields the temperature 

profile in the form of: 

<»»> 

Introducing this temperature profile into the equation (1.9) results for Q\ 

as: 

5. = % (l.H) 

and replacing this into heat balance integral results in following: 
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dsi 6 
17 = 57 ' <L15> 

This is a first degree ordinary differential equation with the initial condition 

(1.6.d) and has a solution in form of: 

si(r) = y/12T . (1-16) 

Thus, the temperature profile can be found as: 

— Tj 
CX.1T, 

where 

5l = Vl2ai< . (1.17.a) 

After finding this temperature distribution, one can evaluate the surface 

temperature Ta{t) by replacing x = 0 in the equation (1.17) that is: 

T.(<) = Tj(l + ̂ ) , (1.18) 

and the time tw  when the surface temperature reaches the evaporation 

temperature Tw, can be found as: 

_3 
f  A 

4 OL\ 

r T -T-i 2 
w . (1.19) 

L Ti 

Figures 5 through 10 illustrate the thermal distance growth (Eq.1.16), the 

growth rate (Eq.1.15) and the surface temperature (Eq.1.18). 
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An exact solution of this problem is avaliable. Appendix.I gives the exact 

solution and the comparison of the exact solution with other approximate solutions 

for this problem. The accuracy of the approximate solution above allows us to 

predict a finite thermal front distance with a good reliability for heating phase of 

the process. 
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Figure.5. Growth of thermal layer before evaporation. 
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Figure.6. Growth of thermal layer before evaporation. 
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Figure.7. Growth rate of thermal layer. 
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Figure.8. Growth rate of thermal layer. 
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Figure.9. Surface temperature before evaporation. 
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Figure.10. Surface temperature before evaporation. 
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3.3.2. Dry Concrete 

When the surface temperature reaches to the required temperature for wa

ter evaporation Tw, water content of the concrete begins to decompose. In the 

actual case, there are two types of water decomposition. The first one is the dehy

dration of the evaporable water in the concrete when molecular water from species 

such as Tobermorite, Ettringite, and 3CaO.2SiO2.SH2O vaporize [13]. The sec

ond type of water decomposition is the chemical break up of the bonds that hold 

chemically-constituted water, mainly following the reaction for calciumhydroxide 

as: 

Ca(OH)2  —> CaO + H20 

This reaction occurs when the temperature reaches about 600-750 K while 

the dehydration is observed between 290 and 500 K. In this study, by considering 

the speed of the process and the narrow temperature difference between the tem

perature ranges for dehydration and the chemical decomposition of water, water 

decomposition is simplified to a single temperature for both processes. 

As the surface temperature continues to increase due to the constant heat 

flux on the surface, the temperature front which is at the assumed water evapora

tion temperature starts moving into the solid concrete. At this moment, one can 

define a second phenomenologic distance S2(t) as the distance between the water 

evaporation front and the molten core-concrete interface. Since the temperature 

affected concrete distance is also moving, we have two moving fronts: one 
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Ti(x, t)  =T2(x, t )  = Tw  

Figure.ll. Thermal Layers for Dehydration Phase 
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which has the constant water evaporation temperature and the second where no 

heat flux is observed beyond. Figure. 11 illustrates these regions according to their 

definitions. 

During the process, each of these regions has different thermal properties 

that axe assumed constant inside each region. Since the volumetric changes axe 

negligible and the thermal heat capacities are almost constant in those temper

ature ranges [30], the real asumption is about the thermal conductivity that de

pends on the temperature more strongly than the others, but, still the range of 

the temperature is not effective to make the assumption invalid. Besides the con

stant evaporation temperature, the front s2(t) has an endothermic reaction which 

works as a sink for the heat flux in a magnitude of the latent heat of the water 

decomposition. 

The way to evaluate the solution is to superpose the problem into two 

separate regions divided by the water evaporation front. Formulation for these 

two regions can then be written with two governing equations: 

d2Ti(x, t)  _  1 dTiQM) 

dx2  ai dt  
in s2( t)  <x< s2( t)  + $i(t) (2.1) 

and: 

d2T2(x, t )  _  1 dT2(x, t )  

dx2  a2  dt 
in 0 < x < s2( t)  .  (2.2) 

with the applied boundary and initial conditions: 

dT2(x, t )  „ 
k2  — = — q at x = 0, t  > t  (2.3.a) 
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T2(x, t )  = Tw  at x = s2(*)5 t  > t t  (2.3.6) 

Ti(x, t)  = Tw  at x = S2(t) ,  t  > t l  (2.3 .c) 

Tj(a;,<) = Tj at a; = 52(0 + «i(<), t > tw (2.3.d) 

dTj(x, t )  

dx 
= 0 at s = S2(t)  + «i(<)» t  > tw  (2.3.e) 

-k2 
dT2(x, t )  

dx 

.h9T^t) + pLids2(t) 

dx dt 
at x •S2 (*), t  > tw  

(2.3./) 

si(') = «i at t = t. (2.3 .</) 

52(0 = 0 at t  = tw  (2.3. ft) 

where ej is the thermally effected concrete depth when the evaporation begins. 

Boundary condition (2.3./) is known as the Stefan's boundary condition 

which is basically the conservation of the energy written at the water decomposi

tion front where L\ represents the latent heat of evaporation. 

Non-dimensionalization can be performed by choosing the parameters as 

following: 

a _ 
T -T-X  W  - * «  

(2.4) 



(t  ^tu)^! 
Ji  

where I is the same as it is defined in Equation (1.5). 

By these parameters, the governing equations become: 

d26i(x,T) d0i(x,r)  .  
— in 52( t )  < x <  s 2 ( t )  +  Sl( 

dfx2 dr 

and: 

d262 ( x , T )  d92 ( x ,T)  .  
= " " — f t —  m 0 s  1  s S2(T)  

where a 12 is the dimensionless heat diffusivity that is: 

a 1 
a12 = — 

a2 

The dimensionless boundary and initial conditions axe: 

301} =  £. a t  s  =  0 )  T > 0  
O X  k \ 2  

02 (x ,r)  — 0 at x = S 2(t)  

0I(X,T) = O at x = si(r) 
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Oi ( x , t )  =  —  1 at x = s2(r) + s1(r) (2.10 .d)  

= 0 at x = ?i(r) + s2(t) (2.10.e) 

d92(x,r)  d9i(x,  r) 1 <52(T) ^ /"-INN 
*'2_ai ai- 'sTiST at (2-10-/) 

SI(R) = EJ at T = 0 (2.10.^) 

?2(r) = 0 at r = 0 (2.10./i) 

where: 

*12 = ̂  (2.10.0 

«i = - * (2.10. j) 
T - T 

5<i = Cl^rt! . (2.10.1b) 
L> l 

In other words, fci2 is the dimensionless thermal conductivity, /ci is the 

dimensionless heat flux or Nusselt Number, and St\ is the Stefan Number. 

Now we can apply the integral method to both of the governing equations. 

