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I. Introduction

The operation of the Fast Reactor is cqpsidergd in
terms of normal eqﬁilibrium conditions and normal shut-down.'
The proposed loading, control rod adjustment and'énbséqhent
"floating" operation are discussed. Safety devices and inter=-
locks are described.

Temperature and feactivitj changes are examined with
respect to various system failures, phase changes, end "flashing"

of the reactor. Slow changes due to faulty slug cooling are

‘also considered.

The calculations were initially based upon 10 kw
operation. Performance tests of the mercury system now in-
dicate that 20 kw operation may be feasible,

II. General Reactor Information

In order to clarify the discussion which will_follow.
brief descriptions of the ddoling systen, safety circuits and |

interlocks are given, together with heat transfer data. A

- physical description of the unit is included in. LAMS-567.

A., Cooling System Data

The reactor is an‘all metal ﬁystem circulating mercury
The steel reactor pot rests in an 18 inch cube of
uranium,which is cooled on all faces by small water tubes.

embedded in en aluminum jacket. ' ST S
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1, Heat Capaclties

The heat capacities of the important parts

of this system are!

Table 1

Part Material

Specific Heat Mass . Total

Fissionable Pu slugs
Material
U slugs
U spacers
Jackete on Fe
s8lugs .

Mercury in pot lig

Steel Pot Fe
(active region)

Squirrel Cage Fe

“Heat Exchanger Cu

(cal/gm°C) ; Capacit
/ , {cal/oC)

0,03
0.03
0.03
0.1

0.03
O.1

O.1
0.09

2. Heat Traﬁsfera

(a) Pot to Tamper

Measurements with static mercury in the pot

Hoeat

35 slugs ¢ 450 gm 470
20 slugs & 600 gm 360
55 « 30 gm 50
55 € 45 gm 250
9 kg 270
.~ 4,5 kg
550
~ 1 kg
~ 500 kg 4,5 x 104

indicated that a 59C temperature difference eilsted between the

pot and tamper for 20 watts of heat ( a - power) in the plutonium

when no tamper cooling water was circulated.

(b) Heat Exchanger

Preliminary tests at normal flow rates show

"
® L
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®

¢t RELEASE

APPReVEL FGR PUgt



LAiv? 33

APPROVED FOR PUBLI C RELEASE

[ ) . . XY Te
* @ d

[
e [ Y } o o0 o o
) . o o F S

that the Heat Exchanger outlet mercury temperature approaches

~ the outlet watqr temperature within a few degrees. Most of

the gradient occurs across the mercury tube walls,

{¢) Slug Gradients

Heat gradients will exist in four regions
in a slug: through the plutonium bar, across the gas space,
across the steel can wall, and across the mercury film on the
outside of the can. An estimation of the heat gradients can
be made as follows: '

(1) Plutonium bar

The heat flow from a section one cm

dt
long 18 - kA F5~ where k 1s the coefficlent of thermal con-

‘ductiVltf, A is the surface area of the section and dt/dr the

temperature gradient. This is equal to the heat present in a
volume which varies in radius from r to the maximum radius of

the slug r,. If Q is the number of calories per second in the

_entire slug of length.L, % r2_ is the number of calories

To

in a 1 cm long section of radius r.

- at Q re
SR U T A
To
and A T- 4 n Lk l - 2
z‘()
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If the heat is considered to be produced where r = O then

_ Q
AT = I Ix

For the proposed loading of 35 slugs and at 10 kw
power an average power of 300 watts per slug can be consider-
od. L » 14 cm and k « 0.02 cal/cm?/sec/OC/cm. AT ws 20°C w
temperature drop across the plutonium.

(2) Gas space

The heat flow across this space can

be written ' §
it
~x(2nr) $E . %
or

AT dr

v Q
Lk(2 n 1)
where dr ~ 0,001 cm or less and k for helium « 3 x 10'4.

r « 0.82 cm and Q = 120 cal/sec.

P =2 56
(3) Steel Wall

The preceding equation in section (2)
will apply here and for r = 0.86 cm, dr=0.05¢m, and ¥'for steel «
0.1, aT £ 1°%.

(4) Mercury film coefficient

A simple underestimate of the mercury
film transfer coefficient can be made by assuming conduction
aoross a stationary layer 1 mm thick,

h ws 9202 cal.c.2 ?c oC SB_ . 0.2 cal/cm? sec O G
*e¢ ees s00 Dolecgmme
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Measﬁrementiat Argonne transmitted by
W. He Zinn give the relation h . 2400 VO+® BTU/ft2 °F hr. In
a mercury flow of 3 L/min and for 9 kg mercury present in the
pot, the linear flow of mercury by a slug is about 68 cm/min
or 134 fﬁ/hr, or '

h « (2400) (50) w 1.2 x 105 BTU/rt2/°F/hr
« 16 cal/cm2/sec/OC.

Using this film coefficient, A T ~ 0.1° C.

The sum of the heat gradients across a slug is

across plutonium 200 C

across gas space 5

across steel wall 1

across Hg film 10 (overestimate)
35° ¢

3. Heat Loads

The heat load to be moved during normal operation _
is assumed to be 10 kw from the fissionable material in the pot,
2 kw from the tamper (appears as heat in the tamper cooling water)
and 3 kw from the electromagnetic pump (this appears as heat in
the mercury).
The heat load t¢o be removed after a shut-down cgn
be sqparateq into two parts: that due to the delayed neutron

rission and that due to heating from /# and y rays from the

M
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fission products. The curve shown in Fig. 2 indicates the
two parts. The heat due to the delayed neutron fission is
calculated for a change of k (due to the removal of the safety
block and two safety rods) of 2.5 percent.# The instantaneous
power drop is calculated from the following: Assume that the
reactor is operating at a power level, Pl. When an amount of
k is removed by dropping the safety block and rods, the power
level falls with the time of the k removal and the delayed
neutrons left constitute a new source (y f)P1 which, however,
is multiplying promptly with a multiplication 1/(1 - kp)..

LW

Hence P, = Py £) Pi(y £)
1 - kp = {1l-k) +y T

If k is changed by 2.5 percent, since 7 f = 0.0025,

P .
2 .

« fractional power = 0,0025 = 0,091,
2 P 0.0254 0.0085 |

This fractional power then decreases with the decay of the
delayed neutrons and cdn be calculated from the delayed neutron
periods,

The heat due to the fission products can be found
as follows: The energy release from fission is about 200 Mev

of which about 15 Mev is due to .y and s rays from fission

#
Total k removal is now placed at 2.8 percent because of the
addition of 2 safety rods made of Blo which will fall into

the active region of the tamper when the uranium safety or
shim rods fall out.

. 3 ¥
e o .

:ooo o © L

2 * ® * .
.

e e “
v

APPRQ\/EB' FCR PUBLI C- RELEASE

L

- e




¥4
E| .

APPROVED FOR PUBLI C RELEASE

-+ L+ m 1.2. AN N N [ERESEUNRNEFREY POUYN NUQ LM 110
T 4 .HTTV. AH "y I R 8 W Xuakul Tt 5
1t R THET R In H .m. W«, U;#.m.uﬁ.m iR ETHE
T m-.w T P TIC T O T = o d !

L 3 FERS T3 H B ERFRAREEANA

SR .L....Wv I i * ﬂ_ SHRZR .wm

ST Tl T T RS T TR
. 8 . AENEE i EREupan

S ET A R TH P B

Tetpat i jUR - 4

T sER e Hrb Tt HE 3
Hh i 2 U.m,m. A [
A b R H R E e
T T fiee: 15 78 ih
Sdjtesei 3 prsictaal; s ] s LM SR
nisli rf T T H
S filing i
T e o ] FyspseEwRgm TIEEN] =y
ST o R sl )
;w.r_rrL‘ ' .* ] H R i e 31!
B RN PR - ._.f- [~y e [N
1 RS oadl % - .r.ﬁ. [EESpRaE it
._¢ it www. s vkt el w+...i.:.
as-EARLILE R Eea] -.,...r..L.vMUIH.L.
O s THUR T Hw it ..x;r

1T

-h-j:*a'-e-y B

r

B
FFE’L &

LA

L

INERRN S B4

ol AT RE XN Den

P

e

—-—;-t—

[
RES ES

j:{.
Dt .

