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1. Introduction

The operation of the Fast Reactor is considered in
. ... .

.-

terms of normal equilibriutn conditions and normal shut-dovtn~-” “’-._.-

The proposed loading, control” rod adjustment and”s’ubsequent ‘--’-

‘tfloatingl~operation are discussed. Safety devices and inter- .. . ...

locks are described.
.’..‘:.,

Temperature and reactivity changes are “examined with . ,,,.

‘tflashingtt .respeat to various system failures> phase change6S and
,,

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

also considered.

The calculations were initially based upon 10 JCW

operation. Performance testisof the mercury system now in-

“dicate that 20 kw operation may be feasible,

II* General Reactor Information ,-.

In order to olarify the discussion which will ”fqllow$

brief descriptions of the cooling system, safety oi.&uits and
..

interlocks are given, together with heat transfer data. A

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

A, Cooling System Data
,-

The reactor is an”all metal system circulating mercury ‘-

in the ‘flow diagram shown in Fig. 1.
/ . . . .!.w; . . . .--,.-,

The steel reactor pot rests in an 18 inch aube of

uranium which is cooled

embedded in an aluminum

[
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1. Heat Capacities
,

The heat capacities

indicated that

pot and tamper

when no tamper

of the important parts

of this system are:

Table I

Part Material Speoi.ficHeat

(cal/gm°C )

Fissionable Pu slugs 0.03
Material

u slugs 0.03

U spacers 0.03

Jackets on Fe 0.1
slugs .

Mercury in pot Hg 0.03

Steel Pot Fe 0.1
(active region)

Squirrel Cage Fe 001

Heat Exchanger Cu 0.09 “

2. Heat T~ansfers

(a) Pot to Tamper

Mass

35 slugs @ 450 gm

20 slugs & 600 gm

55w30gm.

55 @ 45 gm

9 kg

z 4.5 kg

*1 kg

* 500 kg

Measurements with static mercury

1a 5oC temperature difference ex steal

for 20 watts of heat ( a - power) in

cooling water was circulated.

(b) Heat Exchanger

Preliminary tests at normal flow

“*
● ** ● 0
● *** : c: ● co
.0,...:.:0●@:●:* ●*

● ● *
● ●ee ●

e ● me
● ● . .eee

● 8*● :.: . . .em
●9 ●** ●*

Total
Heat
~city
lcal/oC)

470

360

50

250

270

550

4.5 x 10’

in the pot

between the

the plutonium

rates show
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. that the Heat Exchanger outlet mercury temperature approaches

the outlet water temperature within a few degrees. Most of

the gradient occurs acroas the mercury tube walls.

(’c) “slug Gradients

Heat gradients will exist in four regions

In a slug: through the plutonium bar, across the gas space,

aoross the s~eel can wall, and across the mercury film on the

outside of the cane An estimation of the heat gradients can.,.

be made as follows:

(1)

&“

long is - kA $$ where k

.

Plutonium bar

The heat flow from a section one cm

1s the coefficient of thermal con-

irw ‘duct~vity$ A is the surface area of the section and dt/dr the

temperature gradient. ‘his is equal to the heat present in a

Volume whioh varies in radius from r to the maximum radius of

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

entire slug of length;L,
i!

r2 is the number of calories
~. . , ,.

-,

in a 1 cm long section of radius r. ,

-k(2flro) %X Q r2.
z— ~02

and

L r.u
..

●
● ☛

● 00 ● b**
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If the heat is considered to be produced where r = O then

Q
AT = 4nLk

For the proposed loading of 35 slugs and at 10 kw

power an average power of 300 watts per slug can be otnmider-

ed. L ~ 14 Cm and k - O*O2 ~al/cm2/~ec/OC/c~* ATm*20°cm 0

temperature drop across the plutonium

(2) Gas space

The heat flow across this space can

be written

or

AT- Q
W(2 n r)

dr
,

where dr - 0.001 cm or less and k

r . 0.82 cm and Q . 120 cal/sec.

for helium . 3 x 10-4.

(3)

will apply here and for

oo1, ‘AT = l“c~

(4)

T = 5°C

Steel Wall

The preceding equation in section (2)

r = o*86 cm~ dr=0.05$@tan~ lE’$os st&l =

Mercury film coefficient

A simple underestimate of

film transfer coefficient can be made by assuming

aoross a stationary layer 1 mm thick,

the mercury

conduction

hn:~”..02-2\80c/oC/cm ~= 0.2 cil/cm2 sec o C
●0:●0:0:0O;l.:ern.”

● ● O* ● ● ::

● ● * ● ***
● ●,e.● :.: . ● O*

● O ● e* ● 9
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‘then

“m -r?+m--=’oc
Measurement SatArgonne transmitted by

W. H. Zinn give the relation h = 2400 VOaa BTU/ft2 ‘F hr. In

a mercury flow of 3 L/rein and for 9 kg meroury present in the

pot, the linear flow of mercury by a slug is about 68 cm/fin

or 134 ft/hr, or

h . (2400) (50) m 102 x 105 BTU/ft2/OF/hr

R 16 cal/cm2/sec/°C.

Using this film coefficient, A T - 0.1° Co

:* ‘
The sum of the heat gradients across a slug is

m across plutonium 20” c

~k across gas space 5

.32 across steel wall 1

across Hg film

3.

is assumed to

2 kw from the

and 3 kw from

the mercury).

The

10 (overestimate)

350 c

Heat Loads

The heat load to be moved during normal operation

be 10 kw from the fissionable material In the pot,

tamper (appears as heat in the tamper cooling water)

the electromagnetic pump (this appears as heat in

heat load t9 be removed after a shut-down c~

be separated into two parts: that due to the delayed neutron

fission and that due to heating from ~ and Y rays from the “

.*
● ☛ ● :.O
9*** : ● 0
● a ● 9.

00 ●: ●:0 ● . . ● 00 00

●

● ● 00 ● :
.0:

● ● *O ● ,@*
● bee● ●e* . ● OO

. . ● ** ● *
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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> pla When an amount Of

k is removed by dropping the safety block and rods, the powez?

level falls with the ti~e of the k removal and the delayed . .

neutrons left constitute a new source (y f’)Plwhich, however,

is multiplying promptly with a multiplication 1/(1 - kp)’. ~

= PI(Y f) Pl( y f)
4.

Hence
‘2 1 - kp m

~1-k) +y f
,.

If k 3.schanged by 2.5 percent,’”since ~f = 0.0025, ‘+”-
., .... .

‘2
~“ fractional power = 0oO025 . 0.091.

0.025 + 0oO025

This fractional power then decreases with the decay of the

delayed neutrons and cti 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 ,~ and ~ rays from fission .

#i
.

Total k removal IS now placed at 2-8 peroent beoause of’the
addition of 2 safety rods made of B1O which will fall into
the active region of the tamper when the ur~i~ safety””or -- -’”

.,-..r,,’shim rods’”fali out.

● * .
● * be
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OD be
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●
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products and is delayed heat. It is shown in Jionl’-l47that ,

if a pile 5.s run at steady power P for a period, of M seconds

and G(T) is the rate of heat production at time T after shut-

down the fraction of the operating power which is sti2.1being

generated by the fission products T seconds after shut-down is

J
T+M

++%
~-1.2dt- 6.7 X 10-2

[

T-0.2

J
-(T+ J@”2

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 fission product heat decay curves.

40 Flow Rates

Prelhd.nary 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 Fig, 1 are con-

sidered snd counter flows are used in the

Power 10 kw

Hg temp. into pot 200C

I’@flow 6 L/rein

Hg temp. out of pot 75° c

Pu temperature 1100 c

Water flow 7 L /rein

Water temp. into ilxch.~~1 10°C

Water temp. out 300C

two heat exchangers,

20 kw

200 c

6 L/rein

1400 c

210° c

7 L/d.n

100 c

500 c

.
::a ● e ●
● O*. : ● *m
● ce ● *: bob
● * ● ** ● ● b ● O
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Power

Hg temp. out of pot

Hg temp. into pump

Hg temp. out of pump

iiaterflow

‘w’atertemp. into Gxch.#2

9* ● ** U*
● 9* ●°0: ●a.●
● **8 9
● 00 : : :0: ●
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9*

●

● 9 ● 00 ● *O ● O9 ● 09 ● e
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● :* . . . . ::
● aeb
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-13- U“

10 kw 20 kw

20% 200C

200C 200C

37Oc 37Oc

3.5 L/rein 3.5 L/rein

l(JO(-J 100C

Water temp. out

Hg temp. out of

About

- 25°C 250c

Exchs#2 200G 20°c -

2 kw of heat at 10 kw operation will be

developed in the uranium tamper from 25 and 28 fissions. For

a temperature rise of about 30°C of the water a flo~vof one

liter per minute will remove the heat.
,

B. Safety Devices, Interlocks and Indicators

Table II lists the various safety devices and inter-

which will shut down the reactor by causing the safety

and two safety rods to drop. Also ljsted are meas~e-

which will be indicated by trouble llghts and a buzzer.

locks

block

men ts

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 operation

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, th’en~he safety rods can only be moved one at
● 9**. ● m

● e*@ ●e
● mb : ::

●* ●**●**●*e:*C●4
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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 can move. Al SO ,

.

