
<
The submitted manuscript has been authored by
a contractor of the U.S. Government under

, contract No. DE-AC05-960RZ2464. Accordingly,
the U.S. Government retains a nonexclusive,
royalty-free license to publish or reproduce the
published form of this_ coqtrjbutiog, or. allow.... . . . . . . . . _. ,., .,. --------- .-.– ----. . . . .
others to dO’SO,for U.S. Government purposes.

ANALYSIS OF ROD REMOVAL TRANSIENT EXPERIMENTS
IN VVER REACTORS AT ZERO POWER*

Felix C. Difilippo

Oak Ridge National Laboratory
P.O. Box 2008

Oak Ridge, TN 37831-6363 USA
fcd@ornl.gov

*This research was sponsored by Fissile Materials Disposition Program and
Laboratory, managed by Lockheed Martin Energy Research Corp., for the
contract DE-AC05-960R22464.

performed at Oak Ridge National
U.S. Department of Energy under



*

ANALYSIS OF ROD REMOVAL TRANSIENT EXPE-NTS IN VVER
------------”--- -----–-----------– --”-”--”- “’--’--d”‘-’-’REACTORS AT ‘~E~O P6iiiiR

Felix C. Difilippo
Oak Ridge National Laboratory

P.O. Box 2008, Oak Ridge, TN 37831-6363 USA
fcd@oml.gov

ABSTRACT

Within the context of the Fissile Materials Disposition Program of the U.S. Department of Energy we
analyzed rod removal transient experiments performed at the Kurchatov Institute in a full-scale mockup of
VVER reactors. The transients were started (via water inlet) in slightly (few cents) supercritical
configurations with all the control rods withdrawn. After a few minutes, control rods banks or individual
control rods were first inserted and later withdrawn (returning to the initial state). Available experimental
data include the relative time profiles of nine incore and excore detectors. Because of the mild nature of the
transients (very low power and no more than 2$ reactivities) we decided to use a quasistatic approach. The
time-dependent flux is hctorized into two terms: a fimction of phase space, given by the solution of the
static equation with parametric excitation; and a fimctiori of time, given by the solution of the point kinetic
equations with time-dependent kinetics parameters. Due to the nature of the experiment, cold conditions,
control rods withdram and critical state with water level, the power distributions, measured and calculated,
are quite unusual, with the inner part of the core heavily shielded. Measured power levels at the center of
the reactor are almost 20 times smaller than similar regions at the periphery. Transport and ditlbsion
calculations of the power distributions are in reasonable agreement, so the difision code BOLD-
VENTURE wak used to calculate the kinetics parameters and the relative changes of the detector field of
view. The numerical integration of the time-dependent part of the solution was made with the LSODE
package using ENDFIB-V and VI delayed neutron data. Very good results were obtained for the nine time
profiles.

1. INTRODUCTION

The governments of the United States (US) and the Russian Federation (RF) have agreed to dispose of
surplus, weapons-usable plutonium by irradiating the material in commercial, pressurized-water, power
reactors-designated as VVERs in the RF. As in the US, in the RF, it must be demonstrated to regulatory ‘
authorities that VVERs can be operated with a sufficient level of safety when approximately one-third of
the reactor core is composed of mixed-oxide (MOX)-fieled assemblies.

Since 1997, staff at the Oak Ridge National Laboratory (ORNL) have served as independent reviewers for
-R MOX analyses performed in the RF. Past studies have included the validation of computer
programs with critical experiment data and the design of a proto~ic VVER MOX assembly. The next
stage of analysis concerns the study of anticipated transients. One transient Iikeiy to have a large reactivity
effect is an unplanned control rod withdrawal incident. Planned VVER MOX fiel management schemes
call for only low-enriched-uranium (LEU) assemblies to be placed in control rod locations. In order to
validate American reactor physics methods for analyzing an unplanned withdrawal transient, the RF has
provided a description of a control rod withdrawal experiment performed with LEU fbel. We analyzed
zero-power transients measuredl at the B-1000 test facility of the Russian Research Center, Kurchatov
Institute, in a mock-up of the VVER- 1000 power reactor at the beginning of the first loading. The reactor
of the experiment had a core composed of 163 hexagonal fiel assemblies of different enrichments ( 1.6,3.0,
4.23, and 4.4 wt ‘ZO).Each assembly contains312 fiel rods, 18 guide tubes for control rods or burnable
poison, and 1 instrument tube. The active height of the core is 353 cm, and the equivalent radius, 158.2 cm.
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Seven incore detectors and two excore ionization chambers followed the flux transients; the nine time
. . .. . ..

profiles (nonhaIizeil to tie at the begfig”oftie’fiiitifi%iMe”iibje&t of this analjtsis. The ii’’sfeiit ‘‘ “
analyzed started in a slightly supercritical system ($ - + 6 cents) with all control rods withdrawn, boric acid
concentration at 8.5 g/L and water level at 237 cm. At t - 300s, control rod bank (No. 9) was introduced
100% ($ - –1.5); at t -480 s, the control rod bank was then totally withdrawn. The transient was recor&d
until t - 880s, and the movements of the rods involved 40s.

