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Preliminary Results of GODIVA-IV Prompt Burst Modeling 

Robert Kimpland 

I. INTRODUCTION 

A computer model, which simulates the dynamic behavior of the GODIVA-N fast 

(neutron) burst reactor, has been developed at the Los Alamos Critical Experiments Facility 

(LACEF). This model combines the neutron point kinetics equations with an equation of state, 

energy, momentum, and continuity equations for uranium metal, through fuel expansion reactivity 

feedback coefficients. The results of the computer model have been compared with experimental 

data from GODIVA-IV prompt bursts. 

The goal of this work is a better understanding of the basic physics of GODIVA-IV 

prompt bursts In particular, a better understanding of inertial effects and dynamic reactivity 

feedback caused by thermal expansion. Inertial effects are large transient mechanical stresses and 

accelerations that are produced in fuel materials during sufficiently large exponential power 

bursts. These stresses are caused by a "lag" in the thermal expansion of the fuel material. Fission 

energy is deposited into the fuel at a rate greater than normal (temperature following) thermal 

expansion can accommodate, as a result, mechanical stresses are generated in the fuel material.' 

These stresses cause a rapid acceleration of the fuel material, which leads to fuel material 

redistribution, expansion, and vibration. 

Prompt bursts in GODIVA-IV are quenched by the negative reactivity effects of fuel 

expansion. As the fuel expands, it's density decreases and neutron leakage increases. The burst 

yield is significantly affected by inertial effects, however, because of the "delay" in 

expansion? Figure 1 shows the actual power pulse for a $1.03 GODIVA-IV prompt burst 

fuel 

The 



familiar bell-shaped power pulse is generated for a burst of this size, indicating that normal 

thermal expansion is occurring. In this range of burst operation (a few cents above prompt critical 

or less), the burst yield increases linearly with excess reactivity above prompt critical. This 

behavior is described analytically by the Nordheim-Fuchs model of fast burst  reactor^.^ However, 

at some point (greater than a few cents above prompt critical), the burst yield increases more than 

linearly with excess reactivity. In this range of burst operation, the neutron kinetics, and therefore 

the fuel heating, are so energetic that the negative reactivity feedback of fuel expansion cannot 

quench the burst as effectively as in the case of smaller bursts. The fuel expansion and reactivity 

feedback are said to be "delayed" in this range of operation, because these effects can no longer 

"keep up'' with the neutron kinetics. Figure 2 shows the actual power pulse of a $1.10 

GODIVA-IV prompt burst. The power pulse exhibits a noticeable asymmetry, the trailing side 

of the pulse falls more rapidly than it rises. This behavior is caused by transient mechanical 

stresses generated in the fuel material during the burst. These stresses produced a rapid 

acceleration of the fuel material, which lead to rapid fuel expansion. As a result, large negative 

reactivity feedback causes the power to fall off rapidly after the peak. 

II. THEORY 

The GODIVA-IV prompt burst reactor consists of six interlocking fuel rings clamped 

together with three steel C-clamps. Each ring has a 7-in. outer diameter and a 3.5-in. inner 

diameter. The total height of the six rings is 6-in.. The central cavity is fded with fuel pieces 

mounted on a central stainless steel mandrel. A small gap on the order of 10 to 20 mils exists 

between the central fuel pieces and the fuel rings. The fuel consists of a 1.5-wt% molybdenum- 



uranium (93.5% enriched) alloy. The total mass of fuel in the core is approximately 65.4 kg. 

Because of the relatively complex structure of GODIVA-IV, separate neutronic and 

hydrodynamic models of the reactor have been developed. 

