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The information in these reporits was supplenenbed by a series

of confeérsnces with M. Plervrs Maldague held on March 31 -
April 5, in Canbridge, Massachusebis, U.3.4.

This reschor concept has been developed for twoe possibls

23
1} a vemctor for ship @f@@&léiaﬁ with a hest
ratlng of &5 ¥4, E@ Gevelop 23,700 shaflt hovrsspower, and

J = reactor for a centrale-station elentric power
wlant ﬁiih z heat rabing of 630 MW and a net elecbrit power

generation of 19% MWW,

Since investligablon of the resctor for ship propulsicn has
been cerried much further by Belgonucleszirs than the reacior
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worthwhiles, sivnce bhis projech is sti11 in the concephual
design stage. The conbrol snd safety aspects of the congspt

were considered, but s complete hazards review could nob be

Our main offort has been bo obbeinm an undersbanding of
the sdvarntages and disadvantages of the Vulecalin reactor
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for bthe cores of the

Vulosin reschbor ig lvg

4 efficient, and 18 well

adapted to atbtaining the bwin cobjectbives of high power densiby

and good neulron eCOBOEY. s of moderator-filled space

ingide fuel sicmenits for salsty rod insertion is & good way

iy v

of wazximizing the worth of the

Homent-~-to-moment control of reacbiviiy by chemge of
moderator temperature, i¥ proved by experiment o be depani-
able, it = most desireble means for reducing [lux disbtorblon

due Lo partially ingeried conbiyel rads,

2,3 GCriticisuws of Specific Vulcalin Design

Some fesbures of the speclific design proposed for the
Valssin resctor which need revisicrn and further englineering
effort, and which may add somewhat Lo the size @nd cost of

the reactor, will now be 1listed, Horve detalled disvussion

by

of these polnts will be given in the later sections of the

3
[

port cited in parenthsses.
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s bop of the core, inorsasing the Jusl-cladding su

or reducing coolart tem Pacn of these

ads Lo power cost. In s
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e sure thaet the mazimus allowable gledding surfsce

ture will not bs exaeéeded 1 coolasnt flow L accidsabally

Qm‘%} fo w

Prevention of Collapse of Modsraior Tubes {Sestion B)l. In the

present desigan, moderstor within the reactor is separated
from coolant by zircaloy btubes 146 mm in outside diamster by
2 mm in wall Shickness., The space inside these tubes is

used for inssertion of safety rods to shub down the resotor.
Pregsure balance between coolant and moderator is established
by interconnecting coclant and woderator plping oubside of
the resctopr. If the modersbor plping outside of ths reso
should rupbure, the moderator pressurs in the rescbor would
fall suddsnly and the thin-wellsd moderator btubes would ool

izpse. This would obstruct imserticon of the safleby rols and
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at the botbtor of the core. The conbtrol pod
drives should be bested for drop btime under reactor conditions
and for service 1ife. The design of moderator inlet and
outliet passagss should be reviewed having irn mind bhe posel-
vility of dirt fouling or cbhstrustlng the passages or
demagling the sezls.
It is recognized that thess novel features sre not an

ezsentiazl part of the Vulealn concspb.
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iy fuel-cyele anslysis has made the gimplifying

- optimistic assumpbion that fusl composit.

H

remaing spatially waifovrn during ivrediabiom, wheress actuslly

the fuel is burned oub more hesvily st reglons of high power
density and less heavily elsewhere. Since time @18 rob permli
us to meke a more sccurate caloulstion of burnup for the

Vulcain reackoy, we have esbimaied the magnitude of the ervor

by adapbing aviilable resulls - & pressurizéd-water readtor

.

o the Videain cass. For the shlp reactor we estimate Thet

s

briy

or o desired average burnup of 45,000 MWD/ ton the feed
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Scurce of estimsts

Uomposition scaumniion

Frriohment, % U.£93% 7
Harivim burnug, WD/ /ton 45,000 50,805
Fusl cyele cost, centimes/CVh 1h.2 14,6

