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LEGAL NOTICE

This report was prepared as an account of Govern-
ment sponsored work. Neither the United States, nor the
Commission, nor any person acting on behalf of the Com-
mission:

A. Makes any warranty or representation, expressed
or implied, with respect to the accuracy, completeness, or
usefulness of the information contained in this report, or
that the use of any information, apparatus, method, or pro-
cess disclosed in this report may not infringe privately
owned rights; or

B. Assumes any liabilities with respect to the use
of, or for damages resulting from the use of any informa-
tion, apparatus, method, or process disclosed in this re-
port. .

As used in the above, “person acting on behalf of the
Commission” includes any employee or contractor of the
Commission, or employee of such contractor, to the extent
that such employee or contractor of the Commission, or
employee of such contractor prepares, disseminates, or
provides access to, any information pursuant to his em-
ployment or contract with the Commission, or his employ-
ment with such contractor.
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ABSTRACT

This report is a compilation of six preliminary memo-
randa describing accident and transient studies applicable
to Kiwi-B reactors. The work was done primarily to deter-
mine an optimum control rod system from the standpoints
of good system performance and good safety characteristics.
Two control rod systems were considered, One was the usual
combination of slow shim rods to establish the quiescent
operating level, and a small number of fast regulating
rods to obtain good system performance for small pertur-
bations., In the second system all rods were identical.
Various combinations of maximum rod velocities were
considered for both systems.

Memoranda N-4-719, "Reactor Transient Calculations --
IBM 704"; N-4-723, "Kiwi-B Accident Studies, Part I"; N-4-747,
"Kiwi-B Ramp Reactivity Transients'; N-4-771, "Kiwi-B
Ramp Reactivity Transients -~ II"; and N-4-777, "Kiwi-B
Accident Studies (Part 2)" contain digital and analcz
computer data for various combinations of accidents and
control rod systems, N-4-784U, "Kiwi-B-1 Control Vane
Yelocity Limiting'", contains a summary of this work and
the conclusions which were reached.
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REACTOR TRANSIENT CALCULATIONS =~ IFM 70k

19 September 1960

The neutronics code ROK permits the representation of reactivity
as a power series in time plus a constant-frequency harmonic. This
has been modified (and called ROL) by the author to permit instead
the representation of reactivity proportional to sin2(8/2).

Reactivity is represented as a constant C, plus

Cl{sin2 -{.’Té'l(t - 02)/C3] - [sinz %‘. %]

- .
+Ch(sin2[’;} (t - Cs)/Cé] -tsin2 %’_ 'C%J}

where C, and Ch represent the positive or negative reactivity worth of
regulating and shim systems, C3 and Cg the respective full travel times,
and Cp and Cg the initial position (in time) to permit a non-zero time
problem start. '

Power transients from a constant power start have been computed for
a total regulating and shim system worth of $1l.L4 and $7,0 respectively
(at beta = 0.0065), and a neutron lifetime of 32 misroseconds.

Control element travel was such that full motion of the regulating

rod system took 0.5 second, and that for the shim either 18 seconds or

2 seconds,
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exCursi'ons werevaried as follows:

(a2) €& = 90°. This permits starting an excursion at the maximum
reactivity removal rate (approximately 1.8 times the "average" rate).
For example, at 0.5 and 18 second reactivity removal and shim removal
rates, Co and Cg are 0.25 and 9.0 seconds.

(b) 0.3 second from the full out position. This starts the
excursion at a lower reactivity removal rate, but also insures that
when the scram motion commences the reactivity insertion rate will be
small, resulting in a slomer decrease from the scram power level. At
0.5 and 18 second rates, Cp and Cg are 0,2 and 17.7 secondse

(¢) = (d) 0.25 and 0.2 second from full out. The last three
cases are of course not to be reasonably expected unless there is some
drastic miscalculation or misfortune in setting the operating positions
of the control system, but still cannot be disregarded.

Starting then at these various positions, power transients were
computed, and curves of P v t plotted from which typical scram signals
were selecteds These included relative power levels of 1.2, 1.5, and 2.0
times the initial power, and periods of 300, 200 and 100 ms. Addition~
ally in a few instances relative power level scrams of 1.0 were selected
to give a base point or minimum power rise and heat generatione.

To the time at which each scram signal occurred, a suitable delay
time (20 or 100 ms) was added. Conditions existing at that new time
were recerded, and used as starting conditions for scram. Full travel
scram times were generally 0.5 second, although some runs at 0.25 second

were made,
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TEMPERATURE RISE

The area under the power profile (rise plus scram) was then
assumed to represent an unwanted excess of power above the previously
constant power. Flow rate was assumed to remain unchanged during this
excursion. Therefore temperature of the fuel elements was assumed te
continue rising until power level fell back to the initial constant
value, after which it would start to decrease., Taking peak temperature
rise as the determining factor, calculations were not continued beyond
that point.

