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8 WCOBRA/TRAC REACTOR KINETICS AND DECAY HEAT
MODELS

8-1 INTRODUCTION

The heat sources during a postulated LOCA are important in determining the cladding heatup. It is
important, therefore, to include all possible heat sources in an accurate way such that the PCT calculated
from an analysis model is realistic without having an unnecessary penalty.

The primary heat sources during a LOCA are fission product decay heat, fission heat, actinide decay
heat, stored energy, and cladding chemical reaction. The objective of this section is to summarize the
models related to the first three heat sources, which have been programmed in the code
WCOBRA/TRAC. The cladding chemical reaction was described in Section 7. The models described in
this section are identical to the approved models which have been documented in Hochreiter et al.
(1988).

The variables of each equation presented in this section are defined after each equation. The
nomenclature of this section is independent of the nomenclature of the rest of this report.

8-2 DECAY HEAT SOURCE

Model Basis In general, the time-dependent decay activity for a given nuclide can be solved by the
following relationship:

guﬂf = o(S,9) - T.DH' + ¢ 3 DHicJA(i)
t

j=1

+ ,)‘? I; DH/ D (i.) (8-1)

where:

DH'? = the decay activity of the i-th decay heat pseudo-nuclide,

Q, = the yield fraction of the i-th decay heat pseudo-nuclide directly from fission,

Y, = the macroscopic fission cross section,

Y- ¢ = thefission rate of the reactor of interest,

| = the decay constant of the i-th decay heat pseudo-nuclide,

[0} = the neutron flux in the reactor of interest,
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o, = the microscopic absorption cross section of the j-th nuclide,
A(i,j) = the probability that absorption in the j-th isotope will produce the i-th isotope, and
D(i,j) = the probability that decay of the j-th nuclide will produce the i-th nuclide.

Equation 8-1 is numerically exact for the decay heat problem. However, the direct solution of
Equation 8-1 involves 250 to 350 cross-coupled equations.

To simplify the preceding equation, three assumptions have been used to implement a generalized decay
heat source consistent with ANSIJANS 5.1-1971 Draft (1971) and ANSIANS 5.1-1979 (1978). The first
two are:

. AG)) =0
. D(.j) =

!
(=}

That is, the contributions from the absorption in the j-th isotope and decay of the j-th isotope which will
produce the i-th isotope are much less significant than the direct production, (a; X,¢), and decay,
(I''DH ), except for very few nuclides in very high flux reactors. The third assumption is:

. Grouping of nuclides of similar time constants into a single pseudo-nuclide with the weighted
average energy yield of all the nuclides involved.

The above assumption yields fewer equations to be solved with negligible loss in accuracy when the
nuclide groups are chosen appropriately.

The final form of Equation 8-1 with the above assumptions is

d

ZDH" = 0, (X9 - r,.DH" (8-2)

Table 8-1 lists the standard data of o; and T’; from the ANSIVANS 5.1-1979 model for U-235, Pu-239
thermal fission, and U-238 fast fission.
The ANSI/ANS 5.1-1979 standard data are represented in an exponential form (MeV/fission):

23

> % e (1-e 'r"T)l (8-3)

iz}

3
DH(t,T) = ), w, (BUg)

n=1

! n
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where:

t = time after shutdown (sec),
T = irradiation time (sec), and,
w (BU, &) = fission fraction of the n-th fissile isotope as a function of burnup (BU) and

initial enrichment (¢),

n=1: U-235 Thermal Fission
n=2: Pu-239 Thermal Fission
n=3: U-238 Fast Fission.

Equation 8-3 is the general solution of Equation 8-2 for a constant fission rate for an irradiation time T
followed by a zero fission rate for time t. WCOBRA/TRAC solves Equation §-2 as the generalized
differential equation representation of Equation 8-3 for U-235 and Pu-239? thermal fission as well as
U-238 fast fission. The energy yield constants are weighted by the appropriate fission rate fractions,
w, (BU,¢g), as a function of initial enrichment and burnup within WCOBRA/TRAC.

The fission rate weighting was obtained from detailed physics evaluation of PWR fuel lattice designs.
Figure 8-1 illustrates the U-235 thermal fission rate weighting obtained from these evaluations.
Similarly, Figures 8-2 and 8-3 illustrate the Pu-239 thermal fission and U-238 fast fission weightings,
respectively. The U-235 fission rate fraction presented in Figure 8-1 was evaluated as directed by
ANSI/ANS 5.1-1979, as all fissions that are not U-238 or Pu-239.

The decay heat model within WCOBRA/TRAC has been benchmarked against the ANSIVANS 5.1-1979
Standard. Table 8-2 presents the results of decay heat solved by Equation 8-2 in WCOBRA/TRAC and
the standard form (Equation 8-3) for U-235 only. The difference between the two approaches is
negligible. Similar comparisons exist for Pu-239 and U-238. WCOBRA/TRAC solves for the composite
decay heat of the reactor of interest using the fission rate fractions derived from specific physics
calculations for the fuel lattice design.

As for the ANSVANS 5.1-1971 model, the standard formulation is a piece-wise power fit over ranges of
time from 0.1 seconds to 2 x 10® seconds (Table 8-3). The standard data have been refitted and

incorporated in WCOBRA/TRAC in the same form as Equation 8-3, except only 11 groups instead of
69 groups of pseudo-nuclides were used.

