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PREFACE

In September, 1956, a group of men experienced in various scientific
and engineering fields embarked on the twelve months of study which. cule-
wminated in this report. For nine of those months, .formal classroom and
student laboratory work occupied their time. At the end of that period,
these eight students were presented with a problem in reactor design° They

- studied it for ten weeks, the final reriod of the school term.

This is a summary report of their effort. It must be realized that,
in so short a time, a study of this scope can not be guaranteed complete
or free.of error. - This "thesis" is not offered as a polished engineering
report; but rather as a record of the work done by. the group under the
leadership of the group leader. It is issued for use by those persons
competent to assess the uncertainties inherent in the -results obtained in
terms of the preciseness of the technical data and analytical methods
employed in the study. In the opinion of the students and faculty of

- ORSORT; the problem has served the pedagogical purpose for which it was
»intendedo

The faculty Jjoins the authors in an expression of apprec1at10n for
the generous assistance which various members of the Oak Ridge National.
Laboratory gave. In particular, the guidance of the group consultant
W. R. Gall, is gratefully: acknowledgedoi

~

.Lewis Nelson
‘for

The Faculty of ORSORT
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PRELIMINARY DESIGN'OF A SUPER&EATING WATER?ﬁOILER
1, .. INTRODUCTION
1.1 Foreword '
The’subjeet of this ten‘weeks’ effort is a bolling water reactor

with integral nuclear superheater, whlch produces steam at 1200 p31a,

.950 F A qulck look at the problem last Sprlng 1nd1eated that such a

reactor could be designed using stainless steel UO2 and ordlnary water
for materials and staylng generally within the limlts of existlng reactor
technology, The obJect was to design the best such reactor, con31stent
with the above and with the principle that the development effort en=-
tailed in bulldlng such a reactor be mlnlmized _: -

‘The results of the study are presented herewlth; the outline of
a sound, but by no'heansvoptimun; reactor,- Its design output is 129,445
pounds of steam per hour at the stated condltlons9 whlch corresponds
to 17,500 shaft horsepower in a naval steam plant and to 47,25 Mw of heat,
The design is believed to be conservative in that it appears.able to
carry its design load easily, -

We have thought of this superheatingtwaternboiler as a ship pro-
pulsion reactor9 and its'capacity, arranéement; shlelding and_control
system are appropriate to that application° ? c |

In carrying out such a prelimlnary design, we had to 11m1t what we

undertook in order to keep the amount of work within bounds° We have
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endeavored fo estabiish thfee'things about:this reaEtor; feasibility,
size and weight. We therefore attacked efery problem necessary to the
reactor's successful 6perafion which had not already been solved by
others and carried the d;sign through far enough to assure successful
operation. We likewise-attécked évery<pr6blem Vhose solution would
signifiéantiy affect‘fhe weiéht or size of thé~reactor plént, notably
'biological‘éhieldiﬁg and mechanical design.

Wé dia not conéider'sﬁéh problems as w;tef treatment and the
mechanicél design of contrdl rod drifes, which hé#e been well solved
elsewhére; In general, those matters pertaiﬁinglto boiling reactors
which we have not.investigated are well tréafed in reference 34. Since
this reactor is thermodynamically eQuivalent to a conventional oil fired
boiler, we have not investigated ifs associéted steam plant, except as
tq secondary shielding, wﬁich we have applied toAan existing navalvsteam
| plant. The design is probaﬁiy complete enough'to serve as the basis of
a rough cost estimafe; though we have not made one,

1.2 General Description

This reactor has a core in the shﬁpe of the .usual right circular
cylinder (éee Figufe 1-1 aﬁd 1-2), divided radially into three regions;
a centrél sﬁberheater, an annular boiler and.g surrounding reflector.
Moderators are beryllium oxide iﬁ the superheater and vater in the boiler
and reflector. 'Superhéatér fuel elements'consist of three concentric
tubes of ﬁype'347’stéinléss steel containing UO2 particles‘in a stainless
’ steei matrix (Figufe 1-3). The boiler elements are of conventional

plate type, also of U0, and stainless steel,. type 347 (Figure 1-4).

Ly
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The entire core is laid out on a L in. by 4 in. square lattice,
there being 32 elements in the superheater and 116 in the boilér, 148
in all. Steam generated in the ﬁoilér passes fo the stéam dome ébove,
through steam dryers, thence throﬁgh the.superhéater in a single down-
ward pass and out through the bottoonf the pressure vessel. Boiler
water is circulated upward through the core by'tﬁree canned motér pumps
on external loops. Of the total power; 23%.is developed in the superheater

and 77% in the boiler.

1.3 Weightsi

. The valué.of any reactor plant for ship propulsion, assuming it
works and is safe, depehds largely on its weight. Below is a summary
of the weights of this superhéating water-boiler and of the shielding

chargeable to it in a marine plant.

Item ’ Weight, 1lbs. Specific Weight,
, 1bs/shp
Reactor, wet . 279,600 8
Circulating pumps, valves and piping ' 70,000 2
~wet '
Primary shield, wet 1,334,000 38
Secondary Shielding : 60,900 .2
Total : 1,744,500 50

' In a typical destroyer, the weight of the items which this reactor

replaces amounts to 32 lbs/shpg in a WW II destroyer escort to Th lbs/shp°
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For contrast, the weight of shielding alone on one 22,000 shp pressurized
water merchant ship propulsion plant design is 9l 1bs/shp. -

Evideﬁtly the reactor designed herein. is light enough for most
marine service. As is pointed out,elsewhere; it can no doubt be made

lighter by more careful and time consuming design.

" 1.4 Design Procedure

ﬁesign of a superheating water-boiler involves problems peculiar to
the type: somthat albrief‘description of the design procedure used may
bé of interéé£; ‘First) consider the choice of reactor configuration.

Preliminary heat transfer calcu;ations soon showed that little
superheat can be obtained from ;ombination boiling and superheating
elements, fuel tubes with water.autéide and steam insidé. Boiler and
superheater had to be segregated from each other, aﬁd a fhermal insulation
barrier placed between them. The question was how to 6rient them’with
respect to each other,

The two alternatives found worth considering were 1) central
superheater with surrounding boiler, and 2) central boiler with surround-
ing superheater, thé core in both cases being in the shape of an upright
circular cylinder.

Following is a brief discussion of the reasons for choosing the
former,

With the central boiler cbnfiguration, one discovers the following

undesirable conditions:
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1. Thére ié a strong radial variation of flux and heat generation
across the superheater, giving rise to hot’channeis in the superheater
where fuel element températures are limiting,

2. Critical loading of the superheater tends to be greater than
the critical loading of the boiler, while the superheater power is only
about one quarter that of the'boiler.(S) As a result, it becomes
difficult or impossible to maintain the boiler-superheater power balance
during burnup, and the reactor's outlet steam conditions will chaﬁge.with
time,

3. The superheater must be thermally insulatéd from the boiler
water on two sides and on the bottom, introducing avquantity of unwanted
- material into the core,

k., Refueling of the superheater is hard to arrange. The top of
the superheater must be watertight, because water leaving the boiler
must pass over the superheater to get b the thermal shield and reflector.

5. Superheatef iﬁlet pipes pass through the horizontal leg of the
boiler's water circulatin normal to the flow and impede boiler circulation.

‘All of tﬁe'above difficulties are relieved by going to the central
superheater. This design has a heat generation rate which is relatively
flat across the superheater, resulting in radially uniform steam and
fuel element temperatures. The critical mass is distributed 17% in the
superheater, 83% in the boiler, as compared with the bower'distribution
of 23% in the superheater, 77% in the boiler. Thus the power ratio is

easily maintained. Thermal insulation is required only on the outer
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boundgry of the small central superheater, leaving the top accessible .
for refueling,

Ginsburgh, et-al (;) chose the central boiler in spite of the
~ above objections on the ground that it required only one quarter the
crifical mass of the cen#ral‘supefheate;; The difference was accentuated
in their case, because.thgy used zirconium boiling elements. Due to ‘the'.
fundamental complexity of designing a superheating wafer-boiler, both
their investigation and ours were essentially one-shot propositions,
producing one reactor each and 1ittle in the way of parameter studies.
We believe that. the évidenpe‘available is not sufficient to support
any general statements és to the size of critical masses in superheating -
wateraboi;ers.or the economic importancevqf.suchhsize,

The design of this reactor.was unusually intricate in that the boiler
and superheater regions not only had to go critical jointly but also.
had to generate power in the proportions required by the outlet steam
conditions. Additional restrictions were safe heat removal from the
supqrheater and stable operation of the boilefb We had to satisfy these
four ma Jor requirements by our choices of reactor configuration, region
size, fuel elemept design, materials andvuraﬁium enrichment. Changing
any one of the latter design parameters affects the reacﬁor,with respect:
to more than one of the fou: basic requirements; so it is not possible -
to satisfy all four requirements at once by a:straightforward design

procedure,




”
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Briefly stated, the design procedﬁre was:
1) Choose reactor configuration..
2) Choose superheater fuel element configuration and superheater
reactor size from heat removal considerations. . - .
3) - Bearing in mind heat removal, stability and power balance
requirements; choose .a boiling element configuration and guess
a boiling region size.
L) Satiéfy criticality and power requirements by varying
uranium enrichments in boiler and superheater separately.
Some of these steps were carried out concurrently, but the above
was the basic pattern.
While carrying out step 4, one of course hopes fhat criticality and
pover balance can be satisfied 5y the reactor materials and geometry
he has chosen. We were fortunate in that our firét Teactor: design came
through step 4 unscathed, with reasonable uranium enrichments and only
slight radial flux variation across the superheater, where uniform heat
generation is valuable. (See Figure 4-8)) |
We thus obtained one reactor which satisfied all our requirements
but had no time to tackle the desigﬁ of another and possibly better one.
As fhe work progressed, wé gaw ways in which the reactor might be
improved oﬁ the next try at a design;k It would be profitable to lower
uranium enriéhment in the boiler if a size increase could :be. avéided,
This might be accomplished by going to pin type zirconium fuel elements

containing bulk UO2° Weight and space or cost, including that required
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for shielding, might be saﬁed either by going to natural circulation in | D
the boiler, which eliminates external loops and canned-motor pumps,

- though it increases pressure vessel size, or by employing more strongly
forced circulation, which reduces pressure veSéel size and primary shield
weighﬁ. We are not presently able to recommend the one course over the

other,

'y
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2, FUEL ELEMENT MATERIALS

2.1 Boiler

Saturation temperature for 1220 psia steam is 569°F, and,
conseéuently, both Zircaloy-2 and stainless steel werecconsideréd:,as
éiadding and matrix material,

A one-speed, one-region, critical mass calculation was made for
stainless stéel fuel elements assuming a 2:1 water to metal ratio,

2100 £t° heat transfef area, 93% enriched U'O2 fissionable materials:in

a stainless steel matrix; a similar calculation was made for Zircaloy fuel
elements assuming fully enriched ﬁranium in a zirconium-uranium alloy. The
stainless steel core reguired a critical mass about three times that of

the Zircaloy core. However, assuming a Zircaloy fabrication cost a -
conservative five times greater than for stainless steel, (Ref. 2), a

price of $17/gram for fully enriched U-235, an investment charge of h%:

per year, fuel life of one yéar, and‘equ§l fuel prodessing costs, then,

the stainless steel fuel costs were only about one-fourth the Zircaloy

fuel costs, |

While fuel costs were estimatéd by.crude methods, it was concluded
that stainless steel would be hore éqqﬁoﬁical, It was, therefore;
selected for the boiler fuel elements. |

Ref. 3‘showed that 304L low éarbon stainless steel was suitable for

-cladding in pure water at temperatures up to 800° -410000F° Type 347

stainlesé steel has similar‘corrosion resistance to water, but it is
stabilized'against carbide precipitation at the grain boundaries;

consequently, it was specified for boiler fuel element cladding and mafrix°
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10,000 hours of full porer operatdon result in the destruction of <
1.5% of thewrenium atoms, while 0.1% of‘all atoms in the fuel meat are
@estreyed’,. Radiation damage and dimensional changes should be minor
at these low burnup rates, and possibly it might be more economical
not to change boiler fuel elements each time the Superheater‘is re-
fueled,

Powdered stainless steel containing 35% by volume of powdered T.2%
enriched U02 was chosen for the O, 090" thick matrix because of the
substantial development background this material has from its use in
the Army Package Power Reactor, APPR-1, The weight percent of U02 in the
fuel meat is 4O%, or about 14% more than in the APPR elements; however, it .

is considered fabricable with present technology. (Ref. 2.)
. 20

2.2 Superheater

Among fuel element materials suitable for service at 12160F surface
temperature 1n superheated steam, only stalnless steel was thought to
be sufficiently developed from the fabrication standp01nt to merit
cons1derat10n for this fe851b111ty study.

| Limlted tests in Ref 4 showed low corrosion rates for 347 stainless

steel in supercritical water in this temperature range, this steel also.
has shown good resistance to intergranular carbide precipitation, and it
was consequently‘adOPted for cladding and matrix,

Early dn this study, nuclear considerations ihdieated a highly
enriched superheater fue14element, and again a powdered stainless‘steel
matrix centaining dispersed U0y appeared to requirehleastqemount of

development,
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Cladding thickness is .0056, fuel matrix is .030" thick, resulting
in a 16% weight fraction of 93% enriched U0, in the matrix, sufficient
for 10,000 hours of operation at,fnll,power.

Burnup will result in the destruction of 264 ofvuranium: atoms,
and O, 8% destruction of all the atoms in the fuel meat. No data
were found defining the burnup limitations of UO2 - powdered stainless
steel fuel matrices operating near the design temperatnre of 1216°F,

Extrapolation of limited data given in reference 5, 1nd1cated
‘that 26% burnup might be optimistic, bu; ‘the information was cons1dered
inconclusive because results were 1imited to conditions outside the

region of intefest. If tests Weré'to show that 26% burnup is unobtainable,

the endurance of the plant would, of course, have to be reduced nccordinglyx.
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3. .HEAT TRANSFER

3.1 Superheater Region

3.1.1 Choice of the Fuel Elements

A removal. of the heat generated in the superheater is a difficult
problem due to the poor heat transfer properties of the superheated steam,

Hence, thrée types of fuel elements. were.investigated, - -

3.1.1.a. Element Boiling the Water and Superheating the‘Stéam :

A tubular element was considered with: water boiling on ‘the cutside
of the tube and superheated steam-flowing down through- the'insidé of the
tube. |

This type of element was réjected.because of two main ‘reasons,’

First, the thermodynamic power cycle requirements deﬁand that 23%
of the total heat is transferred to the dry steam and the rest of it to &
the boiling water., This was impossible to accomplish with the abové
elements without insulating each element on the boiling side. The
calculation indicated that most of the heat flowed from fhe tube wall
to the boiling water due to a much lower thermal resistance at the boil=
ing surface of the tube. Enough heat could not be transferfed to the
steam side tb raise steam conditions to the desired level of superheat,

. Secondly, this type of element would have a very high temperature
gradient.across its wall due to boiling on one side and superheated steam
on the other,

3.1.1.b Small Diameter Tubes

As a result of the difficulties encountered with the above fuel

elements, it was decided to design a three region reactor with a separate
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superheater in the center of the core, the boiler surrounding the super-
heater, and the dowﬁcoﬁer aqtihg as é reflector on the periphery of the
core. ) |

small diameter tubes were considered as fuel elements in the super-
heater region. The smaller the.tubeﬁ the better heat transfer. -It was
calculated that about 1580 tubes 1/8" I,D, and 5'-10" long would be
needed. This arrangement was rejected because of structﬁral reasons
and high pressure drops.

The situation could be impro&éd by the multipass arrangement of the-
superheater elements., However, this would present several structural
prob1§m§;$ not reduce phe;high pressure dfops, and in additioﬁ would
introddce: pressures gr;adignhs:uﬁrofm’;o_n_;e,:mpa;s:_s to; anotherst .,

3;1,1,0 Concentric Rings with Helical Wires

The heat transfer rate is improved by a small equivalent hydraulic

diameter, or in other words, by a small flow area and a large heat

" transfer surface per element. Therefore, a concentric ring element

.-was tried and chosen as a final superheater fuel element. (Fig. 1-3.)

To improve the heat transfer, it was ﬁecessary to decrease the flqw
area even more than shown on the drawing. A further narrowing of the
steam gaps was impractical. Therefore, it was deéided to distort the
straight axial steam flow by forecing the steam té flow around.the tubes
in a helical path provided by the wires wréppéd inside the gaps and

welded to the fuel tubes. (See description in 5.3.3.)
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The. pitch of the helix was chosen to be equai towD, A smaller pitch -
would increase tﬁe steam velocity and thus improve the heat transfer even
more. However, structurally this would not be sound,'since the wire would
be too loose between the spot welds.

From the geometry of the element it may be shown that the axial flow

area Aa*is reduced to g helical flow ares Ah:

Ag

1 +( %R

3.(1) : Ah =

where 1 is the ptich of the helix and D diameter of the tube. For
1=wD, A = 0.707 A,. |
The calculations show that 32 elements 4'-L" long are needed. They
are arranged in a square lattice on L centers;
Practically all the heat generated in the fuel tubes is picked up
by the steam flow1ng down the steam gaps. There is some heat generated
in the moderator due to neutron scattering eoliisions and gamma attenuation,
However, there are partial steam passages provided close to the moderator,
Hence, the heat generated in BeO is removed by the steam flowing next to
" the moderator. rHeat leakage from the superheater is negligible (see 5.3.3).
This type of fuel element has four steam gaps that are not equivalent
to each other from the heat transfer point of view. Twyo of these gaps
are bounded by the fuel tubes on both sides, while the outermost and the
innermost gaps are bounded by a fuel tube on one side and moderator on | , .

another. The heat flux at the moderetqr surface is much lower than' that



=29

at the fuel tuﬁeo 'Hence, there exists a prob;em of the unequal steam
temperatures in different stam gaps.

The radial steam temperature variétionvwaé rédﬁced by two'means°
First, the width of the steam‘passages facing the moderator was narrowed;
aﬁd secondly, a discontiﬁuity in the fuel tubes was'prévidéd along the‘
path of the éteazﬁo Flow obsfructioné we;e'introduced at'the diacontinuitiés
to stimulate the radial mixing of the steam. This mixer was loqated in the
middle of the steam path tovassure about equal steaﬁ tempefatuﬁes
immediatelj below the midpoint of the element where the wall surface
températures are expeeted to.bé méximﬁm°

3.1.2 Maximum Temperature in the Superheater

The temperatures in the supérheater aré expected to be much higher
than in the boiler., The maximum fuel temperature in the superhgater is a
limitihg faqtor in‘the désign of fhé”fgactor, Its'magnitude mugg‘be
known rélatively accurately, as it is decisive in tﬁe feasibility of the

reactor,

The maximum expected temperature may be obtained from the neutron

track length and the geometric configuration of the superheater elements.

v

In addition, there are contingent effects that may or mway not exist,

Inclusion of a1l these contingencies determines ‘the waximum possgible

+

temperature.

3.1.2.a The Maximum Expécted Temperature

A}

Temperatures in the superheater depend on the internal heat generation

rate. The average heat generation rate per unit volume is,
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T Qsh 37.4 x 106 Btu/hr

3'-(2) * VYsh ° 726 £t3 = 51.5 x 106 Btu/hr,. ft3

The volumetric heat_generation rate is proportional to the neutron
track length, which in turn is a function of the core radius and its
height ¢ (v, %) = Y (r) ?(Z)-

First, the hottest channel wa's piéked in the superheater at the
center of the superheater where the generatlon rate is maximum, E(YE 0)

here is related to the average g by the radlal flux factor

: ilg”o) . i-f” 501/(0)*'2)‘2 4” J
3.(3) g . ¢, PR aj,&

This was evaluated by using nuclear constants known from the flux
plot obfained by a two-group, three-region machine calculation. The

constants in the superheater are:

25;; = 0.00203 cm™t fast fission cross section
fs. = 0.0215 ¢m~t thermal fission cross section
Wl(o) l '.
7 = 6-§5§ = 1,107 - ratio of radial fast flux in the center
y : : ' - of the superheater to average fast flux
(9 | -
22, %"—%—8—?{.— = 1.01 ratio of radial. thermal flux in the center
94> ° . of the superheater to average thermal flux
_EEZ = 0:905 =316 ratio of average fast radial flux to

' e 0.107 . average thermal flux.
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Next, the axial.variation:of the heat generation rate was investigated.
A cosinu-soidal. variation of the neutron track-length was assumed in the

axial direction (this would not be true near the boiling region, but in

'the center of the superheater the assumption is valid). Also no neutron

refleétion was éssumed at the ends (this is a conservative éssumption
tending to increase the ratio of the maximum axial flux to fhe average
flux).

The maximum axial flux in a cosinu-soiaal vafiation is at the midpoint
of the steam flow down the hot channel. However, the_maximum fuel element
surface témperature is below the midpoint. A direét solution to locate the
maximum surface temperature is very cumbersome in an unsymmetfical

configuration. However, a graphical solution located the maximum surface

temperature at 2/L = 0,74, See Appendix A, Fig. A(2).

(%) ? (fZZ.i_;ZZfz - 'f%ffilZfE:f:l; =730 - / /Qf;
3. E .Z/W ‘,éﬁé

Having obtained. the radial flux factor = 1.05 and the axial flux
factor = 1.15, the maximum supefheater temperature could be calculated

using a set of equations derived in the Appendix A.

A(24) o ! 31/" ’?L /
o ([s:[:l) ’7I 2k ( R")('U'R 2k, 4/<mﬂ

9,” R4IMR1R3 ,én/fa 1 >
) . RZR4 km hR h R4

— .E?71J
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The abové equaﬁion was evaluated at tpe hottest spot in the super- ' L
heater or at the inner-most fuel ring of the center channel at.Z/L = 0.74.
The constants used in equation A(2h) are listed below and also in
‘Appendlx A 1: |

U4

? = ? x 1.05 x 1.15 = 62 x 106/Btu/hr-ft3

t, ¥ ts1 = 895 obtained from equation A(35) ‘ '
by = 375 Btu/hr-ftz-oF, read from the graph A(1)
hy, = - 470 Btu/nr-rt2-°F, read from the graph A(1)

From equation A(23):

i v B o ops pa Bl
LY 44_ (e "'é)- =

‘

From equation A(19):

b b~ L o b2 1077 | )

From equatlon A(21):
t, %A—-_Z___,&oéa/077+.2=/077%
nl zc / ‘
From equation A(22):
byt L Pl Lbs | poctiByt3s 108
v

. ke o Ry
From equation A(20): '

£ = “‘s,eﬁ,%-a G754 184 - 1079
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Maximum temperature located radially by equation A(25)°
ka
~(%,-t,)+ L(RZ-R, )
2,
R \\ 2( .
N //”L 3 . .

Maximum temperature obtained from equation A(26)

0972? pu /./4,74‘/",.

¢ _tf”(g R ) l:(t t)+ft (fe‘ R )]‘g"’ L /‘os’?"F

2,

3.1.2.b Maximum Possible Temperature

The ‘expected temperatures may be altered by several contingent
effects discussed in the Appendlx A.5. - The maximum possible temperature

wasrcalculated by using total hot channel factors of Appendix A,5:

’

t_ . = L - ' = 567°F, inlet steam-temperature

(At )y = F(Atg)), =1.61 x 328

528°F, steam temperature rise

= Fh(&ﬁ)h = 1,21 x 182

4
jud
~
x>

1

220°F, film temperature drop

‘ 28°F; scale temperature drop

3
"

(Amf)A = Ff(Amf)h = 1.4k x 12 - 17°F, fuel tube temperature drop
The maximum possible temperature = 1360°F°

3.1.2.c Design Temperature

1360°F,'the maximum possible temperature, would occur if all the
adverse effects considered in Appeudix A.5 existed simultaneously, This
is very unlikely to take place. A reasonable maximum temperature was

estimated assuming only the effect of a large distortion of axial ueutron




track length due to a sudden withdrawal of the central control rod,

The maximum reasonable temperature was caicﬁlated;by‘usiﬁgﬂthe hot

channel factors for the effects of the control rods,

t
s

(A¢§)A

| (At,),

(At

= Fh(bm

gpln. = Fplbt

h)A

f)A

= 567, inlet steam temperature

- FéQ&tS)L = 1,27 x 328 = 416, steam temperature rise
= 1,27 x 182 = 231, film temperaturé drop

= 1,27 x12 = 15, fuel tube temperature drop

The maximum reaéonable,temperature'= 1229°F (This:was-uéed as a

design limitation)

301.,2.d Summary of Hot Channel Temperature Distribution

The maximum £empérature‘is expected in the innérnmosfifuel tube of

- the center channel at'z/L =0.74.

