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Dynamic Analysis of Natural Circulation Boiling Water Reactor

Summary

This report is a second report in a series of studies on the dynamic behavior of the
natural circulation boiling water reactors.

The simplified versions of the transfer functions derived in the preceding report,
JAERI-1044, are obtained. Simplified models are then constructed based on the simplified
transfer functions thus derived, in order to readily investigate the dynamic characteristics
from the design parameters. Some of the dynamic characteristics based on the simplified
models are given. The dynamic characteristics of the feedback transfer functions and the
system stability are also investigated. Comparisons with other studies are briefly given
. in order to make clear the significance of this study.
iy Studies are with special reference to the JPDR, a 12.5 MWe boiling water reactor.
However, models derived here are quite general.
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JAERI 1061

1. INTRODUCTION

The mathematical model of the dynamic characteristics of boiling water reactors is neces-

sary for: four pUrposes ; ﬁrst to evaluate the stabxhty of the reactor,’ second for ‘the’ physxcal

interpretation of the” ‘measured transfer functions, - thu‘d to provxde 1nformat10n for morte -

efficient core design, and finally to provide information for control system desxgn
This report is second report in a senes of stud1es along ‘the above lme on the dynamic

behavior of boiling water reactor power plants.

"The purpose of the present study is first to obtain simplified versions of the transfer
functions derived in the preceding report!, second to construct simplified models based on the
derived simplified transfer functions which enable one to readily investigate the dynamic
characteristics from design parameters. Some of the dynamic characteristics based on the
simplified models are given. The dynamic characteristics of the feedback transfer functions
and the system stability are also investigated. Comparisons with other studies are briefly

given in order to make clear the significance of this study.
Studies are with special reference to the JPDR, a 12.5 MWe boiling water reactor.

However, models derived here are quite general.
The rest of this series of studies will appear in subsequent reports, where analog computer

studies and control system studies will be given.
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2. SIMPLIFIED TRANSFER FUNCTIONS

The transfer functlons derlved in the precedmg report, JAERI 1044, are so complicated
that it is not easy to simulate them on an analog computer and also to obtain their numerical
values for dlfferent frequenmes for the purpose of stability study.

In view of the situation they are simplified and approximate forms are obtained. Most
of them are in the form of combinations of single time constant terms.

Frequency characteristics are given to compare the digital computer calculation of exact
transfer functions derived in the preceding report and the numerical calculations of simplified
transfer functions obtained in this report.

Most of the .numerical calculations of the transfer functions in this chapter are for the
full power condition of JPDR, although the power dependences of the transfer functions are
investigated and are summarized in TABLE 3.

The order of descriptions is different from that of the preceding report; inlet velocity
transfer functions and recirculation flow transfer functions are in the last part of this Clapter
since they may be ignored for the simplification of the model.

Simplified transfer functions are summarized in Chapter 2.9 and in TABLE 1.

The symbol * is attached to the equation number of the equations which appeared in
JAERI-1044 and which also repeat in this text, in order to distinguish these equations from
those wkich have newly appeared in this report.

2.1 Zero Power Transfer Function
The zero power transfer function, Ggr(s), which relates the nuclear power generated in
the fuel to the excess reactivity, is given by

Gr(s) = %’Z/”* =~ s+4 (1)*®
A -ﬁ—s (s +§ +A)

where one group of delayed neutrons is considered.
In the model described here the excess reactivity consists of several contributions.

6k = 6kex + 6kvoid + 6kT (l .)

where 0k, Ok.a and Ok are reactivity changes caused by external disturbances such as
control rod movement, by change in void volume, and by change in fuel temperature,
respectively.

The zero power transfer function for JPDR is obtained by use of the following pa-
rameters; [=5%10-5 sec, A=0.077 sec™?, §=0. 0064.

1+13s

Gr(s) =0. 077'5—@m

(2)

2.2 Fuel Heat Transfer Function
The fuel heat transfer functions, G (s) and Gi,(s), which relate the nuclear power gener-
ated in the fuel to the heat flux in the fuel surface and to the average fuel temperature,
respectively, are given in JAERI-1044 by means of a very simple model with lumped pa-
rameters.
L _0Q* _ 1 ‘o
Gu (S) =-—6—;.//72?— = m (‘2)
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60f 6’;*—0 * .

_ w , 3)*
Onfn* 14T ®

The Gi(s) constitutes a feedback loop through temperature cosfficient of reactivity, o, as
shown in Fig. 21.

'Giz ()=

The transfer functions for IPDR are obtained below. The time constant of fuel heat
transfer T is very large compared with that of metallic fuel elements, since fuel elements
used in JPDR are uranium oxide. T is estimated to be 12sec. The difference between the
the average fuel temperature and the moderator temperature, 07—0.*, may be estimated to
be 400°C.

Thus, the transfer functions are

N 0QR*_ 1
Guls) = Sufn*  1+12s ‘ 3

_ 06 _ 400
Gial) = ot = T1%s @

2.3 Core Void Transfer Functions
The void transfer functions, Gi(s), Ga(s), Gs(s) and G.(s), which relate void to the
power, to the inlet velocity, to the boiling boundary shift and to the system pressure, respectively,
have been given in JAERI-1044. Some of their characteristics and simplifications are given
below.

2.3.1 Power to void transfer function, G.(s)
The power to void transfer function given in Eq. (27H* is

57 1 __l 1—e 125
G.(s) = =~ = ‘%levo*A L Jz_ ¢

0QIQ* 4 “Tes—1\lny, T128 @n*
The frequency response of G(s)/Q* at full power is calculated and shown in Fig. 1,
since the frequency response of _6—66‘7/*-(5) is of interest. The responses are also calculated for
80 T T T TTTT T T T T 17T IP(l)wérllelvelll T T T T T T
—40%
—60%
20 — _Z = 80% 0
= L/ ,r—lOO"Vo//—Appr?ximate gain Lo
60 >
— [}
o 2
=
&
-£50 2
3 o
© Power level
40%—"\
aok 100%—
Approximate phase™”

] | S T N I 1 (SO O SRS JUO% W 3 l”&l
38.0! 0.1 1.0

w (rad/sec) .
Fig.1 Frequency characteristics of G.(8)/@*
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other power levels, i.e. 809%, 60% and 40% of the full power, where inlet velocity Vo* is
assumed to be independent of power level.
The response nf 3V to the step change in 0Q/@* is readily calculated from G, (s) resulting

in
—_ — Vs " [_—t—— et/"-'g——l .
V(@) AvVo AcTiz t 3 Tny, yz} for 0<t<Tys |
T i Es s L gl ) -y ._.7]_ . L ' (5)
and ' 0V (£) =const=—¢~ Vo*Amrlz{l——z—] ~ for t=Tis '
The step response is plotted in Fig: 2.
1.3 I T 1 I T
- "-‘—=
10— ,/"-LApproximaﬁon
— —~ gl Eq (13) -
IOE 2z
g
x B vy 7
I~ ’, _
(Vo) - /

0.5 //,//

o1 | 1 [ S 1
o] 0.1 02 03 04 0.5 06 o7

¢ (sec)
Fig.2 Response of void to step change in 8Q/@* (calculated from Gi(s) of Eq. 2T)*)
From Fig. 1 and Fig. 2 it can be seen that the response of Gi(s) may be approximated
by a single time constant delay in the form of

_ K o
G.(s) = TTTs (6)
K, is easily obtained as below.
—1; —{ Us * — y?'—l
K, —il_fg Gi(s)= (A'v Vo Aco) 7:12[1 ———yz T 5 ] (D

The dependence of K;/Q* upon the power level is of interest, since this is a static gain
of oV/6Q*. K,/Q* is plotted is plotted in Fig. 3.1 as a function of the power level. It can
be seen that this static gain increases with decreasing power level. This is qualitatively con-
sistent with experimental results on EBWR?.

Several methods for obtaining the approximate formula of the single time constant, T’
are considered, as given in Appendix 1. Here the 45°-phase-lag method is adopted, which
gives the best result. In this method T is given by T,=w,"!, where o, is a solution of the
equation ;

Arg Gi(joy) =~ ®)
Solving the above equation (see Appendix 1), one obtains
Ty=t= Tz _ (9)

(2 T2z, (2)

.
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5 T T 1 T T T
SN ’
B K/t i
35 L ‘ 4
s »
. p<t] 2 \ )
- ‘\
g B \\\_
R S -
I ] ! 1 ! !
02 04 O'Gx 08 1.0 1.2 14
i m =67/(0f‘ull ponr)
} Fig.3.1 Power dependence of K,/@*
i 05 T T T T T
N
. 2)
o
&
1y
92 04 o8 08 10 12 14
m =07(01'““ po\m)
(1) Approximation by gain characteristics
5 (2) Approximation by 45°-phase-lag
X Approximation by step response
: Fig.3.2 Power dependence of T,
where
c+]/cz+8(%—-l) (a+1Dln
z(y2) = 4(a+1) ’
- a:.yz_'_l..’ and C=77:+2—1ny2-—-y2_'_1._
N yz1ny, Yz
s It can be seen that z;(y.) is a slowly varing function of y, in the range of y,=1~3.
. Thus one obtains a closely approximate formula of T, by expanding z;(y.) at y.=2 into a
series,

T1=1712(0. 3816+0. 0109y,) 10

Using the parameter values of K; and 7', obtained from Egs. (7) and (10), the response
of a single #me constant delay given in Eq. (6) to the step change in 0Q/Q* is also shown by
the dotted line in Fig. 2. The approximate step response crosses the theoretical step response
closely at 63.2% of the final value, and this result indicates that the 45°-phase-lag method is
satisfactory.
2 In order to facilitate the calculation of K,, the function of y, in Eq. (7) is given in Fig. 4.
From Egs. (7) and (10), several important conclusions can be derived.
: (1) The time constant of the whole ‘void volume in the boiling region for power change
is roughly 40% of the void transit time, 7y, from the boiling boundary to the top of the

g ) core.

(2) The time constant T, is almost independent of the power level. This is also con-
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10
/';-_-—/-
I\
gl
0.5 g k f“ V v jo—
Wh | s
/'/-~ P .
/.
/2
Oy 2 3 4

Yz
Fig. 4 Functions of 3.

sistent with experimental results on EBWR?. T, is plotted in Fig. 3.2 as a function of the
power level based on the JPDR data (absolute pressure=62. 5 kg/cm?®), where the inlet velocity
and the boiling boundary are assumed to be independent of the power level. The above
assumptions may be Justlﬁed by experimental data on EBWR®.

(3) The dynamic behavior of core void does not change when power level and pressure
are proportionally changed. Suppose that a reactor is operated at a power level €, and pressure
p1, and the dynamic behavior of the reactor at 2@ and 2, is desired, then the similar behavior
is obtained by operating the reactor at @, and p,/2.

This conclusion is quite important and useful, and also consistent with the measured
transfer functions of EBWR?.

The above conclusion can be derived as shown below.

The important parameters in Egs. (7) and (10) are 7;, and y,. The defininitions of
these parameters are repeated here for convenience,

T12=Te."1n v, (11)
y2=1+4 ;,z.o;_z; s (12)
1 4i
T.=—| ——
where . Q*( A’v)

Thus, i, and y, are functions of a single parameter, ., assuming that the inlet velocity
V¢* and the boiling length (z;—=z,) are constant. If 7, is held constant, 7., and y,, thus K,
and T, are held constant, assuming that v,/4v in Eq. (7) is almost independent of pressure.