—.4-{4- [
e

dod | defee

By

i SRETS

3

L
ey

MADE 1N M, S, AL

10 ». 10 lo the haff inch, 5th lines accented.
Engraving, 7 x 10 in.

nO. 35011,

REPS vawn
s
IS -y

RACEY

s

VL
TRedl.

1

-
s ofac
o

Ty

tal -

=13

-

ST
=%
:

L.

=
Nl

s

Hrs S dng

g
.d
pn

. o
i it
i r i cls
Hﬁﬁ. Hpt 4 i
tiis g SRS o
] t I :
.H.A—h...: I ..{W: 1 L] —
i oty s e
SElyp e Jalse ey ius -
g =~ H
. “.Jl \.,.L
i

i
’
=
B P
+
4~
ot
o

e~ =

£ 220 e

$o}
1

THeEELT
{pg Sl
LL-‘.—- 1 )
Y 1 R
I b b
aal banan i
A P s ik :
Gi=2
OF Yyp-et
i
pga
[ERF XpeS:
o

13 ol (0 24
rega
Sl adive

| 43

T

'

i
i1
I

|

s
1

jf
e

_.
M A
H L HH HH
_.“xnm.m X Lﬁlw : }+Juﬁ_.m Lm
...EM m..m}_;h;wm.u,uu H
4 » ol uw i) -
a.4] L b1 L1 %
SRt I
¥ : z .,ﬁL....

4.
4
o

puyn gl ynn

i

-

T

_‘;..‘1'.

L H T
JEg=s

L] REBLI OPRELBESE
) B PR B - AT

BLOCK "

SECONDS AFTER



07 53

bef

>~

EJA'

APPROVED FOR PUBLI C RELEASE

-12 20 0T
products and is delayed heat. It 1s shown in lionP-147 that
if a pile is run at steady power P for a period of M seconds
eand G(T) is the rate of heat production at time T after shut-
down the fraction of the operating power which 1s stiil being

generated by the fission products T seccnds after shut-down is
T ¢ M

G(T 2.7 “1.2 _ -o. .
- 55 / £™1+%dt ~ 6.7 x 1072 [Toz-(T,M) 02]
T

The curve shown in Fig. 2 has been calculated for 100 hr
operation., The smooth curve is the sum of the delayed neutrons
and fisgion product heat decay curves.

4, FIlow Rates

Preliminary tests of a complete mock-up of the
reactor mercury system have given data upon which the following
estimates are made. The connections shown in Flg. 1 are con-

sidered and counter flows are used in the two heat exchangers.

Lower 10 kw 20 kw
Hg temp. into pot 20°¢ 20° ¢
Hg flow 6 L/min 6 L/min
Hg temp. nut of pot 75° ¢ 140° ¢
Pu temperature 110° C 210° ¢
Water flow 7L /min 7 L/min
Water temp. into ixch.#1 10°% 100 ¢ .
Water temp. out 300¢ 500 ¢

e 3w 3 ‘h
APPROVET, FER PUBLI G, RE] EASE
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Power . 10 kw 20 kw_
Hg temp. out of pot 20°¢ 20°¢
Hg temp. into pump 20°¢C 209C
Hg temp. out of pump 370¢ 370¢
Water flow 3.5 L/min 3.5 L/min
wWater temp. into dxch.#2 100G 109¢
Nater temp. out « 259 250C
Hg temp. out of Exch.#2 20°C 20°¢

About 2 kw of heat at 10 kw operation will be
developed in the uranium tamper from 25 snd 28 fissions. For
a temperature rise of about 30°C of the water a flow of one
liter per minute will remove the heat.

Be Safety Devices, Interlocks and Indicators

Table II lists the various safety devices and inter-
locks which will shut down the reactor by causing the safety
block and two safety rods to drop. Also listed are measu;e-
ments which will be indicated by trouble lights and a buzzer.
This table does not include all of the measurements which are
routinely taken. Many of the measurements are not necessary
for safe operation but serve for calibration purposes and are
therefore only recorded on a tape or in a log book.

A sequence circuit is incorporated in the oﬁeration
of the block and rods. The order in which the reactor has to
be started is that the safety block must be up before any rods

can be moved up, then the safety rods can only be moved one at

® o ®

[ o o0 LY

[} o ® e o
*0 90 200 o000 oo
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a time, and finally the control rods can be moved one at a

time, and one must be up before the other csn move. Also, if

a rod should accidentally be left in the up position when the

reactor is shut off it is impossible to move the safety block

up until this rod has been brocught down. The speed at which

the rods will move up will not exceed 0.1 inch/sec.

Table II
Measurement | Method Interlock Trouble Light
and Buzzer
Neutron level 25 ion chamber | yes yes
Neutron level 25 ion chamber yos yes .
Bucking Galv.
Log level and derivative 25 ion chamber yes yes
Temp. of central slug Thermocouple yes yes
Hg flow Magnetic fleld yes yes
(pressure difference)
lieat exchanger water flows Flowmeters yes yes
Tamper water flow Flowmeter yes yes
Temp., of pot outlet Hg Thermocouple no yes
¥aex. temp. 0f heat exchanger Resistance therm. no yos
water
Max, temp{ of tamper water Resistance therm. no yes
Three phase windings on lHg no yes
pump ' '
Level indicators for Hg supply no yes
tank
Temperature of Hg pump stator ‘ no yoes
Hg drip indicators beneath Hg no yes
pump, tank, heat exchanger :
Water dplp indicators beneatd, ,:, 25, .:, 3., :.° no yes

heat exchanger

APPROVEDS o}, BUBISI CF REEASE Fyom—
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It is planned to run the mercury pump from a 50 kw generator.

[ 'Y X'}

In the event the city power fails the reactor will shut down
but the pump will continue and essential circuits will auto-~
matically transfer, thereby providing 'shut down cooling and
power level observations,

Ce GContamination Problems

Many sources of contamination and health hazards exist
around the reactor; and in order to minimize the danger, de- ‘
tecting instruments are incorporated wherever possible to monitor
the hazards.

1. Mercury System

The saturated activity of the mercury will be
about 100 curies per liter and the system will contain about
17 liters (See Section VII). Small leaks are collected and
known by "drip" indicators. Leaks from the pot into the tamper
will be detected by a G. H. mercury vapor detector sampling
the helium stream whichn flushes the tamper. A.G. Me tube will
also detect eny radioective vapor. The tolerance for mercury
1s 0.1 mg per cubic meter of air. A G.M. tube cen detect 10-4
tolerance for one count per second. In the event of a large
leak--such as a break in the pump (the most probable place)=--

the mercury will run into a trough which will lead to the lead
shielded dump tank.

2. Slug Leak
A leak in a slug will be detected by a neutron

[ ) 1.4 . [ .

L L4 o0 [ (a4
[ ) [ L d [ [ ]
*0 6060 000 0060 o

.ol e —
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counter placed near a pot exit mercury pipe. The deleyed

neutrons from the fission of the plutonium in the mercury
will be detected.

3. Water System

The water output of the heat exchanger will be
monitored by a G. M. tube to detect thé presence of any radlo~
active mercury in case of a leak in the heat exchanger.

The tamper cooling water will be monitored and will
also be sampled and counted at intervals., This water is waste
water and should not be allowed to go down Los Alamos Canyon
if the activity is above tolerance.