●

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 brought down. The speed at which

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

Measurement

N8UtrOII level

Neutron level

● Log level and derivative

Temp. of central slug
.

lig flow

heat exchanger water flows

Tamper water flow

Temp. of pot outlet Hg

N.ax.temp. of heat exchanger
water

Msx. temp; of tamper water

Three phase windings on Hg
pump

Level indicators for Hg supply
tank

Temperature of Hg pump stator

Hg drip indicators beneath Hg
PWnp~ tank, heat exchanger

Table 11

Method

25 ion chamber

25 ion chamber
Bucking Galv.

25 ion chamber

Thermocouple

Magnetic field
(pressure difference)

Flow-meters

Flowmeter

Thermocouple

Resistance therm,

Resistance therm.

●
● ☛☛ 9*

Water drip indicators beneatti’ : :“ : :0 : :
heat exchanger

●W ●**● **●*.● *...

::0 ●** ●

● *O9 : ● **900 ●*: ● ee
●* ●b* ● ● ● 9*

.

Interlock Trouble Light
and Buzzer

yes

yes

yes

yes

yes

yes

yes

no

no

no

no

no

no

no

no

yes

yes

yes

yes

yes

yes

yes

yes

yea

yes

yes,

yes

yef3

yes

Y68
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It is planned to run the mercury pump from a 50 kw generator.

In the event the city power fails the reactor will shut dowrl

but the pump will continue and essential circuits will auto-

matically transfer, thereby providing ‘shut down cooling and

power level observations.

c. Contamination 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 tarnper

will be detected by a G. fi.mercury vapor detector sampling

the helium stream which flushes the tamper. A.G. b!.tube will

also detect any radioactive vapor. The tolerance for mercury

is 0.1 mg per cubic meter of air. A G.M. tube can 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 wI1l run into a trough which will lead to the lead

shielded dump tanks

2* Slug Leak

A leak in a slug will bo detected by ~ neutron
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80000 ● 9O
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countierplaced near a pot exi$ mercury pipe. The delayhd

neutrons from the fission of the plutonium in the mercury

will be detected,

I

3. Water System

The water output of the heat exchanger till be

monitored by a G. M, tube to detect the presence of any radio-

active mercury in ease of a leak in the heat _exchanger*

The tsmper cooling water .will be monitored and

also be sampled and counted at intervals. ‘Thiswater is

..

‘will

was te

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 I
in the gas seal is released to the atmosphere at the top of

1
the building) will be fi.lterodbefore releasing and will also’ I

‘1
be monitored by a G. M. tube in the stack. The relative

1

humidity of the exit helium will also be monitored so that

a water leak in the tamper cooling jacket can be detected- I
D. Reactor Loading and Float.tng Operation

The over-all temperature coofficlent of the reactor I
is about -l.l#/O C measured at 1 watt. The loading of the

actor must bherefore contain enough excess k to compensate

for this at planned operating temperatures. It is planned
I

re-

to

load S.Othat with the two control rods completely out about I
.$2.00in reactivity is available. Fine adjustments on the
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amount of available reaotivlty can be made by the step character

of the safety rods. One control rod can 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 coefficients and subse-

quent density changes. The temperature coefficient for the

plutonium is calculated to be about - 0.3#/0 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 steal

about - 0.49!. Recent measurements done at 100 watts give - 0,3$/0 ~

for Pu and - 0.2#/o C for mercury. The tamper coefficient was

not determined because no tamper temperature change was observed
.

durin~ the experiment.

After the tetaperaturecoefficient has been measured

at higher powers during the start-up measurements the control

rods will be set so that at 10 or 20 kw operation only 54 or so

of reactivity is left in the control rods and hence the reactor

will ~lfloat}?at this level and cannot rise further in power

unless the reactivity is 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.

111. Normal Operation

A. Start-up

In the discussion which follows it is assumed that
●

●
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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 initially below critical. At

critical the neutron level is the number of source neutrons

multiplied by the prompt multiplication.

At critical lip~ 1 1 “ 400.
- kp - 1 - 0.9975

Source neutrons . 5 x 105 n/see, hence the power at

the time critical 1s reached is

(5 x 105) 400 n~sec
= 2 x 10-3 watts.

3 (3 x 1010,)n/see watt

In order to reach an operating level of 104 watts, the power

must rise by a factor of 107.

The reactor power equat~on is ‘~’ . a P, where P .
.- dt

Power, a . l/T, T is the e-folding time of

a function of reactivity, which is assumed

with time, due to the-control rod motion.

1

t

~+” a

o
or, using Simpson~s rule for expansion,

the power. a is

to increase linearly

dt,

6tw—

[

a a n+ 4 Ia0+ E5 odd + 2 seven1
6

● * ● *
● ● :0 ● ● * : :

● e 80
● m ● e* ● ** ● 90 bee ● O

●

:*O 8 ● ** ●

● em* :* ● *9
. ● ● ●*9 : ●** ●m*
● * ● 9*

APPROVED FOR PUBLIC RELEASE

APPROVED FOR PUBLIC RELEASE



.

.

.

.

:, . ...-..“—-—:-L
.,

. $** :** .OO : “*oo’.0.
● e**@ ● ● **

.... —- bOe* 9** ●

90

‘$:-
J

F.. .— -_= ,.-.
● 0 ●** ● 00 ●:0 :- ● *

● 0*
.0

,. ● 0:0.:. :g
9● :

-. -19-
. . ,, . . .

where 6 t is the time interval between successive alphas. “

a ~ Is taken to be O when the reactor is just critical. an is

tgikento be 2, 1, 0.5, etc., depending on the minimum period
———— ———

p~$=issible.

.’
For convenience we take successive units of reactivity

,, .
~@”c-h are addh,dto be ~~. From the $ vs a relation the a sums

.,,.
c~k;be fo’ukdfor addi’t~ons in reactivity of 24 and the Ja dt

e$aluated for different a n. From this we can find 6 t, the;>.:— .,-
time between the additions of 24 of reactivity or the rod speed

,.

nec6%Zsar’yto produce the chosen minirnurnvalue of T. Table III..

illustrates this.,=...

Minimum T
:(sec) (g:c-l)

—-—,. ..’”.’. ,.

0;5, _ 2’QO 12”~t 1.33 105 88

1 ;.0
.

, 1.0.8:w_-+~m- 7.2ib t 2.21 0.9 82
---

2!;0 0.495 , .3.946 t.)‘.... 4.06 0.5 72——.._.:-,.—<,_

5’!?.. .- 0.205 1.596 t“,lo.o 0.2 58:.._.
. :.—-k..—.---
,.. -Thus , e.g. if the rod is run at a speed of 0.9$/sec
~,.,;.——-

(‘~~=O.l’’/Se,Cif the”10” rod * $1.00) for 82$ (about 85 sec)
# ,- .

the reactor would be at 10 kw and on a 1 second period.... This

tf~not a desirable operation and is merely indicated to show

that if the rod were driven in at the highest rod speed possible
,,,”=–-–

(z\ndactually farther than it could go since it is planned to ,
..,..,....-.----.- .

,-
,...