By integrating the Equation(2.5) from S2(t) to S2(t) + Si(t) : 
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X=82+"3l x — a  2+7i 

1 9̂ = 1 s-
X=S2 X=3 2 

(2.11) 

or: 

80! 

dx 
Z=S2+Sl 

80! 

dx 

X=«2 + Sl 

1—32 X=«2 

(2.11.a) 

which results in: 

80 \  

dx 
I=S2+«1 

80! 
8x 

1=32+81 

- i  I  $ i i B -x=a* x=l2 

0i 
X —  

c?(^i  + s 2)  

dr 
+ 0i 

ds2  

_ _ dr 
X=S2 

(2.11.6) 

Applying the boundary conditions (2.10.c), (2.10.d) and (2.10.e) to the last 

equation results as: 

80! 

dx 
d01 cts\ (%s 2 

dr  dr dr 
(2.12) 

1 = 32 

where: 

X=S2 + «1 

#1 = J #1 dx .  (2.13) 

x=a 2 

Thus the heat balance integral for the temperature affected region is: 

d01 

dr 

50! 

Ldx 
+ -T- + 

x = s  2  dr 
«£21 
dr J 

(2.14) 
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Integration of the Equation (2.6) from x — 0 to x = S2(r) can be performed 

as: 

7s—-7s-i=0 x=0 

that results in: 

dd2  

dx 

802 

dx 
X=3 2 

X=32 

<*12 

i=0 i l  02<tx — 02 

x=0 

<Zs2(T) 

dr  
£=S 2 

(2.16) 

With the use of the boundary conditions (2.10.a), (2.10.6), and (2.10./), 

the heat balance integral for dry concrete can be constructed as: 

d02 _ 1 

dr 012&12 

99 \  

dx 

1 ds2 
— K\ — — — 

X=32 St  I UT 
(2.17) 

where: 

(2.18) 

Temperature profiles can be chosen for each region as quadratic polynomi

als. As was mentioned earlier, degree can be between two and four. Number of the 

boundary conditions given above require us to select a second degree polynomial, 

besides Corradini's study [ ] suggests that the quadratic function is the best fit. 

Thus the profiles can be selected as: 

X=S 2 

e2= J 02 dx 

z=0 

0i( x , T ) = A\ + Bi [a: - ̂ (t)] +C I [ X  -  ̂(f)]2 (2.19) 
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and: 

T 2 
02(z, r) = A2 + B2 [s2(t) - + C2 [$2(7) - X] (2.20) 

By the use of the boundary conditions (2.10.c), (2.10.d) and (2.10.e), coef

ficients in the Equation (2.19) can be found such that: 

= -2  
x  — S2(T) 

h  ( T )  
+ 

X — S 2 ( r )  
(2.21) 

In equation (2.20), use of the boundary condition (2.10.6) gives A\ = 0, 

and applying the boundary conditions (2.7.a) and (2.7./) result in two equations: 

•7— — B2 + 2C2S2 
«12 

(2.22.a) 

and: 

B, = — f —  
K\O LsiCr  

1 DS2(R) 

k\2 l-si(r) ' St\ dr 
+ ] •  (2.22.6) 

These equations are not convinient to solve for C2 and i?2 since they re

sult in a first degree, second order ordinary differential equation with one initial 

condition for S2(T). This problem can be overcome by eliminating DSI/DR in the 

latter equation by using the boundary conditions together with the governing 

equation (2.8). Since this governing equation is valid everywhere in the region 

0  <  x  <  s 2 ( r ) :  

d2e2 

d x 2  X=32 
a12 

902 

dr 1=3 2 
(2.23) 

or: 
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DS2(R) _ 0C*2 

DR B2 ' 
(2.24) 

Combining this result with the Equations (2.22.a) and (2.22.6) gives the 

coefficients as following: 

B,= MI — M2 

2OTI2KI2STI S2(T) 
(2.25) 

and: 

CO = A/j — ^1 
• AOII2KI2STI 2fcj2 

(2.26) 

where: 

M,=L-2«L2SHS^F\ 
W) 

(2.27) 

and: 

M2 = Y/M* — 4AI2KISTIS2(R) (2.28) 

Thus, the temperature distribution for the dry concrete region can be writ

ten as: 

6 2 ( X , T )  =  MI — M2 1 \S2(T) — x"i ( [ MI — M2 KI _ ("^(r) — xi2 

'  r  
(2.29) 

•2AI2KI2ST 
_1 rs2(T)_-£] , r Ml - M2 _ KI _ 1 rs 2 (T)  -
iJ L S2(T) J L4AI2ki2Sti 2h2  

5 2  T J L S2(T 

In order to use the heat balance integrals, 9i and d2 and their derivatives 

must be evaluated. By their definitions in Equations (2.13) and (2.18), 61 and 02 

can be found as: 
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0i = (2.30) 

and: 

1 r Mi — M2 ki  _ 
(2-31) 

And their derivatives can be evaluated as following: 

ddi _ 2 dsi(r) 
dr 3 dr 

and: 

where: 

and: 

(2.32) 

§ = , 1 ( 1 + 7 1 ) ^) + ^ | | I1^1 (,33) 

M2 — MI 
W = 6auk l2St t  

(2 '33 'a)  

M| + MXM2  + M2  — MI +2 
71 2AS (2-33'6) 

Af = M' ' (2.33 .c) 
Mo 

Replacing these results into the heat balance equations results in the fol

lowing equations: 
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1C?«i(t) o?s2(r) _ 2 
3 dr ^ dr (r) 

(2.34) 

{""M™ life H • 
(2.35) 

These last two equations can be put into a form as: 

AII^ + B„^ = C11 (2.36) 

where: 

A22€i£1 + = C22 (2.37) 

An = g (2.36.a) 

Bn = | (2.36.6) 

Cn = (2.36.c) 

A22 = (2.37.a) 
^ i ( r )  

B 2 2 = ^ ( l  +  7 l ) + a a 2 fc! 2 5t 1  
( 2 - 3 ? - 6 )  

°22 = fe^) + KlJ ' (2'37x) 
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Then, an ordinary differential equation system can be constructed as fol

lowing: 

This system is subject to the initial conditions (2.10.^) and (2.10./i), and 

can be easily solved numerically. The solutions are illustrated in Figure.12 thru 

Figure.15. 

By setting x = 0 in the Equation (2.29), change of the surface temperature 

by time also can be found as: 

DSI(R) _ CNB22 ~ C22B11 

dr A11B22 ~ A.22B\\ 
(2.38.a) 

_ A\\C22 — -A.22C\\ 

dr A11B22 — A22B11 
(2.38.6) 

(2.39) 

This surface temperature is plotted in Figure.16 and 17. 
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Figure. 12. Growth of thermal and dry layers before and 
during evaporation. 
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Figure.13. Growth of thermal and dry layers before and 
during evaporation. 
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Figure. 14. Thermal and dry region growth rates. 
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Figure. 15. Thermal and dry layer growth rates. 
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Figure.16. Surface temperature growth. 
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Figure.17. Surface temperature growth. 
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3.3.3. Gas-free Concrete 

Another decomposition in the concrete is the decarboxylation that is ob

served at temperatures higher than water evaporation. Temperature range for this 

decomposition process is about 850-1250 K. Depending on the concrete composi

tion, thermal decomposition of calcareous aggregates such as calcite, magnetite 

and dolomite dissociate into an oxide and CO2 by following the reactions: 

CaC03 —• CaO + C02 

MgCOz —> MgO + C02 

CaMg{COz)2 —* CaO + MgO + 2CO2 

Although calcium carbonate decomposes at 1160 K at 1 atm pressure, par

tial decompositions can take place at temperatures as low as 900 K [13]. 

