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SUMMARY

Liquid metal fast reactors(LMFRs) can be very sensitive to dimensional

changes or relocation of materials since the intact LMFR core is not in its most

reactive configuration. Therefore it is theoretically possible that rearrangement

of geometry can lead to prompt-critical reactivity excursions and to

hydrodynamic disassembly of the reactor resulting in explosive energy release

to the reactor system and containment.

The analytic method used in the evaluation of this type of super-prompt

critical core disruptive accident(CDA) in fast reactor was originally developed

by Bethe and Tait in 1956, and had been modified by many authors since then.

It is still of value today, because of its simplicity and relative ease to extend for

improvements. It is particularly useful to perform various parametric studies

for better understanding of core disassembly process of LMFRs as well as to

estimate upper-limit values of the energy release resulting from a power

excursion. Moreover, the method would provide an essential experience and

knowledge base on the analysis of the hypothetical core disruptive

accidents(HCDAs) in KALIMER.

This report describes the concept and mathematical formulations of the

Modified Bethe-Tait methods , and some salient results and insights that had

come out of their use for the hypothetical super-prompt critical accidents in

fast reactors. The basic assumptions and theory of the Bethe-Tait method is

first described in detail in the report. The influences of the Doppler effects and

equations of state on the accident sequences and energy release during power

excursions, as estimated with various Modified Bethe-Tait methods, are then

briefly described.
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1. INTRODUCTION

Unlike LWRs, liquid metal fast reactors(LMFRs) can be very sensitive to

dimensional changes or relocation of materials since the intact LMFR core is

not in its most reactive configuration. Therefore it is theoretically possible that

rearrangement of geometry can lead to prompt-critical reactivity excursions

and to hydrodynamic disassembly of the reactor resulting in explosive energy

release to the reactor system and containment. This raises the general issue

of energetic recriticality accidents unique to LMFRs. In early safety studies of

small uranium metal reactors like EBR-II, Fermi Reactor, and DFR, the

following sequence of accident was assumed to set upper-bound design

limits of containment systems ; the sodium coolant either drains out or boils

away from the core. The fuel from the middle of the core then melts and

trickles down into the lower part of the core and is retained there. At the worst

possible moment, the upper portion of the core is assumed to fall by gravity as

a single unit into the lower portion of the molten core. The reactivity increases

above prompt critical at the highest possible insertion rate and causes a power

excursion to develop, which is eventually terminated by disassembly of the

core.

The forces affecting the disassembly are high pressures generated in the

uranium by the power excursion. Since there is a certain amount of void space

left in the core when the coolant is expelled, the uranium expansion can at

first take place internally , and the pressure does not become large until there

has been sufficient thermal expansion of the liquid uranium to fill the void

spaces or until the temperature becomes high enough to produce a high

saturated vapor pressure. By the time the pressure finally begins to rise

significantly, there has been sufficient reactivity added to produce a very short

exponential period ; the pressure rises rapidly from that time on, and

disassembly occurs quickly.

The analytic method used in the evaluation of this type of super-prompt

critical core disruptive accident(CDA) in fast reactor was originally developed

by Bethe and Tait in 1956[1]. They developed a simple procedure for

estimating the energy release in reactor explosions, subject to several

simplifying assumptions. The two most essential assumptions that



characterize the method are the following ; first, the power distribution is

independent of time and, the reactivity changes during the excursion are

estimated by first-order perturbation theory, and, secondly, the material

density remains constant, independent of time, in the hydrodynamic

equations for disassembly and .therefore, pressure wave propagation is

ignored. Other simplifications of the original Bethe-Tait method include

restriction of the analysis to uniform spherical geometry, neglect of delayed

neutrons, and use of a linear expression for the relation between pressure and

energy.

Many improvements and modifications had been made subsequently on the

basic method by a number of authors and they are often classified as

Modified Bethe-Tait Methods as long as they adopt the two assumptions in the

above. The two main modifications which have been made to the original

Bethe-Tait Method are the inclusion of Doppler reactivity effect and the use of

a more realistic equation of state of the fuel.

In the original Bethe-Tait method, the Doppler effect was not considered,

because The Betthe-Tait method had been initially developed and applied for

the super-prompt critical accidents of small metal-fuelled fast reactors, for

which the Doppler effect of negative reactivity feedback was predicted to be

small enough to neglect. On the other hand, large fast reactors have a

substantial negative Doppler coefficient of reactivity, as large as ~ -1 x W5/°C

for a ceramic-fueled reactors at the normal operating temperature, which is

the value of an order of magnitude higher than that predicted for small metal-

fueled reactor. Many studies after the pioneering analysis by Nicholson[2] of

the influence of Doppler effect indicated that even a small negative Doppler

effect can give a significant reduction in the energy release, especially at the

lower rates of reactivity increase. In the case of a strong Doppler coefficient,

significant core disassembly occurs only after the power is reduced to a low

value by the Doppler effect. The pressures generated up to this time, although

small, now have time to overcome the inertia of the core and gently blow the

reactor apart.

Bethe and Tait assumed a simple relation between pressure generation and

density, taking the pressure to be negligible until the energy density reaches a



threshold value Q* and increasing linearly thereafter.. Underlying physical

concept was that the vapor pressure generated with temperature would be

relatively small in a core initially containing voids, and that significant

pressure would begin to be generated when the fuel expanded sufficiently to

fill the initial voids and became single phase of liquid. It has been shown in

subsequent studies, in contrast, that the vapor pressure becomes significant

while the power is varying much less rapidly, and core dispersion is then due

to much lower pressures acting for much longer time. The difference was

particularly marked with a large Doppler constant, which increases the

duration of the excursion and so allows greater time for a relatively low

pressure to produce significant dispersion of the core.

The equation of state plays an important role in calculations of the course of a

hypothetical fast reactor excursion, for it serves as the link between the

neutronic relations and dynamic behavior of a core which leads to ultimate

shutdown. The principal relation necessary for such calculations are the

pressure as a function of energy and volume for hydrodynamic calculations,

and the temperature as a function of energy and volume for neutronic

calculations with special emphasis on the Doppler coefficient. There exist,

however, considerable uncertainties in our knowledge of the equation of state

as well as material properties at extreme conditions of the temperature and

pressure, occurring during the power excursion of fast reactors, which are

beyond those possible with static experiments and present technology. Resort

has therefore been made to theory and correlation for the estimation of these

physical properties at extreme conditions. For instance, effort has been made

to apply the law of corresponding states and develop empirical relations which

are fit to reactor excursion data.

A recognition that the arbitrary assumption of coherent core collapse gave

much too conservative results led to the development of a mechanistic

approach to the analysis of core disruptive accidents over the period of 1970s

until early 1980s. Instead of postulating arbitrary conditions that lead to core

disassembly, the mechanistic approach attempts to analyze accident

sequences from a given initiating event up to the conclusion of the accident. In

this comprehensive approach, accidents most probably take an early

termination path to be terminated by early negative reactivity effects with



limited core damage, or go through a transition phase to result in a gradual

meltdown of the core without an energetic excursion. A large number of codes

have been developed for mechanistically analyzing comprehensive phenomena

of accident sequences; SAS series of codes[3] and the MELT-III code[4]for

initiating phase or transition phase analyses, VENUS-II[5] and SIMMER-II[6]

for disassembly analysis, to name a few. It is not possible, however, in the

current state of the art to mechanistically trace an accident sequence through

a generalized meltdown sequence from initiator to a final, stable, coolable

geometry.