Radial Location

Expedted Radisal
Temp, Distribution

Reasonable Radial

Approximate Maximum Approximate Maximum
+ Possible Radial Temp.,

Temp., Distribution Distribution

Narrow steam: % . .= 895°F t . =983°F 4 ” =Ai095°F
8 gap sl - , = L sl

Surface of the o R _
Inner Scale sel ~ ?scl - : Fscl = 1315
Ri = 0,09550 ft t) = 1077 t, = 1214 C by = 1343
R2 = 0,09592 t2 = 1079 t2 = 1217 t2 = 1346
'Rmax = 0,09728 tmax = 1089 .tmax'= 1229 nax = 1360
R3 = 0,9842 .t3 = 1082 't3 = 1220 t3 = ;350
R, = 0.09883 t4:= 1079 t, = 1216 't44= 134§‘. |
Surface of the o _  _ amn
Outer Scale tscL tscA tscA = 1310
Main Steam Gap ty, = 895 by, = 983 by, = 1095
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through the Fuel Flements

3.1.3 Pressure Drop

.. The total pressure drop oonsists of the friction drop, end losses,
and the‘loss at the mixer,
(a) The friction drop is calculated for the full width steam gaps
Ref,(9)

3.5)  ap - )C,%; PUZ_Sélpsi

1

0,02 friction factor for drawn tubing at Re = 82,300

-
n

=" = 4,33Y1 + 1 = 6.13 ft, length of steam path

o
|

= 0,01566 ft, equivalent.hydraulic'diameter

/0 = 1,9 #/ft ,3 average specific weight of steam at 1200 psi and

t = 758°F
i S L ]
G . 05,000
U = = 405

7 x 3600 - l.g.x 3600 = 59,2 fps, average steam velocity

(b) End Losses )
Inlet 1loss = 0 5(22) = 0,358 psi-
e (/"UZ) |
. Outlet loss =1 \2B /= 0,716 psi
Total end losses = 1.074 psi

(e) Pressure loss at the mixe’r° At the mixer there is a discontinuity

of fuel tubing° Hence, there are inlet and outlet losses as computed above,

and in addltion a pressure loss due to an obstruction provided by the mixer,
These losses were added up
CAp = 1,074 + 0.242 = 1,316 psi

The total superheater logs is a sum of the pressure losses computed in

parts a, b, and c,

Total Ap = 5,61 + 1,074 + 1,316 = 8 psi .
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3o1l.4 Thermal Stresses in the Fuel Elemenfs

The maximum thermal stresseé are expected near the center of the fuel
meat and at the surface of cladding in the hot channel, ‘The thermal stresses
could be approxiﬁated by the equations given in Ref. (&), page 709,

At the center of the fuel meét
_ R R 2(Rz-Ry . AR3-R)) } ‘

At the surface of the cladding

2(g i ( R3=Rp [ 2(Bg=R3) 2(Rz-R§ZfJ 1,960 psi
@) .d - \2ke(1- y) ( ) (R3-Rp) - 3(R4-R1) ? ps

-6 6 A
O(E _ 10.7x107"x20x10 = 16.6 # _hr-ft .
where m(l " TR Xi°7 . "5553335' in the fugl meat
/ 6
_o{E_ = 10.7x0-6x20010° =, , .,
(e o 12,8 x .7 2 in the claddlng;
q = ‘3SH = x 1,05 %1415 x 1i4d = 51,5 x~106fi51005 x 1.15 x 1.44

(e}

A dde e

89.5 x 1o6 Btﬁ/hraft3 “
The elements are not likely to fail . by thermal stresses, because the

computed stresses are considerably below 3500 psi, the creep strength

required to produce 1% creep in 10,000 hr, for 347 stainless stéeel at the

maximum possible temperature of 1360°F,
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3.2 Boiler Region

3.2.1 Choice of the Fuel Element . - . -

The temperafurés'in tﬁé 5oiler are relatively low due to a better heat
transfer rate and a lower coolant tempe?atu?eo.. The choice of the MIR-type
fuel elemeﬁ@s wéa dictated by structural and nuclear considerations,

| 3.2.2 The Burnout Heat Fluz |

The 1limiting factor in the boiler is not a maximum temperature, but
the burnout flux or a heat flux at which the pucleate boiling beases and the
partial film boiiing starts, It was necessary to check the actual heat

flux and see that it remained below the burnout flux,

3(9) g = QBlr = 12309 X 106 Btu/hr = 389700 Btu 2
o Spr 3200 £t2  breft
The radial flux factor in fhe boiler is

1y

1 (R=32.4 em) . Bty (32.4) + Beaa(324) 4
| ¥ R Zra Y 21 +Zeop Yoz

3(10)

Nuclear constants used in the evaluation of the radial flux factor
were obtained from the tw0aéfoup9 threé;fégion ceriticality calculations,
The constants in the boiler are. -

L

Zep1 = 0,00272 cmal9 fast fission cross séction

‘ 2%22 0.0335 cmgl9 thermal fission cross section

21(32.4) _ 0,8058 . 1 g ratio of radial fast flux atR= 32,4 om
q%l = 0.4539 ST to the average fast flux in the boiler

“52(32.4) 0,1132 _ .rﬁtibAofgrédialgﬁhermalAflux atR=32.4 cn
T Tome 142 to the average thermal flux in the boiler
22 Mo i7 R i .» . ] - X ‘
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21 0.4539 . 5.7 ratio of average fast flux to the average

— 0.0796 thermal flux in the boiler

T2 .

The ‘axial component of the neutron track length is not cosinusoidal
in the boiler, The axial flux ratio in a cosinusoidal distribution would
be'w/2 = 1,57, However, this was ihéreased to 2 due to a flux distortion
in the boiler regioh° ' ‘

The maximum heat flux is expected to be below the midpdint of the

boiler channels facing the boundary of the.sﬁperheater region

n W '
3(11) Qay. = @ X 153 x 2 x 1,44 = 171,000 Btu/hr-ft<2

A conservative-vélue of the burnout flux is about 500,000 Btu/hr-ftz,
which is considerably above the maximum expected_héat flux, '

30203 Maximum Temperature in.the Boiler

3626308 The‘Maiimum'EgEecfed Temperature

The maximum temperature in the boiler was determined by the equation

A(41) in the Appendix A,2

: no, o
A = 1 “ XD X
1(.41) brax = Ysat * 9 G -+l_{_i_x1+ 5%; = 569 + 10 + 2/ = 607°F

where tgat = 569°F, saturation temperature at 1220 psi ~

"

118,500 Btu/hr-ft°, max. expected beat flux

X = 0,045" = 0.00375-ft; half the thickness of fuel meat

Xy=Xy = 0,005" =‘0.000416 fﬁ, thickness of the cladding

From Ref. 18), page 52

"o

Q) o, .
60 1_0-6) °25_ 10°F temperature drop
- - through the film

3(12) "t -t , =
, 2 “sat 1F/129,000




t2 = surface temperatured . , -
=' 1220 psi x 144 = 176, 600 #7ft saturation pressure
- From equation A(36)

a(36) h = __g___ ' ;LLJEKL = 118,500 Btu_

2 0p,
£ft°-°F
b . hr-f Ty

3,2.3.b The Maximum Possible Temperaturs '
Expected maximum temperature in the boiler was increased by the hot
channel factors., These factors are smaller in the boiler than in the

superheater, However, the same factors were used to be safe,

_ o
tsat = 569
Qﬁ&h)A= Fh(A¢h)w= lo2l,x‘10 = 12
At = _118.500 x 03005 _
se T1x12 =50
(btf)A = F;F (Atf)w =l°[,j;x 28 = 40
Thé'maximtm‘possible-ﬁéﬁpérétﬁfe = 671°F

3o2030& Summa'

of Hot Ghannel Temperature Distribution

Expected .Temp, Approi,'Maxo.Possible

. _.Distribution Tempetature Distribution
fsoiling wéter . " f;at%'jégeF ' tsat = 569°F
‘Surface of the_§°519..' 'r" b = o : _§8045;581
Surface of the cladding B by =579 t, = 631
Surface of the fuel meat “Z”tl = 583 .. b = 637
Center of the fuél meat“. . .t s 667 o ﬁ = 671

..., max C max
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36204 Préssure Drop_through tha Boiler

3e2.4oa Design Basis

Stability and control considerations required that the average void
fraction in the boiling region be limited to 10%. Data for uniform heat
generationl(Ref° 10) indicate an exit void fraction of 20%..corresponding
to an average core void fraction of 10%4, These calculations did not include
- the effect of nonuniform heat generation because.of the limited scope of
this feasibility stndy°

R, the recirculation ratio, assmuming an exit steam to water slip

ratio of unity, was given by the equation

3(12)  R= (1 -d9)4
%c:fa
resulting in a total coolant flow rate of 7.9 x 106%%ﬁhr.

Average coolant speed in the nonboiling region at the fuel channels
was 6 ft/sec whlle the speed in the external piping was 31 ft/sec,

Pr1mary coolant water is circulated through three separate loops,
any two of whlch are capable of handling full power coolant flow, while
one loop will provide standby power, Any loop can bevfally isolated in
case of pump failure, | |

3.264ob Friction»and;TurbulenceAPressuremDro.u;

Frlction pressure drop in the external loop and in the nonboiling
reglon of the reactor was computed by the Darcy equation°'
' £LU2 .
p = fLUZ _
(5) A 55
e’g . .
Only fragmentary data are available on:thé<exten£ of- the boiling region,

which is a function of thefgeométrical_configﬁraﬁion of ‘the core, flux
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distribution, and inlet subcooling. Fer the purpose of computing-the
' pressure drop in the reactor core, tﬁe nonboiling and coiling core height
fractions of 0.4 and 0,6 of the EBWR (Ref. 34) ﬁere aseumed° The friction
factor for the boiling regien twouphaseuflow Qas ebtained from Reference (12).

Losses due to contraction, expansion, entrences, elbows, valves; etc,,
were computed by conventional methods., |

302,4.5 Static_Pressure Drop

This pressure drop provided a driving force for the coolant since the
average fluid density in the riser paseaées is smaller than the density in
the downcomers, It was computed by teking_the average-void fraction in the
core,<Z;, as 10%, the veid fraction between the top of tﬁe core and the top
of the shroud;écmgas 20%, ‘The following eduationg

3(13) 2P = (H o +Hsho(sh) € =€)
indlcated a pressure differential of 0.3 psi°

3.2,4.d Acceleration Pressure Drop

The‘acceleration pressure”afepjdue~to the change in density of the
coolant and, hence, in the speed of the: fluid was glven by‘the following

*equation° ‘ a
3(14) - -Op = £10(U2 - U1)
2g

wpeﬁ snbscripts 1l and 2 refer to before and after expansiqn‘respectivelyo
This loss amounted to only 0,04 psi, - |

3.2.4oc Results

Total head loss in the recirculating loop amounted ‘to 30 ft. requiring

125 Hp pumps operating at 80% efficlencyo
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Water 1ea§es the reactor near the saturation temperature, Consequently,
the circulation pumps were located as low in the system as possible to provide
sufficient net suction head. Applying the Thoma cavitation criterion
(Ref, 13), it was egtimated that a‘ll,OOO GPM; 900 RPM double suction
"mixed flow" pump could operate satisfactorily at a net suction head of
8,5 ft,

3.2.5 Thermal Stresses

The maximum thermal stfesses are expected at the center of the fuel
méat and gt the surface of cladding of the hot channelsol The stréssesr
coﬁld be approximated by the eéuation given in Ref. (6), page 709.

At the“center 6f the fuel meat

3(15) '=' (B | ™ e ot a1 -

At the surface of the cladding -

3(16) ¢ =(ﬂ__) X< [1 + X=X . 2% | -, 710 psi
: 2kc<l=?)r-) a 1 | xl 3X2 Joo - p.

ng

where "' _ Qpi.. 123,9x10 Btu/hr
. . _vg};?ﬂ.xloSB;;x2xloM —-;2—-;?@ x153x2x144
= 45.5 x 10° Bt~ ?
r-ft3
- | b 6 :
o E = 10.7.x 10 "x 24.3 x 100  ='50.2 # -hroft
2% (1-v) 2 x12.8 x .7 __€_===Tn2 in the fuel meat
m .
LE - 10.7x107% 24,3 x10° 1405 #zhr=ft"  3in the cladding
2k (1-y) 2x9.2x.7 ~ Btu - in? L

The elemenfs;are not 1ikeiy to fail by thermal strésses, because the
computed stresseés are considerably below 14,870 psi, the allowable stress

for 347 stainless steel at the maximum possible temperature of,671°F.l<
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Heat Remaval After Shutdown of the Reactor

3.3.1 Design Basis
'Decay heat removal after shutdown presents no difficulty if the

main circulating pumps are operating, however, it was ‘thought. desirable to
show that the reactor could be shutdown safely without excessive element
temperatures should the circulating pumps have to.be_secnred°

It was assumed that the reactor was shutdown by a scram after
continuous full power operetion9 that the main circulating pumps were stopped
simultaneously, while sufficient feedwaten was being added to the system to
meinpain normai water levei‘in;the reactor, Six percent of full power
steam flow, or 7750 lb/hr, at normal operating pressure and temperature,
was taken as the operating condition after shutdown, 1

The situation at lower heat generation rates, lower pressures and
temperatures was left to be analyzed by a more complete study.

3.3.2 Superheater |

Heat.flow_acrOes a unit of.superheater heat trgnsfer area can be

expressed as q" = hAL, vhere h the heat transfer coefficient was taken as

0023

A2 n () - NG

Under the assumed con&ition, flow speed would be the only variable in this
éqqation dufing shutdown, so that the heat flow can be fenriften as

3(17) q" = 20°%at,;
where A is a consfant Differentiating q" with respect to flow speed and

solving for Ath, one obtains

. °2 . cu ) )
3(18) AL, = u d(q")
B2 qu
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Assuming the spatial distribution of heat generation in the.reactor

to be independent of power level, Qé%:l will beﬂéonstant for fixed steam
temperature and pressure.,

The film temperature drop will,,therefore,‘be proportional to U°2
and consequently superheater fuel element temperature will decrease with
decreasing power, It is therefore concluded that decay heat can be safely
removed from the superheater under this particular condition,

3.3.3 Boller .

One circulating loop was considered closed‘while the pump impellers
in the remaining two loops were stationary, with a flow resistance of one
_ velocity head,

The driving head produéed by'the lower densiﬁy éf ﬁhéyboiling mikturaA
in the core and the normal liquid deﬁsity in the external downcomers was
computed in the same manner as described in Section 30204o A successive
numberléf exit void fractions were assumed, to determine the correct
fraction which produced equal driving head and pressure d?Op in the léop,‘
. Average éoolant flow speed iﬁ_thennonboiliﬁg region of the core wés 0,65
ft/sec, and‘floQ épeed in thé external coolant piping ‘vas 3°A.ft/%ec, with
a total loop pressure drop of 0,11 psi., “f: '

Total flow through the core under fhese conditions was 880;000 lﬁ/hrg
recirculation ratio was 112/1, and éore exit steam quality was 098%;

According the reference (13) exit steam qualities of 2=3% ére adequate
for heat."tx"ansfer9 and, therefore, the coolént recirculgtion in this system

is 2~/ timesgreater than needed for safe heat removal,



3.4 Conclusions

The heat. transfer analysis indicated that reactor temperatures,

pressure'dreps and thermal stresses: could be maintained at safe levels,

However; a more thorough refinement of the design could result in a lighter

and probably more reliable system,

Superheater proved to be the most critical region in the reactor,

The following are the areas that would need a future study and developments

(a) - Helical wires in the superheater elements and

(b) ‘Limiting design temperatures in the superheater.

(a) The helical wires present several problems and possibilities:

(b)

.lq

2o

30

Thermal stresses would exceed the yield;strength of
the wires, if expansion loops weré no_t;,provided°
Manufacturing the wires as integral parf of fhe
tube claddihg would eliminate the thermal stresses
and incresase the rigidity of the as;emblyo -
Varying the pitch of the helix could adjust fhé
heat transfer rate in such a way that the need of

half width steam gapé is eliminatedof; [

The temperature limitations in the supérhéaper could be

relieved by several design features,

1,

2o

3,

The allowable temperatures could be raised appreciably
by using nickel or molybdenum base alloys, or pure UO2°
Eliminating the central confrol rod or preventing it

from a rapid withdrawal could result in a smaller

distortion of the axial neutron track length,

Varying the fuel loading would decreasé the ratio of

maximum to average neutron track length and thus reduce.

the maximum operating temperatures,
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Increasing the cross-sectional area of the steam
paésageship the central fuel elements would decrease. . -
the operatihg temperatures in the center of the

superheater,
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L. - NUCLEAR DESIGN

4.1 Introduction

Nuclear requirments for tﬁe system are dictated by heat transfer
criteria as discussed in Chapter 3, These criteria aleng with materials,
Chapter 2,'and mechanical design consideratioﬁs, Chapter 5, fixed the
size and gedmetry pfvthe system, Thus; the nuclear problem consisted of
proving the feasibility of a'stable, critical system that would operate at
the desired ratio of superheater tolboiler power density.

" Other parameterg that were fixed relative to the nuclear calculations

aré as followéz .

Fof'stability in the boiler, the water to metal ratio was fixea
at 2:1 with an operating void fractionin:the water at 10% (see Fig, 7-1), -
In the superheater 75% of the volumevis moderator which was -imposed by |
thg size and heterogeneity of the._regiog° In order to'f§gilitate the
‘étudy,Aﬁhe parémeter chosen to vary was fﬁel enrichment, in a matrix
phat.contained'35<vpl;me ﬁ;ﬁongg

The proceduré consisted'gf é;higraiion'area hand calculation
'(section AQZ),_which enabled one to>9hoose a range.of values that would
make the most efficient use of cémputer time. .Froﬁ the ORACLE results
a clean critical lqading was chosep (Fige 4=5) . Thi; was found to be
19.5% and 5% gnrichmentzin‘the sﬁperheéfer and.boiler, respectively,
A calculation of the burnout Qf'fuel in the 10,000 hbur.lifetime of the

system and of the additional amount of fuel necessary to override peak .

X' buildup resulted in sn initial loading of 32% and 7% in the -
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superheater and boiler, I-'espectively° Inasmuch as a 32% enrichment is
not economically practical, a fully enriched superheater was calculated | -
to have a 13 volume % UOz:in the meat,

ORACLE-cases érelshowﬁ in}Tablé Ang and the:flg%.piot ié sﬁownlin
-Fig, 4=8, o | | | |
40,2 Preliminary Calculations

"A prelimingry determination of the.driti;al-loading-was carried éut

by hand calculation to provide a "starting point" for the subseqﬁentimachine
éalculationso .Fbr this purpose a migration area model was éhosen becéuse,of
the computational difficulties of a two-group treatment.of a. three-region
reactor, A one-region homogeneoﬁs model was considered too crude to éive
usef’ul”results° The equations -which were'uséd are derived in Appéndix B1l,

The critical equation {Appendix B 1) y#eids an infinite nugb?r of
coﬁbinations of superheater and boiler loadings that areicritical,_as shéwn
in Figure 4=1, Howevér9 thére‘ié only one loadiné thaﬁ Qiil give the pfoper

heat generation in each region., The power requirement. isé

- 'Rl :
o b (ry2)av '
1 = gf; £ ¢l, sn) e a constant set by the steam
" flow rate and conditions

R2
) Zgi?) ¢2(rgZ)dV

By
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or in terms of average power densities,

Ry
(1)
5] i [) Zf @l(rsz)dv ‘v2
— - — ] = 1,11
Py , v
/Rl Zp §,(r;8)av . 1

The radii of the superheéter and boiler and the height -of the reactor
were principally fixed by heat transfer considerations; therefore, the
migration area calculation was basically a problem of making a given reactor
size critical, In order to facilifate fhe calculations, several approximations
were made: (1) It was assumed that fhe product GPRE was unityy (2) the
regions were considered to be homogeneous, ﬂhat is, disadvantage factor equal
to oney (3) +the reflector was assumed to be of infiﬁite.thickn§35§v (4)
"streaming® losses in the superheater steam channels were neglectéd5 (5)
steam volumes were assumed to be cOmpletelyfvoid of nuclei,

The Qater to metal volume ratib'in tﬁe Boiier was set by stability
requirements as estimated from water moderated reéctor.data, and it was ‘
thought, at first, that the reactor might operate on slightly enriched uranium
in thé form of U02 in a stainless steel matrix., For these reasons the nucleag

"eélculafions wére made by varying fuel enrichment while holding all volume
fractions constant, Calculations Qere further simplified. since the quantities

'Z; D, and M2 show smell variation with fuel enrichment and may be considered



ORNL~LR=Duwg. =28541
UNCLASS IF IED

h N

AN

A N

\

MIG

o

1.0

«8

b

X0Td  EATIVITY

20 30 Lo 50 60 70 80
REACTOR RADIUS =-=- cm

10

FIGURE 4-2



Ca 52a

as constants, The effects of changes in volume fractions are presented in
Section 4=3,
Constants used in the hand calculations are listed in Fig, 4-3. At

operating temperatures (569°F in boiler and~750°F in superheater), and in

a clean condition, the uranium required for criticality and the proper power

/

den;ity ratio is: in the superheater, 61.6 Kg at 1505% enrichment; in the
boiler, 1181 Kg at 6.25% enrichment, The flux distribution for this loading
is shown in Figure 4=2; |
43 ORACLE Caléulétions

The "Three-group - Three-region Reactor Code for ORACLE" (Reff 15)
was useq° This code may be gpplied as a iwougroup three region code,
Two groups were used in this study.,

Figure 494-15 a list of fhe cases that weré computed, Thirty cases

were run ir which the enrichment in the superheéter,and boiler was the

~ variable, For these cases the boiler meat thickness was 090" with

35 volume % UO2° Fig. 4=5 is a plot of the results,. Each case‘consisted
of a change in the superheater or boiler enrichment., The power density

ratio for each case was calculated by utilizing the relative fast and

thermal average fluxes as given in the ORACLE output., This was done

~ ag follows:




MIGRATION AREA CONSTANTS

53

CONSTANT

SUPERHEATER BOILER

Radius, R 3244 om 6947 om

|Lage, T 15708 ouf 8.l oxf

Dirfuaion‘ngtth, L Leb6 om 1,72 om

Migration Area, ¥ | 179.0 onf 8ol on?

|_Diffusion Coéf., D | ‘.8h6 om 272 om

Vol. fraction mod. 7506 «600
Vol. fraction void +138L +060
Vol. fraotion oled o068l «100
[vol. fraction meat "~ J0L56 24,0
_Vole UG>/0l. meat o35 o35
Disadvantage factor | - 1.00 1.00

FIGURE 4-3
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Fig, 4-la
ORACLE- CASES

Radii and Volume Fractions Given in Fig, 4=3
Reflector Thickness A"

Case rﬂgi-gbgggﬁ_ﬁ___ X Py ' 'Total: Fisgions/TH Fissions
uperheater Boiler 2 Superheater Boiler
0 13 2 6461037 | ‘
1 13 4 8263682 '
2 13 6 1.0414380
3 13 8 1,2357220 .
4 15 2 6876603 4,760 1,6757 1,352/
5 15 4 . o8462532 1.105. 1.6679 1.4304
6. 15 6 1,0519562 .528 1,6717 1,5215
7 15 8 1.2431769 °  .358 1,6825 ©1.5960
8 15 10 1.4569646 . 285 . 1,6493 1,6781
9 15 12 1,5852836
10 15 14 1,7403425
11 17 o714, 6917533 o , o )
12 17 2 - 07359706 5,75 1.748 1,353
13 17 4 8728754 1,40 1,740 1.434
14 17 6 1,0658349 645 1740 1,515
15 17 8 1,2526882 o417 1,751 1.595
16 20 ‘ JTLL 7576738 ‘ -
17 20 2 27974139 7,01 1,822 1,359
18 20 4 9121898 1,845 2 1,815 1.439
19 20 6 1,0868035 .822 1.813 1,503
20 20 8 1,2666165 o510 © 1,821 1,600
21 25 2 + 29031449
22 25 4 9913404 2,75 1,964 1.445
23 25 6 11.1329934  1.19 1.964 1.533 .
24 25 8 1.2964440 708 1,968 1,602
25 30 4 1,0741350 3,73 2,105 1o447
26 30 6 1,1885514 1,67 2,100 1.523
27 30 8 1.3326079 .958 2,104 1,606
28 50 2 1,3708506 ' |
29 50 4 1.4164081
30 50 6 1.4760849
31 19,5 5 1,0078647  1.062



Fig o’ LGLb

28

E5RBBY

A - 4 _ ——
e TESm L D e Gl et B Datetes et
32 15 8 4o15 10 4 69.7 cu 1,00 1.00  .8186014
.33 15 12 415 10 4" 69.7 1,00 1.00 9536112
34 15 16 415 10 gAl 69,7 1,00 1.00  1,1310123
35 10 8 4,15 10 AL 69.7 1.00 . 1,00 8192218
36 10 12 415 10 L7 69.7 1,00 1.00 ,9186270
37 10 16 4.15 10 L 69,7 1,00 1,00  1,0833773
19.5 5... 2 6 RA 69.7 1.00 . 1,00  1,0078647
19.5 . 5 2 14 4" 69.7 1,00 1,00  1,0071509
19.5 5 2 10 6" 69,7 1,00 1,00 1.0088048
93 5 2 10 4 69,7 1.00 1,00 1.0102994
932 5 2 10 4 69.7 1.55 1.13  1.0571420
933 5,65 2 10 4 69.7 1.55 1.13  1.0557646
934 5 2 10 40 69,7 1,00 1,00  1.0681810
45 19.5 5 2 10 L 69.7 1.00 . 1.00  1.0090894
46 19,5 5 2 10 gn 69.7 1.00 ' 1,00 ° 1.0092675
L7 19.5 5 2 10 gn 69.7 1,00 1.00 - 1,0093204
48 19.5 5 2 10 40 67,7 1,00 1.00  1,0002944
19 19.5 5 2 10 L 65.7 1,00 1,00 .9936918
50 19.5° 5 2 10 gn 67.7 1,00 01,00 1,0025890
51 19.5 5 2 10 g 65,7 1,00 1,00 9962038
52 19.5 5 2 20 4" 69.7 1,00 1,00  1,0238412

All other volume fractions and
radii are given in Fig, 4=3
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H
L (ZS §SH fast * (ZSH bsp)

thermal

P, -
(z? ¥ ) f‘as“b’# (ZB %8) thermal

The cases with the same superheater enrichment compose one set of parallel
curves while those of the same boiler enrichment compose the other,
Flg° 4=6 is an interpolation plot of k vs, supe;heater enrichment with a
constant power density ratio 6f:1@11, the‘points being‘takeh from Fig, 4-5,
. Fig. 4=7 is similar for the. béiler; “Thuég at k =1and Pl =1,11 the
clean critical enrichments were chosen. A cgse was thenpgo@puted.for these
chosen clean critical enrichmeﬁts of 19,5% and 5% in superhggter and Boiler
(See Fig. 4-8). L

Four cases were computed in which. the reflector thjgkness was the
variable (See Séction 4,7 and Fig. 4=10), :Six casesAwg{e run varying the
boiler‘and superbggter enrichments’with .030" @eat‘atitﬁ§;§ame UO2 volume
% (See Fig., 4=1i and Section 4.8), ..

In the abéve 45 cases the void fraction in théiﬁoiler‘water was con-
stant at 10%; however, twofcgses were run with 6% énd 14% Ybid fractions .
in érder to display a safe boiling condition in which reéctivity‘decreaseg
with an increase in yoidso Unfortunatelyglthe fesults”yegq inconsistent
with known water moderated reactors, This inconsistenc& is mére brobably
due to é necessity for greater accuracy in computation of the input group

constants,

The remginder of the cases are also listed in Table 4=4.
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The thermal cutoff was chosen at the energy associated with the
average velocity of neutrons with a Maxewell-Bdltzmenn distribution for
‘the average»temperatures in the respective regions, These temperatures
~and energies are:

| Superheater - 705°K9 .0770 ev,

Boiler = 569°K,  ,0620 ev.