Since this decomposition causes as much change in material properties as 

the temperature effect, the media must be divided into three regions that have 

different thermal properties. This brings another phenomenologic distance asso

ciated with another governing equation into the calculations for the new region. 

Thus, the mathematical formulation is as follows: 

d ^ in *3(') + S20 - x - ''O + *>(') + *i(0 

(3.1) 
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w 

Figure.18. Thermal Layers for Gas Release Phase 
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9 2 a£ ' 0  =  i n  <»<»( ' )+  •>(<)  (3 .2)  

and: 

d2T3(x,t) 1 dT3(x,t) 

dx2 «3 dt 

with the applied boundary and initial conditions: 

in 0 < x < s3(t) (3.3) 

= ~q" x = 0, t > tc  (3.4.a) 

T3(x,t) = Tc  at x = s3(t), t > tc  (3.4.6) 

T2(x,t) = Tc  at x — s3(t), t > tc  (3.4.c) 

T2(x,t) = Tw at x = s2(t) + s3(t), t>tc  (3A.d) 

Ti(x,t) = Tw at x = s2(t) + s3(t), t > tc  (3.4.e) 

Ti(x,t) = Ti at x = si(t) + s2(t) + s3(t), t > tc  (3.4./) 

~^q~- = 0 at x = si(t) + s2(t) + s3(t), t>tc  (3.4.gr) 
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, dT3(x,t) , 9T2(x,t) , r  ds3 . _ , /0  , , N 
"«3 fa— = -«2— h PLi~jf at x  — W)> t>tc  (3.4.h) 

, dT2(x,t) , dTi(x,t) c?(s2 + s3) A . / j tN 
-k2 - = -fci —+ p.Li ^ at a: = s2(<) + s3(t), 

t > tc  (3.4i) 

si(t) = e2 at t = tc  (3.4 .j) 

s2(<) = at t = tc  (3.4.A:) 

s3(tf) = 0 at t = tc  (3.4./) 

Again, Equation (3.4.h) and (3.4.i) are the Stefan's boundary conditions for 

water evaporation and gas decomposition interfaces and e2 and 6i are the thermally 

effected and dry concrete thicknesses when the gas decomposition begins. 

Dimensionless parameters for this case are then: 

T — T e = ±-(3.5) 
• l  c  w 

x — ^r and Si = -j- i = 1,2,3 (3.6) 

r ( 3 . 7 )  

where I is again the same as it is defined in Equation (1.5). 
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Thus, the dimensionless governing equations are: 

d26\ (x,r) d0\(x,r) . _ / \ , . x 
^5 = M S3(T) + S2(T) < x < S3(T) + s2(r) + S!(T) 

where: 

(3.8) 

d202(x,r) dd2(x,r) . _ ,_N , N , _ ,  N 
= <*12 m s3(r) < x < s3(r) + s2(r) (3.9) 

and: 

d293(x,r) d03(x,T) . „ ̂  ^ , /0  
—^=2 = ~qt 

m 0 ^ x ^ ss(r) (3.10) 

«13 = — • (3.11) 
«3 

The dimensionless boundary and initial conditions for these governing equa

tions are: 

d83(jc, t) _ K2_ ^ a; = 0, r > 0 (3.12.a) 
ox k\3 

$ 3 ( X , T )  =  0  at x = S 3 ( T )  (3.12.6) 

$ 2 ( X , T )  =  0  at x = S 3 ( T )  (3.12.c) 

6 2 ( X , T ) = —1 at x = S 3( T )  +  S 2 ( T )  (3.12 .d) 
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9I ( X , T )  = -1 at x = S 3(T ) + S 2(T ) (3.12.e) 

0 I ( X , T )  =  0 O  at x = s3(r)+ s2(r)+ 5i(r) (3.12./) 

8 9 1  ( X , T )  

dx 
= 0 at x = S 3( T )  + 52(T) + SI(T) (3.12.#) 

, d03(x,r) , 892{x,T) 1 ds3 ^ 
_ at x = «(r) (3.12.ft) 

, d92(x,T) 00I(®,T) R 1 RF(S3+«2) X N X 
i »—® gF~ -  ~St2 dr * « = '»W + '»W 

(3.12i) 

si(r) = C2 at r = 0 (3.12J) 

S2(T) = at r = 0 (3.12.A;) 

S 3 ( T )  = 0 at r = 0 (3.12./) 

where: 

k13 = ̂  (3.12.m) 
K l 

«2 = ~T ^'T (3.12.n) 
ic i|JJ 
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SU = 
CJ( T c - T w )  

(3.12.o) 

L12 — T . (3.12.p) 

L12 defined in the last equation can be interpretated as dimensionless latent 

heat. 

Applying the integral method to Equation (3.8), (3.9) and (3.10) results as 

the heat balance equations for each region as follows: 

For the temperature affected region: 

ddj_ 
dr d x  

__ _ +0o^p + ( l  +  0o)^+( l  + 0o)^  
i=73+s2 dr dr dr 

(3.13) 

where: 

x=a3+s2+si 

= J 6idx 

£=33+32 

(3.13.a) 

For the dehydrated concrete region: 

dd2 1_ 

dr au 

d02 

d x  
+ D$2 

X = S3+«2 DX X=3z 

DS2 

dr 

ds3 

dr 
(3.14) 

where: 

I=33+^2 

82 = J 02 dx (3.14.a) 
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For the C02 free concrete region: 

d0a 

dr Qfi3^i3 
"12 

MI 

d x  

1 ds3 

~z=ss St2 dr 

where: 

(3.15) 

2=53 

03 = J *3 DX . 

x=0 

Temperature profiles can be chosen for each region as: 

0 i ( X , T )  =  A \  + B i  [ x  -  ( s 2  + 5 3 ) ]  +  C \  [ x  -  ( s 2  +  S 3 ) ] 2  

(3.15.a) 

(3.16) 

@2(xi T) = -^2 + -®2 [(s2 + ̂ 3) — x] + C*2 [(«2 + 53) — x] (3.17) 

and: 

0 3 ( x ,  t )  =  A 3  + B 3  [S3 - X] + C3 [S3 - x ] 2  (3.18) 

By using the boundary conditions (3.12.c), (3.12.d) and (3.12.e), coefficients 

in the Equation (3.16) can be found such that: 

2 

0 i { x ,  r )  =  -1  + 2(1 +  0o)  
x  -  ( s 2  + S 3 )  

SI 
— (1 + 0O) 

x - (s2 + 53) 

SI 
. (3.19) 

If the boundary conditions (3.12.c), (3.12.d) and (3.12.i) are used together 

with the governing equation (3.9), the temperature distribution for the dry con

crete region can be found as: 

0 2 ( x , r )  =  - 1 -
\Mi - M2 'l r( g 2  +  g 3 ) - ^ l  j  L  Mi' - M2 '~l r(£2_+_f3) — ^2 

J L S9 J L ati2ki2St2 J L S2 L a i 2 ki 2 St 2  J  L s2  
1 + 

(3.20) 
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where: 

M\ = (1 + ̂ o)«i2'Sl<2=r7-4 + L12 (3.21) 
s i ( r )  

and: 

M2' = \JM\ + 2a]2^i2*S'^2-£,i2 • (3.22) 