The role that CD As play in the overall safety evaluation of fast reactors has not

always been well defined nor internationally agreed on. CDAs used to be

chosen as design basis accidents for the containment systems of small metal-

fueled reactors. More recently, it has been suggested the principal basis for the

design should be set by functional requirements where any weak links in the

resulting design should be upgraded to give an overall consistent system with

an optimum energy absorption capability, not by arbitrary CDA energetics.

Such a design based primarily on functional requirements of reactor vessel

resulted in substantial energy absorption capability in the range of 500 MW-

sec for medium-sized fast reactors such as FFTF, CRBR, and PRISM, which

is estimated to provide substantial safety margin relative to best assessment of

CDA energetics[7,8].

Modified Bethe-Tait methods evolved over the decade of 1960s are still of

value today, because of its simplicity and relative ease to extend for

improvements. It is particularly useful to perform various parametric studies

for better understanding of core disassembly process of liquid metal fast

reactors as well as to estimate upper-limit values of the energy release

resulting from a power excursion. Moreover, the methods would provide an

important stepping stone to developing a set of mechanistic codes in the sense

that they provide an essential experience and knowledge base on hypothetical

core disruptive accidents(HCDAs).

This report describes the concept and formalisms of the Modified Bethe-Tait

methods , and some salient results and insights that had come out of their

use for the hypothetical super-prompt critical accidents in fast reactors. The



basic assumptions and theory of the Bethe-Tait method, in which Doppler

reactivity feedback effect is not taken into account, is described in detail in

Chapter 2. The influences of the Doppler effects and equations of state on the

accident sequences and energy release during power excursions, as estimated

with various Modified Bethe-Tait methods, are then summarized in Chapters 3

and 4.



2. MODIFIED BETHE-TAIT METHODS

2.1 BASIC CONCEPT

2.1.1 Basic Assumptions

The Bethe-Tait method is an analytical (or semi-analytical) method of

calculating the energy produced during a severe accident that is terminated by

disassembly of the fast reactor core under the action of high pressures

generated in the fissioning materials. The Bethe-Tait method was originally

developed for application to moderate-sized metal-fueled reactors having a

very small Doppler effect and because of this did not consider this feedback.

Solution of the complex mathematical problem by analytical procedures is

made viable by the use of several simplifying assumptions. The two most

important ones that characterize the method are the followings:

1. The shape of power distribution (and reactivity worth distribution) is

independent of time. Movement of the core materials during the disassembly

process is assumed to be small enough that the reactivity changes are

calculated by first-order perturbation theory.

2. In the hydrodynamics equations describing the force balance and the

equation of state, the density is assumed to be constant. Thus the pressure,

which causes disassembly, is assumed independent of the expansion

required to terminate the excursion. The pressure at each point is calculated

as function of time from the energy content deposited at that point and the

material density that existed at the beginning of the excursion.

These two assumptions result in a tremendous simplification of the problem,

and for most conceivable situations of interest there is very little error

introduced [2]. Regarding the first assumption, the total amount of reactivity

to be compensated by material movement during the excursion is very small,

and thus the total movement of material is small until after the power

excursion has been terminated. In typical fast reactor safety studies the

maximum reactivity attained above prompt critical is of the order of 0.005 or

less. The total amount of uniform volumetric expansion required to



compensate this amount of reactivity is about 2.5 per cent.

The second assumption also is shown to be a reasonable approximation, being

fairly accurate if there is at least 30 per cent void by volume mixed in with the

fuel. Even when there are no voids at all, the error in calculated energy release

with Assumption 2 is found to be not more than a few per cent. The

assumption of constant density means further that the propagation and

reflection of pressure waves is ignored.

2.1.2 Reactivity Insertion Rates

Since the reactivity insertion rate, rather than the total reactivity, turns out to

have the major effect on a resulting nuclear explosion, effort has been

expended in calculating the rate of reactivity insertion possible under a variety

of assumptions. In the initial phase of accidents considered here, reactivity is

assumed to be inserted by the fall of an upper part of the fuel assemblies info

the bottom of the core.

Bethe and Tait assumed that a reactor core like that of the DFR suddenly

loses its cohesion, following a loss of coolant under the force of gravity in such

a way as to increase uniformly the density of the core while creating a gap

directly above it. Assuming the collapsing process to begin with the reactor

slightly subcritical. It was found that a reactivity insertion rate of

approximately 0.4 A ̂ / k per second results at the time prompt criticality is

obtained [11].

For safety studies on the EBR-II, the following sequence of the accident was

assumed[12]:

1. The sodium has boiled away from center of the reactor.

2. The uranium from the middle of the core has trickled down into the lower

part of the core and is retained there, producing a region abnormally dense

in enriched uranium at the core bottom, with a large gap at center.

3. At the worst possible moment, the upper portion of the core falls as a single

unit, producing a prompt critical configuration at the highest possible

insertion rate.
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Under assumptions above, multigroup slab calculations showed that the

maximum rate of reactivity insertion at prompt critical occurs when only 10 %

of the middle part has been melted out and reaches a broad maximum of 4.5

AJtl k per sec(~600$/sec). Actually even this high insertion rate was not

considered truly an upper hypothetical limit. If for some reason the reactor is

more highly subcritical when the upper portion falls as a unit, it has a longer

distance to fall, hence produce a critical configuration at a still higher

insertion rate.

2.2 GENERAL APPROACH

The following standard reactor kinetics equations are used to describe the

power excursion :

d2Q k-\-/ ^

cfC, /?,- dQ
= - ^ - — - AC- (2. 2)

dt t dt ' ' K '

where Q[t) is the time dependence of the energy generation density

E(r,t) = N(r)£W (2-3)

and N(r) is the normalized spatial power distribution. The energy generated

at time t is defined by the equation

ET(i)=jE(r,i)dV (2.4)

The other quantities in Eqs.(2.1) and (2.2) are expressed in standard notation;

k for multiplication constant, I for prompt neutron lifetime; Ci (t) for

precursor concentration of i th delayed neutron group, and /?, A for effective

fraction and decay constant of i th delayed neutron group.

The neutron multiplication constant as a function of time may be expressed in

the form

where ^ i s the initial multiplication constant, k^{t) is the reactivity insertion

8



responsible for initiating the excursion, t^it) is the reactivity feedback

resulting from material displacement during disassembly process, and kD(t)

is the feedback from Doppler effect.

The rate of reactivity insertion initiating the excursion is assumed constant

and /£, (/) may be written in the form

40 = ̂ ] ' = ^ (2.6)

The reactivity feedback due to a change in density, S/AJ~r,f), of the reactor

material is

(2.7)

where tv{ 7) is the reactivity change due to removal of unit mass of material at

position 7. If the change of density is caused by motion of the material, then

#(?,/) = V •/<?,/)£(>./) (2.8)

where d{ 7, f) is the material displacement. Substituting this relation into

Eq.(7) and integrating by parts over the region of interest, we can get

(2.9)

where /(?,/) £( ?, f) • V w{ 7) is the reactivity change that occurs when a unit

mass of material is displaced from its initial location 7 to the position

7+u(7,t).