Although tas%s?@f uranium oride f&éi clad in sbainless
steel asre bepimming to confiprm that burnups of 45,000 Be
50,000 MUD/ton can be attained without excessive radistion
domage at the design maﬁimam iinesy sgebifi& power of 30 kw/m
grecified for ﬁaicain; the possibility %haﬁ further experi-
ments may require reduction in meximum burnup should be kept
in mind. This was congidered in the ?ulcaﬁn reports, where

it wag shown that the cost increage would nobt be great.
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2} Since the pesulis of a hoverdis snalysis often

‘have an important effect on resctor deslin, a detailed

hazards analyslis should be made of the Vulcaln design. This

analysis should include consideration of ths effscis of loss
of coelant {low, Ioss of comtrol drive aotusting pressure,

rupbure of coclant or




presgure vessel,

rascbor-physics techmiques used

meagyrenents gre mede of the

7 within the

L Hodels of the telsscoping control rod drives
and other novel and criticsl mechanical cosponents should be
built and tested erxhaustively under conditicns spproximaiing
as closely as possible thelr scbusl service in Vulcaln. The
sffect of radiztion on these components should bs investigated
experimentaslly.

5} Before a Vuleain rescbor is constructed on ship-
board, = fulle-sozle, land-baged probotype should be bulld and
tested thoroughly. This prototype should duplicate in all
importsnt respects the reactor vessel, control drives, coclant
and moderator sysbems, zad reactor control system, but need
net include the stesnm burbine if & stesm dump systew of the

same characiberistics is provided. The performance of the
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s pesount.

» foregolng pheses almed at

completing the devel =nt of the Vuleain reactor for ship

propulsion would be & covsbructive and worthwihile means of

unifying Belgien activity in the nuclesr resctor fisld.
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Nuclesr Hobt Chemmel Paotors.

T

red is the E=-1 desoribed in repord

roachor aousid
N-61-505 using the nuclear core snd reflector characheristics
for the begiuning of 1life conditions given in the "Hobe ds

Calouwld Ho. %6,% page 6.4, The fusl and moderstor feglons

have Tliret been homogenized using a2 cylindrical unlt eell

with the moderator iz bthe luner zone of a padius of 7.7 oum

and the fuel and coclant in the oubesr zone of sn ocubsids
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This powsr distribution gives the following overall mespo-
& £

3

scople nudlesr hob chavmel fackor

P
5:3‘ BT oumeeaed U3 13%36
% 2 g
T W o

This fantor compares favorably with the value of 1.28% x 1,28 = 1,¢
used in VH-61-30% for the Shermal snalysis.

Popr subseguent ézlculations in oylindrical gsometry we
have 2sbimated 2 radial hot channel factor ko bhe
FE = iimﬁﬁééwf = 1.2%71. Using this redial macroscoplc hob
charmel {actor snd the overall @Q in the centrsl plane
{H=¥ geomebery) of 1.5% glven on page 23 of reporbt VH-61-30%

¢ have evaluated s cenbral miergssonie hob channel fsctor Eﬁ

A g

Y]

oore was then ocalouishbed a8




AT

- gl bhe core-roilecior

@

a4 resobor znd

hag not hewen so far sceounted for. We thereflors have

sasumsd that this

will Imcresse both the macroscopic
and mioroscopic hot chanmel factor by 20%, i.e., a total of
BhE. The previously caloulated power at the inberface being
76% of the powsr at the core center, the overall hot chamnsl

fagtor at the interface is thus found to be

Fg{imt@?face} = 1,436 % 0.76 x 1.84% % 1.22 = 1,91

Enginesring Hot Channel ractors

The engineering hot channel factors used in report Vi-
61-309, page 57, are identical to the factors used by Wesbing-
house iv pressurized rezctor design untll recentiy. These
not chsmnel factors heve now been revaluabted in the light
of some recent measurements and are reproduced below from

