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ABSTRACT _

The consequences of step reactivity additions above critical have been
calculated for HIFAR under conditions of no coolant flow and the operating
coolant flow rate of 400 kg s7l, In particular, the maximum core excess
reactivity that will allow loss of a central coarse control arm blade from
the core has been determined. '

In order to perform these calculations a cylindrical geometry version
of the neutron kinetics, heat transfer code ZAPP has been written and tested
against the experimental data from the SPERT III-E oxide core., The results

of this comparison are given as an appendix to this report.
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Figure 1 Calculated (HIFAR) and measured (SPERT II core BD22/24)
power burst parameters as a function of initial inverse

period

Figure 2 Calculated components of the total reactivity compensa-
tion as a function of initial inverse period

Figure 3 Comparison of calculated burst shape parameters for HIFAR
with observed values from SPERT II core BD22/24

Figure 4 Calculated power bursts for HIFAR under conditions of

Appendix A Calculation of Power Transients in the SPERT III~E

Figure Al Calculated and measured values of peak power as a
function of initial inverse period for SPERT III-E core
Figure A2 Calculated and measured values of energy release as a
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1. INTRODUCTION

In previous studies of the consequences of reactivity additions above
c¢ritical, Corran and MecCulloch [1968] and Wilson [1972] have considered the
power transients to be terminated by the action of power level or period trips,
although Turner [1965] prepared a qualitative estimate of steam void formation
shutdown,

The present work is an examination of the power transient behaviour of
the AAEC's research reactor HIFAR without consideration of the effects of
actuation of the installed safety system. Reactivity feedback coefficients
were obtained by four-group, two-dimensional diffusion theory calculations.
The method of calculating power transients was that developed by Clancy et al.
[1975, 1976] and Connolly and Harrington [1977] in analysing transient data
from the SPERT program. Specific sequences of events leading to the initia-
tion of a power transient are not examined, except for the case where a
central coarse control arm blade is supposed to fall out from the core. How-
ever, the results presented should enable conclusions to be drawn as to the
consequences of simple accident situations and whether further calculations
are warranted.

Because of the annular gecmetry of the HIFAR fuel element, a one-
dimensional cylindrical geometry version of the transient analysis code ZAPP
had to be written [Clancy, AREC report to be published). This version was
tested against experimental data from the SPERT III-E oxide core; a comparison
of calculated and measured transient parameters is given in Appendix A.

2, CALCULATION OF HIFAR REACTIVITY COEFFICIENTS

A fundamental difficulty with calculation of real and adjoint flux dis-
tributions in HIFAR is the large difference between the minimum 'cold clean!
critical mass of approximately 1 kg 235y and the fuel loading for normal
operation of approximately 3.2 kg 235y, A rigorous calculation should there-
fore include the spatial distribution of neutron absorption by the coarse con-
trol arm bank and the rigs present in experimental facilities.

Since this is a formidable problem, an XY model of the reactor was set
up and criticality forced by two methods; the first (method A) by a criticality
search on the core axial buckling qé and the second {method B) by a uniform
poisoning of the core and reflector. The intention was to demonstrate the
sensitivity of perturbation calculations to the real and adjoint fluxes ob-
tained by the two methods. Results obtained are shown in Table 1.

Use of the mean values of Table 1 in calculating the whole reactor temp-

erature coefficient at 45°C glves the value of-4.1 x 107% °c=1 which is in



TABLE 1
RESULTS OF HIFAR PERTURBATION CALCULATIONS

Reactivity Change S8k/k

Perturbation
Method a Method B Mean (A,B)
1% density change in coolant -1.59 x 1073 |-0.92 x 1073 |-1.26 x 1073
1 K change in coolant temperature | -2.18 x 10™% |-2.94 x 10™% |-2.56 x 107"
1% density change in all D,0 -2.65 x 1073 |-3.53 x 1073 |-3.09 x 10°~%
1 K change in temperature of all -2.58 x 10”% [-3.03 x 107" [-2.8 x 107%
D50 _

good agreement with the experimental value of -4.2 x 1074 eoc-l reported by
Wilson [1972]. The largest contribution to this coefficient is from the change
in neutron spectrum with change in the coolant temperature, and, since methods

A and B differ by 35% in calculating this effect, the uncertainty in the
calculated whole reactor temperature coefficient is considerably greater than
that indicated by the comparison with the measured value above.