Meanwhile, the displacement ZJ( ?, f) is related to the pressure by the equation

of motion

^ / < ^ (2-10)

Under assumption 2 above that the density in the hydrodynamic equations is

constant in time, Eq.(2.9) is differentiated twice in time, holding /(?,/)

constant at its initial value /^7), and then Eq.(2.10) is substituted into it to

give

^ J (2.11)

where the pressure is related by an equation of state to the energy density



£{r,/) and the density/(?). The pressure may alternatively be given as a

function of density and temperature. Then an auxiliary relation between

temperature and energy density would be required[2,9,10].

2.3 BETHE-TAIT MODEL DEVELOPMENT

For the case that a ramp insertion of reactivity initiates the accident, an

equivalent step insertion is frequently used in Bethe-Tait analysis. For

purposes of determining the equivalent step insertion, it is convenient to

divide the power excursion into two phases.

During the first phase, reactivity is added at an assumed constant rate and

the power rises until the time ij ,when the total energy generated becomes

sufficiently large to produce pressures that bring about significant material

movement. During Phase I, therefore, reactivity feedback is neglected. Phase II

starts as the reactivity feedback from material displacement begins to be

important. Once the core begins to disassemble it goes very rapidly, and it is

found that one can safely neglect any further addition of reactivity during

Phase II. Therefore, the only reactivity effect accounted for in Phase II is that

coming from material movement during disassembly of the core.

Other major simplifications of the Bethe-Tait method beyond those addressed

in Section 2.1.1 include:

1. Restriction of the analysis to uniform spherical geometry

2. Neglect of delayed neutrons

3. Use of a linear expression for the relation between pressure and energy.

2.3.1 Reactivity Insertion Before Disassembly

It is assumed that the excursion begins with the reactor prompt critical at

time zero and the energy density generated during Phase I is governed by

Eq.(2.1) with no delayed neutrons and the source. Then, taking Eq.(2.6) for the

reactivity insertion, the energy density generated during this phase is given

by

Q {dkldf)t at
^~ n ~^T (2.12)

10



For the Initial conditions we assume that the values of Q and Q are known

at the time prompt critical is reached.

This equation can be integrated to give

Q= O.0) exp(a^/2£) (2.13)

and once again to give

a 4)= ao)^exP(^2/2£)^/+ ao) (2.14)

We may choose the energy scale in such a way that Q(0) = 0.

The end of phase I is assumed to come at a time when the reactivity feedback

becomes important. Bethe and Tait assumed that the pressure, hence the

reactivity feedback due to displacement, is negligible until the energy density

reaches a threshold value Q* and increases linearly thereafter. The reasonable

choice of the condition for terminating Phase I is to define tx in such a way

that

The integral in Eq.(2.14) is a tabulated function so one can find the time 4

satisfying Eq. (2.15).

Eq.(2.14) may be solved asymptotically to obtain[ll]

£
<?(4)-6(0) = <?(0)exp(^/2^)+ higher order terms (2.16)

If at* 121 >>1, the higher order terms in Eq.(2.16) becomes negligible, which is

the case for the super-prompt critical accident of interest. Combining Eq.(2.12)

and (2.16) and setting Q(0)=0, we obtain

which leads to another initial condition for Phase II.

Eq.(2.16) may be inverted to obtain an explicit representation of the time /t as

a function of Q to give

4 ~ J— Vln X+ ln(In X) (2.18)

11



where

(2.19)

The total reactivity inserted by the ramp prior to the large burst in power is

given by

4( 4) = a^ = V^V ln x+ !n(ln -*) (
It is noted that î ( 4) as well as 4 have only a weak logarithmic dependence

on the threshold energy C{ /[) = Q* and the power at prompt critical <^0) and

depend primarily on the prompt neutron lifetime and the reactivity insertion

rate just beyond prompt critical[2,9,10,ll].

The multiplication constant at the end of Phase I , which is an initial condition

for Phase II, is then

2.3.2 Reactivity Reduction during Disassembly

It is assumed that the reactor has lost its structure and that the sodium has

been boiled away from the reactor center. Hence preliminary heating and

expansion of the core materials only tends to fill the voids and does not

produce an overall core expansion and resulting loss of reactivity. Not until the

energy density reaches some critical value Q* do we assume that a pressure

begins to build up and produce motion. The critical value Q* is reached first in

the center of the reactor and the expansion starts there with the outer parts of

the core still at rest. Gradually the energy density Q* is reached by the outer

parts of the reactor core, while the middle part continues to expand[9,l 1].

If the reactor can be described by one group diffusion theory, the flux is found

from

V-2J7* + [ ( / b - l ) 2 : / - 2 j = 0 (2.22)

where D is the diffusion coefficient, 2 1 and J. c are the fission and capture

cross-sections, respectively. From first order perturbation theory, the change

in reactivity due to the density and macroscopic cross-section change during

reactor expansion is given by

12



dV (2.23)

The change in cross-sections caused by the material displacement 7/ can be

written in the form of the equation of continuity as

,£ / = -V-(Z/2') (2.24)

£ , = -V-(2,*) (2.25)

JD = V-{Du)-2u-VD (2.26)

After substituting these relations into Eq.(2.23 ) and then replacing the fission

and capture cross-sections by the diffusion coefficient using the diffusion

equation, we have

_ J u- {2V D^S^f + ZV(V$)2 - 2V*V • (ZX®)} dV

~ / \ ( 2 - 2 7 )

This equation can be written in a form similar to Eq.(2.9)

(2.28)

Instead of V w of Eq.(2.9), however, we have

(2.29)

Eq.(2.29) for the expression / is considerably simplified for one-dimensional
reactor. For a spherical reactor it becomes equal to

4 1 di> , f ,
{ ? l \ & d V (2-30)

For an infinite cylindrical reactor,

and it vanishes for a plane reactor.

Now applying to Eq.(2.28) the same procedure as we have used in deriving

Eq.(2.11),but taking the volume of whole reactor for our domain of integration,

we obtain

13



\ = j jx . fdV (2.32)

Since pressure is generated only in the core, the domain of interest is

subdivided into three regions: interior of the core, a pillbox-shaped volume

enclosing the interface, and the rest of the blanket. The integral over the

blanket vanishes if the velocity of wave propagation is small enough. The

integral over the interface does not if / is discontinuous and if the pressure

wave has reached the edge of the core. Upon evaluating the latter by means of

the divergence theorem, we obtain

\= \A^-hdV-\PiCfc-7bydS (2.33)

where /», is the pressure at the interface, and fc and fb are the values of

function / on the core and the blanket side at this location. It is obvious that

the surface integral may contribute a considerable fraction of the reactivity

reduction if ( fc - fb) is not small[9].

Now if we assume that ,for a spherical reactor of the radius b, the flux can be

approximated by a parabola

r2

(2-34)

and the cross-sections are constant in the core, we see from Eq.(30) that

- 4 8 g2 F

where

\/&z rzc/r (2.36)
o o

is the fraction of fission in the core.

If V • 7 is constant in the core and 7e-?b, then for a spherical reactor

Eq.(2.33) can be written

14



( 2 -3 7 )

Thus \ is proportional to the pressure integrated over the volume of the core.