¥ W {é‘_‘ & j”,. }
E’AEV“L@@ ) o
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Coolart Flow Characteristiocs
1. Flow disbribubion in plenum chsmber 1,07 s 1,07
2. Cooling effectivencss 1,65

adhd ?ﬁpo §§

The mein change is im Item & which has been reduced by aboub
L0%. It should be pointed cul, however, that although the
effgot of Gube bowing on F,, is small {9.7%}, the evaluation
of the DHB ratic should be made using minimum sube pltehing,
maximue tube dlamster and reduced Llow sres dus to bowing.
511 Ehésa local @ffeeﬁs will not greatly aifect the channel
exit texmperature bub will ayp@@ﬁi&h@? infivence the bupnoud
heat Tlux caloulablions.

The statistical analysis outlined on page 67 of repord
VH-61-300 o determpine the maximun fusl temperature uses a
Qﬁ?fé@% aporoach bub should be modifled in view of the

folliowing. The ﬁéq fsobtors have been debermined from messured
&



Burnoub of _the Central Channel

Since the Vulcain rescior HAS a powser density at the

core reflestor interfacs comparable to the power at the cene
ter of the core, 1% is apporent that the ratioc of maximum
hezt flux bo burnout heat flux will be greater a% the coglant
ogutlet end of the cove €&§§&? interface in the present corne
figuration}. The power mapping in the cors is, however, not
gufficiently refined at present to debermine whether the
worst condition for burncul is at the upper end corners oy
2% the upper end of & central channel. For the present &budy,
we have deliberately chosen the sentral channel where the
power dengity is known with less uncertainty than at the
corner. It 1is nevertheless strongly recommended that the
upper end burnout conditions be checked when bthermal pesking
gt the core reflector inberface has been investigated. For
this anslysis, ¥e have used the @@?e-@eséfihe& in repord
YN.61-305, = net thermal power of 65 MW with 3% lossss from
the moderator, and with 94.2% of the heat generated in the

Tuel.,
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The tobtal poweyr per ¢lement is

5.0% x 107 BT/ ar

A botal mass flow of coolant of $99.6 kg/s wmiforoly distribubed

over 3258 gle meﬂﬁa gives a mass flow pe? elsment of

#ad
w5

2,208

- = 1705 1bs/hr-channel

A chemnel has an eguivalent diamsber of 8.5 mm, hence a nasg

& .. p
flow rate of G, = 2.58 x 1§é 1o/ br-1%7.

':

Using 2 radial puclsar ¥ of L.271 aud an averasge nloro-

3
. . . . . 22 4 1.4k 1
scopld nuelisar hobt shannel factor of Le 34

- z
sobaliy the total heat impub into = central chanvel of

i 7
i . . .
T 08 w4 ¥ 1.871 2 1.3 = 1,20 x 107 BRI /hr-elements

Using an average speciflo heat of the coolant of 1,35 _”?flhw ﬁg

Z

the tempersbure rise through the codlant is found to be 52.17F,

Applying ao engineering hot channel factor of F, ., = 1,392, the

poselble riss bagones



- &
= e bt
. Ee At )
By IR i ok
i w 0w L33 IR
5 ] nd
gk

Hz
=9
ki il
willa
e 1
Py
00

3,

: 45 o
A% =4 Wy o
e ) wd el [
&0 3 &2 m 4
F i

fom wiven 3
G RAE Ef:""’ Wiy X
b
E

ks

%

¥ v

L& good

u &
o g P 7=

St e
o 3

B B i) [eal ik
(%] B e e . i ]
£ B g S faY]
A AE 4D €5 e
i £ = e
4 & (h B i
& e o
Y] 3 )
S A &2
T & i
£ ] &
£
g% @ &
£ b b
B 3 Ly




