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A B S T R A C T

A parametric study of the meltdown accident analysis of Fast

Critical Facility has been conducted to estimate the maximum energy

available to perform the destructive work upon the contaj.nment structure

during the fuel expansion. The various parameters considered are

(1) rate of reactivity insertion, (2) initial power level, (3) Doppler

reactivity coefficient, (4) prompt neutron life time, and (5) spatial

power distribution. A two phase logarithmic form of iiie equation of

state connecting the pressure and the energy of. plutonium oxide fuel

has been set up. The ener-jy release calculations have been carried out

in spherical geometry by taking into account the delayed neutron data.
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MFLT 1XKVH ACCIDENT ANALYSIS OP PAST CRITICAL FACILITY

• : b y .

S.B. Garg

I INTRODUCTION

Safety charac te r i s t i c s of a reactor system primarily dictate i t s

design. Melt down accident i s one of the pr incipal areas of safety. In

order to design the containment s t ructure of the reactor i t i s imperative

to estimate the maximum energy tha t i s l ike ly to be released in the event

the core melts down. This energy release i s calculated by assuming t h s t

the fuel in the core melts down instantaneously due to fission heating and

on melting i t reconfigurates to give a secondary c r i t i c a l i t y . The

excursion is initiated by the positive reactivity additions and finally

terminated by the disassembly of the core which is brought about by the

high pressures generated due to fuel vaporization. A strong negative

Eoppler effect i s , however, helpful in limiting the magnitude of the

available destructive energy.

Energy release calculations, thus, require a coupled kinetics and

hydrodynamics analysis of ihe transient behaviour of the core. The kinetics

calculations yield the time-dependent reactivity and power level by

including the rate of reactivity insertion, the prompt neutron generation

time, the delayed neutron data and ike Doppler coefficient. The hydro-

dynamics calculations yield the core disassembly reactivity feedback by

calculating the internal core pressure. The neutronics parameters required

in the analysis are Hie" power and the reactivity worth profiles which are

calculated by a suitable diffusion or transport theory model.
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The original "Bethe-Tait model of the core collapse has undergone

several modifications since the time it was first proposed. But the basic

assumptions and the approach are still retained in many of the so called

refined recipes. The basic assumptions are

(1) The- reactivity worth and the power profiles in the core

are independent of time. The reactivity effects are

calculated by first order perturbation theory.

(2) The pressure density at any point in the core is a function

only of 1he energy density at that point. The fuel density

used in the hydrodynamics equations is assumed to be constant

during the excursion.

Nicholson has examined the validity of these two assumptions and

shown that an error of only a few per cent V> 5$ is made in the calculated

energy release. This error is tolerable in view of the fact that the

problem gets considerably simplified.

As mentioned earlier the main mechanism which completes the excursion

is the negative reactivity feedback introduced into the system by the core

disassembly caused by high pressures. The pressure energy relationship

known as the equation of state, thus, plays a crucial role in the energy

release analysis. The equation of state is either empirically fitted to the

experimentally measured data or theoretically derived from the method of

corresponding states. The corresponding state principle assumes that all

substances obey -(he same equation of state in terms of the reduced values

of pressure, temperature and specific volume. The reference materials whose



properties have been investigated are generally light compounds with low

boiling points, low critical temperatures and low critical pressures. The

equation of state derived for the fuel and based on the properties of these

light compounds may be inadequate and lead to erroneous energy release

estimates. Another method of calculating the equation of state is based on

the Van der Waals equations. The chief drawback of this method is that it

is applicable in the single phase region while the two phase region is

important for weak and moderate power excursions.

In the present study the equation of state has been set up for

plutonium oxide fuel in the two phase region which represents an equilibrium

between the liquid and the vapour. The cumbersome approach of the principle

of corresponding states has been avoided in view of fact that there is not

much supporting experimental data. Instead Nicholson's approach of combining

the threshold and ihe logarithmic forms of equations has been adopted. The

neutronics parameters of Uie Past Critical Facility have been obtained with

the MF-4 transport theory code. The energy release calculations have been

done using the WEAK EXPLOSION code with different reactivity rates ranging

from 10$/sec to 1000 fc/see, in spherical geometry. Dependence of energy

release on several factors such as prompt neutron generation time, initial

power level and Soppier effect has been examined.