In the derivation of Eq.(2.33), no mechanism of pressure generation was

mentioned and no assumption about its propagation has been made, except in

surface term. Bethe and Tait assumed that the pressure in this integral can be

calculated adequately by neglecting local expansion and propagation of the

pressure. This assumption is more valid if the multiplication ratio is very large

and k^\'£ » cl b (, where ^ is the reactivity at the end of Phase I and c is

the wave velocity). This assumption usually will not give correct local pressure,

but it is quite satisfactory for evaluation of the volume integral in Eq.(2.32) if

V • / can be considered constant and if nonlinear effects in the propagation of

the pressure are not too prominent. In this case the integral J pdV does not

change much during the time of power generation due to such effects. In

actual situation, however, V • / usually decreases upon going from the center

outwards and J pdV decreases as time flows by. Thus a small reactivity

reduction results and a higher energy yield is obtained [9].

Behe and Tait assumed a particularly simple relation between pressure

generation and energy density, taking the pressure to be negligible until the

energy density reaches a threshold value Q* and increasing linearly thereafter

without significant expansion:

/< E, /?e) = 0 for £{r,f)<0* (2.38)

/< E, pc) = ( r - l W E- (?) for £{ r,/)><?*

where pe is the initial core density and y is a constant coefficient.

With the use of assumption 2 made in Section 2.1.1 that the power

distribution maintain the same spatial shape N{ r) .independent of time,

the energy density at a point r at time t can be written, like Eq.(2.3),

) (2.39)

15



It is further assumed that the power distribution is parabolic in the core and

vanishes in the blanket:
2

N(r) = \-q-T for y< b (2.40)
b

JV(S) = O for r > b

Substituting the pressure obtained in this way into Eq.(2.37) and performing

integration, we obtain the reactivity as a function of energy input C{ /) •

When the same equation of state is valid throughout the core, it is convenient

to perform integration over the surfaces of constant N before using equation of

state. For a spherical reactor and a parabolic shape of the power density given

by Eq.(2.40), this is equivalent to the use of N as the variable of integration

instead of r. Thus the disassembly reactivity can be written as

(2.41)

Now, if we use the equation of state Eq.(2.38) and perform integration of

Eq.(2.41 ) over N, we obtain three analytical expressions for \ , depending

upon whether the threshold energy has been reached at all, in part, or in the

whole core:

4=0

1 $&? O O* ... O*
(2.42)

, for

,for

e

0<

Q*

0*
1- q

where 1 / x is an abbreviation for

,and Sk^ the maximum excess reactivity beyond super-prompt criticality

taking place at the end of Phase 1. If only prompt neutrons are to be

considered, the reactor kinetics equations Eqs.(2.1) and (2.2) are reduced to

16



4- = — — (2.44)

Eqs.(2.42) and (2.44) form two coupled, second-order differential equations.

Eq.(2.42) gives us the reactivity feedback during disassembly ^ as a

function of the energy generated. Eq.(2.44) is used to estimate the energy

generated with the reactivity feedback given by Eq.(2.42) taken into

account[9,ll]-

If we make the following changes of variable

Q-Q*

<*>= 7 J _ I - ^ (2-46)
Anax l P

r= *™»~^~ ̂  t ' (2.47)

Eqs.(2.42) and (2.44) are reduced a simple set of differential equations;
rf2 *• V + 1 V

drz x V + l "" ' ' ' '\-q
2 o jo

a /<c o g 3 3 gg
f o r ^ — g

 {2A8)

dr dr

with initial conditions at the beginning of Phase II given by

(2-4Q)

l ^ 0
dr

The system of Eqs.(2.48), with initial conditions Eq.(2.49) can be numerically

solved by iteration[2,10].

It is worthy of noting that Eq.(2.42) depends only on g and X , which is

proportional to iz I ̂ 3
TOan • Jankus performed numerical integration of these

equations on LGP-30 by means of the Runge-Kutta routine. Final energies for
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several values of X and q are presented in Table 2.1 and Fig. 2.1 [9]. Since

the Bethe -Tait methods ignore the effect of expansion and wave motion on

pressure, it can be expected to be most accurate for sharp explosions with

small reactivity insertions. To investigate a measure of the errors introduced

by these assumptions , a number of calculations were performed using the

AX-1 code [13], which treats reactor neutronics and hydrodynamics more

accurately. They show that wave propagation is of lesser importance for

determination of energy yield than for determination of energy yield than for

determination of actual pressure and displacement of reactor material. The

salient outcome in all the cases considered is that the Bethe-Tait method

tends to predict, for the same accident, a lower integrated energy yield and a

higher pressure than the more accurate AX-1 calculation. Also, the Bethe-

Tait results get closer to the results of AX-1 as the magnitude of the

excursion increases.

Table 2.1 Ratio of Excess Energy to Threshold Energy {(?-(?)! Q*

in Simple Bethe-Tait Methods

0.00001

0.0001

0.001

0.01

0.1

1.0

10

100

1

0.2981

0.4902

0.8431

1.561

3.267

8.398

29.82

160.5

0.7

0.2981

0.4902

0.8431

1.561

3.268

8.461

31.07

176.9

0.5

0.2981

0.4902

0.8431

1.561

3325

9.090

36.47

226.7

0.3

0.2981

0.4902

0.8487

1.561

3.774

11.69

54.60

384.6

2.4 ASYMPTOTIC METHOD and APPLICATION RESULTS

2.4.1 Asymptotic Bethe-Tait Method

The direct solution of Eqs(2.48) requires some relatively simple numerical

procedure. However, some approximate solutions of coupled equations,
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Eqs.(2.42) and(2.44), had been made on the assumption that the heat input

O continues to rise exponentially; then Eq.(2.44) becomes

(2.50)

the reactivity is then calculated from Eq.(2.42) till it vanishes.

Using these approximations, one finds that

y= ®~; = (15.75X)m + 0.5707(15.75X)in ,if X« 1 (2.51)

The value of Q, obtained this way at the time that the excess reactivity above

prompt critical becomes negative, was initially considered a fair approximation

to the total energy generated during a power excursion incident. That is,

neglecting the energy generated after the peak in power was expected to

roughly compensate the overestimate of energy generation during the power

rise. The rough approximation of Eq.(2.50), which was first used by Bethe

and Tait, is nearly correct for very large values of dimensionless parameter

X , but results in a serious underestimate , by as much as a factor of two, for

small values, as illustrated in Fig.2.2[9].

Nevertheless, the asymptotic solutions given in Eqs.(2.51) and (2.52) are of

considerable interest, since they can be used to obtain simple estimates of the

dependence of energy yield on various factors entering into the explosion. It is

seen that the energy yield increase with the increase of the argument X . The

argument increases with increase of core radius b . Thus, larger reactors

would develop more energy per unit mass if the maximum reactivity and the

lifetime were the same. Since the argument X is proportional to kz
m^ li2 , it

follows from Eq.(2.20) that for a ramp reactivity rate a- dkf dt ,

(2.53)

Thus X varies as the square root of the lifetime of the reactor for the case of

ramp reactivity insertion. At the lower insertion rates, in particular, the energy

yield is fairly insensitive to prompt neutron lifetime.
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2.4.2 Assessment Results for EBR-II and Fermi Reactor

Using the asymptotic solution methods described in Section 2A.I, the

maximum pressure and ratio of excess energy density to threshold energy

(Q- C?) I' 0* have been calculated by McCarthy et al. for various reactivity

insertion rates ranging from 10 $ / s to 1000 $/s , and three different values of

(^-1)<?* ; 0.5, 1, 2xlO10 erg/g for EBR-II , using the reactor parameters

listed in Table 2.2. The pressure in megabars and (<?-<?*)/ <?* for EBR-II are

shown in Table 2.3. We can see that the results strongly depend upon the

choice of the values of (y-1) Q* . As the value of (y-1)<?* is increased, so is

the maximum pressure but the other way around for the ratio of excess energy

density. Thus, to improve upon the calculation, one should know better about

the equation of state[l 1].