,., ---
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onl~ ~eave ah-out’75~~in the z~od)”~h-e]:~il;~~w;period would.. ..~...—. . ,.,.’ ,.’../.,.

st$l_l_beonly one second snd the lovol snd derivative safety
:~’: ,.– — ,-

. .

c i~-iili-ts”–%’odd atop th”ereactors.,. ..-
. ..—
.>-. ..~~T,able IV ‘shows me period and power present after
..&-:: ;...-----‘. .-,.-“..,”. .;. . ..-

tifi3&of” $.&nlng the rod, the-~ubsoquent power and period At

.,. th~t&~=--&d the ~i~e thereafter ‘reql~<~ed“to reaoh 10 hw.’
::--— .+. ...+.-..
e’.~=-~~“.

....,.-..,-—-’...”..,-.. ,.
on-the period present ● Calculati on~ -are u&de for rod spead

(IEirl)

1(-J’-3ec - L “1’~[,~~ ~(-j 125. —,; .. “ .-. . --
. .

Zd -?%-”-’ ‘“”2“ incni-9 ’20 50,—=;-.” ::. . . ,.-:.. .-.s.
.

... ..

3e~9-ec- 3 incn+s 30” 25-
?C:=--- ;, . ‘. ,. ;,,.: i“.“-—.—
llx~,. . ...

4@stlc “4 inc-hes ‘40’ 13..-< -.+_- .“.- ... -’” ,.. ” .-

‘5 inches, ,...’,$~. ....- 5cu%& 7- - 9,. .,,s??—_ -...,:97–. . ,----- . .. . . “

.

72{. -~&j 7.2 inches ‘ - 72 2
,,P;;.:‘– ,.-.

8# -$~(j ‘“”“-——
80.2inches’” ’02 “’ .1~.+.,’...~... ;;.,‘+,)W- ... ..., ....,.,. . .,,”. -,“..——7-_==-._i . ‘“ . .’”,,..

1*O3 PO

1.2 P.

106 I’.

3.0 P.

/3,1, P.

6X103 P.

109 ?
o

33

13

6.5

2

15 sec

--

Th:q_lbove,i~ndicatcs thqt if tilederivative safety is set to

;,~~-7. 8- . . . . . . ., . . .

sc@:6fid&wo,@d ;t-ill.’o”e.av,ailable befo“r~the power of 10 kw

. .

..

,..

. .

,..

kw

#

p- :-~= , .
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ii ;eacfid if the derivative safety failed ‘to”oPeraf8c ~’e”.
.+

level saf’etywould then stop the reactor before the power.—
. ..

,,-—. -.. .

had reached an excessive level.
-.

.-
,.-

A typical method of bringing a reactor to power
.

,.%’.&=~~,.~— .,. ------.
wb-uldbe to start the rod in at a speed of 1~’per second,,._-_. ,.,.--

Q1’1OWit to run for 40 s~conds~ at which time a 13 second . “’‘-%,—— . . ......—
piir~odwould be present. If the reactor is then allowed-to ‘“.,

.—
operate on;~-—-

--=-Time.:=.
Q- —.— —

._—-——— 0. ..-

this period the
-- _

power would inorease as-shown below. .,-
,– ‘.,““‘- , - ‘“,~:, .

Power (P. - 2 x 10-3 watts)
.. ....*

Power

6 X 10-3
.. . .. <

.“3 P.
,, r,.. - .. ----. . . . .

P.)
- ..,.-

0.6 watts
..’.:==:

.lmin 100 (3
..—’.-———.

This meahs that within an elapsed time of about two minutes
----
.--?.. . .- —

the reactor pow6r level woui’d“beclearlj observ-able,iihich is ‘“●

.. .._—— ,. ,. ..,”... -.””.“’,

a>afer condition than $f-$t were brought slo”wly’t”oabou$ ~
.’....*L.

.-———.——~.— ,, .
..,..——- . ,.

. .’,” A,.S,.MJ.-.”,! .
.— .

Wal% over many min”utes,’
. . .. .7. =... $

At one minute the rod could be returned to a reactivity ““”-....—

oj about.?O# where th’e-period is 50 sec and the pow& w“ould in”=’”’’”
z. ,... ..n .....

that-time:.., ..

.. “i:.. , ..!. . .. ..-.ii>.i ;“

~:-- -----
f- -- “!l?irntil ;’
4:- —
,&: .–—

:& ’-_..: 0

., .!

Power-.--,

0.6 watts

-.

. .,~-,,.. ,, “5, ... . 24,0 watts .,..
. ,.-> ..

>, After.5 minutes the reactivity could be reduced to” “~
.

.<*.._~:,glow::period ‘&d...-
{:2- ”-..,. ~

. .,.. , “:, —..

io “kwapproachid’very”

.. ,-. . A. >:

slowly.

... -. , .,..

. -- .+++aq
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above di.s’c~ssion neglects” the “e’f”kects of theThe

.

. . . . . .“.J’” ,

-.

increase of the prompt multiplication due to t%~ increasing

r~i~~t~Vlty.
“,. .,
. . . .

.“1 ‘“ “~d’M”’_” i ‘ 1

..
‘{P ‘._ (1 - W) Pl - (kpo,+!#& t) “ 1 - (kpo+ ~*=-&sec)
i....,. .

- ...

; :,-.... ,. .
-..-------

,&_”.,:--- .“~ ~ .. . ““ -“ ‘J,..
●----- ,. ., ., q- - FPo)’-

.[
(Rod Speed). (Time)!,-—

If=---+. ,. 100 ● ,1..:F.. .,.-._-
w&?e-kpo iS the prompt multiplication ate., ,.. ....

i&:l#.””’:-’2.5x’”l”-5 ? “,‘..,_—..*

m
criti’cals 0e9975

. .

.“
.,. .

step-fashion in the ‘ ~
/4.-, . .

.-.