. ’ﬁw’\\

and bthe DEY ratio

The uncertainiy in the burnout Tlux due to channel
geonetry, non-uniforn heabing, transient conditions, pressure
effects are of the ordsyr of 20%. The uncertainty in powep
distribubtion in the core at the moment are abt least of the
wrdar of Eﬁ%o' In aéve?@e.@i?@mmsﬁaﬁceﬁ %ﬁe’ﬁﬁa ratio may
therefore still @@mé very close to 1.0 @iﬁh the pregent
design, thus lsaving uno margin for power, coolant temperature
or flow variations. ALl pregsurized water reasctors under
study at the present bime have & DNB ?aﬁi@ smalley than
$¢§${2}c A maximun DNB ratioc of 0,66 wé&iﬁ probably be ac-
ceptable when determined from burnout experimental data on
the Vuleain or similer lstiice znd an aé@wrate power mnapping
2t the core interface obiained from segperiments or mulii.

thermal groups hucleay calcoulstions.



HE

bhe present Vulenin deslgn to ¢ the tubss separabls
modarator and soolant woiuld oot oollapse 1f the internal

moderator pressure were accidentzily réduced:

1} TInerease iy aoderator tube thickness, coupled
th provision of pressure relliel diaphragms bebuween cogland
and moderabor inside the reactor, which would break vefore
a pressurve difference great encugh to colispse the tubas
could dewvelop, o

2} Maintenznce of presgurs bhalance within the
rascbor by sllowing modsvator bo mix Ireely with coclant
after flowing through sach moderator Lube.

OF thsse two suggestions, the seocond seems preferavle Lo us.
Disadvantages of the {irst suggestlion are the increasad
cost and incressed loss of neubrons with heavier btubss, and
the extreme difficulty of replacing or malntalwing rellefl
dlapuragms in Lthe cove.
Two adveantages of the second suggestion are 1) it would
remove all pessibiiidy of tube collapss and 2} 1t would

simplify the wanifolding of moderator inlet and oullat

£

nEszages at the bhobtbtom of the reacstor, a polnt dissusses
i $ by

kel

-
L

L

&

&

=

Turther in Section C, following. Disadventages ©
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&agge&ﬁiéﬁ are 1} if thns moderator flow rate were Kepbt atb

the present Vueleain figure, it would reduce thermal effliciency
or 2} if the moderator flow rabte were reduced, the astion
of moderstor temperature change on reactlviiy might be so
greatly delaved that the effectiveness of the control system
would be impaired. This is discussed in Section L.

Since neither of these suggestions is ideal, we fsel

3

that wore thought should be glven to means for sbsolubely
preventing moderator tube collapse. This must not be allowed

to occur under any clircumstances whatever.



The core mechanical design of the gr&@éid reacbor
presents a Aifficult problem for the following reasons:
1} The moderaior and cdolant have to follow

separate paths,

2% Heat flow From the coolant to the modershbor

3}  The moferator and coolant volume in the pressure
vasgel is Lo be kept small in order to reduce invenbory cost.
ALY these difficulities have been vrecognized in the prelim-

v dasign of the reactor and lugeniously solved {report

inmar
TyEy A5 p %
?szﬁl"@%gfg ; ES

A%t this stage of the design, the reliability of such a
systen is however very much guestioned and there 18 no doubt
that this system if ultimately adopbed will regulire extensive
full seale testing.

We might point out ab the present lLime some of ths
dilificulties forasssen:

-

1) Both the moderator distribution tubes and plates

at the botbom of the core and the control rod drive nechanism

at the top are intricate devices which although fully bested
11 réguire maintensves during opgrzstion. These

mechanisms are enclesed in the pressure vessel whlch rendsrs
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the meiniensuce problem very difficeult iz case of fallurs,
This would be partioulsrly gericus in ths case of the modersbor

= would have te be romoved

Looess to the control

removal of the top of the pressure vessel by remote control,

-

2} The spring-iczded in £ the conbrol rods

21
™
&
i3
&
gw.f
[
3
8]

& z8sqguate but sowe estimate of the rate of

B
i

&
o
by
33
£
&
o

descant of the rod in water should be made in ordsr to
eghimate the scran fimse. An accurate svaluabion of tha seram
bime i1s necessary for hazards sveluation studles, and it i
importent to.k@ap this time zs s1all a8 possible.

