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Section T

[of Concentration of delayed neutrons emitted in group 1
AK Reactivity change

Al Prompt neutron hifetime

N Neutron density

Ng Average neutron density

s Laplace variable

t Time

B Effective delayed neutron fraction

By Fraction of total neutrons emitted 1n group |

1Y Decay constant of delayed neutrons emitted in group 1
Section 1T

F Heat flux transfer function gain constants

H Overall heat transfer coefficient of boiling core fuel rod
Jo h Bessel functions

Nb Biot number for fuel

Qb Heat transfer rate to boifing water per unit length of rod
[ Deviation In Qy

Qg Heat generation rate of boiling core fuel rod per unit length
ag Deviation in Qg

R Fuel rod radius

r Fue! rod radial distance

T Fue! characteristic time

Y Fraction of heat flux transferred promptly to coolant
¢ Fuel temperature

By Water temperature

K Thermal diffusivity of boiler fuel peliet

A Thermal conductivity of boiler fuel pellet

T Heat flux transfer function time constants

Section 1T

A Ag + Ay, 0r Agp + Ay

Ag Cross-section area of steam per fuel rod

Asp Steady value of Ag

Ay Cross-section area of water per fuel rod

Awd Steady value of Ay,

ag Deviation of Ag in boiling core

ay Deviation of Ay, in boiling core

Hs Enthalpy of saturated steam

Hy Volumetric heat capacity of saturated steam

Hy Enthalpy of saturated water

hg Deviation 1n Hg

hy Deviation in Hy,

P Pressure of vessel

p Deviation in P

1} Velocity of bubble

Uo Steady value of U

u Deviation in U

w Velocity in water

Wo Steady value of W

w Deviation In W

X Axial distance from bottom of fuel rod

Ps Density of saturated steam

Pw Density of saturated water

Section TV

a,b,c Constants used in fitting the axial flux distribution, see Eq (4 14}
d Effective diameter of water channel

Dix) Normalized, steady-state axial flux distribution

E Young's modulus of elasticity for stainless steel

e Effective thickness of wall of water channel

g Acceleration due to gravity

NOMENCLATURE

He Effective height of bubble and water mixture

Ho Enthalpy of subcooled water

ho Deviation in Hp

Hy Volumetric heat capacity of saturated steam

K' Bulk modulus of elasticity for stainless steel

L Core height

Lp Axial length from bottom to boiling boundary in the core
My Mass flow rate of inlet water

Mg Water mass flow rate

qp Weighted heat transfer rate

ﬁo Average value of steam velocity (assumed constant)

Vs Weighted void volume deviation

Vis) Effective void cross-section deviation

8 Deviation of boiling boundary

Psw Density of bubble and water mixture

L% Bubble formation lag time

[} Velocity of pressure wave in bubble and water mixture
Section ¥T

Hwt Enthalpy of feedwater

Tr Recirculation time of water

Section VI

Mg (s} Total steam mass in the vessel

mg(s) Deviation In Mgls}

mg(s) Total rate of steam-mass variation

Smgls) Rate of steam-mass deviation for one fuel rod

ny Number of fuel rods 1n boiling core

Section IX

Mg Total mass of steam nside the vessel

My Total mass of water inside the vessel

8¢ Saturated steam temperature

Section X

Byls) Effective water temperature variation

Section XIL

Ct Heat capacity of boiling core fuel rod per unmit length
Section X1

Asg Cross-section area of superheated steam per plate in superheater core
Csf Heat capacity of superheater core fuel plate per untt length
Css Heat capacity {latent heat) of superheated steam at superheater core
h Heat transfer coefficient of superheater core fuel plate per unit length
Qsf Heat generation rate of superheater fuel plate per unit length
Qg Deviation in Qf

Ugg Velocity of superheated steam at superheater core

8¢ Temperature deviation of superheater fuel plate

655 Temperature deviation of superheated steam

Pss Density of superheated steam

Section XIV

Kp Fuel temperature coefficient of inner boiling core

Kho Fuel temperature coefficient of outer boiling core

Kps Fuei temperature coefficient of superheater core

Ky) Voud coefficient of nner boiling core

Ky Void coefficient of outer boiling core

Kgwi Water temperature coefficient of inner boiling core
Kgwo Water temperature coefficient of outer boiling core

Miscellaneous
Subscript 1 Inner part of boiling core

Subscript 0 Quter part of boiling core

~— (bar)

Spatiatty averaged value for a position



THEORETICAL STUDY ON
THE TRANSFER FUNCTION OF BORAX-V
WITH CENTRAL SUPERHEATER

by

Jiro Wakabayashi

ABSTRACT

An analytical, overall, reactor transfer functionwas
derived to examine the stability problems of the BORAX-V
boiling water reactor having an integral central superheater.

Special considerationwas given to localpressure and
time delay of void formation caused by superheating of the
water. For this analysis, the boiling core was divided into
inner and outer parts to introduce the effects of the radial
flux distribution, Where appropriate, the analyses were in-
dividually done for these two boiler regions and the central
superheater region, and the feedback effects were combined.

Basic assumptions introduced into the analyses are
that (1) the flux deviation is proportional to the initial flux;
(2) the power generation in the boiler (UO, pellets) and the
superheater (UO, stainless steel cermet) is proportional to
the overall reactor flux distribution; i.e., no spatial kinetic
effects are considered;and (3) the individual reactivity phe-
nomena (i.e., local temperature and void changes) are first-
power flux-weighted to obtainthe effective reactivity changes.

