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Abstract In this study, a displacement-reactivity feedback

model, which can directly represent the inherent ‘‘thermal

expansion extinction effect’’ of fast burst reactors (FBRs),

was developed with the aid of the static neutron transport

component of the FBR-MPC code. Dynamic behaviors of

bursts in the Godiva I reactor were simulated by coupling

the simplified multiphysics models consisting of the point

kinetic equations for neutronics, adiabatic equation for

temperature, and thermoelastic equations for displacement/

stress with the developed model. The results were com-

pared with the corresponding experimental data and those

obtained using the traditional fission yield (temperature

rise)-reactivity feedback models. It was found that the

developed model can provide good results for the bursts

with no or a small inertia effect. For the bursts with a

prominent inertia effect, the smaller burst width and

asymmetric distribution of the fission rate curve, noticed in

the experiments but not evident using the traditional

models, can be reproduced. In addition, the realistic

oscillations in reactivity and fission rate caused by the core

vibration, as well as the deeper sub-prompt criticality in the

plateau following the burst, can be observed. Therefore, the

developed displacement-reactivity feedback model can be

expected to be an effective tool for calculating the dynamic

behaviors of bursts.

Keywords Displacement-reactivity feedback model �
Prompt supercritical � Coupled calculation � Fast burst

reactor

1 Introduction

In a fast burst reactor (FBR), to trigger a burst, one first

inserts a certain reactivity in the core to transit the system

from sub-delayed-critical to super-prompt-critical. There-

after, by injecting source neutrons, the fission rate quickly

increases after the first persistent fission chain is estab-

lished. The released fission energy results in the tempera-

ture rise and hence core expansion, which in turn leads to

the decrease in reactivity. As a result, the increasing

velocity of the fission rate gradually decreases to zero at the

time of its peak, and the fission rate decreases to a low-

amplitude plateau, representing the thermal expansion

extinction effect [1]. Particularly, when the core expansion

cannot accommodate the temperature rise (i.e., the core

does not simultaneously expand to the same status of static

expansion caused by temperature rise), the core appears

compressed. This compression later produces vibrational

displacements and potentially large dynamic stresses, i.e.,

the inertia effect [2, 3].

The dynamic behavior of the burst is highly complicated

because of its short duration (usually less than * 100 ms)

and intense variations in the coupled neutronics–tempera-

ture–thermoelastics fields. To obtain an accurate picture of

this dynamic behavior, a coupled calculation based on

three-dimensional (3D) time-dependent multiphysics
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models requiring neutron transport equations for neutron-

ics, a heat conduction equation for temperature, and ther-

moelastic equations for displacement/stress needs to be

developed. In recent years, increasing efforts have been

made to develop coupled codes using accurate multi-

physics models, such as the enhanced MRKJ code for a

one-dimensional (1D) spherical case [2], the OpenFOAM-

based discrete ordinates solver for coupled neutron trans-

port/thermomechanical calculations [4], and our 3D cou-

pled multiphysics FEM (finite element method) code FBR-

MPC [5].

However, as observed in previous works [1, 5], for small

FBRs with a simple core structure such as the unreflected

spherical Godiva I reactor, the point kinetic approximation

is sufficiently accurate for neutronics. Because the burst

duration can be neglected as compared to the heat balance

time, the adiabatic approximation is also applicable for

temperature calculation. Thus, in such cases the burst

dynamic behavior can be well described using the simpli-

fied multiphysical models consisting of the point kinetic

equations for neutronics, the adiabatic equation for tem-

perature, and the thermoelastic equation for displacement/

stress, similar to previous works [1, 2]. However, for bursts

with the inertia effect, the realistic fission rate oscillation

caused by the core vibration, noticed in earlier experiments

[6, 7] and reproduced in our previous work [5], was not

touched upon in early theoretical studies. The main reason

is that the applied traditional fission yield (temperature

rise)-reactivity feedback models were established upon the

assumption that the reactivity change is proportional to the

fission yield (or the equivalent temperature rise), and thus,

the reactivity monotonically decreases in the burst [1, 7, 8].