As shown later, in the range of transients for which fuel element cladding
melting temperatures are approached, the major shutdown mechanism is produced
by steam voiding of the coolant channels. Experimental values of fuel element
void coefficients are few, and mainly confined to measurement of the reactivity
effect following cbmplete voiding of the 50.8 mm diameter central thimble of
the fuel elemént. It is highly likely that neutron streaming in this voided
thimble contributes substantially to the measured reactivity change, an effect
not included in the calculated void coefficient, or present in the small void
fraction which is needed to terminate a power transient. Using the mean value
from methods A and B for the reactivity change from a 1% reduction in coolant
density in the central fuel element gives -0.33 x 1072 8k/k cm~3 for the void
coefficient, compared with the value quoted by Wilson [1972] of ~0.46 x 10~°
Sk/k cm=3,

Although not entirely satisfactory, the reactivity coefficients used in
the transient analysis described below are those cbtained from averaging the
components obtained by calculational methods A and B. Much of this uncertainty
could be resolved by a systematic measurement of the void coefficient through-
out the HIFAR core.

3. SPERT II CORE BD22/24

Self-terminating power excursion tests have been performed within the



SPERT program with a reactor core (BD22/24) very similar to that of HIFAR.
This similarity is shown in Table 2, where the BD22/24 data are taken from
Grund [1963].

The major differences between BD22/24 and HIFAR which affect the trans-
ient behaviour of these reactors are found in the values of the prompt neutron
lifetimes, the heat transfer areas and coolant volumes/fuel element. The
last will primarily affect the value of the transient reactivity feedback
coefficient; an attempt has been made to calculate this for BD22/24 but with-
out success. The problem lies with the very large critical mass given for
this core which could not be reproduced by calculation. Direct calculation
of power transients in BD22/24 to verify the HIFAR model has not therefore
been possible; however some gqualitative features of transient test results
for this core are discussed later.

TABLE 2
COMPARISON OF DATA BETWEEN HIFAR AND BD22/24

Parameter BD22/24 HIFAR
Number of fuel elements 24 25
Lattice pitch (ram) 152.4 152.4
Fuel plate geometry flat slab annular
Fuel alloy thickness {rom ) 0.508 0.432
Coolant channel thickness {rorm) 1.85 3.40
235y/fuel element (g) 154 150
Heat transfer area (m?} 40 29
Prompt neutron lifetime (us) & 650 v 400
Max/average core power 1.5 1.6
Clean cold critical mass (kg) 2.8 v3.0
Coolant volume/fuel element {2) 1.5 2.5
Whole reactor temperature coefficient -3.3 x 10~% -4.2 x 1o0~*
(8k/k °c™1)
Central void coefficient -0.22 x 107° -0.46 x 107>
(8k/k em™3)

4. THE HIFAR TRANSIENT MODEL

The annular geometry of the HIFAR fuel element requires that a cylindrical
geometry option be written into the transient analysis code ZAPP. This option

has been checked by comparing transients calculated by ZAPP for the SPERT III-E



oxide core with experimental data. The results are given in Appendix A.

