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The analytical expressions for the internal feedbacks transfer functions of boiling
reactor, taking the local effects of both the void and the fuel temperature feedbacks on
reactivity into consideration, has been established in the range of linear mathematical
treatments for a model with the power densities being distributed spatially and the inlet
velocities of feedwater being given as a function of radial locations.

However, this paper does not relate to the mechanisms of heat transfer itself, but,
by employing the appropriate heat transfer coefficients, deals especially with the transient
fluctuations of the local void fractions which depend upon the generation and movement
of the steam bubbles generated by the heat once transmitted to the coolant.

The effects of the thermodynamic properties of the moderator on the self regulative
characteristics of boiling reactor has also been obtained in a form of inequality domin-
ting the limitation on the absolute value of the void coefficient of reactivity.

Moreover, the power transfer function of EBWR under the operational conditions of
50 MW has been computed numerically, by using the reactor parameters concerned and
the formulae obtained by the author, the results of which show a relatively good agree-
ment with the experimental results obtained at Argonne National Laboratory and reported
in such as ANL-5849.

INTRODUCTION

One of the most essential factors for the economic opsration of a nuclear
reactor is to increase the specific power generation within the core as much as
possible.l ’

Generally speaking, the dominant factors restricting such specific power in a
nuclear reactor are the maximum temperature of fuel elements and the capability
of heat transfer from the surface of fuel elements to the coolant.

However, in the case of boiling reactor since it generates steam within the
core the steam void fraction contained in the core will become much more
important as the factor for such specific power limitation from the view point
of instability phenomena.

The operational experience of various BWR to date shows that when the
reactivity absorbed by steam void within the core exceeds 29 or 39, the stable
operation of the reactor may be disturbed and led into resonance instability

* el W] Also a member of Nuclear Research Department, Technical Research Labora-
tory, Kawasaki Dockyard Company, Ltd., Kobe, Japan.
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state.

With reference to the essential characteristics of the stability of boiling
reactor the hydraulic instability of two phase flow within the channel is of
course one of the important factors that have to be taken into consideration of.

However, it will be recognized that in the boiling reactor the existence of
void feedbacks transfer functions will be the most fundamental mechanism for
manifesting such resonance instability.

In the design and operation of boiling reactor the prediction of the stability
limit under given operational conditions is an extremely vital problem, for
which it is essential that the power transfer function of the reactor be made
known previously. ‘

This paper deals with the establishment of the interrelation between the self
regulative characteristics of boiling reactor and the thermodynamic properties of
the moderator together with the analytical expressions for the void feedbacks
transfer function of such resactor. Moreover, the power transfer function of
EBWR under the operational conditions of 50 MW has been computed numerically
and compared with the experimental results obtained at Argonne National Labora-
tory.

EFFECTS OF THE THERMODYNAMIC PROPERTIES OF THE MODERATOR

The boiling reactor unlike the pressurized water reactor it generates steam
within the core. When steam displaces a certain amount of water from the core
the reactivity will inevitably be changed. Then, it is obvious that the void
feedbacks reactivity change must at least be in the negative direction in order
to let the boiling reactor possess the self regulative characteristics.

However, as stated in the introduction, experiments performed so far have
shown that the reactor is stable only when the total amount of the reactivity
change absorbed by steam void contained within the core represents a negative
value of not more than 29 or 3% of the effective reactivity?. This fact implies
that in order to make boiling reactor manifest the stable behavior the void coef-
ficient of reactivity should be negative and moreover its absolute value be res-
tricted within the narrow range for a given amount of steam void fraction
within the core, which is deemed to be practicable for the economic operation
of an ordinary boiling water power reactor.

Such restriction on the void coefficient of reactivity will first of all originate
with the interrelation between the nuclear characteristics of the reactor and the
thermodynamic properties of the moderator as shown in the following analysis.

Assuming that the fuel temperature feedbacks can be ignored, the effective
reactivity of the boiling reactor with no subcooled region will be given as a
function of the average density and temperature of the moderator available
within the core and written as

K:f(pav, tm) (1)
pav=ﬂgf’v+pf<1_fv> (2>
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where
pav=Average density of the moderator within the core,
t» =saturation temperature of the moderator,
oy =density of the saturated steam,
or =density of the saturated water,
f» =average steam void fraction within the core.

Supposing that both the flow rate of the moderator and the velocity ratio of
steam to water within the channel are invariable respectively, the average steam
void fraction f» may be determined by both the steam generation rate and the
saturation temperature of the moderator and written as

fv=¢<Wa»tM> (3>
where
W,=steam generation rate within the core.

The transient changes of the effective reactivity from the equilibrium value
will be obtained by expanding equations (1), (2) and (3) into Taylor’s series
near equilibrium State.

Neglecting the higher order terms of these expansions, the following three
variational equations in the forms of Lapalce transform may by obtained.

0K 0K
5K<S) = <m )tm(s'meS) -+ (bt;;: )pavéthS) (4)
ceoy e Ofv 0fo
01 = ( o ), ST +( )y 1) ®
60(11;(9) = — Ap(?fv(s) +5tm(3) . [%gi - ﬂ)%g;f—} (6)

Where dp=pr—p, and & denotes the transient variation of the reactor variables
from eqilibrium values.

Elliminating 6pas(s) and 8f,(s) from equations (4), (5) and (6), it follows that

pK(=—ao( 25, ( 6"’% ), 0Wa(S) +03tu(s) ™

60(1;
where @=B-A
(0K > 0K pr
A= ( Otm pav+( 8{)(11: yimiatm
_( OK\ 8dp 0K 6ﬂ>
B—‘fv( apav )tm atm +Ap< 69«1; _)tWL(“a—tw: Wg-

Observing equation (7), it will be seen that the reactor may naturally possess
the self regulative characteristics against the disturbance of the transient changes
in the steam generation rate since the coefficient of & W,(s) in eqation (7) is
inherently negative provided that the void coefficient of reactivity is negative.

However, against the disturbance of the transient changes in the saturation
temperature of the moderator, the reactor can be self-regulative only when the
coefficient @ is negative. Here the value of the coefficient @ will be determined
by both the nuclear characteristics of the reactor and the thermodynamic pro-

perties of the moderator near equilibrium state as shown in equation (7).
Consequently, the following inequality (8) restricting the value of the negative
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void coefficient of reactivity under the positive denominator, is yielded by the
necessary condition for acquiring the self regulative characteristics in the opera-
tion of the reactor without external feedbacks against the transeint variations

near equilibrium state in both the steam generation rate and the saturation tem-
perature of the moderator.
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However, when the denominator of the inequality has nagative value under
the operational conditions of the reactor, nce such limitation occurs on the void
coefficient of reactivity. The numerator of inequality (8) is given by the pro-
duct of the density difference between the saturated liquid and steam and the
moderator temperature coefficient of reactivity. On the other hand, the denomina-
tor will be determined only by the thermodynamic properties of the moderator
under the operational conditions of the reactor.