To overcome the disadvantage of the traditional fission

yield (temperature rise)-reactivity feedback model and

directly represent the inherent ‘‘thermal expansion extinc-

tion effect’’ of the FBR, a natural thought is to establish the

relation between the reactivity change and core expansion

(or more specifically the displacement). This can be

achieved considering the expression of the spatial distri-

bution of the displacement at an arbitrary time in the burst

as the sum of a series of orthogonal functions. If the

reactivity change component for the displacement in the

form of each orthogonal function can be obtained, the total

reactivity change can be calculated as the sum of all its

components. The coefficients of orthogonal functions are

the relative weights of the corresponding reactivity change

components. Therefore, several static neutron transport

calculations are required to establish this displacement-

reactivity feedback model. The burst dynamic behavior can

be easily obtained by calculating the simplified multi-

physics models using the displacement-reactivity feedback

model. The preliminary advantage of this method is the

high calculation efficiency as compared to the simulations

using accurate 3D coupled time- and space-dependent

multiphysical models. Another benefit is that unlike cases

using traditional models, predetermination of whether the

inertia effect is generated prior to simulation is not

required. The reactivity change components for the dis-

placements in the form of orthogonal functions can be

calculated using a deterministic neutron transport code,

such as the static neutron transport component of our FBR-

MPC code. The widely used Monte Carlo radiation trans-

port codes cannot be adopted to achieve this goal because

the uncertainty associated with the reactivity may be much

higher than the reactivity change due to the small core

expansion [9].

The main purpose of this work was to develop and

verify a displacement-reactivity feedback model for FBRs.

The structure of this paper is as follows. Initially, the

simplified multiphysical models and numerical algorithms,

together with the traditional reactivity feedback models and

the main parameters of burst calculated using these models,

are introduced. Next, the procedure for developing the

displacement-reactivity feedback model is presented in

detail. Coupled calculations using this developed model

and simplified multiphysical models are then performed for

various bursts in the Godiva I reactor. Finally, the results

are compared to experimental data and those obtained

using the traditional reactivity feedback models to verify

the applicability of the developed model. Some interesting

features noticed in the experiments, but not reported in

early theoretical works, are also discussed.

2 Theoretical models

In the present study, the unreflected spherical homoge-

neous Godiva I was selected as the model reactor. It was

chosen because of its simple configuration (the relation

between the reactivity change and displacement can be

easily determined) and the availability of numerous

experimental data and theoretical results that can be used to

verify the displacement-reactivity feedback model

Table 1 Main parameters for Godiva I reactor [4]

Parameters Value

Radius (cm) 8.7407

Young’s modulus (GPa) 208

Poisson ratio 0.23

Linear thermal expansion coefficient (1/K) 1.39E-5

Specific heat capacity [J/(g K)] 0.1177

Heat released per fission (J) 2.848E-11
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developed. Basic parameters for the Godiva I reactor were

taken from the literature [4] and are listed in Table 1.

2.1 Simplified multiphysical models for neutronics,

temperature, and displacement

The literature [5] has proved the assumption used in

early works [1, 2, 7, 9] that in the Godiva I reactor, the

spatial distribution of the fission rate is independent from

the temporal variation. In one-group isotropic scattering

theory, the point kinetic approximation for neutronics can

be used. The point kinetic equation for the fission rate and

the balance equation for the delayed neutron precursors are

as follows [10]:

dFðtÞ
dt

¼ qðtÞ � beff

K
FðtÞ þ 1

mfK

X6

i¼1

kiCiðtÞ; ð1Þ

dCi tð Þ
dt

¼ mfbeff;iF tð Þ � kiCi tð Þ; ð2Þ

where q is the reactivity, beff is the effective delayed

neutron fraction, K is the neutron generation time, mf is the

average number of neutrons generated per fission, k is the

decay constant, F is the fission rate, C is the precursor

density, t is the time, and the subscript i is the group

number of the precursors.

The burst duration is typically ignorable compared to the

heat balance time such that both the heat conduction in the

core and the heat exchange through the surface can be

neglected, i.e., the adiabatic approximation can be applied

as follows:

qV r; tð Þcp

dT r; tð Þ
dt

¼ efF r; tð Þ; ð3Þ

where qV is the density, cp is the specific heat capacity, T is

the temperature rise, ef is the average energy released per

fission, and r is the location in the radial coordinate system.