Reflector = 569°K, ,0620 ev. -
The high energy; upper cutoff was chosen at the average energy of fission
neutrons, 2 Mev,

| Appendix B3 shows the method Qf calculating the 2G- 3R code group

constants, ” )
Lo Heterogeneity

Due to the large absorption cross-section of uranium the thermal
neutron flux is appreciably depressed in the fuel region, parnicularly in
-the,superheater° ‘To account for inis depression the disadvantage factor
f = ¢ mod/ 5 fuel » was calculated by”one group diffusibn theory nesuming
unet the slowing dewnrdensity9;é9twas eonsﬁant throughoutiihe moderator
region and negligibly small in'the'fuel region; The necessary equations
for this calculation are developed in Appendix B2, l

The values of ffor the superheater are shown in Figure 4=9. Only one
value ofj’for the boiler was determineds it was found to be 1,13 for a fuel

enrichment of 5% when Vgop, ANV = 635,

meat.

As indicated in Section 4, 2 no heterogeneity corrections were made in
the hand calculationss however, several cases in the machine calculatlons
were corrected by multiplying the fuel cross=sections by the reciprocal of

f ()

o The results of these cases are given in Figure A4-4b,
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In ali other cases, however, no correction for hetefogeneity was made
in the machine c%lculations° To our knowledge, there is né general agreement
as to how to handle heterogeneity in ﬁhe 3=group 3-region ORACLE code,
The disadvgntag§ factor calculation gerved mainly to demonstrate that the
factor was reasonabiy low, |

4.5 Maximum Xe-135 Override ix

To détermine the excess quantity of U=235 needed to override Xe-135,
.when it is at its meximum concentration after shutdown, the'following '
assumptions were made: -

1, There is no diféct yield of Xe-135, Actually, the total number
of iodine atoms proéucéd per fission is .059, while that for Xe=135 is 0.062,

| 2, All Xe=135 rise aftef shutdown comes from simple decéy of I-i35

vhich neglects any isomeric holdup.

3, The lifetime of the I=135 parent, ?é,lis ignored,

Lo Average fluxes for thé superheater and boilgr will apply,

After the reactor has been operating for some time ‘the steady state

equation iss

e Ly = B o)+ W @

§ = average thermal neutron flux
y = Xe=135 atomslproducedlper fission
N = steady state atomic density of Xe=135

6. = microscopié capture cross section of Xe-135

o
X
c
Ak = Xe=135 decay constant
NR5= atomic density of U=235

25

% = micfoscopic fission cross section U=235

#3ee Ref, 16




b=

Assuming no neutron capture in I=135 before it decays, its steady state

equation is:

§ 1% = Nl N ) '

After shutdown the rate of change of Xe-135 density iss

a5 g=Mat ,
A = apge - (3)

The solution of equation (3) iss

W = R ‘}&No( it MY ()

The maximum Xe=135. buildup occurs after shutdown when %%i = 0, Solving.

this for the time yields:s

“mex ~ AT 12 aOnr O

1]

' N
. 6 gt

In order to solve for the maximum Xe concentration (Nﬁ),gfter shutdown,

the average thermal flux must be determined.

L\
¢ =z (6)

)
"

tp = pover developed by thermal fissions

3 x 10lO fissions wattnl sec:m1 ¢

5
{0

\

volume of reactor region

6 must be computed separately for;the boiler and superheater,
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As the total power developed in each region is known, Pth may be computed

as follows:

th = R
P
F
PF = Power developed by group 1 fiséions;
b _
F *Fon= By
Ptn = (p,-P,, )R
t "th
Pap = 2RIt
S 1+R

R for the superheatér was determined as followss

SH th
R = P G Zp (sH)
SH SH - H
Py @S e (SH)

¢th is given in the ORACLE case of the clean critical condition for

H
68 19.5% and 5% enrichment in the superheater and boiler, Thus, RSH
and'RBoilerAmabee determined.

RSH =.1°23

Rp

The total power requiremenﬁs ares

i

1.94

e
L}

1,095 x lO7 watts

g
]

3.61 x 10 vatts

Thus, the average thermal fluxes ares



© =SH 1
¢Th = 1,38 x 10 3 neutrons cm

B 13
Gpy, = 1.91 x 10

N: may now be calculated for the superheater and boiler,

=b66=

14

Ni(SH) = 4,37 x 10
N(B) = 2.63 x 1074
From eq. (5)
tSH = 7,9 hrs
max .
B _
tmax = 7:35 hrs

Assuming that the total fission yields of I-135 and Xe=135 are equal -

atoms cm

atoms cm

‘=2
neutrons cm sec

3

3

=1

enables one to write Ni in terms of Nﬁo From €q. (1) and (2):

NI A

o = X

1

z

F

(7)

Thus, substituting tmg‘Nz, NOI from eq. (7) into eq: (L):

Ny, (SH)
N (B)

In order to determine the critical loading necessary to override Xe,

Z¥ for the clean system was equated to the same ratio with Xe present

=T

a at maximum concentration,

7.56 x 10

3.86 x 10

14

14

atoms cm 3

atoms cm

A =.

z,

4+

I
%

+

>

3

(8)
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-ZF = N254625 = macroscopic fission cross section necessary
‘ to override maximum Xe-135

A= -—%ﬁ=~= ratio of clean system with 19,.5% and 5% superheater
z o and boiler enrichmentso

a
= Nig N28 2 macroscopic absorption cross section
8 present when overriding maximum Xe=-135

Zﬁ = Xe absorption cross section
Zg = Absorption cross section of all other material,
Nig = atomic'density'of U=235 necessary to override maximum Xe.
The volume of U02 is held constant at 35 volume % in the meat,

oo 5 _
W2 4 N7 =0

C is known for superheater and boiler, thus solving eq., (8) for Nigé

A(Zg + Z: + C 628 )

5
on

25 25 .28
9" = A("a = 9% )
Nig (SH) = 836 x lO20 atoms c:m'==3
‘Nig (B) = 1,050 x 10%° atoms ‘@™
Nifean(SH)v= 722 x 10°° atoms en™>
5 L 20 =3
Nilean (B) = 971 x 10 atomc cm
N25 N2 N25
“clean excess _ .
Niicess (SH) = 114 x 1020 atoms cmaB = 1,98 Kg U=235 , )

excess (B) = °079 X 1020 atoms chB = 4,90 Kg U=235
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ezcess = Excess amount of U-23§'needed‘to override maximum Xe,
ko6 Reflector

The density. of the water reflector with no voids at 565°F and 1200 psia
is ,720 gms cmaB° Adjacent to the outer boiling elements is the 4 in, water
reflector, follqwea byal in,.stainlesé.steel thermal shield9 1 in, water
gap, 2 in. stainless steel thermal shield, 1 in, vater gap and the 3-3/4 in,
carbon steel pressure vessel, (Seé Fig, 5=1) |

Fig. 4-10 indicates 9 in. of water at the above density, with 19.5% and
’5% superheater and boilerAenrichménfso to be equivalent té:an infinite
£eflectoro With the additiohai water gaps in this desiggé the effective
reflector thickness will be greater than 4 in., A critical experiment could
~determine this effective thickness and thus justify redﬁcing the boiler
loading, A major consideration in chooéing the optimum reflecﬁor would
bé‘determined by a compafison of'the fuel savings with the increase iﬁ .
pressure vessel size, '

L;? Boiler Meat Thickness

- In'determining the optimum‘design9 a parameter study would have to be
méaé in order to choose the meét thicknéés that would.reéﬁlt in é{minimum
fuel loading, yet still satisfy the thermal stress and Figidiﬁy requirements,
gtability requi?emenﬁs relative to the.watér to metal rat;q,'and maximum

volume‘% of U0, in the meat,

2
Six cases were run using ,030 in. meat thickness, three at 15%, and
three at 10% superheater enrichment with 8%, 10%, and 12% boiler enrichments,

. In Fig, Awll the ;OBOﬁino meat requires a lower 1/Ef for criticality than

the .090 in. meat. Zp = 018,
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To determine an accurate fuel savings, cases should be run at 5% and -
3% in the superheater which would envelope the condition of k'= 1l at

A
FZ lollo

Using the same procedure, aﬁd limiting the range of meat thicknesse§~jA
by determining the limits imposed by rigidity énd tﬁermalzstresses;'one
céuld choose the dptimum meat thickness, - o
4.8 Conclusion

Meeting the heat transfer and power requirements is not a sufficient
A nuclear solution for this reactor, since these are myriad when previously
fixed parametérs are varied,: Thus, to choése the beat solution:one ié .
obviously confronted with a time-consuming,‘but desirable, parameter
optimization study,

Subjects that must necessarily be investigated to complete this study
-are the control problem and the introduction of burnable poisoqs into the
system, radial loading of varying enrichments for both 'the superhester and
boiler, the effective 6K/(void fraction) for the boiler, and essentiai |
critical experiments to determine more exactly the heterogeneity char-

acteristics of the system,
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CHAPTER 5

5.1 Reactor Vessel Design g

5.1.1 Vessel

Thé reactor vessel will be 74" ID x 81" OD (6'9") and approximately
197-6" overall length, The diameter was determined by the size of ”
superheatef and boiler core as well as necessary reflector éhd therhal
shield thicknesses, The vessel length has been heid to a minimum because
of possible marine application, |

A bolted closure has been selected because of the large amount of
experience with this type and because of its simpliciﬁy and reliability.

38 = 4" diameter studs will be required (See pressure calculations 5.1.2),

Two (2) concentric pressurized stainless steel "O" rings similar to

those used on PWR provide the seal bet@éen head‘and veésel flanges. These

are considered suitable to withstand the design pressure but if thoﬁght

_necegsary an omega fype seal could be provided for additional réliability

but at a penalty in refueling time as shown in Figure 5;10

Tbe vessel materials are discussed.in Sectioﬁ 501,20

The steam flow within the-vessel has been selected so that the vessel
walls will not be in contact with superheated steam thus-allowing the use
of low alloy materials throughout,

The elliptical heads will be formed. from plate iﬁ ong_section; Vessel
and head flanges of the size indicated in F_‘ig° C=/ will pfésent no fabrication
problem after the experience gained with PWR, The main vessel body will be
made from 2 allSOo rolled segments and assembled with é ékial welds, The

shell and heads will be pierced and nozzles welded and machined as shown
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on Fig, 1-1, All welds are to be radiographed and the assembled &gséel ’
stress relieved and hydro tested to 1950 psi. The circulating loop and
control;rod drive housing butt welds will be made in the field and locally
stress relievedAand radiographed, | |

The vessel will cause no shipping difficulty and it héé‘been assumed
that shipment will be with reactor compietely assembled, less fuel elements,
contr61 rods and control fod drives, The weight fér shipment in this
condition would be approximately 55 tons. (See Section 5.6) |

The design of this véssel is relatively conventional in the'ﬁucléar“
field and should presént n§ unusual fabrication problems;

5.1,2 Pressure Calculations

The pressure calculations were based on the Unfired Pressure Vessel -‘i~
_Code (Section VIII) 1956. (Reference 31) The design pressure was seleéted"

as 1300 psi as follows:

Superheater outlet pressure 1200 psi
Superheater pressure drop 8
Steam scrubber pressure drop ' | ““:SMM
Boiling eleﬁent pressure drop ' ) 5 ..

| Watef head ' » . 7
Normal operating pressuré fluctuation 60

(see Section 76363)

1285 psi

. oty
C g W

o o Nominal design pressure = 1300 psi
A pressure relief syétem has been provided to insure that the pressure

will never exceed this value,
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The design temperature of the vessel (with the exéeption.of the
superheater steam ouﬁlet) was taken as 650°F, The saturated steam
temperature corresponding to 1300 psi (1314 psia) is 574°F, thus leaving
élmargin of 76°F for gamﬁa heating of the. vessel wall, (The actual heating
within the vessel ﬁall is 15°F - see Séctipn 6.3)

The vessel material will be carbon steel ASTM Specification A-212B
lwith the exception of the outlet end ofAthe superheater ogtlet nozzle
which will be stainless steel ASTH Specification A-376, Type 347. The
carbon steel poftion of the vessel which is in contact with the water will
be clad with 1/L" of Type 347 stainless steel, This cladding is integral
with the véssel wall and is applied either by forging the cladding plate
to the carbon steel or by welding and subsequent machining of the stainiess
on the carbon’ steel‘,‘ ‘Per (31) UCL-23(b) the pressure calculations are based
on the total wall thiqkness, less thé minimum cladding thickness, ie the
carbon steel thiéknesé only,

S = Maximum Allowablé Stress of A-212B at 650°F = 17,500 psi
per (31) Table UCS=23 '

E = Axial ligament efflciency for weld (radlographed and
stress relieved) = 95% :
per (31) UW-12

Vessel Wall

(31) UG=27  t = IR ___ t = minimum wall thk,
’ SE - 006P . '
P = design pressure (1300 psi)
t = 1300 x 37,25 = 3.06" R = inside radius acted on by
17,500 x 0,95 = 0.6 x 1300 —— pressure

S. = maximum allowéble stress

E

ligament efficiéncy
.%s Will use 3-1/4" A-212B + 1/4" Type 347 cladding




Ellipsoidal Heads (2:1 Ellipse)'

_ P
(31) UG-32(d) ] . b= E_EE?:TE_QP D = inside diameter.
E =-100% since all openings
‘ in heads are fully rein-
forced (see nozzle calc.,)
4 = 1300 x 7445

2% 17500 x 1200 = 0.2 x 1300 = 27"
Will use 3-1/4" A-212B + 1/4" Type 347 clad (the additional thk.,

provides needed reinforcement for penetrations and matches the vessel wall

~ thickness),

Nozzles

(Per (31) UG=37 and UG-=40) See Appendices C=1,1, 1.2, 1.3,

Vessel Flanne

(Per (31) UGuL?, 49, 50, and 51) See Appendlces C«-l.,A°

5.1.3 Vessel Support . . '
The vessel weight of approx1mately 140,000#-(15 x 140,000 =

2, lOO ;,000# during 15G shock loading) will be supported by 8 circumfer- -

ential skirt located just below the circulating outlet no'z.v;-les° The. lower end

of the vessel'is supported.latefally, and at the same timg'allowgd to expand,
by a guide located on the lower head, (See Figuré 5-2) The load of the
vessel is trénsmitted through the 1" thick shield tank.wgll to fhé 3
structﬁrgl steel, “

. The support skirt coﬁld be scalloped if necessary, as shown, to réducé
the behding rigidity of the shell if the temperature -gradient through thé .
skirt tends to generate excessive stresséso The skirt length should be as

long as possible to reduce the temperature gradients in the skirt,



T

The method of support of the circulating piping, valves and pump
is yet to be developed, This must be accomplished in such ‘s manner as
to not impose excessive stresses on the piping due to expansion or shock
loading forces, |

5.1.4 Support Plate Structure

The supporting structure for the boiler.and superheater sectlons is
shown on Figupe 1-1, This structure is to be fabricated from Type 347
: stainless steel throughout :The superheater support has been offset
below the boiler support because of the temperature difference of these
two struotures and the subsequent difference in expansion, Due to
dlffepenoes of expansion between the stainless steel boiler support and-
fhe carbon steel vessel (both st approxiuately same temperature), we have
shown the support structure resfing ou.a support ring, but allowed to
ekpand rsdially relapive to the ring by means of four (4) éuide lugs,
Upward movement of the support structure due to shoek loading or hydraulio
forces from the hold down structure above are prevented- by the annular
lring around the edge of the support structure, i

A single thickness plate is sufficient to support the superheater
loading. However; any reasonable single thickness plate would experience
~;exc:essive defleouion in the boiler section during shock loadingo Therefore,
the boiler support has been designed with a double plate, grid type
construction as shown in Figure 1-1 and 1-2, This constriction will also
sefve~to align the boiling elements after installation prior to lowering

the hold down plate,




5,15 Hold Down Structure

The restralnt of the boiling element against upward movement, due
to hydraulic and shock forces as well as alignment of the elements ==
and control rods is accomplished by means of a hold down plate and hold .
down rod as shown in Figure 1-=1 and l=2° Openings are provided in the
plate to allow steam formed in the thermal shield and outside of boillng
elements to pass upwardso A shroud is welded to the plate to prevent
steam from being drawn into the circu]‘.atinglpumphsuction° The outside
diameter of the plaie is accurately machinéd to a matching fit in the
vessel to insure control rod aligmment, To eliminate difficulty due'to
relatiue,expansion betweén fhe hold down plate and.reactor vessel the
hold down plate will be fabricated from carbon steel A-212B nickgl plated
by the "Kanigen Process" (see Ref, }2)0 This pfocess was extensively used
for vessel infernais of tﬁe EBWR '

Sixteen (16) hold down rods of approximately 2" diameter are required ;
to carry the upward forces on the hold down plate, These rods are threaded
into and seal welded to the lower flange of the support plate. To allow
removal of the hold down plate, for refusling, these rods are providedAat
the top with a removable (locked type) fitting,

5,1,6 Superheater Housing Structure

This structure serves sevéral purfosess
"1, Contains solid BeO moderator
25 .Insulateaisuperheater~and boiler regions from each othef
3. Aligns‘thg upper end of superheater elements nndlsuperheater

control rods,

L, Contains seal to prevent wet steam from bypassing scrubbers.
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The»cross sectional geometry of this structure conforms to that of
the supefheater (square with corners removed) as shown in Figure 1=2 and
extends for its full lefxgth° The structure will be 3/8" thick at its
upper and lowef énds_and ;/B" thick.in the core region for neutron
economy and to provide é 1/4" space for ecorrugated insulation (see Figure
5=3) .in the high temperature region. |

The corrugated construction inhibits convection heat losses as well
as stiffening the 1/8" sheet, (See Section 50303‘f0r heat loss from
superheater to boiler), In addition the corrugations provide an expansion

. jJoint to insure contact between the superheater housing and the BeO, This
is required due to the highér cogfficiency of -expansion of stainless over
BeO, '

"~ The lower énd of the housing extends below the boiler support plate
wheré it is attached to the superheater support plate and forms the structure
of the superheater outlet plenum,

A stainless steel seal is provided at the héusing top, Because of the
housing shape this seal muét‘be éspecially made, The‘séél is located far

| enough above the water level to allow a 30° roll of the ship before im-
mersing theAseéfo ‘The fit Between the seal and the internal structure at
- the head aligns the.upper end of the superheater structure;

A cover plate over the soiid ﬁoderator is welded to the superheater
housing and aligns the superheater guide tubes and superheater control rod
cru@iformso. The cover plate prevents any solid moderaior from getting into
the steam system and allows the superheater guide tubes to expand upward |
through it, Tye clearance space betweén guide tubes and covér-piate gserve
as vents to equalize the pressure inside and outside the superheater housing

"during load and steam pressure changes,
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In the design of the superheater as showh; the saturated steam vapor
will contact the BeO moderator due to venting the moderator container '
(superhegter housing), BeO does ﬁot‘react,with water at ordinasry tempera-
tures, Ref°4%£5APgo 39 states that beryllia forms a volatile compound at
tempergtures of 2280°F or greater, Therefore no difficulty is expected
frém-the.BeO = Water contact, |

51,7 Awdlary Pipiog

Prehéat steam connectig;s are located at the bottém of the circulating
ioops for gradual preheating of vessel prior to startup and for superheater
cooling before é supply of saturated steam is availabie from boiling section
éf réactor° (See Section 7.5 on startuﬁ) |
| Feedwater is returned to the system in the circulating loop as shown
on Fig, 1-1, The water is insefted at the center of the 11,5" L.D, suction
line énd with proper mixing should present no thermal shock préblem}due to
the high recirculation ratio (61.3 to 1), - |

A préssure relief outlet is provided in the head_° This seems adviséble
in cése of én unforeseen pressﬁre'rise° The pressure relief valve would be
set at 13004 (max, design pressure) and under normal operating conditions
will not opens; This line will vent to the main condensers or possibly to
the ocean, Provision must be to provided to break this relief line when
tﬁe head is-remo.ved° |

5,108 éteam Segéégggfsx. : N

The steam separatién or moisture removal from the saturated steém is

obtained by conventional corrugated plate steam scrubbers located in the o

- vessel head (see ﬁigure 1=1, 1-2),
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The‘steamAveIocity leaving the water surface is less than oné (1) fps.
Ref. 33, Pg. 9-9 suggests that for velocities less than 3 fps gravity separ-
ation at steam and water is possible'for‘"lﬁrge steam drum diameters”.
~ However, in the interest of reducing'Vessel'length it was decided to use
steam scrubbers and locate these approximatély 2 ft. above the water level.
This location will allow a 60° roll of the'ship before priming will occur.

Thé-steam velocity through the scrubbers will be 2.6 fps and using data
- and aséuminglsame type scrubbers as given in Ref. 34, Pg. 72 (EBWR) the
A pressﬁre drop was calculated to be approximﬁteiy 5 psi.

Assuming a water purity to be maintained at l.O_ppm (maximﬁm) (per EBWR)
and a moisture carry over through the scrubbers of 0.1% would give a satu-
rated steam solids content of only 0.00l1 ppm.

5.1.9 Thermal Shielding

Two concentric thermal shields 1" and 2" thick are used, extending approx.
1 £t above and below the active core length. The 2 shields are attached to;
gether and installed as a unit'(fotal weight 13900©##); The shield is
restrained against moveﬁent by attachment to the supbort plate. Openings
. are provided at the bottom of the shield to allow water circuiation for
cooling.

Addition thermai shielding'is'prqvided in the top and bottom heads to
protect the vessél from end streaming from the superheater core region.
 These shields are cooled by water in the 1oﬁe: head and saturated steam

in the upper.

All thermal shield material is to be stainless steel type 304L.
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501,10 Thermal Insulation

The vessel, vessel flanges and circulating piping are to be thermally
insulatéd by 4 inches .of suitable insulation, This material should be able
to resist packing down, withstand wetting and shock loading., Materials
considered in the past for applications of this type have been foamglass
or packed steel wool,

5.2 Girculation System

The piping for the 3 circulating loops has.beenAkept at a miniﬁum in
order to reduce the space requirements of the system, All of the piping
and valves are located inside the primary shiela tank, The insulation on
these parts will be surroﬁnded.by a steel water tight housing which will be
wélded'into the shield tank at the ends, This will keep water out of the
thermal insulétion and allow expansion of the pigﬁng relative to the shield
tank., No expansion loops should be necessary since all of the loop is at
the same temperature, . .

The valves will be remotely éperated gate valves, It was felt that
valves should be used in order to isolate the pumps in case a pump failure
or leak occured, (In case of isolatingl a pump, the feed water normally
entering that loop would be diverted to the otherjloops,)

The pumps selected are of the canned rotor type of sufficient capac-
ity to operate at full load}oﬂ two pumps, A double suction, mixed flow
impeller Suitable for 11,000 gpm at 900 rpm and 30 ft. head is required,
The mixed flow was selected to delivery larger capacities at low discharge
heads, The double suction was selected to reduce the suction pressure
drop and to eliminate the additional head room required for a bottom

suction inlet below the pump, The pump was located as low as possible

/
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discharging into the bottom of. the vessel, This loéatiqh Wiil.give as
much suction head as possible (15 ft)., Calculations made in Section 3.2.4
indicate a pressurevdrop of apﬁroximately 6 ft, in the loop and also that
a pump of this type should have a net suction head of 8,5 ft. The 15 ft.
suction head condition is therefore satisfactory. | |

- The location of the suction nozzle in the vessel with respect to the
wafer levelvis sgchvthat a permanenpvrqll of 30 can be sustained without
loss of pump suction, N

5.3 Superheater Core

50301 General Arrangement

” The‘Bé superheater elements are arranged in a 4 inch square pattern,
.The square arrangément was selected so the superheater core would merge
smoothly with the squa?é boiling elements without giving large water gaps.
Thé,moderatqr will be in A" square bi;cks (of as long a length as practical)
drilled or'slotted_éxiaily to receive the guide tubes and control rod cruci-
forms, (Séé'Fig, 1-2) The lower end .of the guide tube is reduced to 1 1/2n
diéo 'tOo | - . P

1) Provide a ledge to support the superheater elements
2) Reduee neutron streaming '

3) Beduee the size of penetrations in support plate;’

| 56 3 2 Su erheater Eleme ts
Fabricatiqn of flat fuél’plates for the boiler and superheater would
be essentially the same; (see 5.4+2) The flat fuel plate, 25-1/4 inches
long would be rolled into a tubular shape of somewhaf smaller diaméter than

desired, the seam then brazed, excess brazing material ground off flush,




, UNCLASSIFIED
-8l ORNL-LR-DWG 26482

A
SRS

SUPPORT ik
SKIRT

_SEE DETAIL "A"

9

al

90,000
QLKL
e

»
R

¥

A’A

SHIELD TANK—>"

Q

Q2

00
SRR

9,
2

XS
S

9

D
XX

:::: STRUCTURAL STEEL ‘ ~—=—_EAD
TRL SUPPORT —

>
RR

"
%K

EXPANSION GUIDE/J

- 'SECTION A=A

%4in.f——><—3in. —mlin.<—5in.—-1

. ‘ AIR Z ~
. SPACE

o

SULATION

VESSEL WALL— |

X3
5

3%%
CRK

%%
@
%

3
&
&
5
“"
X5

%
&
5SS
o2

K8
o2
KRS
25

RS
BRXR
038
&S

%S
3§
039,
RS

&S
355
XS

2

%

DETAIL"A"

Fig. 5-2.



-85

. and the tube expanded in a drawing operation to the dimensions required.
. Minimum bending radius of the innermost fuel cylinder is about 1.l inches
which is acceptable, Ref. 43 (ORNL-1915),

The element is designed to be held down in place in the guide tube by
the latching mechanism at its top. This mechaniém.will allow for eX=
.pansion of the element relative to the guide tube and carry shock loads,

A shielding section approx, 3 ft. long is designed into the top of the
. element to eliminate'direct neutron streaming° |

E,The,ahnular_fuei.tubes{aré pﬁysically sﬁaced by means of small dia,
wires heligally.wraped around each fuel tube., These wires are brazed to
'thé fuel tﬁbes where theyvcross the axial bréze seam in the tube, fhe fuel
‘tubes are fixed into.the suppoff combs by brazing at one end and guided by

slots in the comb aﬁ'ﬁhe opposite end, The individual fuel tubes are thus
~free to expand réiative to the center moderator tube and éach other,

:For reasons discussed in Section 3,l°lbc a temperature equalizing or
mixing chamber'ﬁas been prdﬁidea at the mid point of the.fuel tubes, .