4, Helium System

The helium (which flows slowly through the tamper
in the gas seal i3 released to the atmosphere at the top of
the building) will be filtered before releasing and will also
be monitored by a G. Me tube in the stacke The relative
humidity of the exit heliwm will also be monitored so that
a water leak 1In the tamper cooling jacket can be detected,.

D. Reactor Loadling and Floating Operation

The over-all temperature coefficlent of the reactor
is about -1.1¢/° C measured at 1 watt. The loading of the re-
actor must therefore contain enough excess k to compensate
for this at planned operating temperatures. It is planned to
load so that with the two control rods completely out sbout

$2.00 in reactivity is avallable. Fine adjustments on the

.
[ ) L4 .
[ ) 1.4 (34 [
L [ L d [
e 00% 000 o0
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amount of available reactivity can be made by the step character
of the safety rods. One control rod cen also be adjusted in
weight so that it can control less k. .

The over-all temperature coefficient can be separated
into the coefficients due to the mercury, plutonium and steel
by considering the relative expansion coefficlents and subse-
quent densiﬁy changes. The temperature coefficient for the
plutonium is calculated to be about - 0.3¢/% C if the linear
coefficient of expansion is taken to be+ 5 x 10-6. For mercury,
the temperature coefficient is about - 0.4¢ and for the steol
gbout - 0.4¢. Recent measurements done at 100 watts give - 0,3¢/0 g
for Pu and - 0.2¢/0 C for mercury. The tamper coefficient was
not determined because no tamper temperature change was observed
during the experiment.

After the.temperature coefficlent has been measured
at higher powers during the start-up meagurements the control
rods will be set so that at 10 or 20 kw operation only 5¢ or so
’of reactivity is left in the control rods and hence the reactor
will "float" at this level and cannot rise further in power
unless the reactivity 1s increased by inserting active material
while the reactor is operating or by a phase change of the

plutonium. The phase change will be discussed later.

III. Normal Operation

A, Start-ug

In the discussion which follows it is assumed that

* RELEASE

POR.PUBLEI C
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the reactor is being taken to 10 kw and further that criticality
exists with about three inches on one control rod, leaving
about 75¢ available in one rod., We examine what happens when
the rod is moved in at various speeds in terms of periods and
powers existing at various times during the rod motion.

Assume the reactor lnitially below critical. At
critical the neutron level is the number of source neutrons

multiplied by the prompt multiplication,

p* T - %, T = 0.997

Source neutrons « 5 x 10° n/sec, hence the power at

At critical M 1 - 1l . . 400,

the time critical is reached 1is

(5 x 109) 400 n/sec
3 (3 x 1010) n/sec watt

= 2 x 10~° watts.

In order to reach an operating level of 104 watts, the power
must rise by a factor of 107.

The reactor power equation 1is _%%_ =a P, where P .
Power, a = 1/T, T is the e-folding time of the power. a is

a function of reactivity, which is assumed to increase linearly

with time, due to the control rod motion.,

t
P
ln-—P-;———ﬂ/ a dt,
(o]

or, using Simpson's rule for expansion,

§ t
Qa Qa
3 [:ao+ Snht 4 z odd + 22"even

L [ ®
20 000 0060 000 000
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where &t is the time interval between successive alphas,

a 4 is taken to be O when the reactor is just critical. e, is

taken to be 2, 1, 0.5, etc., depending on the minimum period

pezmissible.

) For convenience we take successive units of reactivity

which are added to be 27. FrOm the # vs a relation the a sums
i‘

cﬁn be found for additions in reactivity of 2¢ and the Jfa dt

evaluated for different a ne From this we can find § t, the

time between the additIOns of 2¢ of reactivity or the rod speed
necessary to produce the chosen minimum value of T, Table III

illustrates this.
o .- ... Table III

w0 -
N'i?'iggr;x' T (s:ré-l-) ‘ \/'Q dt (:é§¢ ¢/sec R(#)
0.5 : 20 12 4t 1.3 1. 88
1,97: 1.8 7255t 2.21 0.9 82
2,0 . 0.495  5.046t 4.06 0.5 72
5,0, 0.205 1,596 £ 10,0 0.2 56

S -Thus, e.g. 1f the rod is run at a speed of 0. 9¢/sec

————

(:;;#O l"/seo ir the 10" rod ~ $l 00) for 82¢ (about 85 sec)
the reactor w0u1d be at lO kw and on a 1 second period. This
iq not 8 deslirable operation and is merely indicated to show
that if the rod were driven in at the highest rod speed possible

(and actually farther than it could g0 since it is planned to

N _

= (X
PO M .
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only leave about 75/ in ﬁhe rod) the lnimum period would

e X

still be only one second and the level and dorivative safety

circuibs would atop tho reactor.

[ .‘

;:f:f; Table IV shows the period and power present after

timea of runnIng the rod the aubsequent power and period at

Lirk e

thaﬁ time,‘and the time thereafter required to reaoh 10 kw

on- the poriod present. Calculations are made for rod soeed

e R R
oﬁ Iﬁ/sec. n S .
o "ff;;%%5%-¥:" Table v C
Timﬁ of ' Distance '¢ added " Period of end Power Time to
rad motion . Beyond of rod notion reach 10 kw
E britioal . (sec) (min)
l0'sec ~ “ 1inen 10 125 .03 P, 33
26! ed" "*"“'2‘;ncné§“ 200 s0 1.2 P 13
v’j'__ e e B 4‘--,' S _< .- S
30 sec 3 inchesv 30 25 1.6 P,
4Gws23; 4 inches 40 13 _ 3.0 Po 645
-scf_-‘;i‘fé}@’.  Sinches 86 8 el P, 2
78 wes ' 7.2 inches 72 2 6x10° P, 15 sec
82 ss6 i'”e;zﬁiﬁches” ez 1 197 » -
n;~“» SR S : o
The gbéve indicates that if the derivative safety 1is set to
3 .
operate on a 2 second period and only 75¢ is available on a

rqd_and £he rod is run all the waJ up the minimum period

wiil be 2 seconds and the power level will be about 30 watts
45'*- *

wd;ﬁ ﬁhe reactor shuts down due to the fast period. 15

. " ®

T L e e
: " " e

°
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| AR o
1§“§é§§ﬁad if the derivative safety failed_to operate. Tﬁe" R
level safety would then stop the reactor before the power

h&d reached an excessive level,

- A typical method of bringing a reactor to power

1, SiSs
&2

would be to start the rod in at a speed of i¢ per second,
gllow 1t to run for 40 seconds, at which time a 13 second
period would be present. If the reactor is then allowed'to

operate on this perlod the power ‘would increase as shown below. i B

‘;;"!3152 Power Power (Po = 2 x 107 -3 watts)
=e 5P 6 x 10-3 :
| il;nin 100 (3 Fy) 0.6 wa‘tts e
This means that within an elapsed time of about two minutes :ffii
the reactor power level would be clearly observable, Which is T
aie;}er condition than if 1t were brought slowly to about 1 q;.:fi:
watt over'many minutes.~ 3§-7
'_i,- At one minute the rod could be returned to a reactivit;fme-
of a§9¥§720¢ where the period is 50 sec and the power would in-ﬁwr"

i??é;f——vf : 0 | | : . 0.6 watts . -
v | | ” 1l | | ’;._éi‘,wattei: '{f'l
AT 2 7 watts T
,?‘* 5 ‘ 240 watts _ "i;

e After 5 minutes the reactivity could be reduced to f :
auzfow period and 10 kw approachad very slowly. - B
d.gfﬂﬂi . : --b.’~ $ % @ E.' $ 3 7 s
ST ot ete fee el B0 3 S
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The above discussion neglects the effects of the