With the limitation in purely elastic behavior, i.e., the

operation of the FBR is under a controlled condition, the

displacement in the core can be calculated using the 1D

elastic wave equation as follows [10]:

qV

o2u

ot2
¼ kþ 2lð Þ o

or

ou

or
þ 2

r
u

� �
� a 3kþ 2lð Þ oT

or
; ð4Þ

where the Lame constants are defined as follows:

k ¼ mE
1 þ vð Þ 1 � 2vð Þ ; l ¼ E

2 1 þ vð Þ : ð5Þ

Similar to the literature [9], the free boundary condition

is applied on the core surface as follows:

kþ 2lð Þ ouR

or
þ 2kuR

R
¼ 3kþ 2lð ÞaTR; ð6Þ

where u is the displacement, a is the linear thermal

expansion coefficient, v is the Poisson ratio, E is the

Young’s modulus, and R is the core radius.

2.2 Numerical algorithms

To obtain the temporal variations and/or spatial distri-

butions of the fission rate, temperature rise, and displace-

ment, proper numerical algorithms should be adopted to

calculate Eqs. (1)–(4).

In this study, the space-dependent terms in Eqs. (1)–(4)

were discretized using the finite difference method. Con-

sidering that the variation in the fission rate will result in

changes in the temperature rise and displacement, which in

turns leads to variations in reactivity and fission rate, the

iteration calculations of fission rate, temperature rise, and

displacement should be made at each time step. Therefore,

the implicit scheme algorithm was applied on the time-

dependent terms in Eqs. (1)–(4), i.e., the obtained fission

rate from Eqs. (1) and (2) is provided as the input of adi-

abatic Eq. (3) to calculate the temperature rise needed in

elastic wave Eq. (4). Then, the reactivity in Eqs. (1) and

(2) is updated by using the developed displacement-reac-

tivity feedback model and the displacement obtained in

Eq. (4). Such an iteration carries on until reaching the

convergence criterion and then moves to the coupled cal-

culations at the next time step.

2.3 Traditional fission yield (temperature rise)-

reactivity feedback models

For a burst without the inertia effect, the core expansion

can accommodate the temperature rise, the distribution

shape of the displacement remains the same as that in the

static expansion caused by the same temperature rise, and

only the magnitude of the displacement increases in pro-

portion to the temperature rise [1, 2], i.e.,

u r; tð Þ ¼ u0 rð Þ�T tð Þ; ð7Þ

where u0 is the displacement for the average temperature

rise �T of 1 K in the static expansion.

For a spherical FBR, the relation between the reactivity

change and displacement can be obtained by using the

perturbation theory as follows:

Dq ¼ 4p
Z R

0

qVu r; tð Þr2 dW rð Þ
dr

dr; ð8Þ

where Dq is the reactivity change and W is the function of

perturbation coefficient.

Substituting Eq. (7) into Eq. (8) and defining the con-

stant coefficient bT, we obtain the following:
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bT ¼ 4p
Z R

0

qVur rð Þr2 dW rð Þ
dr

dr: ð9Þ

The reactivity change is thus expected in a linear rela-

tion with the temperature rise (or the equivalent fission

yield) and can be calculated using the Fuchs–Hansen

model [9] as follows:

Dq tð Þ ¼ bT
�T tð Þ ¼ bf

Z t

0

F tð Þdt; ð10Þ

where bT is the temperature-reactivity feedback coefficient

and bf is the quench coefficient defined as the absolute

value of the reactivity change per fission.

When the inertia effect is generated, a lag between the

core expansion and temperature rise occurs. The core

appears compressed as compared to the static expansion

caused by the same temperature rise, i.e., the realistic

displacement u r; tð Þ is smaller than u0 rð Þ�T tð Þ. Thus, the

application of Eq. (10) will result in an overestimation of

the reactivity decrease and underestimations of the peak

fission rate and fission yield. To account for the impact of

the inertia effect, a widely used method is to establish the

relation between the reactivity change and fission yield

with the assumption of single-frequency core vibration

(only the contribution of the fundamental mode is consid-

ered and the vibrational period is also the same as the

fundamental frequency) such as depicted by the following

[10]:

Dq tð Þ ¼ bf

1 þ a2
0s

2

Z t

0

F tð Þdt ¼ b
0

f

Z t

0

F tð Þdt; ð11Þ

where a0 is reciprocal of the reactor period and s is

reciprocal of the fundamental angular frequency of the core

vibration.