Assuming the moderator temperature coefficient of reactivity of —2.16x10~*

ﬁ%g—, some examples of numerical coinputations on inequality (8) were performed,

the results of which are shown in Fig. 1 and Fig. 2, respectively.

ANALYTICAL EXPRESSIONS FOR THE VOID
FEEDBACKS TRANSFER FUNCTIONS

Assuming that the core is homogenized, let w(z)g(#, ¢, z) denotes generally
the time and space dependent heat transfer rate from fuel surface to the coolant
per unit volume of the core in an appropriate cylindrical co-ordinates. The
function ¢(r, ¢, z) representing the spatial mode of thermal flux distribution, may
usually be presumable to be independent of amplitude ¢ so long as the control
rods are all withdrawn by means of applying such as chemical poison to suppress
the excess reactivity of the reactor as was often employed to make the thermal
flux distribution independent of amplitude ¢ in the experiments to measure the
feedbacks transfer functions of BWR. Moreover, the function ¢(#,z) is nor-
marized as

[ [q(f', 2D 2nrdrdz=V, ©))
Vo ‘

Then, by integrating the function w(o)q (#,z) with respect to » and z extend-
ing over the entire space of the core, the interrelation between the equilibrium
values of w(r) and p(r) will be established as

w(o) = L2888 ao

where P, represents the total power generation within the core, KW. By equation
(10), it is seen that w(o) represents the average heat generation rate per unit
volume of the core in the equilibrium conditions. ’

1. Boiling Boundary in the Equilibrium State

Suppose the reactor is operating in the balanced conditions with the inlet
velocities of feedwater being given as a function of radial locations. Then, by
considering the heat balance within the subcooled region of an elementary channel
whose radii are » and 7 +d, respectivery, the following equation will be established.

g(r, D)de= 20 LT (1D

where
vo(7) =radial distribution of the inlet velocities of feedwater
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pr  =specific weight of the feedwater
4H; =enthalpy difference between the feedwater and the saturated water
2o(#) =radial distribution of the equilibrium locations of boiling boundary.
Solving equation (11) with respect to z,(#) under the given conditions, we
shall obtain the axial locations of boiling boundary as a function of radius 7.

2. Local Void Fractions in the Equilibrium Conditions

Here, the local void fraction is defined by the ratio of the volume occupied
by steam void to the total volume of mixed fluid in an elementary domain at an
arbitrary location within the core.

Since the heat transferred to the coolant within the boiling region of the core
will entirely be consumed by steam generation, considering the equilibrium heat
balance within the boiling region of the elementary annular channel whose radii
are » and 7-+dr, respectively, we shall obtain the expression for the local void
fractions as
w(o) 1
Topes v.«z(ﬂz’ﬂ ()

So7,2) = q(r,8)de a2

where
Jfo(7,2) =local void fraction at an arbitrary location (7,z) within the core
%o =latent heat of vaporization
v,(7,2) =local steam flow velocity at an arbitrary location (7,z) within the core -
o =ratio of the total channel area to the total cross sectional area of the
entire core.
By the definition of local void fraction, it follows that
Vol(#) el¥
1 —(fv)(fg 22) as)
in which () denotes the local velocity ratios of steam to water within the core.
As for the velocity ratios within a channel, it has already been found experi-
mentally by P. A. Lottes®, ANL, that the velocity ratios are independent approx-
imately of the axial locations. Consequently, we presume that the velocity ratios
within the core can be determined only by the radial locations of the channel
considered.
Substituting equations (13) into equation (12), we shall obtain the expression
for the local steam flow velocities as

”a(”y Z) =

vy(7,2) =0o(7) (#) L wlo) :

7 opg0 J'Z()(?,)q(r’ E)dé (14>

Integrating equation (14) with respect to z extending over the entire boiling
region of the channel, the axial mean steam flow velocity may easily be computed
and ultimately be reduced to

<040, D> =0 [0 -

where

+1‘3§9>_..[Q(y,]{) —Qr, 2e(7)) as

ﬁ,f;@}
7o Py

7o0g0

z €
QV,Z)“&J [q(r,T/)dv,dé
00
H=1length of the active core.
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3. Transient Shifts of Boiling Boudary

When the reactor had been operated in equilibrium conditions, suppose the
transient changes have occured in the power abruptly at the instant =0, then
the heat to be transferred to the coolant within the core may also be changed
transiently from the balanced conditions. The transient deviations of this heat
rate transferred to the coolant per unit volume of the core are represented by
dw(z)q(7,2) as has already been defined in previous section. In like manner,
the transient shifts of boiling boundary will be denoted by dz,(», ).

Let us imagine an elementary annular channel whose radii are » and 7»-+dv,
respectively. Considering the transient heat passing with the feedwater through
the section of the instantaneous boiling boundary in the elementary channel, the
transient heat balance equation may easily be obtained as

26(3)+0zy(r, ©) —
[ [ +5w(e~ 2058 V)0, 1a2
s )0 Hi(0) + 08 (= 502 ) =00 0, CHL(0) +0H: () (16)
where

H;(0) =enthalpy of the feedwater in the equilibrium conditions
0H(r) =transient deviations of the enthalpy of feedwater

H;(0) =enthalpy of the saturated water in the equilibrium conditions
0H(r) =transient changes of the enthalpy of saturated water.

Equation (16) implies that the sum of the total heat introduced with the
feedwater and the heat transferred to the coolant within the subcooled region
will be equal to the total heat of the saturated water passing through the section
of the instantaneous boiling boundary.

Expanding the integral of equation (16), neglecting the higher order of the
terms and subtracting the equilibrium values from both sides of the equation, it
may easily be reduced to

20(7’)
w0(0)ar, 24027, )+ | aw(r—f—“(‘g AAAAAA E)atr, &2z
0 0

= 00() s 3Hu(e) — o = —j’g% )] an

The Laplace transform of equation (17) will be obtained as

w(0)q(r, 20(#)) 02, 8) +ow(s) exp( b“g% )

. exp(v( ))q(r Edé = vo(r)pf[BHs(s) SH(s)- exp( %%79)] (18)

By equation (18), the generalized expression for the Laplace transform of the
transient shifts of boiling boundary can be obtained as

o(r)
Jz

G20(r, 8) = [Uo@’)ﬁf{é‘ﬂs(é‘)—§H:-exp< 20 9)

1
w(0)q(#,2,(7)) V(7)) |

~ gw(s) exp —f%(% ) r‘mexp ( oy I Ode a9
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For the simplified model without accompanying any transient change of the
enthalpy of feedwater or working pressure, equation (19) will be shortened to

6w(3) 2o(7)
30 = ety P )X
zo(7)
[, e (=uys)acrnde o

which will give the transient shifts of boiling boundary caused only by the power
fluctuations.