- s ven

increase of the prompt multiplication due to ﬁhe increasing

reactivity.
“.‘-; 1 ~ .. - V-‘_ .' ) l- co . T l
M. and M . -
p* (T - &p) P*T - (kpy+ 8K _ ) 1 - (kpo+ X.._£ .sec)
o ‘ ) S MR 7— sec
T T - ko) - [LE .
A R Q- wg) - {gp - (Red Speed) . (Time)]

wﬁgre kpo is the prompt multiplication ‘at critical- 0.9975
- -5 A S
d = 2 5 x 10 k units .
aﬁ;k féﬁ_ 107 koplts |

II this effect is included in a step-fasnion in the ~

8 .

power vs. time curve for a rod speed of l¢/sec the following

Ji

po’@’_‘r*“ise 1s obtained. ERR ‘ S e
; '2$Q§ .. L ._22!22
b ____i'ncne_s o ‘2,0 x 103 watts
1w "2.5 x 1073
S 30 | 4.8 x 1073
C 0 Buax 1072
: . 70 10}.watts
R, - 4. f’v | | 20 kw
- ) ,The effect of including the'prompt multiplication
(-n"a‘nge 13, of course, a higner power level than is calculated
neglecting the prompt multiolication but the period remains
e - '.3 SRR’ | o
;;:_777 ) e efe fee ol ',:...,::. | —
f’zif APPROVEIi §GR BUBLI GRELEASE | T
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e —— e R ’ e 8

thezsame.” The power level reaohed at the maximumkrod speed
;rnot excessive, even 80 and no serious trouble would result

eVen ifr this should accidentally occur through operator ’:'

—_———

negligence.

The effect of the negative temperature coefficignt
is very small s1nce the Value for the plutonium coefficient
- ‘6*':

(assuming instantaneous heating) is only about - 6o

kilowatt. The effect of the total temperature coefficient

per

B I

which is about - —-----z per kilowatt will only be important

after times necessary for heating of the entire assembly

ib—,_

(material, cage and mercury). It could therefore have little

effect on constant and moderate motion of a eontrol rod.,_

‘;;TB. gguilibrium Operation at 10 kw

;";JJ‘ The equilibrium temperatures and flows will be some- R

Lo \f“ ot
what as shown in Section II-A 4.

. =

C. Normal Shut-down

The normal reactor shut-down consists in dropping

the:safety block and two safety rods and allowing the mercury _

T circulate for a given time. The required circulation time

can be estimated from the following considerations.

~  The instantaneous power = lO kw-2 4 x 10° cal/sec.

(ﬂssume that the time required for the safety bloch and rods to_‘

drop out is about 0.1 sec. This is an over-estimate, but will

FIE-aRtN “PE

b& used as a pessimistic Value ) The shut-down power in the ‘

Lo

meroury will be due to fission from delayed neutronsg, B and ¥

SEr T .
ET T APPROVED: iR RUBEI GRELEASE
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rulv;from fission products and the heat put in by the mercury

.I”QELL Sh”tedown in k due to the remOVal of the block and

'rods is about 2 5 percent, which brings the fission power to

F_HW‘ 7*7;nu,_

,Jg

aloout 9 percent of its 1nitial value (See II-A—:S). The,e and -

,,,,,

‘ J(For 100 hour operation) Hence, the power given to the mercury

'.‘f s*r

t-from the\reactor O l second after shuludown signal is about

BT

lsﬂ*—n»

\

‘ xeé@yly with the decay of the delayed neutrone and the fission =

ﬁ e 1
_,,“:a

‘oducts (See Fig. 2) ’ In about one minute the power is about

ED

"ET (500 watts) of its initia1 value and the reactor

7?upplying only about 6 peroent of ‘the total heat load.

- Kssuming 60° rise in mercury temperature flowing

-Jt"k

2;4 %0% cg_L
' 600 C seo

40 cal/9 C sec.

f;fmi4jh‘ Sinoe the heat source decays to about 300 watts in

inute,_within a few minutes the plutonium temperature

PR

%s only about 20 C above the mercury temperature entering the

Te

1
pggl J;At l minute Power - (0 03) (2 4 b'e 105) =« 72 cal/sec.
ffﬁorcury»removes heat at rate of 40 cal/o Ca 2° C temperature

iifference will exist

e e el ‘e b . . -
AN RS N B . . & °
R X A . . T o
. s - . . PN
. ) L e :
-7

L 4 ® ® ® ®
.. .. . .. ®
®
Q. .” ’.’ ”’ ’.’ ”

'.APPRO\/ED Fﬂ’. FlJBLtI Cg'FlEL-EASE

'Mf;lﬁnperoent of the init{al value. Thereafter the power diminishes "
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. At this point the pump could be shut off. The
mer*ury and plutonium now contain a slowly decreasing heat

source “of about 30 cal/sec (Power at end of 5 minutes ~ 100 watts)

which would cause the materials to increase in temperature at

gbout 1° C/min if it were not for'the tamper surrounding. Measure=- |

rents made with static mercury at 100 watts operation showed

14
.e

- -

& o3

9.

h

sentially equilibrium plutonium temperature of 37° ¢, a

mercuryrtemperature of 310 C, and a temperature increase of
O’;B C/min when the power rises from ‘0 - 100 watts., Shut-down
at 100 watts indicated a cooling of about 0.1° C/min. The =
heét‘transfer to the tamper as measured from the a power in-
dicates tnat for lOO watts a temperature difference of about
20° ¢ will exist between pot and tamper. Hence, the mercury
?no plutonium temperature will slowly fall to about 50° C.

COnvective cooling will play a small role because of -the partic-

ular design of the circulating system. Fig. 3 1llustrates the
t .
expected cooling curve during normal shut down.

YR

IV.: System Failure R

sl A, Power Outag

"fJ As mentioned before, it 1s planned to operate the

'..Muf‘

ﬁercury pump rrom a 50 kw Diesel generator. In event of

generator failure the load is automatically switched to city

\v_ ~e
1 . FL

fpower. If the city power fails the reactor will shut-down

fbut the mercury will remain circulating 0 PPOVidS shut~down

%cooling. I T e

M‘[..:

€



" 'NO. 359-11. 10 10 to the hal inch, 5th lines accented.

7% 18 in.

raving..