The total reactivity can be determined as follows:

q tð Þ ¼ q0 � Dq tð Þ; ð12Þ

where q0 is the initial reactivity.

2.4 Main parameters of the burst calculated using

traditional reactivity feedback models

It is known that the performance of an FBR is primarily

characterized by the peak fission rate and fission yield

under controlled conditions. By neglecting the delayed

neutron precursors in Eq. (1) (the burst time is very short as

compared to the half-life such that the precursors nearly do

not decay), analytical solutions for the fission rate F and

fission yield Q can be calculated using the traditional

reactivity feedback models in Sect. 2.3 as follows

[1, 2, 10]:

F tð Þ ¼ 2q2
0

bfK

ea0 t�tmaxð Þ 1 þ da2
0s

2
� �

1 þ ea0 t�tmaxð Þð Þ2
; ð13Þ

Q tð Þ ¼ 2q0

bf

ea0t � 1ð Þ 1 þ da2
0s

2
� �

ea0tmax � 1ð Þ ea0 t�tmaxð Þ � 1ð Þ ; ð14Þ

where d can be set as 0 or 1 when neglecting or considering

the inertia effect and tmax is the time of peak fission rate

defined as follows:

tmax ¼ 1

c
ln
cþ a0

c� a0

; c ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a2

0 þ 2bf

�
K 1 þ da2

0s
2

� �� 	
F 0ð Þ

q
:

ð15Þ

With the adiabatic approximation, the average temper-

ature rise can be obtained as follows:

�T tð Þ ¼ ef

mcp

Z 1

0

F tð Þdt ¼ ef

mcp

Q tð Þ: ð16Þ

The displacement can be estimated as follows [11]:

u r; tð Þ ¼ efu0 rð Þ
mcp

Q tð Þ 1 þ da2
0s

2
� �

; ð17Þ

where m is the material mass of the core.

By comparing Eqs. (10) and (11), it is clear that the

impact of the inertia effect on the reactivity change is

considered by modifying the quench coefficient bf with a

constant factor of 1/(1 ? a0
2s2), which indicates that the

fission rate/yield, temperature rise, and displacement are

(1 ? a0
2s2) times those neglecting the inertia effect.

3 Development of a displacement-reactivity
feedback model

For a burst without the inertia effect, the core expansion

can accommodate the temperature rise, Eq. (7) can be

applied, and the reactivity change Dq has a linear relation

to the displacement or the equivalent fission yield/tem-

perature rise in Eq. (10). When the inertia effect is gener-

ated, there is no analytical solution for the relation between

the reactivity change and displacement because the shape

of the displacement distribution in the burst no longer

remains the same as that in the static expansion case but

changes over time. To obtain an accurate displacement or

its distribution shape, neutronic–thermoelastic Eqs. (1)–(4)

should be calculated, whereas in this coupled calculation,

the unknown relation between the reactivity change and

displacement should be first provided to develop the

reactivity feedback model. To overcome this difficulty, the

traditional method in early works simplified the elastic

wave equation to obtain an approximate relation such as

Eq. (11).
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Considering all possible displacements in the burst can be

expressed as the sum of a series of orthogonal functions, if

the reactivity change component for the displacement in the

form of each orthogonal function can be obtained, the total

reactivity change can be obtained as the sum of all its com-

ponents. The coefficient of the reactivity change component

is the relative weight of the corresponding orthogonal

function. However, this goal has never been achieved,

because in early works the Monte Carlo codes were typically

used to calculate the reactivity. The displacement in the burst

is so small that the reactivity change may be of the same or of

smaller magnitude as the calculation uncertainty [9]; the

obtained relation between the reactivity change and dis-

placement thus may be inaccurate or even incorrect. This

difficulty can be overcome by using deterministic neutron

transport codes such as the static neutron transport compo-

nent of our FBR-MPC code. FBR-MPC is a 3D FEM mul-

tiphysical code for calculating the static neutronic field

(mainly used as the initial condition for the burst simulation)

and burst dynamic behavior in FBR by coupling the time-

dependent neutron transport equations, heat conduction

equation, and thermoelastic equations. Detailed information

can be found in the literature [5].

