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Abstract 

Monte Carlo neutron transport methods can be used to verify the applicability of 
point kinetics for safety analysis of nuclear reactors. KENO-NR was used to obtain the 
transfer function of the Advanced Neutron Source reactor and the time delay between the 
core power production and the external detectors, a parameter of interest to the safety 
systems design. The good agreement between the Monte Carlo generated transfer function 
and the point kinetics transfer function validates that the uncommon ANS geometry does not 

Various 
features of the power spectral densities also demonstrated the applicability of point kinetics. 
The time delay was obtained from the CPSD and is -15 ms. These analyses show that 
frequency analysis can be used experimentally to investigate the validity of the use of point 
kinetics models in critical experiments or zero power testing of reactors. 

-..o”l>.rlm pLYYIuLIC. +LA Lllr use of poirir kinetics in the frequency range that was investigated. 
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Introduction 

The point kinetics equations are commonly used to evaluate certain accident scenarios 
for nuclear reactors. These safety analyses provide the basis for the design of the control and 
safety systems of the reactor. The validity of the point kinetics formalism is a very relevant 
question if the results of these safety analyses are to be credible. Monte Carlo neutron 
transport calculations are used to verify the validity of this formulation and they show that 
frequency analysis measurements can confirm the validity of the use of point kinetics. 

Rod oscillator experiments' have been used in the past to determine reactor kinetics 
parameters; however, these experiments require a perturbation of the reactor. Noise analysis 
measurements of the cross-power spectral density (CPSD) between a source in or near the 
reactor core and a detector in or outside the reactor core could be used to validate the 
assumptions of point kinetics for the safety analysis. The CPSD has functional dependencies 
that can be used to verify the applicability of point kinetics. If point kinetics are not 
applicable, this measurement could provide the basis for a more complicated kinetics model 
that can the be used for the safety analysis. To illustrate this method, Monte Carlo 
calculations of the various power spectral densities have been performed using KFiNO-NR2 
with a model of the Advanced Neutron Source (ANS) Reactop. These spectral densities 
were used to obtain the reactor transfer function and the time delay between the core and 
the external detectors. 

KENO-NR is an analog Monte Carlo code with "natural" tracking except for the use 
of group cross sections. In the code, fission chains are started with a source fission and the 
subsequent fission neutrons are followed until extinction. This code cannot be used for a 
critical system because the fission chain multiplication process does not terminate. The time 
distribution of the source events is stored, and the source is treated as a detector. This 
simulates a 252Cf source that is contained in an ionization chamber that produces a pulse 
every time 252Cf spontaneously  fission^.^ The source particles and their progeny are tracked 
throughout the system. The time ordered sequences of pulses at the detectors are then 
obtained for each source fission. The sequence of pulses from the various fission chains are 
superimposed in a manner consistent with the random distribution of 252Cf fission to form the 
data block of the detector response. A data block is a sample of the detector response for 
a time period which is determined from the sampling rate and the number of points sampled. 
These blocks of data are then Fourier transformed and complex multiplied to obtain the 
various auto-and cross-power spectral densities. 

The Advanced Neutron Source Reactor 

The conceptual design of the ANS reactor consisted of a variety of experimental 
facilities for neutron research. Figure 1 is a sketch of the conceptual design of the ANS 
reactor. The design model analyzed in this study consisted of two different diameter annular 
fuel elements that were vertically displaced. There were three hafnium control rods located 
in the inner region of the amular FICI elements. The core pressure boundary tube separated 



the heavy water core coolant flow from the heavy water reflector. There were eight 
shutdown rods that were located outside the core pressure boundary tube. There were 7 
beam tubes, a thru-tube, 2 cold neutron source facilities, and a hot neutron source facility in 
the heavy water reflector. The heavy water reflector tank was contained within a light water 
pool. The fission detectors, located in the light water pool, were used for the control and 
safety systems of the reactor. 

The Monte Carlo model in this analysis consisted of the annular fuel elements with 
three hafnium control rods, the heavy water reflector, and the light water pool. The beam 
tubes and the cold and hot neutron source facilities were not modeled in these calculations. 
In the calculations, a 252Cf source was positioned at the midplane on the axis of the reactor 
core to initiate the fission process. Part of the upper fuel element and part of the lower fuel 
element were treated as fission detectors. The radial position of the external detectors was 
varied from -400 mm to 2500 mm, the latter being the location of the external fission 
detectors. To increase the statistical accuracy, the external detector was modeled as an 
annular ring of the relevant moderator (D,O or H,O) for a given radial position. In the 
model, these detectors were 10 mm wide and 1080 mm high. Neutron scattering was the 
event scored as a detection. Modeling the detectors in this fashion decreased the calculation 
time in that the efficiency was increased over that of a point detector. The tip of the control 
rods were positioned at the midplane of the reactor. The presence of the components in the 
heavy water reflector (Fig. 1) will reduce the core reactivity. To accoiint for this negative 
reactivity, the neutron emission probabilities were arbitrarily reduced by 2% to produce a 
subcritical configuration rather than changing the control rod positions. This reduced the 
average number of neutrons from fission and resulted in a subcritical configuration. It was 
later determined that the components in the heavy water reflector have a larger effect on the 
core reactivity than initially thought. The critical control rod position was changed from the 
midplane to 100 mm above the midplane of the reactor. However, this change in the control 
rod position is not expected to impact the results of this analysis. 