Table 8-3 lists the fitted values of a, and T, of the ANSI/ANS 5.1-1971 model. It can be seen in
Table 8-4 that the exponential form with the fitted coefficients generates results which deviate from the
standard power form by about one percent.
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8-3  FISSION HEAT

Model Basis The fission heat is treated using a point kinetics model. ' The derivation of the final form of
the point kinetics model can be found in various nuclear reactor analysis textbooks, such as Henry (1975)
and Glasstone and Sesonske (1967). The most familiar form of the point kinetics model is

- 6
_(EI_ = M/l([) + E liC,.*‘S‘ (8'4)
dt M i1
and
dcC. ;
i M - AC, (8-5)
dt 0
where:

n = neutron density,

p = reactivity, (k-1)/k,

B; = the i-th group delayed neutron precursor yield fraction,
6

ﬁ = Z ﬁ,"

¢ = éﬁ'ective neutron lifetime,

A, = the i-th delayed neutron precursor time constant,

C; = thei-th delayed neutron precursor concentration, and,

S, = external source strength.

The assumptions in deriving Equations 8-4 and 8-5 are the time and space separability of the neutron
density and six groups of delayed neutrons.

Once the neutron density n(t) is solved from the point kinetics model, the fission power can be obtained
by the equation

FH(t) = va(t)xZ, . (8-6)
where:
= neutron velocity,
K = prompt energy release per fission, and,
X = macroscopic fission cross section.
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8-5

The macroscopic fission cross section is a neutron energy dependent parameter. The moderator density
affects the thermalization of neutrons. Therefore, the fission interaction frequency (vkZ;) should be a
function of moderator density. The moderator of a typical PWR is the primary loop coolant. During a
LOCA, the coolant density will undergo a rapid change. Therefore, to assume vkX, is a constant
throughout the transient would be overly conservative (lower coolant density should result in harder
neutron energy spectrum, hence lower thermal fission rate). A water-density-dependent form of fission
interaction frequency (vkZ,) has been incorporated in WCOBRA/TRAC, which is

6
VKEA(p) = Ay + Y A pr @7
n=1

where:

p, = water density.

The seven coefficients (A, - A,) are obtained by space/energy calculations for the fuel assembly of
interest.

A series of detailed space/energy calculations have been performed for a typical fresh assembly to
quantitatively evaluate fission rate per unit neutron density for water densities that occur during the
LOCA transient. Table 8-5 lists the values of the 7 coefficients, and Figure 8-4 shows the calculated
density dependence of kX, which is normalized to the value at p, = 0.7glcm?. [

1**. Therefore, the modification of the fission frequency (vkZ,) should be considered. This

quantity, as with all other plant and reactor specific data, is modelled in WCOBRA/TRAC using input
appropriate to the specific plant and reactor design being considered.

WCOBRA/TRAC explicitly models the burnup and initial enrichment dependence of kinetics data, i.e.,
groupwise delayed neutron fractions, groupwise delayed neutron time constants, prompt neutron lifetime,
prompt energy release per fission, and total energy release per fission. Figure 8-5 presents the effective
delayed neutron fraction as a function of burnup and initial enrichment. Figure 8-6 presents the prompt
neutron lifetime as a function of initial enrichment and burnup. Figures 8-7 and 8-8 present the prompt
and total energy release per fission as a function of initial enrichment and burnup, respectively.

Figures 8-9 through 8-14 illustrate the groups 1 through 6 delayed neutron time constants as a function of
initial enrichment and burnup. The data presented in Figures 8-5 through 8-14 were generated for typical
Westinghouse fuel lattice designs.
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8-4  ACTINIDE DECAY HEAT SOURCE®

Model Basis The time dependent actinide heat source due to the buildup and decay of U-239 and
Np-239 is a relatively simple problem. The basic equations for U-239 and Np-239 are given below as
Equations 8-8 and 8-9, respectively.

”—’t’ = R (BUS)(VEm(t) - 1, U(1) (8-8)
Ne -5 U@ - 2, Np(t) (8-9)
dt
where:
uwm = time-dependent U-239 concentration,
R(BU,e) = U-238 capture to fission ratio, function of initial enrichment €, and burnup (BU),
vIn(t) = time-dependent fission rate,
A, = U-239 decay constant,
Np (1) = time-dependent Np-239 concentration, and,
A = Np-239 decay constant.

n

It is much more convenient to express the decay equations in terms of instantaneous decay power. Recall
that decay power is simply the product of concentration, decay constant and energy release per decay as
shown in Equations 8-10 and 8-11 for U-239 and Np-239, respectively:

P, = qA,UQ® (8-10)
P, = 4,A,Np(?) (8-11)
where:
P, = time dependent decay power due to U-239 decay,
q, = energy release per U-239 decay,
P, = time dependent decay power due to Np-239 decay and,
q, = energy release per Np-239 decay.
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Equations 8-8 through 8-11 can now be combined into a form suitable for implementation as
Equations 8-12 and 8-13 below:

dP -
Y = Ra, (vEmn(1)) - \P, (8-12)

dt

P, AP,

n

~-2P 8-13
di o o (8-13)

u
where:

a, = q, A, decay power yield per capture (MeV/sec/capture) for U-239, and
a, = g, A, decay power yield per capture (MeV/sec/capture) for Np-239.