The complexity of the HIFAR fuel element and the relative uncertainty

in the spatial distribution of the reactivity feedback coefficient in the
core have led to some simplifications:

s reactivity feedback from metal éxpansioh has been neglected;

e reactivity feedback coefficients have not been weighted by
a power distribution;

e flux fine structure within the fuel element has been neglected
and the reactivity feedback cocefficients have been allocated to
the coolant channels on the basis of the fractional volume of
coolant within each channel;

¢ the mesh structure was made coarser to accomplish a reasonable
code running time and to meet restrictions on the permitted
nunmber of regions. (Even so, the fuel element was represented
by 94 regions and 182 mesh points}); and

e only fission energy appearing directly in the fuel alloy (95%)
was listed in the input., (Indirect heating from neutron slowing
down and gamma ray absorption was neglected because of the
likelihood that most of this heat would appear outside the fuel

element.)
All these approximations are believed to be either conservative or of

minor influence on the calculated transient behaviour.

4.1 Boiling Heat Transfer and Void Development

Boiling heat transfer shutdown was assumed to commence in the core when
the central fuel element cladding reaches 100°C. Steam void formation was
assumed to commence when the temperature at the same location reaches 150°C
and to grow at the linear rate of 250 % ¢! thus generating reactivity feed-
back at the rate of -0.5 Sk/k s~1, As it will be shown that steam void forma-
tion as a shutdown mechanism becomes important in HIFAR at much lower values
of initial inverse asymptotic pericd (ao) than in the SPERT I cores, this
simple model of steam void growth will be discussed in more detail.

Clancy et al. [19276] found that the void development rate of 250 2 s~ 1
commencing at a central core cladding of 150°C provided a good fit to transient
data measured on SPERT I core D12/25. For this core, a central temperature of
150°C implies that n 70% of the core heat transfer area has a temperature in
the range of 100 - 150°C., If boiling steam voids are assumed to develop

uniformly over this area, then the total rate of void development of 250 & s~1

corresponds to a rate per unit heat transfer area of 16 mm s71,



Void volume development data, obtained by photographic observations on
thin platinum ribbons immersed in water and exponentially heated, have been
reported by Johnson et al. [1961]. If the early stage of void development
and collapse, caused by the very low heat capacities of these ribbons, is
ignored, and a straight line fitted to the remainder of the data, rates of
void development per unit area of between 10 and 26 mm s~ ! are obtained for
values of initial inverse period in the range from 70 s~! to 200 s™!. It is
over a similar range of 0, (40 s~! - 300 s™1} that a void growth rate/unit
area of 16 mm s~ ! was found to provide a good fit to D12/25 transient data.

However, the limited data of Johnson et al. indicate that for smaller
values of oy the rate of void formation decreases rapidly, three values for
108! < g < 40 51 being ~ 1 mm s™l. as will be shown, this is the range of
0o for which void formation is important in terminating HIFAR transients if
the assumption of a 'trigger' temperature of 150°C is correct. Use of the
voiding rate derived from D12/25 in HIFAR calculations does, however, reproduce
the burst shape parameter %g Etm/Pmax observed in the SPERT II core BD22/24
and so it has been retained in the calculations reported here.

5. RESULTS OF HIFAR CALCULATIONS - NGO COOLANT FLOW

Burst parameters for a range of step additions of reactivity above
critical, preducing asymptotic reactor periods in the rangelfrom one second
to twenty-five milliseconds are shown in Figure 1, where the following sym-
bolism has been used;

P - peak reactor power (MW)

E{yy - enexgy release up to the time of peak power (MJ)

Ot - maximum cladding temperature rise at the time of peak power (°C)

tm =~ time to peak power (s}

Etot - total energy release in initial power pulse (MJ)

Omax - maximum cladding temperature rise produced during initial power

pulse (°C),.

Figure 2 shows reactivity insertion, total reactivity compensation and
the components of the total reactivity compensation as a function of the
initial inverse reactor period 0. Figure 3 shows the burst shape parameter
0o Etm/Prax as a function of og.