In order to find the temperature distribution in the gas-free region, the 

boundary conditions (3.12.a), (3.12.6) and (3.12./i) can be used with the governing 

equation (3.10) that results as: 

O R -  ^  _  R  NL' ~ N2 1 1^3 -X]  \ N 1 _ - _ N 2 _  «2 -  1 [53-®! 2  /o  oox 
3(X,T) l2a13*r135*2 J I *3 J + Ua13fc13S<2 2fc13 ^3J L s3 J ( - } 

where: 

and: 

N2 ' = \/NI'2 - 4AI3ST2K2S3 . (3.25) 

After finding this temperature distributions, 61 and 62 and 03then can 

be evaluated by their definitions in Equations (3.13.a), (3.14.a) and (3.15.a) as 

followings: 

« i=SI(T)[|(«„ + 1)-I] , (3.26) 

'0^-rH1+^±S\ <3-27> 
MI - M2 ' 



67 

and: 

+ (3'28) 
•«13^13'S'<2 &13 

Their derivatives then can be found as: 

d d  x  f 2 / f l  .  d s \ { r )  ^ = <«») 

+ (3,0) 

where: 

/<2 6a12k12St2 (3.30.a) 

r ,  M/-L 
M' = T12 (3.30.6) 

Mo 

and: 

where: 

" Sik (3-31-o) 

N2 '2 + JV,'N2' + N2 ' -N,' + 2 
72 ijv (3'3U) 
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N = (3.31.c) 

and: 

Mn~ MT' + MT'-L' (3'31'<i) 

Replacing these results into the heat balance equations results in the fol

lowing equations: 

l d h ( T )  ds2(r) ds3(r) 2_ 
3 dr dr + dr s j ( r )  ^ > 

s i ( r )  d r  
+  h ( 1 _M 0  +  i]^+^ 

«12«2(r) 
(1-6 /12) (3.33) 

+  h( 1 + ^) + a l j ) f c UJ^r1 

=  ̂ ^tw [fe ( 3"2 _ 1 )~2&3 2 ( T ) 1 '  ( 3 '3 4 )  

Putting these equations into the form of an ordinary differential equation 

system gives three equations to be solved simultaneously: 

_ •^11(^33-^22 ^22-^33) ^11(^33^22 C22D33) + C[1 (B'33D'22 — B^D'zz) 
dr DetX 

(3.35.a) 
I 
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2̂ A!\ L (.@33̂ 22 ~ C22D33) ~ 1 (^33^22 ^22^33) ^ll(-^33-^22 ~ ^22-^33) 
dr DetX 

(3.35.6) 
I 

^3 _ (-^33-^22 ~ D22B33) ~ -^n(-P33-^22 ~ -^22-^33) + -^n(-^33-^22 ~ •^22-^33) 
c?r DetX 

(3.35.c) 
I 

where: 

>1' — -
A" " 3 

(3.35.a.l) 

^ i = l  (3.35.a.2) 

C|i = 1 (3.35.a.3) 

D' = 11 — -s i ( r )  
(3.35.a.4) 

A !  * , I S 2 ( T )  
22 - wM iloO 

(3.35.6.1) 

B;2 = Mi--M') + | (3.35.6.2) 

C22 — 1 (3.35.6.3) 

£22 = 
ai 2 5 2 ( r )  

( 1  -  6 F I 2 )  (3.35.6.4) 
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D'33 = 

A'3 3 = FI3NMN^ (3.35.C.1) 
5 u r J  

B'33 = —FI3N(MN - 1)^44 (3.35.C.2) 
S 2 { T )  

c,3 = Ml + 72) + aiJllSt2 (3.35.C.3) 

2k12(3n2 - 1) - «252(r)] (3.35.C.4) 
o t i 3 k 1 3 s 2 ( T )  

and: 

DetX — An(C33B22 C22B33) ~ -®i 1(^33-^22 — ̂ 22-^33) + ̂11(-®33-^22 —-^22-^33) 

(3.35.d) 

The solutions of this system with the initial conditions (3.12j), (3.12.&) and 

(3.12./) gives the front velocities and the depth respect to time. These solutions 

are shown in Figure.19 thru Figure.22. 

The surface temperature variation by time can be evaluated by setting 

~x = 0 in the Equation (3.23) : 

T,=TC + i(Tc - TW) [s/1, - fr'aO-)] • (3-36) 

Surface temperature for this period is shown in Figure.23 and 24. 
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Figure.19. Growth of thermal, dry and gas free layers 
before and during gas release. 
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Figure.20. Growth of thermal, dry and gas free layers 
before and during gas release. 
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Figure.21. Growth rates of thermal, dry and gas-free 
layers. 
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Figure.22. Growth rates of thermal, dry and gas-free 
layers. 
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Figure.23. Surface temperature growth before melting. 
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Figure.24. Surface temperature before melting. 



3.3.4. Ablation 

The next phase to follow the gas release from the concrete is the abla

tion or total melting of the concrete. Applied heat flux on the surface causes that 

increasing surface temperature. When this temperature is high enough, the refrac

tory oxides start to decompose. Since concrete is a mixture of several compounds 

and liquidus and solidus temperatures by which the melting point is calculated 

are different for different mixtures, the temperature where melting starts varies. 

The range of these temperatures is from about 1500 K to 1900 K. For Basaltic 

Aggregate this range is between 1350 K and 1670 K while Limestone Aggregate-

Command Sand has a range of 1420-1670 K. Although there is no way to define 

a precise temperature for ablation because the ablated material may not be com

pletely molten, the choice of a single temperature for ablation front has no effect 

on overall conservation of energy since the calculated decomposition enthalpies 

are appropriate for that temperature. In this study, we will select the ablation 

temperatures precisely as they were chosen in previous studies [12]. 

We will also assume that molten compounds will be transferred immediately 

from the surface by gas flow. In previous studies that we will refer and compare 

to, the assumption of vertical surfaces where the slag is flowed off was also made. 

This assumption has been consistent with present molten core/concrete interaction 

models. 

To analyze this phase of MCCI transient model, we will define a new region 

that exists hypothetically between the original molten core/concrete interface and 

the moving melting front. By this definition, the melting interface will have two 
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Figure.25. Thermal Layers for Ablation Phase 
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boundary conditions which axe: the heat flux and the melting temperature. The 

boundary conditions at the original interface would, indeed, vanish. This region is 

shown in Figure.25. Thus, the process is governed by three quations that are the 

same as in gas free concrete but they are valid over the new distances as followings: 

92T!(a,t)  _ 1 dTi{x,t)  
dx2  a! dt 

in s(t)  + s3(t)  + s2(t)  < x < s(t) + s3(<) + s2(t)  + si(t)  (4.1) 

d2T2(x,t)  1 dT2(x,t)  

dx2  a2  dt 

in s(t)  + s3(t)  < x <s(t) + S3(t) + s2(t)  (4.2) 

and: 

d2T3(x,t)  1 dT3(x,t)  
dx2  a 3 dt 

in .s(£) < x < s(t)  + S3(<) (4.3) 

with the new applied boundary and initial conditions: 

T3(x,t)  = T„ at x = 5, (4.4.a) 

T3(x,t)  = T c  at x = s + s3 ,  (4.4.6) 

T2(x,t)  = T c  at z = s + s3, (4.4.c) 
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T2(x,t)  = Tw  at x = s + 53 + 52, (4.4.d) 

Ti(x,t)  = Tw  at z = 5 + s3 + s2, (4.4.e) 

T\(x, t)  = Ti at x = s + S3 + 52 "I" , (4.4./) 

dTi(x,t)  
dx 

= 0 at  x = s + s3  + 52  + si ,  (4.4 .g) 

.  dT3(x,  t)  . .  ds ,  
— £3— —  =  1  ~  P ^ 3 - £  at x  = s, (4.4.h) 

dT3(x,t)  dT2(x,t)  <5 + 53) 
'*3 ftr  ~~*2  dx + p L* dt a t  * = * + «> <4-4- ')  

,  dT2(x,t)  dT^x, t)  .  r  d(s+ 53+s2)  
'*2 = -il  DX +pL' 7T at * = < + »» + »«. 