1*¢. With this assumption, the initial conditions for U-239 and Np-239 are described by
Equations 8-14 and 8-15, respectively: [

I (8-15)

The values of constants required for explicit actinide representation were taken from
ANSVANS 5.1-1979 and are presented in Table 8-6. The U-238 capture to fission ratio, R, is a function

of fuel lattice design, initial enrichment, and burnup. Figure 8-15 presents R for a typical PWR fuel

lattice design. ENDF-B/V data were used in PWR core depletion calculations to determine variations in
R with burnup and enrichment.

]a.c (8_] 6)(3)
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where:

K, = total energy release per fission.

8-5 SPACE DEPENDENT HEAT SOURCE MODEL

Model Basis WCOBRA/TRAC models the space dependent composition and initial condition
dimensions of the decay heat source. This model is based upon the space/time separability assumptions
of the point reactor kinetics solutions as well as the input composition and initial condition description.
WCOBRA/TRAC models decay heat using channel average compositions. Initial condition
concentrations are input based on conservative irradiation history evaluations. Channel average
compositions are realistic representations of decay heat in limiting elevations.

The basic space independent equations derived in Sections 8-1 and 8-2, are repeated below:

= 6
dn _pOB,y + Y ac)+s, (8-4)
dt 0 i=1
dC. n(®)P,
46 _ n@b; -AC; (8-5)
dt I
i
4 DR _ vs (oI, DH' (8-2)
at
P(1) = FH(t) + Y, DHJ + AH()) 8-17)
j
FH(1) = xvIt)n (1) (8-18)
where:
P(t) = time-dependent heat source,
n(t) = time-dependent neutron density,
p(®) = time-dependent reactivity defined as (k-1)/k,
(= = prompt neutron lifetime,
B = effective delay neutron fraction,
A = time constant for the i-th delayed neutron group
S, = external source strength,
vE{t) = time dependent interaction frequency for fission,
B; = effective delayed neutron fraction for the i-th group,
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FH(1)
AH(Q®

energy release rate of the j-th decay heat pseudo-nuclide,
energy yield of the j-th decay heat pseudo nuclide,

time constant of the j-th decay heat pseudo nuclide,
prompt energy release per fission,

= time dependent fission heat, and

time dependent actinide heat.

Assuming space/time separability, Equation 8-17 can be expressed with a general time-independent space
dependence for each basic heat source as Equation 8-19 below:

where:

P.(z,1)
Fi(@)
D,'J 2

A ()

P(z1) = FQFH@) + Y, D{@DHI() + A()AH() (8-19)
j

the heat-source as a function of elevation and time in the i-th xy channel,

= the elevation dependence of fission heat for the i-th xy channel,
= the elevation dependence of the j-th decay heat pseudo-nuclide for the i-th xy channel,

and
the elevation dependence of actinide heat for the i-th xy channel.

] ac

The decay heat source is most conveniently expressed in terms of the [

1 (8-21)
where:
[ ]:I,C.
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Equation 8-21 is now solved for D,-j (2) as Equation 8-22 below: [

1 (8-22)

The space/time dependent heat source can now be expressed in terms of the fission distribution and the
initial power by substituting Equation 8-22 into Equation 8-19 as Equation 8-23 below: [

e (8-23)
Equation 8-23 can be further simplified by defining the [
J*€ as defined in Equation 8-24 below: [
1" (8-24)
Equation 8-24 is now solved for the initial condition for [
J*€ as Equation 8-25 below: [
]:I.C (8_25)

Equation 8-25 is now substituted into Equation 8-23 to give the final form of the space/time dependent
heat source as Equation 8-26 below: [ '

1 (8-26)

The remaining task is to provide initial conditions for Equations 84, 8-5, and 8-2 in terms of
Equation 8-26. The first of these conditions is that the input power peaking FT,(z) be normalized to a
reactor average value of unity. This relation is expressed for FT,(z) as Equation 8-27 below:

£ | FT,V,dz

= 1.0, 8-2
Z [ V,(2)dz 8-27)
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where V(2) is the volume of the i-th channel at elevation z. The second initial condition is that the
initial reactor power, P, be given by Equation 8-28 below:

Pry =3 f Vi(2)P; (z.0)dz (8-28)

The initial conditions of Equations 8-4, 8-5, and 8-2 can now be solved in terms of P_,,. First, it is
necessary to derive the relations for P,(z,0) as Equation 8-29 below (from Equations 8-26 and 8-20): [

P (829)

Substituting Equation 8-25 into Equation 8-29 yields a statement of initial condition in terms of [
1*€ as Equation 8-30: [

I (8-30)

Finally, Equation 8-30 can be integrated over the entire reactor as specified in Equation 8-28, and [
J*€ as shown in Equation 8-31 below: [

]n.c (8-3 1 )

Now, solve for the initial neutron density n(0) by substituting Equation 8-18 into Equaﬁon 8-31 to yield
the initial conditions in terms of initial total power P, as Equation 8-32 below: [

]a.c (8-32)

