




















SUMMARY

The Reactivity Initiated Accident (RIA) test series is being conducted
in the Power Burst Facility (PBF) to provide information on nuclear fuel rod
behavior during postulated accidents involving sudden rapid transients in
power reactors. During a typical RIA experiment the PBF is operated in the
“natural burst" mode, exposing one or more commercial-type fuel rods
located in the central experiment space to a large, rapid and nearly adia-
batic deposition of fission energy. This prompt energy deposition is
followed by an extended (several-minute) period of delayed energy deposition
caused by the release of delayed neutrons into the subcritical PBF core
after the control rods are inserted to terminate the transient. The delayed
component of the deposited energy can be as much as 15-25% of the total.
Some of the techniques used to measure energy deposition in the test fuel
during RIA experiments do not distinguish between the prompt and delayed
components. Others do not, for various reasons, give reliable results for
the delayed component. Accordingly, reactor physics calculations have
been completed to compute the delayed fraction of both the total fissions
and the total energy deposition in the test fuel rods for five RIA experi-
ments conducted in the recent past. The calculated delayed fractions
should be useful in correctly interpreting results obtained from the
various measurements of the energy deposited in the test fuel during
each RIA experiment.

Two independent techniques were used to compute the delayed fractions;
1) a method based on steady-state neutronics calculations for the PBF core
and experiment space, and 2) space-time kinetics calculations. Due to
geometric limitations inherent in the computer program used for the
"steady-state" approach, the space-time kinetics results are more physically
realistic. They are given below:

ii










































2.2 Space-Time Kinetics Calculations for Delayed Neutron Multiplication
in the PBF

The "steady-state" model described previously will yield a computed
delayed fission fraction that is extremely sensitive to the assumed degree
of subcriticality (shutdown margin) after termination of the burst. This
is a consequence of Equation (2.2). In the physical situation, the shut-
down margin changes during a few-minute period following a burst, primarily
because the core fuel is cooling off. Also, the shutdown margin following
a burst is dependent upon the total energy released during the burst (and
thus on the burst period). If cross sections are computed to reflect the
true core temperature (or perhaps some time average) for the time period
after a given burst then the steady-state model can be made to approximately
account for these effects. Another, more realistic (and expensive) approach
is to model the entire transient (burst and tail) using space-time kinetics
calculations for the core and test space, accounting explicitly for changes
in control rod position and for space- and time-dependent fuel temperatures.
One can then directly obtain the fraction of fissions occurring in the test
fuel during the tail or any other arbitrary segment of time during the |
transient since the power-time history and the power-time integral as a
function of time for any region of interest are computed directly.

To do this, we employ a modified version of the TWIGL[SJ program.
TWIGL solves the coupled space- and time-dependent neutron diffusion and
thermal-hydraulic equations for a reactor in two-dimensional rectangular
(X=Y) or cylindrical (R-Z) geometry. The thermal-hydraulic treatment in
TWIGL is somewhat Timited, but still applicable to the PBF where the primary
reactivity feedback mechanism due to thermal effects is Doppler broadening
of the fuel absorption resonances with increasing fuel temperature.

The PBF-TWIGL model is in X-Y geometry. This geometry choice allows
the control rod geometry to be more correctly represented than in the
cylindrical SCAMP model. This should allow a more accurate accounting for
the effect of the control rods (after they are inserted to terminate the
burst) on the local neutron multiplication near the experiment space.
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The Figure of Merit, or ratio of test fuel linear power density to
PBF core power, is not calculated exactly by TWIGL since the test fuel cross
sections are not necessarily correct for each RIA experiment and diffusion
theory would not give the right test fuel power even if they were. The
RIA experiments to date have consisted of either one or four wideiy
separated low-enriched rods, surrounded by water. We assume complete
decoupling of the test and core, i.e., the flux in the test space depends
only on the core power and is not significantly affected by the test
fuel. Accordingly we can simply modify the TWIGL-calculated test powers
to conform to the true figure of merit and the calculated delayed fraction
of total fissions in the test fuel will still be the same as the value that
would have resulted if the test fuel cross sections had been adjusted in TWIGL
to give the correct FOM for each case. For later RIA experiments involving
large bundles of rods this procedure will probably no Tonger be valid.