A simple code (TVP « Temperature vs Power) was written which
calculates average temperature rise and peak temperature rise vs time,
as well as an exponentially attemuated peak temperature rise at the
end of the excursion. The average temperature rise at any time is
taken as

AT=Zap x4t
t mXep
The rise in peak temperature was taken to be a constant times the rise
in average temperature, where that constant was determined from a KIB
calculatien performed by O. Farmer. For constant flow rates, and
power constant at 90, 100, 110 and 120% of full power, the ratio of the
change in peak temperature of the loaded fuel element to the change in
average temperature was found to be constant at 1.28.
The rise in peak temperature during each time interval was alse

attenuated exponentially from that interval to the end of the excursion,
with a 3 second time constant,
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Other constants used were: cp, specific heat of 0.52 Btu/1b = °F,
m, mass of 545 kg, and At, average time intervals of 10 ms, initial
power of 1000 MW, and fraction of power locally deposited of 0.98.
RESULTS

Figures 1 and 2 show rise in average temperature vs power level

when scram starts, for the 18 second and 2 second full travel shim withe
drawal times. The ordinate is plotted in order to permit the arbitrary
mixing of scram signals and delay times,

Figures 3 and L show power profiles, Used with Figures 1 and 2, they
permit this arbitrary mixing to be estimated,

Figures 5 and 6§ show rise in average temperature vs power level
when scram is signalled, fer 18 second and 2 second shim full travel times,
and for 0.10 and 0.02 second delay times,

A comparison of Figures 3 through 6 shows the following ==

18 second shim travel: for approximately 1/l second, the relative

power profile fer the theta equals 90° start slightly exceeds that for the
0.3 sec from full out start, the two curves being nearly parallel. There-
fore a given power level scram signal would cause an earlier scram for
the 90° case than for the 0.3 sec case and, since the curves are nearly
parallel, the longer-running case (0.3 sec start) will show the greater
temperature rise because of a greater net area under the power profile,
MW-seconds (see Figures 3 and 5),

2 second shim travel: at all times, the powsr profile for the theta

equals 90° start exceeds that for the 0.3 sec=from~full~outeposition starte
For small (0.02 sec) delay times, at low power level scrams (1.5), the

curves have not diverged greatly, and as befere, the temperature rise is

E’é .:; .;. .:8.§. ::.
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greater for the 0,3 iobade. °§However°, for large delay times, the 90°
case power rises se very much faster than the 0.3 sec case that, even
though the latter takes a lenger time to reach scram initiation and
the end of the excursion, the area under the former power prefile
(MW-secends) causes a much greater temperature rise.

The tables below indicate the temperature rises found fer various
cases, where in a2ll instances,

(1) Regulating system = $1.b

(2) Shim system w $7.0

(3) Regulating system full travel withdrawal time = 0.5 sec

(4) Py = 2000 MW

(5) ep = 0.52

(6) m = 545 Kg

(7) Time constant = 3 sec

(8) Peak=te-average temperature rise = 1,28

(9) Fraction ef power locally deposited =z 0.98

CONCLUSIONS

Excursions start: mere cases should be examined. Nevertheless,

for the 18 second shim withdrawal condition, since the shims are removing
poisen much more slowly than are the regulating reds, regulating rod
poslition is dominant; and for the regulating red, there is little
difference among the cases of 0.3, 0.2 and 0.25 (8, = 90°) secend frem
full out. For the twe second shim withdrawal case, where shim reactivity
rates are comparable to regulating rod rates, the € = 90° (mid-~positien

start and highest withdrawal rate) is the worst of those considered.

R T T A
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TARLE X: 18 SEC SHIM WITHDRAWAL TIME (FULL TRAVEL)

L P " — —
tatart Scram tocram Ydelay tn F:G‘in) Tacram QT Mpk Z{‘Tpk'wt/3
_—y o "
0.3 sec 300 ms 0,075 s 0010 » Oel(> ® 3.1k 0.5 s 3,0 F wis r Kar
I l l ¢ 25 271 348 339
frem Y
002 «095 1.63 o5 63 Bl B0
full eut l i l 25 51 66 65
¥
poeition 140 Power <) 010 ¢10 1.68 -s 72 93 ’1
(shin and 1.5 085§ 10 185 3416 105 518 500
002 .105 1.15 8Y 108 106
regulating) .
RALAN 2,50 «150 0 15 | 2.5 aé '3 269 voee
s0vsee '-1099 02-20 «220 l«lo99 723 925 889 ° L]
[ ] ® o 000000
S.ime 6.53 245 245 6.93 1020 1310 1250 $ .
Srenst 8,06 «265 Y «265 8,06 Y 1430 1830 1750 secsce
ot 062 sec 1.5 Power | D310 0,10 0420 2,00 (Max)] 0.5 228 292 261 geeees
cedece 1 25 193 2u7 2lo o
n‘ o T ! ......:
cecees 02 012 1,63 o5 85 109 106 .
: oo. full eut b ) & * " 25 67 8s _8&____ geesee
e e’ 300" ms 0.04 0.10 0.1k 2,47 0.5 1n 219 215 et §
oy m 90" { | ¢ 25 13 m 169 o e o
(shim and .02 +06 1.63 5 18 23 22
4 l i ' .25 17 23 22
regulating s v
1.5 Power 2075 20 o175 3.3 o5 260 333 326
in migd~ 'L .02 0095 1&73 55 71 70
positiens) 5902 220 0 0220 5.00 l 545 698 677
6431 «250 } 250 6.37 713 990 958
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TABLE II: 2 SEC SHI¥ WI THDRAWAL TIME (FULL TRAVEL)