: A "disconﬁectféitting; has 5éen prévided,between thevfuel eléﬁeht
proper and the upper BeO top shiélding Qnd; This will aliéw.theZSalvage of
this tdp-for re=use éfter element reprocessing.

5.3.3 Insulation Frqmv Boiler Region .

The method'of insulating‘the superhegter from the bo;ier in the active
cqfe region waé discussed in Section 5.1.6 (Suphtr, Housing Structure), ’The
metﬁod of insulating the superhéatéf outlef plenum and outlet steam line
from the saturated temperature water is shown on Fig. 1=1 and 5=/ below,
The method used is a double wall container with a "stégnant" steam layer

between the walls, The outer waliwis of sufficient thickness to resist
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“the collapsiﬂg pressure of approxiﬁately 25 psi which exists at this point
between superheatef and boiler. The inner wall has small orfices in it
to allow the pregsure to equalize‘duriﬁg load changesj this wall may.be
‘relatively thin and is provided with frequent fins to serve as convection
inhibitors within the "stagnant steam® space.

A sumnary of the results from the heat loss calculations of the

superheater housing and outlet plehum followss

~Superheater Housiﬁg Rediation Loss : 62,500 BTU/hr
Superheater Housing Convection Loss. 115;500
Superheater Plenum Radiation Loss 45,600
Superheater Plenum Convectién Loss .‘L: 59,300
Total = 280,900 BTU/hr

_ This is less than 1% of.fhe tqtal heat release in the superheater and
does not represent'é losé'toAthe overall system since heat lost from the
superheater is being absorbed by boiler wate:,

' Caiéulatibns were made‘to detérminé the heat-loggtfrom the ibwer:plenum
if only a single wall had been uéed° This was 7529000 BTU/hr, or 702.£imes
the heat loss with the proposea design, ¢ﬁecause of the complicated con-
struction of the double wall it might be better = to accept the higher heat
loss of the single wall.construction if this wall could withstand the thermal
-stresses due to theA950o to 575°F tempefature differential,

5.4 Boiler Core

5.4.1 General Arrangement

The 116 boiling elements are arranged on a A" square pattern as were

the superheéﬁer elements, 8 of the elements are attached to the lower end
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of the boiler control rods and as the rods are inserted the. elements are
expelled into the control rod guide tubes below the core, The plate type

fuel elements have been .oriemted so that the plates are normal to the

net, neutron current as much as possible, (See Fig, 1-2)

5,402 Boiler Elements
See Fig, 1=4)

The prlmary'coolant flow for these elements is up through the lower
tang and between the fuel plates, However in order to cool the outside

surface of the end plates a small opening has been left betweén the end

plates and the transition sections to allow'coolant flow between the

boiling elements, Any steam generated on the element exterior passes
through holes in the hold down plate.

The tapered"tfansition'section will allow fuel elements to be lowered
into plaée withoﬁt dangerldf hanging ﬁp on adjacent elements,

An expansion spring is pfovidéd at the top to allow for thermal
expansion of the element, This spring must be féifly stiff in order to
resist the éppfox° 50 lb hydraulic load on eaph element plus the possiw
bility of a (15G x ll)#k) 17257 shock load without excessive deflection°

If a max, deflection of 2 inches were allowed durlng shock loading. (lower

tang'would'still'be engaged in support plate) a spring constant of 862%E

/inch would be required, If a helicel spring of 3/8" dia wire (max.,

possible with clearance available) can not be designed to give this high
a spring constant a helical spring of rectangular cross section can be used,
. The guide fins at top andbottom tangs will allow the élements'to be

lowered easily into the support plate and simplify the problem of dropping

khe hold down plate into place after refuelingo
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The fuel element meat would bé jackéted by a picture-ffame technique
which hermetically seals the fuel from the cooling water and also retains
fission products, providing a cladding thicknéss of 0,005",

Eleven fuel plates would be brazed to grooved side plates of 347
stainless steel 0.,060" thick, to form one fuel element,

It is intended to follow the APPR fuel element fabricatioﬁ procedure and
processing-quiie'cloéely, and for further details on fabrication the reader
is referred to Ref. 44 (ORNL-2225; "Specifications for.Army chkage Power
“Reactor (APPR-1) Fuel and Control Rod Components"), ’

5.5 Control |

5.5.1 Rods

The gepmetric arrangement of the control rods ié best shown in Fig,

1-2, There are 5 rods in the superheater region; the center rod being
intended for a regulating rod and the other 4 for shim and safety rods,
‘There are 8 rods in the boiler regionj 4 of thesé are inten&ed for regulating
rods and Llfor shim and safety rods. Thus there is a total of 5 regulating

. and 8 shim and séfety rods.,

t:The superhéater rods have been roughly estimated on a volume of neutron
- absorbing material (hafnium) basis, Using a cross shaped rod with 1/8" thk,
_séctions, a 3 172" x 3 1/2" cross running the full (4' =°4") length of the
core'islfequired; —Cbntrol rod guide cruciforms fabricated froﬁ type 347
stainless steel will be required., Slots have been provided in the moderat;r
for these cruciforms which are attached to the lower superheater support
_plate and guided by the superheater cover plate, These rods must be cooled .
by stea@ passing'gyéf them and between rod and cruciform, Wheﬁ fully with-

drawn these rods appear as shown in Figure 1-1,



The boiler section control rods are of a box shape construction of

hafnium backed by stainless. steel for structural rigidity. The lower ends
of these rods have é fuel element attached which makes thé rod more effective
by displécing fuel_while inserting poison. The guide tube for these rods is
approximately 13 ft. long extending above and below ﬁhe core as shown in
Fig. i=1 and is fixed to the boiler support plate and is guided by the hold
down plate and the bracket from the outlet plenum. ' This guide tube will be'
L séﬁare outside dimensions thus allowing the 3.8" square full element to
pass through it. The control rod is cocled by water passing up'through its
center and is below the water level in the fully withdrawn position as shown
in Fig. 1l-1. | |
Dashpot mechanisms to decelerate the boiler con£rol rods after scram
are provided in the‘bottoms of the guide tubes using boiler water as tﬁé energy
absorbing medium. The superheater deceleratiﬁg device will have to be
built into the driving mechanism.
5.5.2 Drives | : o :
As ﬁentioned in the Intfoduction the actual details of the driving
-mechanism have not been analyzed. The drive would probably be of the |
canned rotor type of motbfo The control rod shafts are withdrawn into
guide tubes above the k;ead° These tubes are designed to hold the reactor
pressure and are approximately 5 ft. long to provide for full rod withdrawal. |
The motor and guide tube assembly is welded to the vessel head thus elimina-
ting the need for & pressure seal around.the drive shaft.
The drive shafts are prevented from deflecting during “scram” operation
of the rods by guide bushings along theii"'length° Latches are provided at
the end of the drive shafts to disconmect from the control rod proper prior

to head removal.
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A breakdown of the estimated weights of the reactor vessel aSsehbly

follows:

Reactor Vessel (less head) _ . | 56,400 #
Vessel Head (plus control drive and intervals) 23,500 ##
Vessel Intervals éﬁd Thermal Shield . V 21,300# X
Solid Moderator 4,100
Water.(Cold at normal water level) 17,100%#

_ Superheater Elements (120 ea.) . 3,800+
Boiler Elements (115 ea.) 13,600 #

Total 139,800 #

5.7 Refueling Procedure

The following procedure would be followed for refueling with all of thé
operations being perfbrmed remotelys ‘

1) Superheater flooded with water to provi&e cooling for elements and
additional shielding° Calculations and experiments must be made to insure
that k ¢ 1 when the superheater is flooded with cold water.

The moderator will not be damaged by flooding with water (See Section
5.1.6) and when the reactor is started up the water will be vaporized
through the vents in the superheater cover plate.

2) Upper shielding plug reﬁoved.

3) Control rods unlatched from drives (Rods fully inserted),

L) Flange closure nuts loosened by inserting induction heaters in
axial hole drilled through studs.

5) Studs and head are removed from disconnecting the connection on

the discharge side of the relief valve (See 5.1.7).
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6) Temporary cooling discharge lines dropped into boiler and super-
heater regions to draw offfwater heated by fission productAdeéay gamméso
(Cooling wéter for boiler inserted.through "preheat" steam connection and
that for superheater through the maih steam line.)

7) The hold down plate securing device is removed and the hbld down
plate lifted off the fuel elemenfs and control rod guide tubes.

8) The elements may now be removed and placed in cooled céffin‘s°
{The boiler elements may simpiy be lifted out of the core buﬁ the super-
heater elehents must be unlatched from their guide tubes. )

If the superheater section only is to be refueled the above prqceduref.
would be identical eiceft for omitting step 7. _

To provide additional shielding it would be possible to flood the : ' Au
entire reactorAcompartment since the thermal insulation is water resistaﬁt°

Another method would be to construct a-wgper-tight top of the radiation

shield. This could be flooded during refueling for additional shielding.
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6, .SHIELDING

6.1 Introduction

- The purpose of this chapter was to design a thermal shield for the
reaqtor and to estimate the shieldiné weight for the entire system, The
weight of the shielding nedessary for the pfotection of personnel and
materiasls limits the abplicgtion of any mobile reactor., Determining fhis
weight involves the optimizing of such items as‘reactor.size, machinery
and compartment arrangements, and type of application, To conform to the
purpose of this report and the time restrictions, it was decided to design:
(1) - A thermal shield that would adequately protect the reactor pressure
vessel with little regard to optimizing the size, position, and materials
of the shieldsy (2) ‘a primary and secoﬁdary shield to allow a minimum
access time to the reactor compartment at full power of 1 hour/week, The
shieiding weight of such a plant would put a limitation on ité use and
would require a complete study of its own, The éhielding weight as reni
pqrpgd in this short study is intended to serve as a rough index on the
size of the ship the reactor could be used on., Once this has been decided,
a complete shielding study could be made. If the arrangement of a particular.
ship were such that members of the crew must spend more than a few hours per
day in compartments adjacent to the reactor and/or turbine spaces, more
shielding would be requiredo-

’
6.2 Heat Generation in the Pressure Vessel

6.2,1 Method
The method used for calculating the gamma heating was essentially that
used in reference (35). A summary of this method and formulas used are pre-

sented in this report,



6.,2.,2 Sources

An operating‘reactbr emits radiation in the form of neﬁtronsg alpha
~and beta rays; and gamma rays. Because of the short mean free paths asso-
ciated with alpha and betas it wés assumed that their energy is released.
entirely within the core, Neutrons were separated into two groups, fast
gnd.t.hermal° Heating from neutrons is of tw0'types; direct and indirect,
The heating from the direct‘effect is negligible at tﬁeApressure vessel
walls, Heating from the indirect effect, production of gamma rays by cap-
ture and inelastic scatter was accounted for, |
Gamma- heating depends upon the relative number and energy of. (1) fission
gemmas, (2) capture gammas, (3) decay gammas from fission products, and . ' ‘
(4) decay gemmas from irradiated reactor materials, ' o T
As the prediction .of a reactor gamma spectrum from basic physical data
is marked with uncertainties,; it was assumed that the Bulk Shielding Reactor
spectrum (experiméntal) could be.corrected to the SSBWR conditions, : |

6.2,3 The Gamms Flux (Prim

arv
The .measured spectrum of the BSR as found in reference (36) was con=
verted to four energy groups (1, 3, 5, and 7 Mev) for eaﬁé'in calculations,
These groups were normalized to agree with more reliable dose data and are
shown in Figure 6-1, | |
The inside surface of the SSBWR pressure vessel 13_920 inches from the
eéuivalent core surface, The normalized gamma flux at thié distance from the

BSR (and at 50 Mw) is given below

Group ; (Mev) . Gamma Flux (Photons/cmznsec) -
1 o 1,65 x 1004
' 13

3 o | .350<x 10
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Group (Mev) K Gamma Flux (PhotonS/cmgusec)
5 | 5,35 x 107
7 1.70 x 10%2

The above spectrum is due to all gammas that arrive 9 in. from the core
surface, ,Therefore to find the céntribution from the core gammas only the
water capture gammas (2.2 Mev) must be deducted,

" The water capture gammas were determined from the expression

1= Qo Ge-it_ [ - )

2(A‘~ )
¢ o 1s the incident thermal neutron flux (BSR)

G gamma ray contribution of the material involved and
relates the absorption cross section,. the fractions
of gammas produced per absorption and the Yolume
fraction of the material present,

A 1is the attemuating coefficient of the neutrons in the
material,

p is the linear absérption coefficient for gammas,
t 1is the slab thickness in cm.
12

I=2.64x10 Photpns/cmzasec"

The equivalent core_spectrum is nows

Group - - . Gamma Flux
1 | 1,65 x 10%4
3 -{ . : _ :300 X 1013 =06 26 X 1013
13
= 2,74 %10
5 5,35 x 1012
12 B

T - 1,70 x 10

N
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The SSBWR flux differs from that of the BSR for several reasons. (1)
Attenuation from the reactor core is through hot rather than cold water,
(2) The geometry and self absorption properties of the cores differ. (3)
The gamma.spectrum is different due to different core materials,

The method which. was used for allowing for these differences is out-
lined below.,

1, The BSR spectrum (core only) at 9 inches from the core surface was
converted to a uniform volume source of an equivalent cylindrical core, . !

2, Syﬁthetic volume sources were constructed for both BSR and SSBWR
type cofes° The ratio of these values which involve power density and
spectrum corrections times the converted BSR volume source provided_en e-
quivalent SSBWR volume source normalized to measured gamme dose rates,

3, The gamma flux at the SSBWR pressure vessel was computed from the
above volume source with due allowance for core size, self absorption
attenuatioﬂ through reflector and thermal shield, and buildup.,

Lo The equation and geometrical considerations for the transformation
from a cylindrical volume source to an equivelent gamma flux are given in
Figure 6-2,

The resulting primary gamma flux at the SSBWR pressure vessel iss

Group 1 Photons/cmzmsec
1 | 1.9 x 1012
3 5,52 x 10°%
5 1.56 x 10
7 | 2,34 x 0%t




98- ORNL-LR~Dwg, =285LL
UNCLASSIFIED
M MMEL( ) é
&,
4 lP ] g
. 3
'/
I .
IL\ \/ M~
N o ~
iy
a
—
\7\\
P
[
al -
el
.
4’ .
o bt
v el i
¥ -
\
4
™ 7
PN N \ ]
p DV Ol=3] CEANE LY Lon FNFSE
b AN . \
(la )
/1
",\strl e 1 D c.w‘h )
D } $ D \\-.J A
¢ Fri1e [
i ]
ya N n
KON K1) Ab Ld
pd 4
1
on vessetenstic 0]
)
T ] Al
Fa Y 1 1 ¥a
] N [&) |\nJ
V3N al s A
| 3 A L
¥ )
.l (f" 4




«99=

6.2.4 The Secondary Gamma Flux. - —

The secondary gamma flux at the pressure vessel includes gammas‘from
the capture of thermal neutrons in the water, thermal. shield and pressure
vessel itself and gammas from the inelastic scattering of fast.neutrons,
Therefore thermal and fast flux distribution through the reflector and
thermal shields had to be determined,

6.2.401 Thermal flux

The thermal flux at the outside surfaces of the thermal'shields was
estimated (from LID tank data (37) to be 1/3 of that for an all-water’
reflector. The effective thermal flux attenuation in the shield was as~
‘sumed equal to e=Ax where A = %, ana L = 0,652 cmél is the diffusion length
in stainless steel, Figures 6-3 and 6~/ show the details of the flux com-
putation within the thermal shields,

6,20402 Fast Flux

. The attenuation §f théwfa§£ flux by the thermal shield was based on the
use of an effective removai cross section or = 2 barns), Figure 6-5 shows
a plot of the fast flux in the reflector and thermsl shields,

6.2.4.3 Capture-gamma Production

The‘capture gamma rays leaving a slab of finite thickness are related
to the incident fiux by the expreésion
1=lo 0™y i)
2(A = p)
- (Symbols are defined in Section c.2.3)
In order to determine the contribution to heat generation in the pressure

vessel the above gammas were attenuated through interposed material,
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The attenuations throﬁgh water were obtained from BSR data:corrected

for lower water density.

. ~1/1, = £(R) Be™H¥
: eV
I/I, = £(R) B' e Box
upﬁx
[}
R
B - e~HX
where I' results from attenuation through 570°F water

p! is the linear absorption coefficient in hot water
= 0,72 p ~ 570°F
The attenuation due to stainless steel was computed using the conven-
tional expression
/1, = £(r) Be™H

£(r) =Bo * 8

Ro +a+t

RO = effective radius of core

a = distance from core to attenuating slaf
@t = slab thickness

B = appropriate buildup factor

a, Capture gammas from the thermal shields

The thermal shield consists ofla l-inch thick étainless steel slaﬁ
located 4 -inches frém the effective coré surface and a 2-inch thick stain-
less steel slab locéted 6 inches from the effective core surface, The
capture gammas generated were assumed to be the sum of those due to the
exponentials shown in Figures 6-3 and 6-4; and can be compufed using the
following.expréssion,

I = 41 Cen“‘b[l - e"t'(A“p‘»):] + ﬁé‘.igi}iﬂ [1 . e'--t(A"”P')] :
2(A-p) 2(ALp) |
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Using appropriate attenuation factors the capture gammas reaching the

pressure vessel ares

Group I (From 1 in, th, Shield) o ‘I (from 2 in, Th. Shield)
1 1.1 x 10lo Y“s/cmznsec | 2.1 x 16 Y's/cmzfseé

3 . 3,62 x 10°° " ‘ | 3°94 x 1080w

5 5,35 x 100 " . s90x 1080

7 . | 1;52 X lO11 n 1?92 x 101;‘ "

b, Capture gammas from the pressure vessel

The pressure vessel for the SSBWR consists of a l/L-inch thick stain=
less steel cladding backed by 3-1/2-inches of pressure vessel steel,

The heating effect of gammas generated in the pressure vessel wall
is a maximum inside the wall, An approximate éﬁd éomewhat conservativéA
apprqach is to consider an equivalent source of gammas incidéht on thei .
ingide surface of the pressure vessel. -

The gamma production at any point in the thermal.shield'cah4be com-

puted from the general expression (35)

%C L[_ = [1 ’X(A;‘f”ﬁ + ffi[eﬂ(AwLe;t(Awil
| pep L e y

‘The equivalent incident gemmas are:

Group . ."1(photon;/ch2=§e§)
1 | . | 2.35 x 107
3 o 1,045 x-2010
5 ' T 1.52x1000
7 - 3.61 x 10%°



c. Capture gammas from the water

The absorption of a thermal neutron by water (hydrogen) produces one
gamma photon of about 2.2 Mev energy. The assumed flux pattern and slab
thicknesses are shown in Figure 66,

The total gamma flux from Qater capture incident on the pressure vessel

Group - : 1 (photons/cmzaéec)

2.2 1.03 x lOll

6.204o4 Inelastic-scatter-gamma Production

Gamma rays from the inelastic scattering of fast neutrons are produced
in the thermal shields and pressure vessel, The resulting gamme flux at
the inside of the pressure vessel can be estimated by the same methods used

for the capture gammas, The resulting gamma fluxes ares

Group I (photons/cmzusec)
l-inch Thermal Shield 1 3,52 x 100
2-inch Thermal Shield 1 8.05 x 10°°
. Pressure Vessel 1 1,88 x 10ll

6.2.4.5 Summary of Gamma Fluxes

It was assumed that the total radiation heating effect in the pressure
vessel wall is due to the primary and secondary gammas generated by the
operating reactor as estimated above, The following table summarizes the

gamma flux incident on the pressure vessel wall:

Group (Energy) 1. 3 5 7
Primasry (Gore) Gemmas x 10™ 19,0 5.52 - 1.56 2.34
11 -

Secondary Gammag x 10~
Capture-1 in, Thermal Shield 0.,11° 0.36 0,53 1,52
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Secondary Gammas x 10712 (cont,)

Capture-2 in, Thermal Shield 0.21 039 0,59 1,92
- Capture Pressure Vessel 0.02 0,11 0.15 0.36

Capture Water . 1,03

Group (Energy) 1 3 5 7

Capture Total x 10”11

0.3,  1.89 ° 1.27 . 3,80
Inelastic Scattering 1-in, thk Shield 0,35
Inelastic Scattering 2" thk Shield 0,80

Inelastic Scattering Pressure Vessel 1.88
' : n

~ Inelastic Scattering - Total x 10 3.03
Secondary Totals x 10'”1l 3037 1.89 1.27 3080\
Total Gammas x 107-T 22,37 741 2,83 6,14

6.3 Pressure Vessel Temperaturesg

The SSBWR pressure vessel is essentially a 74-inch inside diameter
cylinéer welded of éml/zninch SA 212-B steelzplate, clad on the insidg Qith
1/4% of Type 30/ stainless steel, The entire vessel is enclosed in L=inches
of thermal insulation; .

Because of the insulation it is assumed that there would be essentially
no temperature drop across the pressure vessel if no gamma radiafion«were
present, It'fs assumea-that éll the radiation generated heat in tﬁe wﬁll
is removed by the reactor coolant,

~ In general the temperatures (and resulting thermal stresses) which
exist in fhe pressure vegsel wall depend upen the incident gamﬁa flux, the
wall thickness, and the method of cooling (or insulating) the wall; For
this analysié the wall thibkneés and method of cooliné.were fixed, The
"‘maximum temperature difference is thus a function of the incident radiation

only,
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The volumetric heat release at the inside surface of the pressure

vessel was computed for each eﬁergy group by the expression:

e C a8
Qo =1 xlE X pg X 1.55 x 10

where I is the incident gamma flux in photons/cmzasec
'E  is the group energy in Mev |

is the linear energy abs, coefficient
8

Fe

~1.55 x 10~ 3

is the conversion factor for Mev/cm’-sec to
Btu/ft3=hr

The volumetric heat release at points in the pressure shell was computed

by e
Q =g, eTM¥e(R)
X is the distance inside the shell in cm™~
f(ﬁ) is the geometric factor = Ro
Fo + ¢

Figure 6<7 shows the volumetric heat generation in the SSBWR pressure
vessel wall,

The temperature distribution in the pressure vessel was shown to be:

T= E%%‘“ (1 - A% er“At)

In order to approximate the opefating temperature it was necessary to
| estimate the heat flow and resistance to heat flow., The quantity of heat
flowing across the inner surface was found by the expression

Q -
H= 2. (1-e7AY

A

H = 4150 Btu/ft S-hr

The temperature drop across the coolant film was found from the expres-

sion  H=h,Ar
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The film coefficient was estimated from the expression (6)

~ - - 0.8
h, 170 (1 + T x 10 2.1 x107) ¥ A : , =
D 002 '
e

where T is the bulk water temperature’
V is the average coolant velocity

De is the equivalent hydraulic dia,

ooo hf = 480
nd At = 4150 - 8 ¢%
and A 756 a2

1

If a scale condition on the inside of the‘pressuré vesgel is assumed
then a temperature drop across the scale can be estimated by the expression
CH¥ s At | ~ -
s
where Ks is the thermal conductivity of the scale>1

t_ is the scale thickness ‘2 0.0l inches

Ar = A0 O =35%

For the. temperature distribution in the 1/4" cladding

Q, = 29375 Btu/ft3=hr
A =6.0 et
K =11,7 (at 577°F)
_ Q - -At
AT = KAZ- (1 = o "M% oAty
ATl/L" = 602°F

For the temperature distribution in the pressure vessel proper °

Q, = 26,500 Btu/ft -hr



1

A=6ft"
K = 25.6 (at~587°F)
ATy, = 8,.8°F
At,, = 13.2°F
AT, ) o = 15.0°F

The temperature profileAin the pressure vessel wall is shown in Figure
6-8. o
6.4 Pressure Vessel Stresses

~The total stress in thé preésure vessel wall is assumed to be the
algebraic sum of the pressure stress and the‘thermal streés° For b§th
the pressure stress and thermal stress, the tangential stress at the in-
side is the greatest of the three components, The maximum thermal stress

occurs at the reactor mid-plane; therefore the maximum total stress in

the reactor vessel is the sum of the pressure and thermal tangential

stresses at the reactor mid-plane,

6.4.1 The Tangential Pressuré‘S£§g§§

Thé reécto:'vessel is essentialiy:;wcylinder 74" =inch inside diam-
eter with .a 3075=inch thick wail° Because of the 1/4=inch stainless
steel wgil’the efféctive‘inside‘diameter is 74.5-inches and the wall
thickness is 3,5-inches,

The maximum tangential pressure stress was computed from the following

expressions

2 2
b

3TP=p 28 2 _§=¢‘l
b” - a a

STp is the tangential pressure stress

P ~ is the design pressure 1300 psi
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a is the inside radius 37,25 inches
b is the outside radius 40,75 inches
o®s Spp = 14,600 psi' 4 .
. 6042 Tangéntial Thermal Stress
Theitangential thermal stress was compufed from the following ex-

pression (35) |
STT =('aE)CQ°,) 5/ 2 1 aleca-l « e“Ac 1l 'Acz) +
R TR A A 2 )

2 1. Ao ( Ag +1 ,Ac3>
+ e

42 3

2 4R

where @ is the linear coefficient of expgnsion of the vessel steel

6 at 5919F

7.20 x 10°
E is Youngs Modulus, 25.8 x loé-psi at 5916F
1/ is Poisson's ratio = 0,3
C'is the wall thickness = 0,292 ft -

"a and b are the inner and outer radius in feet. 3,1 ft and 3.4 ft

 STT = 2720 psi

60403 Summary of Pregggre-Vesgel'Strésses
The maximum total stress is then the sum of these tﬁo'tangentia; stresses"
and is équal to 17,320 psi uhich is conservatively under the maximum allow-

" able stress of 1,5 Sj (26,250.psi) as suggesféd in Code Case # 1234.