Selecting the trigonometric functions as the orthogonal

functions, the displacement at an arbitrary time can be

expressed using the Fourier expansion method [12, 13] as

follows:

u r; tð Þ ¼ 1

2
a0 tð Þw

þ
XK

k¼1

ak tð Þw sin k
2pr
R0


 �
þ bk tð Þw cos k

2pr
R0


 �
 �
;

ð18Þ

where a and b are the fitting coefficients, w is the small

amplitude of trigonometric function, and R0 ¼ Rþ Dr, Dr
is the discretized spatial distance.

Equation (18) can be rewritten in a matrix form as

follows:

u ¼

u1

..

.

..

.

uR

2

6664

3

7775 ¼ Ma

¼

w w sin
2pr1

R0 � � � w cos
2Kpr1

R0

..

. ..
. ..

.

..

. ..
. . .

. ..
.

w w sin
2pR
R0 � � � w cos

2KpR
R0

2
6666664

3
7777775

a0=2

a1

..

.

bK

2

6664

3

7775: ð19Þ

First, the reactivity of the unexpanded core is calculated.

Thereafter, similar static calculations are performed for the

expanded core with the displacement in the form of the

trigonometric function w;w sin 2pr
R0

� �
; . . .;w cos 2Kpr

R0

� �� 
in

Eq. (18). The effect of displacement is considered by

updating the node location in each FEM element with the

displacement and recalculating the density in the reformed

element based on the mass conservation law. Therefore,

variations in macro-cross sections and neutron leakage area

caused by the changes in material density and surface area

can be determined. Once the reactivity change components

DqTR for all the displacements in the form of trigonometric

functions are determined, the total reactivity change can be

calculated as follows:

Dq tð Þ ¼ a;DqTRð Þ ¼ M�1u;DqTR

� �
: ð20Þ

At each time step, after calculation of elastic wave

Eq. (4), the coefficient array a can be determined and the

reactivity can be updated using Eqs. (12) and (20).

The Fourier expansion method, rather than the more

widely used mode superposition method in mechanics, was

used in this study. This is partly because for some FBRs, of

which the mechanical property of the materials is sensitive

to temperature change, the precalculated mode is unsuit-

able for calculating the displacement distribution during

the entire burst. Another reason is that from the viewpoint

of neutronics, the method applied in this study is much

simpler and can be conveniently used in FBRs of different

configurations; one does not need an expert-level knowl-

edge of mechanics.

4 Results and discussion

4.1 Validation of the static neutron transport

component of the FBR-MPC code

The static neutron transport calculation was performed

for the spherical model of the Godiva reactor, and the

calculated effective multiplication factor keff was 0.9978,

very close to the measured 1.000 ± 0.001 [14] and

0.99629 ± 0.00009 obtained using the JMCT code [15].

Because of the lack of experimental data, the calculated

neutron flux distribution was only compared to that

obtained using JMCT as shown in Fig. 1. The two curves

nearly overlap, indicating the validation of the static neu-

tron transport component of the FBR-MPC code.

For the Godiva I reactor studied, with the application of

the point kinetic approximation for neutronics and the

adiabatic approximation for temperature, the fission rate

and temperature rise in the burst have the same spatial

distribution shape as the static neutron flux and can be

expressed as a function in the form of sin r=R00ð Þ=r, where

R00 ¼ 10:65 cm is the extrapolation radius determined by

the static neutron flux distribution calculated using the
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FBR-MPC. The fitted function of sin r=R00ð Þ=r is also

shown in Fig. 1 and is consistent with the static neutron

fluxes obtained using the FBR-MPC and JMCT codes.

4.2 Main burst parameters

Bursts triggered with different initial stepwise reactivi-

ties (0.65, 1.08, 2.09, 3.29, 5.99, and 8.37 ¢ above super-

critical) were simulated using the simplified multiphysics

models described in Sect. 2.1 and the displacement-reac-

tivity feedback model described in Sect. 3. The results

were compared to the experimental data and the solutions

described in Sect. 2.4 using traditional fission yield (tem-

perature rise)-reactivity feedback models described in

Sect. 2.3.