2. MODELING THE TRANSIENTS

Because we have to model mild zero-power transients, we decided to use a quasistatic approach typically
used, for example, to calibrate control rods via the inverse kinetics methods. The next sections present the
method and its implementation.

2.1 QUASISTATIC REACTOR KINETICS

The quasistatic approximation is described, for example, in Ref 2. We can arbitrarily factorize the flux as

~@,t)=qJ@,t)h(t) , (1)

where ~ = (7, ~) is the position of the neutrons in phase space at time, t, and h is a fimction of time only.

The quasistatic approximation of v is the solution of the static balance equation

(2)

where the destruction, D, and production, ~, operators are explicitly fictions of time because of the

parametric excitation of the reactor, k(i is the static eigenvalue and x, is the static fission spectrum. Atler

solving Eq. (2) in direct and adjoint spaces, it follows that, provided the calculations are normalized to the
same neutron production rate, the time factor h(f) is given by n = h A(t) /A(0), where no) is given by the

solution of the point kinetic equations.

The normalized reaction rate of detector, d, is given then by

Q(t)
= Id (f) _

Id (o)
(X,qf(+d .(t)% ,
(WV(o)),

(3)

where the integrals in phase space are restricted to the volume of the detector, d The solution is completed
with the step-by-step solution of the point-kinetics equation (all kinetics parameters are defined in the next
two paragraphs):

(4)
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where i, is the index of I fissile isotopes, and g is the index for the corresponding delayed neutron groups.
The now time-dependent Icinetics-paranieters are the reduced generation time,

A*(t) = l/rk&f ; (5)

the neutron mean life,

the delayed neutron effectiveness,

, = (W@Y) #
‘i (WA) ‘

the reactivity in dollar units,

~,t) = k(t) -1 .

Wif ‘

and the effective delayed neutron fraction;

(6)

(7)

(8)

(9)

In the previous equations, the production operator } = ~ ~. is a sum over the fissile species, and the static
isl

ters ~~ and ~~ are the nuclear fraction and the spectra of the delayed neutron group g of fissile i and x;

its prompt fission spectra. The contribution of the delayed group (i, g) in Eq. (4) is b: = ~gz/~.f =

~g’Y~/~@ me effective delayed neutron flaction, B.J, is the parameter that relates the static k to the

experimental dollar unit. For mild transients, the largest variations are for $(t).

2.2 STEPS FOR THE DEVELOPMENT OF THE QUASISTATIC MODEL

Cross-section libraries for the assemblies were generated in the AMPX3 format for transport and diflbsion
theory calculations. The number of energy groups were chosen to fit well the spectral differences between
prompt and delayed fission neutrons. We used the Helios4 code (ENDF/B-VI-based) with a special module
to generate P 1 AMPX cross sections for each one of the different assemblies with and without ,control rods.
The AMPX system was used to generate P3 cross sections, but with pin, rather than assembly, geometry.
Transport calculations of power distributions using DORT5 (r, theta geometry) were successfidly compared
with diffision-theory (triangular-mesh) values. (See Figure 1 for details. ) Note that the cold condition at the
beginning of life produces a highly skewed distribution and that the triangular geometry of the difision
approximation allows a more accurate description of the hexagonal geome~ of the core. We concluded
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Figure 1. Transport and diffision theory power distribution.

then that the use of the diflbsion-theory BOLD-VENTUREG system in triangular geometry is a good
approximation to compute direct and adjoint fluxes necessary to calculate the bilinear averages described in
the previous section. Sets of effective kinetics parameters were then calculated based on nuclear data from
the compilations of Keepin~ ENDF/B-V and ENDF/B-VL8 Reactivities in absolute units (i.e., in k units)
between the two extreme values (totally withdraw and totally inserted) were inte~olated with a COS2
distribution in z for the intermediate values of the rod position. The transients were finally calculated with
the LSODE9 ordinary differential equation integrator.