j = ' -t/3
Ystart Scram Yseram Ydelay tin Po( t4n) Tseram | AT ATpk Za Tok®
0.3 mec 300 ms 0.02 8 0,10 s 0.12 8 3.26 0.5 8 2kS F gt 0T F
02 o0l 1430 pI A 17 17
frem
> 200 ms 05 »10 o15 S.T1 516 31 nt
full out l L 02 07 1.7l 52 67 73 I LY
[ ] [ ] [ 1] L (
AT pesitien 1.5 power +055 .10 155 6.38 635 813 791 o« o '
. . i l 02 175 1.81 63 81 8o decees ‘
:....: (Bhil and XY XYY [
PYoY YY) 20“‘ 010 V] «10 2.“} 137 176 172 L4 :
s e regulating)| L.65 1k ok Lo65 k30 550 535 . . '
Sereed 8.11 165 ' 2165 8.11 ' 801 1026 966 :"':f
P o000 ‘
seeys 0.2 sec 1.5 Power | 0,07 0.10 0.17 2,77 0.5 327 118 Lok A ]
H . 4 J' ; 25 263 336 328 cosoes
W esse0e frem ®eees’ !
fo ®veee’ 02 «09 1,72 5 67 86 8L
o full eut ¢ ; 1 25 55 n 70
F'H 3.06 020 (o} «20 3.06 (Max) o5 L87 586 562
r e, = 90" ns 0,005 0.10 0.105 6431 0.5 369 L73 65
L g { 02 025 1.2 6 8 8
n (shim and
m 200 ms 02 «10 012 11.75 879 1125 u°3
regulating } | 02 o0l 1.50 20 26 25
in nid- 1,5 Pewer Ol 210 o1k 37.52 3570 4570 Llso
¥ ¥ 02 06 2,04 58 5 [
positiens)
3.45 .085 0 +085 3.45 172 220 216
h.Sh «095 «095 oSk 262 336 33
7.61 .110 Y .110 7.61 Y 526 67 661,
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Delay time: as expected, this is perhaps the most significant
factor. If a 20 ms delay time can te guaranteed, then the two second
shim withdrawal full travel time is quite acceptable.

Scram time: for the cases considered, the difference in rise in
peak temperature caused by a 1/k sec vs a 1/2 gec scram is negligible,
in most instances.

LIMITATIONS

Where possible, it was decided to err on the conservative side
(i.e., higher power rise). For example, reactivity temperature
coefficient is not included; in general the transients are over in a
few hundred milliseconds. Specific heat and peak-to-average temperature
rise were considered constant over the temperature range encountered.

It is realized the conditions considered here represent but a
few of many possible variations. Other shim and regulating rod with-
drawal (and perhaps scram) rates should be considered, as well as ether
excursion starting points. This can be done easier with an analoeg
cemputer, but it is hoped these calculations will serve as useful check-
pointse

As an estimate of computer (70h) time required, we have:

(a) One power excursion carried out for 300 milliseconds (a leng
time) - approximately 10 seconds,

(b) From the resulting curve of P vs t, various scram initiation
times were selected, and the power scrammed., One such scram cemputation

carried out fer 100 millisecends (generally a long time) ~ approximately
30 seconds,

(¢) Computation ef temperature rise - approxinately k secends,
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KIWI=B ACCIDENT STUDIES (Part 1)

23 September 1960

PURPOSE

Kiwi-B shim actuator velocity limit and scram rate has not been
resolved at the present time. Also, the maximum permissible scram
delay time has not been determined. The purpose of this study is to
determine effects of these variables on wall temperature overshoot and
determine optimum values.

DISCUSSION

A simplified simulation of Kiwi-B (Figure 1) was used to obtain
accident study data. The simulation consists of & fairly accurate
representation of regulating and shim vane dynamics (G.E. Actuators).

The neutronics simulation is a ladder type simulator with mean neutron
lifetime (¢*) of 3.3 x 10~5 sec (Neutronic Simulator, A. G, Bailey,
12/21/59). The heat exchanger is represented by a simple lag of 1.6

sec as determined by mass heat capcity of core, maximum power level and
maximum flow rate. A temperature reactivity of $1.5 per 50509F was used,
Propellant mass flow rate and reactivity due to hydrogen were assumed

to be constant during all runs.

All computer runs were made a maximum power and maximum flow rate
conditions with a power level scram at 150% of maximum power. The
accidents assumed were: all shim vanes moving out at their velocity
limited rate with regulating vanes fixed and all vanes, shim and
regulating, moving out at their maximum rates. Scram delay time,
shim vane velocity limit and shim vane scram speed were varied in
computer runs. Power level maximum wall temperature, change in
maximum wall temperature, regulating vane position, shim vane position
and total reactivity were recorded.

Figure 2 shows the effect of varying shim vane scram speed on
maximum wall temperature overshoot while maintaining a constant 180
per second shim vane velocity 1limit. Figure 2 also shows the effect of
having shim vane velocity limit equal to the scram speed. All computer
runs shown in Figure 2 used a 20 ma scram delay,
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The effect of scram delay time on wall temperature overshoot is
shown in Figure 3. Three curves, 1i5%/sec velocity limit and seram
rate, 90°/sec velocity 1imit and scram rate, and 18°/sec velocity
1imit with a 90°/sec scram rate, plet maximum wall temperature overshoot
vs scram delay time, Vanes were all set at 126° at the start of each
computer run. Regulating vane maintained a constant position during
all runs,

Figure L4 is the same as Figure 3 except that the regulating vane was
included in the accident study.

Figure 5 is a repetition of the 90°/sec and 18°/sec shim vane
velocity limit curves of Figures 3 amd L with all vanes starting at 90°
instead of 126°.

CONCLUSIONS

Figure 2 shows that increasing the scram speed beyond 2009/sec
dees not decrease temperature overshoot significantly during an accident.
Figure 2 alse shows that an increase in velocity limit actually causes
a decrease in temperature overshoot with a 20 ms scram delay.