I. ZERO-POWER REACTOR KINETICS

The spatially-independent kinetic characteristics of a thermal re-

actor system are obtained by solving the following equations:

I

aN (%—;—é) N +3A,Cy;



If the above equations are combined and Laplace transformed, the zero-
power transfer function is determined to be

AN(S)/NO _ 1 s (1 3)
AK(s) 6 ’ '
0 .
PNt L g e+ )
i=1
and
AK = AKgy + BK + OK, + AKp, (1.4)

where AKgy is the externally inserted reactivity (of the control rods), and
AK,, AKpg, and AKD are, respectively, the reactivities due to void, water
temperature, and fuel temperature (including the Doppler effect).

The values of constants Aj, Bi, and £* are given on p. 32.

II. HEAT FLUX OF BOILING CORE

In the analyses of the heat flux from fuel rod to water coolant, it is
assumed that the heat capacity of the cladding material is negligible with
respect to that of the UO, pellets. The thermal conductivity of the cladding
and the heat transfer coefficient from cladding to water are grouped as a
single, overall, heat transfer coefficient, H.

The temperature in a power-generating medium of thermal conduc-
tivity, A, and diffusivity, K, is described as follows: 1

Q , d8
V2O, + £ =—-—-—f, (2.1)
A

where O¢ is the fuel temperature.

Since the fuel rod is essentially a cylinder of radius R, the boundary
conditions are

_d®f] _ _H__{a [®) - © } (2.2)
dr R R wi’

6 # ©atr = 0, (2.3)

where 8, is the water or boiling water temperature.




The temperature difference between the inlet water and the boiling
water is negligible compared to that between the fuel surface and the boiling
water. In the subcooling region, nucleate boiling also occurs on the surface
of the cladding. @W and H are assumed constant in all boiling regions.

Combining and Laplace transforming Eqs. (2.1) to (2.3) result in the
following equations:

8;(R,s) = @f(R,s) - 8, (2.4)
Qp(s) = 8¢(R,s)27RH, (2.5)
Ny = RH/X, (2.6)
T = R3/«k, (2.7)

and

Qpls) = gls)| __ F VT /A Ts T (2.8
Jo &/ -Ts - %-JIV—TS

Equation (2.8) may be expanded into the following series of partial fractions:

Qb(s)
Qg(s)

- Z 1+ T.s’ (2.9)
1=1 1

where boiler fuel heat, F; and T;, are found from the simultaneous solution
of

471./T
F, = ——1/—-2 , (2.10)
1+ T/T;N2
and
J1/T/T;
Ny, =« T/71i| —F——=
b /Tl T/ T/ (2.11)

where Jy and J, are Bessel functions.
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As an approximation Eq. (2.9) may be rewritten as

1—2315i
i=

Q 3 F,
b z
- 1 + 1 t ’ (2'12)
Qg i=1 Tis 1 + T4S

—

l

where
o<
Z FiTi/T
1=4
——Oo .
> ®/T
i=4

Ty = (2.13)

Figure 2.1 gives the solution of Eqgs. (2.10), (2.11), and (2.13) as a
function of Ny,.
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If it is assumed that the gamma energy release from the central
superheater core is negligible, the power dissipated to the coolant (includ-
ing <, the gamma emission from the boiling core) is given by
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3 F.
1 1=1
= = (1-7 + + v. 2.14
Qgls) — qgls) ( ) ;I’L”s 1+ 7 K (2.14)

III. FUNDAMENTAL EQUATION OF MODERATOR DYNAMICS

The equations for conservation of mass and energy at the channel of
a boiling core are

d(A, pSUa+XAWpWW) . IMAg P + Ay Pyy) o (3.1)
ot

and

O(AH p U + A, p Hy W) . a(AsHS pg + ALH, Py
Ox ot

= Qb' (3-2)

Since the values of BHS/ax, dH,/dx, and dpg/dx may be assumed
to be zero, Eqgs. (3.1) and (3.2) give

dH, dHy,
aASU + aAS _ Qb pSAS dp + pWAW-d_p . AS dps dpP
ox ot (Hg - Hw) Ps (Hg - Hy) pqg ps dp | dt’

(3.3)

If the deviations from the steady-state value are small compared to
the steady-state value, Eq. (3.3) may be rewritten as

a aas dp 1 dHS de Aso dps dpP
— (agUg tuhgy) + SA oo | 8o PsAgo + Pafwo * ’ dt’

aX A HV Hv dp dp {Os dp
(3.4)
where
Hv = ps<Hs 'Hw)’ (35)
and it is postulated that
ag(x,t)Uy(x) + ulx,t)Ag(x) = Up(x)as(x,t); (3.6)

and
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Since it was found that £(x) approximates unity,(z) Eq. (3.4) can be
further simplified as

+ = — -
dx ot  H, | H,

pSASO —dp_ + ’OWAWO ap —_— (3.8)

OUgag Oag ap, 1 dH dHw\ Asy dPglaP
Py dp |dt

IV, EFFECTS OF POWER VARIATIONS

The analysis of power-to-void transfer function is presented first
in Section IVA, where the pressure and the boiling boundary are assumed
constant. The power-to-boiling~boundary transfer function is derived in
Section IV B,

If the transfer functions derived in Sections IV and VII are com-
bined, the total effect of power changes on void is obtained.

A, Power-to-void Transfer Function

The following equation is obtained from Eq. (3.8) and includes the
effect of the void transport across the core:

oUjas Oas  qp(x,t)
. + S ST o ) (4.1)

v
The initial and boundary conditions for solving Eq. (4.1) are
ag(x,t) = 0 att = 0;

and

ag(x,t) 0 at x = L.