.;-”--- U this effect is,“included in

.. -—.
1$/se6 the following

“,., ~~“+i

,.
~~~~ V{sp time curve for a rod speed of..... . ....,....,<:,,,.,..., ...-.—., .,
pow-rinse “is,-T,— ,

..,-.. ,.

*-
obtained:

.. .,,,. . . . . . . ....-

watta

.,.,..

.

. .

, ..

.,

.- —-
.. —”-- —-~ .

-Power

.:200~ .10-3

2,3 x 10-
3

.

10

3,2- x“10+.,
>..

,2.0‘ ..
4.8 x 10-3

3.4 x 10-2

....—
. . ..— .-—

l-.

30

50

10 watts
.,

20 kw
J:-,:.:

. . .

70

“m..,,
.

.-.. . .
+==—-” ~....... —-—.-

,The effect of including the prompt multiplication
,. =2: ––

..-..-

(jhange-is?of course, a h“ighe”rpower level khan is calculated-+..– ..

~~eglecting the prompt multiplication but the period remains,:,-—-. .,. .. . . . .
- –—— __ . . . . .
,-

:, ._::-—_— _
.—..—

::0 7“
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,; -,’--- - ,. . ..- . . ..Ae . . . . ..

f;he“gmea -c’
.# -.,:- . . .<>. ., ;.;~~~”q$-~< ,.,Y. ‘ ; “?f:.: ~’.,’ “- .. -“.. .—

‘% .:?+.y,%:f,-~~
The power ‘Livil‘r~a~he~.a~-”’&o‘&&&~ ~b~ ~P”O~{ ~-. ~~..

(*::.-,. = u-.... -.,,,..-i,. N . .....;...V.E:.--?,-.+.&.:.:,.~,;.K...,..,.....:......+.,.>..--A- ..-,.’. -..,,,.-,.:-y{i>,.~;~~y:-. ..! ...., .

J!*&?!..%’=yw:$ even so and,no ,Sqy$.ous.,.?rig,ble‘~ovld r.isult.“~.~.~
.-. . .... . ..7.’- .,.......“. ..-’’... ..”,”. ...... -.. ...,- ..- .._:---.-

~lvenif’”this should accidental~y occur through operator “
... .......

-—. ,.,...=., ,. .,.+.’,.. .....,_——— ,-’
n%gli.gence.

......’. .,..,WL3. .. +=
.. ..- ,=’”-’—..”.” ..!.-.,:=— “.”: .:. .”.’. .. ...... ,..,._. -..L.-4=.’”-..’. ~..-’:.:... . -“.,.,-,-

<-. .
..-s-.”-y

.. The ‘ef~ict”of the neqatlve”“te&q~ai&P~ $~q.f$’$~t$~t~~j~’l~~1~~~
.-........_= . . ....-. .’”..-....“’::,.......... -’ .”...”:.:”. “.-.r‘*,;:,=.,;.&@,

is very small “’sinii”the v’aiu9’ for the’‘plutonium coiiiicient: ..........L.
.-,...-— . ..... . .... . .. “-‘“‘;”&.,..~..
(assi~i.nginstantan-eou9heating) is only about - ,~~ per :‘-~’::

..

------ . .-.— -—-.*B....,--”.~*,’%
tii~tt. The 0’$fectof the to~al temperature coe$’ficient ~-~~-,~
,?s---- ., ........ ,..
which is about .’ ~ per kilowatt will only be imPortmt ‘“~’.,—-- sea~—-– ., . . . ....... . .. ~_....*—_.-—
qf’tertimes necessary for heating of the,entire, aqsembly
,.-.. >.— . .. . ,*. :)------
(,rna_t~rial,cage and mercury) . li could therefore have little ‘::

,.-”’. ...::’s,%~, ,-T,...‘,<.e$’feeton constmt and moderate motion of a control .rod:~ , - -J+,,
.-

+:.,.
,- ..* _>

.u-~=B:”
,.

~Uiiibrium operation at 10 kw ,.
. -- ., .,

::’&
;..,R-.,..

.-.— The qquili.bri~ temperatures and fI.owsw$-~~ be some- -’==-,--
.... . . .. .. . . .. . ... .- ““’*>*’f+:w:}...,- . ‘,.:”;:*---

what “as show~~”inSec~$on’’II-A-4.
.

c. Normal Shut-dowp
,.-....+. s<,-

.— ,-.

,.4. ‘,.

The normal reactor shut-down consists in dropping
...

. -,.
tlje’%a~~;yblock”,and two safety rods and allowing the mercury
.-----.-. .

. -r+A-

. . ...
to’;ctrculate for a given time. The required circulatl,on.tirne ~~
\:.._=.. .. .... d.,...;.-+==*%

cm be estimated from the following considerations ~ .~”...,—.-.
.-. —_ .. .. -

.-
- . . --- &

The”inst~taneous power . 10 kw= 2,4 x 103 ~~/Bec. . .,J.
. —- .-— . .

..,{ , .. +, .-.,
(l+s~=e that the time required for .t.hesafety block and rods to

..>
di’~~out is about 0.1 sec. ~is iS ~ Over-estlm~te$ but ~~11 “’~

‘- .. .. . . .>~.kfi.-:... ~+ ~’ *!,..
be(-usedas”’a pessimistic ‘value.)

The shut=do~ power in the ‘ “’~...
,,, .,. ,& .’~ .:<p2-,’- ,*L.c=+?

mi~am”y--will be due to fission from delayed neutronss~ and y “.~~.... .... .,”A
em
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in k due to the removal of the block and~i~:’-.gmgdoti:,:,

- / .......?-i..-..fl......, ,,”; :, - , , ,,;: ,..~ , ., ..’,

“rf?d~is about 2.5 pekcents which brings the fission “POW~r to “-.—-~_—. -“,.’,” ...-..-, ,_, .“”7 ,,
a$&t.”9’p~r~ent of its initial v-slue (See II-A-3) ●

Thi~tid “
-....< ....——:.*- - - ....,r: ;.... .. .. .

Y~;ayts-will contribute about 7 “percent of the initial ‘power .“
-..

.— —-
.—,..- .T . ,.- ~>:. , 2

,.-.’ ., (~OT&lOQ-hO&’ .operati.on),.Hence~ the power given to the merc?py .,-
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~~k$~~.~~.~t~‘..ii-.s“.~2●4 x 103 .ca~”,.-...... . s 40 cal/O C sec.
{y&~ T;’;.’:’::.,.i.,.<,;’’~o,orc,96 Q,-.. , .. ,, -.

K%S=-7 :“ .2::.”:” ““ “. :“:” ““’””’ “
,

. Sinoo the heat source decays to about 300 watts i“n ‘“.-”’

k-

,.....:,-..,,..-.,____-L.. . .-.,-.,’.:?,:.=.+ -.
($~$’”:~+~u~?j~~thin’”; few minutes the”plutonium temperature
f:--’... J.Q”:‘.. ...“.., .. .,...-

i
‘~~”o~”l~‘ibou~”2~ C“”abovethe mercury temperature 8nteiing the”

●,J%;:.... . ...=...-. - .,... ........ . ;-... .....;, . .- ... .,. ....’ .“.”.

?L. .
&$iii:.~At 1 ;inute “Power . (0.03) (2.4 x 103) - 72 Cdsee.

-,, . .. . .. ,.-. . . ..
j[fi~-r~u,r~ rkrnoves”heat at,rate of 40 cal/” C a 2° C temperature
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At this point the p~p could be.-

..

shut ‘off* me

-——
m~$~ry “$ndplutonim” now cwtain a slowly decreasing heat

!,,

. .
-...-.

k .-

. .

,. ... —.

7..

-.. . s

.. -. - .’ .,

,-
sourco of abo-ut30 cal/sec (Power at end of 5 minutes * i.00watts) -

which would cause the materials to increase in temperature at..

about ,1°C/ruinif it were not for the tamper surrounding. h!eaiure~’ “

wkmts ‘made with static mercury at 100 watts operation showed.-!:: .. -...—

~~~—~sq:entiallyequilibrium plutonium tempertiture”of 37° C, a
,:

..,.. .,.,. .

~~ercur~temperature of 31° Cs and a temperature increase of
.-

...__ .,,..—.—
0~4° C/mti ~hen””the power rises fr~m’o - 100 watts. Shut-dom.l-L= -.—— . .. -‘---
{it100 watts indicated a cool~ng of abou~ 0.3.0C/minO Thb : “:’- “

,..-.-. ..— —__-—-
$$@f_~~m9fer to the tamper as measured from the a power in-

.d

,;.. .. .

dieates that for 100 watts a temperature difference of about ‘~

20° C will exist between pot and tamper. Hence, the mercury
.,.

.-=.._
&~ ~lutoni~ temperature will slowly fall to about 50° C. ‘T-
‘7=--- . .

~o-nvective”cooling will play a small role because of the partic.s “
...-

@ar design of the circulating system. Fig. 3 illustrates the “-’
.

::::- ..-—
axpe’ktedcooling curv”eduring normal shut-down,

.- .’b.-
.—

>—-_- .,.

‘F2:i:‘iern“Failure ““; ‘
.“. , .= ,.

:. .-
.,. .y.

!.-Z 7.. .
~-—.

,.

.g._.-

.

A:.~=. Power Outa~e’”‘-’ -
c .-.—

.. .=
l.-.. ....-—.,_– As mention’ed”before, it is planned to operate the

,=..~
...._,.< .,./L-< .. . .. .

:~$%i%ur~Piimpfrom a“50 kw Diesel generhtor.
-,

In event of
,.i:_

- .,---.__+.: -.
,. , ..—

. .. .. “.

generatoriailure tiO load’is autornatictillyswitehOd to citj’ “:”””-”.— -. .. .-.$!..-:.,,. ,...,””’., J ,.‘.,.:.,;.;,..-...”.!-..... ,-...
~~awer. If the city”power fails the re&6t’orwill shut-down ““;:“;;

Tcooling.-,.,,

,...~.._=.-..-—.—

;._’ - ~ ,, . .. . . . . . .-:

“;butthe”me&’&’y”will reinainchculatin~”to
,... .
.-.— ,,, . .

. .
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,____ B. Mercury Stoppage
..– ——

,; :”.’-.– ““,The flo~{of me~ury can be accidentally stopped in.,..

‘threeways, power failure,“pumpwinding-b&n’out or”leak in
..... —.

the system. If’the Diesel,power and
.=.._.

~~~eously the me~ury flow will stop
------ -
U~e-–willalso shut down the reactorc
..—:—.....
‘~winding has a relay in eaoh ieg...—

city power fail simul-

., ~ ,.

y. --” ‘

.,.

.-

.,’

. , , .. .

but the city power f’ail-

The three-phase mercury

~ich iS connected to a ‘ ‘

‘ir~ublelighto If”a“windin-gshou~d burn out a trouble light “
.-..- .-. .-.
~~~11go- on’~d a buzzer will so~ds Tne operator will then . ,,.*.—....—. .. . .. -.
‘~60@ize the trouble“andcan stop the ,reaotor. Since”the ‘“ ,
,/s:---.--—. ...’ .-, ,.. . . . .

