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INTRODUCTION THEORY

In November 2017, the Transient Reactor Test Facility re-
turned to operation. Since that time, many transient test series
have been completed, such as the Transient Heatsink Over-
power Response capsule (THOR) [1], the Transient Water
Irradiation System for TREAT (TWIST) [2], and Sirius [3].
Each has provided valuable data for materials performance
and reactor safety that can be applied in future designs. Dur-
ing each experimental series, detector count rates provided
important information on the core behavior during transients.
However, a limitation of these data is that variations in the
neutron distribution during experiments can cause errors when
attempting to infer reactivity evolution from detector signals.
Neutron physics codes can be used to compute the flux shape
variations [4]. However, this is a poor solution when the ex-
perimental data is used for code verification, validation and
uncertainty quantification. Indeed, if the output of the code
is used both as a reference and to correct what the reference
is compared to, the circular dependency limits the quality
of the verification, validation and uncertainty quantification
approach.

To overcome this problem, the autocorrected reactimeter
algorithm (ACRA) has been developed [5]. This approach
infers a time-dependent reactivity evolution by testing differ-
ent spatial corrections and selecting the one that minimizes
reactivity variations when the core is in a frozen configura-
tion (i.e., when there is no variation in parameters affecting
reactivity). However, the scope of this method was limited
to transients where there were negligible thermal feedback.
Indeed, the core is never in a frozen configuration when the
fuel temperature varies during the whole transient. This is our
motivation for developing an improved version of the ACRA
that does not require frozen configurations.

To develop this new algorithm, we need a precise and un-
biased implementation of the inverse point kinetic equations
(IPKEs) as any error in the reactivity evaluation will be propa-
gated into the choice of the optimal spatial correction. Indeed,
the previous reactimeter algorithm would use approximations,
such as a negligible flux amplitude derivative, to focus on
rapidity [6]. For the numerical validation of ACRA, we aim
at absolute error under 1073 pem for reactivity derived from
signals similar to the one of this study.

In this summary, we test eight different IPKE implemen-
tations. Each will process a mockup signal built for this study,
similar to those that the future ACRA will process. Each reac-
tivity output will be compared to the reference reactivity that
has been used to generate the mockup signal. The implemen-
tation minimizing the difference with the reference reactivity
will be used in the development of a new ACRA formulation.

Inverted Point Kinetics Equations

The eight-group point kinetic equations are:
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with:
e N, the flux amplitude,
e c;, the quantity of precursors from the i” family,
e p(1), the time-dependent reactivity,

e 1;, the decay constant associated with the i family of
precursor,

e (3;, the delayed neutron fraction associated with the i
family of precursor,

e 3 =3 (3, the total fraction of delayed neutron,
e A, the neutron mean generation time.

The kinetic parameters used in this study are displayed
Table I.

TABLE I. Mean and standard deviation of reactivity difference
sets

Parameter Value | Parameter Value
B 760pcm | A 25 us
Bi 23pem | A 0.0125s7!
B> 131pcm | Ay 0.0283s7!
B3 78pcm | A3 0.0425 57!
Ba 124pem | A4 0.133s7!
Bs 276pcm | As 0.292 57!
Be l4pcm | Ag 0.667s7!
B7 97pem | A7 1.63s7!
Bs 17pcm | Ag 3.5557!

IPKEs are implemented such as:
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When discretizing these equations, three issues arise: START

1. The next step quantity of precursors calculation. The +
first approach possible (proportional difference) is to as- Initialization:
sume that the quantity of precursor is linear between f;; N[e] = 1.0 —
and #,. Thus, the derivative is constant, and the precur- Gl ol pi e/ e( A * M) Loop on k
sor variation is proportional to At. The second approach il For all N
(exponential difference) is to assume that only the flux ! components
amplitude N is constant between ;. and #;. Therefore, Difference computations :
the precursor equations (Eq. (2)) becomes a first-order AN = N[k] - N[k-1]
differential equation with exponential solutions. at = tlk] - tlk-1] s
Aci = At *(N[k]*B/A - Ai* Ci)
2. The flux amplitude definition in the precursor equa- v
tion. The flux amplitude is included in the precursor Reactivity computation:
equation (4). We can use the flux amplitude value of the plk] = L * (AN + sum(Aci))/(At *
next computed step N(#) (implicit precursors) or use L)
the value of the previous step N(#;) (explicit precursors). v
3. The flux amplitude definition at the denominator. The Prec%risgrSiI{pzigaite. B
expression of reactivity (Eq. (3)) includes the value of ¥
the flux amplitude in the denominator. We can use the ‘ END