Eng

~,

SN U A

>

WA

APPROVED FOR PUBL

ST Sk,

St

| EENS LT LA ] N NS 58 T H o
Ei T h i e
._T. fanx ¢ Sl 1
HAN 1*4\ -+ lsUU .
; & ug
a HHTHT 3 .
D i ”
s ..ﬁx S fy i s e
srmesiissstannegesl: ; i1
g iseni i aneeets . .
U - l.rf |8 ‘3~ 9
i e il 1]
34 yEygd 3 9
- yigs
R ) .04 pa BNESNR +9 Bl TEF
LH R HE T S SRR R R
IR 33T A J LRI RE Y Aty 3]
pyAY £ '+ MR N Ly B s
H AR e R Y - SRS
SEuguE ANy BNAN 1 T L oy SRV aAaging 3 He0
- T3, ;i Ky IR
HiH TR S dsduAnnns [§3amtlonnn hIRS .
- Srxd xauuptude g~ i SR P S T ST T -
u » ? X = t? 44 L4341 RENY 14 344 |- 1l xr_ﬂh 4
gebddstayky & U TR L EEEE Ryay qxprduaivanclibn AT 3 fomiuldugn f
n B34%a sunngjan] b bl AR HE e R R e chEdpeitid 4K 1 .
| ey T £} SVSRRARRNN SNy 1 T prey : ST + 1
s 1141...1%5..."; sdgatnn A gg Raypndinakakagi x eag W “fm iy ks H
- & {143 4 \mwll H4t 713 iny B : 25! )*. )
Epeaty Exbpal Rux Sanl Rasnsbyndnsawtizeh DT
e a iy 1 L1 3 Fhagun g FREURYE L3
1 RENKENERDE ANk ‘M 11 lﬂm.l BRn AN 8 .w. H 3
RES 1] ..wjxnﬁ
d nge wAY & . 21
L { Ry n.Wu.. 113 .J;J \ - -t o +H
. EER AT 3 Y
v g . £ nugy A Tt
adak EZE e Rl d Rad ¥ alai »* BaEpas
4 & ¥ % - it jrt ;1 » J*. % ’ }
TELLE bt 1 g P! ¥ AR . .
gelugix x » 0y Biyus g 1 { im,x- o - L4
538 gy geadfaiie iz stnaaanab el Hn) ! ,wi,
BER TRNNIRSREYNRE 11 H{t e i My ) K ..&.
pibigl < nptirganduygun ot | STCT T uw Ly Nrﬁ thgh
Ru el DEANE b gand m.... REjyn e b :
er..u.. BB .lrwi 4 “.l, —h g & § uu.u I.WL {.u
an 1&”.. i HH : + *m ;W.»
e 13 T =
) AT AR 3 b )b IINE, » - ...4... —, |
muyipdesvmiagngiayaain K 1 ] wpns S RfpRiuyxitnd H gadndphpaiy
v+ 18 +4-1 RNV 4 1+ - AH A i - -0 o -1
I RR{wN 41 by |vm.. ulguyw rJlA.M P F113 i 7832
b1 : HIH LT H H 14 H 34
ot i Eyar Iy o . dis - afgRanAEpgs ,m“w}«}m;. : A
L i AR AT R
iy = HE 3N ¥ Fetasbem i {8 13111714 3
pasd J AkaadrRRaRnnads J. deribyiadii ety :Ji X = m'.._q 3 Te)
4 1 R (AR BRI I e e AN A
daakE-ak gt g outhpil Yy 11 SEYRANE Eae Sy RO NN punt g 4] 2 1050
. r e N 3 H 54 B EE g XY . . 4
dEkigh Reesl il 4] E i e 1 tiodr
4 VYT " e BEY D T 1 I
.u i.n ﬂ ‘I .vw..w.. : I L
By y o ; L,
T 1L ' EX
i & L} B HE
ks od i g 4 ) L
FERRAREE 4 I ETIR ! r.. s 4 ...t,wT
AW “UF pepEy - ..Ewl . 1=t \.m .
vy H -+ H _mﬁ . T 4
FRakEe v I 3x S p¥is
AT“._~\q, ae &_...m ,wwtv
BESRNNBEEN. oot TN® X3 .-H. 23
gnua gl Suaky e gayynitm Fif 4 3 i :
TR oy T T ; g B yw
b ptEichan it 3 1 ,.xb.h.;.u Pt o FASIEIEE: |m -
b ukfududdnd 2] gt MY 388 s R oy It - M.
En I T 1 % iy P iy 8% 1 s ¥ Ay £ £t
shedfufathpcbiatabEabutly gua<1ARERY § A EEv e b el it jugn i 3 X £3ti [P
WEgNNIREED . MERABESTY B N DU & 6N M T T T
et g TR T R e i 4] i
4 - B PP .*M. X MAT| 1 a.. m 7} " u..fl L« m¢ 4 13
T 11 a H ..u..L.LHm‘AL. (RsndbuEs FEk «vu 2 §3s
piay " - PR RN N A 4 ¥ !
. ) ey 4 .v.mx a4 ‘_ drr SIS L B I.M _.
- b 3 RRsaRaE ,.?wq..ru% SiTrE i =3d3 b
1t 13 5 HHA ATJ...* TT #r.r..wi! 1 KRR e ¥
3 3 » 1+t E 3 1t T Rty B "
ri ] LTH T N «..ﬁ J13 e 1 g N N T asd T
{ v ir. ARRNER or._.rn. SERJ¥) 111 I Ly FF
3 L g ! Liatd [ 5 FULFERFNS PPN
S e R P T w:f AP ERE
) U SWEY b B e N S ey Ry Y T+ g 4 4+ L3 BRI S
g mﬁw .rwvrx § 1 £ BT ﬁgﬁi.ﬂ-g-w HEt
§ {8 i [AachAns int BN ST RO srheis 4 MEH BT H
e O R, TR,
JH Y 1 1 1. tH y PERE LN.H g vw, R _.m
H A A fie B eV A
ERYERY) t H 3 H HE 3 .
R4 THIET .M..:l N 7
TR Halpre i
HE KEYRNYER pRY AR TR UN g
+ 4 Wﬂjw.ﬁij = m 13 .,..JH Jx«l' & : T
A 7t ) A 2yt Hfao R
bt 1+ 3 et ERERESw 1
5 -+ 3] ]
T -manrf : TI
114144 -F
eI +
£ ' s
a5} i .
id 1!
113
Rald
T

SHUTDOWN

AFTER

MINUTES




Came —er - . —-

APPROVED FOR PUBLI C RELEASE

s m e S e e : )

B MercuryAStgppag_

'Q;'-L "\ The flow of mercury can be accidentally stopped in

fthree ways, power fallure, pump winding burn ‘out or leak in

the system. If the Diesel power and city power fail simul-

taneously the mercury flow will stop but the city power fail-
ure e will aleo shut down the reactor, The three—phase mercury
p*‘pfﬁinding has 8 relay in each leg 1hich is connected to 8
trouble light. If a winding should burn out a trouble light

will go on and a buzzer will sound., The operator will then

e

?egbgnize the trouble and can stop the reactor. Since the

pump will operate on One or two phases and since it is rather,j

A,‘..«__

improbable that all three windings would burn out simultaneous- ‘y
ly it is not necessary to interlock the pump windings with the
safety circuits. Interlocked with the safety circuits are,

l-.L

however, the mercury flow and pot outlet mercury temperature.

A large leak or stoppage in the system will cause the flow to

;'.. —

decrease and the reactor to stop by means of the interlock

E o iaa e

ﬂ.“.x

system. A small leak in tne pump, heat exchanger or supply

tank will be known by means of trouble lights and buzzer through

P s

”drip" indicators. If a stoppage oocurs the mercury tempera-

ture will rise beyond the interlock value and the reactor will o

stop. _

Sam— e '-‘... o . B [

}5,~ ' It seems 1mposeible in view of the safety circuits

and interlocks to have the mercury flow stop without a re-

g " A X
7 e

aetor shut down._ ;
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The temperatures whioh would result from the above

general condition, namely, simultaneous shut-down of the reactor

and stoppage of the mercurj flow can be roughly estimated as
follows. N o |

';{f"'—*fIf we asgsume that the safety block and rods drop out
in-about 0.4 sec, which is a 1arge over-estimate, the total haat
produced as en average during the shut-down time is

ﬁ%%?; (2 4 x 105) {0, 4) (0.58) = 560 calories where the

o

fa ior 0 58 is the shut~down fraction at 0. 2 sec, In the 0.6

sqcond after the conpletion of shut-down the total heat produced

(244 x 10°) (0. 16) (0.6) = 230 calories.

HbﬁCé, about 800 calories are produced in ‘the first second.