Now, it will be convenient to derive, by employing the appropriate method of
integration, the another expression for the transient shifts of boiling boundary in

z20(r)—&

the forms of Laplace transforms. Putting y=1— "< in the integral contained

vo(#)
in equation (17) and rewritting & for 7 in the resultant integral, it will ultimately
be reduced to

B (r) =v.(») [[Tq{f’, 20(#) —0o(#) (v — &) Yow(E)dE
0
e ) )
vo(7 Zol7” <]
(B nfe- 2D o]

Taking Laplace transform of equation (21), by using appropriate convolution
theorem, we shall obtain

D(H=LD(x) =vy(r)dw(s) {Lq{r, 2o(7) —vo(¥)7}

—exp ( f}—“%%s)Lq{ 7, —vo(#) r}] . (22)

Substituting equation (22) into equation (19), we shall obtain the another
expression for the transient shifts of boiling boundary as oy

0z0(7, $) (OH(s) — 3Hi(s) -exp (— (7). )}

U SR .
= w(@yqlr, 2y P 207
(MWL, 207~ 0a(PO)

~exp (- "((j?) 5)-LaGr,~u(o)} | 23)

When the enthalpy of feedwater and the working pressure are invariable
transiently, equation (23) is reduced to

0zo(r,8) = w_(:)%%g: E%)[Lq (7, 20(r) =00 (1)1)
—exp ( - %:g% s)Lq(r, —va(N1). (24)

It is interesting to note that the expression for the transient shifts of boiling
boundary contains some Lapalce transforms of the function which has been in-
troduced to express the spatial mode of neutron flux distribution and therefore
may originally by independent of time.
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Comparing equation (20) with equation (24), we shall obtain the following
formula representing a certain correlation among some Laplace transforms of an
arbitrary function :

exp ( - E(]w(f—)—SMZO(V)exp ( - ——54‘8>q (r,&)dé

?/‘()(?’) 0 2)()(7’)
= 1o(#) [Lq(r, 20(7)T) —exp < - %%%s)Lq(r, —vy(#) T)] (25)

It will easily be verified that the formula is valid so long as the functions are
transformable.

We shall next consider the simplified fuel model with no temperature graduent
in the lateral directions and no heat conduction in the axial directions in order to
obtain the expression for the transient heat balance in the simplest form

Sw(s) =0.23889- s"ﬁgé‘p(s) (26)

where a denotes the reciprocal time constant of heat transfer, sec.

However, it should be noted that the time constants of heat transfer in both
the boiling and the subcooled regions within the heat transfer channels may
slightly be different from each other chiefly because of the difference between the
heat transfer coefficients in both regions®. Consequently, two kinds of reciprocal
time constants of heat transfer should be employed in equation (26), namely

Swi(s) = 0.238893{:1&»51)@) @n
_ N2
Gwa(s) =0.23889- 1% ~3p(s) (28)

where a; -and g, denote the reciprocal time constants of heat transfer in the boiling
and subcooled regions, respectively.

Remembering that equation (24) was obtained by considering the transient
heat balance within the subcooled region of the heat transfer channel, hereafter
we shall write dw.(s) for dw(s) in the same equation.

4. Transient Fluectuations of the Local Void Fractions

Generally speaking, the fluctuations of the local void fraction at an arbitrary
location within the heat transfer channels will depend upon the transient changes
of both the steam generation rate and the locations of boiling boundary. However,
for the simplified model with the enthalpy and flow rate of the feedwater as well
as the working pressure being invariable transiently, the fluctuations of both the
steam generation rate and the locations of boiling boundary will respectively be
caused only by the power fluctuations. Hence, for such simplified model, the
transient variations of the local void fractions will be given by the sum of the
effects of both fluctuations of steam generation rate and the transient shifts of
boiling boundary on the local void fractions, each of which depends only upon the
power fluctuations.

4.1. Effects of the fluctuations of steam generation rate on the local void

(105)



Tsuneaki HAMAGUCHI

fractions. Hereafter, some appropriate assumptions enumerated below were intro-
duced in the analyses in order to permit the linear mathematical treatments for
the establishments of the internal feedbacks transfer functions, namely

a) transient deviations of the reactor’s variables from the equilibrium values
are small, with linear mathematical treatments being adequate,

b) transient fluctuations of the coolant velocities, steam velocities and working
pressure can be ignored,

¢) axial distribution of the steam flow velocities in an heat transfer channel
can be ignored, the steam flow velocities are therefore presumed to be determined
only by the radial location of the channels.

Consider an elementary annular channel whose radii are » and »-+dr, respec-
tively, in an appropriate cylindrical co-ordinates instituted within the core. Since
the heat transferred to the coolant within the boiling region of the channels may
entirely be consumed by steam generation, the heat flow rate at an instant ¢
carried with the steam through the section whose axial locations is z in the boil-
ing region of the elementary channel will be given by

z

{ ( )w( - —%E%)q(?’, £y onrdrde
z(7

in which the effect of the transient shifts of boiling boundary on the value of

integal is ignored and the equilibrium locations of boiling boundary are therefore

employed approximately in the integral for the instantaneous boiling boundary.
Consequently, the corresponding mass flow rate of the steam will be

LT e 255 e

20(#)
in which v,(#) are the steam flow velocities as a function of radial locations. Since
the cross sectional area of fluid flow pass in an eélementary annular channel is
given by 2n7drs, the instantaneous local void fractions at section z will easily be
obtained as

TopgoVy(7)

e 1 ‘ _EEN .,
Far,z,0) = [me(r oy Jar e 29

in which
c=ratio of the cross sectional area of mixed flow pass to the total cross sec-
tional area of the core.
Laplace transform of the transient deviations of equation (29) will be given
by
duw (s zs z ‘ £ -
oty 0 (=5 )| e (5,Gylanod a0
where 0fwu(7,2,5) represents, for the sake of simplicity of the notation, the
Laplace transform of §fm (7,2, ).
We shall next obtain the another expression for the Laplace transform of the
transient deviations of the local void fractions, by employing the identical treat-
ments with section 3. Let A(z) represents the integral contained in equation (29),

Ofn(7,2,8) =
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namely

A@-=| z( )w(f—;j«g—@ Jatr, . 310
Zg\?