5.1 Discussion of Results - No Coolant Flow

Figure 2 shows that for oo > 10 s”1l, the importance of steam formation
to reactor shutdown increases rapidly; it equals the reactivity compensation
from heating of the coolant for a transient characterised by 6o = 14 s~1, and

is a factor of 2.5 larger for a transient in which ¢, = 40 s~1, Thus, in the
(e}



range of a, where core damage may be expected, the steam shutdown model plays
the dominant role in the calculated power history.

As a check on the validity of the steam formation model udsed in these
calculaticns, the computed shape factor GgE¢p/Ppax for HIFAR is compared with
the experimental results from the SPERT II BD22/24 core in Figure 3. Grund
[1963] quotes a value of 0.25 x 10”3 Sk/k em™3 for the central void coefficient
in BD22/25 which may be compared with the mean computed value of 0.32 x 1073
§k/k cm~3 for HIFAR. This similarity, together with the similar ratios of
maximum/average reactor power, makes it plausible to expect that the steam
vold induced reactivity effects will be similar in the two reactors; Figure 3
shows excellent agreement between the calculated shape factors for HIFAR and
those measured in BD22/24. This shape factor, a measure of the rapidity with
which the power rise is arrested, has the value 2.0 in the prompt critical
region for a shutdown in which the reactivity feedback remains proportional to
energy release, and the value 1.0,for an exponential sawtooth shaped power
pulse. The value of 1.25 observed in both experiment and calculation demon-
strates the markedly non-linear shutdown effects operating in these transients.

Flgure 1 shows that for a transient in which 0o = 40 g™l the maximum
cladding temperature is 380°C, peak power 330 MW and the total energy release
23 MJ. At the time of peak power, 5.75 { of steam void has been produced
(volume of coolant in one element 2.5 4) and,at the conclusion of the initial
power burst when the reactor power has fallen below, say, 10 MW, 23 & of
gteam. Clearly in an excursion of this magnitude, occasioned by the injection
of 2.4% 8k/k into a just-critical core at low power, a substantial number of
fuel elements will be more or less completely voided. This result is in agree-
ment with the conclusions of Grund [1963], who inferred that step reactivity
addition of 2.6% 8k/k is enough to cause localised melting of fuel plates in
core BD22/24.

Also shown in Figure 1 are the energy release and temperature data re-
ported for core BD22/24. WNote that, although Ey, values are more than twice
those of HIFAR, the temperature data are in much closer agreement, If the
reactivity feedback coefficients of the two reactors were similar, this result
would be expected because the most importént parameters would then be the heat
transfer areas and prompt neutron lifetimes of the twe cores. Table 1 shows
that the ratios of these quantities for BD22/24 and HIFAR are 1.38 for the
heat transfer area and 1.62 for the prompt lifetime, giving an expected factor
of 2.24 between the energy releases for the two reactors at the same value of

Cf,o-



5.2 Loss of Control Arm Blade

The method usually postulated for the accidental addition of a large
reactivity step in HIFAR is for a control arm blade to break and fall out of
the core. Assuming, after Corran and McCulloch [1968]), that a central control
arm is involved, and its reactivity worth is 26% of the total bank worth, it
may be deduced from the present work that if the reactivity controlled by the
control arm bank at the time of the central arm break was 9.2% 6k/k, then the
core would suffer local meltdown during the initial power pulse.

Figure 1 shows that the proportionality of tem EO agl implies that most
of the reactivity feedback occurs close to the time of peak power. (Since
these calculations assume an initial reactor power of 10 kW, values of tyy for
other values of initial power N {(watts) may be obtained by adding a time
l/aoln(loh/PO) to the values of typ given in Figure 1.) Thus for all except
the fastest transients shown in Figure 1, there is a considerable time
interval for installed shutdown mechanisms to determine the course of a
transient, if such mechanisms are actuated by period trips. By way of example,
a transient for which the initial period is 50 ms, initiated at a power level
of 500 watts, would require a time of 500 + 150 ms to reach a peak power deter-
mined by the reactivity feedback coeffiéients of the reactor. This time is
sufficiently long to enable the control arm scram to play a decisive part in
terminating the transient.