In addition to the void transport effect described above, the void
formation is delayed with respect to the heat flux deviation for several
reasons, Because of the surface tension of the liquid, the pressure inside
a bubble must be greater than the pressure of the water outside the bubble.
Accordingly, energy must be spent for bubble formation. During bubble
growth, the local water pressure rises and this pressure disturbance in-
creases the saturation temperature of the water. The pressure again de-
creases with the transmission of the pressure wave into the void and water
mixture. The void formation delayed is denoted as T,, and the heat flux
expended for the formation of steam is denoted as q]':)(x,t). If the bubble
lag effect is included, the result is

dUpas qw‘b(x,s)

T‘l‘ Sas = —T_I-V— (4.2)




Equation (4.1) may be rewritten as follows:

ap(x,8) = qy(x,8)/(1+74s). (4.3)

The velocity of the pressure wave in the mixture of steam and water
is

S E
S+ (K /E)d/fe

(4.4)

Since the value of (K'/E)d/e is small compared to 1, Eq. (4.2) may
be approximated as

® = /g Pou K. (4.5)

The value of T, may be estimated as

To = He/w +0.02. (4.6)

The bubble formation lag is estimated to be between 10 and 30 msec.

A value of 20 msec is used in this analysis.

If it is assumed that the position of the boiling boundary is not
changed with time, q'(x,s) may be denoted as

ap(x,s) = G (s)D(x), (4.7)

where D(x) is the normalized, steady~state, axial flux distribution; i.e.,

1 L
_I:‘/; D(x)dx = 1. (4.8)

Combining Eqs. (4.2) and (4.7) produces

danS(x,s) salx.s) = ql'o(s) x
— + sag(x,s) B D(x). (4.9)

If the weighting function of void to reactivity, F(x), is assumed equal
to D(x)/L, the effective void cross-section deviation is

L L
v(s) = a(x,s)F(x)dx = —f a(x,s)D(x)dx. (4.10)
Ly Ly,

13
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If Eq. (4.9) is solved for as(x,s) and the result is substituted into
Eq. (4.10), the following transfer function is obtained:

v(e) 1 fL D(x)dx XD< ) sft(x') - t(x)} g, (4.11
gi(s) ~ LH * x}e x!, 11)
b VY Lp Lb
and
v(s) _ 1 (s)
ap(s) ~ 1+ Tos " gLls)’ (4.12)
where
*
) :f U & (4.13)
L, o(x)

Equation (4.12) is the general form of the power-to-effective-void,
cross-section transfer function,

If the steam velocity, Uy(x), is assumed to be a constant, ‘ﬁo, and the
normalized, axial flux distribution is denoted as

D(x) = a sin(bx + c), (4.14)

then Eq. (4.12) may be solved as follows:

- 2 L X ~
v(s) = ! / sin(bx + c)dxf sin(bx' + c)e(s/Uo)(X - x) dx

q,'b(s) 1 4+ Tys Hv[—fo

Ly Ly,
- - T
! B, + Cys + Die” % 1 4 6%(E,+F,s)
T1+ M 2_2 * ’ (4.15)
ToS 1 + ’]'Ss (1+T§SZ)Z
= Te¢S - TS
[%(s)/A] x 100 _ 100/A A By + C1s + Dye . 1+e "¢7(E;+F;s)
ap,(s) 1+ Tes 1 + T2g2 (1+72s2)2 ’
(4.16)
where
Ay = al7s/(LpHy),
1
B, = E{sinz(bL +c) + sinz(bLb+c},
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Cy = T¢/2 - (T5/4) {sin 2(bL +¢) - sin 2(bLy, +¢)},
D, = sin(bL + ¢} sin(bLy+c),
E, = -cos(T¢/Ts)
F, = -7s sin(7¢/Ts)
Ts = 1/(Ugb),
and
Te¢ = b(L - Lb)/(Tgb) = b(L - Lp) Ts.

For simplicity, Eq. (4.16) is written as

(F(s)/A) - 100/q,(s) = [1/(14 Tos)] - [Ay/(1+ Tys)], (4.17)
where

Ay = (100/A) - A{(B;+Dy+E;+1),
and T, = (By+D+E; +1)TZ/C,.

B. Power-to-boiling-boundary Transfer Function

This section discusses the effect of power variations in the subcooled
region of the core,

From Eq. (3.2), the following equation is valid for the subcooled
region:

I pwAwHoWo)  O(pwAwHy)
ox e (4.18)

where O AW, is equal to the inlet water mass flow rate and P, Aw, and
Wy are assumed constant. Thus Eq. (4.18) can be rewritten as

H
aH°+V3 S O:Qb. (4.19)
Jx 0o Ot Mf

Again, if only the transient parts are used (the steady-state values
are subtracted), Eq. (4.19) becomes:

-
dx W, ot Mg

Oho(x,t) 1 dhy(x,t) _ ay (xt) (4.20)
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Initial and boundary conditions for solving Eq. (4.20) are

ho(xt) = 0 at t

it

0;
and

ho(xt)

1
(@]

atx = 0.

Using the Laplace transform method results in

dh,y(x,s) s ap(x,s)
_—t hO(X,S) = ——
dx W, Mf

Then the solution of Eq. (4.21) is

tho(x,s) = ab(s)f D(x')e(s/wo)(x'-x) dx'.

(4.21)

(4.22)

If the boiling boundary is denoted by &, the following relation will be

satisfied at any time (if hy is negative):

Ho(Lpt+ 0) + ho(Ly + 8,t) = Hy = Hy(Ly).

(4.23)

If § is small compared with Ly, the value of hy(Lp+ 6,t) can be re-

placed by hy(Lp,t).

From Eq. (4.19), the following equation is satisfied under steady-

state conditions:

dHo<X)
Mf '——d;— = Qb(x).
Now,
Qy,(Ly,)
Ho(Lp+ 0) - Ho(Lp) = —— o(t),
Mg

and in Eqgs. (4.23) and (4.25), &(t) is denoted as

6(t) = - [Mf/Qp(Lp)Iho(Lp,t).