2.3 KINETICS PAILkMETERS

Table I shows the nuclear delayed neutron data corresponding to our two fissile species 235Uand 23gUthat
were used, together with their respective spectra, to perform the bilinear averages of Section 2.1. The
effects of the control rod position on the kinetics parameters ares ummarized in Table II, where it is shown
that for this mild transien$ generation times and effective delayed neutxon fractions change very little.
Effective delayed neutron factions calculated using ENDF/B-V, ENDF5-VI, and Keepin’s nuclear data
are shown in Table III. The -20’Yodifference for the mean emission time of a delayed neutron between the
ENDF/B-V and -VI compilations is indicative of the discrepancies between the respective relationships
between the reactivity and the period (inhour equation).

Even though columns V and VI in Table 3 were calculated with the prescriptions of Section 2.1 (i.e., with
the bilinear averages of direct and adjoint fluxes), the Keepin column was calculated by “hand” using a
representative value of 5.46°/0 for the relative fission neutron production in 23*U.Comparison of this
column with the others shows that because the system is large it does not show a significant difference
between the escape probabilities of prompt and delayed neutron. The betas are then mainly defined by the
relative fission distribution between the two uranium isotopes.
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Table 1:, Delayed Neutron Nuclear Data

. .. .. ...... . .. ..... ...... ..”... .,...,,”.,.,.. .. ........’......., .,,......,,, ., .”. >., ,, ,., ,., .., .,...,, .... .... . ...
Relative abundance Production per fission neutron

Group Keepin I ENDF/B-V \ ENDF/B-VI I Keepin ENDF/B-V ENDFA3-VI

I 23% Thermal Fissiona I

1 0.033 .0.038 0.0350 0.000226 0.00026 0.00024
0.1807 0.001501 0.00146 0.001238

4 0.395 0.407 0.3868 0.002707 .._.
5 0.115 0.128 0.1586 0.000788 0.000877 0
6 0.042 0.026 0.0664 0.000288 0.000178 0:000455

Total 1.000 1.000 1.0000 0.006854 0.006854 0.006854

2 0.219 0.213
3 0.196 0.188 0.1725 0.001343 0.001288 0.001182

0.002789 0.002651
).001087

.,,..”.. .. .. . .

238U2.0 MeV Fission4

1 0.013 0.013 0.0139 0.000216 “ 0.000216 0.000231
2 0.137 0.137 0.1128 0.002279 0.002279 0.001877
3 0.162 0.162 0.1310 0.002695 0,002695 0.002179
4 0.388 0.388 0.3852 0.006455 0.006455 0.006408
5 0.225 0.225 0.2540 0.003743 0.003743 0.004226
6 0.075 0.075 0.1031 0.001248 0.001248 0.001715

Total 1.000 1.000 1.0000 0.016636 0.016636 0.016636

Lambda (1/s) .,. ..s “!,....”..,..,,-
235u 238u

Group Keepin ENDFiB-V ENDF/B-VI Keepin ENDFA3-V ENDF/B-VI
1 0.0124 0.0127 0.0133 0.0132 0.0132 0.01363
2 0.0305 0.0317 0.0327 0.0321 0.0321 0.03133
3 0.1110 0.1160 0.1208 0.1390 0.1390 0.12330
4 0.3010 0.3110 0.3028 0.3580 0.3590 0.32370
5 1.1400 1.4000 0.8495 1.4100 1.4100 0.90600
6 3.0100 3.8700 2.8530 4.0200 4.0300 3.04870

‘Number of delayedneutronsper fission= 0.0167 (originalKeepindata= 0.0158) ; number of neutronsper
fission= 2.4367.

?Qumberof delayedneutronsper fission= 0.044 (originalKeepindata = 0.0412); number of neutronper
fission= 2.6448.

Table II. Kinetics Parameters as Function of Control Rod Pogitiond

Bank No. 9 out Bank No. 9 in

Reactivity, p = (k - 1)/k Reference state –1.1961%

Generation Time, A = t I k(ps) 17.60 17.64

PK (ENDF/B-V) 0.007416 0.007437

~x (ENDF/B-VI) 0.,007408 0.007428

aBold-Venture,difision calculation,2-D triangularmesh.
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Table III. Effective Delayed Neutron Fractions

i, Fissile specie g, Delayed group ENDFLB-V ENDF/B-VI Keepin
~, 23SU 1 2.490E-04 2.333E-04 2. 130E-04