Recall Equation 8-24 defines that [

I (8-33)

where the two power distributions, D,(z) and F(z), are normalized to a reactor average value of unity.
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Equation 8-22 is now substituted into Equation 8-33 to yield an expression for AVFR/ in terms of the
fission peaking as Equation 8-34: [

I (8-34a)

and [

1 (8-34b)

All that remains to be done is to solve for F(z) in terms of FT; (z). Recall that Equation 8-27 requires
that FT,(z) be normalized such that P,(z,0) is given by Equation 8-35 below:

P,(z,0) = P,,(0)FT,(2), (8-35)

where:

PTII

Z: f V.(2)dz

P,,(0) = (8-36)

Substituting Equation 8-30 into Equation 8-35 and rearranging gives Equation 8-37 below: [

1 (@37

8-6 ENERGY DEPOSITION MODELLING
8-6-1 Introduction

WCOBRA/TRAC models the energy sources within the reactor fuel in three distinct categories. These
categories are prompt fission, fission product decay, and actinide nuclide decay. The specific details of
the energy source modelling can be found in (Hochreiter et al., 1988). The distribution of energy sources
is, however, of no interest to the thermal and hydraulic modelling of deposition resulting from the various
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distributed energy sources. The specific details of the methodology by which the spatial distribution of
the energy sources is transformed into the spatial distribution of energy deposition are the subject of the
following discussion.

The energy from fission events appears in varying forms with large differences in spatial transport
characteristics. Table 8-7 illustrates a typical breakdown of the energy released due to a fission event
and the relative spatial transport length of the component. The degree to which a radiation source will
propagate through a medium is strongly related to whether the radiation is expressed as a charged particle
(e.g., fission fragment or beta particle), an uncharged particle (e.g., neutron), or a photon, (e.g.,
gamma-ray). Charged particles emitted from within a nuclear fuel material are, from a practical
viewpoint, unable to penetrate the confines of the fuel rod and, therefore, deposit essentially all of their
energy within the fuel rod as heat. As illustrated in Table 8-7, the vast majority of the total energy
released due to a fission event is expressed as the kinetic energy of the fission products. The fission
fragments are emitted as highly charged particles essentially instantaneously after the fission event and
are deposited almost exclusively within the fuel pin in which they are generated. The beta particle
energy from both the decay of fission fragments and the transmutation of the actinide activation products
are also charged particles which are, like the fission fragments, deposited almost exclusively within the
fuel pin in which they are generated. The beta particle energy is released as a result of the radioactive
decay process, which is not directly related to the fission rate; rather it is related to the concentration of
the various radio-nuclides which compose the source. WCOBRA/TRAC explicitly models the spatial
distribution and temporal relationships which describe all heat sources and deposits the energy from
non-penetrating radiation sources [ J**. The fraction of the total
heat source which is deposited in this manner is independent of coolant conditions and ranges from |

]*¢ during steady state operation to [

] ac

The balance of the energy released as a result of the fission event is expressed as uncharged particles,
i.e., neutrons and gamma photon energy. These penetrating radiation sources, due to their lack of
charged particles, easily escape the confines of the fuel rod and deposit their energy [

J*. The
deposition of the energy contained within these sources is quite important to the consequences of the
LOCA transient since [ J*¢ of the decay power released during the LOCA transient is

expressed as penetrating radiation. WCOBRA/TRAC models the spatial deposition of spatially varying
penetrating radiation sources using a generalized energy deposition model, GEDM. The GEDM is

[ J*€ and relies on input to describe the energy deposition as a
function of [ J*. The formulation of the GEDM and the methodology
for the generation of the model input follows. Illustrative examples are presented for a typical
application. The application of the GEDM is restricted only to the [

]:I.C‘
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8-6-2 Generalized Energy Deposition Model

Generalized Energy Deposition Model (GEDM) Derivation

Model Basis The WCOBRA/TRAC GEDM utilizes the linear superposition of distribution sources to
compute the spatial distribution of deposited energy due to a generalized distributed source. The energy
deposition, modelled as either heat flux or volumetric, is based upon the results of detailed particle
transport calculations which form the basis of the GEDM input. The WCOBRA/TRAC GEDM utilizes
the relationship illustrated in Equation 8-38 below to account for the energy deposition as heat flux at the

point of interest due to generalized penetrating and non-penetrating radiation source spatial
distribution(s). [

]a.c (8-38)

where:

]n.c

The WCOBRA/TRAC GEDM utilizes the relationship in Equation 8-39 below to account for the energy
deposition as volumetric coolant heating at the point of interest due to generalized penetrating and non-
penetrating radiation source spatial distribution(s). [

1 (8-39)

where: [

]:Lt
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The GEDM transfer matrices Ij; and ¢;; represent [

respectively. As stated above, the theoretical basis behind the GEDM transfer matrices is the

[

1. The GEDM transfer matrix elements are derived from |

1*¢. Equation 8-40 below describes
the derivation of the GEDM [ 1*¢ transfer matrix elements I‘:; [

I (8-40)

where:

] ac

Equation 8-41 below describes the derivation of the GEDM [ 1*¢ transfer matrix elements
@ |

G ))

where:

]1.C

The numeric values of (1-B,) have been derived from the [
J**. Typical values for B, are given in Table 8-8.
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Generalized Energy Deposition Model (GEDM) Transfer Matrix Generation

The GEDM transfer matrix elements are the product of a [

]a,c

1*. The GEDM [ 1** methodology was
chosen because it can [ J*¢. The GEDM transfer
matrices have been found to be independent of [

]II.C.