Thus the dynamic behavior of core void will be unchanged, so far as the single parameter
7, is held constant.

(di[4v) is a parameter of saturated steam and saturated water properties, and is a function
of pressure. This is plotted in Fig. 5, which shows that (di/dv) is almost proportional to
pressure.

Thus, 7, is held constant, when power, @*, and pressure, p, are proportionally changed.

~(4) In order to investigate the dependence of the dynamic behavior upon the power level
ﬁnder a constant pressure, y, may be conveniently used instead of @, since co-factors of K,
and T, are functions of a single parameter y, and all the parameters concerning thermo-
hydraulics and core dimensions- are included in y,. :

 The power dependence of jy, Iny., . and 7,, is given in Appendix 2 as a function of
power level. :
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30 T T 1 7 T 1 T 1
K
©
:2‘3 20 —
o
Ko
o B |
N
Y|
10
} |
0 [ N R R [
0 50 100 140
P (kg/cm?)
Fig.5 Pressure dependence of 4i/4v’

The approximate form of Gi(s) for JPDR is thus obtained. From Egs. (7) and (10),
one obtains K;=1.21x10%cm?® and T,=0. 2667 sec, and
8V _ 1.21x10° 3 X
G =5gFige— 1+0.21s %)

The approximate frequency response of G.(s) by Eq. (13) is plotted in Fig. 1 by the
dotted line.

2.3.2 Inlet velocity to void transfer function, G:(s)

The inlet velocity to void transfer function given in Eq. (28)* is
. .2 -
- - Gz (S) - 6V0/V0*— Gl (S) (.28)
i Thus, G.(s) is equal to Gi(s) with a reverse sign.
i A single time constant approximation of Ga(s) is also the same form as that of G,(s).

It should be noted that the time constant of the whole void volume in the boiling region,
when the inlet velocity changes, is also roughly 40% of the void transit time T,
Thus, the approximate form of G.(s) for JPDR is

K __Laix10° ..
G =—1fTs"  1f0.215 O 14

2.3.3 Boiling boundary shift to void transfer function, G:(s)
The hoiling boundary shift to void transfer function given in Eq. (29)* is

_ OV _[ v Au] —ltye ™ N
G (s) —‘—5-,5—-[411) yz] TS—1 (29)

The frequency response of G3(s) at full power is calculated and shown in Fig. 6.
The response of 0V to the step change to 0z, is readily calculated from Gs(s), resulting

in

NP PRI e i et b meitiseM it kg Rl nar S SR L SRR L
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T [ R T 117 T | ] T117 1 i i riry i [ DR
Phase
80— Phase Approximate phase | 1 g0
S~ i
70= Gain . N i —+90
\\\
= o=
§60 Approximate gain 0 3
£ @
3 g
50— r0
ul
40— 80
1 1 P LY 1 N 1 rel 1 11 1111 i t 1111 )
0l O.l 10 10

w (rad/sec)
Fig. 6 Frequency characteristics of Gi(s)

OV (t) = — (2’; : Ac,,)%z(e’/%—l) for 0<t<Ts
67 () = — (-2 =1 f e
(t) = A’U . Aco '——5;— or t22‘13

The step response is plotted in Fig. 7.

From Fig. 6 and Fig. 7, it can be seen that the response of G3(s) may also be roughly
approximated by a single time constant delay in the form of

Gs(s) = e 16)

K is easily obtained as below.

s b —_—— Ve yz'—l .
Ka—'l.l—x}g G3(5) - (A'l) Al:u) ¥a (:17)

It should be noted that the static gain K; slowly increases with increasing power level, since
(¥2—1) [y, increases with increasing y..
In order to facilitate the calculation of Kj, (y.—1)/[y, is also plotted in Fig. 4.

For obtaining the approximate formula of the single time constant T';, the 45°-phase-lag

method is also adopted in the same way as in the case of 7T;. In this method one obtains

1 T
T —_-_ = 12 . 18
P, Z3(y2) (18)

= (5-0)+/E= e

Va 1
yz

2

where

and c=4(£—1——1—) In y,
2 Ya
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It can be seen that z;3(y.) is a slowly varying function of y; in the range of y,=1~3.
Thus, one obtains an approximate formula of 7’3 by expanding z3(y.) at y,=2 into a series,
T'3=1712(0. 6080+0. 050y,) (19)
Using the parameter values of K; and T'; obtained from Egs. (17) and (19), the response
of a single time constant delay given in Eq. (16) to the step change in Jz, is also shown in
Fig. 7 by the dotted line. The approximate step response crosses the theoretical step response
closely at 63.29% of the final value,

¢ (sec)
03 04 05 06 or
0 1 1T ] 1 T
iz
-10 \
N\
\\
—— ~
E RN
P / g
o Approtimation .
x Eq.(20) ]
[
©-20
-30 I ] ! 1 | | I | \l__

Fig. 7 Response of void to step change in 82, (calculated from Gs(s) of Eq. (29)*)
From Egs. (17) and (19) important conclusions can be derived.

(1) The time constant of the whole void volume in the boiling region, when the boiling
boundary shifts, is roughly 70% of the void transit time z;,. It should be noted that T’ is
roughly 1.7 times larger than T4, since the boiling boundary shift to void effect acts on the
bottom of the hoiling region, while the power to void effect acts on the whole boiling region.

(2) The time constant 7'; is almost independent upon the power level. T3 is plotted in
Fig. 8 as a function of the power level.

[ -1

7s (sec)

(0724 04 06 08 1.0 12 14
m =0/tatfuu pmr)
Fig.8 Power dependence of T,

(3) From Egs. (16) and (19) is obtained the same conclusion as the (3) of conclusion in
Section 2.3.1, i.e., the similar dynamic behavior of boiling boundary shift to void is obtained
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when power level and pressure are proportionally changed.

The approximate from of G;(s) for JPDR is obtained from Egs. (17) and (19).
K;=—2.94x10° cm?®/cm,
T3=0. 4664 sec,
. 2.94x10°
Gy(s) = -T2
+() =~ 1F0. 4665 |
The approximate frequency and step responses of Gs(s) by Eq. (20) are plotted in Fig- &
and Fig. 7, respectively, by the dotted lines.
The comparison with the exact calculations shows this approximation is satisfactory.

-c¢m®/cm 1 » ' A (20) v :

2.3.4 Pressure to void transfer function, G.(s)
The pressure to void transfer function given in Eq. (30)* is

Ga(s) —ﬂ- — BtV A 2(CT = D) (ya—1—1Inys) +D'ln 3,
dp do

Fear—cn(1-L) B2y (o —c—pnTe 1L
2

T128
)
Fl=—— TS| — — TiaS .
s o G P T Ea=D\gs (30)*
The frequency response of Gi(s) at full power is calculated and shown in Fig. 9.
90, T T T T T [T 77177 T T T T T T 100
R k’huse of G4 -—Gmn of 6‘4
85 {ffi:? 120
i "/
L . /Approximuhon > < 140
- Rz // N
_ 4 N B
s - Vi A -
© 75 B e 160
— YL \\\ =
= L \/[\\ | i o
S _F ﬁﬁ'f\‘lﬁ\mm -180 2
T g
&5 200
63.3:—
6 1 [ L 1 1% 1 )| ! l 1011 ] 13 1 ‘ 1 11t i L 1 ’ LA ]
.01 ol 10 100

@ (rad /sec)
Fig. 9 Frequency characteristics of G(s)

The first term in brackets in Eq. (30)* may be ignored, since it is 0.8% of the sum of
the other constant terms at full power and 3% at 150% full power. Thus, omitting this term,
one obtains

*A -TIZ[D’—F(A’ _cn-Y—L ya—1 +(A' C'—D" 1l—e—mes
yIny: e T128
1 11—yt ____Ef_) E 1—y,e—Tis
+ Tes'_'l (F Y2 ln Y2 (fcs— 1)2 y2 ln Na ]

Gi(s) =

@1
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The reponse of 6V to the step change in 2 is readily calculated from G,(s), resulting in

0V (2) = — 2V * AT 0’ + (A'—C'—Dnt (_L—E) (ete—1)

v T12 y2lny: 3
__.IL_ (L_. ) £/7s ' |
Y2 ll}yz[ T, 1)e ‘t +1}] for 0<t<Ty2 1 2
and 6V(t) = - Z;YQ*Acofflg (A"“C') (1‘—'—-————32’21;:]);2) for tZTIZ ]
where a'=D"+ (A'LC')_&_:L_‘_E_ ]
y2lny:  ye

o tlsedd r.o4pasec 7,
-0 0.l 02 03 04| 05 06 | O7
O 711 T 1 T T T

) '°E [~ —
(3]
© Approximation
= : Eq.(27) . A
~ P
w o,
rd
N Pt
47
. /// 4 .
/,///
s
rFad
7 td
oz

Fig.10 Response of void to step change in #p (calculated from Gi(s) of Eq. (30)%)

The step response is plotted in Fig. 10. From Fig. 9 and Fig. 10, it can be seen that the
response of G,(s) may be roughly approximated by a single time constant delay in the form

of
G ¢ bl+%T‘s 3)
4(5> _a+l+T45— 1+T4S (2 -
s where b=a+t«c

R a is the step change in 8V at t=0, i.e. the initial value, and & is the final value of 6V

in Fig. 10. Thus, @, & and ¢ are obtained from G,(s) as

a=— Z’ Vo*Am'rlz[D,’l_ (A’ —C,)-————yz_ 1 — E]

v yzln.’)’z .—')"z
—_ Dy A T v — ye—1 .
b= = BVt A T (A o1 2 yz) (24)
—__ Vs ; *A L7 D — 'Y yo—1 E_
o= —2Vi*A, Lm[(A C'—D")—2(A'~C) 2 ]

The values of @ and & are plotted as a function of power level in Fig. 11. The value
of a decreases appreciably with . increasing power level; the transient overshoot of the step
response becomes smaller, i.e. the void becomes harder as the power level increases.

In order to obtain the approximate formula of T Gi(s) is first approximated by a
transfer function with a step response of straight line between point A and B in Fig. 10.

The first approximation is
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X
ms= 0/(0¥ull .pdill‘)

= 04 06 08 10 12 14
O T T 1 T i
Final véilue b

)

cm’
kg/cm?
o

57 (x10°

W

.\c\

B /@ .
a ondl b are defined

0 / in Eq/24)

LV

Fig. 11 Power dependence of ¢ and &

G, (5) za-[—ck_eﬂs_ (25)
T125

The above equation is further approximated in the form of Eg. (23), where the time

constant T, is determined by the 45°-phase-lag method applied to (1—e~%5)[T1z5.
The result is

T,= %rm=o. 6372, (26)

Several important conclusions are derived.
(1) The time constant of the whole void volume in the boiling region for pressure change
is roughly 60% of the void transit time Tp..

(2) The time constant T, is almost independent of power level and is plotted in Fig. 12
as a function of power level.

05 ——] —‘
_ —t1 | Ta
ry I ——]
L4
2 L -
N
0 1 I ! 1 1 1

02 04 06 08 1.0 1.2 14
m= 0/(Oxfull povur)
Fig.12 Power dependence of T

The approximate form of Gi(s) for JPDR is obtained from Egs. (23), (24) and {26),
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giving a=-—0, 2076 X 10° cm®/kg/cm?

b=—0.0171 % 10° "

c= 0,1905x10° ”

T.= 0.4215 sec
0. 1905
G 21 ) g
an 1 (s) 0 2076+1+0 15155 X 10
v
=—0.0171 x 10s1+5. 1175 _cm?® (27)

1+40.422s kg/cm®

The approximate frequency and step responses of G,(s) by Eq. (27) are plotted in Fig. 9
and Fig. 10, respectively, by the dotted line.
The comparison with the exact calculations shows this approximation is satisfactory.