6.5 Heat Generation In the Thermal Shields
The calculation of the heat generation in the thermal -shield cannot be
'simplified as was done for the pressure vessel, The total energy absorption

depends upon the incident energy from the inside, the incident energy from
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the outside, aﬁd the gammas generated within the thermal shield, Thev~
;dtal absorption distribution across the thermal shield will‘be reduired
to compute the total heat generatedoA | '

6.5.1 The Gamma Flux N

The primary and'secondary.gamma flux incident on and generatea inAthe
.thermal shield were computed by the same techniques usea for the pressure
vessel wall, -Thg resulting volumetric heét generation rates in thé thermai
shield are plotted in Figures 6.9 and 6=10° | |

6.6 Thermal Shield Temperatures

The thermal éhiéld temperature profile can be computed from the ex~

pression

KA2
where T‘is“the teﬁperatu:e above the surface témperature
The point of maximum temperature in the thermal shield was found from
the expression ‘
1 =Ac
X' (max) = - 1n = °
A Ac

X' (for 1 in, thermal shield)

, X! (for 2 in, thermal shield) = 0,916 in, = 0,0765 ft
‘The heat transferred through the thermal shield was obtained from the -
expreésions

x! .
Hi = }{Q(x)dx =% (1 - X'
YA T c

*

. :
.9 - -
Hy = g//,Q(x)dx'f Kgn (e XA _ e CA)
x :

0,486 inches = 0,0406 ft
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The temperature profile in the thermal shields is shown in Figures
6=11 and 6-=12,

The coolant velocity between the thermal shields, computed to be 0,7
ft/sec9 results in a 10% average void fraction in the thermal.shield coolant,
6.7 . Thermal Shield Stresgses

_ It was assumed that a negligible pressure difference between the sides
of the thernal shicld exists, The meximm stress in the thermal shield is
simply the tangential component of the thermal stress atrAeither'surface°
.This stress can be computed using the expfession in Section 6.4.2. The

stresses ares

SIT (for 1" Thermal shield)

= 2180-psiw
STT (for 2" Thermal éhield) = 3310 psi
6.8 The Primary Shield
6°8°l Sources . ' -

The primary shield as shown in Figures 6-13, 1/ and 15 is designed to
rallow a 1 hour/week acess to the operatingireactor compartment, Reactor
primary and secondary gammas as summarized in Section 6.2.4.5 were_fﬁrther,
attenugted to the outside of the shield tank, Gammas produced in the pfimary
shield were calculated using the methods employed in the thermal éhielding
calculation and these were referred to the outside of the sﬂield tank. The
thermal neutron flux distribution through the primary shield was estimated
using removal cross sections (37) and is shown with the estimated uncollided
‘neutron flux on Figure 6-16, . ‘ '

' 6.8,2 Geometry |

The reactors were arranged so that full ad%antage of their self atten-

uating properties could be employed A high degree of operational flexibility
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is insured by using 2 reactors as opposed to one larger reactor. For

shielding weight optimization however, one reactor would be better, The"

in Figure 6-13, Streaming from the superheater has been minimized by fuel
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element design as shown in Figure 1-3,

6.8,3 Doses

Doses at the outside of the shield tank at the reactor midplane and

with the reactor operating at full power are shown in the following table,

highly active recirculation lines are contained by .the shield tank as shown

Dose (mr/hr)

Source Group 3 5 7 Tétal'
Primary Core

Gammas 1.2 7.7 15.4 243
Secondary Core 14.2 10.6 17.5 42,3

Gammas
Water Capture Gammas 27,0 - - 27,0
Fast Neutrons - - - 25,0
Thermal Neutrons. - - = 11,9
Total 130,5

6.8.4 Shield Tenk Materials and Weip
The shield tank at its maximum thicknesé is 42" thick. The inner wall
is made up of a l-=inch thick steel plate, and a 5 in, slab of lead canned

with 1/4=steelqéheet° The outer wall is similarly constructed, Water

hts

makes up the remaining 29-1/2-inches of aﬁtenuating material, The

- 10-inches of lead. was necessary to attenuate all core gammas and the

‘5-inches of lead was necessarily placed at the outer wall to étténuate
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water capture gammas., The weight of the primary shield was 595 tons. per

plant, (38,1 1bs per shaft horse power) .,

6.9 The Sscondary Shield
6,9,1 Results
An investigation was made to determine how much extra weight for

biological shielding must be applied to a conventional steam power plant

‘when radiocactive steam from this reactor is used in lieu of boiler steam,

The conventional plant selected was a naval steam propulsion plant of
35,000 shaft horsepower, requiring two of(these reactors at their design
ratings. A block diagram of the plant, a simple o;é, is shown in Figure
6-17, | | |

| Experience with the EBWR (34) has shown that the qnly activity of
consequence in a heterogeneous boiling reactor's steam is that of N16’~
formed from the 016 of the water, which emits a gamma ray of 6m% or 7.1
Mev, This is also the principal source in pressurized water plants, but
steam, being much less dense than water, is a weaker source, Experience
with the EBWR (34) shows carryover to be a negligible source,

~ Our calculations éhowed, as we had éxpected, that the oniy components |
in the'plantvreéuiring shielding in addition to their normal structure were
the hoﬁwell, where the condensate collecfs, and the piping and pump which

carrylfhe‘condensate to the deaerating feedwater heater, In addition, the

-reactor will require a demineralizer, which must be shielded., The high

pressure end of the turbine may fequire light shielding, depending on
how long one wishes to remain near it during operation, All steam pipes

and other steam-filled components, on the other hand, gave doses of from
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40 to 160 mr/hr at a distance of two feet, which we considered not to
require shielding,

' ‘Results of our full power calculations are summarized in Figure 6-18,

belows
:' o  FIGURE 6-18

. . . , o . Unshielded

Component Approx, time in Specific getivity Dose
‘ component, sec .  gammas/cm”-sec mr/hr

Core - : - 120 _
Main Steam Line 0 : 3,58 x 10% 160
H, P, Turbine 0 1.80 x 104 236
Crossover 0o 3.8 x 10° ' 122
Turbine Exhaust 0 | 1.8 x 107 40
Condenser 0 ; 2,2 x';LO2 64,
Hotwell | 0.5 1.4 x10° . 55,000
Condensate Line 1.4 1.2 x lO6 . 1,720
Deaerating Feed Heater 110 6.9 x 103 - 58

In the plant investigated, the secondary shielding required is 1.5
ipehes of lead on the condensate line and 5,3 inches of lead on the hotwell,
The total weight of this, including also a 5! x 7' x 10 lead box 1 inch
thick for watch stéhder39 is 609900 pounds for one 359006_shaft horse=
power plant, or 1,74 1lbs/shp.

6,9.2 Methods of Calculation

This caleulation followed closely the methods set forth in reference (37)
for coolant activation and decay. Steady state formulas were used through-
out, Sizes and geometries of the sources were scaled from machinerj arrange-
ments of the 35,000 shp naval plant, and shell thickﬁesses of the components

were estimated according to the Code for Power Piping (42), a procedure
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vhich probably yielded éhells thinnér than they are,

Detailed drawings of the components were not a?aiiabie, However, the
approximations made'are beiieved to Ee justified fﬁr the purpose of this
calculation, which is to estimate weight. The secondary shielding is;onl&
3.9% of the total weight of reactor and éﬁieldingg S0 errors ih iié weight

would scarcely affect the total,
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7. STABILITY AND CONTROL

7.1 Scope of Study
. To establish the feasibility of the proposed reactor; it was decided

that the following must be proved°'

l. The reactor is inherently stable,

2, A control system can oehdeeigned such that (a) the reactor power

follows the load demand, (b) steam pressure is oontrolled, (e)

output‘steam temperature is controlled,

3. .Safety devices can be designed to hapdle effects of failures and

maloperations,

Lo A practical start-up précedure can be developed,

The major effort in this studvaas devoted to (1) and a iesser effort
to (2). Only token efforts were devoted to (3) and (4).
7.2 - Analysis for Ipherent Stability

A stability analysis for boiling water reactors in general is pre-
sented in Appendix D,1, In.this anelysis the relationships between the -
physfcal constants and operating conditions of the system for which the
system will osc1llate were determined, Applying these results to the
boiling region of the proposed reactor;, the curve in Figure 7-1 results.

For this curve all the physioal constants and operating conditions except

;%; -and E&; ﬁere assumed held constanp° The values used are those in
Table D,i in Appendix.D for the 1200 psi, operating pressure, The proposed .
reactor is expected to operate with-fwr = 1, The curve shows that a =3k

l to 02 will be acceptable with an adequate margin of stability. ~aﬁv

' wa is the steady state average vapor fraction, 3K is the fractional
‘ 3f1/
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reactivity change per fractional vapor.fraction change,
7.3 Control System Design

7.3.1 Design Philosophy -

‘The control system for the proposed reactor must maintain constant

steam pressure and temperature over the range of expected operating power.,
This necessitated ﬁhe inclusion of tﬁo external control loops. The reasons
for this are as follows: | |

'1.:AA change in operating power will aiﬁays result in a change in
" the boiler.region pressure unleés a change is madevin the system, i.e. a
change in controi.rod setting, coolanf flow.rate,'dr amount of subcooling.
This canvbe seen from-Figﬁre 7-2. if‘ho changes are made except the reactor
power, the average coolant density mpst'remain the séﬁe for steady state
operation. This requires that the operating pressﬁre (corresbonding to
saturation temperature ) must change, |

2, Assuming that changes will be made to maintain éongtant pressure,
the amount of superheat will not, in general, be constant, . This is be- |
cause the ratié between the power densities in the boiler region and
superheater region depends on the flux shape, aqd the fiux shape will
chaqge with control rod settings, | -

. 7.3.2 Description and Operation of Control System
The control system proposéd is showﬁ in Figure 7-3, . It can be seen

thét two external loops exists Qné to contrél the pressure and the other
to control output steam temperature, The opgfation of the control system
is as follows:

When a pressure error exists, the préssure control loop.éttempts to

drive this error to zero by moving both boiler and superheater control rods
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together to establish a different steady state reactor power,V If this
process results in a change in the power den31ty ratlo, the output steam
temperature w1ll change and a temperature error will developo If the
steam temperature is too high, the rod in the superheater will move in
and the rod in the boiler will move out, Ideally, this would occur with
Ano effective change in reactivity° In general, however, this will not
happen and there will be some coupling back into the preSsure'control
loop and the cycle will belrepeated By designing‘the control loops'"
' properly, it is expected that this hunting can be reduced to a. few cycles
before a new steady state is attained |

The pressure and temperature control loops are also the means whereby
the reactor power follows small changes in load demand, If there is an
increase in load demand the pressure will drop and the pressure control
loop w1ll raise the reactor power until a new steady state condition is
established, |

For large changes in load demand when 1t is desired to have the reactor
power follow as fast as poss1ble9 another loop is provided This loop is
designed to anticipate large changes in load -and changes the reactor powver

faster than if the system had to wait for a pressure change before acting°

<

73.3 Synthesis of Control §xstem

The complete system can be assumed to be properly de31gned if both
loops are stable 1ndependent of each other9 1f the coupled system is
stable, and if the response of the system to load demand is sufficiently
fast,

A 31mp11fied de31gn study for the pressure control loop and the

temperature control loop is carrled out in Appendlx D.2, The required
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form of the control equations for the two loops and tﬂe cohtrol system
parameters were established,

'The control equations with the system parameters for normal operating
conditions are:s |

'Boilér region control rod

dt at

b | :

gE- - . 000114 [Ap + 1,25 QE] + ,OOOQ2ld[ATg + 14 dTg]
' dt} p -

The pressure p is in psi and'tﬁe temperature Tg ih oF° d represenﬁs

the fractional amount the boiler réd will move with respect to the éuper;

heater rod when there is a temperature error,

Superheater control rod

= S . )
ax°- d - dT_}
= ..000114 [Ap + 1.25 _.E.,,] - 000021 [ATy +.124 91
at [Ap dt [A g *oth 3

In transfer function notation (Ref, 20) the equations are:

Boiler region control rod

8k = -.00124 [1 + 1.258) Ap + 29000214 [1 + -14g]ATg
B e

Superheater region control rod

skP = =-00114 [1 ‘+‘1.,2531 ‘Ap --000021 [1 + W14s]
8 S .

ATg
It can be seen that the low frequency components of the pressure and

temperature error signals will call for rates of métion of cdntroi rods,

For steady staﬁé; therefore, the error signals will be driven to zero,

. The derivitive terms were required to stabilize the systems for the higher

'frequenéy components, No problems are anticipated. in the implementing of

these control eqﬁations since they do not represent any radical departure

from conventional electro-mechanical system deSigns°
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The simpiified design study assumed ‘'an ideal drive mechanism, In
effect, this meant drive mechanisms that %ntroduce negligible phase lags,

, <5° at.éixfzo rads/sec, If actual drive mechanisms int&oduce more.phase
laé than this, it will be necessary to add additional lead in thelcontrol
equations, (Increase the derivative term) |

The effect of finite Sk insértion and removal rates were also studied,
For a maximum §k insertion and removal rates of ,001 Sk/sec,.the‘press#fe
error signal must be limited to < 30 psi. and the temperature error to
<i75°F° G;eater errors than this may exist phys;lc_ally9 but the electfi°= Ce
cal error signals must be limited to.the above values;to prevenﬁ ﬁonlin-’
ear osci-llation‘s'° It is expected that the maximum physical pressure error
can be held to 60 psi. |

A possible method for the analysis of the coupling between the
pressure contfpl and temperature control loops is indicated in Appendix
Do?o. |

No design study was.attempted on the anticipation circuit to handle
iarge'lbad changes, The t;ansient response to large changes in load de-
mand was, therefore, not determined. An analogue computer would have - |

" been required for this study since the effects of non-linearities in the
system must be taken into account,

7., Safety Considerationsg

Much of the safety measures developed for existing boiling water
reactors are applicable to the proposed reactor,

Possibly the'worétAset of circumstances conceived of for boiling

N3

reactors is for the throttle valve to be closed; recirculation pump to

be stopped, the control systems to be inoperative, and the reactor to be
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at some power, The system behavior under these circumstances can be
seen by examining Figure 7-2, The operating point for the reactor is
operating temperature = 567°F, and fractional void fy = .1, When the
‘throttle valve is closed; the pressure will build up and the saturétion
temperature will rise. The operating point will move to the right. This
-will continue until a point at\which fo» = 0 is reached, Any further in-
: crease.ig temperafﬁre will result in a.reactor shutdown, If there were
no contfol rod motiony; this occurs when the temperature = 640°F or a
pressure.of~1800psio

To prevent this excessive build=up in pressure, a pressure relief
valve will be provide_do Reactor shutdawn can then‘resﬁlt from expulsion
of water., Coincident with the opening of the relief valve however, the
safety rods will be inserted. This will be required since reactor shut-
down must nof lag the vapor flow stoppage to prevent superheater fuel
element burnout,

Other circumstances that will demand a reactor shutdown ares

1, Boiler water level too high-or too low,

2. Power failure

3. Excessively low ﬁ%fiod during‘startaup ' : ‘

bo @fcessive reactor power,

The circumstances under which reactor shutdown is demanded are meant
to be those over which the operator has lost control or never had control.,
A few exampies of circumstances over. which he normally has control are:

"1, Development of resonance instability since it is necessary only

to reduce the operating power to get out of trouble,
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2, Malfunction of control system since the rods can be operated
: manu&lly to maintain the pressure and steam temperature at the de-

sired values,

In effect emergency reactor shutdowns will be avoided whenever poséia
ble, | |

The normal reactor shutdown is expected to proceed as follows: A bypass
val¥gfwill be opened at some point beyond the superheater outlet, and the
steam will be dumped to a condenser, The reactor power will be de¢reésed
while maintaining operating pressure and temperature by programing the -
bypass valve opening,

The effect; of numerous possible mechanical failures have not been

covered ,

705 Start-up Problems

Startmﬁp procedures developed for existing boiling water reactors are
applicable to the proposed reactor except for one major problem, It is
necessary for the proposed reactor to have a vapor flow duriﬁg stértnup"
to prevent superheater fuei element Eurnout°

. A possible method for accomplishing this is to have small auxiliary
boiler and pass.the steam from it through the water in the boiler region
. of the reactor, This will serve two pﬁrposesg ‘

;o It will raise the water temperature, This is desired since the
higher the water temperature; the more inherently stable the system,

2, It will provide the required vapor flow through the superheater

section,
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8, CONCLUSIONS

8,1 General Discussion of the Design

- The superheating water=boiler ié best classified as a species of
boiling water reactor., It shares with other water-boilers the advantages
of low radioactivity in the externél loop and ability to operate on a direct
cyéles‘without heat exchangers and other auxiliafies; and the disadvantage
of low power density.

_ Adding a superheater to a heterogeneous ﬁater=boiler has not in this
'case incurred a penalty of'larger size. The superheater average power den-
sity of this reactor is l;ll timeStﬁét of the boiler, Superheatea steam, on
the other hand, benefits the steam.plant by increasing its thermodynamie
effﬁciency9 reducing erosion of the turbine blades and, very important in
marine applications, reducing the weight and size of the steam machinery,

. For naval purposes, the biggest disadvantage of having a superheater
is that failure of a superheater fuel element would send fission products
to’ the ‘turbine and'condenser’9 possibly making the méin maéhinery TOOm Un=
tenable at a critical time, The same failure in the'boilef would have
less serious consequences, because the process of evaporation keeps most
solids in the core, On theiEﬁWR, decohtaminétion factors of 107> to lOnL

were measured for solids in the core water (34). : .

b}

"This possibility of contaminating the machinery seems to be the in-
escapable price of having a superheater. How heavy a price it is depends
‘on how reliable the supefheater fuel elements are, It should be emphasized
that no one knows how reliable such elements are or how reliable they can

be made, (See also Chapter 2.)
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8.2 Reliability of the Design Calculations

. Standard methods of calculation were used wherever possiblg in this
design, The heat transfer and fluid flow claculations in particular were
intended to be conservative, Although critical mass calculations are in-
accurate, our investigétion covered so wide.a range of nuclear characteris-
tics that we are confident that the reactor Qith k = 1,000 and the correct
boiler-superheater power balance lies. within tﬁe range investigated, For
the accuracy of the shielding calculation, it can be said that the shield
we obtained is about what one would egpeét by comparison with those used
on pressurized watbr naval propulsion plants. |
8,3 The Weak Link .

As pointed out.in 2, fuel plates of the type we propose for the super;
heater have' never been teéted at the temperatureé and burﬁups required by
this reactor, It appears that Type 347_stain;ess will stand the tempera=

tures, all less than 1250°F, to which these elements will be subjected, but

the posgsibility exists that U0, - stainless steel elements as présently

2
made will not stand reasonably high burnups at such temperatures.

The superheater fuel element is the oﬁly major untried item in'this
reactory, and tesﬁs will be required to settle the question as to whether
or not it is suitable for this service. Shéuld stainless éteel ='ﬁ02
_ plates prove unsuitgble for 1200 = ILOOOF service, this reactor would_rem
maiﬁ unfeasible until an adequate fuel form is developed and testeao It

seems to us reasonable to suppoée that fuel elements capable of operating

up to lADOoF in a steam atmosphere will be developed,

PN

8.4 The Strong Point

A possible significant contribution to the general knowledge of
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boiling reactors is the resonance instability invegtigation; Chapter 7,

~ .Ever since the BORAX eiperiments, boiling reactors have been known to be

subject to a phenomenon known as-resonance instability, which occurs when
their power is increased beyond a certain point., A mathematical model of
a boiling reactor has been censtructed which shows resénance instability

at about the same operating conditidns under which it has been obéerved

in the EBWR, for exé;nple° Needless to say, this superheating water=

boiler is designed to operate in the stable region,
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Al Radial Tenigerature Distribution in the Superheater Elements.

(Unsymmetrical Temperature Distribution in a Cylindrical Geometry)
R max ,93 94." o

The temperature distribution in the fuel meat and cladding was des=-

.cribed by three differential equations

199 , : :
A, (1) 4 = -Vt ' for Ry<r <R,
"~ T | | _
'v . . ’ N .."'
A, (2) q = -k, %%— ‘ ' for R) < r <R,
A, (3) Q=-.x 8t for R,« r<R,
o o ror By Lo

 The heat flux was expressed as a function of redius and substituted in

the afove différential equations

A, (5) vgl'(r) "R
= qy ol £ &L r <R, '
1 - ‘ or"R:L T 2

TR _ R
A. (6) q(r) "qL‘f’:‘ | for Ry< r<R,

)



A, (8) %

- . g9 0 .
A, (ll») t = t2 + qu<; (322»r2 + [(tBntz)"* q (RBZ“"R?_Z)] 1n rfR2
' Lkm in RB/Rz
for. RZA' T <R3
_ . i R. . . :
. _q r o
/ -c
. 1 . ] i
A, (16) t =%, - WRy 1, T ' for R,<r £R,
A X RL ‘ -3 /A
c

Integrating the three differential equations, three general solutions

were obtained

(1]

- .9, 2 ' '
Zko r+c1hr+% mr%<r4R

A, (7) t

3

] . o
“_Ségi. Inr + ¢ for R} < r <R,
. C : :

3

A, (9) 4

L]

11" !
- QR .
é b lnr + c, | for R3f<'r <:RA
c

The integration constants were evaluated by the following boundary

conditions:

&, (10) & (R) = ¢,
A, (11) ¢ (RB) = t,
A G2) bR -t
ho1) () =%,

The particular solutions in terms of t19 t29 t39 tL

[Ah)

Neither of the four boundary temperatures were known, but they could be

obtained by using the solutions A(15) and A(16) in conjunction with the
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following two relationships at the boundary layers:

it

i}

]
. (18) g, =B, (4, - t)

A simultaneous solution of the equations A(15, 16, 17, and 18) resulted

in the explicit expressions for the four boundary temperatures
91

Ao (19) tl = tsl = _Sal

hy
: - 1)
. q .
A, (20) v, =t hg
' A
L1} " R
A, (21) t, =t - % _ Nk,
A 2 sl R
by k, R
13 1 :
A, (22) t. =t  +94 - URy 15 B3
| 3 sk g k R
4 e A

[R] ) .
It remains to find qy and qA° The former was obtained in terms of the

1]
latter by writing a heat balance equation and solving for q;

109 2_2, _® 0
qm (R3 «=»R2 ) = qLZTrRA - q12‘n’B1

2,2
b2 4 -4 MLy B

Ry 231

. 98 .
" The heat flux q, was found by differentiating equation A(14), evalu=

' 1!
ating at r = R,, and substituting expression A(23) for qy. The Fourier's .

equation

1]
q, = -k 3
2 mdr r=R2

Differentiating equation A(14) 1)

" R 1" ta=t 9 (R2~R2)] ;u'

q =-2 x |-qr_ ., 1 (437t2) + T (B"-RTN G

Ry 2k r 1n R3/Rp -J r =R



=145~

1R . .
This was solved by substituting equation A(23) for q;, equations A(21

and 22) for t, and tj respectively

2

o ™" 2
m |R"ln R3/MRp =, .41  loaRy/R 1
Ao’. (2&) 34 = (tSL"”tsl) ” q ..Zim . (R3 afiz- )(2h1ﬁl 2kn Akm

R RisR3 1
A 1n L2 . R ( aR3/Ry e 4 - )
ke RooR 4, A km hir] h LRy

4 To locate the maximum temperature, equation A(lL) was differentiated,

equatlng ,22 -'O° Solving for R i
dr

2km

P B 2)
A, (25) Rmaxf 4

(b5=t)) + Z(R B
1n R3/Rp

Substitution of equation A(25) for r in equation A(lL) resulted in

the determination of the maximum temperature

» 809 - . . (3] Rmax
Ao (26) tmax = t’2 + _,3__ (R 2 Ii&x) + (tB"tz) + ~_9.‘.,.=..(R 2='R 2) i:n_g.=_=
Lk Lk 3 2
S | | - R3
1n

Thefconstants used in the superheater are listed belows |
Ry, = 1.146" = 09550 ft; inside radius of the smallest fuel tube

1,151%

R, = = ,09592 ft, radius of inner ir_merfae'e'

Rj =1,181% = ,09842 ftg radius of ogter interface

RL = l°i86“ = o09883 fts outside radius of the.smaliest fuel tube
kc = 12,8 Btu/hr=ft= F thermal conductivity of the cladding

k- =9.2 Btu/hr=ft= F thermal conductivity of the fuel meat

A.2 Temperature Distribution in_the Boiler Elements

(Symmetrical Temperature Distributiom in a Slab Geometry)
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' T max
ty-
ty— —t,
Boiling Boiling
Water Cladding Fuel M Water
tsaf- S / / /] fSaf >—
~ X2 T Xy x=0 X, X2

The saturation temperéture of the boiling water and heat transfer
rates are the same on both sides of the plate, Therefore s the temperature
distribution is symmetrical, and only two differential equations are needed

to describe the temperature behavior in the fuel meat and cladding.,

11

A, (27) L= -V . . for -x; 2% L
AN o mewan

for e»xz L X éuxl

A ' (28) #09 " dt’
[ q = =
) T dx and n< X <x2

Inﬁegrating these differentiai equations, two general solutions were

obtained
19
A () t=-3_ P ucxse,
: 2km '
. 89
A, (30) t=-_9 xa+c¢
k, 3

" Integration constants were evaluated by the following boundary con-
ditionss | A

dt ' ‘ ' 4
A, (31) =X 0 - (symmetry condition) .

A, (32) t(xy) = ¢
A, (33) t(xy) = ¢,

|
ct
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- were -obtained

Then the particular solutions in terms of tl and tz
A . . : .
Ae (34) b=t + A (x,%x%)
R 1 2k 1 . fqr =xil< x<x
1 ) . »
A, (35) t=%,+_ % S o
(35) 2 ¥ (xz-x) for - 2< Xy

k
¢
Neither t, nor t, was known,but they were found using equation A(35)

in conjunction with the boundary layer relationship

11 .
A, (36) q = h(t2 - tsat)
' . 1%
A, (37) t, =t + 3
' - h
i ”
+ 9 ¢ aQ . .
sat Y —E: (X2= 1)

[1}

‘Ao (38) tl 't

" .
q was found from the heat balance equation

-

g"(xlﬂrl) = 2&

1"
Hni
A, (39) q =2
A 1
The maximum temperature was determined by evaluating equation A(34)

at x =0

Ao (40) tmax = #l-+ -3 X

Lt} .
Or in terms of tsat and q this was rewritten as followss

. 1] Xryes ' xl
Ao (B1) ¢ =t_, +q {122
max sat * 4 Qh k, ¥ Tokn

The constants used in the boiler are listed below

i
il

.045" = ,00375 ft, half thickness of the fuel meat -

X

X

) 00417, ft, half thickness of the fuel plates

"

00507
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kc = 12,8 Btu/hruftaoE, thermal conductivity of the cladding
k =9.2 Btu/hr-ft-"F, thermal conductivity of the fuel meat

A.3 Heat Transfer Coefficients and Flow ﬁiétr;bution in the Superheater

Elements

The local heat transfer coefficient is given in Ref. (9, page 219)

A, (42) h = .023 Xs_ (Re)?B(Pr)‘L
. De h

The heat transfer coefficient varies axially along the patﬁ of the

steam, Also it is different for the full-size and half-size steam gaps.