1*¢. The following discussion will present a sample set of GEDM [
J*€ calculations that have been performed using the Westinghouse 15x15 fuel design. The
methodology described below applies generically to all other fuel designs.

The current model for [

]a.c.
Gamma Transfer Matrix Generation Methodology

A series of | 1*€ calculations were performed for a typical 15x15 OFA fuel
design at typical plant conditions. The purpose of these calculations was to quantify, in a generalized
fashion, the relative distribution of gamma energy as [ ]*throughout the
reactor, parameterized as a function of [ 1**. DOT (Disney et al., 1970) was used as
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the dimensional particle transport code for the examples presented in this report. The methodology
presented within this report does not rely on the use of DOT, but rather on |

]a.c-

The dimensional problem was modelled as a [

]ZLC.

The basic methodology employed in the generation of GEDM transfer matrix elements is the use of a

[

]a.c.
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Nuclear particle cross sections were taken from the familiar SAILOR (1985) and BUGLE-80 (1980)
library, developed at the Oak Ridge National Laboratory as part of the Radiation Shielding Information
Center (RSIC). [

]n.C.

Gamma kerma factors were taken from the BUGLE-80 library and used as [

J*¢. The SAILOR/BUGLE-80 cross-section libraries are described in
ORNL RSIC reports DLC-76 and DLC-75, respectively. The SAILOR basic multigroup cross sections
were [

J*. The Kerma data used in the development of the [
J*¢ are presented in Table 8-11 and illustrated in Figure 8-20.

The final results of the [

]aﬁ.

The results of these calculations were then used to calculate the GEDM transfer matrix elements as
shown in Equations 8-40 and 8-41 for [ J*€ respectively. The
results of this evaluation for the 15x15 fuel design are presented in Table 8-12.

The data presented in Table 8-12 quantifies the [

1*. A sample
evaluation of the spatial energy deposition distributed using the data from Table 8-12 is presented in
Figure 8-21 as the [

=,
respectively. Figure 8-22 illustrates the [

1<, respectively. These figures clearly illustrate the dependence of heat flux
deposition on [ e
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Application of Generalized Energy Deposition Model (GEDM) within WCOBRA/TRAC

The data presented in Table 8-12 can be used directly in WCOBRA/TRAC provided that the [

]a,c.

J*€ can be found in Table 8-13 and demonstrates that the

].'I.C.
The relationship used to apply [
]ﬂ.C. [
"¢ (8-42¢)
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where:
I; = problem specific transfer element,
V. = problem specific channel volume,
[‘,f;f = reference transfer element, and

V,-;’f = reference channel volume.

The relationship used to apply [

]ﬂvc. [

1* (8-43c)

where:

¢; = problem specific transfer element,

V. = problem specific channel volume,

(p,f;-'f = reference transfer element, and

Vj”f = reference channel volume.
As discussed above, WCOBRA/TRAC currently models [

]a.c.
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8-7 DECAY HEAT UNCERTAINTY EVALUATION

Decay heat uncertainty has been modelled in WCOBRA/TRAC through the use of pseudo-isotope energy
yield, a,, augmentation factors. The values of the augmentation factors are presented in Table 8-14. The
values in Table 8-14 were generated using a least squares fit to the uncertainty data provided in
ANSI/ANS 5.1-1979, and provide a conservative representation of the standard's quoted uncertainties.
Figures 8-23 to 8-25 illustrate the fit deviation in both energy and decay heat versus cooling time.
Figures 8-26 to 8-28 compare the predicted decay heat with uncertainties to the standard decay heat plus

20 uncertainties.(")

8-8 REACTOR POINT KINETICS VALIDATION

The WCOBRA/TRAC heat source model is a fully integrated model containing a total of [

J*¢. The decay heat model validation was
presented previously in Tables 8-2 and 8-4 against the ANSIVANS 5.1 1979 and 1971 decay heat
standards, respectively. WCOBRA/TRAC shows excellent agreement with the decay heat standard data.

The point kinetics model within WCOBRA/TRAC has been validated on a [ J*€ for two
basic test problems. The first test problem is the time-dependent solution of a step reactivity input.
Figures 8-29 through 8-31 illustrate the WCOBRA/TRAC point kinetics solution of reactor period for a
step reactivity insertion of +3.0 x 103, +1.5 x 103, and -3.0 x 10?2 AK in the absence of external feedback
mechanisms, respectively. The WCOBRA/TRAC kinetics model stabilizes at a constant asymptotic
reactor period after a short period of time. The asymptotic reactor period for a step reactivity insertion
can be solved for analytically using the familiar Inhour Equation below:

0. 6 B
L d 8-44
T T (644

p:

where T is the asymptotic reactor period.

Table 8-15 presents the calculated and theoretical asymbtotic reactor period for these step insertions.
WCOBRA/TRAC shows excellent agreement against this theoretical validation test.