As shown in Tables 2 and 3, for all selected bursts, the

peak fission rates calculated using the developed dis-

placement-reactivity feedback model and Eq. (13) using

the experimental quench coefficient bf ¼ 2:08E�17$/f

correspond very closely to the values of the experimental

data. In addition, for bursts with small initial reactivity (for

instance q0\ 2.09 ¢), the calculated fission yields are

larger than the experimental yields, whereas the tempera-

ture rises are smaller than the experimental ones. This can

be attributed to the heat capacity of the core employed in

this study being higher than the realistic capacity. A larger

heat capacity causes a smaller temperature rise and core

expansion, and its induced reactivity feedback effect is

consequently smaller than the experimental values. As a

result, the peak fission rate and fission yield tend to be

overestimated.

For bursts with large initial reactivity (such as

q0 = 8.37 ¢), because the burst width in the traditional

models remains the same as that upon neglecting the inertia

effect (see Eq. (13)), the temporal integration of fission rate,

i.e., the fission yield, is overestimated. It can thus be

expected that the fission yield obtained using the displace-

ment-reactivity feedback model will be closer to that

obtained using the experimental data, because the smaller

burst width and hence the smaller temporal integration of

the fission rate caused by the inertia effect can be revealed.

However, the calculated results deviate from the experi-

mental data, as shown in Table 3. This deviation was also

noticed in our previous work [5] and can be attributed to the

neglection of the damping effect in Eq. (4). Notably,

although the traditional models seem to provide more

accurate results for fission yields for bursts with a large

initial reactivity, they cannot reflect the realistic physical

process of a burst because this coincidence is caused by the

fact that the offsets of inertia and damping effects both lead

to a small change in burst width. Moreover, the underesti-

mation of fission yield results in a smaller temperature rise

and surface displacement as compared to those of the

experimental data and/or those obtained using Eqs. (16) and

(17) with traditional models, as shown in Tables 4 and 5.

To obtain intuitive insight into the relation between the

reactivity change and displacement, a new reactivity

feedback coefficient bs, defined as the absolute value of the

reactivity change per unit change in surface displacement,

is introduced, i.e., bs = |Dq|/uR.

For bursts with q0 B 2.09 ¢, the results show that the

inertia effect is not generated, i.e., the core expansion can

accommodate the temperature rise, the shape of the dis-

placement distribution remains the same as that in the case

of static expansion, and only the magnitude of displace-

ment changes. In such cases, bs is equivalent to the quench

coefficient bf and they are in a linear relation of bf = afsbs,

afs = 6.02E-17 cm/f for the Godiva I reactor. As shown in

Fig. 2, bs remains constant at 36.21 $/cm, corresponding to

bf = 2.18E-17 $/f, very near the experimental value of

2.08E-17 $/f [6].

As q0 increases, a lag between the core expansion and

temperature rise occurs because of the faster increase in the

fission rate/power, the curve for the distribution shape of

displacement is under those of bursts with q0 B 2.09 ¢, and

0 2 4 6 8
0.2

0.4

0.6

0.8

1.0

N
or

m
al

iz
ed

 n
eu

tro
n 

flu
x

Radius (cm)

 JMCT
 FBR-MPC
 Fitted function

Fig. 1 Radial distribution of the normalized static neutron flux

Table 2 Peak fission rates for

various bursts (s-1)
0.65 ¢ 1.08 ¢ 2.09 ¢ 3.29 ¢ 5.99 ¢ 8.37 ¢

Experiment 1.04E18 2.42E18 0.93E19 2.56E19 1.00E20 2.58E20

Equation (13) 1.04E18 2.88E18 1.08E19 2.95E19 1.18E20 2.83E20

This work 1.12E18 3.08E18 1.16E19 2.91E19 1.08E20 2.52E20
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the core appears to be compressed, as shown in Fig. 3.