To calculate h in the main and narrow gaps, it is necessary to de-
termine the flow distribution of steam, .This was done by imposing a

condition of equal pressure drops .

2
A o (43 ) ﬂf}n = fn
Dem Den

vwhere %g% =2 ratio of equivalent diameter
fm - ( Reny o2 _ ;Un.)°.'2“Den -2 ) ‘
n Rem) Tm/ - ’ﬁZE . ratio of fr;ction factors

Equation Ao (43) could be rearraﬁged

A, (44) Un _(IDem) (2)2/3 = 1,5875 Condition of equal pressure

Uy -‘Den drops

A, (L5){ W = aW + (1l-a)W

A, (46) | qp

av_ =pum
Am A : mass balance equation

e

Ao (47) Gn
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Fig. A—1. Superheater Heat Transfer Coefficients.
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Equations A, (44, 45, 46, A7) were solved simultaneously using the
following constants ’

W= 1299QOQN1§/hr = 4030 1b/hr-element
32 elements

o

@

B
!

= ,01566 ft eqﬁivalent diameter of the main gaps

Den = ,00783 ft equivalent diemeter of the'harrow gaps

e
B
n

.00756 ft2 flow area of two main gaps

= ,00385 ftzrflow area of two narrow gaps

=
o
f

The results are

a = ,758, fraction of steam flowing through the main gaps

Gp = =758 x 4030 . 405,000 lb/hr-ft2

,00756

Gp = 2242 X 4030 . 555 000 1b/hr-rt?

.00383

Using these results together with the properties required by equation
A(42), an axial variation of the heat transfer coefficients was obtéined

and presented in a graphical form in Fig, AQ1),

ENA Axial Temggratﬁre Distribution in the Hot Chagnel of the Superheater
To détermine the maximum surface temperature in the.hot channel, it
was necessary to know the axial variation of the steam and surface temm:
peratures,
| Choosing the origin of the coordinate system at the top of the hottest
superheater element, it could be shown Ref, (6, page 670) that for a

" sinusoidal flux distribution

Ao (48) t(8) =t (o) + %ﬁl (1 - cos T2 )




| |
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Or in terms of steam enthalpies

A, (L9) H(Z).= H(o) + zin (1 = cos Z%,)

Where # is a distance from the top of the hot channel
H(%) variable enthalpy of steam at point 2

H(0)

1183,4 Btu/1b enthalpy ‘of steam at & = 0

H(L) = 1470 Btu/1b enthalpy of steam at 1200 psi 950°F '
An = 1,05 [H(L) - -H(o')_] = 1,05(1470 = 1183,4) = 300 Btu/1b
Equation A(49) in terms of steam temperature in fhe hot channel was
plétted, in Fig, a(2).
To find surface ﬁemperature9 34 must be known, This was obtained from
equation A(24), Then from equation A,(20) the surface temperature was
: céiculéted'and alsc plotted in Fig. A.(2), |

From Fig, A.(2) the maximum surface temperafure t, = 1079°F was located

, ' 4
| ' at 8/L = 7L, It is expected that the maximum temperature will occur at this

point,

A.5 Hot Channel Fgg&gﬁg for the Supe;heatgg.

Temperature'distributi@n in the cbre is affected by several contingent
factors that must be considered in the determination of the méximum possible
surface temperature, The applicaﬁibﬂ of hotAchannel‘factors to the temper=-
ature.rise qf'the_steam and to the temperature drop through the film and

fuethube is a convenient methed of treatment, Ref, 7.

A, (50) F_= éteam temperature rise in the affected channel (A¢S)A'
S steam temperature rise in unaffected channel (At )U

: B
Ac (51) ¥, = _film temperature drop in affected chanmel _ - (Ath)A

h_‘ film temperature drop in unaffected channel.’ ( Aty)U
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A, (52) F. = fuel tube temperature drop in affected channel =-(‘A‘tf)A
£ fuel tube temperature drop in unaffected channel (Axf)U

Several possible effects were investigated in the hot channel,

(a) Effect of plenum chambers. - 5% decrease in flow rate was assumed

due to the flow irregularities-at the plenum chambers,

Then Yao_ U l1-.05=.95
Wy g |
W
F_ = eed - Mg 1 g 05
(Atg)u Wy 95
‘ ' 8 U8 o8
R L _(-U) fl) = 1.04
(At )u By T\Ta/ s/

(b) Effect of plate spacing. Two mil'. decrease was allowed in the
" 047" steam gap, |

Then (DG)A"E' AA = 045 = ,9575
(De)U AU QL7

. . ¢ ‘ 2/3 . .
UA . (De)A 2/3 _ .
UU = [ (De)UJ = ( 09575) - 09715

. Am\ -
s = '(l.xlt,'s)A .-.=(gU.) o (__U__) e 1 =107
- (Ats)y A Ap 9715 x 9575 -

) : 0. 8 ' °2 ‘ g
R, = Ky, . ( U) o | D)) (____.1 '«) (.9575)°% = 1,015
Ap)y VU (De)U|  \.9715 |

A
(c) Effect of tolerance on Ursnium content in the fuel plates.

Fxj
§

1%.increase in uranium content was assumed
. 1ne .
Then 3? =1.01

dy

Fs Fh Ff &) =101
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(d) Effect of irreguler distribution of uranium in the fuel plates.

L% increase in the localized uranium loading was assumed, Only 2% was

" used for Fsghbeéause irregularities tend to be localized

"

F_ = ,%%n. = 1,02
dy
ne .
o= Ff =4 . 1.04

1y

(e) Effect of tolerance_ in the meat thickness., One mil increase in

the thickness of .030" meat was allowed

n
F:Fh=F.f= QQ =

TR
! 0030
K]

0 -1.0 | ~ -

(f) Effect of inability to predict the neutron flux distribution;

It was assumed

F =F =F

x = Fp = Fp = 1.05

. +

- (g) Effect of tolerance in the clad thickness. It was assumed

F =F

s h 1.01

(h) Effect of: the control rods., 4 iarge distortion in axial flux was

assumed;
1 )
Then - %%, = 2. = 2 - _ 1.27

Qu 7/2 1.57

FS = Fh = Ff = 1,27

(k) Effect of scale, Five mil. scale was allowed to grow, This re=-

duces 047" steam gap considerably.



Thens - (EDe)A - By L o3
(Do) e o = ,7875
. .
A _ (De)y = 1,27
Uy  (De)y o
F, = (8%n)py ( Uu)°8 A(De)A'l ;2{ i)ﬁs ( 78'.7.5)"2
(), VU :_,(De)g), 1270
4 " ,005 2003
~d
A-tfscl - q-,k = 68,275 x I2°  _ 2g°F
sc 1
* b 005 - © .005
Nty v 2 TI2 = 86,415 x 13- 36°F -
X 1

scC

= 788
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EFFECTS Fs. Fh
Plenum chgigéfsn 1.05 1.04
Plate spacing 10075 1.015
Uranium content 1.01 100}
Uraniﬁm distr?bution. 1.02 1.04
Meat thickness 1,03~ -1,03
Neutrén track length 1.05 1.05
Glad thicknéss 1,01 1.01
Control rods 1.27 1.27
Scale | 788
Total effect 1.61 1,21




A6 List of Symbols

A

A

O o,

bxj

a

A‘b

Q

(2]

()

b,”ﬂ m’.‘ﬂ

("> B )

H(Z)

E(0)
- H(L)

sh

" & m

cross sectional or flow area

cross sectional area for axial flow
cross sectional area for helical flow

fraction of steam flowing through the main steam -

gaps in the superheater elements

~ integration constant

specific heat at cpnstant pressure
diameter

equivalent diameter

Young's modulus"éf elasticity
base of the natural logarithm
steém femﬁerature rise factor

film temperature drop factor

- fuel tube temperature drop factor

' Darcy friction factor

flux of the mass (or weight) floy
gravitational constant
variable steam enthalpy at ﬁoint Z

steam enthalpy at 2 = 0

steam enthalpy at 1200 psi and 950°F

active core height in the boiler

'height of shroud above core

heat transfer coefficient

thermal conductivity

ft

£t

ft

dimensionless

Btu/1b-"F

ft

ft

psi

dimensionless
dipenéionless
dimensionless
dimensionless

1b/hr-ft°

= 32.2 ft/sec?

Btu/1b
. Btu/1b
Btu/1b

ft

ft

Btu/hr-£t2-CF

Btu/hr-ft-CF
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L length of the fuel elements

1 " piteh

P Pressure

Ap - Pressure drop w
Ap pressufe drop

Pr Prandtl number - Cip

Q heat generation rate

‘3 heat flux

aﬂ volumetric heat generation rate

i3}
é (r=o0) volumetric heat generation rate at the center of

the superheater :
weight of water
recirculated

recirculation ratio in lele? = steam flow

R
constant radius
T radial coordinate
- GDg
R . Reynolds number - =
S heat transfer surface
t temperéturé .
A&s steam temperature rise
[&th .film‘température drop
iﬁpsc scale temperature drop -
Axf fuel tube temperature drop
U speed
v ‘volume
W Mass (or weight) flow rate
X horizontal coordinate (distance from the center

of the boiler. fuel plate)

ft

it

1b/£t2

1b/ft° .

dimensionléss

Btu/hr
Btu/hr-ft2

Btu/hr-ft°

Btu/hr-ft>

£t

dimensionless

ft
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Z/L dimensionless distance from the top of the super-

main steam gaps in the superheater fuel elements

heater, dimensionless
-z axial coordinate (distance from the top of the
I superheater) ' ft
a thermal coefficient of linear expansion, %ﬁx_oF
{steam void fraction in the boiler dimensionless
n viscosity 1b/hr-ft
q/ Poisson's ratio ) dimensionless
P specific weight (or weight density) 1b/1t>
Zf macroécopic fission cross=section em™t
g | therﬁal stress ‘ psi
¢(§Z) neutron track length ] neuts=cm/cm3—sec
Y (r) ‘radial-component of ¢ neuts=cm/cm3wsec
Y (o) radial component of { at the center of super- |
heater neuts«cm/cmB-sec
\? (32.4) radial.component of ¢ at the interface between
superheater and boiler neuts~cm/ém3=sec
‘é (2) axial component of ¢ \neuts»cm/bm3=sec
<72 Laplacian operator
. Subseripts
A conditions affectedvby some contingent féétors
U nominal or standard conditions unaffected by any factors
¢ cladding
1 liquid phase in.the boiler
m fuel meat, or




max

S.H,

Blr

11
12
21

22
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narrow steam gaps in the superheater fuel element

exit

vapor phase in the boiler

maximum or location of max temperature

superheater

ﬁoiler

surface of the inner cladding in the superheater)or‘

interface between cladding and fuel meatlin the boiler-.
interface between inner cladding and fuel meat in the superheater,
or surface of the cladding in the boiler

interface between outer cladding and fuel meat in the superheafer
surfacé of the outer cladding in the superheater | |
superheater region,:fast energy group

superheater region, thermal energy group

boiler region, fast energy group -

boiler region, thermal energy group

Superscripts

-

bar on the top of a symbol designates the average value
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APPENDIX Bl

-DERIVATION OF MIGRATION AREA MODEL EQUATIONS

The critical equation for the following geometry is derived belows:

|
I
I
|
I
I
n |. 1
1 |
||
|
I
i I
- —— |
7 —_—t TN
1R _
. 7 =0
N /
~N

“In the region 0 & r < 'Rl’ the modified diffusion equation is
applicables-
: 2, : 5 ' _
K (l) V ¢l (I‘gZ) + Bl ¢1 (I‘,Z) =0

. (1)
where B12 - ko - 1

and Ml?' = le *Tl

My 2
. The "applicable equation in the region R.l &4 R2.iss

(@) 929, (r0) + B2 ¢, (rem) =0
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(2) | '
. 2_ ko =1 2 _.2
where: B2 5 and M2 = L2 +‘[2
: M
2 .
For the region R2 < rL R3 the applicable equation iss -
2 :
(3IV” ¢5(rs2) - —, 4, (r,z) = 0
. L .
3
where Léz = _22__
2g3

In cyllndrical geometry, assuming ¢ varies only with T and z

2y, (921 _a__+_<\_3)¢
v ¢ W2 T oar 3#

-Then equation (1) becomes

)2 ) |
(1a) [I;E +/—-=s—-]¢l r,2) + ') = ¢1 (ry2) + Bl ¢l (I‘9Z) =0 o

Equation (2) becomes

dr 0T

2 | ‘ T
(2a) [& 2*%—"]‘# <r,2)+L¢ (r;2) + B, ¢2 (r;2) =0

d22
~ Equation (3) becomes

32 2
(3&)\5__, + L Ji.] ¢3 (r,g) + 4

T " dZ
Assume a solution for each equation of the form
4 (=2) =Yy e) 5 (@) 4= 1,2,3
and define 4

2 oot 2 ' 1 . 2 .2
B2 2015 * P2y T ¢ + X
Applying the usual separation of 3ariable§ procedure on (la)’

an LW 1 dhe) L 2 () =
<)r T or

3 ¢3 (r,2) "'.""'1—2 ¢3 (r,2) =0
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- d251(2)
d 22

\
1N

(12) +8,°5,@) =0

A general solution of (lr) is

(4)

'.I’Jl(r) = Al JO wlr) - cl YO (dlr) provided al iS,I‘G&lg

and a solution of (1z) is

(5)

§’l(z)"‘= H) sinB) % + F; cos B; 2

By a similar treatment

(6)
. and

(7)
(8)

and

9)

To(r) =4y 35 (pr) + c X (dr)

S 5(2) = H, sin & + F, cos B.&

Ty(r) = &, T0) + CE ()

3?3(8) = H3 s'in'p Z 4 F3 cos p &

Ai9 Cig Hi and Fi are arbitrary constants to be determined from the

following boundary conditionso

(8) 02 4(rs2) 4w

“(B) 4, (Rgez) =0

(¢) @ , 5 (rsh) = 0

(@) ¢; (Ryz) = ¢, (Ry2)

() 9, (Ryez) = Gy(Ryp2)

(£) 8« Iy (Rez) =8 5 3 (Ryz)

() o3y (Byz) =8 o 33 (Rpya)

1 - e
. (h) Feactor ?Zf(r) ¢ (r, z) @V = Power
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g}(z) is symmetric about the z-axis and reaches a maximum value at

z = 03 therefore

d5(3 R
51(2) | = BBy cos B;Z - Fyf; sin B2 =0
da o

. hence Hi Bf cos 0 =0
oco H, =0

i
hencefi = Fi cos siz

= 0 since YO(O) = - @

From condition (a)g it is evident that C,

From condition (c¢), cos ﬁi z =0

B =p =‘(Z£")

From condition (d) 4

(10) & I @R) F [A JWR) 4G, T, Rl)]
_and from (£) | |
(11) D AP T |Ry) = 4202 B [Az T R 46 1) (&L, 31)]" .
Dividing (10) by (11) and solving fof C, ' ’ ,‘

- Jo (A1R1)
12) G, = Az[z‘zg’ T, @IRY) Jl (4231) T ("Czal]
(12) ¢,

Ty ((8) - =°‘22 o) 'xl(ozznl)

Dy -Jiﬁthi)
from condition (b) *ﬂ" |
(13) 4 .o Ky, (085) R o
3 73 I, (2R3)
Applying conditions (e) and (g) 0(333) .
(°(R)+CY.(0( R,) 1(a3) I("R“K(mz)

2 =
_(14) < [ (4&)301(0(12] 5| L Reg) -
2Pl 271 oR2 oo 3[ 1(}‘R)*K1(}‘R]

I (AR ) |
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K, (28,) for an infinite

=

L M33"1(2‘32')._ reflector
K (&)
204K, (OR,)

Define X é

" ‘Combining (12) and (14) and simplifying, the critical condition is:
T, d B.l) P-1
[Y (A R) ? = 3R
o1D;  J1(<1R1)

and P‘= T (GRy) + X 2D2J1(o(,ﬁ2)
Yo (ARy) + X 2Po¥s UoRy)

(l)Q-

wheres

‘The flux distribution is given by @

-

d)l(r9 z) =G J;(al r)- cos (gﬁ ) z

1Py L) | ) ;
4, (rs2) = chR) [Y, <°<2R1) «gﬁ” T%% ("i?-Rl] { | T
. 2 |

J6(¥2r) |
. TR 41D
o P Jolo(3Ry)
| G T L) - TR | A N
YO(O(,?_R]_) - 0(2 2 J (’(lRl) (p( Y°(0(2I‘) cos(x_)z. |
- A 9 (dl@ h "z
¢3( ry z) = C K, (2r) cos ‘2; )z for 1nf1nite reflector ‘
wheres o D2 ( R : ’
- (°( R)| Y (o( ) el D (c(_”"‘l) l( 231)
B 12‘% : e J-LRI J Jo(ﬁ(sz) +
"2

——S= K (MR

y
mRiDy) O 2
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Dy I (dyRy)
‘, i‘gn'% Jo(ooi:i) TR - IR

D'J(o(Rl) Tolda®)
- %2°2 1 4 n HRo)
Y (0(231) Wb % Q R]_) )

G = A1 Fl = arbitrary constant set by power level,
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APPENDIX B2: Disadvantage Factor

A, Superheater
The square superheater unit cell was taken as infinitely long and for'“
ease oficalculaiion replaced by a cylindrical unit cell of.eQﬁal crogs-sectional .

area. .

' UNIT CELL
In the moderator regions the follbﬁing equations are applicables
2 m ) _ '
DMV ¢1“”Za ¢1“°‘q:‘0- , (1)
2 m- _
Dy ¢3;-»Za¢3¢q—0 , (2)
where ¢1 = fhermal flux in central "plug" of moderator
¢3 = thermal flux in outer region of moderator
. q = slowing dqwn‘density at thermal energy, assumed to be con=

stant in moderator regions and zero in fuel region,
The fuel region is assumed to be a homogensous mixture of uranium and

stainless steel in the shape of an infinite slaBO The transmission of neutrons
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through the slab either directly or after scattering is given by Reference 30

=

1 (ZF)z —_—
E l-~-2E '
T = e’zz a [l - Zia]-& (Z{‘a)‘2 El(Zta) + 22ta [ 3 ta] Z{

1l -

as

s |, - (Zya)]
IR XS

a =Ry, -R
The flux at the boundary of the slab is (Ref, 30)s

¢F(0) = 2 + 2 ehz{a o= 231 (ZEa) *

22: [1 ) 2E3(2§a)] {l _ .[l - ‘3(”2‘1;‘?)]

(Et:)za 2%tFa
’ 1= _E_?s_ 1 - [l ” mB(Zfa)]
Zf,: 2 Zf:a -

And the average flux in the fuel is (Ref. 30):

$F= ;; [1-2}3:3(25&)]

1.5 L (- 2ms)]
sF 22‘1;:9.'

t

_ The ratio ¢F(R1) for the cylindrical cell is approximately equal to ¢E(o)' :
for the slab described by the above equations. '
The boundary conditions to be applied to equations (1) and (2) ares
(a) ¢1 is finite at r = 0

(b)ﬂB_ =0
ST 3



Applying boundary conditions (a) and (b), the solutions of (1) and (2)

ares - o
¢1 =CI (yr)+ 3.
i %

by =A I () +n Il(YRB) K (yr) +
' K1 (YR3)

where Y =

Us ™

The arbitrary constants A and G are found from conditions (c) and (d)

fo bes - q B
oo AlR) - 2y ()] + 2 (-T2
. - _ |
T = [IO(YRl) - 2YD’“11($R1')1
2, 13 (laTRQ)[IO(YRE_)"' 2yD™ 13(yR1)]
A=__Z_2 > T [Io (yR1) -=2YDmI &R |
o (vB,) - 2v0m L (vR,)] [T, (7R + 20 I GvR ) TE (m2)+2YD Ll(mj
T[I(YRl)-?.YDmI(Ynl)] | :
. wheres o '
N ( )
L =1 K (
o) = I (yr) + (YR3) k()

Lem) = 10w - L) g
: K, (YR;)

Thé average flux in the moderator iss
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o Ry R3
¢m = 2r L ¢l(r)rdr + L ¢3(r)rdr
: - 2

;jﬁ[f&zq. R23 u» Rﬂ

R 11 (YR3) .
- 2[61?1(\(1%1) - AR I, (YR)) + mz_f@-xlfmz)]
; > ' _
Y [Rl + R - 322}_ 
0,(R)) = C I (vRy) + ;n
a

The disadvantage factor, S’, iss
&.
Gs

= $m/¢m(Rl) .

e/ () but ¢ (R)) = Qp(R))

S = &/tu(ri).
¢F/¢F(0)

The calculated values of f are shown in Figure 4=9,
B, Boiler -
| The disadv'antage'for the boiler was taken as (Ref., 29),
)p _ aif (b-a)=" 14T aZF
(‘0-8)2';1 aZE _ 1= a

~+ Y(b-a) coth y(b-a) -;1}

-2a% . ~ -'
T e a[l - zazZl + (203)° B, (25a)
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APPENDIX B3

Method of Obtaining Group Constants for 3G=3R Code for ORACIE

(The first notation is the memory position followed by the grgup consﬁént;symbol)ﬁ

28C-g The input word was FO 000 01000, which means that iﬁ will Be aiZG:;f5R4
calculation with a’computing.time of about 2 minutea per case; o

28E=y A_. Cylindrical geometry was used, |

28F~R1 RadiusAof superbeafer = 32,4 cm

29in Thickness of boiler = 37,3 cm

2
293=R Thickness of reflector = 4 in,

3 : o
295=t; ) Shell constants, The shell between the superheatér and boiler is 1/8.
2F3~30D;;]°1nc thick, It was neglected in view of the additional inéccuiécy
contributed by the inordinate amount of work necessary to determine the asso-
ciated group constants. A rigorous treatment of anisotropic scattering of
neutrons in thin shells is included in Ref, 18, This treatment yields the '
equations necessary to compute the shell constants,

293”2211 Fast absorption cross section = supérheatero

(See Fig. B=4)
Ty = Zm (1 - Ppgy) | ,
If a fast poiht source in an infinite non-multiplying system is

considered, it can be shown that: (See 1list of symbols pglgﬂl);

g - ) 2 Pl g2l
‘ volume i{f' PREZR¢Fd3r
volume

where L2 =D_

R



Method of computing T (superheater)

5
TS @ ey
ETH £z, E Z 3¢ 22(1-p)

n. = number of energy intervals

E sE, = end points. of interval

{ i ?’:i 3

bl

i.‘S

.;;_;::.{IZi'ﬁi
3

. £z
5 =3

TR

Miéroécopic cross sections were averaged from.BNL=325 over the eﬁergy
range .077 ev to 2 Mev, This yields”T;'ISO,L cm2° A first flight correction

was made as followss

TFC = A 1 = 7.4 cm

|
=
Nt
e
o
B

Thus o T 11 =

Method of combuting PRE (superheater)

E
PRE = exp ”f o,_z_&_é_ﬁj,
ETH fz& E

f = see above,
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Assuming that g Zs is' independent of energy in the resonance region:

s
.

E

Prg = exp§i _g,}wf B gE

TH 1+

=
s
For absorption in stainless steel, values for the resonance integral of
Fe, Cr and M weres (See Ref, 17)
Fe 2.1 barns
N 4 barns
Cr 1.9 barns
For the uranium resonance integrals, the effect of the dilution was con-

sidered, For both superheater and boiler regions, the system was homogenized

in the calculation of ng The values of the effective capture integral

were obtained from Ref. 17, The values of the effective capture integrél.for

U-235 were appréxima@ggﬂby.assumihg that the dilution will haveithe same effect

as in the case of U=238,
29Da2g21 Thermal absorption cross section - superheater

Thermal energy = 077 ev

2Al°z%ll Transferal cross section from fast to thermal group - superheater,
-y _%_ =z .Dbu | |
21 7 %an 7 T R

(See Fig, B=4)




2A7-D, 4 Fast diffusion coeffiéient - superheater
T Tr )
D = EO 1. .dE & ﬁ 1nE‘I
11 — ——, e e
s 7 TR
ETH
2A9-D21 Thermal diffusion coefficient - superheater
D = 1
1 .
2 3%y,

| Zyr ""Z‘ ;i'r

Transport cross sections for stainless steel and U-235 were compiled from
data in Ref, 18, The transpoft cross section for U~238 was extracted from
‘data found in Ref., 19, and that for BeO from Ref, 26, In each case L2 was

measufed thuss
‘ 1

*r 0%,
2AD;VZ%11 | 1/ x Fast fiésion cross section - superheater |
The microscopic fission cross section was averaged over thé group 1 enefgy
raﬁge; from BNL-325, .
2AF¥-1lZf21 1/ x Thermal fission cross section - superheate:,»
Thermal energy = .077 év |
12 Fast absorption cross section,

2B7-Z
" Computed similarly to Z,,, except for the method of choosing T. In this
case'tfwas computed by the Fliigge - Tittle method as described in Ref. 27,
. N 2
‘Cl2 = 81.4 cm
2B9-Za22' Thermal absorption cross section - boiler

Thermal energy = .062 ev
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ZBD-le2 Transferal cross section from fast to thermal group - boilero---

. Similar to 2&11°

203-?12 Fast diffusion coefficient - boiler,
Extrapolated from data in Ref., 18,

2C5=-D22 Thermal diffusion coefficient - boiler, o .
Similar to D21

2094J2f12 ]/ x Fast fission cross section - boiler.