Putting 7— »%--:5:7; in equation (31), it is written as
vg(7)

A@ =0, [ w@alr, 20,0 (e~ )z
0

[T o, R ) L 2

in which the integral variable is rewritten & for 7.
Using appropriate convolution theorem, the Laplace transform of equation (32)
will easily be obtained as

A =v,(Dw(s) [Lq(r, 2=,(1)7)

—exp (—— Z ;;("E)Q-S)Lq(r, 20(r) — v, (M) (33

Substituting equation (33) into equation (29), the another expression in the
form of Laplace transform for the transient deviations of the local void fractions
caused by the fluctuations of steam generation rate will finally be established as

—6%(%—[119(7’, z2—v4(7)7) —exp ( - ﬁ;g%,(;)“?) x

Lq(r, 20(9) 0, ()0 | &

Ofu(7,2,8) =

Integrating equation (34) with respect to » and z extending over the entire
space of the core, the Laplace transform of the transient deviations of average
steam void fraction will be written as

=3[ [Laie-nmav-
[ ool S et woar] o

where V) represents the volume of boiling region of the core in equilibrium
state.

4.2. Effects of the transient shifts of boiling boundary on the local void
fractions. Owing to the assumption on the working pressure of being invariable
transiently, it will be presumed that the self evaporation of liquid or the extinc-
tion of steam bubbles once generated does not occur in their mixed flow.

The effects of the transient shifts of boiling boundary on the local void frac-
tions will easily be understood “'gemetrically by the aid of Fig.3. In Fig. 3, point
A represents the axial location of the boiling boundary in the equilibrium condi-
tions, while the point C be the instantaneous boiling boundary. The transient
shift of boiling boundary at that instant will therefore be represented by AC.

Let line AB in Fig. 3. represents diagrammatically the xial distribution of the
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Fig. 3. Effects of transient shifts of boiling
boundary on the local void fractions.

local void fractions in the equilibrium conditions, the instantaneous variation of
the local void fractions depending upon the transient shifts of boiling boundary
will be shown by such a line as CD. Consequently, during transient changes of
the reactor the section A located at the equilibrium boiling boundary will become
to have some instantaneous void fractions other than zero, as seen in Fig. 3.
The steam bubbles, which are passing through the section A at an instant r,
will continue to move upwards within the channel with the velocity v,(#) and
then will reach an arbitrary section z immediately after the lapse of the time

%;Z_(or()@_ The effect of the transient shifts of boiling boundary on the local
4
void fraction of section z at an instant ¢ will therefore be determined by the void

fraction of section A at the time = ;~z(°7;()7>w earlier than <.
g

Consequently, we shall now obtain the expression for the transient fluctuations
of the local void fractions depending upon the transient shifts of boiling boundary
as

: _ _E=2()
vaz(r, 2,7) ~f7,{7, z2o(¥), T e } (36)
The laplace transform of equation (36) will be
_ A S, _Z=2(7)
0fy, (7, 2,8) = fo(#,20(7), $) -€XD ( N e)) S). €1p)

However, referring to Fig. 3, the instantaneous void fractions of section A
during transient changes of the reactor may approximately be given by

0z ]zzzo(r) (38

Jo(#,20(7), 8) = — 0zo(¥, $) [

so long as the transient deviations of the reactor’s variables from the equilibrium
values are small. Here, f,(#,2,0) represents the axial distribution of the local
void fractions in the equilibrium conditions and is given by equation (12) as
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o wl [*
iz, 0= 0] R a2
Therefore
8fo(r,2,0) _ w0
[_b;‘q}z=20(f’) ?’opgvg(?’)o‘ q(” ZO<7,)> (39>
Substituting equation (39) into equation (38), we obtain
S 200, 9) =5 W 52(7,9) 47, 20D 40

Again substituting equation (24) into equation (40), the transient fluctuations
of the instantaneous void fractions at the location of equilibrium boiling boundary
will be obtained as

Folr, a7, 59 = OIS [ 1407, 200) ~0a ()0
~exp (= 235 Latr,~ (o) . (41)

Combining equation (41) and equation (37), the effects of the transient shifts
of boiling boundary of the local void fractions will ultimately be established as

6fU2(7,Z,S>= dwa(8) vo(#) exp(— z2—2o(7) S))(

Yopgo  Vg(7) ve(7)

[La0r, 2 =00 —exp (= 2525 )La(r,— ()0 . “2)

4.3. Transient fluctuations of the local void fractions. Since the transient
fluctuations of the local void fractions from the equilibrium values should be
given by the sum of these two kinds of local void fluctuations, they will finally
be expressed as

0fo(7,2,8)=6f, (#,2,9) +0f,,(7, 2, s)

= 29 [Latr, 2= v,rye) —exp(~ F L2005 ) x La(r, a(7) 9,0

Y0090 v (#)

dwa(S)  ve(#) z2—20(?) r
+- Topgs  Ug(7) xp( v,y )XLL(IO’, 20(7) — 0 (1))

~exp (= 235)La(r, (o) . 43)

The spatial mean value of the void fluctuations will be given, if necessary,
by integrating equation (43) with respect to 7 and z extending over the entire
space of the boiling region of the core and written as

3 fa(s) = 11,‘ J . [ 5fu(r, 2, AV, 44
1

5. Local Effects of the Void Coeflicient of Reactivity

5.1. Perturbation theory on the local effects of the void coefficient of Reac-
tivity. It will generally be presumed that the thermal neutron fluxes of the
reactor in the equilibrium conditions will satisfy the diffusion equation
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Dp2p+-(k—1)2a9=0 (45)
When the reactor is operating in the balanced conditions, suppose the distur-
bance has occured in the reactor by the generation of an small void at an arbitrary
location within the core. Then the neutron fluxes will be changed from the
original values ¢ to such as ¢’ which will satisfy

Ao

Dpg/+ (k=1 St =4

@' (46)
within the domain of no void, and
DIVZ¢I EDVZ¢/ + (k’—‘ 1>2a¢l _I_EDIVZ¢/ __DVZ¢I

Aoy “n

- (k~ 1)Ea¢’j =

within the domain of void, where
v =velocity of the thermal neutrons
w =reciprocal of the reactor period.
Combining equations (45), (46) and (47), the following integral equation may
easily be established.

%j"—fv WAV=| $DIP - Dy — (b1 N 1V 48
0

VS
in which ¢V, represents the volume of the small void considered and ¢/ is pre-
sumed approximately being equal to ¢.

It is obvious by equation (47) that D’'p%p’ in equation (48) is a small quantity
of the first order although the diffusion constant D’ is infinity within the domain
of void. Then, Dp%' is naturally smaller quantity than the first order since
D«D'. Hence, D'p*¢' and Dp2p’ can practically be ignored in comparison with
(k—-1)%at’.

Then, equation (48) can approximately be reduced to

i(i~ — (k- 1>‘Za¢25 Ks_‘

= e (C5))
v f $:dV
14
On the other hand, the interrelation between the small variations of the
effective reactivity and corresponding reciprocal reactor period has already been
established by perturbation theory and is given by

~

J P dV
Alé{g” =dw v G
77 J S ugrd V
14

Elliminating 4w from equations (49) and (50), we shall obtain

AK@]‘]‘ - (k - I)Eav(/)za Vs

= GD
Korr f kS wvgtd V
Vv

By equation (51), the expression for the local effects of the void coeflicient
of reactivity will finally be established as
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OReors/Kepr 0K (R—-1)2.0¢°
o Vs o0Vs J kS wetd V
v

(52)

Consequently, it can be considered by equation (52) that the local effects of
the void coefficient of reactivity are weighted by the squre of the neutron fluxes
before disturbance.