A brief outline of ihe method used iB given in the Appendix.

II. !PHE FAST CRITICAL FACILITY

The Fast Critical Facility, in equivalent spherioal geometry, has a

core volume of 2.^6 litres. It is fuelled by plutonium oxide at 90%
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theoretical density with Hie isotopic composition of 96$ plutonium-239

and 496 plutonium-240. The neutronics calculations have been done wii&i the

DTF-4 transport theory code to obtain the power and the reactivity worth

distributions in the core. The parabolic power profile i s given by

2
N(r) = 1 - q - ,

where a » core radius

q = a constant which is determined by requiring that the

power vanishes at the surface of the bare core

» 0.366

The gradient of Uie danger coefficient required in the accident calcu-

lations has been calculated from the first order perturbation theory. I t is

of -the following fnrm

where C1 = - 2.298 x 10"^ absolute reactivity/cm^

Cj = 2.375 * 10~7 absolute reactivity/cm7

The otiier relevant parameters are l is ted in Table I .

III.EQjPATIOK OF STATE

Bethe ana Tait used the following threshold equation for the pressure-

energy relationship
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where P - Density of the fuel

E(r , t ) • Energy generated per unit mass at any instant t at the point r .

Q* = Threshold energy below which no pressure is generated to
disrupt the core.

flg = Grueneisen's constant which has the approximate value of

2 for a l l materials a t normal densities. At very low

densities i t tends to the perfect gas value of ("{- 1)

wheretf is the ra t io of specific heats.

The threshold energy Q* is 1iie amount of energy required to f i l l al l

the voids in the core by the volumetric expansion of the melten fuel. The

threshold equation ignores the vapour pressure which i s present below Q*.

This pressure, quite often, disrupts the core in those cases where the

reactivity does not reach prompt c r i t i ca l . In these weak excursions the

B&the-tait model would greatly overestimate the energy release. In order

to overcome Ifais shortcoming of 1he threshold model Nicholson suggested the

followiag logarithmic form of the equation of s tate for the saturated vapour

pressure.

P(r, t ) - B a A / E ( r ' *> + Eo

TShere B and A are constants and E is the energy per cc of the fuel at

i t s melting point.

In tiie present case the logarithmic form of the equation of s tate has

been used. The constantj B and A have been determined by equating the

pressures obtained from the two equations at the energy density E «* 3Q* axA

by requiring that "&e pressure curve passes -through the boiling point. The

pertinent data used in the analysis i s recorded in Table H . For Q* calcu-
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lation fee void fraction in the core of the Past Critical Facility has been

estimated to be 22 V/0. This void is filled up if the core attains a

temperature of 6280*K. Q* is then calculated as
T

Q* " P \ S*(T) dT + I*tent heat of fusion per cc

If C is assumed to be temperature independentv

Q* = PC. (T-Tm) + Latent heat of fusion per co.

7.2163 x 0*22 (6280 - 2673) + 236 x 7.2163

Q» - 7.43 x 105 joules/cc

* 0.325 x 7.2163 x 2673 - 6.27 x 105 joules/cc

A = 2.127 x 105 joules/cc

B = 3.162 x 101 4 dynes/cm2

IV. ENERGY RELEASE CALCULATIONS

The energy re lease calculat ions have been done with several ra tes of

r eac t i v i t y inser t ion ranging from 10 %/aeo to 1000 $/sec a t the i n i t i a l

power levels of 1, 10, 100 and 10^ wat t s . Table I I I depicts the computed

r e s u l t s . I t is seen tha t the energy y ie ld i s not a very strong function of

the reactivity rate of insertion. A factor of 100 in the reactivity rate

when i t is increased from 10 $/see to 1000 $/sec alters the energy yield by

a factor of 2.5 from 1.84 x 1o" joules to 4.66 x 10' joules. In the Fast

Critical Facility the probable reactivity rate which may initiate the

excursion is expected to be in the range of 50 S/sec. At this rate
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2.5 x 10' joules (7.8 x 10 fissions) of energy would be released and the

system gains a reactivity of 22 cents above prompt c r i t i ca l . A maximum

reactivity of 1.08 $ above prompt c r i t i ca l i s , however, built up into the

system when the excursion i s ini t ia ted by the reactivity insertion rate of

1000 $/sec« I"t may, however, be noted that the total absolute reactivity

inserted into the system is a direct function of time taken by the core to

disassemble. The excursion ini t ia ted by a higher pov;er level at a given

reactivity insertion rate would l as t far a shorter period resulting thereby

in the lower "reactivity addition and the lower energy release. Hence the

yield decreases as the in i t i a l power level increases.