Neutronic Model 

A neutronic analysis has been perfornied to determine the dynamic reactivity feedback 

coefficients associated with fuel expansion. The two-dimensional neutron transport code 

TWODANT, was used to calculate the change in reactivity with small changes in fuel density, 

at various locations within the fuel: Figure 3 shows a diagram of the GODIVA-IV neutronic 

model. The model consists of a center fuel piece, surrounding a steel core, and the fuel ring 

stack, which is separated from the center by a small gap. The fuel is split up into 7 radial zones 

or concentric cylinders, two zones in the central fuel piece and 5 zones in the fuel rings. The 

density of each zone is then decreased one at a time by a small amount, while the zone 

boundaries are adjusted to conserve mass. Based on results produced by the hydrodynamic 

portion of the computer model, zones 1,2,5,6, and 7 are assumed to expand outward, and zones 

3 and 4 are assumed to expand inward, filling the gap. The change in reactivity from the base 

case is calculated for each zone, and a reactivity feedback coefficient is obtained. Table 1 

summarizes the results of this analysis. 

The presence of the gap between the fuel rings and the center fuel piece has a significant 

affect on the reactivity feedback. The zones that expand outward, and move fuel away from the 

center, produce a negative reactivity 

toward the center of the core, produce 

insertion. The zones that expand inward, and move fuel 

a positive reactivity insertion. Based on these calculations, 
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it has been assumed that the reactivity feedback produced by zones 1-4 will most likely cancel 

out. Zones 5-7 will most likely be the main contributors to reactivity feedback during a burst. 

To, calculate the power of a GODIVA-IV prompt burst as a function of time, the neutron 

point kinetics equations are used. These equations in normalized form are given by 

-P- dN P 
dt A 

and 

dD, 
-=: h i(N-Di) 
dt 

where N is the relative fission power, R is the reactivity of the reactor in dollars,h is the mean 

generation time$, is the relative precursor power of the i* group, and pi and hi are the standard 

delayed neutron parameters. The power of the reactor n, in Megawatts, is given by n=nJV, where 

no is the initial power of the reactor. The reactivity of the reactor is given by 

7 

where R, is the initial reactivity step, (pzonei is the fuel expansion reactivity feedback coefficient 

for zone i (given in Table l), and p z o M i  is the fuel density of zone i. Based on a Rossi-a 

measurement, p/A is given the value 8.5x1OSs-'. 

Hydrodynamic Model 

The presence of the gap between the fuel rings and the center fuel pieces isolates the fuel 

rings mechanically. They are allowed to expand freely, both inward and outward radially. It has 

been assumed that the steel C-clamps, which hold the stack of rings together, restrict most of the 



axial expansion along the top and bottom surfaces of the stack. Figure 4 shows a diagram of the 

hydrodynamic model for GODIVA-IV. The model consists of a hollow cylinder of fuel, which 

has been broken up into 40 regions, 8 axial mesh points and 5 radial (the radial zones are equal 

to the neutronic model’s radial zones). Each region has its own equation of state, energy, 

momentum and continuity equations. 

An equation of state for uranium metal may be written as follows 

where P is condensed phase pressure, T is temperature, p is density, a is the isobaric 

compressibility of uranium metal (4.456x10-’ K-’), and K is the isothermal compressibility of 

uranium metal (1.856~10-~ MPa-I)? The rate at which the metal density changes with time may 

be written as 

where U, and U, are the axial and radial velocities of the fuel, respectively. To obtain these 

velocities, a simplified version of the Navier-Stokes equations is used. In cylindrical coordinates, 

these equations may be written as 

auz ap 
at az P-=-- 

and 



An energy equation for the reactor may be written as 

where Cp is the specific heat of uranium metal (1 .403~10~ MJ/kg/OC), V is the volume of the 

fuel, andf(r,z) is a function describing the spatial distribution of the fission power in the reactor. 

It has been assumed that the work done by the metal and heat transfer are negligible during the 

prompt bursts of interest. 

The hydrodynamic model presented above, has been solved numerically with the use of 

a dynamic system simulator.6 These simulations track fuel temperature, density, pressure, 

displacement, and velocity as a function of time and position. The hydrodynamic model is 

coupled with the neutron point kinetics model through the fuel expansion reactivity feedback 

coefficients given in equation 3.Thus, the combined hydrodynamic and neutronic models can 

simulate self-limiting prompt bursts in GODIVA-IV. 