[

|
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]mc.
8-9  JUSTIFICATION OF SIMPLIFICATIONS AND ASSUMPTIONS

8-9-1 Actinide Decay Power

ANSI/ANS 5.1-1979 directs the user to evaluate the impact of other actinide isotopes. As stated
previously, WCOBRA/TRAC explicitly models the decay power due to U-239 and Np-239 with the

[

]G.C.

Detailed calculations have been performed to evaluate the impact of the total actinide heat source.
Table 8-16 presents the basic physical data for the [

]a.c.(s)

8-9-2 WCOBRA/TRAC Fission Energy Accounting

WCOBRA/TRAC explicitly accounts for the energy deposition due to fission by five basic mechanisms.
Direct fission energy deposition due to fission fragments, prompt gamma reactions, and prompt beta
reactions are a direct and immediate result of a fission event. These components, as well as the neutron
slowing down deposition and structural material radiative capture mechanisms, are included explicitly in
the prompt energy release per fission as illustrated in Figure 8-7. The basic physics data used to generate
Figure 8-7 as a function of burnup and initial enrichment is based upon ENDF-B/V as utilized at
Westinghouse for standard reactor design. Table 8-17 presents the prompt fission energy release,
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radiative capture release, and average fission neutron energy utilized in the evaluation of the composite
prompt energy release per fission. Thus, WCOBRA/TRAC complies with the standard's requirement to
evaluate the energy release per fission including radiative capture in structural components.

8-9-3 Decay Heat Absorption Effects

ANSVANS 5.1-1979 directs the user that the basic decay heat data supplied within the standard is
uncorrected for neutron capture effects. The standard supplies a means of correction for neutron capture
as a function of irradiation time, shutdown time, and integrated fissions per initial fissile atom as shown
in Equation 8-45 below:

G(f) = 1.0 + (324E-06 + 5.23E-100) T**y (8-45)
where:

t
T

v

n

time after shutdown in seconds, (¢ < 10,000 sec)
irradiation time in seconds, (T < 1.2614E+08 sec)
fissions per initial fissile atom, (y < 3.0)

]

Integrated fissions per initial fissile atom have been evaluated for PWR fuel lattice designs, as illustrated
in Figure 8-34, as a function [

J*¢. Thus, WCOBRA/TRAC conservatively accounts for neutron
capture effects in the decay heat model as required by the standard.

8-10 GENERALIZED ENERGY DEPOSITION MODEL (GEDM) VALIDATION

The GEDM has been validated in two separate manners for application within WCOBRA/TRAC. The
first validation calculation was performed to validate the [

]a,c
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]a,c.

The final validation of the GEDM and input generation methodology was the comparison of the GEDM
[

J*¢. The results of this comparison are
given in Table 8-18. It is apparent from the [

]n.:-

8-11 INTERFACE BETWEEN NEUTRONICS AND THERMAL-HYDRAULICS
MODELS

Figure 8-35 shows the calculation block diagram for WCOBRA/TRAC. The neutronics part of the
calculation is performed by a subroutine within WCOBRA/TRAC called LUCIFER (Hochreiter et al.,
1988). There are two options available for the neutronics calculations in terms of the reactivity feedback
to LUCIFER.® The first option is the user supplied reactivity table. With this option, LUCIFER is
essentially a stand alone code for calculating the power history associated with the reactivity table. The
second option is the internal feedback option. The core average fuel temperature and coolant density
calculated in WCOBRA/TRAC are fed back to LUCIFER for the reactivity calculation and the associated
power history calculation. The calculated power history is then supplied to WCOBRA/TRAC as the heat
source in the thermal-hydraulics calculations.

8-12 REACTOR KINETICS, DECAY HEAT, AND INTERFACE MODELS AS
CODED

WCOBRA/TRAC solves the reactor kinetics, decay heat, and actinide decay heat models with a system
of first-order ordinary differential equations of the form y’ = f(x,y) or Ay’ = f(x,y) with initial
conditions, where A is a matrix of order N. The solution method is the backward differentiation formula
(up to order 6), also called Gear's stiff method (1971). Because the basic formula is implicit, an algebraic
system of equations must be solved at each step. The matrix in this system has the form L = A+nJ,
where 1 is a small number and J is the Jacobian.

The FORTRAN coding in WCOBRA/TRAC is consistent with the models described in this section.
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8-13 REACTOR KINETICS, DECAY HEAT, AND INTERFACE MODELS SCALING
CONSIDERATIONS

The models described in this section are scale independent.
8-14 CONCLUSIONS

The models and derivations described in this section have been reviewed and checked. It is concluded
that the models are correct. The coding in WCOBRA/TRAC is found to be consistent with the models
described in this section.
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8-16 RAILISTING