Similar to‘JZ%ll,

'2CB=V&%22 1/x Thermal fission cross section - boiler,

Thermal energy = 062 ev

2D3«Zg13 | Fast absorption cross‘sectign - reflector, .
Taken from Réfo 28,

2D7«=-5_‘.a23 Thermal absorption cross section - reflector,
Thermal energy = 062 ev

2D9-Zk13 . Transferal cross section from fast to thermal éroup - reflector,
Similar to z&llf | |

2DF-=D13 Fast diffusion coefficient - reflector, :

Taken from data in Ref, 18, |
2ED-=B1 Fast axial reactﬁr buckling - boiler and éuperheater,*
2 [« ]2 -k
B [2(h42D) 1 :
h*='1/2 core height 4
2 D was added to the cor; half height to-account for reflecting at the‘ends,

inasmuch as the 2G-3R Code does not explicitly include end reflection,

OEF-B,°

5 Thermal axial buckling -~ boiler and superheater

Use same #alue as Bl?
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Following are the volume fractions used to determihe the atomic densitiess

vclgd + gires =_00654

- APPENDIX FIG, B-1

Superheater Boiler
v A

Beo = 7506 j1_H?~.Q = 60
VSH Vy
\'s _

voids = ,138; ‘ vvoids = ,06
VSH" | - VB S
v
meat = g5 meat = 24
Vsn Vg

v . -
clad + supports . .10

v
SH — g

e

Atomic densities are as follows:

.U*-

APPENDIX FIG., B=2

Sﬁgerheater 391;22 #

Element, N x 107°* atoms cm™ Element 'N x 1072 atoms em™>
26Fe 005730 26¥e%° 01545
28M%® .000625 2gM1%8 ,00168
 249?52 001567 218772 00422
Pl .05170 | 1Hl*§ .0289
g0t ,05231 g0t 01767

.000364, | U ,00191"

%35 yolume % uo,, in meat,

#**10% voids in water




My

M

O v

al2

822

0143 cm”

©,0825 em
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APPENDIX FIG. B-3

Table of Group Constants
19.5% S.H, 5% B

,00425 cmgl

0421 cm-l'

.00482 cmm1

1,43 cm

846 cm

.00498 cmm1

.0534 on™t

°003635 cﬁul

.0843 en™t

1
1.47cm
0272 cm

.0067 cmw1

=1
0

,0091 .
0329

2.1

0254

157.8 cm2

81.4 cm2




Za,, AND Zx,,

0.0054

0.0052

0.0050

0.0048

0.0046

0.0044

0.0042

0.0040

0.0038

0.0036

UNCLASSIFIED
ORNL—LR—DWG 26490

20“

Ex“

20

30

40

SUPERHEATER ENRICHMENT

Fig. B-4. Superheater Group Constants Fast Group .

e

50

60
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TABLE OF SYMBOLS USED IN CHAPTER / AND APPENDIX B

A, C, F, G, H " Arbitrary Constants
B Buckling
D Diffusion Coefficient
ESﬁ’ Eq Enrichment, %, superheate? and boiler
Eth .Thermal qutoff energy |
E | High energy cutoff (2 Mev)
fv Void fraction in boiler water
~h Half height'of reactor, cm,
In(x) v Modified Bessel function of the first kind of order n
d . Neutron current vector neptron/cm2 sec
Jfg J” | Neutron currents in oppesite direction neut.ron/cm2 sec
Jn(x) Bessel function of order n of the first kind
* Kn(x) Modified Bessel function of the second kind of order n
k Multiplication factor
Koo . Multiplication factor with no leskage
L . Thermal &iffusion length, cmg;‘f= _E_ in disadvahtage
factor calculation : |
M2 Migration area,.cm2
m Refers to moderator when used as subscriét or supgfscript
N ’ Number density atoms/cm3
P Power
P ‘ Average power density
PRE 7 Resonance éscape probability

q Sloﬁing down density at thermal energy




i

Md-M
=

N
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Radii of different regions
Neutron transmission -
Time

Volume

Fission per watt o sec

Bessel function of the second kind of order n

Defined aséiﬁﬁl -7 __

M2 2h

Axial buckling,.T.
~ 2h

Reciprocal of diffusion length in moderator

Fast fission factor

135 135

Decay constants for I and. Xe respectivel;;

S L2
Defined in migration area calculation as’ 1-2"+.(f£;
{ 2h

L3

Average cosine of neutron scattering angle

Defined in migration area calculation as __T.
2h

Neutrons produced per fission

Average lethargy increment per\gpllision
Density |
Macroscopic absorption cross-section, cm
Macroscopic fission cross~-section, cmml
‘Removal cross-section, cmz'l

Elastic scattering cross~section, cxnml
'Macroscopié total cross-section, en™t

=1
Transport cross-section, cm

Transferral cross-section, cm”
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. 2
Fermi age, cm

¢ Neutron flux, neutrons/cmZosec
$ Average neutron flux,neutron/cm2 sec -
2

\Y/ Laplacian operator

S. S, Denotes staiﬁless steel, type 347
The subscripts used in the notation for the machine claculations refer

to energy group and region in the reactor. For example, & - is the ab-

ai&

'sorption cross-section for energy group i in region j of the reactor.

i =21 refers to "fast™ energy group -

2 refers to thermal energy group

i
j =1 refers to superheater region

2 refers to boiler region

(8
L}

3 refers to reflector region

.
n
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APPENDIX G
| ‘G-l Nozzles
C-1,1 Circulating Inlet (10=3/4" ID x 1; wall See Figure C-1),
Reinforcement Required A = dtr
4.=10.75 x 2,79 = 30in"2

FIG, C=1

771"

—> %(_ t.’?l"i =42

2 | (575 x o46) + (7,71 x 2,.,oéﬂ

o,

e o Reinforcement avai;able

37 iﬁ? .wéﬁ,Opening is fully reinfprcea'

C-1,2 Circulating Outlet (ll 5 ID x lnl/A" wall - See Fig. C=2),

t = FR = 1300 x 5,75 = 450"
nro SE-T.6P 17,500 x 1.00 = .6 x 1300

Refinforcement required A dtr

2

A =11.5 x 3,06 = 35,2 in

fl




v 18/~

FI_Grg C=2 -

/10,757

115"

Py

Le
\\l

A

, S 1‘ \\-+—2n7"

—— —— —

- tnr='¢_5f'

Reinforcement Available = 2 [(6 x 619) + (7.1 x 233)]-= 35.3 TH°
-»°o opening is fully reinforced. .

C-1.3 Superheater Outlet (9-1/2" ID See Fig. C-3)

FIG, C-3 104

A o 9" | »
ol 1506=¢ 1= 3 _
IF RSO N SR |
\ %
T —>
19’ X

3.8, Extension—] , ]




PR

. . b - o
.Egtens1on thk e " SE - 6P

S (Type 347 stainless steel at 950°F)
per (31) Table UHA-23

o4 = 1300 x 475 .

-] ° . "
; ® 13,850 x 1,00 - .6 x 1300

[}

-

Will use 3/4" thk due to additional piping loads

t =_IR = 1300 x 4,75

13 9850 pSi

-]

O sg - 6P 17,500 - .6 x 1300

Reinforcement required A = dtr

A =9.5 % 3,06 =29 In°

Reinforcement available = 2 [(5075 X o19) +(6.44 x 2.13 )1 =2

‘;°; Opening if fully feinfqrced
'C-;FL. Vessel Flange  A

[Pér (31)VA-47, 49, 50 and 5@]
See Figure C=4
| Bolt Load Wml‘9'0785 c% P

& ,785 BI® x 1300 =_7,2 x 10

6

= a7

N
o
o

b

Maximum bolt load = Wpj + shock loading

e

A shock loading féctof of 15 G's has been used in accordance with naval

practice,

Estimated weight of head = 23,500 1b

0% Maximum bolt load W

W= (7.2 + ,.35) x 10

'Studs
Stud material will be SA-193 B-6 (13% chr.)

S (at 575°) = 17,210 psi per (31) UHA-23"

6

7.2 x 102 + 15 x 23,500

= 7:55 x 106 1b,




Assuming A"

No, studs =

~186-

diameter studs with 8 pitch threads

Load =

7.55 x 100

S x root area

17,210 x .785 x 3.842

No, studs = 38
F - ) . '. "
FIGURE C-4 A= 102
: G =84
8 = 245 —t e #,=5% ,I< R=34" >
|
. /1:351ope
W 6 '63"
=z L" =07
,.“23” . i hd_éz 4:
92=27 —— -
/ |
[
#o°3¢
Cz52" ~



=
1}

H

H
By =

[ B ]
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R+ .58 =3-1/2 + 2-3/4 = 6-1/4"
C_Q: 92-84___4',

2 2 |

R+8] +hg. _ 3-1/2 + 5-1/2 + 4 = 6-1/2"

2 2 -
7.55 x 10°

2, _ =2 i 6

2785 G°P = .785 x BL°x 1300 = 7.2 x.10° 1b,
.785 B°P = 785 x TI° x 1300 = 5,58 x 10° 1b,
-H = .35 x10° 1n-
H - Hy =1.62 x 10° 1p

5,58 x 106 x 6,25 = 34,9 x 106

6

By x hy

HT'X ht = 1,62 x lO6 x 6,5 = 10,5 x 10

HG X hg T 35 x lO6 x4 =14 x 106
M = 46.8 x lO6 in-1b
17,500 psi (A-212B)
Longitudinal stress in hub
Radial stress in flapge
- Tangential stress in flange
1,5 S S, + S
F , H R
- <5
SF -
SF SH + ST ¢ s
2 F
g,/8, = 1.69 h h_=_6.75

hO VBgo |7 7[., X 3025

f(Fig. UA-51,6) = 1 03

6.
15.

75 _

5

- 435



Lo e+l ¢
T d
t = 9,5
= U ‘—2
d v ho €o
: U = 6.8
UA-51,1
= 6,0
K - é_’ = 1039
B Z = 3,2
T = 1,8
V(Fig, UA-51,3) = .29
. 6,8 |
a=_5 x 15.5 x 3725° = 3820

-]

U]
1}

g_,a F (fig, UA 51.2) = 0,85
(o]

o = 0285 = 0,055

15,5 | o

L=—2%x0055 +1 5.5 - 0.85 + 0,23
1.8 3820 :

L =1.08
- ‘ 6 |
SH = fM; = _ 1,03 x 46082x 107 = 20,000 psi

Lg"B 1,08 x 5.5z 74
Since SH < 1-1/2 Sp (26,300 psi)
8, ={4/3%e + Mo _ _(4/3 x 9.5 x 0,055 + 1) 46,8 x 10°

L %8 | 1,08 x 9752 x 74 : 2

SRAfllﬂéoo psi 0.X.,Since Shf<£f&t
sp=lo_ .zg

2B

_ 6.x 46,8 x 106
ST = ¢

9_52 = 302 X 119000 = 78000 pSi
2™ x T4
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- Zs
Since Sy, F
S * SR

20,000 + 11,000 = 35,500 < S¢
= 9

S 3 ‘ 000 S
T _ 20,000 + 7, = 13,500 <
SHL 4 OP =

F
2 2
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APPENDIX D1 Analysis of Resonance Instability ih Boiling Water Reactors
D.1.1 Introduction | "

All boiling water reactors built and operated to date have'experienced
resonance or "chugging“ instabilities at certaiﬂ operating conditions, (Ref° 23)
In order to get a basic understanding of this phenomena, a linearized éqélyéisA‘
of the system was undertaken. It was felt that a linearized aﬁalysi§VWas o
possible since the oscillations resulting from the instability appéa$§:£o be -
sinusoidal prior to diverging into non-linear oscillationé, |

The steps taken in this analysié were the following:

1, Write simplified dynamic eqﬁations for the system..

2, Linearize these equations, ‘ . ‘ R

3. Non;dipensionalize the equations,

Lo Use standard servomechanisms techniques to determine conditions for -

neutral stability, |

Steps 2 and 3 were taken separately to help retain a physical feel for the
equations., The step that is most susceptible to questioning is step 1. ‘Nb
evaluation was attempted on the assumptions underlying the simplified dynamic
equations, The only justification for the equations is that the results of.
analysis seems %o be consistent with émperical results, Or it appears that
the basic features pertinent to the resonance instabilities in the partiéular
type of system.considered was included. The major distinguishing feature of
this system is the closed steam dome on top of the reactor, This analysis is,
therefore; applicable to boiling water power reactors.,

The results of this analysis are presented in the form of tWo Stability

criteria and the applications of these criteria to a representative system,
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Dol.2 imglified Dynamic Eguations

The equatlons along with a statement of their physical meaning and some
of the underlying assumptions are as followss

1, Core

£ K=l p .o

dt

a -BFK .
dt 1D ‘

These are the standard kinetic equations for a reactor core which des-

cribes the total neutron balance and the,delayed neutron balance when the

'uﬂ“'deléyed neutrons are lumped into one representative group, Only the lowest

mode in the spetial distribution neutrons is cohsidered,‘
2.  Reactivity chahge
8= YA poa
The reactivity ohange.is aesumed to be premarily from a change in moderator
density. The ogolant'is-essumed to belthe ooly moderator present.,

3. Fuel element heat balance

GFFFWFdTF =P -Q
T Tat

The rate of change of heat in the fuel element is equal to the heat gen-
eration rate from fissions minus the heat transferral rate to the coolant.

" 4. Heat transferral rate to the coolant
Q =AFh[TF - TSI
. The heat transferral rate to the: coolant from the fuel elements is propor=

tional to the dlfference in temperature of the fuel element and the coolant The

coolant temperature is assumed to be at the saturation temperature determined by
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the instantaneous steam dome pressure. The proportionality factor is assumed
constant, )
5., Heat removal rate from the core

VA Fv £, he, = Qt - 1/2°21/0)

Q= Po at t<0

The heat removal réte at the top of the core is‘equal'to the steam mass ,-
flow rate at the top of the core times the latent heat of vaporization, This
is true if the coolant enters the bottom of the core in the liquid phase on;y
and is at saturation temperature as is assumed, The récirculation ratio must
be large and/or thé feedwater must be heated, At any time greater than'tvé}o,
it is assumed that the heat removal rate af fhe top of fhe core lags the heat
transferral rate to the coolant by the average time it takes for the bubbles_
formed along the height of the core to reach. the top., The void fraction ét
the top of the core is éssumed to be twice the average void fraction in the
core vhich is trﬁe for a linear distribution of voids, _It is also assumed that

“the flow vélocity is constant and that there is no slip.

6., Heat balance in the steam dome

dPyh SOD.,A_' = .
Vs.p. "‘i:é" = 20A fv f hge = Fy bgo ;

The rate of change of heat in the steam dome is equal to the rate at which
heat leaves the top of the core and enters the steam dome minus the rate at
which heat flows out through the throttle valve, All radiation and conduction

losses are assumed negligible. The role of the water above the core is to

transmit pressure only.,




B.1.3

’incrementél changes from a steady“state value, Products of incremehtal changes
were dropped., The'thermodynamic variables were expanded in a Taylor Series as

a function of incremental saturation temperature change and only the linear term

f

*retéinedo This expansion as a function of one variable is possible because two

phase. equilibrium is assumed at all time and therefore one independent variable '
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Linear Simplified Dynamic Equations

. The equations'were linearized by definihg new variables which represent

describes the thermodynamic state,

The linearized equations are the following:

2o,

3,

ho

50

Core

L

at2

8K = ¥ Féova 4‘?#QPATS = (1-Fvo) |)ﬂﬁES . G?V.f}OI ’

Reactivity chaﬁge

Fuel element heat balance

G =

CrpfAp_ _dATF
Po at .

A

2TA

Po

Heat balance in the steam dome

Heat removal'raté from the core

dt

=F -G

Heat transferral rate to. the coolant

vh [ |
P A&F = ATS

+ 1 (M8/1) _%f.;, = 48K 4 8K (Ref. 21)

[s’fv Pro Byt * Tv, 7@3} =G (t - 1/2¢%/U)

VsD hfgo " dATg

P

0.

dt

2UA hy o Pgo 8Tv

G =0 at t£0

hfgo/@o

Po

Po
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To arrive at this equation it is necessary to assume that the enthalpy of
the steam entering, inside, and leaving the steam dome is the same,

The following relations between the constants of the system now exist:
o = Aph [?Fo - T&J

2UA /éo hfgo fﬁo

P

xo féo hfgov

These equations state that the steady state perr is equal to the heat A |
transferral rate from the fuel element to the coolant, thé heat removal'rate :
from the éoreg and the heat removal rate from the steam dome,

D.1.4 DNon-dimensional Eguations.

In order to expedite a parameter study for the system, the variables were
all non-dimensionalized, The constants for the system»were grouped together
into non-dimensional parameters. The parameters‘Al to-A5 are indépenaent of
operating condition while Bl to Bg depend only on operating condition and not
on the extrinsic characteristics_of the reactor,

The equations become the followings

l, Core
2 &% dsK
A -+ A B. dF -
5 y : — A —— + BSK
dy? 578 ay 53 2

2. Reactivity change
SK = <A, | B.A.Z + B,(1-A.) R '
4 E,S 2 6 27 "8 = A283B7Rs-l : .
3., TFuel element heat balance

o, &t =F-G
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Lo Heat transferral rate to coolant

G = Ry - B

5. Heat removal rate from core

? 4 B2 RS

G =0atYeO

=G - 1/2)

6, Steam dome heat balance

B3B3 dRs _ o
28 4T

The above set of six equations completely determines the dynamic char-
acteristics of the system, I is an external inﬁut function for the system.and
if its time behavior is known, the time behavior of the remaining six variables
can- be déterminedQ To analyze the systeﬁ for inherent stability however, the.
external input function I i&'set equal to zero and only relatiohsﬁips between
the remaining.six coupled variables considergd° Another possible external
input funétion for the system, the controi rod motion, was set equal to zero
from the beginning of tﬁe analysis,

D.,1.5 Derivation of Open Loop

Transfer Function

A transfer function is defined as;tpe,ratio between the Laplace transforms
of the output and input functions when th;Aiﬁitial conditions can be taken as
Zero,

. The Laplacelﬁransforms of the set of non-dimensional equations were derived
with respect to the non-dimensional independent variable Y., All initial condi-
tions were taken to be zero since the variables are defined in such a manner
that this can be done, |

The transformed equations are the followings
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1., Core
: AS(ASS + B8)_S f = (ASS + B9) 8k
2, Reactivity change
Bk = <A 4[35A2z + By (1-b,)rg - A2B3B7r:]
3, Fuel element heat balance

A_B
_J_g;SrF:f_g
Ao

Lo - Heat transferral rate to coolant
g =Tp=Tg

5, Heat removal rate from core

2°S

?

o L

Z"‘)"Br =geus/2= g

r (8

11 ™

n=0
q
1 +1/28 + 1/83°

'u{

This approximation was justified by determining that retéining andther term
in the series does not affect the result, |

6,> Steam dome heat balance

ﬁ}_&é Sr, = 2
2y 3
| Remembering that I has been set equal to zero.,

For this set of coupled equations which describes a multi-looﬁ system, the

open loop analysis can be perforﬁed by opening the loop at a nmumber of points,

It was decided that the natural way to consider the system is as shown in Figﬁre

D=1, 'The core is in the forward loop with the input 8k, and the output f.
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Fig. D-1. Block Diagram Showing Breakdown
of System into Two Major Blocks.
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In the feedback, the input is the output of the core, f, and the output is 8kq.
In servo terminology f/8ksy, is the forward transfer function and 8ko/f is the;'
feedback transfer function, 4 -

The transfer function f/6kin can be obtained simply from the core equation,

.A55 + Bg
£/8kin = 2 —aZ
. AsS(A5+Bg)

To get 8ko/f, the remaining equations can be written in the following

manners:
(6} (1 © AB(l-A) - A ABB, v Yar N
, | 47617772 4727377 0 A/ Bsh, Y8k,
el o A3 I
™ 0 1 0. |rp
2 ' ' . .
ol<o -1 1 .1 0 g
of |o 0 B,(141/2541/85%) -1 (141/2841/85°) g
: B -
oJlo o A g 0 A Az
. ™ .

Solving for 8ko/f: . _
. (Bam ~
8k, -, [_252 3G+ By = A, (B, + B73B7)] .

f . 5 B A-R.. N
By 4 o e N 1 .A1B1B2) -
" " 2, 2 242 24

(M (el B

20 V2 28/ 8 LAy
- (A3B3  AB1/B A.Ba \) .
RER- T g
’ 1645 245 8 4Ap
AsBamBY A
308, 2

2
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D.1.6 Analysis for Stability

Standard servo techniques (Ref, 20) can now be aéplied to analyze the
systemzfor stability, In ser?o theory notation, the open loop transfer
function is H(s)G(s).

-For this system

- (8ko/f)(£/Bksn) = H(s)G(s)

The minus sign appears because negative feedbaqk is implied in H(s), The
characteristic équation for the system is the numerator of 1+H(S)G(s). The
,prob}eﬁ.of determining systém_stability is handled by a number of different
methods, All thése methods ére basicly a means of determining whether any of
-the roots of the éharacteristic equation have a positive real part.

The methods commonly used ares

1, Routh“s criferipn

2. Nyquistfs method

3. Root locus method

P

L. Bode plots.

Methods 293, and 4 normally use the open loop transfer function and yield
a greater understanding of the system thaﬁ 1., Method 4 is not as general as
methods 2land 3, Method 3 requires that the roots of both the numerator and
denominator of the open loop transfer function be available, Since they are
not readily available method 2 was applied in this analysis., Another advantage
of the NYquist method is that effects of certaim non-linearities in the loop of
the system analyzed can be determined.

Fof any fixed system (all constants known), the stability characteristics
can be readily determined. For a paramefer study, however, it is cpnvénient to

first simplify the open loop transfer funcfion° This was done by first computing
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the values of coefficients for'a representatlve reactor and operating condi-

tions, Terms were then dropped from the transfer function wherever possible,
Using the numbers in Table D=1 and comparing expected values of the terms

in the transfer functions, the following simplification results: (A factor of

10 was assumed sufficient to permit the dropping of terms,)

8k, ;A&, [—2—%-2 S 4 By = 4, (B +B B7ﬂ
f ' A.B
B, «»( A, _z,..z) (‘*151 5 . 4 3)32 (A3Bz 2433 ABiAsBs
42 LA 1642 8,2 3242

In appl&ing the Nyquist method, jwiis substituted for s in H(s)G(s) for a
range of w' from - ® to + oo and the re'eulting curve plotted in the complex plane,
A vector is drawn from the -1 + jO point to a point on this curve and the rotation ) |
of this vector as w varies from - ® to + ® is observed, If'the number of

counter~clockwise revolutions of this vector is equal to the number of poles of

-

qH(s)G(s) with positive real parts, the system is stable,

£ | Figure D=2 showe the NYquist plot for the system considered~for:the oper-
ating pressure of 600 psi before any terms have been dropped., The amplitude is
in units of A4° The critical frequency can be seen to bécb*’B (The value of
w at which the curve crosses the negative real axis,) With this 1nformation9
the open loop transfer function can be further simplified,

Putting in the value S =:3j@;a number of terms can be droppedlfrom the trans-

fer functions, again using a.factor of 10 to be sufficient, Thevtransfer functions

becomes
f/Skin" 2
, Bg
This implies that for the frequencies considered the core behaves like a

system with a gain a?—% for the output f and input 8kino
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_ A§B§A3B3
81(0:_:» 2
, . A_B, ,AB - AB.A |
B, AB, %A3B3(A131+1/2 S e 32(1141@32,& P55 3
by 2hp 2y 24, Rk Vaay 3242
or . '
2A;B5A22

© H(s)a(s) ==<5kg( fy. BehiBl
£ M6kyy, 24 28 7

=—-—»4--='<1+A2\S'+(1 4,3,.&%_24;_83
385 AR ael Lz e s

A Nyquist plot of this function if shown in Figure D=3, It can be seen
that near the critical frequency, this curve is similar to that in Figure D=2,
This shows that the dropping of the terms was justified,

D.,1,7 Criteria for Stability

Examining the shape of the curves én tbg Nyquist plots and the form of the
simplified transfer functiongﬁtﬁbﬁcritériarforlétability'suggest-themselveso

I, There must be no poles'with'positive real parts.since if there are,

théré is no means to'effect the necessary counterclockwisé encirclements

of the =1 ¢ 0f point without introducing léad terms (terms in the mum-

.erator) bf exte;nal means, V

iIo When'the curve crosses. the negatiﬁe real axis, its amplitude must

be less than oney otherwise there will be two net cloékwisq encirclea"

ments of the =1 + Oj point and the system will be unstable, -

Mathematical exﬁressions for these criteria can be derived from the simpli-

fied transfer function,. . b

Criterion I can be derived by applying Routh's criterion. to the denominator

of the open ldop transfer function, There will be no poles with positive real

parts if

2= (1 4 = —E )t (=2t ) o
7 L+ 3 A]_Bl)(l * A1B1)>A A3Bs A]_Bl) °




Criterion I

A A

1l 2 2
L2 + 2
2 A333 AlBl ‘
IV x <1l for stability
(13 g3 )+ 55
11 11

Criterion II can be derived by determining the amplitude of the transfer
function when the frequency w 1is such that the phase angle is exactly 180°.

This occurs when the imaginary part goes to zero

(1+AA§ )w«:%'- w3 = 0
11
or when ,
o A
w” =8(1 + K_%- )
11

The amplitude of the transfer function for this value of w 1is

. 2
| oA B
. 4572 e '
[3 wole(3 o) A, T 2h, 2522 . L A i
2 2
= B(42) BB, B+ o - M1+ £ p R+ )
o A3, gh181 K3, T EE 2 KB, KB,
or
Criterion II
2
AB
1‘5:2 n — — - < 1 for stability
2 2 2 2
BA B, |2(1 + g2 )L + 72 ) = (2 + -
8181 [ WN K3, KB T K3

The denominator is written in this form since Criterion I requires that the term

in the bracket be positive.