The calculation for the Fermi reactor gives similar results to those for EBR-II

since the increase in core radius b is compensated in part by the increase of

the prompt neutron lifetime. However, the total energy produced in the Fermi

reactor is larger since the volume of the core is larger. To compare these two

reactors, values of (^-1) = 1 , and Q* =1010 erg/g were chosen. The results

are given in Table 2.4, which lists the values of the maximum reactivity-

inserted, maximum pressure, and total energy generated for various reactivity

insertion rates[ll] . It is noticed that even for the very large reactivity insertion

rates, the maximum amount of reactivity inserted above prompt critical is

much less than 1%AA:/ k .

Table 2.2 Reactor Parameters for EBR-II and The Fermi Reactor

Parameters

3 2 ^ , (cm'2)

^ ( g / c m 3 )
b (cm)
q
£ (sec)

EBR-II

1.43 x 10 "2

7.6
25.0
0.48

0.8 xlO"7

Fermi

0.8 xlO"2

7.5
44.3
0.62

2xlO"7
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Table 2.3 Maximum Pressure and Excess Energy Fraction in EBR-II
for Various Reactivity Insertion Rates

dJtldt
($/sec)

10

20

50

100

200

500

1000

(r-i)C?*
(1010

erg/g)

p (megabar)

0.036

0.048

0.074

0.103

0.163

0.32

0.57

0.5

0.064

0.079

0.119

0.167

0.27

0.45

0.78

1

0.109

0.137

0.21

0.27

0.38

0.67

1.08

2

0.95

1.27

1.96

2.7

4.3

8.3

15.0

0.5

0.84

1.04

1.56

2.2

3.6

5.9

10.3

1

0.72

0.90

1.37

1.76

2.5

4.4

7.1

2

Table 2.4 Maximum Pressure and Total Energy Developed in EBR-II and the
Fermi Reactor Assuming ^-1 = 1 , Q* = 1010 erg/g

dkl dt
( $/sec)

10

20

50

100

200

500

1000

EBR-II

0.55
0.79

1.26

1.81

2.60

4.16

5.96

P
(megabar
)

0.064
0.079

0.119

0.167

0.27

0.45

0.78

E
( 1016

erg)
0.65
0.72

0.91

1.13

1.63

2.4

4.0

Fermi

Km Xl°3

0.82

1.18

1.89

2.70

3.86

6.22

8.90

P
(megabar
)

0.073
0.099

0.157

0.22

0.31

0.58

1.03

E
( 1016

erg)
3.4

4.0

5.3

6.7

8.9

15.1

25.0
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3. INFLUENCE OF DOPPLER EFFECT

In the .Bethe-Tait method described in Chapter 2, the Doppler effect was not

considered. This is because The Betthe-Tait method had been initially

developed and applied for the super-prompt critical accidents of small

metal-fuelled fast reactors, such as EBR-I, EBR-II, Fermi Reactor, and DFR.,

for which the Doppler effect of negative reactivity feedback was predicted to

be considerably smaller than the other temperature effects on reactivity that

occur during slow temperature transients. On the other hand, large ceramic-

fueled fast reactors have a substantial negative Doppler coefficient of reactivity,

as large as ~ -1 xlO~5/°£* at the normal operating temperature, which is the

value of an order of magnitude higher than that predicted for small metal-

fueled reactor.

The pioneering analysis by Nicholson[2] of the influence of Doppler effect

indicated that even a small negative Doppler effect can give a significant

reduction in the energy release, especially at the lower rates of reactivity

increase. In his analyses, it was assumed that the Doppler temperature

coefficient of reactivity is inversely proportional to the three-halves power of

the temperature. Then assuming also that the specific heat is a constant, and

averaging over the core volume, the Doppler reactivity was written ;

where iTois the initial energy content and E( /)is the additional energy added

by the power excursion, averaged over the core. KD is the total Doppler effect

that would be produced in the limit of the infinite temperature.

Many other studies followed the work of Nicholson describing the influence of

the Doppler effect on super-prompt critical core meltdown accidents of fast

reactor. Wolfe, Friedman, and Riley[14] developed a formalism to incorporate

the Doppler reactivity feedback effect into the modified Bethe-Tait equations

and performed a parametric study in which they considered the course of the

accident starting from the time when the threshold energy density Q* was

first achieved at the core center, neglecting any influence of the Doppler effect

prior to this time . Other works on the influence of Doppler effect include the
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parametric study of Meyer et al.[15] for 1000 Mwe oxide-fueled reactor and the

work by Hicks and Menzies[16]> among others. In the following the formalism

to consider the Doppler effect in the framework of the modified Bethe-Tait

methods described in Section 2.3.2 and the parametric study results will be

outlined.

3.1 Mathematical Formulations

The time rate of change of reactivity due to the Doppler effect can be expressed

as

dt ( dT^T* dt ( 3 > 2 )

where (dkDl dT)r is the Doppler temperature coefficient at temperature 7J.

The Doppler coefficient is assumed to decrease in magnitude inversely as the

nto power of the temperature T, measured from absolute zero.

If To is taken as the temperature at which the energy density Q* is achieved,

then Eq.(3.2) can be written as

dt ^dT)r'(7, Q-Q\ndt{ Cv

, 3 3 )
( 3 - 3 )

where the heat capacity at constant volume Cv is used, ignoring change in

the volume of the core during the power excursion. By algebraic manipulation,

Eq.(3.3) can be rewritten as

dkD 0^ dy
— = - aD H (3- 4)

where

'-^? (3-5)

K (3- 6)

and y is (Q- (?) IQ* as defined in Eq.(2.45).

Finally, taking A^ as the reactivity above prompt critical when Q* is

achieved, Eq.(3.4) can be put in the following form :
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<£_-•*„ ^ dy

where

f (3.8)

and r is equal to (A^Ji) t as defined in Eq.(2.47).

The Doppler effect can be included in the framework of Bethe-Tait method by

modifying Eq.(2.48) to read

d2y dy

4 u + n 5 = o (39)dr df

where /< represents the change in reactivity due to core displacement,

whereas Y, obtained from Eq.(3.7) , is related to the change due to the

Doppler effect. Eqs.(2.48), (3.7) and (3.9) then constitute the Bethe-Tait

equations including the Doppler effect, with another initial condition, F(0) = 0 ,

added to Eq.(2.49).

In summary, a set of differential equations in the framework of the Modified

Bethe -Tait methods for the analysis of the super-prompt critical, core

meltdown accident, with the reactivity feedback due to Doppler effect as well

as core disassembly taken into account, are the following :

<T - a B <?^ dy

dz *r y + l y K,-,

-7?-—r(-77f for

3 3 q
^ 5 ^ ] for >y>

dy

where the initial conditions are

i r(O) = o (3.ii)
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Starting with the initial conditions, the above equations can be numerically

integrated on a digital computer. The integration may be continued until the

reactor power fall below a preset value[14].

3.2 Analysis Results

Study By Wolfe et al.