A graphical representation of the energy release versus the reactivity

insertion rate is shown in Fig.1. A typical plot of the power, energy and

the reactivity attained in an excursion initiated by the reactivity rate of

50 V sec is shown in Pig.2. Fig.3 shows a similar plot for o^ = 1000 S/sec.

T. EFFECT OF DOFFLER COEFFICIENT

In the Fast Critical Facility the neutron flux in the resonance region

below 30 Kev is only about 0.15% of the tota l . The Doppler effect which is

mainly contributed by the resonances of the fer t i le and the f iss i le materials

would, thus, be too small to have an effect on the gross energy yield. Since

the fuel contains 96$ of plutonium-239 i t is anticipated that the Doppler

coefficient would tend to be posit ive. However, to study i t s influence on

the energy release several values of (T « )m at the melting point of the

fuel have been taken. The temperature dependence of the effect is taken as
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T . Translated into the energy form it reads as

where E is the initial energy content at the fuel melting point and E(t)
o

is the additional energy added by the power excursion. K_ is the total

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

The calculated results are given in Table IV. It may be noted that a

strong negative Doppler coefficient of - 1.05 x 10" measured in terms of

(T S» ) reduces the energy yield by a factor of 5« It °an, therefore, be

a powerful tool of limiting the energy release in severe power excursions.

A positive Doppler coefficient of the same magnitude increases the energy

yield by a factor of 3«3« These observations havs been made for the case

of o^ = 100 $/sec. For o^ = 1000 S/sec a negative Doppler coefficient of

equal magnitude reduces the yield by a factor of 4 while the positive one

increases it by a factor of 2.4.

VI. EFFECT OF PROMPT NEUTRON GENERATION TIME

The prompt neutron generation time has been varied from 5 x 10 sec

to 5 x 10"' sec for two rates of reactivity insertion i.e, o( = 100 and

1000 S/sec. The results are displayed in Table V. It is observed that -foe

energy release is not a very strong function of the prompt neutron life time.

In the case of o( = 100 $/seo a*1 increase by a factor of 10 in *£ results in

the decrease of the energy yield by 25%. The total reactivity inserted into

. the' system, for Jt •? 5 x 10"' sec is 10 times that for «£ - 5 x 10"^ sec. The

reason for this larger reac-ivity addition is the longer period (19.8x10"'

sec for t = 5 x 10"' seo compared to 11 x 10"' sec for i = 5 x 10"^ sec)



the excursion takes to complete. An increase in the prompt neutron l ife

time leads to an increase in the reactor period and the increased reactor

period keeps the magnitude of the energy release low inspite of the fact

that tiie to ta l reactivity addition is several times higher.

VII. EFFECT OF POWER DISTRIBUTION

The spatial power distribution enters into calculations through the

parameter q. At any point in the core power would decrease as q is increased

and this would lead to lower energy yield. The calculations done with two

values of q are shown in Table VI. I t is seen that the energy release

decreases by 17$ in -the case of o( s 1000 $/sec and 14$ in the case of

o( = 100 &/see as q is increased from 0.366 to 0.6. The maximum reactivity

attained in the two cases i s , however, unaffected by ihe power profiles.

VIII.CONCLUSIONS

The energy release in a meltdown accident is a function of the cr i t ioa l

mass of the system. The higher the cr i t ica l mass the higher the energy

release. The Past Critical Facil i ty goes c r i t i ca l at about 18 Kg of PuOg.

On this account the nuclear excursion in this system is expected to be of

the weak type and the two phase equation of s tate used in the energy release

calculations is quite adequate. The energy yield i s not a very strong

function of the rate of reactivity insertion although i t increases with i t .