Figures 3 and L indicate that if scram delay time is less than 35
ms a 459/sec velocity limit apd scram er a 90°/sec velocity limit
and scram is better than a 18 /sec velocity limit with a 90°/sec scram,

Figurs 5 shows that an accident at 90° vane starting position and
a 90%/sec velocity limit, produces higher temperature overshocots, when
delay is long (75 ms), than does the same accident at 126® vane starting
position. It alse shows, however, that temperature overshoot is within
design tolerances if scram delay time is kept below 35 ms,

e
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KIWI-I» RANP REACTIVITY TRANSIENTS

27 Cctober 19869

The September monthly progress report and this
report, "Reactor Transient Calculations -- IBM 704" describe
the calculation of power transients using the ROK neutronics
code, and the computation of the resulting temperature rise
using the TVP code. These previous calculations were based
upon reactivity excursions caused by control element motion,
and simulated the approximate sin2 g reactivity dependence.

Subsequently, calculations have been initiated to deter-
mine the effects of ramp reactivity additions, in order to
estimate reactor behavior in regions near prompt critical
under severe accident conditions.

Because it may be possible to mechanically adjust control
vane mdfion such that reactivity rates are nearly constant (Ak
proportional to time rather than sin2 g), scram was simulated

as a negative ramp.
Accidents are postulated as follows:
(1) From an initially constant power level, positive

reactivity additions commence,and power curves are plotted

as a function of time.

co 0 foe
o°
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(2) At the instant of scram initiation, twelve 70¢
control elements start to insert poison at a linear
rate dependent upon full stroke scram time, Tgeram-
Travel is limited to the insertion of only one half

the total worth, in order to simulate more realistic

conditions.

(3) Before, during and after this scram action, the

positive ramp reactivity addition is postulated as

still occuring. This reduces the control elemeant scram
effectiveness and also gives an indication of whether
the system can be shutdown completely.

Table I (on page 28) indicates relative power level as a
function of time (neglecting temperature coefficient) for
positive reactivity ramps, where f*= 32 psec and B = 0.0065.
PC = prompt critical. (Table I)

The $10/sec rate was selected as representative of a
severe accident, and for various scram signals and delay
times the system scrammed. Representative full stroke scram
t imes used were 0.5, 0.35, 0.25 and 0.1 second, while the
corresponding scram motions were permitted to last 0.25,
0.175, 0.125 and 0.05 seconds.

The core was simulated as 545 kg of loaded fuel elements,
with a specific heat of 0.52 Btu/1b-°F, and a peak-to-average
temperature ratio of 1.28 to 1, The rise in average loaded

fuel element temperature, in peak fuel element temperature,

. 2%
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TABLE I
Ak Rates
t $2/sec $ $5/sec $10/sec $ $20/sec $40/sec
0 1.0 1.0 1.0 1.0 1.0
25 ms 1.04 1.11 1.24 1.59 2.85 (PC)
50 1.10 1.29 1.75 4.07 (PC) 73.0
75 1.17 1.53 2,83 28,3 151000,
100 1.24 1.87 5.92 (PC) 1390.
125 1.32 2.41 20,2
150 1.42 3.31 162,
175 1.53 5,01 4090,
200 1.66 8.89 (PC)
225 1.82 20.2
220 2,01 66.7
275 2,24 365.
300 2.52 3580,
400 4.86
500 17.3 (PC)
600 350.
e o o o e o .
46 cee vee ses sse oo
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and the rise in peak fuel element temperature at the end of
the excursion (P/P, returned to 1.0) attenuated with a 3
second time constant were computed. Some results are tabula-
ted in Table II.

These results indicate that for a severe accident situa-
tion such as the $10/sec reactivity ramp, where the possibility
exists of approaching or exceeding prompt critical, a short
scram time is necessary. Depending on the severity of the
acclident expected, scram delay times, and scram worth, it
appears that full travel scram times in the order of 1/4
second would be desirable,

Still to be calculated are conditions obtaining as a
result of a positive reactivity ramp starting from some
positive period rather than steady state. This should

yield still more stringent réquirements for the scram system.

". ‘."r'r?‘_' 7"?%‘1’, ﬂ-u,
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TABLE II
P
SCRAM DELAY t -
SIGNAL TIME tscram F;( scran) Tacram AT ATp) Z(ATPke -%)
F=l2 20ms Lsms 1.62 05s SuF T0F 68 F
[+
1,2 20 Ls 1.62 0.25 29 37 37
1.2 100 125 20,2 0.5 Cannot shutdown
1.2 100 125 20,2 0.25 18l0 2360 2310
1.2 100 125 20,2 0.1 991 1270 1250
Prompt
Critical o] 100 5.92 0.5 855 1100 1040
Prompt
Critical 0 100 5.92 0.35 s2l 671 653
Prompt
Critical 0 100 5.92 0.25 389 L98 1489
Prompt
Critical o] 100 5.92 0.1 259 332 328
Prompt
Critical Lo 10 62,2 0.25 Cannot shutdown
Prompt
Critical Lo 140 62,2 0.1 3050 3910 3860
R I
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KIWI-I: RAVP REACTIVITY TRANSIENTS -- II

28 November 1260

Raference is made to "Reactor Transient Calculations
-— IBM 704", dated 19 September 1360 and "XKiwi-B Ramp Reac-
tivity Transients', dated 27 October, 1960.