.a. >

?-tipw~ll operate on one,or two phases and since it is rather.,;~
,..-.-a..—..:~~-.
~mp-robablethatall’tfirpe winding: woyld b~rn out simultaneous- -“
,..~,:..-— A “ ,,.. : . -..
,lj~t is not n&es&ary to interlock the pump windings with the

,..-

—— -$ ‘-—-—. . - ....-,- , ,. .-”
$_Afety“circuits~”Interlocked with the safety ctrcuits are,
.—_!.=-:-——y ,. ,. ..’~
,however,the mercury’flow and-pot outlet mercu~ temperatures.:---

$~ar~e=le:kor’stoppage in””thesystem will cause-the”flow to
.7&-: !... .,”.,. . . . -

;f?=~~ease .%d the ~ac.~o~ t’~’ stop by means of the inte’~lock. ‘.. .. ...L-. , , .-.. . “ ,.,. .,.
p~stem. A small leak +n the pump, heat exchanger or supply
,;,+--.-. ... . ,.
~,arikwill.~~ ~OW by means,~f tiiubl: lights &d buzzer through
,~-:~.-~-T~.—,- ,:’-,. . . ... .
!!dripfi$ndicators; If a stoppage oocurs the mercury tempera-
....—
,.-.—---. --..
‘turewill rise b“eyondthe interlock value and the reactor till ,,
,,..--- -..-..:—,—..- . --,... . ,, .....
iito-p.,

. .
,,;-~ -.-, ,.,.. .,-..f.:+-J-Q__—:,,: _ .,-. ..-. ‘~.
.f&z-— .,<.,.,.

,...
.lt s~,emsImpossi.biein view of the safety circuits-———-~ ‘,.:..

. . -,.....-.. ,,.,, ,., . ....:, ...
&~ Interlocks to fiav~t~h mercury flow stop without a ,re- . ., ,,.
i,?.,.=.-–&.-=___ ..

...+’!.....’ “. ,.. . ....>. .- ,.
i$=i shu”k-do~~ ‘!.=., , .... ,.., --, .“.---- - . . .

-**. .:*”..*9*
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general conditiont namely$
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whioh would r~sult from the a~we ‘

simultaneous shut-down of the reactor

an’~stoppage of the meroury flow can be roughly estimated as
. . ..=.

follows●.
-.

,. ’.-. -—-If we assume that the safety block and rods drop out .-

in-:a%out0.4 see, which is a“large ovo”r-estimate$the total heat

pro’Qucedas’an average during the shut-down time is
,-. .,,. .-_—_—

,;-y-—,; ‘(Tzmx ‘lo% (0.4) (0.58) = 560
..... .,.

fa~>~r “~.56 is t}i~”shut-don fracti”onat. . ~...
.--—

Sq;qaqfidafter the completion“of ~hut.d~wri..&---...—...,———— —— . ..
,... . .,@=: ‘ ““:‘“.. ,: ..-!

‘j+_,-:,.
..

,$,”,-..,–,-.“-—”r. (2.4 x 103) (0.16) (0.6) = 230 calories.

calories where the

0.2 tiec. In the 0~6

the total heai produced ““

4$F&_ : , .,. .
H$ff”O”about 800 calorles are produced in the firs”tsecond~
,--- ..-.,._..
-.

F
~“e-hb~t capacitie~ of the fissionable material areLE:”L’ ,. , ~. .-.

;.+—.. .... “... .,..
(:@q@”:. , .,.,.,.;,.,= .0 ;al,o ~ . .’~,,=.-,!:.=
..:.. 035 Pu Slugs
.>.:<.-, - ., ..
.,. 20 u slugs = .90—.—–

1

‘Weuse 1/4 of the total heat
,.— capacities to account for the,—... ..

--m-55 u Slilgs= 10,;.-—- relative number of $i.ssions.....-‘..;::=.-”. , .. F3T’Zal/0 C occurring in uranium .
[
,..>>.. . ..
------,.: :’. . ... . !

‘l$~%the plutoniin temperature will rise ~ 0 C s 1.4° C in
......,. ... ... . .,:..:,.,.,.. .

t!~i=f,$rgiseeond.;\ks&ain~,nooooli~g to ‘themercury in that---- . . . . ., ... . . . ..
,,i--- .--, .. . ,,. , . . .

t,iile!.~;;i___,.:.n”; .; ‘-’’’””-”:”::”;.“:,-, ., .; “,..;:; “. “;,. ., . :.
.. ‘: ,:>.> , :.. .“.

:Si.a .“_ . ..
~,Tj7ableV “is& “c~oJ~Plli~~Ofiof ~ou~~J”~~~im~t~~“f ‘heii:.;::~””‘“.’..‘a. ..,,4.,.Lf.”” .“”>:,;.., ,:,:. . “,,,,,.,+i_*------~.,..,.--,:..-’

t,#@erature’rise of the plu-tonim”after beginning of the shut,, .,’L.a.; .‘......
~g~~-;--=f~”‘---~ ““:; ;::; “’, , ‘ ., ~ . “’ ““
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,. ..__ .“ ;T&biO,V,., ,-;... . .?-— ....,,. .-.,.,.. ,.. ,........%...=
(P/Po)Av, QQ”’

@ “’ .-,’.“‘Oc/;ec’‘;~%(-jTime after Material
shut-do~” ‘ sec—. — Q.&L& - -“’~ .;

.

,! $,., ,,. ,

0 - 0.+>3C “- ~ 0-.58 1.39 x 104 Pu 600 2*3 0.9
.-. . ..--—...

0.4 - 1:-:,:..’..
..
380 “Pu’ 606

“~~~: .:.2
‘0,6”:‘“’”-~0.16:..,..,. .. . . .’.;;.L.’.— -...-.- ,

1- 240 h 600” i).’4L
,<..i2y,%

30 ,:”v,~’, : O*1O. - , ,“...—-—-.. +..-.
.{”, ..... ....

.,,-+
30 sec .~_l_min’* 0.04 ““ ’96 .“ Pu,Hg;Ye 2000’ 0“:06”“’”‘-i:f”q%

:. /..- —..—
.:. .”’

o.(35- ‘ -6.;:$!1 mi.n’:--3,min ,= ,0.04 96 Pu$Hg,Fe 2000

3 min ~i’ hour ~ 0.02
......

48 Pu,iig,Fe 5000
~o....,:

O.oi’ “J”----- T~per ......
.—

.“..‘,
.“ .,,.. :

1 hour:+->~--y ~
.,....->...

!..’, k?.&-joc..............-..... . .. ,“.-.... .. ‘...,-$
..,-e.-.__..

S,i~ce_20‘watt = h-eatingproduces a T of S0 C in pot”over ~~pers “’
.........:,.;.:-$-

...&---.,,
th& $hut-dow& power of 200 watts wou~d establish a A“T of’”&baUt “-%”:”<
t>x--- ..-.

‘“?.+Rd~C,”“ti~ichwould slowly decay over a period of houi?$~’u .,,*C
.,.. .,-
.-.

:_— With flow stoppage and reactor shut-down the moit,i.-—-

.,’ —..

—
t ,..=. —..,, :——— .

]~i@k_lyevents would therof’orebe:
,. ,,,-,<.+’..’:+-

.....-——
1. Plutonium: ‘A rapid rise of stout 15° C in ~he “ - “ --”’...—. .,

~llrsfthirty seconds, followed by coblfng to the rn6reu@ytemper- ~ ““-:
.i:.i- . ... ,,
@titi$ Ri’ncethe mercury is Inti.ally 50° C lowo~ in ‘temperature. --”:.,,..
‘:.a.. .“ ,.. , .-
!~s..her~’asstiti’that “noi.oolh~ to the mercur~ pegU~t8 &’ Me” ‘:‘“c,’“=2—.. . . ...

‘f~rj!.Eh.!rty “seconds.~”
.... ..,.”‘-.+,’<W.!..”’*,.. .,. .“..:.:.:;.,..,-%

,....... (. 4 L-i
.j=_ ....

—. —s“. 2. Mereury:
..,.:,.xA.*X

lioderatei.nc~easeof temp&rature’du& ~ ~~..