1. RAI1-227 (refers to WCAP-12945, Rev. 1, page 8-12; now page 8-5)
2. RAI1-228 (refers to WCAP-12945, Rev. 1, page 8-7; now page 8-3)
3. RAI1-229
4. RAI1-230
5. RAII-231 (refers to WCAP-12945, Rev. 1, page 8-45; now page 8-22)
6. RAI1-232
7. RAIl-1, item pp
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, Table §-1 ANSVANS 5.1-1979
\/ Decay Heat Standard Data for U-235 Thermal Fission
" o; T;
Group (MeV/f.sec) (sec’?)
1 6.5057E-01* 2.2138E+01
2 5.1264E-0] 5.1587E-01 "
3 2.4384E-01 1.9594E-01
4 1.3850E-01 1.0314E-01
5 5.5440E-02 '3.3656E-02
6 2.2225E-02 1.1681E-02
7 3.3088E-03 3.5870E-03
8 9.3015E-04 1.3930E-03 I
{ 9 8.0943E-04 6.2630E-04
10 1.9567E-04 1.8906E-04
11 3.2535E-05 5.4988E-05
12 7.5595E-06 2.0958E-05
13 2.5232E-06 1.0010E-05
\/ 14 4.9948E-07 2.5438E-06
15 1.8531E-07 6.6361E-07
16 2.6608E-08 1.2290E-07
|| 17 2.2398E-09 2.7213E-08
18 8.1641E-12 4.3714E-09
19 8.7797E-11 7.5780E-10
20 2.5131E-14 2.4786E-10
21 3.2176E-16 2.2384E-13
22 4.5038E-17 2.4600E-14
23 74791E-17 1.5699E-14
*read as 6.5057 x 10
L
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Table 8-1 ANSI/ANS 5.1-1979
(cont) Decay Heat Standard Data for Pu-239 Thermal Fission
] I
Group (MeV/f.sec) (sec’)

1 2.083E-01* 1.002E+01
2 3.853E-01 6.433E-01
3 2.213E-01 2.186E-01
4 9.460E-02 1.004E-01
5 3.531E-02 3.728E-02
6 2.292E-02 1.435E-02
7 3.946E-03 4.549E-03 t
8 1.317E-03 1.328E-03
9 7.052E-04 5.356E-04
10 1.432E-04 1.730E-04
11 1.765E-05 4.881E-05
12 7.347E-06 2.006E-05
13 1.747E-06 8.319E-06 |
14 5.481E-07 2.358E-06
15 1.671E-07 6.450E-07
16 2.112E-08 1.278E-07
17 2.996E-09 2.466E-08
18 5.703-11 9.378E-09
19 5.703E-117 7.450E-10
20 4.138E-14 2.426E-10
21 1.088E-15 2.210E-13
22 2.454E-17 2.640E-14
23 7.557E-17 1.380E-14

*read as 2.083 x 10!
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[ Table8-1  ANSI/ANS 5.1-1979

(cont) Decay Heat Standard Data for U-238 Fast Fission
' a I
Group (MeV/f.sec) (sec)

1 1.2311E+0* 3.2881E+0
2 1.1486E+0 ' 9.3805E-1
3 7.0701E-1 3.7073E-1
4 2.5209E-1 1.1118E-1
5 7.1870E-2 , 3.6143E-2
6 2.8291E-2 1.3272E-2
7 6.8382E-3 5.0133E-3
8 1.2322E-3 1.3655E-3
9 6.8409E-4 5.5158E-4
10 1.6975E-4 1.7873E-4
1 2.4182E-5 4.9032E-5
12 6.6356E-6 1.7058E-5

( 13 1.0075E-6 ' 7.0465E-6
14 4.9894E-7 2.3190E-6
15 1.6352E-7 6.4480E-7
16 2.3355E-8 1.2649E-7
17 2.8094E9 2.5548E-8
18 3.6236E-11 © 8.4782E-9
19 5.7030E-11 7.5130E-10
20 4.4963E-14 " 2.4188E-10
21 3.6654E-16 2.2739E-13
22 5.6293E-17 9.0536E-14 |
23 7.1602E-17 5.6098E-15 [

*read as 1.2311 x 10°
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Table 8-2 ANSIANS 5.1-1979
Decay Heat Model Comparison for Infinite Radiation of U-235
Time After WCOBRA/TRAC Standard
Trip (sec.) (MeV/fission) (MeV/Fission) A%
0 13.1825 13.183 -0.003
1 12.3190 12.318 +0.008 I
10 9.5002 9.500 +0.007
20 8.4616 8.461 +0.003
40 7.4674 7.465 +0.036
100 6.2039 6.204 -0.002
200 5.3744 5374 + 0.0002
400 4.6751 4.673 +0.04
1000 3.8013 3.801 0.0
ANSI/ANS 5.1-1979
Decay Heat Model Comparison for 10° Second Irradiation of U-235
From Zero Concentration
Time After WCOBRA/TRAC Standard
Trip (sec.) (MeV/fission) (MeV/Fission) A%
0 12.626 12.626 0.000
1 11.761 11.761 0.000
10 8.944 8.943 +0.015
20 7.907 7.905 +0.020
40 6.909 6.908 +0.012 '
100 5.648 5.647 +0.014
200 4.820 4.818 +0.034
400 4.118 4.117 +0.013
1000 3.245 3.245 0.000
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Table 8-3 ANSI/ANS 5.1-1971
u Decay Heat Standard Data for U-235 Thermal Fission
Standard Formulation
DTI:;.’T) = AtB, where,
t(sec) A* B
01<t<10 0.07236 -0.0639
10<t<150 0.09192 -0.181
150 < t<4x10° 0.156 -0.283
4x10°<t<2x10° 03192 -0.335
EXPONENTIAL REPRESENTATION**
o Ty
1 6.58TE+0Q*** 2.658E+00
2 1.490E-01 4.619E-01
3 2.730E-01 6.069E-02
4 2.173E-02 5.593E-03
5 1.961E-03 6.872E-04
\_J 6 1.025E-04 6.734E-05
7 4.923E-06 6.413E-06
8 2.679E-07 6.155E-07
9 1.452E-08 8.288E-08
10 1.893E-09 1.923E-08 h
11 1.633E-10 1.214E-09 1
* Includes 20% required Appendix K uncertainty.
** Assumes 200 MeV/fission total recoverable energy
*** Read as 6.587 x 10
\//
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Table 8-4 ANSI/ANS 5.1-1971
Decay Heat Standard for U-235 Thermal Fission
Time WCOBRA/TRAC Standard
After Trip (MeV/fission) {MeV/fission) A%
0.1 16.549 16.766 -1.29 J
1 14.458 14.472 -0.094
10 12.095 12.118 -0.186
20 10.757 10.689 +0.632
40 9.409 9.429 -0.213
100 8.018 7.964 40.675
200 6.869 6.899 -0.446
400 5.674 5.725 -0.888 i
1000 4479 4417 +1.39 I
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Table 8-5 Typical Normalized Interaction Frequency Fit Data