The former section outlines the technique of simula-
ting sin2@/2 reactivity variations in the ROK neutronics
code, and the method of calculating temperature rise with
the TVP code. Temperature rises were computed for power
excursions due to control elements alone, starting from
steady state power, and scramming on period or power level,
Only a limited number of cases were considered -- 18 second,
and 2 second shim withdrawal times, and 1/2 second regulating
system withdrawal time ($7.0 and $1.4, respectively).
Excursions were started 0.3, 0.25 and 0.2 seconds from the
full out position., Delay time was found to be the most
important factor, with full travel scram time playing a
relatively minor role. It was determined that if the
delay time could be limited to no more than 20 ms, then a
two second shim withdrawal full travel time would be
acceptable, For example, control element, runaway and 300 ms
scram signal, 0.5 second full travel scram yields a 470°F
change in peak fuel temperature, where m = 545 kg, cp ™ 0.52
Btu/#°F, ratio of peak to average temperature change = 1.28,
and time constant = 3 seconds,

The second section describes some ramp reactivity
transients, Starting from an initially constant power level,
positive ramps of $2, $5, $10, $20, and $40/sec were added.
The system was then scrammed linearly at various scram
signals. The results indicate that for a severe accident
such as a $10/sec reactivity ramp coupled with a simultaneous
control system failure such that only scram action 1is
available forreactor poisuning, a short scram time is
necessary. Depending on the severity of the accident expected,
scram delay times and scram worth, it appears that full
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travel scram times of about 1/4 second would be desirable
(e.g., a scram at prompt critical with zero delay time
occurring 1/10 second after $10/sec is started), $10/sec
positive reactivity still being added during scram, and a
1/4 second full travel scram time, results in a 500°F rise
in peak fuel element temperature.

Because comments have been made to the effect that the
above accident is too severe (postulating simultaneous
positive reactivity ramps and control system failure), some
less serious situations have been investigated. These
accldents consist of an initial positive reactivity, on
which there is superimposed a control system failure
permitting control element withdrawal at the velocity-limited
rate, until a scram signal is reached, a delay tTime allowed
to elapse, and the system scrammed (either at the same
velocity-limited rate, or a faster one). All control
element npotions are presumed to be linear with time, rather
than sin“6/2 to simplify the problem; this can be pursued
in further detail on the analog computer if it seems desirable.

The reactor (again a 32 psec mean neutron lifetime,
12 -~ 70¢ control elements) is initially placed on a
positive period by the addition of a 50¢ step at 1/10 of
full power. This serves the purpose of developing a stable
reactor period of about 4.8 seconds, after the knee of the
power-time curve is passed (at about 50 ms, or 20% of full
power), a somewhat realistic situation. Note that a 75¢ step
would result in a much shorter period, about 1 1/2 seconds,
and too steep a power rise for this high an absolute
power level,

It was then assumed that this almost 5 second period
rise would be permitted to continue for several seconds,
and a power-time curve plotted. At 2 seconds after the step,
p/po = 3.4, or p = 340MW, several positive ramp reactivities
were added. These were $8.40 per 10 seconds, 4 seconds and
2 seconds (18°/s, 45% and 90°/s respectively).

Power curves paralleling the programmed 4.8 second period
curve were plotted at 1.2, 1.5 and 2.0 times programmed power,
The intersection of the three excursion curves with each of
these three relative power curves was recorded and assumed
to signal a scram. Delay times of 20 or 35 ms were added,
and the system scrammed. The energy (MW-seconds)
represented by the rise above the programmed power level
(the five second period curve) represents energy added and
was used to compute temperature rise.

.E 532 .: 5 =..
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Because even the most severe of the excursions considered
did not result in an excessive rise in peak loaded fuel
element temperature, only they were calculated and listed

below:
TABLE I
POSITIVE $8.40 RAMPS SUPERIMPOSED
UPON A +50¢ REACTIVITY
Additional Time Elapsed After
Initiation of Excursion, for
Tru11 Degree/ P/Pgiart =
Travel Sec. T3 T3 30
10 sec 18°/s 108 ms 197 ms 291 ms
4 45 52 91 132
2 90 32 52 74
TABLE IX
TEMPERATURE RISE
TFu11 Trul11
Travel Degr/ Scram Delay Travel Degr/ AT AT e-AT
out Sec Signal Time Scram Sec AT Pk Pk~ ~ 3
10 sec 18°/s 2.0 35 ms 0.5s 360°/s 96F 123F 119F
4 45 2.0 35 0.5 360 86 85 83
4 45 2.0 35 4 45 146 187 176
2 90 2.0 35 0.5 360 82 106 104
2 90 2.0 35 2 90 176 226 217
CONCLUSIONS:

If 1t is agreed that the worst accident expected is a
control system velocity-limited runaway starting from about
35% of full power on a 5 second period, then it appears a
similarly velocity-limited control element insertion with
a floating 2.0 power level scram and a 35 ms delay time can
adequately limit the reactor temperature rise. Nde that
the first section discussed the full power, constant power
start situation and came to about the same conclusion.

o230l
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If it is felt that faster accidents are possible, it
is not clear that this system will suffice. Rather, short
scram times (perhaps 1/4 second or less) appear to be
desirable.
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KIWI-I ACCIDENT STURIES (Part 2)

12 Decomber 1560

PURPOSE:

Section Two, "Kiwi~B Accident Studies, Part 1",
gives analog computer results when using a ladder type
neutronics simulator, a simple 1.6 sec lag for heat exchanges
and simulated vanes. This report, "Kiwi-B Accident Studies,
Part 2", discusses accident study results using more accurate
problem simulation. Its purpose is to extend present Kiwi-B
accident studies to the extent that more firm specifications
for shim vane characteristics may be made.