When -fee reaotivity rate is increased by a factor of 100 from 10 $ / s e c *°

1000 ft/sec, the yield goes up by a factor of 2.5 only. The maximum calculated
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18accident is equivalent to 1.4 x 10 fissions for the reactivity insertion

rate of 1000 8/sec. Expressed in equivalent mass of THT i t is 10 kg. I t i s ,

however, doubtful whether such a high rate of reactivity insertion would be

feasible in the Past Critical Facility. For a real is t ic value of 50 $/sec

the yield is equivalent to 5 kg of TNT. At this rate a pressure of

1.5 x 10 atmospheres is built up in the core. The pressure wave thus

generated travels at a speed of 5 x 10 cm/sec.

The energy release is a function of the in i t i a l power level and the

prompt neutron l i fe time. I t decreases with an increase in either of -these

two parameters. The influence of the Doppler effect i s expected to be n i l

since the neutron spectrum is too hard for i t to make any significant

contribution.

The main objective of the accident calculations is the estimation of

the destructive energy which is defined as the energy excess above the

threshold energy level. This is the part of -the energy which will perform

the destructive work on the containment structure. Foro(= 1000 $/ s e o i*

has been estimated to be 2.83 x 10^ joules which i s about 61$ of "the t o t a l .

For «a< - 50 $/seo i t i s 0.68 x 107 joules which is only 27# of the to ta l .

These may b» taken as the uppermost limits of -foe destructive energy.
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AH OUTLINE OF IfEELTDOWN MOIEL

The following assumptions are made in addition to those indicated in

Section I.

1. A negligible amount of heat is transferred from the fuel to

the core materials during the nuclear curst.

2. The energy production is separable in space and time.

3. The Doppler reactivity feedback can be calculated using the

core volume average fuel energy density without the heat of

fusion correction.

The standard point kinetics equations describing the transient

behaviour of a nuclear reactor are given as

inhere

Q = integrated energy release

k = instantaneous reactivity

8 • - delayed neutron emitter group fraction

%l - decay constant of delayed neutron group i.

«£ = prompt neutron life time

Ci *» delayed neutron emitter concentration

S *> fixed neutron source

The neutron multiplication constant at any instant of ttme is given by
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where & 0 is the initial multiplication constant, k1(t) is the reactivity

insertion which initiates the excursion, kp(t) is the reactivity addition

due to core disassembly and k (t) is iiie feedback from Doppler effect.

*,(t) - of t (4)

Here b( is assumed to be constant

The equation of motion of an infinitesimal element of mass during the

disassembly process in terms of density Cj*) and pressure P(r,t) is given by

%
clu. • ,
^JL= - j grad P(r,t) (5)

The equation of state which gives the pressure distribution is of the

form

where E(r,t) - N(r) Q(t) (7)

N(r) is the spatial power distribution and Q(t) is ike time dependence

of the energy release.

The reactivity insertion due to core disassembly in terms of -the

displacement U(r,t) and iiie danger coefficient D(r) i s fialculated as

ju(r,t) . grad L(r) mt^ oU, (8)



. .15..

(9)

A is calculated from the first order perturbation theory as

<*3>frO s C ir + c 5 r 5 (10)

The Doppler reactivity " ^ ( t ) , from T~̂ ' law, is given a

dilations (1), (2), (3)t (6). (7)» (9) and (11) constitute a coupled

set of differential equations and are solved with 1he following initial

conditions.

Q(o) » QO - initial energy content

cUCO
-—x* =• Po - in i t i a l power level

C.fo)» C. - Concentration of*delayed neutron precursors

>o - initial multiplication constant.

The excursion is- assumed to start from the steady state so that

C. (o) are all determined and need not be specified.
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TABLE -

'JSaUTKUSiiCS

Core Radius, a =

Fuel Dens i ty , ./* =

Prompt Neutron
Life Time, X

•

• I

5 DATA

8.36 cm

7.2163 gm/cm5

5.0 x 10~ sec

DELAYED NEUTRON MTA

7.90 x 10~5

5.R8 x 10" 4

4.536 x 10~4

6.888 x 10"4

2.163 x 10"4

7.35 r. 10"5

Ai (Sec"1)

1.29 x 10"2

5.11 X 10"2

1.34 x 10"1

3.31 x 10~1

1.26

3.21

TABLE - n

OHIBMODYRAMICAL DATA FOR

Boiling Point =

Malting Temperature =

Specific Heat At Constant Volume, C =

Specific Heat At Constant Pressure, C =

Latent Heat of Fusion =

Latent Heat of Vaporization =
Volumetric Coefficient of Expansion of
Solid Pu0o

45OO°K

2673°K

0.22 3oules/gm°K

0.325 joules/gm°K

236 joules/gm

2.38 x lO^jpules/gm

4.5 x 10"5 cc/°C

Volumetric Coefficient of Expansion of
Liquid 6.75 x 10"5 cc/eC
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TABLE - I I I