Wolfe et al.[14] performed a number of calculations to illustrate the effect of a

Doppler coefficient on a meltdown accident. The numerical analysis of the

power excursion started at the time that a threshold density Q* is achieved

at the core center and the reactor is above prompt critical by an excess

reactivity jtm3ii . Calculations" were terminated when the power dropped to a

relatively negligible and levelized value of one millionth of the initial power

level, that is dy I dr=-1 x 10~6. Calculations have been performed as a function

of A:rnm and the Doppler coefficient an, which is equal to - T{ dkl dT) at the

threshold temperature To , using the Fermi reactor as a model.

In the Bethe -Tait method with no Doppler effect, the energy release is a

function of the power-distribution shape factor g , and the dimensionless

parameter X, as defined in Eq.(2.43), which depends upon the core properties

and is proportional to j ^ a K / i2, where I is the prompt neutron lifetime.

In the presence of a Doppler effect, the energy release is dependent not only on

X , but also directly on j£mm .Results of a set of calculations are shown in Fig.

3.1, where the parameter y = (<?-&)/<?* is plotted against the Doppler

coefficient for different values of X. We can see that , for small a, the

energy release depends primarily upon X ; while, for large aD , the energy

released become independent of X ,but depends only upon the initial

reactivity £mm .As the Doppler effect is increased for a given kww , the

mechanism determining energy release passes through a transition, from

being determined at one extreme by the core disassembly process to being

dominated at the other extreme by the Doppler effect. As a result, in the
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presence of a strong Doppler effect, the energy release is a linear with reactor

mass. The energy release per unit mass does not increase as would be the

case with no Doppler coefficient. It is also that the energy release is

independent of prompt-neutron lifetime. Thus, if one relies on the Doppler

effect to reduce the energy release, it is advantageous to have a short neutron

lifetime.

In the case of a strong Doppler coefficient, significant core disassembly

occurs only after the power is reduced to a low value by the Doppler effect. The

pressures generated up to this time, although small, now have time to

overcome the inertia of the core and gently blow the reactor apart. Thus, in the

presence of a strong Doppler effect, the energy generated becomes

independent of the details of the pressure-energy relationship provided only

that enough pressure is generated to eventually disassemble the core. With

the Doppler effect present, therefore, attention must be focused on regions

of low-pressure buildup which can normally be ignored when no prompt

temperature effect is present.

Table 3.1 shows the results for a typical case at the time that the excursion

has been turned around and the power level has returned to the power level at

the threshold condition. It can be seen that for aD =0, the reactivity reduction

due to disassembly of the core is about five times the initial reactivity for the

case considered. If the Doppler coefficient increases in magnitude, the

reactivity reduction by disassembly gets smaller while the reduction caused by

the Doppler effect gets larger. For the larger Doppler coefficient, the power

reduction can be attributed almost entirely to the Doppler effect.

Wolfe et al. calculated, as a quantitative example, the worst hypothetical

accident described in the Fermi Hazards Report. The calculations indicate that

the maximum explosive energy would be reduced from a figure of about 1200

MW-sec with no Doppler coefficient to a figure close to 150 MW-sec for a case

with a Doppler coefficient having an arB value of 0.01 at threshold

temperature. It was noted that the actual explosive energy release would be

reduced further by more realistic work-energy relationship than the isentropic

expansion process assumed in the analysis.
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Table 3.1 Reactivity Reduction due to Core Disassembly and Doppler Effect

Doppler Effect

0

0.001

0.005

0.01

Reactivity Reduction Contribution

(in Units of Initial Reactivity î aK )

Core Disassembly

1 — &*

5.23

3.055

0.104

0.0044

Doppler Effect

r
0

0.66

1.74

1.88

Study by Meyer et al.

Meyer et al.[15] performed a parametric study mainly investigating the

influence of the Doppler effect using Bethe-Tait method for a large(1000Mwe)

oxide-fueled reactor. In order to gain an understanding of the behavior of the

reactor in the disassembly process itself, a number of parametric studies were

carried out, starting at the time that fuel boiling commences. Fig.3.2 shows

the results of calculations in which the available work resulting from the

power excursion is plotted as a function of the Doppler coefficient for various

step reactivity insertions. The results on Fig.3.2 are consistent with previous

findings which have shown that a large Doppler coefficient can reduce the

energy release by more than a factor of 10 . Fig.3.3, which is a plot of the

reactivity feedback at the time that the power transient goes through its

maximum, reiterates the point made above; with a large Doppler coefficient,

the transient is turned around in such a way that the Doppler coefficient

becomes the major feedback mechanism.

Meyer et al. also carried out a number of calculations in which the course of

the transient is followed from normal operating conditions. The presence of a

prompt negative coefficient like the Doppler has two major effects on a large

excursion that starts from normal operating conditions. First, in going from

normal operating fuel energy density to the point where fuel boiling begins, the

28



negative coefficient will reduce the reactivity so that the disassembly process

will start with a smaller net reactivity than in the case previously considered

without a negative coefficient during early part of the excursion. The second

and more interesting effect is that it causes the well-known oscillation in

reactor power. This is illustrated in Fig.3.4, which shows the power

oscillations for a particular case. If these oscillations occur before the point of

fuel boiling, the energy release during disassembly will depend strongly upon

the part of the oscillation where core disassembly first starts. Fig.3.5 is a plot

of the explosive energy release for the spherical 1000 Mwe reactor assumed to

be operating at the steady- state power of 2200 MWt at the start of a reactivity

insertion. It is noted that even small Doppler coefficients have a substantial

effect prior to the point where core disassembly begins, and that the energy

release can be higher for a lower rate of reactivity insertion for a large Doppler

coefficient.

It was also confirmed in their study that the energy release becomes

insensitive to most of the reactor parameters involved in the meltdown

calculations. However, the results were very sensitive to the heat capacity of

the fuel. Although it would be of value to have more definitive information on

the pressure-energy density relationship, the authors recommended that

attention first be applied to heat capacity information. It was noted that it is

advantageous to have a fuel with a low heat capacity to minimize energy

release from a meltdown accident.
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Fig.3. 2 Explosive Energy Release
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Fig. 3. 3 Reactivity Feedback due to Core Disassembly and Doppler Effect
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4. EQUATION OF STATE

The equation of state plays an important role in calculations of the course of a

hypothetical fast reactor excursion, for it serves as the link between the

neutronic relations and dynamic behavior of a core which leads to ultimate

shutdown. Determination of the energy appearing as kinetic energy provide

insight into the potential damage which might result from such an excursion.

The principal relation necessary for such calculations are the pressure as a

function of energy and volume for hydrodynamic calculations, and the

temperature as a function of energy and volume for neutronic calculations

with special emphasis on the Doppler coefficient.

There exist, however, considerable uncertainties in our knowledge of the

equation of state as well as material properties at extreme conditions of the

temperature and pressure, occurring during the power excursion of fast

reactors, which are beyond those possible with static experiments and present

technology. Resort must therefore be made to theory and correlation for the

estimation of these physical properties at extreme conditions. For instance,

effort has been made to apply the law of corresponding states and develop

empirical relations which are fit to reactor excursion data.

In the following, implications of using the threshold equation of state

proposed in the original Bethe —Tait method are first examined, and

subsequent evolution to improve the equation of states for the application to

estimating the energy release during super-prompt critical accident of fast

reactor is briefly reviewed.