Thus, the application of Eq. (10) will underestimate both

the peak fission rate and fission yield because the core

expansion and its induced reactivity decrease are overes-

timated. To account for the inertia effect, early works

modified the quench coefficient bf such as in Eq. (11),

whereas the modified quench coefficient b
0

f remains con-

stant, indicating that the shape of the displacement distri-

bution remains the same as that in the bursts without an

inertia effect, as shown in Eq. (17). This is in conflict with

the fact that when the inertia effect is generated, the shape

of the displacement distribution varies in the burst, as

shown in Fig. 4. As a result, the impact of the variation in

the distribution shape of the displacement on neutronics

cannot be shown. Fortunately, this difficulty can be over-

come using the developed displacement-reactivity feed-

back model.

As shown in Fig. 2, for bursts with q0[ 2.09 ¢, at the

initiation of the burst, because the fission power is very

small, the temperature rise and its induced core expansion

can be neglected. Thus, bs remains practically constant. As

the fission rate intensely increases, the temperature rise and

core expansion vary sharply, leading to a rapid increase in

bs. Oscillations caused by the core vibration, noticed in

other experiments [6, 7] and our previous work [5] but

which cannot be reproduced using the traditional models,

can be observed. Notably, for a burst with q0 = 3.29 ¢, bs

finally does not tend to attain a constant value for the burst

without an inertia effect but oscillates slightly with time

because of the small inertia effect.

Moreover, using the displacement-reactivity feedback

model, the more rapidly increasing velocity of the fission

rate at the initiation of the burst, which has been noticed in

the CFBR-II reactor [7] but cannot be reproduced using

Eq. (13), can be observed. This is because the realistic

Table 3 Fission yields for

various bursts
0.65 ¢ 1.08 ¢ 2.09 ¢ 3.29 ¢ 5.99 ¢ 8.37 ¢

Experiment 6.36E14 1.08E15 1.84E15 3.01E15 6.53E15 1.29E16

Equation (14) 6.23E14 1.04E15 2.01E15 3.48E15 7.64E15 1.31E16

This work 6.65E14 1.11E15 2.14E15 3.35E15 6.11E15 0.92E16

Table 4 Average temperature rises for various bursts (K)

0.65 ¢ 1.08 ¢ 2.09 ¢ 3.29 ¢ 5.99 ¢ 8.37 ¢

Experiment 3.24 5.51 9.39 15.36 36.10 65.83

Equation (16) 2.85 4.75 9.18 15.90 34.92 60.13

This work 3.04 5.05 9.78 15.32 27.95 42.19

Table 5 Maximum surface

displacements for various bursts

(cm)

0.65 ¢ 1.08 ¢ 2.09 ¢ 3.29 ¢ 5.99 ¢ 8.37 ¢

Equation (17) 3.36E-4 5.60E-4 1.08E-3 1.88E-3 4.12E-3 7.09E-3

This work 3.59E-4 5.96E-4 1.15E-3 1.81E-3 3.37E-3 6.34E-3

Fig. 2 (Color figure online) Temporal variations in bs for various

bursts (0 represents time of tmax)

Fig. 3 (Color figure online) Radial distribution of normalized

displacement during increasing periods of bursts
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reactivity feedback coefficient bs is smaller than b
0

s (cor-

responding to b
0
f in Eq. (11), forming a straight line below

that for the burst with q0 B 2.09 ¢ but still above the initial

part of bs in Fig. 2). In addition, during the drop period of

the fission rate (t[ 0 in Fig. 2), the larger bs indicates a

faster changing ratio of fission rate than during the

increasing period (t\ 0), leading to an asymmetry of the

fission rate curve and smaller burst width (also see Fig. 6).

4.3 Temporal variations

Because of the lack of detailed experimental data, only

the calculated temporal variations in reactivity, fission rate,

average temperature rise, and surface displacement are

presented and analyzed. The bursts with q0 B 1.08 ¢ are

not considered because in such cases these parameters are

small (see Tables 2–5) and their temporal variations are

very slow.

As shown in Figs. 5 and 6, for a burst without the inertia

effect (q0 = 2.09 ¢), the calculated results are similar to

those obtained using Eqs. (10) and (13), i.e., the reactivity

decreases from an initial value of q0 to - q0. This change

is terminated during the drop period of the fission rate; the

fission rate nearly increases/decreases in an exponential

manner and its curve is symmetric about the peak.