Further analysis of the efficacy of the installed shutdown mechanisms
requires that a detailed sequence of accident events and initial core con-
ditions be postulated. Pfovided the additional shutdown mechanisms can be
reasonably represented as a linear ramp of reactivity, ZAPP is capable of
calculating the consequences of such accidents.

6. CALCULATIONS WITH COOQLANT FLOW

The necessity of providing axial sub-division in the reactor core for
the ZAPP flow model [Connolly & Harrington 1977] prohibited the use of the
explicit geometry fuel element model of the preceding sections because of
the limitations of the number of zones/regions in the ZAPP code. Instead,
the semi-infinite slab cell approximation was used, and comparison of this
model with no coolant flow with the zero coolant flow cylindrical model
showed that the calculated transient parameters were some 35% lower in the
former case. To this extent the results given for power transients under
conditiong of coalant flow are uncertain.

6.1 Results of Calculations with Coolant Flow

Figure 4 shows the power histories of the reactor following a represent-



ative range of step reactivity inputs. Discussion of these results is
difficult because of the complex interaction of flow, boiling heat transfer
and reactivity feedback. However, it may be noted that for initial reactor
periods less than the transit time of the coolant across the core {156 ms},
the first power peak is similar in magnitude to that obtained in the no-flow
case; the major effect of flow is seen in the post peak power variation. For
periods much longer, thelsharply defined power peak disappears and the reactor
power rises to a quasi-equilibrium level much greater than the peak power ob-
tained for the same period under no-flow conditions.

7. CONCLUSIONS

Power transients under no-coolant flow conditions have been calculated
for HIFAR for a range of step reactivity additions to the core. Because a
realistic model of the HIFAR fuel element has been used, it is considered that
the principal uncertainty in these calculations is the magnitude of the
reactivity feedback coefficient and the steam void rate of negative reactivity
insertion. The close similarity between the calculated burst shape parameters
for HIFAR and BD22/24, gives confidence that the errors for HIFAR are not
large. Therefore the estimate of 2.4% &k/k as the reactivity step required
to produce significant core damage is considered reliable.

The uncertainties in the case of the calculated transients with coolant
flow through the core are much greater, because of both the simple represent-
ation of the fuel element, and the fact that the flow model itself has been
tested against only a relatively small range of experimental data. However,
in the range of transients for which core damage might be expected, the transit
time of the coolant through the core is sufficiently long, compared with the
reactor periods, to ensure that the effects of coolant flow are significant

only in the post~peak time interval.
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APPENDIX A
CALCULATION OF POWER TRANSIENTS IN THE SPERT III-E OXIDE CORE

The SPERT III-E oxide core was a small mock-up of a typical PWR core.
Power transient data were cbtained for a range of initial core conditions
corresponding to those encountered in operation of a commercial unit. &
description of this reactor and the experimental results have been given by
McCardell et al. [1965].

Calculations of power transients in this core have been made to test
the cylindrical cell option of ZAPP and to furﬁher test the coclant flow
model used in the analysis of SPERT II transients by Connolly and Harrington
[1977].

The SPERT III-E core fuel pin consisted of a U0, pellet, radius 5.334 mm
a helium gas gap of 0.076 mm and stainless steel cladding, thickness 0.508 mm.
These pins were mounted in the fuel elements in a 5 x 5 array on a sguare
lattice pitch of 14.86 mm. The coolant area was converted into an annular
region of the same area for the ZAPP cell representation. The value of the
gas gap thermal conductivity was taken from data given by McCardell et al.
[1965], as were values of the fuel Doppler coefficient and coolant void
coefficient. The cocolant spectrum reactivity coefficient was inferred from
the data of McCardell et al. by assuming a reflector spectrum reactivity
coefficient of 107" 8k/k °c~1, [Wajima and Yamamoto 1965].