%Y The removal of the sonbrol zod from the cors
rellies on pressurve dAifferential beltuwsen the moderator and
the interior of the tslescopic device. This means of removal

would be invalidated if the seal »ing in the telescoplc

%4
=4

device should leak. This defent is sufficien

o put the
rezobor oult of operabion and It is ?9ﬁﬁmmended that sooe
indspendent means of contrel rods reagval be provided or that the
number of seal rings be increased.

¥} The pressure line leading to the oontrol rod
drives has =2 very toriucus path and the sesl nusbered 23 in

Figure 91 of roport VN-61-303% should he aveided.
ol e
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it is resalized, however, that the above mechanicsl 4if-

Piculiies csn be overcome or albogzsther avoided without

affecting the basgic Vuleain concept.



Ly perturbations which are not initiastsd
in the load canndt be conbrollied by the moderator
e of the time lag aszsccliabed with this loep. I
nt then Lo investigete the stabliliiy and response
tor core withoul the thermsal enevgy donversion

by a ohay

iloop Lec

is import
of the v
squipment

The peactor mofdel is as shown in Pig. 1. The moderator
tempersture iz essentislly constent and mixing and pipe
effects are ineffective.

The reacteor can be represented by the following set of
eguationg:

{1y
at, g,
—t o E P }kﬁ{ji (23
a% A B
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Pigure 1. Hesctor Core Sthematic for Past Treausients

Big) N o

e
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Figure 2. Reactor Core Block Diagran



(k)
{53
{6}
wWhere
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» symbols as defined in Hote de Caleul Ho. 33 - Deoc.
28, 1960,

For a stability and tvansisnt részponse analysis, ap-
pii@ﬁhiﬂ for small resciivity perturbstions, Bas. (1.6}
can be linearized and thée coclant inpub temperaturs assiumed
constant. Using incrementzl guantities and Laplace trans-
formg, the resctor block disgranm is ss shown in Pig. 2 whars
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tre coeiTiclients of rescbivity

arant stability for all

oy

the camﬁam@l&t@ﬁ val
o and ﬁ?c in particu

2
d

6 = . 107 %,f@ @ = -7x @“%W% A = b 1079 sec

2

The characteristic equation of the sysbem is

Gls)=1+%.5%10"7 ~

= the fset fission delaved neubron datz, as recummendsd
by Kespin (NSE, Dec. 1960), the root locus of Eg. {&) iz as
ghowr in Fig, 3. 1% is evident that the resactor is absolubtely
stable for sll operating povwer lewels. 411 other values of
the opefficients of reactivity résult in 2 spimilar character.

istic locus and thersfore sn equslly stable resctor:

The preceeding stability anslysis has been base& on a
linssrized model. Achually the nonlinear model is also
absoliuntely stable. To ses this more clearly, neglect delaysd
neutrons 1) ang lump the eladding with the fuel. The

gongservabive reactor nodel ig now
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%

D.0 inventory, kg 169,000 295,000 £
Est. loss rabe, kg/fyr 3,080 5,800 BE3 8%
£ of inventory/yr .3 2 i i

We think that 8 loss rabte of 3% per year would be more
reasonable Por the Vulesin reactors, in view of thelyr relatively
low D, inventory., 7This would imecrease the fusl ocycle cost

for the Vulcain ship reactor by

8350 ke x Selt g #38 p npop 28

i - = §,3% cepbimes/CVh
23.690 CV x 8760
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cherge, I, toms U

U, §1/von 0. FTO37 1

tonafyr =

1,12 . 396

S

.3 ¥, tons 1.55 0. 51
1.7

Total U holdup, B, btohs 5.23

o
o

.6 Combired Bfrect of Chepges in Puel Cyele Cost

The combined effect of se changes would be fo ilncresse

the fuel cyole cost of the Vulecain reactor by:
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