4.1 Threshold Equations of State

Bethe and Tait assumed a simple relation between pressure generation and

density, taking the pressure to be negligible until the energy density reaches a

threshold value Q* and increasing linearly thereafter, using Eqs(2.38). This is

a linear approximation to the equation of state of uranium as calculated by

Brout[17]. Underlying physical concept was that the vapor pressure generated

with temperature would be relatively small in a core initially containing voids,

and that significant pressure would begin to be generated when the fuel
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expanded sufficiently to fill the initial voids and became single phase of liquid.

As a result, the fuel is dispersed and the excursion terminated by fairly large

pressure acting for quite short times. It has been shown in subsequent studies,

in contrast, that the vapor pressure becomes significant while the power is

varying much less rapidly, and core dispersion is then due to much lower

pressures acting for much longer time. The difference was particularly

marked with a large Doppler constant, which increases the duration of the

excursion and so allows greater time for a relatively low pressure to produce

significant dispersion of the core.

Largely in order to determine the influence of pressures that actually exist

before the energy exceeds a threshold value Q*, Nicholson used the

saturated-vapor-pressure expression

(4.1)

where Fo is the initial energy content, £{ ?, /) the energy density added by

the excursion, A and B being the constants[2]. This is an expression giving the

pressure at a point in the fluid where the vapor is in equilibrium with the

liquid. It was shown in Nicholson's study that the improved method using

Eq.(4.1) for the equation of state gives a lower maximum reactivity and lower

total energy release particularly in the milder accidents.

The saturated vapor pressure that exists for energies below Q* can be more

important in the accidents with a strong Doppler effect, as described in the

above. Wolfe et al.[14] examined the influence of the Doppler effect for two

different threshold equations of state with the Fermi reactor as a model.

Fig.4.1 illustrates these two equations of state, along with that used by

Nicholson. For equation A, which was assumed in Fermi Hazard Analysis,

O* ~ 0.98 x 1010 erg/g, and y-1 = 0.98 . In order to investigate the influence of

some initial pressure generation at the vaporization temperature in the

presence of a strong Doppler effect, another equation of state B was assumed ;

<?*=3xlO9 ergs/g, ^-1 = 0.192. The pressure-energy slope y-\ in B was

chosen so that the pressure in the two equations of state are identical at an

energy 1.5 times the threshold energy density of equation A, i.e.

.£•=1.5x0.98 x 1010 ergs/g.
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Fig.4.2 shows the total energy release measured from the vaporization

temperature for both equation of state. It is expected from Nicholson's work

that for a zero Doppler coefiicient the energy release will be close to that of the

upper curve. On the other hand, with a strong Doppler coefficient the energy

release will be close to that of the lower curve. To illustrate this point, the

dashed curve is shown in the figure, presumed to be represent the true

situation.

4.2 Linear Equations of State

In the Bethe-Tait methods or modified ones, various simplifications and

approximations were required, with consequent reduction of accuracy and

applicability. A threshold equation of state of pressure and energy , and

constant material density in time are among the major simplifications of

importance made in the analytical or semi-analytical methods. AX-1 is

among the "first-generation computer codes to solve coupled neutronic-

hydrodynamic-thermodynamic equations during super-prompt critical power

excursions of a spherical reactor system.

In the AX-1 program[13], the relation between pressure and temperature has

been taken to be linear, namely

ps = ap+ /S&+ r (4.2) -

while the specific heat at constant volume is given by

dF
) A B* ( 4 ' 3 )

where

ps - pressure

p = density

0 = temperature

E = internal energy

The so-called viscous pressure, a mathematical procedure devised by von

Neuman and Richtmyer is included to permit thermodynamic and

hydrodynamic calculations in the presence of a steep shock front. Hence, the
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total pressure is the sum of the hydrodynamic pressure, ps , and the

synthetic viscous pressure, pv .

The use of a linear equation of state over all temperature regions in the AX-1

code, however, has yielded consistently low values of energy when applying

this code to the KIWI-TNT excursion[18]. In an attempt to remedy this and

several other problems, the AX-1 equation of state was modified and several

thermal equations of state were added later on in the AX-TNT code[19]. The

particular equation used depends on the location relative to the liquid-vapor

curve. In reactor core, shell and reflector regions, a combination of the

Clausius-Clapeyron equation,

Pc= arctx?i~7)-r (4-4)

and the linear equation in the form of Eq.(4. 2) is used.

Pressures in the solid-liquid region are calculated by the linear equation of

state and pressures in the vapor region are calculated by the Clasius-

Clapeyron equation, which is divided into two temperature-dependent regions

in the core at the triple point. The AX-1 caloric equation of state was also

modified in the AX-TNT code such that a maximum of five linear sections can

be used , with the same linear form of Eq.(4.3), to approximate the heat

capacity.

4.3 Correlations for Equations of State

4.3.1 Critical Properties of Reactor Materials

The equation of state plays an important role in estimating the enegy release

of a fast reactor power excursion. Very little experimental data are available on

reactor fuel materials to develop the functional dependence of pressure, energy

or temperature, and material density in the range of interest encountered in

core disassembly analysis. It has been common practice to apply the law of

corresponding states and empirical relations to estimate the material

properties by extrapolating from experimental data available.
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The law of corresponding states implies that substances are characterized by
their thermodynamic critical properties : critical temperature Tc , critical
density pe ( or critical volume Ve ), and critical pressure pc , and that
materials at the same reduced temperature, pressure, and volume will have
similar behavior. This approximate relation has been used by several
investigators to estimate the critical properties of reactor fuel materials , and
to then use generalized correlations to predict the equation of state. It has
been shown that several substance deviate significantly from this law.
However, in view of the lack of any better method, the procedure has been
widely used. Table 4.1 shows estimated critical properties of some reactor
materials estimated using the " rectilinear law method". Care must be taken
in the use of these estimates since they require extrapolation of experimental
data far beyond the region of measurement[20].

Table 4.1 Estimated Critical Properties of Reactor Materials

Material

Uranium
Plutonium

UO2

Iron
Sodium

Critical Temp.

7X K)

12,500 ±

700

10,000 ±

500

9,115
7,000

2,780

Critical
Density

Pc ( g / C m 3 )

3.22 ±

0.36
1.414±0.3

80

1.59
1.22

0.17

Critical
Pressure

Pc (a t m)

6,860 ±

1500

1,800 ±

350

1,230

3,060

440

Critical
Compressibil
ity

0.493 ±

0.15

0.371 ±

0.020

0.27
0.245

0.285

Historically, most core disassembly calculation assumed that the core is void
of sodium. This assumption was justified since it tends to be conservative,
resulting in more energy yield. The equation of state was derived for
constant volume( or density) conditions in the framework of Bethe-Tait model.
Applying the corresponding-state principle, Brout estimated an equation of
state for metallic uranium for single phase conditions, which provided the
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basis of the threshold equation of state in the Bethe-Tait Methods.

4.3.2 Correlations for Ceramic Fuels

Correlations by Meyer etal.

Meyer et al.[15] followed the approach used by Brout to develop correlations

for uranium dioxide, but extended their equation-of- state calculations into

the two-phase region. Calculations have been performed for three different

compositions of the oxide-fueled core of a lOOOMwe reactor ; 22% fuel - 47%

sodium (Case I), 15% fuel - 70% sodium(Case II), and 45% fuel - 18% sodium

(Case III). The equation of state for PuO2 - UO2 was assumed to be the same

as that of UO2. Table 4.2 is a summary of the equation-of-state calculations of

Case I for temperatures above the melting point of UO2. The critical constants

were estimated to be ; Te = 7300° JC, Vc = 85 cm3 /mole, pc = 1915 atm.