‘ ] i
The frequency of oscillation for the naturally stable system is w=\8(1+ Zf%%ﬂ
. 171
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- 4in units of coolant trangit time, or w = _E'\}g(1+ A2 ) rad/sec,
o . 23 A1By

This is the frequency at which the curve on the Nyquist plot crosses the

negative real axis., The neutrally stable system is that for which the ampli-
~tude is exactly 1 when the curve crosses the negative real axis,

' D,1.8 Agplication of the Stability Criteria

The two stability criteria ares

Criterion I

1 o+ )

£ 1
(1 + ‘A2 )Q. + A21>
2A1Bl AlB
Criterion II
. 2 -
BsA <
ABsRy” £1

1 K 42
BoA. B 2(1+— 1+ I‘%) + |
811.[, 2 "L}B ) A% 4B
When the operating conditions are determined there remain: the four param-

eters Al, A2, A39 AL’ that can be varled For the representative reactor operating

A
at 600 psi A= Xfuel and A3 = VS Di . were assumed fixed and critical values
coolant coolan

of AL ~= 3K  determined for different values of A
3fv » i 2

these results, The strong dependence on the average fractional void is clearly

= ?Vo, Figure D=/ shows

indicatédo Figure 7,1 shows the same results for 1200 psi operating pressure
but at a higher power.
.The effect of any physical quantity on stability can be determined, It

must be rememﬁefed however that all the physical quantities cannot be varieé

independently. &he following relationship must always be satisfieds




10

- 0.5

0.2

0

— 206~

ORNL-LR-DWG 26494

UNCLASSIFIED

OPERATIN

G PRESSURE

=600 psi

REACTOR PARAMETERS FROM TABLE D-1I

_—_

UNSTABLE

STABLE

o4

0

0.

2

0.3

Fig. D—4 Curve Showing Region of Stability for % ond.?vo.



.:AS an-example,-if operating power is to be varied, at a fixed pressure both

AT T ) and TV mist be varied.

,Fo
u.‘VAThe ‘qualitative effect of varying a number of phy31cal quantities on
_stability is shown in Table 2,

" The results presented in this section appear to be consistent with the
\aﬁpirical results wherever direct comparisdns can be made, The frequency of
oscillation for U/Z] = 2:.equals =51 cpsy for U/Z3 =1, .5 cbs. This is the

. range of fraquencies which have been experienced, The instabilities have

‘beéin' experienced with %%v =~%.3 and with I"vo > .1. Pigure 4 shows that for
{."jﬁv-; ,33 fvo »15-will result in an instability, It must be remembered,
 howaver§.£hat the curve must be drawn using the actual physical constants of

. the system congidered before quantitative comparisons can be made,

Conclusions
The effect of various physical quantities on £he resonance instability in
:aiboiliné water reactor have been determined., This was accomplished by an
 ana1ysis which proceeded by successive simplifications., If the results of
_ ﬁhis ahalysis.can be verified as to qualitative and/or quantitative accuracy,
‘the following benefits might resulbyss:’
1. The reactor design can be p01nted towards more inherent stability
wherever p0331blee. . |
2; The synthesis of an exteraal feedback loop to stabilize an inherently
nnstabie design is simplifiede The Nyquist method used in the analysis

is particularly suited for such a synthesis.
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D2 Design of the Control System for the Proposed Reactor
D,2.1 Introduction ' A

.

The control system for the proposed reactor is shown in block diagram form
in Figure 7-=3, Two control loops exist which require the design of céntrol
equations, This design study was carried out in a manner similarAté the'analn
ysis in Section D.1, i.e.; use of servo techniques, Simplifiea and linearized
equations were used also, This means that the systems designed are‘applicéble
to situations which do not involve large changes in the variables from their
steady state values, This restriction was not considered too discriminating: /
since the function of the particular loops consideréd is.to hold the varisables
as close to the steady state values as possible,

The design studies for the two loops were carried independently‘and then a
possible but perhaps questionable method for determining the coupling between
the two was worked out,

D.,2.2 Design of the Pressure Control Loop

The equations used for this study are the>same as in Appendix D,1 except
for the dropping of some terms and the addition-of a control equation. The
terms dropped were those which were found to be unimportant in the resonance -
instability analysis and those which are important only at the higher fre-
e quencies, This is possible because the critical frequencies for tﬁe pfeséﬁre
control loop is expected to be much lower than the frequencies for resonaﬁce’
instabilities. ' : ’ ,
The Laplace transforms of the equations used in this study are:
io Core

B8A5Sf = (A5s +,B9)(8km §'8kc)
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Fig. D-5. Block Diagram of Pressure Control Loop
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2, Reactivity change due to moderator density change

8k, = nAa[BsAzz + B6(lfA2) ré[

3, Fuel element heat balance

Lo Hegt transfer to coolant

€ =Ty =Ty
5, Heat removal rate from core

g =2(1¢+1/2 )
6, Heat balance in steam dome

- A,B
23 Srg = 2
2A
2

7., Control equation

Skc = wH(S)rS; ’ ' ‘ ‘.

.The reactivity change has been split up-into that contributed by the
moderator déensity change and that contributédzby control rodgm6%ion, The
control rod motion is called for when a.fractional change in saturation
temperature (corresponsing to pressure change) exists. H(s) is the fransfer_
function relating these_quantities,.i.,e_° the control system transfer .function,
Figure D=5 shows a block diagram of the loop considered and where the loop is 
opened for the analysis.

The design problem is to determine what H(s) must be to get the desired
stability in the loop. This is accomplished by firét determiﬁing the transfer
function rg/Bkeg. Then H(s) is synthesized such that the open loop transfer

function H(s) rs/Skc%}satisfies the criterion for stability.
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manners ‘
N .
4 . YR/
BBA5s o . =(Ass+B9) 0 0 f (A53+B9)Skci
0 ALB5A2 | 1- a5 0 AAB6(1=A ) z 0
=1 o 0 ls+1 =1 Skin| |= 0
0 141/2 8 0 -1 a1 rp o
-0 -1 ‘ 0 0 -
K 2A2 iy / ' krs) ~ O
Solving for rg/Skeis : -
rs/&kci = ASS M B9 . =
-A,) A3B3A, BsBg
8,Bg(1-85)By + [ 4B (1-4))hs + 324
4.[B@A5AIBL + A3B,A B.A, BBBBAS ]
RA> 2
[ 33 8 5 e ABBBBBAsAlB] ABsBgAsmB 4

4h,R

BAg°

rs/Skci was determined by first writing equations 1 to 6 in the following

Putting in the nmumbers from Table D-1 for the 1200 psi operating condition,

the transfer function becomes

T .
/ex,

A~ 9K

Sfv

5,2 (25 s + 1)

1,009 + .35 + 3.99 s°

was assumed to be = ,1,

transfer function,

+‘2015 33 +

o765 sA

Figure D=6 shows the Nyquist .plot of this

The Nyquist plof shows that the simplest form that H(s) can take will be

that of a constant gain term,

This would be unacceptable, however, because a

steady state error in pressure (corresponding to saturation pressure) would .

be required to hold 8kc at any value; i, e, it would have the form of a type O

L J]

"y .
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can have is
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servo, H(s) must therefore have the form of an integrator at low frequencies.

At higher frequencies?biﬁ'2,_tpevNy§uist'plot shows that the 90°.phase lag
introduced 5y an integrater eangqt’be"toleratedo' This means that a lead-
network to compensate for this iemreqpiped at these higher frequencies,

From these considerations, it can be seen that the simplest form that H(s)

[

The values for K and T are determined by demanding that the open loop
transfer function H(s) rg/6k.4 have an amplitude =% ,3 when the phase angle =
18003 and a phase angle =~ 140° when the amplitude = 1,03 i.e, a gain margin of
3 and a phase margin‘of LOoo K = ,008 and T = 2,5 gives approximately these
results. o

Figure D=7 shows the Nyquist plot for H(s) rg/6kyy with

H(S) = 0008 §1+22232

’ s

In terms of pressure, the control equation is

8ke = = _o0685(142.53) AP
or at P, = 1200 psi. . 4
| Bk, = - 2000057(142,58) pp
: ' S ,
Taking the inverse Laplace transform, remembering that Y = %»~t and U/Z] = 2,
, ' 5
dk . _ a
_— = =,‘,00011/;[Ap + 1,25 _p_,a
dt = , dt

At low frequencies a:change in pressure of 10 psi will call for ,00114
8k/sec, At higher frequencies w31, The 10 psi error will call for .00143 8k.

In any practical rod drive mechanism, additional phase lags will be
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introduced and there will bg_a_mgxiggg rate qfwfgd motiono,LThe effégt.of the
‘additiongl lag can be compengatggwwith_a@@itiongl lead terms° " The effect of
the finite rod motion was dgtermingd“by gsing the deséribing function method,
'The describing function (Ref3_2§) for a rate limited servo is plotted on Figure
D=7,. This function is, in effect, the reciprocal of the amplitude dependent
part.of tﬁe open loop ﬁraqsfer functioﬂ° The point of croséing of the two
curves denoted the conditions for_peuﬁral stébilityo _ ‘ _
The folloﬁing inequality must be satisfied.for stability, i.e, to prévent
non-linear oscillationoA o ‘ '
| (8o/see) > 2.
. . If it is desired to use a maximum reactivity insertioh or.removal rate of
 ,661}8£/§90;9 the pressure error signal must be limited t0Z. 30 psi. Larger
.erfors may exist physically, but the electrical error signal must be limited

“to this value,

- Do2,3 Design of the Temggrature.699£rqlALoog
\ ‘ The following simplified equations were aésumed to describé the Aynamics
| of the superheater heat removal system, The superscript ( )® denotes super-
ﬁgater‘quantitieso |

1, Heat balance in fuel element

o 9 s 8 g s .8
GE’ fF‘ @r E%zi =P -Q

2, Heat transfér to steam
8 _,8 .8/m S 8
| @ 1)
’ L} . S . m
‘where B 1/2 (Tg + Tss)9
Tg'is the output steam temperature, and TS the input steam temper-

aturs
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3. Heat balance in steam channel

ars _ s
CVsls Y f_Q_ f hfgqf%z - P

hng/%Z is the heat output from the boiler‘séctiop.and P is the total
heat removal rate at the exit of”the supgrheatero It will be assumed that Po
= constant for the remainder ofuﬁ?g‘ana}ysisfi_ |

Non-dimensional variables which represent incremental fractional changes
were defined, The fractional changes for variables représenting power are
with respect to superheater steady staie power,

The superheater steady state power is
4 X

S.p

% o hfgo go

s 1.8 8 s
Ap h_(TFo “Tho )

s

Fractional temperature changes are with respect to T "Tmo o A relation-

s
Fo
ship exists between RSS and Rs for the boiler,

Cmem A
RS =R (EEQ_§9=. =GR
8 S s s L's
TF =T

The physical constants are grouped together into non-dimensional parameters,
The same independent variable used in the boiler analysis is used, i.e, Y = 7 t
) : 1

The transformed equations using the non-dimensional variables are:
1. Heat Balance in fuel element
'8 _ o8 8
Cler = f g
2, Heat transfer to steam

) S
g = e e 4 Ty
2 2

3. Heat balance in steam channel

) _ .S
Cz(arg - CLsrs) g° +C.r

3's
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The core eugation is the same as for the boiler region except for the
supefheater paraméters;
b Coré

S, 8 .8 _ Asv K] ‘-'s
A5 By sf "—:FA§“S+§9 )Skc

The only thing known about the control equation is that it relates Skcs‘

tor so
g

5, Control equation

’ Sk..s = _Hs(s)r 8
¢ g

The ‘design problem is to determine the form of Hs(s)° The system transfer
fﬁnction rgs/Bkcis:can be derived simply from equations 1 to 4,
, : , P
A5‘s M Bg.4,'. ,
s +1/2 Cp +C

s s _
g /S#Ci' - A_°B,352(G.c )
578 12 2

_ The input Steam”temperature_was_assumed constant, i.e, Ty = 0., Substi-
tuting the ﬁumbers from Table D~3, the transfer - function becomes

| :8°x 10=6. (1425 s)
1,25 x 1079 (144,72 x 10705)s2

c2
[ YO

For frequencies w »

Lk,

- s
&k =
rg {

-

- The form of H%(s) will be the same as for the pressure control loop

B (s) = E%(1i1%)

s

The integratioﬁ is réquired to drive the temperatufe error to zero for steady

state and the lead term is required to remove the lag from the intggrator at |
higher-freqﬁencies,

The opeﬁ loop transfer function becomes

S
Hs(s)(rgs/SkCis) = 1.6 32_104 Ks(l*T S)

82
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The values for K° and T° can be determined by considering the character-

istic equation for the system which 'is-the numerator of
1 + ®° (s)(r /Skci ) | | | -
or

5% + 1.6 x 10 K°1% + 1.6 x 104 %% = 0

- The usual notation for the second order characteristic equation is
2 +. ggz,s +¢u 2 0
where 4, is the natural frequency and £ is the fraction of ‘eritical damping°
The choice of}% for the system is governed by the following considerat10n3°
1. The larger it is, @he faster the temperature errors will be removed,
2, The larger it is, the more difficult it would be to compensate for ihe
lags in the drive mechanisms and the effect of the limited rate‘will be
greater, ' ' R -
3, If its value is separate@ from the critical frequency of - the pressure
control loop'as much as possible, the coupling between the two loops will f'

be minimized,

ey _
Choosing a value of 5 for%ybianc .7 for ¢, H3(s) becomes

H%(s) = 00156 (1+.285)
S

Figure D=8 shows the Nyquist plot for Hs(s)(r /Skci ). A phase ﬁargin of
65° existss but the crossover frequency is z 8 or 16 rad/see which means that
the lags introduced by the drive mechanisms might reduce this margin consider-
ably,

The control equation is

n001§6§l+ 28s)

TFo Tmo
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- (o)
and for TFo - Tmo 150°F

3 . S . L . . . ) . R D - .
- 8k ° = . _40000104(1+ 28s) aT, . R )

Takiﬁg the invérse transform and remembering the indepeﬁdent variaﬁle, Y

- %1-1;, and U/%1 = 2. | N |

4K - _ 0000208 [A'r + 14 'Sﬂg]

dt i g . dt J . .
At low frequencies wZ 1 a 100°F temperature error calls: for 006208 8k/sec,
At higher ffequencieS(u >5 a lOOOF temperature error calls for ?00029 &k,

To preveht non-linear oscillgtions, the'électfical'temperature error signal
must be limited to <75°F, This was again determined by use of tbe‘describingA
function method, The describing function plotted on Figure D-8 is the same as
on Figure D=7, A maximum insertion and removal rate of .0005 8k/sec was aésume& .
for the superheater since the worth of the superheater rod alone would be less .
than ﬁhat for the whole system,

D.2.4 Analysis of Coupling Between Pressure .-_ Control Loops

Only a possible method for»gnalyzing the coupling betweén the two loops iS'A
presented, The validity of the method mightAwell be questioned,
It was assumed that the following transformed core equations can be written: |
1, Boiler core ,
b, b b _ ;4 bp by b S o
B By sE> = (8,848, ”) (K *+ b6k >+ 8k,) )
2, Superheater core = - L ; ' ‘ ' ' »
S, S .8 _ s ‘s s . b
A5 By sf” = (A5 s+B9 )(Skc +aSkc +m8km_)
£b ' represents the fractional power change in the boiler,

£ represents the fractional power change in the superheater.
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.Skcs representé the change in reactivity in the superheater region due
. - o to superheater control rod mdtion°
Skcb -represents the change in reactivity in the boiler region due to

boiler control rod motion,
B8k represents the change in feactivity in the boiler region due to

boiler coolant density change,

b8k ° " represents the effective reactivity change in the boiler region due
to superheater control rod motion,
, a&kcb~ represents the effective reactivity change in the superheater re-

gion due to boiler control rod motion,
m8k  represents the effective reactivity.change in the superheater region
e S due to boiler coolant density change.
The control equationé ares
3, Boiler region control rod
Skcb é.eHb<s)rs + st(s)rgs

Lo Superheater region control rod

s _ b S s
8kc c= =H (s)rs - H (s)rg

?hése equations state that a. pressure error signal corresponding to rs‘will
call for ganged motion of both control rods, A. steam temperature error signal,
rgs,:will céxl for differential mdtiono' d represents the fractional amount the
boiler rod will move with fespect to the amount -the superheater rod moves when

. . there is a temperature error, Hb(s) and H°(s) are the feedback transfer functions
detefmined.in the sections,on.pressure control and temperaturé cOntroi designs

respectively,
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The remaining equations for the boiler regioﬁ and sgperheater regions are
also from these sections, -
Boiler région equations are Q
5. Reactivity change due- to coolant den51ty
Skm = [ A22 + B6(1=A )r b]
6, Fuel element heat balance

A
131 sr b = fb»r b+r b
o F F s
2

7. Heat removal rate from core

b b ~
rp =T, = z(1+ l/? s)

8, Heat balance in steam dome
A B.
3.3 srsb =z
2hy

Superheater equations ares

9., Fuel element heat balance

3
Cyot)eg® = 1 o g - 04 o b
2 .

10, Steam channel heat balance

C
(Czs+<J,/2)rg = (02 As + rﬁ * q ) r8§ + rFs‘

- The equations as written assume a c§nstanﬁ poﬁér removal rate from the com-
plete system., The temperature coefficient of re&cti&ity in the superheater re-
gion is ignored,

The boiler equations and the superheater equations can be grouped together

in the following manners




Boiler equations

H , | | - . .
| ~ ~A5B83 0 0 —(A55+B9)H (s)(1+b) A
0 4,B5h, 0 A LB6(;~A2 )
N : 2A2 . =
0 141/2s e .4l
0 1 0 4383 o
Ao
_ o Superheater equations ar 1 1
s, 8 ] k- ‘s s
- H . - :
, A5 Bg's 0 s (s)(AS‘s-}B9 )(a }) f
. ‘ | ' -1
.fl Cls+l : =1/2 g | =
0 - 1 - «(C,s4l/2) r S
2 ¥ € 4
. S

5

] -
(A58+B9)H (s)(1+§)rs m(Ass+B9)mSkm

-1 S 's | S .ol ;;
SfB9, fb H (s)(Ass+B;5$bmd)rg
1l ‘ Z".' 0
o |7 o
0 T b 0

s

0 . Skm 0

-t = A b -

24

=(C,.C,s+ CA + CB)r b .
8 A

If b =“d there will be no coupling from the superheater to the boiler and

t@g;e will be no possibility of instability due to coupling between the two

systems, In general this will not be true since the boiler rod cannot always

" move exactly the right amount to cancel the effect of the superheater rod mo-

~ tion when there is a temperature error. Figure D=9 shows a block diagram of

the coupled system and ihdicates where the loop will be opened for the analysis,

The analysis requires the derivation of the open loop transfer function,

This is done by first deriving the transfer functions rsb/rgis and Skm/%gis

form | , : :
e b
?god— fl(s)rS + fz(s)Skm

where f} and f2 are ratios of polynomials in "sW,

' from the boiler equations, The superheater equations can be seen to be of the
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" BOILER REGION

UNCLASSIFIED
ORNL-LR-DWG 26499 .

3km

R
b |
e
i L]
—
I R
L___1 akm/rg] F————
L

‘SUPER HEATER REGION

______ |
= fo(s) -
ol _ J
+ [T T T T B

Fig. D-9. Block Diagram of Coupled System



Tﬁe open loop transfer function then becomes
_ b, s . s
-fgo/fgé = -f;l;(s)(rS /rgi ) -f2(s)(8km/rgi )

The usual stability criterion can now be applied to this open loop transfer

function,
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Table D=1

Numerical values for a Representativé Reactor

600 psi

Operating ?ressure .--1200 .psi . ...
Spf 56 BTU/ft° 56 BIU/ft>
F 70% stainless steel :
30%_uganium

T . 5,0 2,0

TFosto 14 14
n 10 BTU/ftoF. 7.5 BIU/ft°OF
" .024, 1b/£t3F 013 1b/£t7°F
vl 0824 lb/ftBoF , 074 ib/ftzop
B 825 o495
B2 oll 0087
B3 J14 127
B5 0975 ) 094
B, 0208 0204
B, ‘) 0261 2062

By ,0075. 0075
: B = L0075 4 - 6
B9 A = ,08sec 5.2 x 10
1 = 6,5x10%9sec
5,2x10=6 »
V .
A= E
l ' 05 05
Vcool
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Table D=1

contd,
Opérating Pressure 600 psi ' ' 1200 psi
A2 = fvo | ol | | ol
A =VSd 2 2
3 \'
cool
y 3K
8, = ,Pfo=-%—-» - L o
.cool | -
, 1.3x107%
A, =24 ' Uz, =2 - | 1.3x10™4
5 % /2 =2 o T30 T

- S . TableD-2 e
Effect on Stability of Increas

ing the Values of Physical Quantities .

Physical Quantity - ---- -~ Effect onStability------~-~-~----Order—----
TVO hurts ~-2nd power
\ JK.
A&'K w~ 1 - -hurts 2 linear
.meod?;:av . . .“ i
_ Pover level - hurts v =~ linear
Operating pressure helps. 1
(Power held constant) ps. ~ 7 h
' go fgo
AFh ' . hurts ~ linear
Volumetric coolant flow | : o B
rate (Power_held constant) helps . : ~> 2nd pover
Volume fuel -~ helps -2 linear
Volume coolant channel
AFFeF helps o -~ linear
Volume steam dome Must be large enough

Volume coolant channel to satisfy Criterion I

vl
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"Table D-3

Physical Constants for Superheater Region

Quantity Value
v .000422 £t3
v ,00128 £t
Sp s . : '3
¢ QF 56 BTU/ft

¢ 5p8 1.31 BrU/ft>
s 's '
. : o
Fo'Tso 150°F
¢, 1,62x10™>
-5
c, 2.42x10
AS 2x10~4
5
S
By .0075
'8 : =6
8
By x10
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List of Symbols for Section D2a

coolant flow area (ft3)
fuel element conduction area (ft )

specific heat of fuel elements (BTU/lb F)

conversion factor Reéctor Powgr .
.- - : Neutron Population

average fractional void

average fractional void at t = 0

fv - fv

- o

fractional reactor power change = P;Po
. o S

Laplace transfo?m of F

fractional change in heat transferral rate to coolant =

Laplace transform of G

heat transfer coefficient (;;gzgézme)

specific enthalpy of steam in steam dome (BTU/1b)
" " LI leaving core
" w Room w steam dome
latent heat of vaporization (BTU/1b)

®©w w n att =0

Q 'Po

Po

fractional change in volumetric flow rate out of steam dome

reactor muitiplication constant
incremental change in K

=1 _
Laplage tr§nsformmof 8K

average neutron lifetime (sec)

reactor power (BTU/sec)
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reacter powver at t =0

P9§F transfe?;almrate from fuel element to coolant:(BTU/sec)

ratio of saturation temperature change to initial film drop
ATg
Tfo=Tso

Laplace traneform of Rs
ratio of fuel element temperature change to initial film drop

= ATf
-?FocTso
Lap}ace transfo;m of RF

Laplace transform variable

fuel element temperature (°F)

" " n at t =0
incremental fuel temperature change = TFuTFo
saturation temperature of coolant (OF)

"‘ " n n at t =0
incremenpal saturation temperature change = TS«»Tso
coolant flow velocity (Ft/sec)
fuel element ﬁolume (ftB)
coolant channel volume (FtB) = A
steam dome volume (Ft3)
voiumetric flow rate out of steam dome (ffB/SeC)
G mwomm o map =0

incremental change in X = X-Xo'

independent variable = U_ t
: 3

fraetional change in average void fraction 8fv

Fvo
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Laplace transform of Z
peight_‘ of core.
delayed neutron fraction

reciprocal delayed neutron lifetime (sec“l)

3k = JK = coolant dens:.ty coefficient of reactivity
3 # mod J/ cool - '

. average density of coolant 1ncluding voids (lb/:‘.‘t3 )

density of fuel element (lb/f‘l',3 )
density of steam (‘lb/ftB)

" "8 gt t =0
density of water (lb/ftB)

density of water at t = 0O ' : -

SO
&,Vg :
aT AT=
80
e
ar lpop
30

non dimensgional freguency

g;ga = frequency (rgd/secx)‘

List of Non-dimensional Parameters -
| V| (TFo-Tso)

B = CFfF(TFo-Tso) | ' Bé = _
1 £ go hrgo . o ' |
. N . _ F . ‘/‘
B, = 7 (Tpo=Tso) . By = 7’39‘ ‘ ‘

f gohfgo fo

' ‘B, = 1(2+8/1)

B. = #(TFo~Tgo) 8 b/
3 F B, =1A

Poo - y =

35 = lofog’ogo

eo
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] _ Additional Symbols for Section D2b
amplitude of sinusoidal error signal (see Figure D 5)

parameter for describing function (see Figure D-5)

feedback“transfer function

gain term -

Laplacc fransfcrm of reactivity change due to control rod motion

- steam dome pressure (psi)

non-dimensional time constant

maximum insertion or removai'rate of &k

;Additional Symbolc for Section D?c
heat transfer érea in supérheater region (ffz)
specific heat of steam (BTU/1b)

specific heat of fuel element in superheater region (BTU/lb)
s.p S’ :
P Pg
Laplace transform of Fs.
QSPOS
Pos
Lap}ace tranéform of G°
Feedback transfer function
gaip tern

Laplace transform of reactivity change in the-superheatervregion due

Atc cogtrol rod motion

superheater region power (BTU/sec)
steady state superheater region power (BTU/sec)

heat transfer rate to’steémn(BTU/sec)
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s _ TF°-TFo
LA TFo"~Tmo" .
rFS = Laplace'transform of RFS
Rés = Tgs=:gos .
Tro =Tmo
rgS = Laplace transform of R
RSS = Tss=gsos .
TFo ~Tmo
rg® = Lsplace tramsformof R® . .
' TFS .= Average temperature qf fuel element in supefhea@er rég?onw(of)
TFos = Steady-state average temperature of fuel element in superheater
region KOF)'. |
Tﬁs = Mean temperature of steam in supégheater regionm(?F)“
T;os = Steady state mean temperature of steam invsupérhggter region (OF)
TgS = Tgmperapure of steam at outlet of superheater_region (OF)
Tgos = Steady state temperature of steam at outlet of superheate; regidn (OF)
Tés = Temperature of steam at input to superheater region (OF)
T;ds = Steady state temperature of steam at input to superheater region (OF)
VFé = Volume of fuel element in superheater region (ft3)
‘VS'~ = Volume of steam channel in superheater region (ft3)
PFS = density of superheater fuel element (1b/£2)
Pq = aensity of steam (lb/ft3)
R = natural frequency for a secoﬁd ofder system
| é = damping coeffigient.for a second o;der system
j | : ' Non Dimensional Coefficlents
} Ci = UGFSfFSVF (TFo =Tno")

2, Po®

N




] '%Psvj (TFo°-Tmo®)

| 221Po°

% Zo(Tro-Tso) _
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T'1FO"’TSC>
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