(4.24)

(4.25)

(4.26)

Equations (4.22) and (4.26) yield the following power-to-boiling-

boundary transfer function:




8(s) _ 1 Lb ~(s/W)(Ly,-%)
= = _Qb(Lb)‘/o\ D(x)e dx

a

17

T7s sin(bLy +¢) - cos(bLy +c) - e_(Lb/Wo)S {T7s sin c - cos ¢}

Al

where

and

Tq

Qp(Ly)b

-T
B, + C;zs -e 7S(Dz-1~EZS)

1

’

1+ ’l'-fs2

-a/[Qo(Lp)b),
—cos(bLb +c),
T sin(bLb +c),
-cos c,

T, sin c,

Ly,/Wo.

For simplicity, Eq. (4.27) is written as

5(s) B

a_b(s) 14Ty s’
where

Aé = Aw(Bz’Dz),
and

T = (By-Dp)T3/C,.

1+ '7'7252

(4.27)

(4.28)
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V. PRESSURE-TO-VOID TRANSFER FUNCTION

In the analysis of the pressure-to-void transfer function, the power
is assumed to remain constant, The following equation is obtained from

Eq. (3.8):
OUpag Jas _ 1 A st+ N dHw\ Asy dPs| dp
Sx T ot - T |Hy \Psfso gy T PwAwe T T 5T T | at
- dp
= -K(x) T (5.1)

If the procedure used in solving Eq, (4.1) is followed, the solution of
Eq. (5.1) is

L b4
W(s) | 1 f D (x) dxf T CCORIC (5.2)
sp 1+ Tygs Lb LUO(X) Lb

In Eq. (5.2), Hvy, Pw, Ps, dI—Is/dp, de/dp, and d,Os/dp are assumed
constant, Since Agy + Ay = A (the total channel cross section), a deter-
mination of Ag, is sufficient, Agy(x) is obtained by solving Eq. (3.3) at
steady state. Thus,

d (A s OUO) Qb (X>
dax  Hy ° (5.3)

and

Agolx) = = i Qp(x')dx' = b [ D(x')dx'. (5.4)
HVUO(X) Ly HVUO(X) L,

If Uy(x) is again assumed constant, Agy(x) may be rewritten as

Bpa

Agolx) :m {cos(bLp+c) - cos(bx+c)}. (5.5)

Substituting Eq. (5.5) into Eq. (5.1) results in

dH,,
K (x) AP w dp - Qpa dHg pg dHy . Hy dpg
x) = . ¢ o — .
H, dHy\  — dp pw dp PPy P
Al—Z)H,T,b
U, U,
{cos(bLy+c) - cos(bx+c)}| = ?Kl —-a—KZ cos(bx + c),
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where
dH,,
. asow\ . Qpa (dHS es _dHy  Hy dps>
1 = = — - .
dH - d d d
H,U, A( w> H T VP Av P psPw dp
dp
+ cos(bLy+c)p, (5.7)
and
A dHw —
‘. - an Py dp - Qba dH g . Ps ) dHW+ H, ) dps>
2 H, U, NS dH,, o Ty dp Py, dp  PgPyw AP
dp 0
(5.8)

If Eq. (5.6) is substituted into Eq. (5.2), the pressure-to-void transfer
function is

(7(s)/A]100 _ 100/a 1 [V " , (5/To)(x' - x
sp(s) ST i1 T L sin{bx + c) dx Lb{—K1+KZ cos(bx'+c)}e / 0 )dx'

-T
1 100|As . By + C3s - e 6S(D3‘*'Eas)
1+Tes A |S 1 + 1282

1 F3+G3S +H3+I3S
s 14 T2s? 1+ 7252 (5.9)

1/ (b%T5)] {cos(bL+c) - cos(bLp+c)},

where:

1/ (b%T5)] cos(bLy + c),
1/b?) sin(bLy + c),

1/b sin(bL + ¢),
K,/K,) Ts - sin(bLy+ c),
K,/K,) T2 - cos(bLy + c),

= [K
= [K
= (K
D; = [K,/(b?T)] cos(bL+ c),
= (K
= (
= (
= [K,/(4b%)] {2b(L - Ly,) - sin 2(bL+c) + sin 2(bLy+c)},



20

and
I, = [K2/4b2)] Ty {cos 2(bLp+c) - cos 2(bL+c)}.

For simplicity, Eq. (5.9) 1s written as

[¥(s)/A]100 _ 1 Avp
sp(s) T 1+ Tys 1+Tvps’
where
> (5.10)
Avp = {F3(D3 - Bj) + H3 + C3 - E3 + 76D3} ].OO/A,
and
Typ = {F3(D3-B3) + Hy + C3 - E3 + TéDs}/(Is/TE + Aj).

VI. PRESSURE-TO-BOILING-BOUNDARY
TRANSFER FUNCTION

Changes of pressure produce differences in the enthalpy of saturated
water and consequently change the position of the boiling boundary.

From Eq. (4.24),

Lp
Mf(HW - wa) = ‘/0‘ Qb(X) dx, (6- 1)

and the relation between the enthalpy of the water and the boiling boundary
variation 1s as follows:

Mi(Hw + hy - Hyg) = f Q (x) dx, (6.2)
0

or
M¢hy = Qp(Lp) 6. (6.3)

If the feedwater mass flowrate 1s negligible in comparison to that
of the recirculation water, then the inlet water enthalpy will rise to Hy¢ +
hy, after recirculation time T,, The pressure-to-boiling-boundary trans-
fer function 1s therefore
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5(s) dHy o Mg g 8T

sp(s)  dp  Qp(Lp) s
z i M T At (6.4)
T dp Qp(Lp) 1+ sT, 14 8Ty’ ‘
where
dH M
Aép = . £ - To.
dp  Qp(Ly)

VII. BOILING-BOUNDARY-TO-VOID
TRANSFER FUNCTION

The variation of the boiling boundary will cause variations in the
volume of steam., The effect of the variation of steam production at the
boiling boundary will appear at position x after transit time t(x).