flux amplitude value of the next computed step N(#x+1)
(implicit denominator) or use the value of the previous

step N(;) (explicit denominator). Fig. 1. Reactimeter algorithm workflow - Implicit precursors,

implicit denominator, proportional difference

On the one hand, the proportional difference approach led Mockup signal
to the following precursors variation definition:
Bi To test the different implementation of the reactimeter al-
Aci = ci(tyr) — cilty) = At (XN - /lici(tk))’ (5)  gorithm, we do not use a measured experimental signal. We
manufacture a mockup signal based on a well-defined reactiv-
ity curve. The mockup signal corresponds to a linear increase
of positive reactivity insertion at a rate of 0.1 pcm/s combined
with four negative reactivity insertion steps of 50pcm each.
Ac; = ciltysr) — ci(ty) = (1 — e—Mf) (ﬂ N — Ci(tk1)) . (6)  The Radau method of the SciPy Python library was used to
AN solve the point kinetic equations and generate the signal. A
Finally, eight different combinations can be implemented  constant time step of 0.1s is used. The reference reactivity
used to generate the signal is displayed Fig. 2, and the gener-
ated signal is displayed in Fig. 3.

where At = ti 41 — 1.
On the other end, the exponential difference approach led
to the following precursors variation definition:

1. Explicit precursors, explicit denominator, proportional

difference.
0.00000 1
2. Implicit precursors, explicit denominator, proportional \
difference. -0.00025
. . . . . . . b—
3. Explicit precursors, implicit denominator, proportional -0.00050 )
difference. \
-0.00075
4. Implicit precursors, implicit denominator, proportional /’-‘\
difference. -0.00100 \
5. Explicit precursors, explicit denominator, exponential -0.00125
X i
difference. ”\
-0.00150
6. Implicit precursors, explicit denominator, exponential
difference. -0.00175
7. Explicit precursors, implicit denominator, exponential -0.00200
difference. 0 25 5 75 100 125 150 175 200

Time (s)

8. Implicit precursors, implicit denominator, exponential

difference. This implementation is also used in recent
work [7].

An example of reactimeter algorithm workflow is dis-
played Fig. 1.

Fig. 2. Reference reactivity used to generate the signal
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Fig. 3. Generated signal

Results and Analysis

The difference between each reactivity and the reference
reactivity is displayed in Fig. 4 and Fig. 5. The mean and stan-
dard deviation of each reactivity difference set is displayed in
Table II. The lower the mean, the more unbiased the imple-
mentation. The lower the standard deviation, the more precise
the implementation. For example, Implementation 3 appears
to be unbiased but not precise.

TABLE II. Mean and standard deviation of reactivity differ-
ence sets

Implementation | Mean (pcm)  Standard Deviation (pcm)
1 +781x 1072 2.68x 107"
2 +5.96x 1072 7.85%x 1072
3 +6.79x 1073 2.31x 107!
4 -1.19x 1072 4.45x 1072
5 +9.00x 1072 2.99x 107!
6 +7.14x 1072 8.13x 1072
7 +1.86x 1072 2.62x 107!
8 -132x 107 7.54%x10™*

The implementation that output the reactivity closest to the
reference is by far the one that uses both implicit definition
for flux amplitude and exponential difference. This imple-
mentation is 300X more precise and 50X times less biased
than any other implementation. Using an implicit definition
of flux amplitude has the largest impact on reactivity preci-
sion (see Table II). Using both the exponential difference and
the implicit denominator definitions improve the reactivity
estimation when reactivity variation are important (see Fig. 5).

CONCLUSIONS

Different implementations of IPKE have been tested in this
study. The implementation using only implicit definition of
the flux amplitude and exponential difference for precursors
outperform every other implementation tested in this study.
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Fig. 4. Difference between computed reactivity and reference
reactivity for each implementation
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Fig. 5. Difference between computed reactivity and reference
reactivity for implicit precursors implementation

The bias of this implementation is 1073 pcm regarding the
signal generated in this study. The reactivity calculated at
each time step is 1073 pcm, accurate to within one sigma. This
meets the requirements to build a new version of the ACRA to
process signals similar to the one of this study. Furthermore,
several characteristics of real detector signals such as noise,
spatial and spectral variation of the flux have a significantly
greater impact on the overall precision of the reactimeter algo-
rithm than numeric errors related to implementation.

The real-world effects on the detector signals will be in-
vestigated while performing numerical validation of the new
ACRA version, which is our immediate future work.
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