(4.4 .j) 

si(<) = C3 at  t  — tm  (4.4.&) 

s2(<) = <$2 at t  — tm  (4.4./) 

s3(<) = m at t  — tm  (4.4.m) 

s(<) = 0 at t  = tm  (4.4.n) 
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Here €3, S2 and rft are the thermally effected, dry and gas-free concrete 

thicknesses respectively when melting begins. 

Dimensionless temperature and time can be defined as: 

T — T 
6 = 7R-ZF (4-5> 

r = (i ;r)Ql (4.6) 

(The length is non-dimensionalized as in Equation (3.6)) 

Then the dimensionless governing equations can be written similar to the 

Equations (3.8) thru (3.10) as: 

d29\( X , T )  _  09\{X , T )  

dx2  dr 

in S(T) + S3(R) + S2(T) < X  < S(R) + S3(R) + S 2 ( T )  + SI(R) (4.7) 

d202(x, T )  d02(x , R )  

dx2  a i 2  dr 

in S ( T )  +  S 3 ( T )  <  x <  S ( T )  +  S 3 ( T )  +  s2(r) (4.8) 

and: 

d203(x,r) 863 (x,r)  

dx2  
= «i3-

dr 
in s(r)  < x < s(r)  + S3(r)  .  (4-9) 
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Rewriting the dimensionless boundary and initial conditions for these gov

erning equations results as follows: 

9z(x,t) = 0 at x — s (4.10.a) 

^(i,r) = -1 at x = s + S3 (4.10.6) 

02(x,t) = -1 at x = s + 53 (4.10.c) 

62(x,t)  = 8w  at X = 5+53 +52 (4.10.d) 

6 I ( X , T )  =  9 W  at » = s + s3+s2 (4.10.e) 

$ I ( X , T )  = at x = s + 53 + s2 + •»! (4.10./) 

d01(x,r) 

dx 
= 0 at X = 5 + 5 3  + 52 + 5i (4.10.9) 

d83(x,T) 1 ds _ 
«13 5= = «3 + 777" T- at x — S, T> 0 

ux St$ d,T 
(4.10./1) 

863 (x,r) 862(x,t)  1 ^(5 + 53) _ _ _ 
13 m = ai MsiT TT at * = * + '» (4-10-'> 

, d02(x, r) D $ I  ( X , T )  R  1 d(5 + 53 + 52) , _ 
k 12 sz— = Liz— ;  at  x = 5 + 53+52 

dx dx St3 dr 

(4.10 .j) 
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where: 

si(t) = e3 at r = 0 (4.10.&) 

^2(7") = ^2 at r = 0 (4.10./) 

s3 (T) = rj1  at r = 0 (4.10.m) 

S ( T )  = 0 at r = 0 (4.10. n) 

«3 = 

St 3  =  

TI 

Tm-T c  

CI(TM - TE) 

(4.10.o) 

(4.10.p) 

L23 — (4.10.r) 

Applying the integral method to Equation (4.7), (4.8) and (4.9) results in 

three heat balance equations as following: 

For the temperature affected region: 

D0I D6I 

dr dx 
„ ds\ ,n  .  . r (ts <fs? dso 

+^"T±  + (^+^) h-+"T1  + -71  
i=s+a3+a2 dr L dr dr dr .  

'  ds dsr,  dso 
(4.11) 

where: 
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I=7+«3+^2+s1 

Gi = J Oidx 

I = S+S3+S2 

(4.11.a) 

For the dehydrated concrete region: 

d02  1 

dr ai2 

d02 

dx 

d02 

x=3H-a3+52 DX x = 3+~3s 
+ 1" (1 + &w) 

AR 

ds ds3 

dr dr 
(4.12) 

where: 

i=a+83+s2 

d2 = J &2 dx . 

"x=S+~S3 

(4.12 .a) 

For the CO2 free concrete region: 

d03 
dr 

1 

<*13 dx I='s+'s3 
cfs C?53 

TT+I; 
(4.13) 

where: 

z=T+a3 

#3 = J 63 dx 

~x=3 

(4.13.a) 

This time the temperature profiles can be chosen slightly different for each 

region as: 

0i(x,T) = A x  + B x  [cc - (s + s2  + 5 3 ) ]  +Ci [x -  (s + 52 + S 3 ) ] 2  (4-14) 
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02 (X,T) — A2 + -^[(s + 53 +^2) — x] + C*2[(s + ^3 +^2) — a:] (4»15) 

and: 

^3(^5r) — -^3 + I?3 [(5 + S3) — x] + C3 [ ( 5  + 53) — x] (4.15.a) 

By using the boundary conditions to evaluate the coefficients, temperature 

profiles can be written as: 

0!(x,  r)  = 0W - 2(0W - $I) 
*  -  ( ^ 2  +  S 3  +  s )  

S 1 
~ ( 0 w - 0 i )  

X — (^2 + ̂3 s) 

SI 

(4.16) 

where: 

and: 

02(x,r)  = 0W -
M[' -  M'{ 

OT\2K\2STZ 

(«2 + S3 + S) - X 

+ 
M" - Mil 

OI\2K\2STZ 
+ (1 + 0%v) 

S2 

(s2  + s3  4- s) — x 

52 

•W" — -^13 —  (0w — 0i)a1 2St3J (. } + L\2 
s i ( r )  

(4.17) 

(4.18) 

M'L — YJM"2 — 2ATI2KI2ST3LI3(L -+- 0W) (4.19) 

and: 
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03(X,T) = -1 

where: 

N[' -  N% 

<*13^1 sSt3 

( s  +  s 3 ) - x  

s 3 
+ 1 + 

N[' -

<*l3ki3St3 

(« + S3) - X 

S3 

(4.20) 

iVj — L23 — CXIZKWSTZ 
M t) Mj' -  M.% 

2ai2^12^3 
—(1+6W) (4.21) 

and: 

N? = y/N»2+2a1 3k1 3St3L2 3  .  (4.22) 

From Equations (4.11.a), (4.12.a) and (4.13.a), 6\ and d2  and d3  can be 

evaluated as followings: 

01 = ^1(r)|flu, + 20j] , (4.25) 

02 = "S2(T) 
9 M" — M" 
3<"» + x'"1 - (4.26) 

and: 

03 = - g 5 3(r)  
N[' -

4an3ki3St3 
+ 1 (4.27) 

Their derivatives then can be found as: 