The heat capacities of the flssionable material are

E%f*:‘“- 35 Pu slugs = 470 cal/° C

e ... 20 U slugs = 90 We use l/4 of the total heat

L , capacities to account for the
;:57;755 u slqgs = relative number of f{issions

370 cal/o C occurring in uranium,

ﬁaus the plutonium temperature will rise %%% © ¢ =1.4°C in.

tne first second, assuming no oooling to bhe mercury in that

i

Tablo'V is a compilation of rough estimates of the

'..v"

T &7

tomporature rise.of the plutonium after beginning of the shut-

Secocee -

R e
- - e eoe o 00 o900 oo
e N e g o @ [ ] ° ®
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° s e 8 °
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S el
s - ,295-
e _.n‘..- 1";1'.gbie V . |
Time after (P/fo)Av.v | 5élm_‘v Materiai .(Cbﬁy.“ OC;Eec ;Eﬁ; ?a
shut~downl sec cal/°C ' e f
0 - 0.473%c - 0.58  1.39 x 10 Pu 600 2.3 0.9
0.4 = 1”‘:* e 16 o 380  Pu 600 O, 6" o :
1 - 30 ‘—;__ - o 10 240 Pu 600 0 4 I -
30 sec ©1min « 0.04 96 pu,Hg,¥e 2000 0. 05 ‘15”"@‘
1 min ,;'.:,5 min - 0.04 | 96 Pu,lig,Fe 2000 0.05 "e;,f;1
3 min "I Thoup “ 0,02 © o4 " Pu,Hg,Pe 5000 0,01 ~2>*o
Tamper “f;ﬂg
1 hourtsh—-*,>;‘ ‘ . - '"iégfgi
Sigggﬁ20 watt a haating produceqa'r of 5° C in pot over tamper,ﬁﬁ,ﬁ%ﬁ%
bggﬁshut down powev of °00 watts would ostablish aaT of aboub “%xf?
éoé:b_ ‘which would slowly docaJ over a period of hours,’ ' 5#

J?jijé“"W1th flow stoppage and reactor shut=- down the most

lfkely events would therefore be.

P

‘TT L 1. Plutonium

A rapld rise of about 15° C in the '_?T*%'

first thirtv seconds, followed by cooling to the mercury temper—

‘ L

ature, since the merﬂary is intially 50° C lower in temperature.

We hero assume that no toolinv to the mercury results in the 7

first thirty seconds.

e

V;,*<~ffffz. Mercury:

bo the plutonium heat source.

il

mérgurj temperature wili rise about 6° C and will then rise to

a value whioh will be near the equilibrium temperature that e

would result from putting.the plutonium slugs at 240 C into

03

900 ooo o.

‘the mercury mass at 19q0 G ::Tnasuwili be followed by a slow

® *00 ore oo

o A’PPROVE@.FQ% 5’.'-’@-' ¢

. —

gt EASE

MOderate incnease of temperature due LR

At the end of one minute the

R 2R UG PR
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e T

‘\—‘-‘~ o

dedIine to about 30° C above the tamper temperature.

3. Tamper. A small increase in temperature which

will have long cooling characteristics will result.

‘.“lf‘ Fig. 3 illustrates the expected temperature behavior.

. C. Water Stoppage

 In this event the interlocks on the water flow will '
o

cause a shut-down._ The increase of mercury temperature due to

r,‘lv .

lack of cooling water w0uld also cause a shut-down in time.' The

T

large heat capacity (4 5 x lO4 cal/o C) of the copper heat ex=

chenger Will limit the temperature rise to about 5° C/min at

full power. It seens unnecessary to interlock the mercury pump ’; i

with the water supply since ‘the pump can be shut off manually
before 8 high mercury temperature is reached.

,AfD. Loss of Mercury from the Reactor Pot

-7~ In the event of a bresk in the connections, piping,

puﬁp, etc. of the mercury system the reactor pot w1ll not drain

Q;-AL

(Pig. 1 ) _ Loss of mercury through such an accident will cause

a reactor shut down because of the mercury flow interlocks. The

0'14‘_- —

ercﬁry 1eft in the pot will allow some shut-down cooling and

has been discussed in IV By

A.n,‘

One way for meroury to leave the reactor pot is in

. -

ok

‘ops a crack. Mercury could leave through this crack rather

1 T Lf""v’ TLE }rv'

.:-—\ --

s]owly because this bottom is supported ‘a tight fit exists ~"

between the bottom and the side of the ‘pot and between the

“~

pqfand the tamper in whish, 1% ig containad. Because the weld
T I PR N I T
ST APPRO\/ED'F!(R FgJéLEI CiRELEASE

the event that the weld which is at the bottom of the pOt deve- nl

iy




Ae the most unpleasant case that can be imagined consider that
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4
R4

the mfrcury had left the pot.

LT Another way for mercury to leave the pot is ir the

f‘;;:z*rr—ﬂ e : R P IRy )
RN Shsidaan i

o,éﬁ inch ‘bottom plate of the pot should open in the oenter R
e .\,:7 k:ut-.'."-‘ ° .74 «ak.,/ra"‘ 7.-", ,,\rj ,@

region where it 1s not supported. (The 6 inch diameter pot sita

P s

on“é_oﬁiriﬁcﬁ wide rim. the safety blook rises against the pot

- ‘.~..~_,,.

TR

thﬁough the resulting 4 inch diameter hole)

iff?”“*: It seems highly unlikeiy that such events could ogcur,.

e

W ",._‘

a]l the meroury ; in the pot suddenly eacapes when the reaotor is

operating at 20 kw. Because the mercury has a positive effect T~;,

equivalent to about 2 plutonium slugs, the loss from the pot

lll shut off the reaetor. The 35 slugs remaining are no Ionger _

in'a'cooling medium. 'We examine what happens %0 the temperature'
or the slugs assuming no air convective or steel conduction cooi- -
K’ur— RS e , . ' S TN ”"?“’a*‘,é‘

ing from the s‘lug but complete insulation. '

,(‘___

Assume that the plutonium was operating at 200°c at "?"

20 kw., Further assume that the mercury is gone by the time the

x.;) _-_\73-»1
R

Lt e .
Tyt Whig
T e e v

reactor is completely shut-off. The fractional power after shut-"

.’v

-" mz,. L

aswn is 016 (Fige 2).7' T the fractional Power decay curve is

s
L

uﬁed and the total heat capacity of the fissionable material 1s

,,.Ll, - : i
-~ I e

taken to be. 376 cal/°C the temperature of the material will rise

—— -

. o,e
ae shoup below. . .' g

o e Lt tre0 @

S kb el e WO
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rodyp

t**’fractional peﬁééh fa”averagef'v voC(To_ éOOOCS o
ERRE = -z .Heat Production . .-
.‘;5if._;;r;,‘.n,; 3§?i"5 (cal) _ .
B | . P:Q,, - - - 2009C .
5,700 ~ 100 210°¢C ‘f“
3 100‘ 545 215.5 ?
"~ z,200 4.0 219.5 -
*1,700 5.0 222,5
1,400 2.5 225 .
'“1 400 2.5 227.5
An over-estimate will be to now consider that the '
temperature rise is constant at the rate of about 12° C per
m;nute:kAﬁoréthe plutonium to rise to 600° c (the melting point) | .
a time of about 30 minutes is required. Because this considers |
né}hegtconvectiOn or conduction or a decrease in the rise of
t&hﬁerature the timeQis underestimated. In 30 minutes it would
be possible to open the outlet meroury line in the mercur; -._ .
cMﬁﬁber and blow helium through the pot to provide additional ;
-The temperature of the oentral plutonium slug will
be;ﬁﬁﬁitored and because the neutron distribution is essentially . ;m
unfrorm in the peripheral loading to be used this temperature iw
will%beiindieative of the other’slug temperatures., lt‘ie ' s
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possible, however, to have one or more siugs inerease in
temperature “due, perhaps, to a clogging of the holes through ,d_

which the mercury circulatee. Assume one slug increasing iniﬁ‘f ;?:T

. —.hl-.

temperature. The plutonium temperature eoerficient or - j
O. 5¢/ C for 55 slugs means that ons slug‘~ O. 01¢/° C.tdlf"
the slug is‘fnitially at 200O ¢ (20 lw operation) and the

reactivity is decreasing at the rate of 0. Ol¢/° C by the time s
he slug temperature has reached 400o C 2¢ of reactivity will -

haVe been 1ost._ At 400o C 1f a phase change sheuid oceur the .