2 1.384E-03 1.175E-03 1.416E-03

3. 1.224E-03 1.122E-03 1.267E-03

4 2.650E-03 2.5 12E-03 2.554E-03

5 8.334E-04 1.03 lE-03 7.440E-04

6 1.693E-04 4.3 19E-04 2.720E-04
2, 238u 1 1.182E-05 1.260E-05 1.200E-05

2 1.237E-04 1.017E-04 1.290E-04

3 1.464E-04 1.185E-04 1.520E-04

4 3.514E-04 3.475E-04 3.650E-04

5 2.039E-04 2.296E-04 2. 11OE-O4

6 6.797E-05 9.314E-05 7.000E-05

Total 7.416E-03 7.409E-03 7.406E-03

Mean emission Time (s)” 12.13 10.65 12.35

“Meanemissiontime of a delayedneutron.

3. ANALYSIS OF THE TRANSIENTS

A total of nine detectors followed the transient generated by the insertion and later withdrawals of the
bank of control rods No. 9. The reactor had a water level of 237 cm (fiel element length, 353 cm), a
concentration of 8.5 g of boric acid per liter of moderator, and a 60° symmetry. The initial state was slightly
supercritical (j)eriod of 184.5s) with all the control rods withdrawn. Table IV describes the location of the
detectors and the effects of the presence of bank No. 9 in the detector field of view [i.e., the ratio of
functional in Eq. (3)].

If the quasistatic approximation is applicable, the ratio of the normalized signals coming from any two
detectors, given by Eq. (3), should be equal to 1 before and after the insertion of the rods. This is because
the system is returned to the original initial conditions (with the rods withdrawn). Figure 2 shows that this
is true even for an extreme case, which corresponds to the ratio of signals from incore detectors 4 and
8(- –54% change) divided by the signal from incore deteetor 7 (- +30% change).

Table IV, Location of the Deteetors and the Effects of Bank No. 9 on Control Rods
r
I Detector name ! Location (distance to control rods)a \ Perturbation of control rod’ I

Incore 1 In next assembly to control rods (1) 0.9075
2 Center of core (6) 1.322
4and8 In assembly with control rod (0) 0.4562
5 Center radius of core (3) 1.1329
6 In next assembly to control rods (1) 0.7744
7 In assembly beside reflector (3) 1.2929

Excore 1 and 2 In reflector (3) 1.20

~Approximatedistancein unit of assembly(23.6 cm flat to flat).
%tio of the detection rate of a I/v detector with and without the control rods. [See Eq. (3)],
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detectors are normalized to one at time O,then the signals horn &tectors 4 and 8 are divided by the signal
from detector 7.

The detector rates were calculated with the quasistatic method, with the following initial and final
normalization: (1) the reactivity of the initial state (a few cents) was defined by the experimental period (an
observable) and the inhour equation (which depends on the set of delayed parameter), this reactivity was
added to the reactivity corresponding to the bank No. 9 totally inserted (which is a calculated value); and
(2) the joining fi,mction for the interpolation between the two reactivity values [COS2( nHcr/2 Hcd), where
Hcr is the position of the bottom of the rod with respect to the bottom of the core, and Hcti is an effective
core height] was iterated in Hc,funtil the measured value of excore detector 1 at end of the transient was
found. A value Hc,f= 260 cm (comparable to the 237-cm core height) for transients calculated with
ENDF/B-V-delayed parameters produces excellent results for all detectors. Figure 3 shows the case for the
detectors more affected by the transient (4 and 8 located in the assembly with the control rods).

The calculations shown in Figure 3 correspond to the ENDF/B-V delayed neutron &ta with adjustment
parameters $V= 5.56 c for the initial reactivity and Hc,f = 260 cm for the joining fi.mction; ENDFiB-VI
data would have produced simikw results but with $W= 4.92 c and a shorter Hcd. %

CONCLUSIONS

Transients generated by the movement of control rods in a fhll mock-up of a VVER- 1000 reactor at
beginning of life and cold conditions were analyzed with a quasistatic model. The comparison of the results
with measured signals from several detectors (including detectors in the assemblies with the control rods)
shows very good agreement. Effective delayed parameters are determined primarily by the relative fission
productions between U isotopes, rather than the differences between the spectra of prompt and delayed
neutrons. The analysis is sensitive to differences in the reactivity scale between ENDF/B-V and VI delayed
neutron nuclear data. Recent measurements]o of the delayed neutron activity in ‘5U agree better with
Keepin’s and ENDF/B-V data. The studies presented here support the conclusion that American reactor
physics programs and data libraries can be used to analyze control rod withdrawal transients in partially
MOX-fieled VVERS.
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