Including the bubble lag effect as derived in Section IV, the void
formation variation of the boiling boundary can be denoted by

Uo(Lp)ag(Lp,s) = -[Qp(Lp) 8(s)]/[Hy(1+ Tes)]. (7.1)
Then the relation at any position x is
Uox) as(x,s) = -[Qp(Lb)/Hy] * [6(s)/(1+Tos)}e™5t), (7.2)

From Eq. (4.7), the mean value of the effective void cross-section
area deviation is given as

. L
v(s) :-Ef a (x,s) D(x) dx. (7.3)
Lp

If Egs. (7.2) and (7.3) are combined, the boiling-boundary-to-void
transfer function is

5(s) H,L 1 + Tgs

_ Qn(Lb) 1

v(s) - Qb(Lb) . 1 fL ——-—D(X) e-St(X) dx (7,4)

H L T+ Tes
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where
L
T, = f L dx
s Ly Uy (x) ’
and
x(t)
t = — (7.6)
Ly, Ug(x")
If the steam velocity is assumed constant, Eq. (7.5) becomes
TIs
v(s)  Qpllpla 1 . - st
5 - oL T 7S sin(bUgt + bLy + c)e dt; (7.7)
0

and

— —T6S

[¥(s)/A]100 1 100,  BstCss-e (Dyt Egs) (7.8)

6(8) 1+ ToS A 4 1 + Tész ’ ’

where:

Ay = - [Q(Lp)aT]/(HeL),

By = cos(bLy+c),

Cy4 = Ts sin(bLp+ c),

D, = cos(bL+c),
and

E, = Tg sin(bL+ c).
For simplicity, Eq. (7.8) can be rewritten as

[v(s)/A1100/8 (s) = [1/(1+Tos)] - [Ays/(1+Tygs)], (7.9)
where

Ays = Ag(By-Dy),
and

Tys = Te(By- D4)/C4-




VIII, HEAT-FLUX-TO-STEAM-MASS TRANSFER FUNCTION

As mentioned in Section IV, gh(x,t) is the expenditure of energy for
the formation of steam. The deviation of the steam formation rate 6rhs(x,t)
can be expressed as follows:

dmg(x,t) = qplx,t) /(HS-HW), (8.1)
(Srhs(x,s) = qb(x,s)' l/(l-{-’ros)- l/(Hs-HW), (8.2)
and
- Gy, (s) L
s7h(s) = = b — . HlTsf D(x) dx

S W 0 Lb

ab(s) 1 a
= T TTs D [cos(bLy+c) - cos(bL+ c)], (8.3)

where O0mg(s) is the rate of steam-mass variation for one fuel rod. The
total rate of steam-mass variation, mg(s), in the vessel is thus

tg(s) = 1+1TOS & _aHW)b[nbiabi(s){cos(bLbi+c) - cos(bL+c))

+ npoqbo(s{cos(bLpg+ c) - cos(bL + c)}] (8.4)

IX. STEAM-MASS-TO-PRESSURE TRANSFER FUNCTION

From Reference (3), the steam-mass-to-pressure transfer function

is simplified to

sp(s) 1+ sT 1+ Tys
mp(s): 7 = Apm TT T (9.1)
s 7’)(1+s-—-'1“r) pm
n
where 3
M OH,,
y = Mg . Mg 06 N ° T dp
P s op Hg - Hy ’ L
S 5 (9.2)
Hy Hy
Mg Mg 064 Ms b My - Jp
n= + . + + y
b O aP Hg - Hy Hg - Hy J
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and

Apm = 1/,

Tpm = (v/™ T,

X. PRESSURE-TO-WATER-TEMPERATURE TRANSFER FUNCTION

The saturation temperature of the water in the boiling region is
also changed by pressure variations. After the pressure deviation occurs,
the core-inlet water temperature will change. This effect will appear in
the nonboiling region after T, seconds.

The effective water temperature variation is given by

o6 L Ly
o (s) = ¥ . Bls) Dix)dx + e 5TT . Dx)ax|,  (10.1)
w op L Ly .

and the pressure-to-water-temperature transfer function becomes

0, (s) a@w a
p(s) dp Lb

[ {cos(bLy+ c) - cos(bL+c)}+ e_STr {cos ¢ - cos(bLy, + C)}]

e

3y | 1+ 8Ty {cos(bLp+c)-cos(bL+ c)}(a/bL)

op 1+ T.s (10.2)




Xl. POWER-TO-WATER-TEMPERATURE TRANSFER
FUNCTION FOR BOILER CORE

As discussed in Section IV, some portion of the heat energy fluctua-
tion in the boiling region is spent in superheating the water. From this it
must be assumed that the water enthalpy in the boiling region can rise above
the saturation enthalpy. In the nonboiling region, the effects of variation in
heat flux on the temperature fluctuation do not include the effect of super-
heating of water.

If Eqgs. (3.1),(3.2),(3.3), (3.4), and (4.4) are combined, the following
equation for the boiling region results:

dhy, dh,, /W
W
AwPwW —5— + Ay Py W S5, " 9 qy, - (11.1)

The steam mass is negligible compared to the water mass; therefore,
Aw, pw and W are assumed constant. The enthalpy fluctuation, hy, is pro-
portional to the temperature fluctuation, . In this section, an average con-
stant value of W is used (represented as W). In addition, the subscript 1
refers to the boiling zone, and the subscript 2 refers to the subcooled zone.
Thus, after Eq. (11.1) is Laplace transformed, the following equation can be
written for the boiling zone:

00y, L1 S | s
dx ot ~ B % Tioe (11.2)
where
K' = K"/(Awpww),
and

K" = le/hw.