Table 4.2 Summary of Equation-of-State Calculations ( Case I : V, = 0.865)

p,

0.001

0.011

0.05

0.2

0.4

0.8

0.95

1.4

2.0

5.0

10.0

20.0

T,

0.5

0.6

0.69

0.8

0.88

0.97

0.99

1.04

1.11

1.42

2.03

3.16

El RTC

1.8

3.6

4.3

6.0

7.1

8.7

9.4

9.8

10.6

12.8

17.2

24.7

Wl RTC

0.5

0.7

1.0

1.6

2.2

3.0

3.3

3.6

4.0

5.3

8.8

16.2

These data were curve-fitted for use in the subsequent computer calculations.
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The relation between pressure and energy density is curve-fitted to a third-

order or fourth-order power series

and substituted into the modified Bethe-Tait expression for the disassembly

reactivity feedback.

Correlations by Hicks and Menzies

Hicks and Menzies[16] investigated various aspects of the course of events

during a super-prompt critical excursion using a computer program called

PHOENIX, which basically adopts a mathematical model which retains the

essential features of the Bethe-Tait model. The two main modifications which

had been made to the simple Bethe-Tait theory are the inclusion of a Doppler

reactivity effect and the use of a more realistic equation of state of a PuO2/UO2

- fuelled reactor. The critical constants were estimated to be ;

7; = 8000° K, pc= 2000 atm, Vc = 0.27RTCI po ; the ideal gas specific heat

was taken to be 0.65 R.

The vapor pressure law, which determines the pressure at low temperatures,

was derived by extrapolating published data for UO2 in a manner which was in

satisfactory agreement with corresponding-states tabulated data for a two-

phase mixture of saturated liquid and vapor, whereas the single phase

tabulation gave the pressure and temperature as functions of the specific

volume and energy density. A set of empirical analytic expressions were then

derived for the pressure and temperature as functions of the energy density at

constant volume. These expressions were in most cases simply straight lines

which fitted the more detailed calculations to within a few per cent for all

energy densities and specific volumes likely to occur in practice. In particular,

the pressure- energy density relationship was approximated by a straight line

in the single-phase region.

Fig.4.3 shows the pressure -energy relation at constant volume. All curves

follow the vapor pressure law until they reach the saturation point, and then

depart from it in a linear manner up to the maximum presure shown in the
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figure; for the threshold- energy calculations, the straight line were

extrapolated to zero pressure. The empirical curves agree well with the

calculated points, the worst fit being near the transition points. Fig.4.4 shows

the temperature-energy relation at constant volume, which is required for the

calculation of the Doppler reactivity feedback.

Equations of State used in the VEPfUS-II Code

A major advantage of mechanistic computer codes like VENUS-II[5] over

previous disassembly models is that it explicitly calculates the changes in the

material densities as the excursion proceeds. By use of a density-dependent

equation of state(EOS), the transient from two-phase (liquid plus vapor) to

single-phase(liquid only) conditions can be directly accounted for. Property

treating the high single-phase pressures that can arise during disassembly

can significantly affect the calculated energy release. This is especially true in

high-density systems where somefor all) of the sodium remains in the core.

Considerable effort had been directed toward providing as accurate a density-

dependent EOS for VENUS-II, the result of which is the so-called ANL EOS. In

its basic form, this EOS ignores heat transfer from fuel to the other core

material, and calculates the fuel temperature at each mesh point using the

analytical fits to the corresponding states data of Menzies[21]. Figures 4.5

and 4.6 are plots of the energy -temperature and energy-pressure

relationships of the ANL EOS used in VENUS-II. The expressions dependent

on the reduced specific volume of the fuel, V/ , were improved over those

provided by Menzies so that they fit the data more accurately over its

range( V/=OA to 1.0) and provide a more reasonable extrapolation in the range

Vf > 1 . Large reduced volumes in this latter range can be encountered in

calculations where the disassembly motion is followed to very large

displacements.

In the ANL EOS, the heat of fusion is accounted for by an artificial

modifications to the internal energy, which is ignored in Menzies' original

formulation. In many cases, much of the core is below melting at the time the

switch is made to the disassembly calculation. If the heat of fusion is ignored

as these parts of the core pass through melting, artificially high temperatures
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and fuel vapor pressures are calculated. The resulting increase in both

Doppler broadening and displacement motion feedback can incorrectly reduce

the calculated energy release. As an alternative to the ANL EOS, another

density-dependent EOS developed at BNWL is included in VENUS-II.

43



EQUATION 8
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Q* = 3 x 10 Q* = .98 x 10 1 0

ENERGY DENSITY
(ERGS/GM)

Fig 4. 1 Linear and Nicholson's Equations of State
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5. CONCLUSION

• Modified Bethe-Tait methods evolved over the decade of 1960s are still of

value today, even when we have more comprehensive mechanistic

computer codes available, because of its simplicity and relative ease to

extend for improvements. It is particularly useful to perform various

parametric studies for better understanding of core disassembly process of

liquid metal fast reactors as well as to estimate upper-limit values of the

energy release resulting from a power excursion. Moreover, the methods

would provide an important stepping stone to developing a set of mechanistic

codes in the sense that they provide an essential experience and knowledge

base on hypothetical core disruptive accidents(HCDAs).

D In this context, major areas of improvements on the conventional Modified

Bethe-Tait methods currently considered for application into the KALIMER

analysis include the following :

1) Use of two different linear equations of state for pressure in the vapor region

and in the solid- liquid region, rather than using single linear threshold

equation of state as in the conventional methods, and

2) More realistic treatment of heat capacity at constant volume( Cv), which

was' assumed constant over the wide range of core temperature in the

methods, necessary to estimate Doppler reactivity coefficients.

D Although disassembly calculations provide estimates of the significant

energy release that would result from a given prompt critical power burst,

only a very small fraction of this energy can typically be converted into work,

or damage, to the structural components of the system. When fuel-vapor

expansion(to 1 atm) is assumed to be the primary source of damage following

a prompt burst, which gives an upper limit for the work available from this

process, only 5 % of the fission energy generated is predicted to be converted

to the damaging work. Thus, it may not be very difficult to demonstrate that

the work available even with the upper-limit values of energy release

estimated by the Modified Bethe-Tait methods satisfy the safety margin of

the reactor systems of KALIMER.

D The equation of state plays a crucial role in calculations of the course of a
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hypothetical fast reactor excursion, for it serves as the link between the

neutronic relations and dynamic behavior of a core which leads to ultimate

shutdown. The principal relation necessary for such calculations are the

pressure as a function of energy and volume for hydrodynamic calculations,

and the temperature as a function of energy and volume for neutronic

calculations with special emphasis on the Doppler coefficient. There exist,

however, considerable uncertainties in our knowledge of the equation of

state as well as material properties at extreme conditions of the temperature

and pressure, occurring during the power excursion of fast reactors. For the

metallic fuels, furthermore, no progress has been made in this area since

early 1960s, when large oxide-fueled fast reactors were set to be the primary

reactor type to develop. As a result, most of the mechanistic codes, like

VENUS-II and SIMMER-II, include the equations of state only for ceramic

fuels. For the HCDA analysis of KALIMER, therefore, the major effort should

be made first to do a literature search for the thermodynamic-properties data

of uranium metal fuels and, then, to develop correlations for equations of

state of metallic fuel using the principle of corresponding state.
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