A simple program, TPLOT, described in Appendix E was written to process
the TWIGL output for each case into a form suitable for reporting. TPLOT
reads time-dependent region powers from the TWIGL output tape (TAPE8),
does the required test power renormalization to obtain the correct figure
of merit, and (for each time point) prints out core and test power and their
accumulated time integrals for use in determining the tail fission fraction.
The data are also punched on cards for reading by machine plot programs.

TWIGL assumes a constant energy per fission (the transient value in
our case). Accordingly, the edited powers are really more analogous to
the time-dependent fission rate for the system before equilibrium, as 1is
the case for the RIA transients. From the TPLOT calculations we obtain Fg,
the fraction of total fissions occurring in the test fuel after scram.
Therefore (1-Ff) will be the fraction of total fissions occurring during
the burst. Further, we assume that the equilibrium energy per fission in
the test fuel differs from the prompt energy per fission by a factor (1 +a),
where o is typically between .05 and .07. Since the time-integrated energy
per fission for the entire transient (burst plus tail) must equal the
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Appendix F contains plots of computed core and test power for all RIA
experiments examined, along with listings of the actual calculated power-
time data. The accumulated power-time (energy) integrals used to compute
the data in Table IV are also given. It should again be noted that all
TWIGL-computed data are based on a constant (transient) energy per fission.
This is corrected for in the energy data given in Table IV through the
use of Equation (2.21).

We note from the power-time integrals given in Appendix F that the
fraction of the total energy deposited in the test fuel during the tail
is larger than'the fraction of the energy deposited in the core fuel during
the same time. This is another indication of the higher local neutron
multiplication near the experiment space.

3.3 Spatial Flux Shape Changes in the PBF During a Transient

When the PBF is operated in the natural burst mode, the transient rods
are initially fully inserted and the control rods are set at the position
that will give the desired reactivity for the burst when the transient
rods are fully removed from the core. The transient rods are then rapidly
driven out, the burst occurs and, finally, the control rods drop fully into
the core to maintain the reactor in a shutdown condition as it cools off.

The initial fission power for a burst is generally quite small, less than

1 watt. When the transient rods are removed to initiate the burst, the
spatial flux shape in the core must adjust from the shape appropriate to

a subcritical configuration with the transient rods in to that shape appropri-
ate to some supercritical configuration with the transient rods out. The
usual assumption has been that this shape change is completed long before

any sensible power is generated anywhere in the reactor. In fact, it is

this assumption that allows us to begin the TWIGL calculations described

in Section 3.2 with a flux guess corresponding to a transient-rods-out
configuration. To demonstrate that this is a reasonable procedure, a TWIGL
calculation was run for the RIA 1-1 (3.1 ms) burst using an approximate
starting flux guess appropriate to a transient-rods-in configuration.

The calculational model was supercritical, with the transient rods fully out,
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1.3 Power Burst Radially Averaged Fuel Rod Energy

A11 of the columns under this heading refer to the radially-averaged
fuel energy at the axial power peak. The values given refer to the
total fuel energy due to the power burst deposition plus the energy
equivalent for initiating the power burst at 538 K, or 15.3 cal/g UO,.

1.3.1 Pretest Energy Target - This column Tists the total fuel
energy sought prior to conducting the power burst.

1.3.2 Core Chamber Data - This column Tists the total fuel
energy based on the core power chamber data from EV-1,.
EV-2, TR-T1, and TR-2. The fuel energies were obtained
by integrating each chamber current output (in terms of
MW-s) during each power burst to the time of control rod
scram. The total reactor energy was then multiplied by
(a) the ratio of test rod peak power to reactor power,
(kW/m/MW), as measured by each core power chamber during
the steady-state power calibration, and (b) by the ratio
of

Test rod energy per fission during a power burst

Test rod energy per fission during steady-state operation.

The test rod energy thus obtained in terms of (kw's) was
m

converted to cal/g U0, using appropriate conversion factors
of 238.89 (ca] > and number of grams of UQ, per metre

kW-s
length of fuel pellets for each type of fuel rod. The
calculated energy was increased by 15.3 cal/g U0, to
account for an ambient temperature of 538 K.