2.4 Core Boiling Boundary Transfer Functions
The core boiling boundary transfer functions, G;(s), Gs(s), G;(s) and Gs(s), which relate
boiling boundary to the power, to the inlet velocity, to the inlet enthalpy and to the system
pressure, respectively, have been given in JAERI-1044. Some of their characteristics and
simplifications are given below.

2.4.1 Power to boiling boundary transfer function, G;(s)
The power to boiling boundary transfer function given in Eq. (3%a)* is

Gs(s) = ()Qa/zé* —(m—=0) —l—ztm—s—“

The frequency response of Gi(s) is calculated and shown in Fig. 13. G,(s) is almost
independent of the power level, since the non-boiling length (z,—2,) and the inlet velocity
Vo*, thus 7y, are considered independent of power level.

._e—‘L'mS

(39a)*

40 T T T T T T T T T T
prpmxlmaie gum

m -I 80
RS
320 :\\\ 4‘%\ GO N % —i-200

7
\

" Dpproximate phase S \ A\\

2
%
%, 280
() ~,
@\ \ N
- \ *4-300

. \

. 320
! T AN i - [||11 ALY 360

o] 10 r '/r5=3-7

W (rad/sec)
Fig. 13 Frequency characteristics of G;(j®)

34

--220
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o
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Phase (deg)

o

The response of §z; to the step change in JQ/Q* is readily calculated.
0z, (2) = — (21— 20) t[Tr for 0<t<7y }

and 0z, (£) =const= — (2,—=z,) for t>7y, (28)
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The step response is plotted in Fig. 14. Thus, 1% change in 0Q/Q* results in —O0. 465
cm change in 0z,.

¢ (sec)
To0:0415
_ R
1S B
L RN
— N~
& -465 | ==

Fig. 14 Response of 8z, to step change in éQ/@* (calculated from Eq. (28)>

Gs(s) may be approximated by a single time constant delay in the form of

= Ks .
Gs(s) = 1+Tss (29)
K is readily obtained as
Ks=—(z1—=20) (30)

T; is also obtained by the 45°-phase-lag method applied to 1/(14+T5s).

Ts= %7:01 =0. 63667 (31)

It can be seen that the timeconstant 75 is almost 649% of the flow transit time 7Ty in
non-boiling region.
The approximate form of G;(s) for JPDR is thus obtained,
K;=—46.5 cm,
T;=0.6366x0. 415=0. 27 sec,

. 46.5 \
- (32
Gs()=—17057 °m =)

The approximate frequency response is plotted in Fig. 13 by the dotted line, and the
approximate step response in Fig. 14,

2.4.2 Inlet velocity to boiling boundary transfer function, G:(s)
The inlet velocity to boiling boundary transfer fanction given in Eq. (39b)* is
. L N 621 ——
GO =g
Thus, Gs(s) is eqjial to G;(s) with a reverse sign.
A single time constant approximation of Gs(s) is also the same form as that of G;(s).
Thus, the approximate form of Gg(s) for JPDR is

(39b)*

K. _ 46.5 o
Cels) = 1+7es 140.20s 33)

2.4.3 Inlet enthalpy to boiling boundary transfer function, &,(s)
The inlet enthalpy to boiling boundary transfer function given in Eq. (39¢)* is

G;(s) :iz_l..—_—_ — (21.—20) Ow _g—Tos'= Kg—Tois

g T &* (39¢)*

where K; is equal to — (z;

_ Ow
“#0) Ta@*

This function is very simple and represents a pure delay. However, it should be noted

 —-r
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-that it is not easy to simply simulate-a pure delay on an analog computer.

It should be also noted that the gain of G;(s) is inversely proportional to the power
Q*, since Ty is almost independent of power level. ‘

The numerical form of G,(s) for JPDR is

keal g
G (s) =—7.07e-0-415 cm , (34)
' [ (e) .
This transfer funcnon shows that the temperature change 1°C in the inlet subcooled water
results in —8.5cm change in the boiling boundary, since the enthalpy gradient to temper:ture

at the operating condition is nearly 1.2 kcal/°C.

2.4.4 Pressure to boiling boundary transfer function, Ga(s’)
The pressure to boiling boundary transfer function given in Eq. (39d)* is

Gals) = ?ﬁ_ (z,—zo)_—B'—Ka (39d)*

j This transfer functlon is constant. However, it is almost proportional to z., thus, depends
' upon power level appreciably, since Ty; and (z,—=2,) are almost independent of power level.

In Eq. (39d)* the second term is neglected, which is given in Eq. (39)* by
D 1—eg %

Vs z'-015

—(=—z0) = (35)

This term is about 1% of the first term. The physical interpretation of these terms is
as follows. The first term, Eq. (39d)*, represents the effect of change in saturation temperature,
and the second term the effect of change in mass flow at boiling boundary, caused by water
density change directly due to pressure change.

The response of 0z, to the step change in 0p is shown in Fig. 15, where the first term
response is plotted by the dotted line and the combined response of the first and second terms
by the solid line.

~ Approximate
—_ 0.098
E 903 ————————————':' =
- \Exaci
N
w
I
. 0 o =0.415

; ! (sec)
L Fig.15 Response of 82, to step change in 87 (calculated from Eq. (38d)* and Eg. (35))
. The numerical value of Gg(s) for JPDR is calculated from Eq. (39 d)*.

Ga()=9.03 om/ (36)

2.5 Vessel Pressure Transfer Function

Vessel pressure transfer functions, Gis(s), Gi:(s), Gis(s) and Gie(s), which relate the
vessel pressure to the steam flow to load, to the feedwater flow, to the power and to the feed-
water enthalpy, respectively, have been derived in JAERI-1044 by a distributed parameter
model. ' : ‘
In order to obtain the physical mterpretatlon and the simplification of these transfer
functions, some modifications are made.

The energy flow balance is obtained, by multlplymg Eq. (62)* by 4i/dv.

H, -s-0p= (22— Z‘; «di O W—Q¥0z, (37)
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Here, H,, is defined as

i '
pl=—2]%-Apr= (Hpr) ves T+ (Hpr) €0y (38)
where (Hpr)“s= {M,*(A-{-B) +Mw*B} —j_;{M’* (C+D) + M XD} ——V'}u’

A N -
(o= GV *E (= Tus) = 4LV €1 A) (£ (35— 1) + T}

B, is ignored in"deriving Eq. (37) as it is sméll'cd_rrip'are'd with- A, and almost 0. 6% of
the A,. S I S -
The physical interpretation of Eq. (37) is of interest. Each term on the right-hand side
represents the energy flow into the vessel through the external disturbances; 0z; is considered
as an external disturbance although it is affected by 0Q, 0V, 8%, and dp.

The first term is the power change in the boiling region, the second is the energy flow
carried by the steam flow to load, the third is the energy flow carried by the feedwater flow
and the fourth is the power change caused by the boiling boundary shift. The mismatch of
these energy flows is balanced by the change rate in the energy content inside the constant
volume of the vessel, resulting in pressure change. Thus, H, represents a derivative of the
energy content inside the vessel with respect to pressure.

(H,.)ves is associated with saturated steam and water in the vessel excluding the core and
riser, and is determined only by the masses and properties of steam and water. The first term
is associated with the heat content of steam and™water, and the-second term with the energy
change due to steam flashing and condensation.

(H,)., is associated with the core and riser, determined by the thermo-hydraulic pa-
rameters and core dimensions.

It should be noted that (H,)., may be ignored as it is small compared with (Hp:)ves and
of the order of 1% of (H,). as shown below in the numerical calculation for JPDR.

It is evident that G,, in terms of . is

G,,,=.§L;-H1p: L (39)
Thus, the simplified vessel pressure transfer functions are obtained as

G“’:b‘_(zﬁ—/'é;,: — i Hlms=Gm’ . I-}p,s (40)

G“=Tc§1/ba“*= (a2 @* g =G (42)

Gu= 32 = —Q* =G’ (43)

The modified block diagram is obtained by the above functions, as shown in Fig. 16. G4,
Gy, Gis' and Gyo' are the newly defined functions indicated in the diagram.

It should be noted that G,¢’ and G,,’ are independent of power level, and G,s and Gy,
are proportional to power level.

It should be also noted that Gy; may be ignored as it is small, since the major part of
the effect of W, is the path through &, and 8z, to 8p, i.e. G19*G;*Gy, as shown in Fig. 21.
G,; is of the order of 5% of the Gis°G7+Gze.

The numerical values of those transfer functions for JPDR are;

G =—4di=—-373.4 keal/(kg)
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Hpr is defined in Eq.(38)
Fig. 16 Block diagram of modified vessel pressure transfer {function

G = Z; -4i=16.19 keal/(kg)
Gro' = (za—2) Q¥ ="7. 4X 10° kcal/sec
1/ = —Q¥*=—T70. 80 kcal/sec-cm
H,o= (H,) vt (Ho) o= (4. 814X 10%) + (4. 4X 10)
=486 10° keal | XE,

2.6 Inlet Water Enthalpy Transfer Function
Inlet water enthalpy transfer functions, Gu(s), Ga:(s), Gu(s) and Ga(s), which relate
the inlet water enthalphy at the core inlet to the recirculation flow, to the feed water flow,

to the pressure and to the feed water enthalpy, respectively, have been derived in JAERI-1044
by a distributed parameter model.

These transfer functions are

0 W+ i,—1 s B e A0 K
Gzl=6u;n= W:,* WR*-{-IiV,xue Tus = Ky~ T8 (69a)*

Gon = 0y _ _ Wr*  du—i;

g2 = il = — ¢=T0s = K pae=7aS i
= oWy Wo* W+ Wit F¥ = Kppe ™0 (68b)
. * T
2 =’g% = Hu;j:kBe_rds + “]/:0:!: Y:}"l‘l, §= Kyye 9+ Ky (69c)*
, £
Gui= -32—1’ = E,f'*"““s=Kue"““ (69d)™*
o

where K,, through K,, are newly-defined parameters and their definitions are evident.

It should be noted that they are very simple and include pure delay terms, which, however,
are not simply simulated on an analog computer.

G2 (s) and Gy (s) are proportional to power level, assuming that Wy* is independent of
power level and W¢* is almost equal to Wi* which is proportional to power level.

On the other hand, G.,(s) and G3(s) little depend on power level, since the following
relations hold :

K= Wk — Wik =Wk — W* |

and W* is almost 4% of W,* at full power. Thus, these transfer functions may be assumed
to be independént of power level. However, this is not the case when a reactor is operated
with a greater exit quality at full power.

The numerical forms of inlet water enthalphy transfer functions for JPDR are readily
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- calculated.
0,
Gs (s) = ==2-=0. 0138be—12s
21() W e
Gaz(s) = B’f’ =—0, 315¢12s
@@—%

=1. 23e~12°4-0. 489s
op

G (S) —-—610— =0. 042¢—12¢
i

keal/(kg)

(kg)/sec

keal/(kg)

. (ke)fsec
: kcal/(kg)»

“kglem?

2.7 Inlet Velocity Transfer Function (Hydrodynamics)

The inlet velocity transfer functions, Gv/G,(s), G.(5)/G.(s), Gu(s)/G,(s) and G,(s)/G.(s),

which relate the inlet velocity to the void volume in the core, to the power, to the boiling
boundary shift and to the system pressure, respectively, have been given in JAERI-1044.