III. RESULTS 

The change in fuel temperature at the thermal couple location and the full width at half 

maximum for several GODIVA-IV prompt bursts have been measured. The model has been used 

to simulate these prompt bursts, in order to determine the accuracy of the model. Table 2 shows 

a comparison between the model's results and the experimental data. The maximum relative error 

between the model's fuel temperature change and the experimental data is 29%, which occur\ 



for the $1.072 burst. The maximum relative error between the model's FWHM and the 

experimental data is 17%' which occurred for the $1.031 burst. Based on these results, the model 

appears to be adequately coupling hydrodynamics and neutronics. 

Figure 5 shows the model's simulation of $1.031 prompt burst. The power pulse 

demonstrates the bell-shaped profile exhibited in Figure 1. The stress curve shows the time 

behavior of the maximum stress, which was produced along the central radius of the fuel stack. 

Figure 6 shows the average displacement of the inner and outer radial surfaces of the fuel stack 

during the $1.031 burst. These Figures illustrate the behavior of a prompt burst where inertial 

effects do not occur. The stress curve shows a single compression-tension wave, which subsides 

immediately. The displacement curves show the fuel expanding with temperature, but without any 

rapid accelerations. 

Figure 7 shows the model's simulation of a $1.10 prompt burst. The power pulse shows 

the same kind of asymmetry exhibited in Figure 2. Again, the stress curve shows the maximum 

stress, which occurred along the central radius of the stack. Figure 8 shows the average 

displacement of the inner and outer radial surfaces of the stack for the $1.10 burst. These Figures 

illustrate the behavior of a prompt burst in which inertial effects do occur. The stress curve shows 

a continuous compression-tension wave of varying amplitude occurring in the uranium metal. The 

displacement curves show the inner and outer radial surfaces vibrating. This vibrating or 

"ringing" is caused by the rapid accelerations produced by the compression-tension waves. The 

frequency of these radial displacement waves is 19.4 kHz. This same frequency has been 

observed in all the simulations in which inertial effects occur. 

Figure 9 shows the radial distribution of the maximum stresses produced during the $1.10 

burst. These stresses occurred at the half-height position in the fuel stack. The largest stress ' I  



occurs along the central radius of the rings, while the minimum stresses occur along the inner 

and outer radial surfaces. These stresses oscillate with the same frequency as the inner and outer 

radial surface displacements, however the amplitude of the stress waves varies with time. 

IV. CONCLUSION 

The dynamic computer model developed to simulate GODIVA-IV prompt bursts 

adequately predicts the magnitude of power bursts. Also, it demonstrates the characteristic 

features of prompt bursts in metal assemblies, such as the change in shape of power pulses and 

the "ringing" of fuel surfaces at the onset of inertial effects. The model will be used to test more 

sophisticated reactivity 4edback coefficients and neutronic-hydrodynamic coupling schemes. It 

will also be used for a more detailed analysis of inertial effects. 
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Table 1 

Base Case 

Zone 1 

Zone 2 

Zone 3 

Zone 4 

Zone 5 
Zone 6 

Zone 7 

Results of neutronic analysis 

- 1.009364 

1.009326 - 
1.009337 - 
1.009393 - 
1.009459 - 
1.009 194 -0.666 

1.009259 -0.41 1 

1.009319 -0.176 

Model 
r 

Burst Fuel AT FWHM 
$ "C psec. 

$1.031 72 133 

$1.050 128 79 

$1.072 194 51 

$1.092 262 .37 

$1.100 295 33 

Table 2 

Exp. 

Fuel AT FWHM 
"C psec. 

68 114 

- 82 

151 50 

230 36 

270 33 

Comparison between the model's results and experimental data. 
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