Discussion and Results of Calculations 

The KENO-NR model can be considered as a single-input multiple-output system. 
The input is the 252Cf source and the outputs are the core power (the response of the fuel 
elements as fission detectors) and the external detector responses. The transfer function can 
be determined by computing the auto-power spectral density (APSD) of the source and the 
cross-power spectral density (CPSD) between the source and the core power production. The 
calculated source transfer function for a slightly subcritical system can be expressed as 

where G,l( o) is the APSD of the source and GIi( a) is the CPSD between the source and fuel 
element fission detector i. This transfer function can be directly compared to the point 
kinetics transfer function for prompt neutrons. The reactivity of the reactor was determined 



from a Monte Carlo calculation, and the neutron generation time was obtained from other 
calculations. These parameters were then used to obtain the point kinetics transfer function. 
As can be seen in Fig. 2, there is good agreement between the point kinetics transfer function 
and the Monte Carlo generated transfer functions for the frequency range that was 
considered in this analysis. There is also good agreement between the Monte Carlo 
generated transfer functions between the source and the two fuel elements. The validityof 
point kinetics can also be examined by analyzing known functional dependencies of the 
CPSDs. For point kinetics to be applicable, the real part of the CPSD between the, source 
and the fuel element fission detector must be positive. As can be seen in Fig. 3, the real part 
of the CPSD between the source and the fuel element fission detector is positive. Because 
the upper fuel element has a higher 235U concentration than the lower fuel element, the 
CPSD for the upper fuel element will have a greater value than the CPSD for the lower fuel 
element. If point kinetics is applicable, the phase of the CPSD between the fuel element 
fission detectors must be zero. If the phase is zero , then the detected neutrons represent 
those of the fundamental mode, and the two elements behave as one element. The phase 
of the CPSD between the two fuel elements is approximately zero as shown in Fig. 4. These 
properties of the power spectral densities show that point kinetics is applicable for this 
geometrical configuration of the ANS reactor. 

The time delay between the core power production and the external detectors can be 
determined from the phase of the CPSD between the fuel element fission detector and the 
external detectors. If the phase is linear with frequency, the response of the external 
detectors is just a time lag of the core power production. The time delay is related to the 
phase in the following manner 

where e(f) is the phase in degrees, and f is the frequency in Hz. The phases of the CPSDs 
between the fuel element fission detectors and the external scattering detectors are linear 
with frequency. Figure 5 is a plot of the time delay as a function of the radial position of the 
external scattering detectors. The time delay increases as a function of distance from the core 
until it reaches a saturation value in the light water pool. The time delay has a maximum 
(-18 ms) inside the D20 reflector and then decreases to 15 ms in the H20 tank. This 
decrease is due to the fact that once a slowed-down neutron gets into the light water tank 
it is absorbed locally and disappears by hydrogen capture. The flight path of a neutron to a 
radial point is not a direct path but consists of many scattering paths in all directions while 
diffusing to the radial point. Therefore, the calculated time delay is the average flight time 
of thermal neutrons diffusing to each radial point. Since more neutron scattering occurs in 
the D20, the average flight path willbe longer in the D20; hence, the average flight time will 
be longer. Neutrons that have numerous scattering collisions in the D20 may be scattered 
back into the reactor core and would not contribute to the detector response in the light 
water reflector. To evaluate further the understanding of this decrease in the time delay, a 
ca:cdation was performed with the light water replaced by heavy water. For the all-D20 case, 



the time delay increased with distance (Fig. 4), thus confirming the effects of neutron 
absorption in the light water. Since the experimental facilities in the D,O reflector were not 
modeled, these time deiays are overpredicted. If the reflector components were present, 
neutrons that stay in the reflector long enough will be absorbed by the reflector components. 
Thus, the addition of the experimental facilities in the heavy water reflector in the model 
should significantly reduce the time delays. The actual impact of the experimental facilities 
in the heavy water reflector on the time delays has not been evaluated and could be 
significant because the presence of the experimental facilities reduces the flux at the detectors 
by a factor of 4. 

~ 

Conclusions 

The Monte Carlo analysis provided the means to verify the applicability of point 
kinetics for the Advanced Neutron Source reactor and provides a means to determine the 
time delay between the core power production and the external detector response. The 
results of the calculations show that the point kinetics transfer function is in good agreement 
with the Monte Carlo calculated transfer functions over the frequency range that was 
analyzed. The functional dependencies of the power spectral densities further indicate that 
point kinetics is applicable. The agreement between Monte Carlo generated transfer function 
and the point kinetics transfer function is necessary for point kinetics to hold for this 
particular reactor configuration but it is not sufficient to determine if point kinetics holds for 
reactor transients. The time delay between the core and the external detector response is 
-15 ms. The time delay was obtained with the omission of the experimental facilities in the 
heavy water reflector and is considered conservative because the presence of the experimental 
facilities in the heavy water reflector should significantly reduce the time delays. These 
calculations also suggested a measurement method to experimentally validate the applicability 
of point kinetics by measuring the APSD of a source placed in or near the reactor core and 
the CPSD between the source and a detector placed in or near the reactor core. The time 
delay for the response of an external detector could be obtained by measuring the CPSD 
between the detector near the core and the detector in the light water reactor tank. 
Although the ANS reactor was used for this study, this method could be used to verify the 
applicability of point kinetics for other types of reactors both theoretically and experimentally 
in critical experiments or zero power testing of the reactors. 
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Figure 1. Conceptual design of the Advanced Neutron Source reactor 
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