It is concluded that

JAERI 1061 -

(1) A resonance tendency appears around @=2 in the gain characteristics of the inlet velocity

transfer functions.

The resonance frequency of @=2 is roughly explained below. The transit time of
variation around the natural circulation loop may be estimated roughly 3sec, which is

obtained by assuming that the transit time is ejual to 7.’ defind in Eq. (48).

resonance frequency is 27/3 =2 rad/sec.

Thus, the

(2) The effects of the inlet velocity transfer functions are considered to be very small.
However, some of their characteristics and simplifications are of interest and are given

below. The pressure dependence of these transfer functions is not considered.

2.7.1 The characteristics and approximation of 1/G.(s)
G.(s) given in Eq. (54b)* is

GV(S> =Gv01+GV12+GV23+Gv34+Gv45+Gvao+[FPD]I
Each term on the right-hand side is defined in Egs. (41a)*, (42a)*, (43a)*, (45a)", (46a)*,

(47a)* and (54c)*, respectively.

(54b)™*

The approximate transfer function of G,(s) may be obtained in the form of a single time

constant.
G,(s)=K,(1+T,-s)
K, and T, are defined as

m=@yﬁ&z

T,/
K/

T,=

where

K= (y=1) (1078 ) + LEEDL
yeVo* aowvo
A

co

T,/ =To1+Tia+ 12 (Tos+Tas) + 12Tu5+Tso

(44)

(45)

(46)

(47)

(48)

The above equations are obtained by finding the asymptotes to t‘ne gain characteristics of
G,(s) for s— jO and s — joo. In Eq. (47) the following term has been neglected as it is small

compared to the remaining terms, i.e., —gy4u( y2+1:)—3’_¢l‘?/:_*: +2¢%. Thus, K, and T, are
2Y 0
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simply expressed in terms of the design parameters.

The numerical values of K, and T, for JPDR are readily obt_afned, K,=0.902(kg)/cm?-
sec, and T,=0. 24 sec. ‘
)21l oe. S
Thus, 1/G,,‘(s) ~1+0.25 ‘crp sec/(kg) , | (49)

The gaini and :phase charaéfe:igﬂcé. of l/vévr(sﬂ)l .‘ége_ shownm Fig. 1,7,'~w11é:fe ,tﬁel apﬁfoximate
form of Eq. (49) is shown by the dotted line and the exact calculation of Eq. (54b)* by the
solid line.
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:{/‘___Xﬂ —Opproximation
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i, [Approximuﬁon
S ~

~,

—
—~ -
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_40 I 1 1 [ Lt 11 I | [ l 1t { [ | l |
O.1 1.0 10 100
wl(rad /sec)
Fig.17 Frequency characteristics of i/G,(s)

It should be noted that a slight resonance peak in-the gain characteristics is observed
around @=2. It can be shown that this resonance peak becomes larger as the frictional
pressure drop, i.e., [FPD]’ decreases.

2.7.2 Void to inlet velocity transfer function
The void in the core to inlet velocity transfer function is expressed as Gy/G,(s), where

Gy is constant and equal to g(pw—-p,)_le.i,

Thus, the frequency characteristics of the void to inlet velocity transfer function are the
same as 1/G,(s).

It should be noted that the resonance peak appears in the exact gain characteristics of this
transfer function as stated in the previous section.

This transfer function represents the process, in which the change in the inlet velocity is
caused by driving head change of natural circulation due to the void volume change only in
the core.

On the other hand, the change in void volume in the riser also results in the change in
the driving head of natural circulation. These effects are included. in the transfer functions
which relate the inlet velocity to the power, to the boiling boundary shift, and to the system
pressure. ‘

The approximate form of the void to inlet velocity transfer function is



20 Dynamic Analysis of Natural Circulation Boiling 'Water Reactor JAERI 1061

Gu(s) 0V, _g@u—p) , 1 (50)
G.(5) v AJSK., 14Ty "

The numerical form of Eq. (50) for JPDR is readily obtained.
GV (5) __5Vn~ 1.34x10* cm /cm (51*)

G.,(s) oV 14+0.245 sec
It can be seen’ frOm the physical understandmg that the effect of this transfer function -
is “very’ srnall since “the- mlet “velocity change at steady state due to 103 cm?® change in void
volume in ‘the core is calcilated to be 0.134 cm/sec. = ‘

2.7.3 Power to inlet velocity transfer function
The power to inlet velocity transfer function is expressed as G,(s)/G.(s), where G,(s) is
given in Eq. (54d)*
G, (5) =G +G2+G™ (54d)*
Each term on the right-hand side is defined in Egs. (42c)¥, (43b)* and (45b)*, respectively.
The approximate transfer function of G,(s) may be obtained also in the form of a single
time constant.

Go(s) =K, (1+T,s) (62)
K, and T, are defined as

K,= ( £:°V°*z) K/ (53)

T,=Ls, ‘ (54)
where  Ky'= (94— D) | 4Tt — (1= | (55)

T, = _[z,z(ﬁ; —1) 12 (32—1) (T T | (56)

It is evident that T, is always negative.

The above equations are obtained in the same way as in the case of G,(s). Thus, K,
and T, are simply expressed in terms of the design parameters.

By the use of Eq. (44), the approximate form of the power to inlet velocity transfer
function is

Gy(s) _ 0V, Ky 1+Ts_ V"‘K 1+T,s (57)

= PO S N enli il

i) T/ K. T+Tws  ° K T+T.s

The numerical values of K, and T, for JPDR are readily obtained, giving K;=14.5 (kg)/
cm-sec® and To=—0. 45 sec.

= — ) _ﬁg)__ RPN
Gy(s)=14.5(1—0.455) B4 (58)
Gus) _ 8Vo _ ¢ 11—0.455 :
G = P~ 16. 1—-——-———1_*_0. s cm/sec (59)

The frequency characteristics of G,(s)/G.(s) are shown in Fig. 18, where the approximate
form of Eq. (59) is shown by the dotted line and the exact calculation of G,(s) /G.(s) by the
solid line.

It- should: be noted that an appreciable resonance peak in the exact gain characteristics of
G,(5)[G,(5) is observed around @=2. ‘

It can be seen that the effect of this transfer function is very small, since 1% change in
0QJQ* at steady state results in 0. 16:cm/sec change in 0V,.
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“~. Approximate phase
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Fig. 18 The frequency characteristics of 55}8 ==Gq(8)/G,(s)

2.7.4 Boiling boundary shift to inlet velocity transfer function
The boiling boundary shift to inlet velocity transfer function is expressed as G, (s)/G,(s),

where G.,(s) is given in Eq. (54e)*
G (s) =G +G, ¥ +Gau P +Ga* (54e)*
Each term on the right-hand side is defined in Eqgs. (41b)¥, (42d)*, (43c)* and (45c)*, respectively.
The approximate transfer function of G.1(s) may be obtained also in the form of a single

time constant.

G.u(s) =Ku(1+Tas) (60)
K, and T, are defined as
Ka=(2evid Ko BN GY
¢ - Tﬂl ‘
T:l Kﬂ, (62)
where K, = —-yg;'.o* (Tag—To) + (1—2) (63)
T =Ty2+ 12 (Taa+Ta0) —To (64)

It should be noted that 7%, is always negative.
The above equations are obtained in the same way as in the case of G,(s). Thus, K,,

and T, are simply expressed in terms of the design parameters.
By the use of Eq. (44), the approximate form of the boiling boundary shift to inlet velocity

transfer function is
Ga(s) _8Vo_Ka 14+Tus_ Kun' 1 1+Tus ' 65)
G.(s) 0z K, 1+Tys K, T, 14+T.s
The numerical values of K,, and T, for JPDR are readily obtained, giving K,;=—0. 140
(kg)/cm?«sec? and T.;=0. 049 sec.

Gur (5) = —0. 14 (1—0. 0495) Eéf—ilg (66)
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Ga(s) Vo g 1561—0.0495 1
G.(s) 0=z ’ 14-0.24s sec
The frequency characteristics of G,;(s)/G.(s) are shown in Fig. 19, where the approximate

form of Eq. (67) is shown by the dotted line and the exact calculation of G,i/s)/G,(s) by
the solid line:

(67)

0 T T [T T T[T T T T

Gain (dbz
o
1
=
livo
ja
IU'
i
]
|
|
|
| N8
I =1
| >
|
|
|
|
:&
5.

Approximate_gain

8

™.
\\I_— 2?_'9|2 dP_L_]_L

R N EEE R RN

w =20.04
180 180°
T T P+ _ T adbokmate | N R IR
B “C&@rgim%use ]
\\ Rty |
= h Se \\\\ .
g \Q Toe ]
S o . 0
2. \ !
u--
—\J" |
-igol RN EEE oo ot
0.l 10 100
W (rad/sec)
Fig. 19 The frequency characteristics of ‘;‘;"=Gn(3)/6v($)
1

It should be noted that an appreciable resonance peak in the exact gain characteristics of
G.(s)/G,(s) is observed around w=2 as in the case of G,(s)/G.(s).

It can be seen that the effect of this transfer function is very small, since 1cm change
in 0z, at steady state results in 0. 156 cm/sec change in 8V,

2.7.5 Pressure to inlet velocity transfer function
The pressure to inlet velocity transfer function is expressed as G,(s)/G.(s), where G,(s)
is given in Eq. (54f)*
Gp(s) =Gp01 +Gp12 _|_sz3 +G,“ +Gp45 (54f)={=
Each term on the right-hand side is defined in Eqgs. (41c)*, (42e)*, (43d)*, (45d)* and
(46b)*, respectively.
The approximate transfer function of G,(s) may be obtained in a quadratic form of s.

Go(s) =K, (1 +&s%) (68)
K, and & defined as
K,= (f:f Vi) K, (69)
4
=% (70)

where
K =an+aiztaztastas ]

71
E,=‘512’+'§23’+634, ()
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The parameters of a,; through a. and &2’ through &' are defined in Appendix 3.

The above equations are obtained by finding the asymptotes to the gain characteristics of
G,(s) for s = jO and s — joo. Egq. (71) shows that K, and £ are not so simply expressed in
terms of the design parameters.

By the use of Eq. (44), the approximate form of the pressure to mlet velocnty transfer
function is

%’—"-G()/G ©=F(1+ ﬁ) |
-V}(I,f (1+ Ev ) | (72

The numencal values of K, and & for JPDR are obtamed from Egs. (70) and (71), giving

K,=—0. 515%1%)_8% ck_n% and £=—1. 45 sec?.

Thus,
—~— _ 2 (kg)-cm E
Gy(s) =—0.515(1—1.45s%) — 27 /= (73)
and
G,(s)/G, (s)_a_V_°~—o. 572(1—6. 04s) < /kg (74)
sec/ cm?

The frequency characteristics of G,(s)/G,(s) are shown in Fig. 20, where the approximate

form of Eq. (74) is shown by the dotted line and the exact calculation of G,(s)/G,(s) by the
solid line.