,!othe p~IJtOniIlmheat source. At the end of one ~inute the ““.““-‘ ,7-
-... .-

● .,:~A:..J,..—–.—— ... “.. &-,.. ..:.,- “... +’. , ,.’. ,,.,. . ...
‘~~-~cu’r-ytemperature will rise about 6° C and Wf 11 “then risa to

“’:- -%~+-c~..-s , ‘..: ..-

. . . ,,, .\ ..,,,. . . . ...”. -..—
.

.. .

a value wh~ollwfl.1be near the equilibrium ~emperature that-“’””””“>~”}-’“*R,., .-..

yq~ld result from puttin~o~~e plutonium slugs at 240° “c Irito”‘-‘“-”------.... .d’..e *:O... .* ..’
the mercury mass at 19@ ,{t~lCT#os~~# be followed by a slow- - -‘:,
..= ..’. .“

...._—u
●* 9*.
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3. T&nper: “A”small increase in temperature which
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will have long cooling characteristics will result~. .-
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. . Fig. 3 illustrates the expected temperature behavior..._ _ ,.-, . .
~.- .,.

c. Wat8r Sioppage..-.

.. . . . .

:.. — .— -
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s--.—.—- —— ..’-
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~- .
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.--’D. Loss”of Mercury frolothe Reactor Pot
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---—— ,. > . . . .. ..- —.
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b~~~wbenthe lj@toti@i, p.h~aide Of the~~t..wd .Petwew the .“..:’jw.....x.:---.,–-—-- ...-=.--—------. ......,,. -..,-..q..,1:,. ...,:.,‘,..--r:,7’..,? --“J&
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● a time ‘o’f,about 30’minutes,.isrequired. Because this considers , .‘_.A‘$.-A..-”. ..

nt~:h~-atconvection o; conduct$.on or a‘decrease in the rise of..-—-——— —— .,=...—– .:, _ ...,, ..,,
t&’&6ratur6 the time is underestima~ed.

., ‘.
In 30 minutes it would

,., . .. . ,.. ,,.,.4...:...’.. ... .
bqi~fioisibleto--open-the outlet keroury line in the merc~y
.t.L-.. .. .... . ..... .. ., .?”,.. .; 1.,-

cl@@6P kd”b”l&v heli& thr&gh the pot to provide additional ,,
“:,2- —.. . ,.. ...c----——.. --.. >-,”..,..’..-,.”. . .. ...,..’-

.

.

: ““”’:’~’,“ ‘-+-”: ‘.” ““ ~~ .“ 1 “ “:’:%ff~~;~

<:’- ...:.-.., -...-..:, ,:.

Heatin ‘“” ‘“ ““*- .
.,, ..<. !+

. .
.,. . ,

,. ,.. . . ..
:2. r

,.. .

z~..-~,- ---
. . . .

:&_- “-f’hetemperature of the aen~ral plutonium slug will ‘
,

..:<----.___>:
—++=-- ~:..:.”-“’,. “’ ““ ‘ .,.”. ,....,*,,.,

be~~mitored.q’d because the neutro~ distribution is essentially .,
...

:~~—”—-.-’.-. “.“.-.“ ‘-,<+’.*.... “.;.“~-u ,.. :$.. ‘$.
un~~$~-gin.$.heperipher~l loading to be used this temperature—=---
;ir,.-~>.”:.r.”.,:”.,.:.; ; ,.,:.., . .....+,.,’.. > ,. .-.“. .-’..,... ‘-.

will be indi~~t~v.qof the,-ptherslug temperatures,.,,..4:..,!&– ,- >.:- It iS..-=,;:=+-;”.”. ‘.’ ...,&,.,.,,:>,;.7:k.. .. ..,-. -. ,~..).’.$ ..-,,.,.”‘. ~-.-
.><
~

., ..
...- -

‘.: . ,.. -..,- .....~.::,...,” b**@ “a●
.,

...... . .,.. .0 6 ●0 ● :0 .*●

● 00 ● *...“*.* ●**•~*”0*.● m

,

.&- —----- . . . . . . . .
w:-—,$ . .. ._.., -—r:. .,., ,“> :“: . . .,,.: :- . . . . . “.:; -.:..-, ,_ . ,.,

:,~- .--’” .
.. 7.. ,- ..” .,..~,,., --- .- .

, .+ s. “ -7. .“ .’ .“. -. .“..

~ilw+”-: -,-,,:: ,... :g : ..’.: ~.:”::;:. :. ●.’, . . . ● .***
●“-* ● i- :-0 ● *

‘; 6’”’”’=”;’’’”;:,&...,,’ ,+= ”-” “.’; .’*, ‘,.. . :.O :.O . . . : . .0
● **

,. . . . ..

APPROVED FOR PUBLIC RELEASE

APPROVED FOR PUBLIC RELEASE



s

.

.

●

,.,,, –.’:”, ..,”,.”..”” “,”.-:’ .-. ..”.,” :-e :.. . . .
...;> . . . . ;, ..,.;.,! ., ., ●.*..:*: ●** ●..=., , . . . . . . . ,- . . .. . ..f. . .. . .

**
::. O

.,. ,. ... .,, .- :0: ●*.... . . ..’., ., ’.,, ,. ,’”.’, . ,. ..:. ., . .. . . .

iP-=’-
‘- .,

———;—. ,., ,., ,---- . ..” .’,... . ‘,, . ..-

... . .’ ..’., ,,. , . . ‘ ‘ .. ’., ~.’.
.. ;..
.,.?..--.. ., -.,.,....... . . -.”$ 9

., ,.. . .

,7.. . .. . . . . . . -. .,, . . . ,,. .

–- s. . . . . .
,: . ..- —,—., .,.-. .,- . ..,.. — —: ’,,

,. ,., . .-.33 -’;.. ...->. .. . .... . .-..,,... ..,...-.
. . . . “. . .,. .> ”::,. . . ..
. . . . .J -..”

.’ :- .’-. .. :.”” .. . . . . . . .
. ..”’. .- .,. ;... . ...’. .... :. .-’ . -.~.*.;

. . . ,..
,.. -— ,..

t~’-fiave”ofieor tiofieSIMS inoruask>”in “ ,
++!..“

po~g,ibleshowever$..-—– ———--- 6-.-.,.,. .. .. . .. ,’....-L.., —— ,, ... ..... ....-..- ,,...,”..<.-. ...”
te~peratur? due, “pe’rh~ps~

3.:%5.-m. to”& Cltiggin’g of” the holelithrob” . ,,:
.... ........ .. .... . .. ~.,.-. -. ... . ..

~ich the me~CUr~ C~til.ih~@c
........=
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va.Lsif neoessary in order,to check on the”presencb of &ny
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any phase change .....1*

has been rne”~sured

by inserting a slug of alpha phase material of the same mass ,;_-..—....—_
---- . .....

a.ii‘tiedelta phase.in various “regionsof the active mate~iax.,
—-—

an-dobserving the reactivity increase. In the central po$i,- , .
.,,

ti~n a“density increase of one slug of 4 gm/cm3(15.8 . 19.8 gm/cm3)..— -..-. ——
.-,.

corresponds to a 304 increase in reactivity. At the extreme ,-
,+~...---~ ,

edg~ of”the active material the value is 20~. On this basis 35 , ~
,_-

s~-~gs@ 30~’peb slug changing to alpha phase will increase the

.%
A—,–.,..,, . =.---.

r~$&Ytiv”ity-by$10.50. The reactor control is about $12.00.,,“~,+. ;-=...-” ..--=
-f d

($ddy Block ~ “-”~ 5.30, 2 Uranium Safetys . 3.20$ 2

3@o~,Tgtal.t,m $11.90.)
. .,

b- h%en though it is thought that the most!$.:__= ‘
,{---- . .— s

al&Pha9e changes can be controlled the following
.-

ar’.~-:discussed.,.-—

:--A● Delta to .f@silon
i :.:===-
. .
. ._ —... ‘A _-

..

BIO Safetys~

..-.
,.,

.,

serious,of -, “,. ,...>?-

possibilities

. .:. ....
.....

,.-.
y.y= .
.- --Ina change to epsilon phase through a sudden ,high : .— .- .,.

in.i%-as,eOftemperature
.’—.=—“.’-

the normal operating temperature of’ .x.
.

th$ i% will be ab~ut 200° C (20 kw). The transition tempena- ,.
+.- . . .