DISCUSSION:
Ramps in vane motion, and the assoclated effect on

reactor power level and core temperature are considered in
this study. These vane ramps are used to simulate
simultaneous failure and withdrawal of the entire shim gang
at various shim velocity limits,

Table I shows the effect of vane velocity limit on
reactor power overshoot if an accident occurs at a low
power level (10 MW) and when the reactor is on a short period
(0.5 sec). All vanes are considered to have the same charac-
teristics with a total worth of $8.4. A reactor power
level scram at 15 MW with a 20 ms delay in vane response was
used in all runs. Computer setup (Fig. 1) consisted of
simulated vanes, the Kiwi-B heat exchanger, the logarithm
type Kiwi-B neutronics simulator, and the scram relay network.
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Solenoid bypass valve, which bypasses velocity limiting
orifice in scram mode, was considered to have a 45 ms delay
in the simulation. Simulated propellant mass flow rate was
set at 1.0 1lb/sec for all runs. Final stage wall tempera-
ture was found to remain constant (approx. 275°R) in every
run.

The effects of shim vane accidents at 950 MW and full
propellant flow rate when reactor is on a 5 second period are
shown in Table II. Power overshoot and final stage wall
temperature overshoot are given for various vane velocity
limits., Figure 1 again shows the computer setup for this
data except that a ladder type Kiwi-B neutronics simulator
with an £* of 3.5 x 10~9sec was used in place of regular
logarithm type Kiwi~B neutronics simulator. A scram at 1500
MW with a 20 ms delay in vane response was used in all runs,

Table IXII gives results of accidents occurring at
500 MW and full propellant flow rate when the reactor is on
a 5 second period., Figure 2 shows the simulation setup in
which an actual vane and actual solenoid orifice bypass
valve were used. The ladder type neutronics simulator was
used in these runs. The solenoid delay was determined to be
about 110 ms by experimentation at the time in which data
were taken. At the present time this 120 ms operating time
has been reduced to approximately 40 ms. Scram signal
occurred at 750 MW,

Table IV shows the results of accidents at 1000 MW
steady state with a 1500 MW scram level. Figure 2 shows
the simulation setup for these rums also. A logarithm type
neutronics simulator was used to represent the Kiwi-B
neutronics for the 90°/sec vane velocity limit data. The
ladder type neutronics simulator was used for the 18°/sec
vane velocity limit data.

APPRO\/I':'B TféR EGB.LFC' FQELEASE
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TABLE I (0.5 sec period, 10 MW)

VELOCITY SCRAM

LIMIT SOLENQID

SIMULATED SIMULATED OVERSHOOT

VANES VALVE Power MW Yower %

18°/sec Bypass used 8.2 MW 82%
(45 ms delay)

45°/sec Bypass used 8.2 82
(45 ms delay)

45°/sec Bypass not used 9.3 93

90°/sec Bypass used 14, 140
(45 ms delay)

90°/sec Bypass not used 14, 140
TABLE II (5 sec period, 950 MW)

VELOCITY SCRAM

LIMIT SOLENOID

SIMULATED SIMULATED OVERSHOOT

VANES VALVE Power MW Power % Wall Temp

18°/sec Bypass used 632 MW 66% 175°R
(20 ms delay)

45°/sec Bypass used 790 83 127
(20 ms delay)

45°/sec Bypass not used 885 93 262

90°*/sec Bypass used 1100 116 132
(20 ms delay)

90°/sec Bypass not used 1200 126 200

.o. § 537 E EO E E
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TABLE III (5 sec period, 500 MW)

VELOCITY SCRAM

LIMIT SOLENOID

ACTUAL ACTUAL OVERSHOOT

VANES VALVE Power MW Power %  Wall Temp

18°/sec Bypass used 316 MW 63.2% 110°R

90°*/sec Bypass used 730 146 84

90°/sec Bypass not used 758 152 90
TABLE IV (Steady State, 1000 MW)

VELOCITY SCRAM

LIMIT SOLENOID

ACTUAL ACTUAL OVERSHOOT

VANES VALVE Power MW Power % Wall Temp

18*/sec Bypass used 570 MW 57% 100°R

90*/sec Bypass used 800 80 80

90°*/sec Bypass not used 820 82 85

APPROVED FOR PUBLI C* RELEASE
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KIWI-IP-1 CONTRCI. VANE VELOCITY LIMITING

19 December 1966

A study has been conducted to investigate the feasibility
of replacing the shim and regulator vane control package with a
package containing only one type of vane servo. This servo would
have a velocity limited vane, but the limit could not be less
than approximately 45°/second to provide the same dynamic
reactivity capability that can be obtained with two unlimited
regulator vanes, Secondary objectives of the study were to
obtain a better understanding of the effects of vane scram
velocity and the scram system time delays on the ability of
the power control system to minimize temperature overshoot
during accidents.