40 T T T[T T T T TTTT T L R
30—

B -~ 150
~20 180 o
= 3
- T 210 @
£ (ol— 2
& --240 &

-1-270
ol—
- — —
-4.8db \_Approximate gain
-10 ] Co b 1 [ L1 1 I AT
0.0i Q.1 : 1.0
w (rad/sec)
3V, _Gp(s)
Fig.20 The frequency characteristics of —-2 ETNO)

It should be noted that a resonance peak in the exact gain characteristics of G,(s)/G.(s)
is also observed around w=2. -

2.8 Recirculation Flow Transfer Function
The recirculation flow transfer functions, G,5(s), Gx(s) and Gz (s), which relate the
recirculation flow to the feedwater flow, to the inlet velocity and the pressure, respectively
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have been given in JAERI-1044.
These transfer functions are

_ W _ N

Gos =5r 6Wf -1 {63&)
— 5 WR — Vu* . = S

O = STV | (63b)
— 6 i [ R __ k D Mlub avsub 4

G27 - 6? - VO 'Uwz Vosb ap *S (630-}

They are very simple and all independent of power level, since V¥ may be considered

to be independent of power level.
It should be noted that the effect of the recirculation flow on the whole system dynamics
may be ignored, as shown in the later section.

The numerical forms of those transfer functions for JPDR are readily calculated.

Gas(s) =%Vv‘(;‘= -1 _—

f
Gae(s) = —53%0* =500 (kg)/sec
G (s) = “;R —1.205—20. 8s g;g/)c/;ezc

2.9 Summary of Simplified Transfer Functions
The simplified transfer functions derived so far for a natural circulation boiling water
reactor, are summarized and given in TABLE 1. The interrelations between these transfer

00
. s 7] e DA
Retlvny Shex/B ! - . 5Q/Q"

SW. @Loud

Feedwater

(I) Core Void Transfer Function (IV) Vessel Pressure Transfer Function

(II) Boiling Boundary Transfer Function (V) Recirculation Flow Transfer Function

(1) Inlet Velocity Transfer Function (VI) Inlet Water Enthalpy Transfer Function
(Hydrodynamics)

Fig. 21 Transfer functions of natural circulation boiling water reactor
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2. Simplified Transfer Functions

TABLE | Simplified transfer functions
Symbol Olgg?;:t Transfer function Symbol 91%%%- Transfer Function
s+2 6p 1
onfn* —r————r G ke (2.—2)Q*- .1 =
Ge | g 55 (s+ 542) B 1S
- op w1 .1
Co | 20U 1 Go | g i
* onfn* 1+Tys i,
a ~T4S
G 00; 0% —0,* (G 5W?n Kue
f2 on/n* 1+Ts -
1 —Ty4S
G Fivd K, (e FW;—( Ko
* 3Q/Q 1+Tss .
1 r —Tg5
G | X __K Co | 5 Hue A Raes
2 oV, 1+T,s o
1 —Ty§
G _,?’_‘7 Ka Ge« -Ei—: Kgde
: 6z 1478
) (G‘-]/Gv) @—I_/T? g(pw - pn)_. 1
, G 5 1+%¢ﬁ oV A K, 1475
4 e
op 1+Ts (Go/G)) oV, Ve WK 1+Tgs
Qe K/ 15T
G 8z, K
¢ BQ/Q* 1+Tss (Gz‘/G ) 6Vo 1 IXH 1'!' HS
¢ Bz, - K/ 1+T.s
G 8z, _Ks ! i ’
° oV, 1+T,.s &V, 7w Kp!
e GG | 5 Vel £ (14 ,T:s)
G, @ 1{73_1-“8 W
Oto " (Gas) X ~1
) i w
z
Gs —éj- K, (Gao) EWR an_'
L SV vy
Gie _0p 4. 1.1
oWy, pr S (Gu) Wy __I/"*D Mo a;suh s
] Vo? s
o ip vw P p v 9P
1 Wy Hy s

not be used when 8V, and éWy are ignored.

functions are shown in Fig. 21.
The parameters appearing in TABLE 1 are summarized below in terms of design parameters.

RN

K = (—3—'* VO*Aco) T12 (1 -
v
T1 =t1°(0. 3816 +O- 0109

_ Us ya"‘l
Ks—- (4 Aco) yz

-1 )
e ln y2
yz)

T3 =Tq2 (0. 6080 +0. 050 yz)

a=— (—g‘; Ac,)'c,z {D’
b=— ( v V.,*Aw) T1a(Al—

T4 = 0. 6372-12
Ky=—(2, —2o)
Ts =0. 6377:01

K;=—(z1—2o) —-——T::b*

+ (A —CHy 222 Yo —

C)(

Yalny, “ﬁ} ]

Y2 ln .')’2)

Brackets in the columns of symbol indicate transfer functions, which need

)

(10)
(17

(19)

(24)

(26)
(30)
(31)
(39c)*
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K8= (21—'20) :e 'B,
01

JAERI 1061

(39d)*

Hom (Hy) = | M (A+B) + M*BY 45 (M*(C+ D) + M*D} =L (38)

. K ._____Wi*_ iw—if R
CORTWE W WE
K22= WR* iw'—if

- W * War+ W
_We*,
K= W B

V‘“
Ky'= Wo::J
W*
Kz4=W:—;<
K.= ( - V.,*)K,,’
K= (=) (10 )  LTPDT
Vo Pw 7+
A, °
Iy
T=%

T, =To+Tia+ 12 (Taa+Taa) + 220Tas+Ts0
R T

Vo
N L T
K.'= s (=) + (1)

Tam

T =Trp 17 (Taa+Tas) —To
K)/=an+az+an+tautai; (see Appendix 3)

’
—T(?
§’=512'+C‘23’+§34’ (see Appendix 3)

4 (69a)*

(69b);“
(69¢)*
(69c)*
(69d)*

(45)

(47)

(46)
(48)
(55)
(54)
(56)
(63)

(62)

(64)
(71)
(70)

(71)

The simplified transfer functions given in TABLE 1 in which the numerical values of the
above parameters are substituted, are shown in TABLE 2, where the forms used in analog

simulation are also given for comparison.



R

JAERI 1061

* 2./ Simplifid Tranisfer Functions +* o7

'TABLE 2 "Transfer functions obtained by analytical approximation-and, those for analog simulation

Symbol |- % Obtained by formula. of TABLE 1 Analog Similation
 Bam o 14135 0,077
G onin~ 0.077,1+13s _ 0.077
® 3HIA TSCT+0. 00785 =5
G '1%% e PRI LS -Same-as the left.
Gar s o — “Same as the Teft.
G, Fg/%“? ’ : %Ole’% cm® Same as the left.
i 1.21x10°
G- —L21x10° " )
(G2) 57, 057 Same as the left
. a7 2,94 10 1.5 0.5
G W —2.94x10 . -9 of L5 __0.5
: 7 140, 4665 cm?jem 2.93%10 (1+0. 3510, 133)
- 15 0.5
c. W 0. 0171 x 10sL5: 117s cm? Lorxo( e 05 )
3 1+0.422 kglon® - :
2 +0. 422 glem —2.06x10¢
Gs ?g/% ——'1_-:%%9 cm Same as the left.
8z, 46.5
(GG) EV; m ” Same as the left. :
3z, 7 7g-t-ass cm _7 o7l=0.21s
Gr s 1. 07 Kcal/(kg) e
02, cm
Gs 7)‘_1; 9.03 W Same as the left.
G 8p __3134 1 kg/cm? __0.0801
1 oWy, 4.86x10° s Cke)/sec )
¢ 8 16.19 1 . 0.00334
" oW 4L 8XI10° 5 e
ap 7.4x10° 1 . 1.525
G Fayod 1.86XI0° 5 kgfem s
8 ~_T08 1 s _0.0152
Gus 52 L8105 ke/em 5
a_iu_ ~125 keal/(kg) 1 *
() P 0. 01395¢ STy 0. 01382( Delay]
G —%— ~0, 3150712 ” -0, 317[Delay]*
oWy
G -125 keal/(kg) *
G:a » 1. 23671340, 489s “glem® 1. 23[Delay]*+0. 5s
Ga %: 0. 04215 _— 0. 042[ Delay]*
f
. v, 1.34 %104 cm [ 1.32% 10~
(GelGe) i 1+0. 245 “sec /™ 140,255
Ve 1—0. 455 1—1.32s
GG | somF 16- 1 0-08s om/sec 16. 1375755
Ve o 1eal—0. 0495 o 0, 1541=0- 195
(Goa/G) o 0. 15612005 sec 0. 154122
8V, - - Lm (kg - —5.
(GolGy) 5 0. 572(1—6. 04s) o8 0. 542(1 5. 465)
(Gas) i—?{,’: -1 _ Same as the left.
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Symbol ?;;i‘;t Obtained by formula of TABLE 1 Analog simulation
oWr
(Gze) A 500 (kg)/sec Same as the left.
W, sec
GO ~1.205-20.85 Ll Same as the left.

approximation of ¢~ by four tferms.

[Delay}* is simulated by cascade connection of a single time constant delay of 2 sec.and Pade
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3. SIMPLIFIED MODEL BASED ON TRANSIENT ANALYSIS

Analog computer studles on transient analyses based on the simplified tranfer functions
derived in Chapter- 2 ‘have been made,: which will be given in Chapter 5. o
The following results have been obtamed which are. of great use for sxmphfymg the block
diagram: :
(1) The effects of 0V, and Wx on the dynamic characteristics of the whole system are small
and may be ignored.
(2) The effect of s6p on 0i, is small and may be ignored. Thus, G;s may be assumed to be

B e—tas,

1to
equa W

The simplified block diagram based on the above assumptions is shown in Fig. 22 (Simpli-
fied Block Diagram, Type-1).

The model of this diagram is good over a moderate frequency range and is appropriate
for stability and transient analyses and control system design.

It is important how the parameters in the simplified transfer functions depend on power
level, #* or @* which is proportional to #»*. Some of them depend on @* and others are
constant. The power-level dependences of their gains and time constants are given in TABLE 3.

Some of the computer results on which the present simplification is based, are given in
Appendix 4.

TaBLE 3. Power dependence of transfer functions

Symbol Power dependence of gain Powe:hggpsgggg%et of Analog simulation
G, K,c/)g“‘ Qlf slightly dependent almost independent possible
G, dependent on @* almost independent possible
G. dependent on @* almost independent possible
Gs independent of @* independent possible
G inversely proportional to @* independent approximation
Gy proportional to r, —_— possible
G independent —_— possible
G independent —_— possible
Gu proportional o @* _ possible
Gi» proportional to @* _— possible
Gau . almost independent -— approximation
Gaa almost independent — approximation
G proportional to @* _ approximation
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5k.r/‘3 m
| ’%‘(Gf*-e w)
GR 50 : ’
Kex/, — 5”/,,* G /0 ,GI’B Gis o
‘ Al ' (2-20 & ® -4 -
%S(S+-§+}\) 1+7¢5 .
Sy < 6n Gir
P e _0* .@ A7
e : -
57 G\ 50 ¥ » v
Ky @ T
b1+ ;| S Hpr
G
K3 5Z|
T+ 755 6o
Ga
pl +’Z‘73;5 &p
I+ 73 s
62, Gs Gz3
Ks -T45
T+ 755 Kaze
G7 s, 622 &
p I i Wi
Kre O Kaae
Gg Gza 5
=T f
KB que 45
Fig.22.1 Simplified block diagram (Type-1) of natural circulation boiling water reactor
(The effects of 8V, and 6W are ignored. Ku's in Gu is also ignored.)
Ql_r ¥*
6kT/ﬁ B (Gf*—@ w!
G 13
5 R S Gy, % Ga K cal G (Kgy
/l’ex/B [+13 s I r\sec SeC S
3 —
0077 rooores) | Lit1Zs 74x10 313.4
ol = 4 ,
/"{3 -2 47x10° Gis Gy
-70.80 16.19
o7 | cm? G 30, % .
3 i.21x 105 @ 205810
% 1+0.27 s 5
Gz
594x10%] 97 cm 5
1+047 s
Ga
op Kg /em?
5|+ 5.117s .
-0.0171xi0 170422 5
cm
bz Gs %) Ga3
' 6.5 @ PeEET
1+ 0275 lese
67 GZZ
_(-o.tuss 8/ 03158 % (Kgl/sec &w,
rote Keal )
K G
Ge &p (Kol ‘—-3—fﬁs— {Kg)/sec b/t
1 9.03 0.042e —~