! +,.. ,,

ture to.epsilon phase”occurs at 400° C. A sudden increase of,_–.— -,
.-—-—,.—..>—_—. ,L .

abf>’~t?000 C 1s therefore required~ It has been demonstrated...-— .-

th$~-~hls is probably impossible through failure of,the mercury -
-..,,=..=__ .,. ,.-,,.,. . ...

coollng system or through power failure. The remaining possibility.
....-,.::-”~-___. .-.’ “. . ;.:..””,=

.. .. ‘“x -
.,

— .. ........-............:.~-... ... . .. ....,,,
‘R~~%&~~.experiments have indicated that about 300 gm BIO in the
sai~etyrod positloh in the tamper is equivalent to $1.’70decrease
in-reactivity. A 3kglq~wium nod:~n this position is equivalent
toi$l.6Q increase. me .~,1~es,~$4~Y:~d has been incorporated in ...,,-
the ,@gign such that fiherQthe uranium safety falls out f osi-
tion, the B1O fa.&la@~ a b?The coq{~ol,5-sthereby increase,.___—__—..
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a])pe=ar-s-to be an accid&tal ‘tflash~ng’tof the pile~
,-.

It will’--- .
,.

bf~’-’sho~in Section.VI-C that_this has very-small probability.—.. ... . ... ..... .........
and ,couldrequire a complete-?not-recognized, deliberate re-.——. .<..

o;~g~izatioh”o“fthe control and sz@@y circuits. A transi- “’

t!~on”-of35 slugs “fromdelta-to epsilon”is equivalent”to about
0..,..-.-

--- ,_.... .
$2-000.‘

,. = “-......
-——
...,._.. . .

‘:-_ B. Change from Delta to Alphaf Beta or Gamma PhaseY—, . .

..

,.. .

.... These phases occur”at lower temperatures than the,
\,,--——_. . ....-..

d@~a to_~_psilon phage.
..#.->:

A-pproximately,the alpha phase exists “.-. .-.&T _:-- .,. .. . .. -.,..r-,, ”.-
tt~”~a%’out_li300CJ -

..—-,.--....’,.~.:....,,..,
the beta between 100~ &d 2000 C, the gamma .

>,.~
!/ =’-:

,. ,~.--

bif~~eixi20b”band 3006 C) &d the delta between 3000 and 40C)oC~
...2

~+==,~L-_w.= -– ,..., ,,
‘l!h=tiwill ‘normallyoperate in the”temp’eratu.rerange where the ‘ ,’-‘
.- .- . ..L., —--- . .- .,

b~~~~--or“gammaphase’is present .inunstabilized materi~l. The
.

,,=..-.,.:,+._ .. ..- . . ....2!—.~———
po~~fbility of a “slugch~~ing to gamma phase during operation
,,%---—. ..... . ....... .. . ... . .. .. ~,

sqe%s Srnal,l$but if’tk,isshould occur the slug which has changed
6+. ., ,,. ... ...-. .

t~f~~>emore dense (16.8,&/cm3) and hence more reactive phase
---- ,. . . ;.?E— ,, .. . .

wf}~j-$@=e_d~atel~ycause ~“ ‘increasein pile reactivity by about
.’

,-. -—— –—” .. >.’.. ..
8j?!r--This is equivalent to’a period of about 3 rninute~,which . ,,.-.-——
*,*~T-. . . . .. ... .

WC~~~6- pb~e”r’vable‘“md-which would also ca&e a shut-down of,,:__,. , .:,“. ..’
tk;~:’’~ead,to”rby the “levelsafety.
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mb” change “to ‘b’ek& or alpha is probably impossible ,,
.;:.,. ,. ....’....”. ,,

dx~ing no~mal operation because of““the op~rating temperature
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.. .......... ... . .,!.+-- ....-. ....,.:,.. .“ ‘. ..$..
o~-th-ereactor’”Ma’ AO ividence exists which would indicate the
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pc~-:ibilityof a phase change of all rods to any phase during
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Shiltaown ● If$ however, ‘amech~igln””&lCigtsf“OX’a tran9iti.On

to alpha-or beta phas’eduring shut-down this is”credible only

on’the basis of iridividual ro’dssinoe the history of any two
. .- , ‘,

rddg.$s.not identioal~ Thus, one rod at a time would change
.... .

plia$ewith consequent increase in reactivity. One rod chang-
. .T—

Injgto alpha phase is worth about 304 in reactivity and since:.. _ .... ..-—–—-. .-
the-block and rods together equal about $12.00, critic-ality
,..-,...-:—— -. ‘...,

w~uld not be reached even if all rods changed to alpha*
,.- —– .—

.;. ,.-. —+..—.

.?;”,> c. Pile Fla8~l”””...-
.!. ,-. --- kYewish to &x@ine’ methods in which the’reactivity canIf=<-==.”:.,,. -.. .,.,:‘:-.S:,-

bq~;r@sod_so ~ap}dly-that the increased power will heat the Pu
.&.:....~——— ,..
.T.-

a+%ie%+, thus “produce&eltg to epsilon phase ohange. The
E’ti*::fl”’ “:-i”’’:”: “-”””: “ “
-.

t&$%-i*ur6 c’oef’ficien$due to”the Pu is”only-a third of the....- -. ---
J.+- , .. L:&-. .,. . .. ..” -..

o~~~~al~-~ternj0ratu”r6coe”ffic”ientso”will hav-ea smaller negative
,:.+=-7+- . -. ,..:’.... .t;:=..,.’..“. ,.

ef&ect on the re~ct$vfty~ ~he he”atingmubt be so rapid that
.,=-.,.--.”.
:J;T;. .. . “..4. ,,

t@~lutoni~ tem’ptirature”wlll”’~ceed~he delta to epsilon trans-
!.—’,, W.—. .“. ” ,

.
‘.. , ., *

,. ... ,.

il~%&’,~,&per’at’ar’e’be“fork tk.ik ’used up by the overall tempera-. ..- .. . .
,;.L:4L7;”:“...’.:.“.’.:.’.::.”-’.;’,...’ .’. .-”..:..‘..,-..,” .“ :“

tii@6;.cd6ffic;ent..%.::;V:.:...,,,.,,“.,..’:,.......,++.,!;$ -:;?7;;;.”.,~::“..ti:,..atQr.::t:,~;;:?;$:er’.”’.’.....:,”.”. , “. ~ --
.=. :.,

ir~+ti<<,~.,’ :.:2::+%”,-”:”.-.;+“: “.:.“.,.”;:..:.‘:,“”::,, “ : . ..._.——..—. ——’—— Assume the fi,}ernperatureis about 100°C and that---.--’ .. ...:?...;“:’‘ . .
t~~e~liea-ti,ng‘is”rapid e’no~h so’th$t there is no heat flow to the

,.,.!>.“.- ... ,,.:.,,’..-,’.,-..,..... .....,.
rr143yGU$f+‘Then A T “s300° C and ass~e that in 10 seconds there
),.. . . ..... .. . .,,. .. . ,.
iii-%o’hiatilowo ~ince the’.%o~al heat cap~~ity”of the ‘fission-:+—_L...>........-. ..

_._.,:/,..< , ., .“+-. . . .. . . . . ..

a~~z~>+~terialis about 600 cal/o Ct
-,.”,”-’’...“.”:’.”.’ ,.,..:...,A...-*,...”.,..-

..+lU~(6@) (3QO)”,(4.~)c”’=”’ti.6”x”1“050~a~- +..................4.> . ,-..00::.00---:/. .3. ,,. ..- ● ● ●w- ?:...*,.- .. ● ● m***;p===..:i.-.i:.i “,”:,.,...... ~,,,.,.:. ..*●“**-e*ebee ● ** ● O

tt see, and if the time in
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wh~~ch“’thi-spower mu’st be i“~j6C@ is ‘ati~ui’10 s“s~onds’~kb~~~---’“’”-.“=>-y:.—...... ..-”. ..”” ,. ,“”..-”..“,. .,...

7 x 104 or 105 watts must be available●

. ...:..:.
If the initi.d” power

,-----A. :..‘.. J. ..*!..’---.. . ,;4.---- .,. ....
ii;..e.a-g.c,:&

-001 watt the power must rise by a factor of P/P.1106”,-.. —-.,.,. ,.,. .- -..,.>:.’ ..
tc~:~~~sio_@s rise”in temperattiej or eat * 106 and a t _ 14.