If the same procedure as the one in Section IV is used, the following
transfer function is obtained:

L X

Iwils) . KL Tos  (Tpigax [ D) el M ) gy
qb(s) LW 1+ 748 Lb L

Tos B: + Ces + Dee” 795 1+ e” 195 (E.+F.s
- A 5 5 5 n 5 5
1+ Tys 1 + T2s? (1+7T2s2)2 ’

(11.3)
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where
2
As = K'a?Tg/Ly,,
By = -%{sinz(bL-l-c) + sinz(bLb+c)},
Cy = ’1'8/2 - (7’8/4) {sin 2(bL +c) - sin Z(bLb+c)},
Dy = sin{bL +¢) sin(bLb+c),
E; = -cos(To/Ts)
F5 = - T8 Sln(Tg/Tg)
Tg = ]./Wb,
and

il

Tg = b(L - Ly)/Wb = b(L-Ly) Ts.

For simplicity, Eq. (11.3) is stated as

Owils) . Tys Agqi
= ‘ H (11-4)
qb(s) 14+ Tgs 1+ Toqis
where
Agqr = Ag(Bs+Ds+Es+1),
and
Toqy = (Bs+Ds+Es+1) T3/Cs.
At the nonboiling region, Eq. (11.2) becomes
aewz 1 06
W2
+ . = K! s 115
S "W, ot b (11.5)

If the same procedure as the one above is used, the following transfer
function is obtained:

Q\VZ<S) 3 K1 f
ab(S) - LWO o

A | Bot Ces + Dee” T™is 1 4+ e T (BEy+Fys) (11.6)
6 + , .
1+ 1482 (1+T%s%)?

Lp

D(x) dxf D(x') e(S/WO)(X' " %) g

0

il




where
Ae = K'a?Te/(L),
By = -—;—{sin?‘(bLb+c) + sin® ¢},
Ce = T1/2 ~(T10/4){sin 2(bLy +c) - sin 2c},
D¢ = sin(bLy +c) sin c,
Eg = 'COS(Tu/Tlo)
F¢ = =Ty sin(Ty,/Ty)
T = 1/Wob,
and
Ti1 = bLy/Web = by Ty.
For simplicity, Eq. (11.6) is written as
Owals) ~ _ Apgs (11.7)
Tp(s) 1+ Toqges
where
Agqz = Ae(Be+Dgt+Eg+1),
and
Toqz = (Be+De+BEe+1)T%/Cq.

Xil. POWER~-TO-FUEL-TEMPERATURE TRANSFER
FUNCTION FOR BOILING CORE

The difference between heat generation and heat energy transferred
to water accounts for the temperature deviation, ¢, of a fuel rod, as
follows:

Ct —— = [G,(t) - Tp(t)] D(x). (12.1)
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If the Laplace transform method is used, the effective average fuel
temperature deviation, O¢, is determined as follows:

= ) Tgle) - Tls) T
s B¢(s) = cim I D(x)}? dx. (12.2)

From Eq. (12.2),

Ggls) C(Ls

0¢(s) {1 -Gp(s)/Ag(s)}a® (L sin 2(bL+c) - sin 2L
= {’E - e } (12.3)

XI1lI, POWER-TO-FUEL-TEMPERATURE TRANSFER
FUNCTION FOR SUPERHEATER CORE

Temperatures in the superheater core are analyzed in two regions:
steam flow up and steam flow down (i.e., first pass and second pass). The
transfer function is calculated by using average values of these two passes,

In the superheater core, the fuel temperature only has an effect on
the reactivity. If the thermal resistance of the stainless steel cladding is
neglected, fuel temperatures may be calculated from the following relations:

sf] (13.1)

= quJ - h(@ SfJ - QSSj)’

2 360, o5

S5]

AssCgssj Pssj _at—+AssCssj PssiUssj Sx h(esfj - essj)’

(13.2)

where j(= 1 or 2) corresponds to the first and second passes.

The pressure drop in the superheater core is negligible and the mass
flow rate of the superheated steam is assumed constant. Thus,

"3 (s)D'(x)/ e
- 1 gggls D' (x)/h + ss1
Ogfi(s) = = D'(x) dx, (13.3)
sfl( ) T 1+ T1,5 ( )
0
and
- (s)D(x)/ e
- 1 Gsfls)D(x)/h + Bg4,
2 - =
sfa(s) = T Ts D(x) dx, (13.4)




where

9
&
It

a sin(bL +C - bx),

and

T12 Csf/h-

If the Laplace transform method is used, Eq. (13.2) is replaced by

doé 551(X,S) S (thz/Ks1)S - 1 asfl(s)
+ + 9531 = = . D‘(X),
dX USSI 1 + ’rlzs ]. + flzs KSI
(13.5)
and
dOgs,(x,s) s (h712/Ks2)s 5 ~ 1 Tsfals)
dx USSZ + 1+ T1z8 ssz ~ 1+ T128 KSZ X)’
(13.6)
where
Kg, = AssCss1p551U581,
and

Kgz = AgsCss, ‘0551Ussz,.