Equation (52) will brifefly be written as

DK 1 g5(r, 2) = —Wogi(r, 2. (53)
Vs
We shall next consider the correlation between the bulk wvoid coefficient of
reactivity and its local effects now investigated.
A
Let {%—]{g} denotes the bulk void coefficient of reactivity near equilibrium
]

state, the internal feedbacks reactivity changes resulting from the smal deviations
of the average void fraction near the equilibrium conditions will be expressed as

ok =[3E] of. (54)

LOJv

On the other hand, by integrating the local effects of the void feedbacks
reactivity, we obtain

5K = f N %/KT”’ Dafo(r, DodV (55)

where V represents the total volume of the steam void contained within the core.
However, by integrating the local void fractions, the average void fraction within
the core will be obtained as

__——l_ .
ofo= JV 3fu(r, V. (56)
1
Combining equations (54), (65) and (56), we shall obtain

V[ 070,20V

oy __ Uy, ]
[af”]" [ [orcr,av 7

Vi

which will give the correlation between the bulk void coefficient of reactivity and
its local effects near the equilibrium state.

However, the local void fractions in the equilibrium state have already been
established and given by

_?‘w(O) _ﬁ_l_« ‘
0fe(¥,2) = 70090 V(¥ 2) (Z()(?’)

Substituting equation (12) into equation (57), it will finally be reduced to

q(r,&)d¢. a2

Ry H [z ?
o( (7, 2) g_(_?:z_élydfdzdf

0K _ 0 20(#) 2 vy(7) )
Laf'l’_ - [R"flg Fo ! (r,&)rdédzd o)
g Y, S )7 2ay
0 JZo)f‘) zo(#) ve(7)
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where Do= Vioo¥.

When the function ¢(7,2) and the bulk void coefficient of reactivity are
known in the equilibrium state, the value of constant @, will be evaluated by
equation (58), which will allow us to evaluate the local effects of the void coef-
ficient of reactivity by equation (53). Once the local effects of the void coefficient
of reactivity were known, the transient fluctuations of the void feedbacks reac-
tivity, taking its local effects into consideration, will be evaluated by

3K = jg-g—cy,z>5fv<¢,z,f>dv. (59
Vi ¥
The Laplace transform of equation (59) will be written as

OK(s) = . [ —aa—g- 7, Dfo(r, 2,9)AV. (60)

Substituting equation (53) into equation (60), the transient changes of the
feedbacks reactivity resulting from the local effects of the void coefficient of
reactivity will finally be established as

7y
7’0g

SK(s) = o [ Ewl(s){ { f @, DLa(r, 2—v,(H)cdV
12

- [ quz(n z) exp ( - —z—v%’g-)-“syq(?, 20(#) —v,(P)7)d V}

— 0w, (s) {f { :;}083 ¢ (7, z) exp (— gigi("?%ﬁs) XLg(r, 2e(r) —v:(#))dV

F{ Jzogg (7, 2) exp <_%%%>)'S>’exp< — zc(}ng) X

Lqu,-—vo(r)r)dV}j. 61)

Since g(r,z)=1 for a simplifed model with uniform power generation, for
such case equation (61) will be reduced to

27‘[1fo >fR

SK(s) =—7

0 ’ 70 ()
wi(8)] o (H—2a(r)) jo =1

eXp(“%E%QS))dﬂ 2|70 1

(5 fy 7 e (- 51~

v,(7) 5% vo(7)

oo (- =803

Moreover, since z,(#) and v,(») become constants respectively when the inlet
velocity of feedwater is independent of the radial locations, for such case equation
(62) will further be reduced to

Vo[fo

GK(S) = —

[V05w1 (3){
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—owa() (1 —exp - y“:s))x(l—exp (——j—‘;s)) 63)

v
in which Yo = i — 2o
H=active length of the core.

FUEL TEMPERATURS FEEDBACKS REACTIVITY

1. Perturbation Theery on the Local Effects of the Fuel Temperature Coef-
ficient of Reactivity

When the reactor is operating in equilibrium conditions with the fuel tem-
perature of 74(#,2), suppose a small deviation of fuel temperature §7» has occured
in a small domain at an arbitrary location within the core. Then, the diffusion
equation to be satisfied by the thermal neutron fluxes before disturbance is given
by

Do+ (k—1)2ag=0. 64

On the other hand, after the temperature deviation has occured, the thermal
neutron fluxes and the diffusion equation dominating them may be altered from
those in the balanced conditions as

Do+ (k—1)2awvd' =dwg’ (65)
within the domain of no temperature deviation, and
(Do+3(Dv)Iv +( (1) av+6{ (k- 120} ¢’ = doip! (66)

within the domain of temperature deviation.
Combining equations (64), (65) and (66) and considering that ¢’ may approx-
imately be equal to ¢, we shall obtain
do| g¢'dV=] (0D0FV +0{k~1)Nuw}gs' IV 67)
Vo Vs
in whic 6V represents the volume of the domain of temperature deviation.
Equation (67) will be, by using the well known reactor equation dominating
the thermal neutron fluxes in equilibrium conditions in the form
Vi¢=—B% (68
written as

| G- Eaw}- oD BV

doy=—Y2 . (69
[ gav
Vo
Combining equations (50) and (69), we shall obtain
AKgff _ [5‘{(]3—‘ 1)Zav}—é‘(Dv)B~’j¢25 Vf (70)
Kerr | rSawgav
Vs

By equation (70), it will be seen that the local effects of the fuel temperature
coefficient of reactivity are also, similiarly to the case of local void effects,
weighted by the square of the thermal nettron fluxes before the disturbance has
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occured.
Equation (70) can briefly be written as

S S
6Tf6Vf - .ng (7’: Z) <71)
in which £, represents a proportional constant to be determined by the rea-
tor’s parameters.
While, the steady deviation of the fuel temperature feedbacks reactivity
resulting from the small shifts of equilibrium conditions is written as

5K=(,fJ JOT S 0 Ts(r, AV 72)

in which ¢r indicates the ratio of the entire cross sectional area of the fuel
elements to the cross sectional area of the core.
Substituting equation (71) into equation (72), we obtain

5K = —Qmj Jqﬂ@, 6T (r,2)dV. 73)

We shall next investigate the relationship between the bulk fuel temperature
coefficient of reactivity and its local effects. Let [ 0K | 1, denotes the bulk fuel

temperature coefficient of reactivity near balanced conditions, the steady deviation
of the reactivity corresponding to the small shifts of average fuel temperature is
given by

[ 0K
LT,

Combining equations (73) and (74), we obtain

(577), - 9m]

However, the average fuel temperature deviation near balanced conditions is

0K = J a:r, 74

Jq%mz)rs:rfcr,z)dV/a‘Tf. 75)
Vo

given by
. 1
8T =~ 8Ty (r,2)dV. (76)
L |

0
Combining equations (75) and (76), we obtain

[ 6@{_{] ],=—@Vear- Jv [t 20 TsCr22aV / ija'ncr,z)czv "

in which 67 7(»,2) represents the steady fuel temperature deviations. Equation
(77) gives the relation between the bulk fuel temperature coefficient of reactivity
and its local effects when the function ¢(»,2) and 67 ,(#,2z) are known.