[

]3-6
Table 8-6 Actinide Heat Source Data
Isotope q(MeV) a(MeV/Sec/Capture) A(Sec?)
U-239 0.474 2.32834E-4 491E4
Np-239 0419 . 1.42879E-6 341E-6
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l Table 8-7 Typical Radiation Source Timing, Strength, and Range
WCOBRA/TRAC Energy Energy
Category Radiation Type Timing (MeV) Range
Fission® Fragments Prompt 161.0 Very Short
Fission Direct Gamma Prompt 5.0 Long
Fission® Capture Gamma Prompt ~5.0 Long |
Fission Neutron Prompt 5.0 Medium
Fission Neutron Delayed 0.04 Medium
Fission Fragment® Decay Gamma Delayed 6.5 Long
Fission Fragment Decay Beta Delayed 6.5 Short
Actinide Decay Gamma Delayed 04 Long
Actinide Decay Beta Delayed 0.4 Short

a. Typical prompt fission energy source taken from "Nuclear Heat Transport,” M. M. El-Wakil, American Nuclear

Society, 1978.

b. Typical BOL capture gamma energy source.

¢. Typical BOL decay heat source representative of ANSIJANS 5.1-1979.

Table 8-8 Typical Values for Redistribution Fraction Values

[

]I.C
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Table 8-9 Neutron Heating Transfer Model

[

]I.C
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Table 8-10 Gamma Photon Energy Spectrum

[

]I.C
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Table 8-11 BUGLE-80 Gamma Kerma Data®

(

]lC
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Table 8-12 Typical 15x15 GEDM Gamma Transfer Matrix "

! ||

] ac
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Table8-13 [

]I,l‘

e i

]LC

C )
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Table 8-14 Decay Group Uncertainty Factors Per One Sigma (%) "
Decay Group U-235 Pu-239 U-238 |
I 20.00 30.00 12.00 |
2 18.00 25.00 14.00
3 3.90 7.00 19.50
4 3.10 4.60 19.80
5 2.60 4.20 20.20 ‘
6 2.25 3.90 11.20 |
7 1.95 3.30 6.80
8 1.85 4.00 5.70
9 175 4.00 5.50
10 1.70 4.20 5.30
1 1.65 4.50 5.10
12 1.65 4.50 5.00
13 1.80 4.90 4.70
14 2.00 5.00 3.80
15 2.00 5.00 3.40
16 2.00 5.00 3.60
{ 17 2.00 5.00 3.90
8 2.00 5.00 4.70
19 2.00 5.00 5.00
20 2.00 5.00 5.00
21 2.00 5.00 5.00
2 2.00 5.00 5.00
23 2.00 5.00 5.00

Note:  Above table quotes percent uncertainty by group for one-sigma uncertainty values from
ANSI/ANS 5.1-1979. Two sigma values can be obtained by doubling the table values above.
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Table 8-15 Point Reactor Kinetics Validation
v WCOBRA/TRAC Inhour Solution?
Ap (pcm) T(sec)' Ap (pcm) T(sec)
-30000 -80.707 -30027.1 -80.77
+300 +9.147 +300.002 +9.147
+150 +34.14 +150.001 +34.14

1. Observed asymptotic period
2. Data for each solution given below

Group - Beta Lambda
1 3.5410E-04* 3.00
2 1.0104E-03 1.13
3 2.9479E-03 0.301
4 1.4271E-03 0.111
5 1.5313E-03 0.0305
6 2.2920E-04 0.0124

o/ ¢* = 16.06 s, B =0.0075
*Read as 3.541 x 10
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Table 8-16

Actinide Isotope Nuclear Data

|

]a.c
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Table 8-17 Prompt Fission Energy Release Data
[

N

]ﬂ.t‘
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Table 8-18 [ ™~

]J.C
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Figure 8-1. U-235 Fission Fraction
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Figure 8-2. Pu-239 Fission Fraction
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Figure 8-3. U-238 Fission Fraction
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— a.c
" Figure 8-4.  Calculated Normalized Macroscopic Cross Sections versus Core Average Water
Density