Fig.22.2 Simplified block diagram (Type-1) with numerical values substituted

A ¢
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4. SIMPLIFIED MODEL WITH SMALL TIME CONSTANTS NEGLECTED

In order to further simplify the model shown in Type 1 of Fig. 22. 1, the feedback transfer
function is reduced to two feedback paths; ome from power to void and the other from power
through pressure to void. This modification is made by manipulating the block diagram so
as to eliminate 0z; and 0i,.

d—'r..é(_o*
ﬁ W lUwl
Skex/ Sry_% Ye) »
B "n /0% Load
—é—k-—o—- Gr = Gt | G1a+ G5 - Gig -4 66 f————— 6y
V/P _
dvé 1
-
(r) G1+G3-Gs !
H ! S
L &
ép & o
Gzl Get+Gr-Gd o ©
| S| |
Ga ~ LR
: /|8
I t : Feedwater
e —————— —?———--Ga‘Gerz-—————*-—-‘-——- Owt
|
L———-—63'67-624——'——-L ——————— 5/‘f

T 1<Gw (Go+G 7623)

Fig. 23 Modification of feedback transfer function (82, and di, are climinaled.)

The result is shown in Fig. 23. It is summarized that the feedback transfer function
consists of :

(1) The power to void transfer function, including a direct effect and an indirect effect through

boiling boundary variation, i.e.,

Gl‘*‘Ga‘Gs,
and
(2) The power through pressure to void transfer function, i.e., the cascade function of Gy
+Gs+Gho, H, and G4+G3(Gs+Gr-Gos),

where H={1-G3(G¢+G;-Gas) } 1. (75)

The paths from the external disturbances, i.e., W, 6W; and di;, are also shown by the
dotted lines in Fig. 23.

When the dynamic behavior for longer times is of interest, further simplification is possible
by ignoring smaller time constants, for example, those less than 1 szc, in the transfer functions.
These assumptions are appropriate for the study on the control of boiling water reactors.

Thus, a simplified model is obtained and shown in Fig. 24 (Simplified Block Diagram,
Type-2). In deriving this block diagram, the following assumptions are made.
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8/,1.,#
Lot ow)
B
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| ; L
—e()—=Gr (s ARG 177,10 - A ————
Sl(v/ﬁ
oty ky Tell+Tr 5)
2 1472 s(1+ 0 Ty s) Sw
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v
ka T2
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| 1
i |
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A ks ________________________]
l"'TfS

Fig. 24 Simplified bleck diagram (Type-2) of natural circulation boiling water reactor
(Smaller time constants are neglected.)

Smaller time constants are ignored, i.e., T, Ty and Ty, of the order of 1sec or less.

e~ (ta+2d)s is approximated by 1/{1+ (To1+74)s].
vfdv=1.
D’ =L§h=o

v, 0p

The derivation of Fig. 24 is given in Appendix 5. The parameters appearing in the diagram

summarized below.
k1 = V()*Acotw(l - nyi) + (I':J - 2’({) Am:vz —-1 (76)
y21ny, Yz
— 1 :

ko = H.TWFTE (77)
ot,=H,, -k, (78)
T.=tu+7 (79)
— Hpr ( — WR;k) -1 y
T= B\ W, (807
b= —A, 22— WT.B (81)
) yg Q:]: ‘ ’

_ _ WR*) 1 n
ﬂr - (1 W_o* (8.4 )
b= —VerALT (A =C) (1= 2221 ) (83)

Y2 ln y,

Aco J’z-‘l N
b = ZE = (84)
TTQF Y2 o

The numerical values of the above parameter are readily calculated.
k1=2. 47 X 105 Cma
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kg

- -5
k=8x10 cm?«keal

ky=—3.05x 105 Cmesec
kg
ky=—1.64%x10° cm’/kg

E.=39.9 cm?3.sec

" kecal
a,=0. 389
B.=25
T.=12 sec
T, =490 sec

o T.=4.67 sec
The resulting block diagram for the JPDR parameters is shown in Fig. 25.

%ltef*- &k

Skt
- £ -1.25
Reactivity G P 611 50 Load
Sk w S 8
ex |+ 0077 n I o% 1 co3as _ _WL {kg)/sec
B o s 1+12s .
Shy
g
oy, |_ 5 420 (] +12s) Feedwater flow
B |2ATx 10 - [+490 5(114675)
2.47x 10 SWe  (Kg)/sec
- ri164.2fe——
g 3.92x10° _.,_(:)
cm 1+490 s(1+4.67 5) ;
_ 3 | +300s | 5tk
LOITx 1055 5 | 20 83kt Keal/iko)
|
: Kg/cm? I Feedwater
: -1.64 110 | enthalpy
|
{ | Keal
e e e e 21399 e _| sec

1412 s

Fig. 25 Simplified block diagram (Type-2) for JPDR
(approximation valid in low frequency region, w<<1 rad/sec.)

Quite an important conclusion is derived from Fig. 25. If 6W. is increased by some
amount with Wi, 4; and dk,. kept constant, then the void increases, thus, the power continues
decreasing very slowly. This indicates that the system is unstable and it is a slowly diverging,
non-oscillatory system as shown in Chapt. 5.3. An external control system is necessary for
the steady operation of this system.

In the same case as mentioned above, if 0k../8 is increased by some amount so as to make
dp equal to zero, then the power ceases to decrease and settles at a certain power level, match-
ing the load change. This is one scheme of the control systems for single cycle natural
circulation boiling water reactors.

From the viewpoint of the control of boiling water reactors, this suggests that the control
may be best achieved by manipulating either control rods or steam flow to load by the
command signal of pressure so that the pressure is kept constant.

It shuld also be noted from Fig. 25 that a similar stabilizing effect may be explained to
exist for the effects of dW; and 64,
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If W, is increased by some amount, then increasing 6W; and decreasing &7; have also
a stabilizing effect on the system.
This is the principle of control of dual cycle boiling water reactors.

{
k. -
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5. SOME OF THE DYNAMIC CHARACTERISTICS BASED
ON DERIVED TRANSFER FUNCTIONS

Analog computer stu&ies on transient analyses based on the simplified transfer functions
derived in Chapter 2 have ‘been made. Some of the results obtained ;are given below; the
dynamic characteristics in greater detail and the analyzs'es of control system will be given in
the following reports. : f

5.1 Some Transient Responses Obtained by Analog Computer
Most of the transfer functions simulated on an analog computer are the same as those
obtained by the simplified transfer functions derived in Chapter 2 ( TABLE 1). However, some
of them are a little different from those in Chapter 2. For example, Gs(s), Gi(s), and the
inlet velocity transfer functions are approximated by graphical fitting, and the transfer functions
including pure delay terms are simulated either by Pade’s approximation or by combinations
of single time constant terms. It is expected that the differences in the results between the
simplified transfer functions of Chapter 2 and the more accurate ones used here are small.
The transfer functions simplified in Chapter 2 and used for simulation are listed in TABLE 2.
It should be noted that the results shown here include the whole system dynamics, 1. €.,
8V, and 0Wy are not ignored, so that the effect of simplification on the whole system may
be obtained. The transient responses of 0n, oV, 8p, 6z, and 0V, to step change in reactivity
are shownin Fig. 26.
. The diagrams indicate that the initial transients of all variables die out in 20~30 sec and
thereafter the deviations of all variables continue to increase with an almost constant period.
In view of these results, it can be seen that the close loop transfer functions have several

+0.2 T T T T T T T T

o
w

= (%)
w D
1 1
I |
07 (X10°em®)
o
on

! { I i i { | | -
% 50 100
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smaller time constants, as well as a single large time constant associated with a small positive
root of the characteristic equation. This small positive root is investigated in Chapter 5.3.
Since the divergent tendency associated with this small positive root is very slow, being of the
order of one to several per cent of change in 100 sec when reactivity disturbance is 1 cent, it
is not a serious concern from the viewpoint of control and safety.

The physical interpretation is given below. In this analysis reactivity disturbance is intro-
duced under the constant steam flow to load, i.e., §Wy=0, so that steam is accumulated in
the vessel, thus pressure increases, then void volume decreases, and -as a result power increases.
On the other ‘hand; in - the initial. transxent void volume increases, thus power decreases, since
the power to- v01d effe t-is” d”mmant and the pressure to void effect is neghgxbly small during

“the initial short time.
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5.2 Dynamic Characteristics of Feedback Transfer Function

Feedback transfer function is defined as a transfer function which relates void volume,
OV, to power, 6Q/@Q*. It is the most important part of transfer functions, being characteristic
of boiling water reactors.

The feedback transfer function is complicated, although those of nuclear kinetics and fuel
heat transfer are simple in form. cwoo

Step responses and frequency characteristics are obtamed in order to analyze the system
stability and to obtain power transfer functions for comparison ‘with measured power transfer
functions.

Analog computer studies on feedback transfer functions have been made, where the parts
of nuclear kinetics, fuel heat transfer, and temperature feedback are disconnected from the
whole of simulation system.

The response of void volume to step change in power, 0Q/@*=0, 01, is shown in Fig. 27. 1.
The void response when the pressure is kept constant, is also obtained, as shown in Fig. 27. 1.
The difference between them is remarkable, and the pressure effect on void is great after
several seconds.

g

' T—Pressure is kept constant, i.e. 57=0 and 560 = 0 __‘
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Fig.27.1 Transient response of feedback transfer function
(void response to step change in heat flux, 8Q/@*=0.01)
The approximate void response to step change in 6Q/@Q*=0.01 is readily calculated and
may be compared with Fig. 27.1. From the simplified block diagram (Type-2) in Fig. 25, an
approximate transfer function is obtained as

V() s 1naf 1.017(14300s) 420(1412s)
O jaF =~ & 47*10 10{ T+izs T 64}1-1-4905<1+4. 675

s lo gr_ 272 8.44
=10 {2'47 114, 7 1+485.35} (85)

Thus, the step response of oV to 0Q/Q*=0.01 is

_t ot
oV (@) =102, 47-2.72(1—¢ “H—8.440—e TH| (0 @)

Equation (86) is plotted by the dotted line-in Fig.-27.1.

- The responses of 6V, 0p and 0z; to step change in heat flux for 50sec are shown in
Fig..27.2. 0V, increases rapidly due to increase in void volume, then decreases following
decrease in void volume. However, the amount of 0V, in transient state is very small.
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Fig.27.2 Transient response of feedback transfer function
(responses of 6V, 6p and 6z, to step change in heat flux, §Q/@*=0.01)

It can also be seen that the transient response of dz; is almest out of phase of 0V, . This
is easily explained by physical interpretation.