The solutions for 6G5g;(x,s) and 6Og55,(x,s) are as follows:

__ Tssls) R SO E T Y R S
Ossi(x,s) = 17 roKa, [ D'(x')e dx
and
Tst(s) X fr(x') - t"(x)}
Bgs2(x,s) = o+ TIZS)KSZf D(x') e dx’
0
where

Bssin, (13.7)

+ eSS}_(-L‘9S)7

(13.8)
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and

tn (X)

X{ S (h T12/Ksz)s}
+ dx.
o Uss,

1+ les

The temperature deviation of saturated steam, 6Oggin (at the first

pass inlet), is negligible. If the superheated steam velocities, Ugs; and
Ugsz, are assumed constants, the transfer functions are

9stls) 1 M 1w D'(x) v
To1(S) :I/o- [1+ TIZSD(X)2+K51(1+TIZS)ZI D'(x")
. e{t'(x') - t'(x)} dx'} dx, (13.9)
and
5sf2(5) 1 L l/h , D(x) x ' {t"(x‘) -t”(x)} |
asf(s) -E‘/o‘ [1 + TIZSD(X) F Kgp(l+ les)z\/o‘ Phe)e >
D(x) 8ss1(LS)
(1+ leS)qu(s):] dx, (13.10)
where
t'(x)

{1/USSI + T]Zh/KSI + (TIZ/[—JSSI)S
af]_SX =

S
1+T125 }X

= (B, + Vys) sx/(1+ Ty28),

(13.11)
tn(x) = ,5% :{1/U552 + leh/KS1 + (le/ﬁssz)slsx
1+ 7y3s
= (Bt Mps) sx/(1+ Ty,s), (13.12)
and
D(x)Oggy(L.s) _ D(x) Lo () - (L)
(14 T128)Tg¢(s) (1+ T),8)Kg, D'(x) e
If Kg; =

dx. (13.13)
0

Kg;, the transfer function for power generation rate to average
superheater fuel temperature is




esf(s) {5sf1(5) sfz }/2
Afg asf(s)

Ay B Cq;+Dqs+e”
= — 1 B,
PF Tes (1+les)z(l+a—isz>

b
(17 +J7S +K7SZ)
OLl ’

2
(14 Typs)? <1 + —52>
bZ

@,Ls (E; +Fys)

-0, Lis
G7+H7sz+e 1

+

where

A a? £+ sin 2¢ - sin 2(bL +¢)
TTHL|2 4b ’

B; = a?/(Kgs,Lb?),
C; = [cos?c - cosccos(bL+c)]/2,
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(13.14)

D; = (a 1/b {Lb/Z + {2 sin 2 ¢ - sin 2(bL +c) - 2 sin ¢ cos(bL+c)1/4},

E; = [cos®(bL+c) - cos ¢ cos(bL +c) /2,

¥, = (Obl/b) {cos(bL +c¢) sin(bL+c) - cos c sin(bL+c)}/2,

G, = {cos®c + cos?‘(bL+c)}/Z,
H, = -(OC%/ZbZ){sinZ c + sin®(bL+c)},
I, = -cos ¢ cos(bL +c),
3, = -(a;/b)sin bL,
and
K, = (a ‘;‘/bz) sin ¢ sin(bL +c).

For simplicity, Eq. (13.14) is written

O4¢(s) Ag

9af(s) 1+ Tgs’
where

Ag = A; + B;(C+E, +G; + 1),
and

T = le{A'? + B7(C7 +E7 + G'] + I7)}/A7.

(13.15)



X1V, NUMERICAL CONSTANTS, BLOCK DIAGRAM,
AND ANALYTICAL RESULTS

In the analysis presented here, the prompt neutron lifetime, £*, and
the effective delayed neutron fraction, B, were assumed to be 2.7 x 107° and
0.0071, respectively, The remaining delayed neutron parameters are pre-
sented in Table 14.1.

Table 14,1

DELAYED NEUTRON PARAMETERS

i A Bi

1 0.0129 0.000270
2 0.0317 0.001512
3 0.115 0.001335
4 0.311 0.002889
5 1.4 0.000909
6 3.88 0.000185

Experimentally, three cases of reactor operating modes were con-
sidered: 1) natural convection at various mean power levels; 2) forced con-
vection (10,000 gpm) at various mean power levels; and 3) 20-MW mean
power level with various forced-convection flow rates. The vessel pressure
was assumed constant at 600 psi. For calculation of the forced-convection
cases, a constant value of 1,5 was used for the slip ratio in the boiling chan-
nel, The flow rate of both water and steam versus boiler heat flux for the
natural-convection core was calculated with the RECHOP Code(4) as shown
in Fig. 14.1, The core geometry is taken from ANL-6302(5).

9

@
T

49 ROD ASSEMBLY
4° F SUBCOOLING

Wy x 1074 #/hr
~
H

W, x 1073 s#/hr
» (o2}
T T

axio

0 (RN YEN SN TR N N O A U VU TN VRN RO SN TN O M SN T SN N
0 100 200 300 400 500
HEAT FLUX x 1073 (Btu/f12 hr)

Fig. 14.1. Calculated Results for Various Natural-convection Flow Rates
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Figure 14.2 is the resulting block diagram for the reactor system
analyzed in this report, where @, @,, and 04 are the local-to-average
power generation ratios in the inner boiler core, the outer boiler core,
and the superheater core, respectively, Table 14.2 lists the physical con-
stants used in the transfer functions derived above.