2. Transient and Steady Deviations of the Fuel Temperature Near Equili-
brium Conditions

We shall now investigate the transient deviations of fuel temperature within
the core. Considering the transient heat balance for the fuel per unit volume of
the core on the same assumptions in regard of the fuel temperature, that were
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made in the previous Chapter, the following variational equation may easily be
established.
a 0. 23889
0Tz, )=y 7 0040, 2) 78

where f indicates the area of heat transfer surface per unit volume of the core.
Putting s=0 in equation (78), it is seen that the steady deviations of fuel tem-
perature near equilibrium conditions ¢7,(0) is immediately proportional to the
function ¢(7,z). Hence, we have

0T (7,2,0) = paq(7, 2). )]

Substituting equation (79) into equation (77), the fuel temperature coefficient
of reactivity will ultimately be expressed as

[ 0K LZ s Vo J quw, 2dV / jvﬂjqcy, 2dV. 80

Vi

When the bulk fuel temperature coefficient of reactivity and the function
q(r,z) are known, the constant £y can be evaluated by equation (80) and the
local effects will therefore be determined by equation (71).

3. Transient Fluctuations of the Fuel Temperature Feedbacks Reactivity

Substituting equation (78) into equation (73), the transient changes of the
fuel temperature feedbacks reactivity, taking the local effects into consideration,
will finally be written as

OK(S) =~ Quwr P00 (| e 2aV. @D
v,

However, as stated previously, two kinds of reciprocal time constants of heat
transfer should be employed to express the transfer functions of heat transfer
from fuel to the coolant because of the difference between the heat transfer
coefficients for the boiling and the subcooled regions, respectively. Consequently,
equation (81) will finally be written as

DE(S) = — 0urx 0.238806p(5) x [ 1 N S
Jvqu (r, DAV+ 7 S-JF--{;J j ¢(r, )dV| (82)
where

A =heat transfer coefficient for the boiling region
he =heat transfer coefficient for the subcooled region
o =reciprocal time constant of heat transfer for the boiling region
o2 =reciprocal time constant of heat transfer for the subcooled region
Vi, Va=the volume of boiling and subcooled regions of the core in equilibrium

state, respectively.
Since ¢(#,2)=1 for the model with uniform power generation, for such case
equation (82) will be reduced to

SK(S) = — 21@usr X 0.238895p(8) X [J— ny

hlf \; + (753
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[R"(H dry L (T d 83
I —zo(M))rdr+ Tuf S+am XJO rz2o(#) r}. (83)

Moreover, since the equilibrium location of boiling boundary becomes constant
provided the inlet velocity of feedwater is independent of the radial locations, for
such case equation (83) will further be reduced to

K (S) = — ooy X 0.238890p(s)
[ Vl g1 V" do

Inf st T Iaf stasd @

TRANSIENT CHANGES OF THE INTERNAL FEEDBACKS REACTIVITY

Assuming that the moderator temperature feedbacks reactivity can be ignored,
we can now write the ulitimate expression for the transient changes of the internal
feedbacks reactivity resulting from the effects of both the local void fluctuations
and the fuel temperature deviations as

s I’sm J' Jqﬁ(f’,z)x
1 ‘/1

K (s)=—

Lg(r,z—v,(")0)dV —

Lq(r, zo(¥) — v,,@f)dv]—m % 0.238898(s) X

{sfagJ' J%z%%-q{f z)- exp( zvz<(,7§)7') )XLC](?’,20<7’)—~1}0(7’)T)(ZV

a vo(¥) 20(7) o 2=2(7)
T st { Jv O 2 exp( 0P ° 0P S>X

Lq(r,—vs(¥)t)d V] — ooy X 0.238898p(s) X

[h{f ?—%IJ Jq @, z>dV+7‘ff‘sf$a J qu,z}dV]- 85

Equation (85) indicates the generalized expression for the feedbacks transfer
function of boiling reactor required.

For the uniform power generation model with uniform inlet velocity of feed-
water, equation (85) will be reduced to

OK(s) _ Vg Yo )
§ES - mjs V1%0.23889 12 o 2 (1- exp (2 )]x
1 u,y,,,,,_}’f_gz!?n Yo 1 [1_ _ Y
15 Tos Fopes % 0.23889 X ——Zx— i s X L1 exp ( s>J X

[1-exp (- 205)] - i % 0.23839 %

[_ZL . ﬁ__l_._ + _I_/_'L W__l ]
S 1+ Tiss " hof 1+ Tuws

in which Y.=H-Z,.

(86)
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It will easily be verified that the equation (86) is in coincidence with the
result obtained by J. A. Thie, ANL, such a report as ANL-5849, given in the form

_;6:5_@__[@1() 2 Ow,  y. g ]

DCS)/ Py~ 80m o VH TT s TH T+ 1005
+[;£Mpzsx1+%ﬁs {1 <1 exp (25 ))}
e ) (Y PR RS

However, it should be noted that the meanings of the constant ¥, in both equa-
tions are quite different from each other.

TRANSFER FUNCTION OF THE SINUSOIDAL POWER GENERATION MODEL

We shall now obtain the feedbacks transfer functions of the model whose
spatial mode of power density distribution is given by

N mx(zta) 2.4057
9(r,2) = Bosin e 20 (2200 (88
where
H =active length of the core
Ry =radius of the active core '
a, =reflector saving at the bottom surface of the core
a,' =reflector saving at the top surface of the core
dR.=reflector saving in the radial direction.
Putting m= " and b= 240 equation (88) is written as
(H+a,+ay (Ry+06Ry)
q(r,z) =Bysin m(z+ay) Jo(be?). L))
Further, equation (89) is normalized as
[ [BO sin m(z+a0) Jo(bsr)dV = V. (90)
Vo'
Performing the integral of equation (90), we obtain
_ bo?% Vo
Bo= 22R0J (bor)(cos may—cos m(H+ay) oD
Hence, q(7, z) becomes
- bomn Vo sin m(z+ay) Jo(ber)
q9(7,2) 7l J1(bor ) cos ma,—cos m(H+ay)]) " (92)

The expressions for the feedbacks transfer functions and other formulae
concerned, which have so far been established in the previous Chapters, will be
determined for this model as the followings.