(4.28) 
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dB 2 
dr 

2 , ^13 \ , 
£^3 + TTTTT )  — 1  

2M^'/ 

D32(R) 

dr 
+ 

S2(l") 
A*3 ML^-T-T 

S\{R) 

DSIJR) 

dr 
(4.29) 

where: 

V 3 = 
M" - Mj' 

6aj2^12^3 
(4.29.a) 

Ml = M[' - L13 

MIL 
(4.29.6) 

L = '13 
M" + MJ' — L13 

(4.29.c) 

and: 

MS 
dr 

I*4(NL ~ 1) - g 
DS2(T) 

dr 

(4.30) 

where: 

_ N[' - N'2 

6013^135^3 
(4.30.a) 

JVt = iVj" - £23 
NG 

(4.30.6) 

Substituting these resvilts into the heat balance equations results in three 

ordinary differential equations that are: 
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1 dsi(r) ds2(r) ds3(r) ds(r) _ 2 
3 dr dr dr dr ^i(r) 

(4.31) 

±ml 
1 Mt) 

3 1L + 13,(T) 
^Si(T) 

dr 
+ 

2 1 / ,  1 Mi'\  ,  
(i - Aft + 2 ji^r) - 1 

31 + L 

ds3(r) ds(r) 

dr dr OT\2S2 

<£s2(T) 

dr 

L- 1 

£ + 1 
(4.32) 

5 i( r)  

<^I(T) 

dr 
H4NL(LML  - 1) 

*»(T) 

«2(r)  

DS2(R) 

dr 

+ /I (NL  - 1) + -
ds3(r) ds(r) _ 2 

dr dr ai3S3(r) 
(l+6//4) (4.33) 

In order to built a differential equation system for si, s2 ,  s3  and s, these 

last three equation must be combined with the Equation (4.10.h) that also can be 

written as: 

ds(r) _ 2ki3St3  

dr) s3  
(1 + 3//4) — n3St3  (4.34) 

Equations (4.31) thru (4.34) can be written in a form that is the same as 

in Equations (3.35) with the new coefficients as following: 

A' -  -AI\ — -
(4.35.a.l) 

B[ i  = l  (4.35.a.2) 

C'u = 1 (4.35.a.3) 
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D 'U  M r ) +  "  

2K13ST3 

s3 
^1 + Zfi4) "H (4.35.a.4) 

A' = -M l  
L S2(R) 

Z"'^ L + 1 5i(r) 
(4.356.1) 

*22 = r 
1 1 
3 L -f-1 

M" 

MS 
- m l - ( L  +  l )  (4.35.6.2) 

C'22 — —1 (4.35.6.3) 

£>22 = 
a12^2 

L -  1 
£ + 1 

2fci35'<3 

S3 
^1 + 3/z4) — KzStz (4.35.6.4) 

A'33 = 
Si(r)  

(4.35.C.1) 

B», = -mNL(LML  - 1)^44 
s2(r)  

(4.35.C.2) 

^3 = -^(ATL-l)  +  ̂  (4.35.C.3) 

-D33 — _ , x (1 + 6/^4) —-(1 + 3/i4) — KzStz 
ai353(r)  53 

(4.35.C.4) 

The solutions of this equation system with the initial conditions are shown 

in Figure.26 thru Figure.29. 
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Figure.26. Penetration depth and growth of the regions. 
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Figure.27. Penetration depth and growth of the regions. 
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Figure.28. Ablation velocity and growth rates of the 
regions. 
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Figure.29. Ablation velocity and growth rates of the 
regions. 
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3.4. Thermophysical Properties of Concrete 

Two major types of concrete used in nuclear powerplant containment build

ing basemats are evaluated in this study; basaltic and limestone. These concretes 

were also evaluated in the other models and experiments that this study is com

pared with. 

General behaviors of concrete have been studied for many purposes from 

civil engineering to thermal sciences. Thermal behavior of concrete at high tem

peratures, which we are interested in, has been investigated since the beginning of 

this century mainly for the purpose of fire protection of concrete structures. Later 

studies on the properties of concrete at elevated temperatures included also the 

heat flow into concrete constructions in nuclear power stations where the temper

atures would be well above the temperatures in a building fire. The first publi

cation of these investigations was the Boulder Canyon Report [30]. This report 

presented the existence of large scale variation in thermal properties of concrete 

with respect to temperature. Harmathy [30] published a theoretical approach to 

thermal properties of concrete at high temperatures and derived relationships be

tween the composition of concrete and thermal properties. Bazant [13] reviewed all 

this literature on the concrete at elevated temperatures from physical and chemical 

changes to mechanical and thermal properties. 

The first fact about concrete is that it is a heterogenous mixture of very 

different compounds. The composition is mostly known but mixing and curing 

processes result in complex and sometimes unpredicted structures. Therefore, the 

properties axe mostly evaluated empirically and then generalized. 



In this study, the thermal properties used axe density, heat capacity and 

thermal conductivity. Temperature effect on these properties must be included in 

the model since the basic idea to separate concrete into regions was based on the 

decomposition temperatures. Assumption was made so that temperature fronts 

divide the regions and thermal properties are constant in each region but differ 

from one region to another. 

Among these properties, the density can be calculated by the composition 

data and experimental results of temperature effect on the concrete composition. 

Studies show that density of concrete does not vary significantly with tempera

ture. Harmathy [30] shows that bulk density decreases from about 1420 kg/m3 

at 30°C to about 1280 kg/m3 at 800°C and then increases to about 1360 kg/m3 

at 1000°C for a cement paste with a water/cement ratio of 0.50. Other studies 

[31-39] also show that the density shows small or no variation with temperature 

and for limestone and basaltic concretes it can be assumed constant at approxi

mately 2400 — 2500 kg/m3 for both types of concrete in the range of temperature 

considered during a molten core/concrete interaction. 

Specific heat of concrete is complicated to calculate since it is not only 

related to the composition but also chemical energies and structural changes of 

ingredients. Harmathy's calculations show that the specific heat changes between 

0.2 cal/gr K and 0.4 cal/gr K but it also include a peak of 1.0 cal/gr K around 

500°C for apparent heat capacity [30]. Bazant's [13] study suggests that the thru 

heat capacity is almost constant in 0-1300 K temperature range and its value can 

be chosen between 840 and 1260 J/kg K. Petzold and Rohrs [31] investigated the 

heat capacity for various concrete types and agreed on a general value of 1260 

J/kg K at 1400°C. Corradini [12] uses 1230 J/kg K value for limestone and 1520 

J/kg K for basaltic concrete. Since one of the primary purpose of this study is to 
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compare with his results, heat capacity values that are selected by him are used 

in our model. 

Among the thermal properties of concrete, thermal conductivity is the one 

which depends on the temperature the most. Although it is more complex than 

other properties, with the known thermal conductivities of each constituents and 

the volume of the pores it can be calculated as a certain combination of these 

thermal conductivities. There have been many researches on thermal conductiv

ity of concrete and its aggregates. While in some types of concrete change in 

thermal conductivity is not very significant, it can be very large in magnitude 

for the most commonly used concretes. Especially in case of high temperature 

gradients, convective heat flux due to the migration of moisture can become very 

significant which results in large temperature effect on thermal conductivity. A 

good approximation for thermal conductivity of concrete is a linear decrease with 

increasing temperature. The slop of linearity shows large variation for different 

types of concrete. This linear relationship is also assumed in this model together 

with the assumption of constant thermal conductivities in each region. This, as it 

was discussed before would not cause a significant error in the calculations since 

the solution technique is valid for each region on the average. 