3 Sna e SUNPUEIIE S . ~,

rﬁgﬁtivity will increase by 5¢ (sse Section VI), making a net

ﬁg f 3¢ This net gain corresponde to a period of 560

I TR I AU

seconds, or in terms of rod motion the control rod would have

v.‘.

td“te changed by 0 3 inch to maintain the critical operation. 'A'f_ -
Thus, this condition of one slug increasing in temperature .:' e
through a Phase transition temperature would be known by havingféyyn
tb ‘move the rod in about 0 2 inch and, then later having to moveff':é“

the réd out about 0.3 1nch. These changes are relatively largef

@f the reaotor. If several slugs ehould be affected in this :.wm

wag the reactivity changes would be even more noticeable.'.fi;"wxﬁﬁ_?'

..;e ....,.,'

””Te It seems very diffieult to get this high temperatgre ;ﬁi_'_,

1—-—‘—v— 1' - . P 2
PRI e

gradfent, however, becauee of"the heat flow paths even with

.~-,4"

s&Véral holes clogging (diameter ‘of mercury entrance hole- O l"iﬁf:;i

and the elosest spacing between slugs- 0. 05’). To minimize any A

cLogging the mercury is filtered through wire mesh at‘the exit
of the supply tank and a& the entrance to the pot.
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Jui Structural Changes B

"5# 1,‘ Blistering of Slugs”

Hanrord operation 1ndicates that a blistering of

L

el yeq, _?~

tho slugs bogins when 1 atom in 3000 total atOms has fissioned.
At‘tﬁ5~reactor operation of 10 kw about 7 x lO -12 fissions per

ato@ per second ogcur.

"""" B ‘fissions .
104 watts) (3 x 1010‘ iissiong
B .. sec watt ‘. _ ,,-12 fissiong

sec atom

.. -
“"‘*—%TO S atoms (1'7 x 105 gm)
an

...‘._.;, - e
Lt -

Foﬁ 1/3000 fissions/atom about S x 107 seconds are required.

«-5-.- PSR -

o Thls time is eguivalent to about 5 years of normal operation.

The central slug can be examined at infrequent 1nter-

vaLs if necessary in order to check on the presence of any

k ) .
»bllstering which 1f presont might impede the mercury flow and

)(-h.._..- ,“.-41 ~‘

proﬁhce 1ocai heating.

The sarety block and rods might likewise have

bl§ﬁ§3?§~19§%??d on'theHSurraces. These would take lOnger to

appeaﬁ,than in the slug case because of the lower flux in whioh

i.a

thoy’are:situeted._ It 1s not expected that this will cause ,;

.....

trogglebdnrlng the reactor's lire-time.'

A.,.~i\-’ ~A.3 .
S s

The accumulation of fission products in the slugs
R BTN ge

ef»g AT

vy

...... N

‘,;~glg use& (steel, e.g.) is exbectea to be unnoticeable..

.. -.‘.. !««p“,'-.. T S

, ﬁt- A ' o AT T x \..~ Ca LT .
St ’ [ 3R]
— .l_,.., - .. .0

J\.'wfra "_IF caret

;~$inoe yhe pIntdhiLmJ&e-etéﬁliized in delta phase, whioh .

AR VN

Afjahb i produce no react1V1ty_or structural changes at the planned

PR
A

'°pQJWf§?n‘; Tne erfgét or neutronpsng y radiation on the struotural e
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hes the lowest density of alenownphases, any phase change
'ill increase the reactivity. Thls effect has been measured
by inserting a slug of alpha phase material of the same mass "'“'”{fw
ashthe delta phase in various regions of the active material_

and observing the reactivity increase. In the central posi-

tion k! densitJ increase of one slug of 4 gm/cm5(15 8 - 19.8 gm/cms)

corresponds to a 30¢ increase in reactivity. At the extreme

r.\a PSS

edge of the active material the value is 20¢. On this basis 35

Lugs @ 30¢ per slug changing to alpha phase will increase the
naactivity by $#10.50, The reactor control is about $12.00.

afety Block « 5.30, 2 Uranium Safetys 3.20, 2 BlO saretys .
5"40x, Total .= $11.90.) S | S

LZ; . ... Even though 1t 1s thought that the most serious of i _A;

[X

a]t’phase changes can be controlled the following possibilities

are discussed.

Delta to Epsilon

In a change to epsilon phase through ‘& sudden high

the Pu will be about 2ooo G (20 kw). The transition tempera-

ture to epsilon phase occurs at 400o C. A sudden increase of

abogt 2000 ¢ is therefore required. It has been demonstrated

that this is probably impossible through failure of ‘the mercury
cooiingrsystem or through power failure. The remaining possibility

TS

T T

*Recent experiments have indicated that about 300 gnm Blo in the
safety rod position in the tamper is equivalent to $1.70 decrease
in"reactivity. a Skpm, uranium nod. ¢ln this position is equivalent
toi-$1.60 increase. e BIY sdre{yirod has been incorporated in . .

the design such that whére the uranium safety falls out 3f gosi-
tion, the B0 falls in, The control is thereby increased by-

$4
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appears to0 be an accidental "flashing" of the pile, It will

be shown in Section VI—C that this has very small probability _

and could require a complete, not-recognized deliberate re-

omgﬁnization of the GOntrol and saﬁety circuits., A transi-

t;on of 35 slugs from delta to epsilon is equivalent to about

l&la [ ) 000

‘“2 B. .Change from Delta»to Alpha, Beta or Gamma Phase

—— These phases ocour at lower temperatures than the

E

to about 100o C, the beta between 1006 and 200o C the gamma

u€=;

béitween 2000 and 300° C, and the delta between 3000 and 4000 c.

spMri—a

’,-*

The ® Pu will normally operate in the temperature range where the

bdta or gamma phase is present in unstabilized material The

po§sibility of a slug changing to ganma phase during operation

N Oy

s8¢ oS snall but if this should occur the slug which has changed

L-c

thfthe more dense (16 8 gm/cms) and hence more reactive phase

wili inmediately cause an increase in pile reactivity by about

)
& Eha—

8¢s— This 1s equivalent to a period of about 3 minutes, which

;,p = —

EI& Ae observable and which would also cause a shut-down of ,

-

the reactor by the level safety.
o The change to beta or alpha is probablv impossible

dufing normal operation because of the operating temperature

v o
"“Fr

of the reactor and no evidence exists which would indicate the

pc@sibility of a phase change of all rods to any phase during

g e

.
ce st : 2
e o ® .4
e o [X) ® L X ]

ffi?? r'j}. o ‘ - .ee e:e :ee oee :ee e'
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delta to epsilon phase._ Approximately,pthe alpha phase exists V_:hﬁf
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shut-down. If, however, ‘a mechanism exists for a transition

to alpha or beta phase during shut-down this is credible only

on’ the basis of 1ndiv1dual rods since the history of any two

rods is not identical. Thus, one rod at a time would change
phaSe with consequent increase in reactivity. One rod chang-

ing to alpha phase is ‘worth about 30¢ in reactivity and since

the block and rods together equal about $12.00, criticality

would not be reached even if all rods changed to alpha.

l;ﬁ.éif Pile Flash o

" We wish to examine methods 1n which the reactivity can

l A T -'-¢ B

be raised so rapidly that the increased power will heat the Pu

a%dne éﬁa thus produce delta to epsilon phase ohange. The

temperature coefficient dae to the Pu is only a third of the

overaii temperature coefficient 80 will have & smaller negative |
eigect on the reactivity. The heating must be so rapid that

03..
the plutonium temperature will exceed the delta to epsilon trans-

ition temperature before ak is used up by the overall tempera-

ture ccefficient. -

Reaotor at ﬁow Power

_,,

Assume the Pu temperature is about 1oo°c and that

.
M

the heating is rapid enough so that there is no heat flow to the
mercurf Then A T = 300o C and assume that in 10 seconds there

is no heat flow. Since the total heat capacity of the fission-

able material is about 600 ca1/o C,

»

*('600) (700) (4. 2) -' 76 x 1o5 watt sec, and if the time in

® ®
e o oo ° o
[ . [ o o
® a0 600 oo o0
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7 x 104 or lO5 watts mnst be available. If the 1n1tial power.
i% e.g.’e' 0 1 watt the power must rise by a factor cf P/PQ- 106

te cause f Is rise in temperature, or e at 106 and “t = ls.