Two preliminary assumptions were reached during meetings
with N-2 personnel, First, the best protection from non-vane-
generated accidents can be achieved with high vane velocity
limits if the power control system operates properly. The
upper limit on vane velocity is then established by the ability
of the scram system to prevent damage due to vane~generated
accidents. N-3 suggested the use o 500°R as the maximum
allowable temperature rise at full power. The second
assumption was that vane scram velocities in the order of
360°/second are desirable to reduce the effects of non-vane-
generated accidents producing faster than prompt critical periods,
This assumption is heavily influenced by the scram system time
delay,

The term vane velocity limit refers to the maximum velocity
of a vane when its actuator is driven through the torque motor.
Scram velocity indicates the vane velocity, after a scram
signal, when the actuator velocity limiting orifice has been
bypassed or a scram spring has been released, This action is
accomplished with a scram solenoid., Two parallel sequences
occur when a scram signal is generated. First, a small
signal relay impresses a battery voltage across the torque
motor., This starts the vanes in at their velocity limited
rate. A parallel signal operates the scram solenoid which
increases the velocity of the vanes to the scram rate. The
torque motor scram time delay, the time from scram signal
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generation at the 6q§1tfoliobuil°d1n°g until the vane starts in,
is approximately 20 milliseconds. The scram time delay
through the solenoid has been in the order of 60 to 100 milli-
seconds on past reactors, but it is hoped that this figure can
be reduced to something like 30 to 40 milliseconds for

future systems.

Two independent accident studies were conducted by A. W,
Charmatz and P, B. Erickson. The digital time-solution study
done by Charmatz is reported in memoranda N-4-719 and N-4-771,
Erickson's investigation was done with the analog computer and,
in some cases, an actual Kiwi-Bl-A rod servo. Erickson's work
is described in memoranda N-4-723 and N-4-777, The data were
obtained over several months of time with varying assumptions,
initial conditions and simulation equipment. Therefore, it is
difficult to correlate the data numerically. Gross numerical
correlations are evident; however, and the general conclusions
are consistent.

Common assumptions for all data are a Kiwi-Bl core
configuration with an £* of 30 microseconds. The thermal time
constant of the loaded portions of the fuel elements was assumed
to be either 3 or 3.2 seconds. The worth of each vane was
assumed to vary as the square of the sine of one-half the vane
angular position relative to the maximum negative reactivity
position., The worth of each vane was assumed to be 70¢,.
Temperature reactivity was considered in the analog study but
not in the digital work.

Figures 1, 2, 3 and 4 show some of the early analog
computer data with digital data points plotted where comparable
assumptions exist. For these figures the rod package was
assumed to consist of ten shim vanes and two regulator vanes,
The accident studied consisted of either the shim vanes or all
vanes going out at their velocity limited rates with the reactor
operating at full power, The analog simulator consisted of a
linear neutronic kinetics representation and a one-lump simple
lag heat exchanger. The data shown in Figures 1 through 4
indicate the following:

1. Improvement in scram characteriestics can be realized

by increasing the scram velocity to approximately 360°/second
if the velocity limit is 18°/second and the scram delay

time is 20 ms, The advantages of high scram velocities
generally reduce with increasing scram time delays or
velocity limits,

2. Vanes velocity limited to either 45°/second or 90°/
second give better scrams than 18°/second vanes for scram
time delays less than approximately 30 milliseconds.
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$ FIGURE 1., CORE TEMPERATURE RISE vs VANE SCRAM VELOCITY
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FIGURE 2. CORE TEMPERATURE RISE vs SCRAM SYSTEM DELAY
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FIGURE 3. CORE TEMPERATURE RISE vs SCRAM DELAY!
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3, If the scram delé& Tire dﬁh:behﬁept below approximately
50 milliseconds, it is highly unlikely that any ot the
rod generated accidents considered during the early

phases of the study would damage the core,

The data obtained during the first phase of the velocity
limit study did not reveal any prohibitive characteristics
associated with velocity limits up to 90°/second; therefore,
it was decided to continue the work with a control package
having all identical vane servos, At the suggestion of N=2,
it was also decided to consider rod accidents with the reactor
at various power levels and periods approximating fast
start-up conditions. The complete Kiwi-B heat exchanger and
neutronic kinetics simulators were used for this portion of
the study. In addition, an actual Kiwi-Bwvane servo was
used part of the time,

Tables I through V summarize the data obtained during
the last phase of the velocity 1limit study. These data
support the earlier conclusion that in all the cases studied
either 45°/second or 90°/second velocity limiting gives better
protection than 18°/second velocity limiting for realistic
scram delay times. The data also show that a 90°/second
velocity limited system would not require a higher scram
velocity to control rod-generated accidents., However,
unreported data indicate that scram velocities up to 360°/
second provide considerable additional protection against
high-speed non-vane-generated accidents if the scram solenoid
delay time can be trimmed to less than approximately 35 milli-
seconds., It is felt that the high scram velocity characteris-
tic should be retained.

If the high-speed, all identical vane servo system is
adopted it is recommended that the velocity limit be approxi-
mately 90°/second, The 45°/second and the 90°/second systems
have about the same vane accident probability and the 90¢%/
second system has a better capability for controlling non-vane-
generated transients and accidents.