The thermal diffusivity depends on temperature the same as the thermal 

conductivity since it is derived from density and heat capacity, which are assumed 

to be constant, and the thermal conductivity. Figure.30 illustrates this variation 

of thermal diffusivity as well as it gives an idea about temperature dependence of 

the thermal conductivity. 

For the decomposition enthalpies and temperatures, chemical changes in 

aggregates must be taken into account. Since concrete is an heterogenous mixture 

of many aggregates and reactions to bring these constituents are very different, 
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Figure.30. Thermal Diffusivity of Concrete.[34] 
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Figure.31. Decomposition Enthalpies of Concrete.[7] 
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calculating the chemical energies are very complex. On the other hand, classifying 

all these reactions into basic decomposition reactions simplifies the calculations. 

The main reaction is the dehydration of water content in the concrete. This also 

can be divide into two steps that are the dehydration of evaporable water and then 

chemical water where the latter one can be considered as a chemical decomposi

tion reaction rather than simple water evaporation. As it was mentioned earlier in 

Section 3.3, these reactions together with the CO2 decomposition and decompo

sition of refractory oxides are basic reactions observed during the decomposition 

process of concrete. The experimental data provides us energies involved with 

those reactions. Figure.31 illustrates these reactions, their enthalpies of decom

position and temperatures for limestone concrete. Although these reactions occur 

in some temperature ranges, they can be simplified as if they occured at a single 

temperature. Calculated enthalpies that are appropriate to those temperatures 

give us the amounts of heat loss in those reactions. Therefore, the choice of the 

temperature as long as they are in the range of reaction, does not affect over all 

energy balance. 

Summary of the thermal properties that are used in this study is given in 

Table.2. 



Table.2. Concrete Properties Used in the Model. 

Limestone Basaltic 

Density (kg/m?) 2500 2500 

Specific Heat (kJ/kg K) 1.23 1-52 

Thermal Conductivity 
of Virgin Concrete (W/mK) 1.5 1.5 

Thermal Conductivity 
of Dry Concrete (W/mK) 1.1 1.1 

Thermal Conductivity 
of Gas-free Concrete (W/mK) 0.8 1.0 

Decomposition Enthalpy 
of Water (MJ/kg) 0.2578 0.3^17 

Decomposition Enthalpy 
of Carbondioxide (MJ/kg) 0.9906 O.O38I 

Decomposition Enthalpy 
of Oxides (MJ/kg) 0.2835 0.386*t 

Decomposition Temperature 
of Water (K) 690 690 

Decomposition Temperature 
of Carbondioxide (K) 1060 1060 

Decompos i t i on Temperature 
of Oxides (K) 1670 1650 
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CHAPTER 4 

RESULTS AND DISCUSSION 

Results of the model calculation were evaluated in three categories: first, 

the estimated heat fluxes from molten core to the concrete considered, then the 

comparison with the experimental results was performed, and finally this improved 

model was compared with previous analytical solutions. The results that were 

illustrated in the previous chapters and listed in Table.3 represent a general solu

tion, thus dimensionalization of those were performed for the appropriate concrete 

properties and the magnitude of applied surface heat fluxes. 

The heat flux from the molten core to the containment building floor dur

ing a meltdown accident is estimated in the range between 0.03 MW/m2 and 

3.0 MW/m2 [15]. By considering these estimations, the ablation rate or region 

thicknesses were calculated. Naturally, dimensionalization kept the order of mag

nitude. For 0.03 MW/m2 incident heat flux which is about 1.12xl0~2 MW/m2 

surface heat flux, (Corradini [12] found that incident heat flux is reduced by ap

proximately 60-70 percent due to the slag film correction), it was calculated that 

the melting started over 15 hours later and the melting front velocity reached 

the steady state days later with the value of approximately 0.5 cm/hr while for 

3.0 MW/m2 heat flux resulted in approximately 5.5 seconds to start the melting 

for the both types of concrete. Due to that high magnitude of the heat flux, steady 

state ablation velocity was about 0.5 m/hr and the time to reach this steady state 
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Table.3. Summary of the Calculations. 

Event Basaltic 

Beginning of Dehydration Fo = I.38 

Beginning of CO Release Fo = 4.88 

Beginning of Melting Fo = 14.48 

Steady State Ablation Rate 0.15 

Melting Front Reaches SSAR Fo » 120.3 

Thermal Front Reaches SSR Fo = 172.8 

CO -Free Region Reaches SSR Fo = 63-4 

Dehydrated Region Reaches SSR Fo = 91-0 

SS Temp. Aff. Region Thickness 18.99 

SS Dehydrated Region Thickness 3'04 

SS CO -Free Region Thickness 1.33 

L imestone 

Fo = 1.38 

Fo = 4.82 

Fo - 17.24 

0 .  1 0  

Fo = 148.8 

Fo = 349.5 

Fo = 47.4 

Fo = 177.9 

1 3 . 2 6  

2 . 0 8  

1.95 



Table.5- Results for SRHET and Corradini's Model. 

Concrete Incident q" Surface q" Velocities (cm/hr) 
Test it Type (MW/ml) (MW/m1) Measured Corradini Calculated 

RH3-15 L 1.18 O . k k l  17.5 18.5 17.67 

RH7-4 L 1 .05 0.392 17.0 16.7 16.52 

RH8-31 B 1 .04 0.228 16.0 11.5 10.92 

RH10-26 B 1 . O k  0.228 1 1 .0 11-5 10.92 

RH12-32 B 0 . 6 k  0.141 6.5 6.9 6.76 

o 
CO 
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took only 1 min. for basaltic concrete followed by limestone concrete about 15 

seconds later. The model also enabled us to calculate the other information such 

as the temperature affected, dehydrated and decarboxylated region depths and 

the time that those reactions were observed. Those are listed in Table.4. 

For the comparison of the model with the experimental results, Muir's 

experiments which are detailed concrete erosion tests performed in Sandia National 

Laboratories [15] were analyzed. Although the experiments included both plasma-

jet and radiant heat tests, in this study the interest was only the latter one which 

does not couple the effects of pressure and the spallation with quiescent erosion. 

Also out of 12 radiant heat tests performed only 5 were analyzed here, since these 

resulted in erosion and decomposition. Corradini also compared the same tests 

with his transient model. His model was also chosen to be compared with this 

study because of its detailed analyses for transient in MCCI. Table.5 gives the 

steady state ablation velocities measured in Muir's radiant heat tests together 

with the calculated velocities by Corradini's model and compares both with the 

results of this model. The results agreed very good with both data. The model 

predicted closer ablation front velocities to those measured ones than the ones 

that were calculated in one region transient model. The lack of agreement in the 

results of the test RH8-31 was analyzed by Corradini and concluded as an unnoted 

difference in concrete or erosion behaviour. The experimental specimen that was 

used in that experiment was similar to that used in other two tests RH12-32 and 

RH10-26. The difference might be caused by an error in the thermocouple data 

from which the ablation velocities are measured. Muir discussed the placement 

of thermocouples and their error propagation and found out that the error in 

thermocouple depths found by radiograph was about +/- 0.15 cm. which can 

cause a significant error. 