The frequency characteristics of the feedback transfer furnction, which relates d&,/8 to
0Q/E*, are calculated by digital computation by the use of a formula of analog simulation.
Throughout this calculation, pure delay terms are used instead of Pade’s formula of analog
simulation. The result is shown in a Bode diagram in Fig. 28.1 and in Nyquist diagram in
Fig. 28.2. The frequency characteristics of the aproximate transfer function shown in Fig. 25
are also shown by the dotted line in Fig. 28.1 and Fig. 28.2. The frequency characteristics
of the closed loop transfer function is shown in Fig. 28. 3 which consists of the feedback transfer

function obtained above, zero power and fuel transfer functions and temperature feedback
transfer function.
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Fig.28.1 The frequency characteristics of the feedback transfer function which relates 6k,/f to 6Q/Q*

5.3 Stability Analysis

The stability of the whole system will be investigated by means of the Nyquist stability
criterion and roots of the characteristic equation.

The divergent -tendency as mentioned in Chapter 5.1 indicates that the system has at
least a single positive real root. This ‘is. proved by the application of the Nyquist stability
criterion to the.open: loop  transfer function' of - the system. The open loop transfer function
is ' obtained by ‘multiplying - together zero power. transfer function, fuel heat transfer function
and feedback transfer' function.: Here the feedback transfer function is considered to -consist

e’



JAERI 1061 5. ‘Some of the Dynamic Characteristics Based ‘on Derived Transfer Functions 39

I maginary,

@ ' eVER
ey

- -
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Fig.28.3 The frequency characteristics of the close loop transfer function,

;k’” 7; , with temperature feedback and void feedback of Fig. 28.1
ex)

of temperature coefficient feedback and power to void feedback in parallel; the latter has been
obtained in Chapter 5.1. ’

" The open loop transfer function is schematically shown in Fig. 29. It is concluded from
this figure that the system has a single positive real root based on Nyquist stability criterion,
since the number of encirclements of the locus around the point (—1, 0) is one.
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The magnitude of this positive real root is obtained by solving the characteristic equation.
However, solving this equation is difficult, since it is so complicated. An approximate solution
is obtained by solving a simplified equation, which is derived by ignoring small time constants
in the characteristic equation. This simplification may be adequate, since the root is expected
to be very small, i.e., of the order of 0.01~0. 05 sec™2.
The characteristic equation is

1 GRT(S) GFBCS) 0 o B : BN o (87)

Where Gra(s) is the feedback transfer function relatmg ok //3 to 6@/@* and GRT(S) is defined |

as

1 L
GO TTT . | - (88)

Grr(s) =
' ﬁ (Gf* 0.%) +Gr(s)

1+T

It should be noted that Ggr(s) is almost constant and nearly equal to 0.8 for a small s
of the order of 0.01~0.05. Ggs(s) is well approximated by Eq. (85) multiplied by «o.,/B.
Then the characteristic equation of Eq. (87) reduces to

1+122. 45 )= g
(T+485.39) A+4.79)) 0 (89)

A positive root of the above quadratic equation is readily obtained, giving s=0. 0285 sec™.
The positive period is equal to 1/5=35.1sec, which agrees very well with the value of 35.5
sec obtained from ore of the analog computer results in Fig. 26.3, where the steady period
is read around #=80~100 sec.
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Fig.2? The schematic Nyquist plot of open loop transfer function

which relates —%—(é‘k,,—i-akf) to net reactivity

In the case of the plot in Fig. 29, it is assumed that the fuel heat transfer function is of
a single time constant model; thus, the phase shift of the open loop transfer function at ®'=oo
is equal to —180° - However, when a more accurate model which is approximated by a higher
order time constant model or a distributed parameter model is adopted, the phase shift at

A'\,/"
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®w=oco lags more than —180°. Thus, it is true based on the Nyquist diagram of Fig. 29 that
the instability at a higher frequency appears as the loop gain increases. It should be noted
that, as the fuel time constant is larger for oxide fuel element in JPDR than for metallic
fuel elements, the gain margin of the open loop transfer function for the latter case is very
large, thus, the instability will not appear for a considerablely higher power level encountered
in usual high power density boiling water reactors with a long fuel time constant.
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6. COMPARISON WITH OTHER STUDIES

The BORAX experiments showed that boiling water reactors are unstable under certain
operating conditions. This observation led to many investigations of the dynamic behavior and
stability of boiling water reactors. The early work by J. MacPuEe® compared the stability
of boiling waters with that of pressurized water reactors. A rather simple model of the dynamic
behavior is used in this analysis. Efforts have been made at various organizations to derive
more complete models. J. J. Hocie derived the power to void and the pressure to void
transfer functions?. M. A. Heap and E.R. OweN completed a model including pressure vessel
dynamics and control systems®. This model was used with minor changes for the dynamic
analysis of the Dresden®, RWE” and Consumers Big Rock Reactors®.

E.S. Beckioro” worked out another model which was used to compare the analytical
transfer functions of the EBWR? with the experimental ones. J. A. THE also derived a
model® which is a little different from Beckjorp’s. The Brckjorn’s model was refined by
A.Z. Axcasu' ; this refined model was used for the analysis of the EBWR high power
operation?.

In the OECD Halden Project, J. A. Freck, Jr., derived a model with particular emphasis
on the hydrodynamic aspect of the dynamic behavior'® ', The dynamic analysis of the Halden
reactor was made first applying the Beckjorp's model'® and later using the FLEck's method!®.
An effort to derive a new model is being made there'™.

A. KircuENMAYER performed a series of study and developed a model'®'*®

M. IriarTE?Y also derived a model.

Most of the early works handle the reactor core dynamics by a lumped parameter model,
completely ignoring™® or, at best, only partially taking into consideration®!® the effect of the
void transit time. The preliminary study by the present authors also adopted a lumped pa-
rameter model. When the authors, inspired by the transient analysis by Kanar and others®’,
started to derive the distributed parameter model, there was no model published which took
account of the void transit in the core in a consistent manner. The models by Axcasu'* and
by KircHENMAYER', which were developed almost at the same time as the present authors,
are also derived in a very similar way. Hence they are most suitable for comparing with the
present model. It is not intended to make a complete comparison, but some comments on the
differences between the Akcasu’s model and the present one will be given below. The Axcasu’s
model needs some refinement, as discussed in the appendices of Refs. 11 and 12. Therefore
the refined model, which is derived and used in Ref. 12, is compared with the present model.

The block diagram of the Axcasu’s model is shown in Fig. 30'%, where the corresponding
transfer functions of the present model are also shown. The following differences are readily
noted :

(1) The hydrodynamics of the core is considered in more detail in the present model than
in Akcasu’s. In the latter is ignored the effect of dV,/V,* on the boiling boundary shift
and so on.

(2) The effects of dWr (G2 and G through G;) are totally ignored in Axcasu’s model.

(3) The effect of 6W; on 0p (Gi) is ignored in Akcasu’s model.

(4) The boiling and nonboiling heat transfers are not distinguished in the present model.

(5) The effect of the moderator temperature is not taken into consideration in the present
model.

As for the power-void effect, the pressure-void effect, the power-boundary effect and the

1200
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Fig. 30 Block diagram of Akcasu’s model compared with the present model

boundary-void effect, the direct comparisons are not possible since they are derived under differ-

ent assumptions. Instead, the major differences in assumptions are listed below.

(6) Axcasy assumes a constant steam velocity ; in the present model, although the slip between
the water and steam is ignored, the velocity varies along the core axis.

(7) A sinusoida] flux distribution and a flux weighting on voids are used by Axcasu. No
weighting is considered here.

The pressure-boundary effect is compared with Gy+G7 X Gaa, the pressure vessel dynamics
with G,s through G, the flow-boundary effect with G;X G, and the enthalpy-boundary
effect with G, X G, It is noted that they are identical to each other, except the following
minor differences:

(8) In Axcasu’s model, the heat flux at the boiling boundary is obtained, assuming a sinusoidal
Aux distribution. In.the present model, since the uniform distribution is assumed, it is
equal to the average heat flux.

(9) The ratio of the recirculation flow to the total flow, Wyx*/Wy¥*,
unity in Arcasu’s model.

is approximated to be
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(10) In Axcast’s model, the second term, Gas, is ignored, which has a small influence, as
described in Chap. 3.

(11) In Axcasu’s model, the term B, in G, is ignored. This term, however, is also ignored
in the numerical calculations of the present model.

(12) In Axcasu’s model, v,/dv is approximated to be unity.

(13) In Axcasu’s model, the third term in (Hy)ves, i €, —VJ": and the whole (H,). are
ignored. ﬁ o '

It is easy to substitute the numerical values of the parameters for JPDR into the Arcasu’s
model and to calculate the transfer functions. The result is shown in Fig. 31.
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Fig.31 Block diagram for JPDR by Akcasu's model

The grouping of the transfer functions derived in this report is developed so that these
groups may be more readily associated with measurements of dynamic characteristics rather
than the transfer functions of this report. In Appendix 6 are shown the groups of transfer
functions developed. The frequency responses of the power effect group, the pressure effect
group and the vessel dynamics group are derived for both models and are compared in Figs. 32
through 34.

The overall feedback transfer function are compared in Fig. 35.

~—
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7. CONCLUSION

The simplified transfer functions are obtained, based on the transfer functions derived in
the previous report, JAERI-1044; they are quite general for the dynamic analysis of natural
circulation boiling water reactors. It is evident that the results obtained here are also applicable.
to the dynamic analysxs of forced circulation boiling Water reactors: when the inlet velocnty is’
assumed to be constant. : ‘ :

Most of the simplified transfer functxons denved are in the form of combinations of single
time constant terms which can be evaluated from design parameters. They are all summarized
in Chapter 2.9 and TABLE 1. Analog simulation is simple except for those including pure
-delay terms. :

The important conclusion obtained for simplifying the model is that the effects of inlet
velocity and recirculation flow on the dynamic characteristics may be ignored. That is
ascertained by ‘analog computer studies. The simplified block diagram (Type-1) thus obtained
is shown in Fig. 22.

The further simplified block diagram (Type-2) is shown in Fig. 23, where smaller time
constants are ignored. The model derived above is of great use for investigating the dynamic
characteristics of boiling water reactors from the viewpoint of the control. It also makes it
possible to readily investigate the control of dual cycle boiling water reactors.

The feedback transfer function which relates void reactivity to power is investigated in
Chapter 5 both on frequency and transient characteristics. This is the most important of the
transfer functions, being characteristic of boiling water reactors.

The system stability is investigated in Chapter 5.3 by means of the Nyquist stability
criterion and roots of the characteristic equation. A high frequency oscillating instability will
be predicted when a more accurate model of fuel heat transfer will be adopted. A further
study by the more accurate model is required. However, it is considered at the present time
that the instability will not appear for a considerablely higher power level encountered in
usual high power density boiling water reactors, so far as a fuel element of long time constant
such as oxide fuel is used.

Comparison with other studies is made in Chapter 6 in order to make clear the significance
of this study. In particular, comparison with the model developed by Akcasu' is given. The
grouping of transfer functions derived in the preceding chapter is also developed in Chapter 6,
so that these groups may be more readily associated with measurements of dynamic
characteristics.