Advantages which could be realized by using a 90°/second,
all identical vane servo system rather than ten 18°/second
shim vanes and two unlimited regulator vanes are as follows:

1. Core temperature rises caused by reactivity transients
and accidents would be smaller.

2, Loss of up to possibly five vanes during a run

would cut down the power system bandwidth slightly, but

it would not stop the test unless the failure generated

a scram, If an integral shim controller 1is used with

the 18°/second system, the power control loop will become

either unstable or marginally stable if the regulator

vanes are lost. o ees o eee vee ®
LR S N R
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FULL POWER ON A 0.5 SECOND PERIOD

Velocity Scran Core Temp.
Limit Velocity Rise
°/Second °/Second °R

18 300 0

45 300 0

45 45 0

90 300 0

90 a0 0

Analog data

Vane accident at 1% of full power
Scram set -~ 1.5% of full power
Simulated rod
Initial conditions
Sustained 0.5 second period
Torque Motor Scram Delay ~- 20 milliseconds
Scram solenoid delay -~ 45 milliseconds

TABLE II

HALF POWER ON A 5 SECOND PERIOD

Velocity Scram Core Tenp.
Limit Velocity Rise
°/Second °/Second °R

18 310 110

90 310 84

90 20 90

Analog data

Vane accident at 50% of full power
Scram level set at 75% of full power
Actual vane servo and scram circuits
Initial conditions

Sustained 5 second period
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TABLE III

FULL POWER ON A 5 SECOND PERIOD

Velocity Scram Core Tenmp.
Limit Velocity Rise
°/Second ®/Second °R

18 300 175

45 300 127

45 45 262

90 300 132

920 45 200

Analog Data

Vane accident at full power
Scram set -- 150% of full power
Simulated vane
Torque motor scram delay -- 20 milliseconds
Scram solenoid delay -- 20 milliseconds
Initial conditions

Sustained 5 second period

TABLE IV

— VANE ACCIDENT DATX AT
FULL POWER ON INFINITE PERIOD
Velocity Scram Core Temp.
Linit Velocity Rise
°/Second °/Second °R

18 310 100

90 310 80

90 920 85

Analog data

Scram level -~ 150% of full power
Actual vane servo and scram circuits
Initial conditions
125° Vane position

Full power

@ period
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TABLE V
VANE ACCIDENT DATA AT
33% OF FULL POWER ON A 5 SECOND PERIOD
Velocity Scram Core Temp.

Limit Velocity Rise
®/S8econd ®/Second °R
18 360 123
45 360 85
45 45 187
90 360 106
20 90 226

Digital data

Vane accident at 33% of full power
Scram set -- 66% of full power
Torque motor and solenoid scram delay -~ 35 milliseconds
Initial conditions
Sustained 5 second period
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3. Pneumatic actuator size, weight, cooling gas
requirements and technical difficulties would be reduced.
These changes generally improve reliability.

4. The use of only one type of vane servo would reduce
the power controller complexity, thus increasing reliability.

5. Control package field modifications and maintenance
would be simplified.

The study failed to reveal any advantages of the shim and
regulator vane system with 18°/second velocity limiting over
the 90°/second system. However, both have a characteristic
which conceivably could cause the destruction of a reactor
core. If one assumes a simultaneous failure of the automatic
scram system and the vane positioning system such that the
vanes move out at maximum velocity, the core would be destroyed.
Three solutions to this problem have been proposed. One is
that tne accident has such a low probability ot occurrence
that reasonable protection can be provided by using redundant
circuits and highly reliable components. A good example is
the use of two parallel scram systems between the control
building and the test cell, The second proposal is to provide
a circuit to automatically scram the vanes if excessive
errors appear between demanded and actual vane positions for
a predetermined period of time, The third solution is more
a proposal for a difterent vane package than a solution to
the 90°/second velocity limited package., It involves the use
ot a shim and regulator vane package with the shim vanes velo-~
city limited to approximately 2°/second., With this system an
alert operator possibly could scram the reactor manually
before the core was damaged., This assumes that the automatic
scram system failure was not between the operators scram
button and the reactor, An arrangement ot this type probably
would use only one regulator vane because it is unlikely that
an operator could stop a two-vane accident in time to prevent
damage to the core, The shim and regulator vane system with
2%°/second velocity limiting has not been studied; however, it
appears to have a few disadvantages which must be weighed
against the general feeling that reactor controls should be
slow, Some ot these are as follows:

1. The 2°/second system would require temperature or
fast persounel scrams in addition to power scrams to
protect the core, For example, consider the single
accident of all shim rods going out at their limited
rates, Power would remain constant for approximately

5 seconds until the regulator vane hit the full in
stop. At this time the automatic power system would
lose control and power would rise to the scram level in

Godsd fon g

(X3

APPROVED FCR PUBLI ¢ RELEASE




APPROVED FOR PULBI C RELEASE

UNCLASSIFIED

....

]
1334
l.
<

a few seconds and scram the reactor, At this relative-
ly slow rate of power increase the integral of the power
excursion would be sufficient to overheat the core.
Effective use of a temperature scram system to stop

slow accidents of this type requires a temperature

scram level only 5% to 10% above the operating tempera-
ture. Inadvertent scrams may be a problem under these
conditions,

2. The system capability to control unanticipated
reactivity transients would be reduced considerably.

It is8 felt that this 1is an important factor for the low
thermal time constant of the Kiwi-Bl core.

In conclusion, the study indicates that a control
package consisting of all identical vane servos velocity limited
to 90°/second is feasible. Compared to the 18°/sec system with
two regulator vanes it would permit the use of a simpler,
more reliable power control system with less probability of
core destruction due to accidents, However, if multiple
failures should result in the destruction of a core, it is
possible for the destruction to be more violent with the
90°/second vane system.

It is not possible at this time to make a quantitative
comparison between the 90°/second system and the shim and
regulator vane package having shim vanes velocity limited to
2°/second., Qualitatively, it is felt that the 90°/second system
would be better because the 2°/second package would degrade
the power system dynamic periormance and require either tempera-
ture or operator scrams in addition to power scrams,
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