As shown in Table III, there is a large scatter in the
core chamber data for the four rod tests, RIA 1-1 and
RIA 1-2, where separate data from each of the four core
chambers for each of the four rods was processed. The
average fuel energy for RIA 1-1 is 254 cal/g UQO, with

a standard deviation of 31 cal/g U0,. The average of
the four core power chambers for Test RIA 1-2 is 192
cal/g with a standard deviation of 15 cal/g UO,.

Large differences were noted between narrow band and
wide band DARS channels of the core chamber data on

the 50 MW ranges prior to the power burst and several
seconds after the power burst. The narrow band and

wide band data could not be compared during the power
burst due to the time response limits of narrow band
channels. Since only the narrow band data was available
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TABLE C-I
SCAMP MODEL OF THE PBF CORE AND EXPERIMENT SPACE

Region Material Material ID Outer Radius (cm)
1 Test Fuel 16 0.093
2 Test Fuel 16 0.186
3 Test Fuel 16 0.279
4 Test Fuel 16 0.372
5 Test Fuel 16 0.465
6 Cladding + Gap 17 0.535
7 Water 12 0.815
8 Shroud 14 1.130
9 Water (bypass) 12 6.035

10 Flow Divider 11 6.350
11 Water (downcomer 13 7.750
12 Inconel In-Pile Tube 3 10.004
13 Gas Gap 2 10.479
14 Aluminum Filler 4 13.665
15 Canister Plates (A1) 5 14.689
16 Core Fuel 1 19.903
17 Canister Plates (A1) 5 20.591
18 Core Fuel 1 24,584
19 Canister Plates (A1) 5 25.223
20 Core Fuel + Steel Shims 18 28.666
21 Transient Rod Region 6 31.151
22 Core Fuel + Steel Shims 18 37.184
23 Canister Plates (A1) 5 38.050
24 Core Fuel + Steel Shims 18 43.247
25 Canister Plates 5 43,857
26 Core Fuel 1 47.469
27 Control Rod Region 7 51.817
28 Core Fuel 1 56.934
29 Canister Plates 5 57.687
30 Core Fuel 1 61.117
3l Canister Plates 5 62.873
32 Core Fuel 1 66.109
33 Steel Reflector Region 9 68.558
34 Aluminum Reflector Region 8 74.674
35 Water Reflector Region 15 94.674
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APPENDIX E
TPLOT - A PROGRAM TO PROCESS TWIGL OUTPUT TAPES

TPLOT, listed in Table E-I reads the TWIGL output tape and processes
the data into various more useful forms. As an example of the computations
performed, we use the case of RIA ST-3. The correct Figure of Merit (FOM)
for this experiment is 2.4 kW/m-MW at the axial flux peak. The TWIGL FOM
is different, as discussed in Section 2.2, and must be renormalized. From
TWIGL, the unnormalized power in the test fuel region at time t = 0 is
1253.42 Btu/hr = .036725 kW. The total power is 0.1 MW = 100 kW. Therefore:

FOM (Rods Out) = 0.36725 = 4.0311 KW/m-MW  (E-1)

(0.9144)(0.1-0.36725x10"3)

From a similar calculation we find that the control-rods-in FOM is
5.5442 kW/m-MW. Since the correct rods-out FOM is 2.4 kW/m-MW, the TWIGL
rods-out results should be corrected by a factor of: '

CF = HT%%%T = 0.59537 (E-2)

This factor automatically includes a factor of 1.12 for an assumed control
rod position during the burst of 12 inches inserted. Thus, to normalize
the TWIGL test powers, which are in Btu/hr for 1/4 of the test fuel:

P et o - (1.12)(0.53158) (Py gt myrgr) (4+0)
> (3413.0)(0.9144)

-4
(1.12)(6.8133x10™") (Py ot Tyir6L)

(1+RFAC)(TPCF)(Ptest,TWIGL)

And the normalized core power is given by:'

Peore,norm = (Ptota1,TWIGL)(4’0)'(Ptest,norm)(0'9144)(‘001)/(1'35) (E-4)

where 1.35 is the axial peak to average power factor for the experiment fuel.
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