--

.-——.---- . .

Hanc~ T & 1/1.4 - 0.7 sec period ~ 85jie ‘Henoeto produce this,-

p{\w~r,_ris6a reactivity change of,.851.-,.-. .,:,;: ..’, .. .,.
m~~tqly””8.54 per second must be tide.

-...

in’10 seconds or approxi-
.,. ...;,:

The maximum rod travel is

0~1 inch “pe”r”second.“l~ per second.-—....._ ..-. .—.
The safety blocskis worth’

. . . . .

about $6.00 and moves at the ra”teof 0e07t1/sec - 144/sec~ If
..

... -..,-,..,-. ,...., ... ....,

t~fi”--r%ac~or.”co~d“bem~de cr~tic~l””wi”th“tiesafety’block down “-”.““’=
,,

.-..—— ,.. .. . . ...–-
arfdif the safety block were then raised completely into posl-
....

tj:onthe above condition”could result. The sequence circuxt,_——
y~~=-.=-’

. ...,,. . ,. ,....,. . ... . ... .:. -.,-:.$.—,.” ..’.” ...-...
d@$i+]}@_}n IIoB”‘pqo~~ibitsthis.

...
. ..2. =

..‘.~
.2.“k-- . “- Reactor at High Power,.– —.,:.. J. ’.” . . . . .!:.%._ .-. ,

r. .. ... . . Assume reactor at 20 kw and slugs at “200~C.”““-Then ““
f~~-: ,,.,,” ... ,. . ,, ,..,

(!;T-x”2000’C and .’”’’(600) (200) “(4’.2) = CJ~ l& ~at~s
.-,

lo ● If this
_..~-.—” . .-....,”. . :<...:.“

P@~<T”~a ‘to.bq.add@d”to’tQ~ ~o@.’& 10 “segonds.the’’p@ermust - ‘~ ,4., .>..=.A,...,..... -.- .

ri{~”-P~Po ~ 5 x i04 or T - 0.911- 82~. The above arguments
J.:,.:,.”;:..,.: .-,:-.,,.’“,;:”.,’..::$.,.,,”.”“,,,.,:- , . - :’. , ,-.““+.“-

agai.napply. ~~her$’ the level safety would stop the reactfr
.;:.:”...______ .. .-.. . . . ., ,,, .. . ..a”i,“. .

ir~~b-o-~t0.6 seqo~d (leev’elset at 40 kw).and-at full,power - ,.. ...... ...,?~:T,L... ,,:‘-,--*,$,::.,.:-.*. -::.. ,.
..:.,..... -:):;.’:;’-....,:’:,’:’.~”’,”.- .-.“.. . ,- ~“.,..

o~&ra-tio~this “&o&t of exc,e$s-$“eactiv.i’ty’will not be avail-’ ,.~i.:. ,.. .... .......... .... . .-,..;. ,;+....... ...... ‘*, .. .. .,. L.P%,,,. ,,.
ali~●
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hg~q_not exceeded 100 watts and no-circulating mercury has

: .&

bqotiused;-. . . .. .. ..— —. . . .. .. ...
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:.------. Some of the investigations which have been made are:
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,= ’..

. -—

- 1. Temperature coefficient at 1 ‘wattand at 10’0watts._—-.<. —.

(~~t.!. Watt .Owrall coefficient.- -lO1+/OC; at 100 watts W m

-((;J;!/”C, Hg w riOa2970Co)
i;’;:.. ~~, ,,.,-..

2. Power versus temperature of k and Hg (Hg’not
,.,,\’-.-_—_.... .,.

‘250’c, THg’a .
.,.-v.

c&culating). At”1 wktt Tpu . 23° Co
!fns..—_--—J .,
:~—-— ‘..”.,

Al;_100watts TM o 37° C, THg ~

‘F ~~

31° C. (Essentially equili-...c-, ,....’, ... ..
b~~~&;~te@Gratj~~s.’). .L:
I .......... .,=

Plutonium and”merc”urycooling after reactor shuk-ig++” ,.W-.. . .

. .

. . ..-

!.

d~jkn(no circQ&tion)- After 1 hour operation at 100 watts Hg
-..,. .“,i.&..’ ~~.-....”.~.— .;

a;~%u ;O-O’l“aboutOil” C/rninut’eo-l~m-:..7 ,:-.”- “,.. . .,...*..’. .-
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.),&:.- .— ,! ‘Useof BIO““6.’ . as a control rod. (See t’ext.),—-- .,,,-= ....-.,- .,.-7. :
r>,y-. : ,. ..
:.. = “,Activ-ityof me’rcurys “
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q~.p.Rcti.vityof 43 minutes’”half=iifi’ome calculated cross ““. . . ..;- .. . . . . .. .. . .. .... ... ... .. -,.. ,.
.. ., .-= .’.

s~-c-tion.for”,thisreaction,is about 10 rnillibarns. tie activity.,. ./,-.--.-”.‘,.”,’., .,./.
,p”-- . . . . .,
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.’&.LL..,.; ..‘“>>..2.,L..-__;-Q ~ +.i’.~~’? :+-::.,,~ .. , ..... ....,-..
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..-
“~e syst~m contain: about 17 liters. Longer-. .,:....l$-+....,:.;,.:.,,.-.. ....... ... , ..
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‘X-s-.-.”- -“.:?.(...:.“,”.:. .,” ,,.. . . .,... .. ... .
;~-?::”-:~”;+’+:;; ;,’.“: ~~‘.;:, /; { ., ,. .“: ~ ‘:..>.),-,,.=., ,. .-..“.:,’ .....— .... . .

~j:;..--.:.------ -i.”‘,:’. “.: ~ -:*0: ~
.-. -,...0 ,.0 ● ●

:r’k---..-T”+”J””-~-~. ,(.OO:...O :0::
l]-~,.-=-–”.. ,!,,@cO:?:06●:@●QO●*

. .

...

..

, ,

,-

..

APPROVED FOR PUBLIC RELEASE

APPROVED FOR PUBLIC RELEASE



6

~
.----
~_._,
.“.

. ..-.. .
. .

‘f:-rr
:h -

i,,:

.-..

.:. —

,.
.-

‘. .,.,---
> ,.

. . . .

iumth

.

value
,..

, --.;.

lohdi——....—

.*. ,->
f ..,-—.,.
,.. —

,. ..==
,.. .----

.:-
lt ---
.

: ~..=
: ..

,---

.-
,i i-,

. ., .-

;___
.,

.‘:

.,.
. .. .

.,
be ● ** ● ● *

,- .. . . . ..
,,. 9*O ●0: ●gb ●

.. **** ● ● *9
., ..- . . . ,,. b*e b. ● ** ●

,..-
@

,..,,.
● a

● a.“ . . . .

● * ● *6 9** ● *O :.. ● *
..

● oo:, ~ ::● O:a
● ● ? ● *

. .
-40 -.”:.,

..
.— . . .

,.. ., .. ,.

r increase the’“curies,per liter figure to a calculated

of about ZOO curies per liter.

Neutron distribution-in reactor pot (peripheral7.

&)*. . .
Dis’tticefrbm Center Rel. Actiy3t~;

. 0.0 .,’inches 1.00
1o87$ 1.095
2.125 ‘, 1● U55

.,
..

., “2.44 1*O4,.
2e56 ‘-.,

,. .“*r slug average

,. ., ..
. . .

str’ib~tio.nappears tiobe fair~y constant In the reactor ‘.. . ,“ .. .,.
. . .. . ... -,
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’80 Effects “of’fil~ing experi~ental holes with “
.

RJ*
.“ ,

.. This was dons:as a safety measure in ordor “to ‘
.’. ...,

ow much the req;tivity would be increased if all theb
.“ .’

mental holes .were filled with urqnium. Filling 9 verti-
,.

les$ 4 tang~ntlal and 3 central holes could result,,in
..’ 4 .. ,,. . ., .,

80+ reactivity increase. One slu& of plutonium in a
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tial holk”is equivalent to only 55~. ,This is as close
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~~~~~.~-~ e“T&p&ature” io’efii~ient.
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-..—- —“’ 2* Power versus control rod speed at very low powers.
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,:.-——---- 3. Temperature gradient ‘acrossa slug ‘atvarious ‘
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