8, 1s)/agls)

 Kos 1 8y /g, (s}

ZERO
POWER
Y~ | KINETICS
1 AZ/KN 1/,

L {0 /5, H 6w TN
——Bwio/ay [ Mo

82 /% || kg l
] Bezo/3 | KO Fig. 14.2

V.(s)AxlO% System Block Diagram

sp(s)/m (s)

1

=l

v; {s)x100
/| |
v, ls) x 100
K V‘S—;—/ys o 860 /e [
¥, {s) x100 +
O—A‘/B(s 1 % (s)/Gpls) [ @
8; (s)/sp -
8o (s)/sp —
Kt v|(s):10c}/sp~ a) + Ggi/N
ap = Qgo/N
Vo s} x 100 a3 = Qgs/N
Kvo A /ap
Table 14.2
PHYSICAL CONSTANTS
A (Btu/ft hr O 0.9 Y 0.03 Hs-Hy  (Btullb 732.58
K (2 sec) 5.4x100 Qgs/ Qg 17183 3Hs/dp (Btu/psi-lb)  ~0.01772
1
o TTR Bl nron 1860 A ) 0.0012174 OHyldp Btulpsi-y  0.20755
re (it hr OF/Btu) 0.0002 L 2 dps!3p lIb/ft3-psi 0.002247
de* (ft) 0.00125 o5 (it 1.2997 8851 dp (OF / psi) 0.17845
AT Btulit hr op) 7.5 oy b/ t) 29.704 a 133637
i Btu/f hr Of) 6000 W, Btufftd 92400 b L4
R (fty 0.0143 My (I} 8350 [o 0.52576

M (I} 149
* r: Thermal resistance of UOp pellet to cladding.
**d¢: Thickness of stainless steel cladding.
Txcz Thermal conductivity of cladding.
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This analysis was done for two assumed values of average void coef-
ficients, using the average reactivity coefficients listed in Table 14.3.
ratio of the individual coefficients for the inner and outer boiling cores was

The

assumed to equal the ratio of the mean neutron fluxes in these two regions.

Table 14.3

REACTIVITY COEFFICIENTS FOR BOILING AND
SUPERHEATING CORE REGIONS

Boiling Core Regions

Fuel temperature
coefficient (Doppler)

Water temperature
coefficient

Average

Inner Core

Outer Core

Superheating
Core Regions

-1.8 x 102 Ak/OF

-1x10-3 Ak/JOF

-1 x 1075 Ak/OF

0.6 x10"3Ak/OF

-1.68 x 103 Ak /% void

-0.8 x 10-5Ak/OF

-0.4 x10-3Ak/OF

-1.32 x 103 Ak/% void

-0.6 x 1075 AkJOF

) - -3 %1073 Ak/ % void
Void coefficient

4.5 x 1073 Ak/ % void -2.52 x 10~3 Ak/ % void -1.98 x 1073 Ak /% void -

The analytical results are shown in Figs. 14.3 to 14.8.
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CONCLUSIONS

From Figs. 14.3 to 14.8, the analytical results show that BORAX-V,
with a central superheater core, has the following characteristics:

1. In natural-convection cooling, the resonance frequency is highly
dependent on the power level; for forced-convection cooling, the resonant
frequency varies less with power than with flow rate. Usually the resonance
frequency of a boiling reactor depends on the void transit time, so that the
above result should be expected.

2. Increases in void coefficient tend to decrease stability. Since
the resonance is caused by bubble formation lags in the feedback, this
result was also expected before analysis.

3. For forced-convection cooling, the values of peak gain increase
with mean power level at constant circulation rate, However, for natural
circulation, the peak gain does not increase monotonically with power as it
does in forced convection, The results show, for example, that the 5-MW
peak is higher than that at 10 MW, while for power levels greater than
10 MW, the peak gain for the natural-convection case increases with power,
The latter can be explained by the following effects:

(a) Figure 14.1 shows that the steady-state water-circulation
rate decreases very rapidly as the steady-state power is decreased below
10 MW, The assumed extrapolation shows that slip ratio also decreases
with decreasing power level, For example, the water circulation rate at
5 MW is less than half the value at 10 MW. Similarly, the values of slip
ratio at 5 and 10 MW are calculated (extrapolated) to be 1.4 and 2.0, re-
spectively. For the above reasons, the power-void, power-boiling boundary,
and the boiling boundary-void transfer functions are nearly identical in the
range from 5 to 10 MW,

(b) The part of the feedback loop that is affected, however, as
power is increased from 5 to 10 MW is composed of the following two parts:
(1) the pressure-boiling boundary transfer function, and (2) the boiling
boundary-void transfer function, The product of the above two transfer
functions was found to have a much larger gain and somewhat higher phase
lag at 5 MW than at 10 MW. Thus, the indicated effects of power level on
peak gain of the overall transfer function at the lower power levels for the
natural convection case can be summarized as follows: The dynamic
results depend heavily on the steady-state model assumed, It is admitted
that the calculated steady-state results had to be extrapolated at the lower
power levels (below 10 MW), which gave rise to the effects described
above,




39

4, In forced-convection cooling, the coolant flow rate is one of
the important factors for stability, A decrease in coolant flow rate tends
to decrease stability,

5. The values of peak gain at high-power operation are not too
different from the cases of natural-convection cooling and 10,000 gpm
forced-convection cooling at equal power levels. The reason for this can
be explained as follows:

For the analysis of forced-convection cooling, the calculated
slip ratio is assumed to be smaller than the calculated slip ratio for natural
convection at high power levels. Hence, in this analysis, the void volume
inside the core is not too different from natural-convection cooling and
10,000-gpm, forced-convection cooling. The water-flow velocity for
10,000-gpm, forced convection is thus larger than that for natural
convection,

In the analysis, the effects due to the small differences in the
void volume in the core and the large difference in the water temperature
in the core cancel each other for the case of natural-convection cooling and
10,000-gpm, forced-convection cooling,

In actuality, the slip ratio is not constant for forced convection,
but may increase with operating power. The resonance peak value would
thus decrease, and resonance frequency would increase when compared with
the analytical results for the case of 10,000-gpm, forced convection pre-
sented herein,

The object of this analysis was to estimate the stability of BORAX-V
with a central superheater core before actual operation, Analytical results
show that BORAX-V with a central superheater core will have stable char-
acteristics under the designed operating conditions of power, pressure, and
flow,
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