Hence T - 1/1 4 - 0 7 sec period £ 85¢. Hence to produce ‘this

which this power must be injected is about lO seconds, about " T

p0wer rise a reactivity change of 85¢ in 10 seconds or approxi-. o

mately 8 5¢ per second must be made, The maximum rod traVel is

0. 1 inch per second - 1¢ per second. The safety block is worth"

about $6.00 and moves ‘at the rate of 0.07"/sec. - 14¢/sec. “,Ifll -

the reactor "¢6uld be made critical with the safety block down ‘

o om e

arid if the safety block were then raised completely into posi-

tjon the above condition could result.r The sequence circuit
!W—‘ — e e e PN :

deiﬁcribed 1n II-B prohibits this.

_§i" 2.. Reactor at High Power

TR Assume reactor at 20 kw and slugs at 200o C.' Then
e .

a.T 2oo° c and (500) (200) (4.2) . 5x 10% watts, If this

10
power is to be added to the rods in 10 seconds the power must

rise P/P ~ 5 x 104 or T - o 9" ~ 82¢ The above arguments

again apply. Further, the 1eve1 safety would stop the reactcr f.

‘-4\ - =5

inﬂabout O 6 second (level set at 40 kw) and at full power

operation this amount of excess reactivity will not be avail- B
aﬁ;g;“ ﬂssyvy f' :f'} RS- . .
;g‘&‘_w' [ ‘.—;,\‘r ?'::!”' "i(,-f,'. ..‘ e
V];L._ Experimen ts
E’ Experiments have been performed on the reactor to ex-

Te the operating characteristics. To date, the power level .

LIRS ,; .38
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hae not exceeded lOO watts and no circulating mercury has

been_used.

Some of the investigations which have been made are:

L
LGN

- 1. Temperature coefficient at 1 watt and at 100 watts.

(At 1 watt overall coefi‘icient S 1¢/°c~ at 100 watts Pu =

-cs :5;'/o C, Hg « =0. 2¢/° C. )

f 2. Power versus temperature of Pu and Hg (Hg not

chculating). At lyuattv _Téu - 250 C THg - 239 C,

. 37° C, THg - 510 c. (Essentially equili-

‘-13, Plutonium and mercury cooling after reactor shut-

dqwn (no circulation). After l nour operation at 100 watts Hg

and’Pu cool about o, l° C/minute.

vi:;_ =
(43 .

:‘11;: 4. Effect of alpha phase plutonium upon reactivity. y

“

£§ee text )._ ) , ,
: H~36.5 Use of Blo as a control rod. (See text. )

;:;L;;g.' Activity of mercury.

PO '-g_ i

An exposure of 1 3 hours of a mercury sample gave

.,\.,d

mae activity of 45 minutes half-life. The calculated cross

| section for thi° reaction is about 10 millibarns. The activity

o e
P

cduséd by the this activation only will be about 40 curies per

S IR
e . ~~~\~ E

liter of mercury...The system contains about 17 liters. Longer-

lived activities will be built up during operation whlch will
’L«F-“’ Sl .-“'-’\_',;‘ R ': : N ‘
. «~—Q;4?f,.. . :‘.‘.. :‘.v .'Il..IIIIII!IIII’
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or increase the.curiee pef liter‘figure'to a caloulated.
of about 100 curies per liter.

7. Neutron distribution in reactor pot (peripheral

Distance from Center

Rel. Actiwity

- 0.0 _inches 1.00

. - 1.875 1,095

o . 2,125 . o 1,055 _

‘e 2,44 ' 1,04 .

j;i_' ‘2.56;;’~ . _§%%%§—33} elug average

s | _ SR I
Tﬁgjéistfibution.appeafs to oeufairly conetant inithe feactor '
po;é":" .. . | . .\ , - S .‘ .

é;% 'iB. ngecte'of'fiiling expefinental holes with
Eméiigi; . — DR :

‘ii . This was done as a safety measure in order to
kng%;how much the reactivity would be increased if all the
exﬁéélmental holes were filled with uranium.' Filling 9 verti-
caiiﬁeles, 4 tangential and 3 central holes could result in N
abéut 80¢ reactivity increase. One slug of plutonium in a |
taﬁégqtial hole is equivalent to only 55¢ This is as close
inféie tamper &8s one can get plutonium to the active material
reéion. ‘ | . | ‘

éé; 9. Shielding_Meaeurementa:

fg; ﬂ | Preliminary measurements indicate the L
foxioning decnease of neutrons.in tpe shield.4' R

.. ..’ "' "' "' e
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fj;ti,._ : ::1} l : 'f'i'- 'Af- 41. i -..: .é. ;:. .;. ses so,
Qq Distance o . .
ol Geater 1.0
T s e of sot 0us
NI o g0 g my 0,16 _
%ff;fi—j:_"jfhls" 6" steel _o'.ov' o
SR 4eh 304 lapinated i
T o | }shield 4x 10"lo
,A_ - L 18" concrete 1 x 10"12
%f:;~;‘-gg§_;mal Column - |
f%?f;:;,—y"f The face of tho thermal column is covered with
tm of boron Plastic, 0,040 inch cmdmium sheet and
sqiggiés or lead._ The flux at the face of the column is about
'5;2;292 for 20 kw operation. 2.25 inches of the plastic causes
F“duction of lO6 A The shielding appears adequate.
> N Reactor power start-up will consist, in part, in the
emeht of the following o o ‘ )
Temperature coeffi;ient.. L ﬁ
vPower versus control rod speed at very low powers.
%}:} '-ils: TTenperature gradient‘across & slug at various |
e e powers.f .
J;i f;; Temperature gradient.from pot to tamper after
B shut-down.

"5, Power versus temperatures with no mercury cir-
culation.‘rl_“v,

. ihé} Plutonium ‘and mercury cooling at low powers
- after reactor shut-down (with and without mercury
oirculating). o

SR

Power decay after shut~down.

) S, 00
. b : . o [ K]
. ® . .0 _0 (1] [
[ 3 ° o

[ 1 900 ttt Oeo ooy o
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VIIL. Gonclusgions

PR

3

. ”;;j Becauee‘theureactor”has not been operated above -
1d0. watts speculation about its charaoteristics at higher ;
powers is difficult. We have, in this discussion, tried'_f;
te exanineﬁall dangerous conditions which might'arise during
ope;ation‘and'Where‘definite information-wasvnotvaVailable ‘
Ahave over-estimated the expected trouble. It is believedtu\
thgt all dangerous conditions ‘have been considered and the

prbb babil: ity of occurrence minimized through the safety oir-

B¢ Ao

ezperimental information which has been obtained has served

w. T

toﬂibnfirm this belief. It is planned to operate the re-_:_p

3—““—"‘-————— .

aég for several months at low power (lOO watts) without 7.2;

M T

"L.. .
mercury circulating in order to obtain information which

ichOnsidered useful to other reaotor groups as well as to

ourselves.' During this low power operation more observations

of the_reactor behavior will, of course, also be made.

cufts, warning indicamors, and the plans of operation. The N .:_:
: . R

o
L
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