1. The Axial Locations of the Boiling Boundary in Equilibrium Cenditions
as a Function of Radial Locations

vo(r)prdHsm )

1
F4 (7’) = %' COS—I[COS (M’L(lo Bm’] ay (93)
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By equation (93), 2z,(») will be evaluated provided the inlet velocities and
subcooling of feedwater are known.

2. Spatial Distribution of the Local Void Fractions in Equilibrium Condi-

tions
_w(0) By Jy(bor) 2 _ztz(7)
fv(?’, Z)—ng Uq(?’ Z) _7}’l -sin ILW ay 5 “)jfx
sin [ﬁ(i—éi@lJ 94)

3. Spatial Distribution of the steam Flow Velocities

w(0)

vy(7, 2) = 0(#)e () +— Fevns J -

q(r,&)ds (95)

4. The Axial Mean Steam Flow Velocity as a Function of Radial Locations

Integrating equation (95) with respect to z extending over the entire boiling
region, the axial mean value of steam flow velocities will be obtained as

07,2 > =0, = (e 20 By o )
[-7;11— cos 1(25(7) +ap) — —Tm—{sm 1 (H+a5)

—sin m(2,(#) +ap) }ji (96)
which will be used for the evaluation of the void feedbacks transfer functions.

5. Transient Shifts of Boiling Boundary

0z0(7,8) = ﬂ%—%%) By Jo(bor) - {sin m(zo(7) +ay) X
s mvo(7)
ST mEvd(r) | Stmivg(r) 08 m(20(7) +au)
2o(7) \ S . mvo(#)
—exp< 2 (r} { SEEmiacy) Sin (may) ~ SFTE0A () cos (mau)}] D)

6. Relationship Between the Bulk Void Coefficient of Reativity and its
Local Effects

oK "
[afu]o = —mBi0o éo 98)
where
EQ_JOO_{{)Qg%’O)”) {m(H—2:(#)) -cos m(zo(r) +a0) +
sin m(20(7) +ao) —sin m (H+a) Jdr 99

o= J o ] (bor)[ -cos (20 (P) +a0) - | | (H—20(#))
/ v (7')

1

~ sin 2m(H+ay) +—— sin 2m(z,(7) +ao)} -
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L sin3 m(20(7) +ao)jd7. 100
3m J

Equation (98) allows us to evaluate the constant & provided the bulk void
coefficient of reactivity is known. Once @, was evaluated, the local effects of the

void coefficient of reactivity are given by the relationship

2= =0, (10D

in which ¢(7, z) is given by equation (92).
7. Relationship Between the Bulk Fuel Temperature Coefficient of Reac-
tivity and its Local Effects

oK Bo bo o
[o2), =~ @wr Vog T cnrs o (102)

where
Ry r1 .
T =J 7 Jo2(bor) §{cos ma, sin? ma, —cos m(H+a,) X
0 “

sin® m(H~+ay) }— w{cos ma, - cos m(H+ay) }] dr (103)
&, =[cos ma,—cos m(H-tFay) ). (104)

8. Void Feedbacks Transfer Function

6KV<S) _ 2727?[ 0 [) )
op(s) — 7ode X 0.23889——— {Bo J 7J 3 (Ber) X

so (7,8) s msv2(¥)
Sm(sﬁ—}—mﬂvgz(y))dyﬁB“aJ 7] (6u) X sz+4mgzvgz(7f) X

02(7,8)B=2(7,8) 27z?[f0
s dr] -2 ©%0.23889

S+a

B v o, VA (P)oe(7,)
{B"J " g()]" G X ity

Rg .
i menatey =B Cr e o exp (-5

1711}{]2(7'),5 az(7,8) B.(7,8)
S+ dmPut(7) x S2mPU (7) dr J (105)

where
(7,8 = rcos m(2,(7) + @) -sin® m(z2,(r) +ay)

—cos m(H-+a,) -sin2 m(H+a,) +
2 cos m(zo(r) +ay) —2 cos m{(H+a,) —

—mfiﬁ-}— X {sind m(H+ay) —sin® m(2,(v) +ay) }] (106)

ae(7,8) = [W sin? m(zo(7) +a,) +sin 2m(20(7) +as)

H—z,(#) S)X{ s

V() mvy(7r)

+—-—-————exp(—
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siné 7 CH+ a0 +sin 2o (E-+ an) + 22020 ) 107
B2(r, ) =[sin m(an(r) +ap) - 2007 . cos ma(r)+ar) | (108)
87, ) = [smm(zo(r)—!—ag) M) . cos mza () +aw) | (109)
B, ) =[sin (maw) ~ 0T cog g . 110y

9. Fuel Temperature Feedbacks Transfer Function

BKT(s) _ p:
5o = — 2 x0.23889. [ Do B
Bn3 da

R,
| G n @ g e
. f Stas

R,
J y]OS(boff)rg(r)dr} 11D
0

where

71(#) =(cos m(z0(#) +ay) - {sin? m(20(#) +ap) +2}

—~cos m(H+ay) {sin? m(H+ay) +2}] (112)
12 () = (cos mas{sin® may,+2} — cos m(z,(¥) +ao)
{sin? m(zo(#) +a,) +2}]. 13

10. Internal Feedbacks Transfer Function

0K(s) _ 0KV(s) , 0KT(s)
op(s) — ép(s) 8p(s)

2/7?170

Ry #Jo¥(Bor)
= [B" JO (S o))
_ msviA(r)

sa1<7’,s)d7’—Boj 7Jo®(bor) - S dmty “(7’>

SEtmPvl2(r)

a2:(7, ) Ba(7, 5) dr} 2771”0 023889 % —

!Boj 07,_ vo(7) T2 (bor mv L (a7, s)

(7)) Ut dmiv ()

SBs(7S) g, B03JR07' olr). »Jo3(bor) exp( z(7) )x

ST ot (r) 7 V(1) vo(#)
mugt(r)s 0(7,8), fi(r,8) 5
SEHdmPviA(r) S mPvE () i
2711900‘])(0.23889[ 3”132 f S-llilg J Vjos(buy)TLC’/")d?’
B . 114
S”Zhof S+an J 7] (b2 Of)dyi (114
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11. Average Values of Void Fractions and Moderator Densities Within the
Core in Equilibrium Conditions as the Functions of Radial Locations

Let f, and o denote the average values of void fractions and moderator
densities within the core, respectively, these are calculated as the followings.
1) in the case |[C)|> | F()|