For bursts with the inertia effect, the reactivity does not

monotonically decrease to - q0 as expected in early the-

oretical works [1], but a temporal oscillation is generated.

For the bursts with q0 = 5.99 ¢ and 8.37 ¢, the changing

ranges of reactivity are - 6.00 ± 1.20 ¢ and

- 9.74 ± 5.51 ¢, respectively, in the same period of core

vibration (see Figs. 6 and 8). As the initial reactivity q0

increases, the delay between the core expansion and tem-

perature rise during the initial period of the burst becomes

more significant (the smaller bs in Fig. 2), which subse-

quently results in the more prominent core vibration and

hence the larger oscillation amplitude of reactivity. In

addition, the average reactivity is smaller than - q0, which

indicates that the FBR system will finally be in a deeper

subcritical state rather than the recognized - q0; this ten-

dency is consistent with the experimental data of the

CFBR-II reactor [7]. Moreover, because the reactor core

changes from expansion to compression during the drop

period of the burst (see Fig. 8), the reactivity changes from

a decreased to an increased and the decreased ratio of the

fission rate thus becomes smaller and the fission rate curve

is distorted, as shown in Fig. 6. This tendency was first

noticed in the literature [5] and was reconfirmed in this

study.

The temporal variations in average temperature rises are

shown in Fig. 7. The temperature sharply increases only

when the fission rate (or the corresponding fission power) is
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Fig. 4 (Color figure online) Radial distributions of normalized

displacement for a burst with q0 = 8.37 ¢

Fig. 5 (Color figure online) Temporal variations in the reactivity of

various bursts

Fig. 6 (Color figure online) Temporal variations in the fission rate of

various bursts
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sufficiently high (F[ 1E17/s). At the beginning of the

plateau following the burst, the fission power (the corre-

sponding fission rate is in the magnitude of 1E16/s, see

Fig. 6) is much larger than the heat loss ratio through the

core surface given the heat transfer and thermal radiation

effects. Therefore, the temperature rises at a very slow rate.

Notably, if the reactor core is not scrammed, for bursts with

a prominent inertia effect, the increasing temperature will

lead to a stronger core vibration and the stress also

increases and may exceed the yield strength, resulting in

material failure.

For a burst without the inertia effect (q0 = 2.09 ¢), the

core expansion can accommodate the temperature rise and

the displacement at an arbitrary position of the core

increases in the same manner as expected using Eq. (7).

The surface displacement monotonically increases and

tends to a constant value such as that in the static expan-

sion, whereas for a burst with the inertia effect, the core

finally converts to an undamped free vibration, and the

vibration amplitude increases for bursts with a larger initial

reactivity, as shown in Fig. 8. The calculated vibration

period is 60 ls, consistent with that obtained performing an

accurate 3D dynamic coupled multiphysical simulation

using the FBR-MPC code [5]. Because of the underesti-

mation of fission yield for a burst with q0 = 8.37 ¢ using

the developed displacement-reactivity feedback model, the

calculated maximal equivalent stress is * 121 MPa on the

core surface, smaller than that obtained using the dynamic

simulation of the FBR-MPC code.

5 Conclusion

This study developed a displacement-reactivity feed-

back model applicable to all bursts by establishing the

relation between the reactivity change and displacement

with the aid of the static neutron transport component of

the FBR-MPC code. Coupled simulations using this

developed model and simplified multiphysics models were

performed for various bursts in the Godiva I reactor. The

results were compared to the experimental data and those

obtained using traditional fission yield (temperature rise)-

reactivity feedback models.

It was found that similar to traditional models, the

developed displacement-reactivity feedback model can

provide good results for bursts with no or a small inertia

effect. For bursts in which the inertia effect is prominent,

although the calculated results deviate from the experi-

mental data because of the assumption of undamped free

core vibration, the smaller burst width and asymmetric

distribution of the fission rate curve, noticed in experiments

but which cannot be reproduced using traditional models,

can be shown. In addition, the realistic reactivity and fis-

sion rate oscillations caused by the core vibration, as well

as the deeper sub-prompt criticality in the plateau follow-

ing the burst, can be observed. Therefore, the developed

displacement-reactivity feedback model can be expected to

be an effective tool for simulating burst dynamic behavior.
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