Table.4. Results for Estimated Heat Fluxes. 

1 
q"= 0.03 MW/nr q"= 3-00 MW/m* 

Event B L B L 

Beginning of Dehydration (sec) 5448.8 U336.8 0.545 0.437 

Beginning of CO Release (sec) 19268.2 15147-3 1.927 1.515 

Beginning of Melting (sec) 57172.8 54178.4 5.717 5-418 

Steady State Ablation Rate (cm/hr) 0.537 0.449 53-7 44.9 

o Cn 
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The difference between the results of one region model and calculated values 

in this study basically was because of the effect of different thermal diffusivities 

in different regions and the depth of those regions. One of the interesting results 

in this model was the fact that although the melting front reached to its steady 

state velocity, the thermal front still continued to move faster than that velocity. 

For example for limestone aggregate concrete that was subject to 3.0 MW/m2 

incident heat flux, the surface ablation rate reached its steady state value in about 

45 seconds while thermal front reached the same velocity about 30 seconds later. 

This delay was less for basaltic concrete (app. 20 sec.). Therefore the models 

which evaluate the ablation velocity by the velocity of the thermal front do not 

include this delay that might cause an error in results. 

Another comparison was made with the steady state models which are used 

in large MCCI models. This comparisons are plotted in Figure.32 and Figure.33. 

calculated ablation rate was lower than the steady state ablation rate but higher 

than one region transient model. The transient values approached to steady state 

velocity in time. Since this model calculated also the effect of the sensible heat 

stored in the concrete beyond the ablation front, the prediction for the ablation 

distance was closer to steady state amount than that was calculated in one region 

model. 

Comparing the results of the calculations with the visual and photographic 

observation of the experiments were somehow in agreement. Each test performed 

by Muir had characteristic cyclic surface color changes of the surface of the con

crete. This was noted as "...from normal gray to light gray, to dark gray, to very 

dark gray, to very light gray, and finally to very dark gray (almost black)...." [15]. 

This was analyzed as the phases of concrete decomposition. For the heat flux of 

1.2 MW/m2 the final dark appearance of the surface and flow down of the first 

melt was observed at about 27 seconds for limestone while it was at 42 seconds 
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for basaltic concrete. Our model predicted the melting to occur at 35 seconds 

for limestone and 38 seconds for basaltic concrete. On the other hand, the color 

change of the surface until melting started in the test with limestone was earlier 

than that with basaltic while the model predicted this the other way around. 

Overall, the results proved that the model provided a good approach to 

transient phenomena due to its detailed approach to different region properties and 

sensible heat of concrete and latent heat of the chemical reactions to decompose 

the concrete. The agreement between experimental data, steady state model and 

previous transient model results were not biasing. 
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CHAPTER 5 

CONCLUSIONS 

In this study, a transient model for erosion of the concrete subject to a 

heat flux at its surface is developed. Model takes the effects of the chemical 

decompositions of the concrete into account by reflecting those to the thermal 

properties of concrete. Problem is solved by use of the integral heat, balance 

technique which is considered to be a good approximation for the engineering 

applications of the PDE. 

Predicted steady state ablation velocity at early stage of the interaction is 

found to be less than one found in steady state model predictions because of un

derestimation of the sensible heat stored in concrete but comparing the result with 

one region model shows that this study implies an improved analytical solution 

since this sensible heat and latent heat from the chemical reactions are evaluated 

more detailed with the effects of additional parameters. The agreement between 

the steady state model prediction value of the ablation velocity and the asymp

totic value that model predicts to be reached as time progresses for the case of 

high surface heat flux shows that the erosion front velocity for low heat flux cases, 

where the steady state model fail, can be calculated analytically with a very good 

accuracy. 

Model results also show a better agreement with the experimental data than 

one region model results do in values of erosion depths and rates. Effects of the 
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chemical decomposition reactions as dividing the concrete into different domains 

is the reason for this improvement. Addition to predicting the erosion depths 

and rates, model calculates the thicknesses of those domains and thus locates the 

decomposed or defaulted concrete regions both in transient and steady state. 

This model is very simple to solve the transient problem in order to predict 

the erosion rate and depth in decomposed concrete before reaching the steady 

state or for the slow erosion rates and can be embodied into other steady state 

molten core/concrete interaction codes currently being developed. 



112 

APPENDIX I 

COMPARISON OF EXACT AND APPROXIMATE SOLUTIONS 

FOR PREEVAPORATION 

i)  Exact Solution: 

The mathematical formulation for heating of a semi-infinite solid problem 

is given with the governing equation: 

d20(x,t)  1 dd(x,t)  .  
~ik^ =  *^dr i n  < > 0  ( 1 )  

and with the boundary and initial conditions: 

= —q" at x = 0, t  > 0 (l-a) 
ox 

d(x,t)  = 0 as x —* oo, <>0 (1.6) 

0(x,i) = O at < = 0. (l-c) 

where 

6(x,t)  = T(x,t)  — Ti ( l-d) 
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Laplace transformation of the governing equation can be written as: 

^r£l-^(x,s) = o 
ax z  a 

(2) 

with the boundary and initial conditions: 

,  dd(x.s)  „ 
k V ,  = -q" at x = 0 

ax 
(2 .a) 

0(x,s) = O as x —» oo (2.6) 

0(x,O) = O . (2.c) 

Equation (2) can be solved as: 

(3) 

which gives the solution for the problem as [41]: 

T(*,<) = ^^[2v/Iexp(-^) - -|erfc(-y ] + T( (4) 

or: 

T(x,() = Tj+ 2,"V/Xier£c_^ (5) 
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ii) Quadratic Temperature Profile Solution: 

By defining the phenomenalogic distance as it is defined in Section 3.3.1, 

the boundary and the initial conditions for the Equation (1) can be written as: 

^d6(x,t) _ ^ x = 0, t > 0 (6.a) 
ox 

dd(x.t) . . 
d J  = 0  a t  x = s(t), t > 0 (6.6) 

6(x,t) = 0 at x = s(t), t > 0 (6.c) 

5 = 0 at t = 0 . (6.d) 

Assuming the temperature profile in the region in the form of: 

0(x,t) = A + Bx + Cx2 (7) 

and by the use of boundary conditions, it can be found that: 

q 
ii s x 

L2 25 
6(x,t) = — - - x + — (S) 

Since the governing equation must be valid for 0 < x < s(t), s( t )  can be 

found by writing that equation at the surface as: 
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or: 

ds _ 2a 

dt s  
(10) 

Integrating the last equation result in: 

s(t)  = y/4at .  (11) 

Replacing this into Equation (8) gives the temperature distribution as fol

lowing: 

Figure [ ] gives the comparison of the Equations (5), (12) and (1.17) for the 

preevaporation phase of the molten core/concrete interaction. 

Approximate solutions can also be compared to the exact solution by mea

suring the time for reaching to a decomposition temperature Ts at the surface. 

These times can be calculated as follows: 

(12) 

7T pCk 

t e x a c t  =  - ~  T i )  (13) 

^quadratic — ^ / / 2  (-^s (14) 

= \^{T,  -  Tif  (15) 

As it can be seen from the results, although the approximate solutions are 

performed on average, their results axe very good for this model. 
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