_— 2C) -D() . [CHTFT
Pl gy X ey G
m(H+ay) o JCHFFT)
tan —~—2————Tan C(?’) F(?’) X
tan W-m:i (115)
leﬂ( _ ﬁ)flﬂ 2€{CH-D@)}
or 0 L m(H—2z,(0))v/ C3(r) — F“(?’)
j o | COHFFG) m(H+ay)
(T w/ COH—F(r) ‘=5
o [ CO+FD m (20 (7) +ao)
Tan™y/ Gy~ gy X am A ! | (116)
2) in the case |C(»)|<|F(#)]
1 2{CH~-D(n)} o [ED+CHY
o= T e Gy TR Ty i
m(H+ay) 4 [ E&OFCW)
tan =—==5—==—-Tanh «/ F=Clry
tan M_ZQT“_&D} 17
_@1:1_< _ E!L)[l_ 2{CH -D}
o7 0 m(H— 20V Fo(r) — ()
o [ F@W+CH) m(H+ay)
{Tanh For—Cr) Xtan 5 X
o [ F&+CE m(2y(#)+ao) 3
Tanh \/ AT xtan . ] ] (118)

where
Cr)=vo(#)e()+F () cos m(z,(») +a,)
D@ =F() cos m(z(¥) +a,)
iy = BB o)

Y000l

NUMERICAL CALCULATIONS ON THE POWER TRANSFER FUNCTIONS OF
EBWR UNDER THE OPERATIONAL CONDITIONS OF 50 MW, 600 PSIG

1. Reactor Parameters Necessary for the Calculations

The reactor parameters necessaly for the numerical calculations on the feed-
backs transfer functions of EBWR under the operational conditions of 50 MW,
600 psig are as tabulated below.

(121)



Tsuneaki HAMAGUCHI

Table 1. Reactor Parameter®
Items Notations| Values Unit
Reactor power in equilibrium Py 50 MW
Working pressure 600 psig
Radius of active core Ry 0.64 m
Length of active core H 1.2192 m
Area ratio, channel to core 4 0,6085
Area ratio, fuel to core or 0.28396
Volume of core Vo 1.56886 ms3
Heat transfer area per unit volume of the core Vi 91.135 m-l
Saturation temperature t 488.88 °F
253.82 °C
Specific weight of saturated water o5 793.587 Kg/m?
Specific weight of saturated steam O 21.322 Kg/m3
Latent heat of vaporization 7o 405 Keal/kg
Enthalpy of saturated water i 260.44 Kcal/kg
Subcooled temperature Ats 5.49 °C
3.05 °F
Enthalpy difference between feedwater and saturated
water 4H 3,16 Keal/kg
Overall volume flow rate of feedwater Weq 1.07172 m3/sec.
Overall mass flow rate of feedwater We 855,447 Kg/sec.
Specific weight of feedwater o5 798.2 Kg/m?
Steam generation rate in equilibrium conditions Wy 82.144 T/hr
Circulation ratio in equilibrium conditions We/Wy | 37.49
Average velocity ratio B 1.85
Average heat generation rate w(0) 7613.5 Kcal/m? sec.
Total heat transfer area F 142,978 m?
Average heat flux q 300,745 Kcal/m? Hr.
Heat transfer coefficient in boiling region h 5.6131 Kcal/n”tzC
sec.
Heat transfer coefficient in subcooled region hs 4.7330 Kcal/ rrfc
sec.
Reciprocal time constant of heat transfer in boiling
region ay 3.049 sec.™!
Reciprocal time constant of heat transfer in subcool-
ed region a2 2.5707 sec.”t
Average power density in equilibrium conditions 3.187x104| KW/m3
Average inlet velocity of feedwater 4.5 fps
Prompt neutron life time I* 6.25x10-5 sec.
Bulk void coefficient of reactivity [—gj—]f—] —0.11
v 0
Bulk fuel temperature coefficient of reactivity —a%l,i] —1.20x107% _Aé(_ /°C
]
Reflector saving, bottom ag 0.352 m
Reflector saving, top ay’ 0.0895 m
Reflector saving, radial R, 0.11 m
2.405/(Ro+0Ry) I 3.2067 m~i
7/ (H+ay+ay') m 1.8917 m-1
Constant given by equation (91) By 2.3316 -
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POWER TRANSFER FUNCTION OF THE REACTOR WITH INTERNAL FEEDBACKS

The power transfer function of the reactor with internal feedbacks is defined,
referring to Fig. 4, by

IOV M
G(s)= SKm(S) 119
hin e /P
WY N N
\7["‘ ’] Gy (
H, L
—iK; —

Fig. 4. Block diagram of the reactor with internal feedbacks.

The zero power transfer function Gy(s) and the feedbacks transfer function
H,(s) will respectively be given by
()= 2P _ L . (120)
0K (s i 8[1XZ}-—-~~§L~~—J
I*(s+A0)

Py [ 6KV (s) n OK*(s) ]
Vol 6p(s) op(s) &
From elementary feedback theory, the power transfer function is obtained as

op(s) /Py Go(s) (122)

Hi(s)= azo

0Kin(s) — 1+Go(S)H(S) "

RESULTS OF THE NUMERICAL COMPUTATIONS

Using the expressions obtained by the author for the sinusoidal power genera-
= < F '
5 o
g g
Tle—->
T':l
5__,1;“12; I Inlet velocity L]
[
$m20 ~1Slip ratio — == =
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Fig. 14. Vector diagram of H (o) Gy(jw).

tion model, the numerical computations were performed on the feedbacks transfer
functions as well as the power transfer functions of EBER under the operational
conditions of 50 MW, 600 psig, the results of which are shown in Fig. 5 to Fig. 14.

When the results of these computations were compared with the experimental
results obtained by ANL, such a report as ANL-5849, the agreement between both
the results was satisfactory with the maximum difference being not more than
10 db in gain curves.

The calculated phase angle curve shows a remarkable agreement with the
experimental result.

CONCLUSIONS

The good agreement between the theories and experiments on the power
transfer functions of BWR shows the usefulness of such theories in the range of
linear mathematical treatments, that have been established by the author in this
paper, for the prediction of the stability limit of BWR. Some differences between
the theories and experiments are presumed to be due to the following items:

1) Non-linearity of the system.
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2) Error resulting from the evaluations of the local void and fuel tempera-

ture coefficients of reactivity.

3) Error resulting from the evaluations of the bulk void and fuel tempera-

ture coefficients of reactivity.

4) Error resulting from the assumption regarding spatial distribution of the

equilibrium power densities.

5) Transient fluctuations of the working pressure.

6) Axial distribution of the steam flow velocities within the heat transfer

channels.

However, the agreement between the theories and experiments is expected to
be improved still more provided that more detailed informations regarding the
items enumerated above may become to be available, the theories established by
the author in this paper on the power transfer functions of boiling reactor are
presumed to be very useful for the prediction of the stability limit of such reactor.
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