EFFECT OP REACTIVITY INSERTION RATE AND INITIAL POWER LEVEL ON
ENERGY RELEASE

REACTIVITY INITIAL POWER & - 1 - f ENERGY FISSIONS
HATE,ef ( $ / s e c ) (Watts) (Max) (Joules)

10 1

10

100

105

20 1

10

100

105

50 1

10

100

10?
100 1

10

100

105

1000 1

10

100
105

0.0002

0.00018

0.00017
0.00012

0.00029

0.00027

0.00025

0.00018

0.00047

0.00044

0.00041

0.0003

0.00068

0.00064
0.0006

0.00045

0.00226

0.00215

0.00203
0.00161

1.84

1.80

1.74

1.51

x 107

x 107

x 107

x 107

2.1 s 107

2.05 x 10'

2.0 x 107

1.76

2.51
2.46

2.39

2.13
2.88

2.82

2.75

2.47
4.66

4.48

4.48

4.05

x 10'

X10 7

x 107

x 107

x 107

x 107

x 107

x 107

x 107

x 107

x 107

x 107

x 107

5.7 x 101 '

5-58

5.39
4.68

X

X

X

1017

1017

1017

6.5 x 1017

6.36

6.2 :

5.46

7.78

7.63

7.41
6.60

8.93

8.74

8.52
7.66

1.44

1.39

1.39
1.26

X 1017

c 1017

X

X

X

X

X

X

X

X

X

X

X

X

X

1017

1017

1017

1017

1017

1017

1017

1017

1017

1018

1018

1018

1018



REACTIVITY RATE, <

100

1000

..17..

TABLE - 17

EFFECT OP DOPBLER COEFFICIENT Of EHERGY HEILASE

INITIAL POWER =10 T7ATTS

3< DOFPLER COEFFICIEKT
(T dk/dT)

1.05 x 10~2

1.05 x 10~5

1.05 x 10~4

0

-1.05 x 10~4

-1.05 x 10~5

-1.05 x 10'2

1.05 x 10"2

1.05 x 10"5

1.05 x 10"4

0

-1.05 x 10~4

-1.05 x 10"5

-1.05 x 10"2

EEHRGY
(Joules)

9.59 x 107

5.78 x 107

2.92 x 107

2.62 x 107

2.71 x 107

1.75 x 107

5-52 x 106

1.06 x 108

5.15 x 107

4.61 x 107

4.48 x 107

4.52 x 107

5.86 x 107

1.07 x 107
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TABLE -

>..

• V

EFFECT OF PROMPT NEDTRON GENERATION TUBE ON ENERGY RELEASE

REACTIVITY RATE, Cx

NEUTRON
LIFE TIME
i(Sec)

5 x 1O~7

5 x 10"8

5 x 1O~9

REACTIVITY
RATE ($/see

50

1000

SBGppv
21171

(Max]

0.002

0.00064

0.0002

INITIAL POWER =10 WATTS

i = 100

ENERGY
(Joules)

2.45 x 107

2.82 x 107

3.26 x 107

TABLE -

REACTIVITY RATE, 0^= 1000 S/sec

(Max)

O.OO665

0.00215

0.00068

• VI

ENERGY
(Joules)

3.86 x 107

4.48 x 107

5.43 x 107

EFFECT OF POYER DISTRIBUTION ON ENERGY RELEASE

> %

0.366

0.6

O.366

0.6

INITIAL POWER =10 WATTS

0.00044

0.00044

0.00215

0.00214

Max.POWER
(Watts)

1.54 x 1011

1.32 x 1011

1.32 x 1012

1.08 x 1012

ENERGY
(Joules)

2.46 x 107

2.12 x 107

4.48 x 107

3.72 x 107
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F I C j . ENERGY RELEASE VS REACTIVITY INSERTION RATE

INITIAL POWER»IO?«ATTS

INITIAL POWER •» I WATT
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FIG3-POWER. EMERGY AND REACTIVITY VERSUS TIME
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