The system conditions for the E core experiments were as follows:

Accident Coolant Inlet Initial Reactor
Conditions Temperature Power
Cold start-up 21°C 5 % 107° MW
Hot start-up 127°C or 260°C 5 x 107% Mw
Hot standby 260°C 1 MW
Operating power 260°C 20 Mw

ZAPP Calculations of cold start-up transients are shown in Figures Al
and A2. Excellent agreement with experiment is shown over the whole range
of experiment.

A comparison of caleculated and measured burst parameters for a represent-
ative range of hot start-up excursions is. given in Table Al, Good agreement
between experiment and calculation is demonstrated.

Only a limited number of hot standby and operating power transients were
measured in the experimental program, and all tests were for a coolant flow
rate of 427 ms™!. Table A2 shows the results of experiment and calculation.

In the case of operating power transients, it was found that the caleculations
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APPENDIX A (continued)

TABLE Al
HOT STARTUP EXCURSIONS

o Flow “max “max S Fem
o (M) (M) C/E (M) (MT) C/E
(s™h) | ms™1) C E C E
Initial Temperature 120°C: Pressure 10 MPa
97.1 4,27 295 280+42 1.0540.15 6.25 6.3%1.1| 0.99+0.17
51.0 4.27 86.7 78+12 1.1140.15 3.50 3.2#0.5| 1.09+0.16
23.5 4,27 23.7 2243 1.08%0.14 2.29 2.0%0.3| 1.14+0.15
9.8 4.27 10.7 9.1%1.4 1.17+0,15 4,27 4.3%+0.7| 0.99%0.16
4.78 4.27 7.8 6.8+1.0 1.15+0.15 |9, 5% 7.6%1.3 -
14,31 6.70 13.6 11+2 1.24+0.18 2.77 3.2+#0.5| 0.86%0.16
8.48 7.3 9.6 | 7.8%1.2 1.23+0.15 5.39 4.8+0.8| 1.12+0.17
Initial Temperature 260°C: Pressure 10 MPa
103 - 4,27 475 410+41 1.16+0.10 9.13 8.5+1.1{ 1.07+£0.13
48.5 4.27 115 97t10 1.18+0.11 4.77 4§ 4.5%0.6| 1.0640.13
14, 24 4.27 19.8 l6t2 1.2410.12 4.44* | 3.3+0.4 -

*Broad topped bursts - Eqy not well defined

were very sensitive to the rate at which the excess reactivity was inserted.
This is because the initial power level was so high that reactivity feedback
commenced while the reactivity was being inserted and the reactor did not

attain an asymptotic period. The rate of reactivity insertion was estimated
from rod withdrawal rates given by McCardell et al. [1965] as 0.121 s~l; the

1 is also given in Table AZ2.

effect of increasing this to 0.125 s7
Again, satisfactory agreement between experiment and calculation is ob-
tained, although to make the comparison meaningful, the operating power test
would require very precise knowledge of the reactivity insertion rate. Examina-
tion of the reactivity compensation data shows that the major part comes from
the Doppler effect in the fuel and this fact, together with the low thermal

conductivity of the oxide fuel, makes these transients more insensitive to flow

rate than the highly enriched, thin fuel plates of the SPERT II reactor.



APPENDIX A

TRBLE 2A

(continued)

HOT STANDBY AND OPERATING POWER EXCURSIONS

Reactivity Pmax Pmax Etm Etm

Insertion |Conditions | (MW) (MwW) C/E (M4J) {MJ) C/E
(8k/k) C E C E
0.00959 Hot 141 120+£10 |1.18+0.08 4.914.5x0.6 1.0940.13
0.0108 Standby 704 620160 |1.13*0.10 11.3 111 1.03+0.09
0.121 g~1 . 439 | 610#60 |0.72%0.10 | 11 1742 0.64+0.12

Operating
0.125 s~ 590 610+60 (0.97+0.10 13 17+2 0.76+0.12
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