Analog computer studies and control system studies based on the model developed here
will be given in the following report.
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NOMENCLATURE
Symbol Unit
A, - flow- area of core " cm?
A, . flow area: of riser "
As flow -area of ‘downcomer "
A, =A.+4A total sectional area of vessel "
A, defined in Eq. (62e)* cm?fkg
. keal | k
=04 xeal [ 28
A 0difop ()] om?
Al =Al4i cm?/kg
a defined in Eq. (24) cm®/kg
Qo1, Az, A23, A34; Ass defined in Eq. (71) cm?/kg
. keal | k
=0 xeal | X6
B ixl0P (kg)/ cm?
’ — A‘U B 2
B T v, cm?/kg
B, defined in Eq. (62e)* cm?/(kg - sec)
b defined in Eq. (24) cem®/kg
ey cm [ kg
c 04u[ap 2 /__cm2
c’ =C/[dv cmi/kg
c defined in Eq. (24) cm®/kg
- cm | kg
D v, [0p _(kg)/ p—
D’ =Dlv, cm?®/kg
E =A'—B' -C'+D’ "
F =—A'—B' +C'+D’ "
f void fraction
fa void fraction at core exit _—
G(s) transfer function
G (5) defined in Eq. (62e)* ki:fc
Gi(s), G2(s), Ga(s), Gu(s) void transfer function
Gs(s), Ge(5), Gy (s), Ge(s) boiling boundary transfer function
Gi(s), Gz (8) vessel pressure transfer function
G1s(s), Go(s) "
Gy’ =1 kcal/(kg)
G, = Z;’) 4i "
GlB, = (22“21) Q’k kcal/sec
Gy’ =—Q* keal/sec-cm
G21(s), G2 (s) inlet water enthalpy transfer function
Gaa(s), Gas () "

(kg) denotes the unit of mass.
kg denotes the unit of force.

-
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Symbol

G25(5), Gzs(5), Gor ()

G;l (S)
Ge(s)
GR (S)
g

H,

(HPI-') ves
(Hpr) co
h

)

Z,

iy

4i

Laub

i
To—Zaub
J

K

k

Okes
Okyoia
Ok

/A

M...

Mq.co
Msub- co

"

"

SNNNNY O

<®Q

I <<

sat.co

sub.co

Nomenclature

recirculation flow transfer function
fuel heat transfer function

fuel heat transfer function

zero power transfer function
acceleration of gravity

defined in Eq. (38)"

14
7
reflecter height above the riser
specific enthalpy
specific enthalpy of saturated steam
specific enthalpy of saturated water
=i, — iy
average enthalpy of water in subcooled region
specific enthalpy of feedwater
subcooling
mechanical eguivalent of heat
gain constant of transfer function
gain constant of transfer function
reactivity change
void reactivity change
reactivity change caused by temperature
average neutron life time
saturated steam mass in core
saturated water mass in core
subcooled water mass in core
saturated steam mass in vessel
(excluding core and riser)
saturated water mass in vessel
(excluding core and riser)
subcooled water mass in vessel
(excluding core and riser)
equivalent mass along flow in lower plenum
neutron density
pressure
heat flux per unit length
slip ratio
fuel time constant, defined in Eq. (2)*
time constant, defined in Eq. (80)
=Tp1 1T
time constant
time
steam void transmission velocity
condensation rate of steam
flow velocity
void volume in core
saturated steam and water volume in core

subcooled water volume in core

" keal / ckg

Unit

cm/sec?

mZ
14
"
cm
keal/(kg)
"
"
"
n
7
144

kg-cm/kcal

sec

(kg)
n
144

14
"

"

(kg)/em?
cm™®
kgfem?
kcal/sec-cm

sec

1"

"

n

1
cm/sec
(kg)/sec
cm/sec

cm?

cm?

"
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Unit
saturated steam and water volume in cm?®
vessel (excluding core and riser)
subcooled water volume in vessel "
(excluding core and riser)
inlet water velocity cm/sec
=1e - om/(kg)
=1/p’, specific volume - em?/(kg)
=1/p. cm/(kg)
:_—_]_/pw "
=1/p,’ cm?®/(kg)
=1/pw’ 44
=V Uy cm/(kg)
=v,’—v cm®/(kg)
= 1/0,.,}, cm/(kg)
=1/p'.., average specific volume of cm?/(kg)
water in subcooled region
steam flow to load (kg)/sec
steam flow from riser 7
water flow from riser "
water flow at core inlet "
recirculation flow "
feed water flow "
equivalent flow length from feedwater cm
inlet to core inlet
—z\
defined as (Vo Z_zl) | ) S —
med s (Vi . )V TR A= e s
=y (22) -
=y(23) —
position in axial direction (the origin at cm
the inlet of core)
equivalent flow length in lower plenum 7
(from z; to zo) A
.. cm 1
frictional pressure drop k )secf v
=§—[—%OD] (kg)/em?-sec
defined as —-9 [ A (3,—1) +B'+(C'—D")
dv y»
x (3=1)+ (252 —1)) cm?/kg
temperature coefficient of reactivity 1/C°
void coefficient of reactivity cm™?
=Hpr'k2
-
= (1-%75)
delayed neutron fraction —
temperature : °C

fuel average temperature
water temperature

n

14

S
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Symbol

&

L
Ha
£

O=p'A,

p 4
0
O
o
05"
4o

Ao’

psub

7
p sub

o
-

[
[

R RS B Iy
£ B

e
©

@y
@y

Subscript

w

U W= O QLm

sub
sat
avg

Nomenclature

defined as —1-{——1-2-{—2&1—-—1),_‘0’]
14 Y2 VUw Yo Uy
= A A
=Au[As
“ defined in Eq. (70)
‘density: per unit length
density
density per unit length of saturated steam
density per unit length of saturated water
density of saturated steam
density of saturated water
=0,— 04
=Psl—t0w'
average water density per unit length
in subcooled region
average water density in subcooled region

=4 steam raising time, i.e., time during
o g , 1.e.,
which the unit volume of steam is raised
per unit volume of water

= (22—20) [Vo*

=7, In ¥,: void transit time in boiling region

= (z3—z2) [ (UV*)

=h/(@V;*)

= (zs—zo+h) | (Vo)

=ZLP/V0*

time taken by flow from f. w. inlet to core
inlet

time constant associated with the natural
frequency of reflector free surface

dv
—_—r =1l (K
==

defined in Eq. (9)
defined in Eq. (18)

rate of steam raising

water

steam

downcomer

riser

core inlet

boiling boundary

top of core

top of riser

top of reflector above the riser
the same level in downcomer as core inlet
subcooled

saturated

average

Unit
cm (kg)

sec?

(kg)/em

(kg) fem®

(kg) [cm
"

(kg) fom®

1

(kg) jom
(kg) fem®
(kg) fem

(kg) fem®

sec

1

1
1
"
14

"

sec™?!

”
n
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steady state value L

-variable associated with riser necessary to distinguish from those with core

due to the different flow area in riser and core
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Symbol : .

Ao =5, 900

A, =13, 100

Ay =21, 000
CA=A+A . =34,1000
A ==1.551

A - =-0.004154

B =1.280"

B ~ =0.07902

C = —0. 09457

C’ =—0. 01831

D =0. 000542

D' =0. 00242

E =—0, 06244

F =—0. 09076

fe =0.5

g =980

h =75

I =664. 6

i =291. 2

A =373. 4

Fout =284, 59

fw=—fasb =8. 61

J =4, 27 x10*

! =5Xx10-°

M,.co =5, 975

Mg.co =322. 69

Mob.co =211.0

M, =202.5

M, =3015.7

M.y =8.6%10°

M, =0. 06051

p =62. 4

Q* =70. 80

r =1

T: =12

Voo =0, 4266 X 10°

Vsibeco =0, 2744 x 10¢

Vo =3, 995 X 10°

Vs =11.2x10°

Vo* =112

Vs =5. 390

T =0. 2241

Numerical,«Vaﬁlues of Parameters Used for JPDR at 46.7

cm?

cm?
cm?

2

“om?

0 kéal)kg

“(kg)l cm?
cm?/kg:
kecal f kg
(kg)l cm?
cm?/kg -
cm [ kg
(kg)/ cm?
em?/kg’
cm | kg
(kg)! cm?
em?/kg
cm?/kg
em?fkg

cm/fsec?
em

kcal/(kg)

" keal/(kg)

keal/(kg)
keal/(kg)
keal/(kg)
keal/(kg)
kg-cm/keal
sec

(kg)

- (ke)
(ke)

(kg)

- (kg)

ke) -
(kg) fem?
(abs.) kg/em?®
kcal/sec-cm

sec
cm?®

cm?®

cm?

cm?
cm/sec
cm/(kg) -
cm/(kg)

MW and 62.5 kg/em?
~ Unit .
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Symbol
AN =31.8%10% - -
Ty =1.322%10?
dv =5. 166
4o’ =30. 5% 103
Usob.
'U’sub
W
W' .
We
Wa
Wz
Wk
Xy
Y2
ZLp
2o =
21 =46.5
2z =151
23 =285
Z2— 2y =104.5
Z3—Ra =134
[FPD] _
v =0. 604
ar =—2Xx10-%
a, =—1.58%10~7
8 =0. 0064
0. =277
A =0, 077
@ =0.45
Ha =0. 281
0 =0, 1855
O =4. 462
o =3. 145x 10-°
[ =7.564 X104
4o =4. 276
4o’ =—7.249% 104
Oaut =4.537
[ =0. 00076
T. =1.02
Toy =0. 415
T12 =0. 663
Toa =1.389
Tas =0.777
Tys =11.4
Tso =0.715
Tq =12
7, =0.18
Q =0. 980

Unit

em?®/ (kg)-
cm?/ (kg)
cm/(kg)
cm?/ (kg)

)

S (kg fsec

o (ka)fsec
 G)fsec

(kg)/sec
(kg) [sec
(kg) [sec

cm

cm
cm
cm
cm
cm
cm
cm

(kg) fem?-sec
1/°C

1/em?

°C

sec™!

(kg) fcm
kg)fem
(kg) fem®
(kg) fem®
(kg) fem
(kg) /em®
(kg) /em
(kg) [em?®
sec

sec

sec

sec

sec

sec

Sec

sec

Sec

sec~t
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Symbol
A

doy
dyz

G
H,
(Hpr) ves
(HPX'> co
K,

K,

Ks

K,
Ky

Ko
KZE
Kas

Kq'

Kzl
Kzl’

JAERI 1061

Numecié’al..Viiﬁes of Derived Parameters Used for JPDR
at 46.7 MW and 62.5 kg/cm?

=67.25
=—0. 2076 X 10°

=0.1905x 10°
=—373.4
=16.19
=7.4%X 103
=—70.80

=4.86x10°

=4.814x10°
=4.4X%10
=1.21X10°
=—2.94%10°
=—46.5

=—7.07

=9.03

=0.01385

=-0.315
=1.23

=0, 489

=0. 042
=14.5
=1.53
=0.902
=10. 66
=—0. 140
=—1,68

=—0.515

=-—0.0542
=2.47x10°
=8x10-%
=—3.05x10°
=—1.64%10°

55

Unit
cm3fkg
cm®fkg

cm?/kg

B
o

S

s
cm?/ (kg +sec)
cmflkg

o
keal/(kg)
keal/ (kg)
keal/sec
keal/fsecscm
keal | Z&

cm?

" .
144
cm?
cm?®fcm
cm
cm kia.l-
(kg)
k
cm/ cnjgx2
keal/(kg)
“(kg) [sec
174
kcal/ (kg)
“kgfem?

keal/(kg) |
" kgfem? see

(kg) Jem +sec?

(kg) fem®.sec

(kg) fem?®.sec?

(kg)em | kg
cm?.sec?/ cm?
cm?/ky

cm?
kgfcm?-keal
cm®-seclkg
cm’/kg
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Symbol
ks =39.9
T =490
T, =12
T =0.049
T, =—0.0823
T, - =0,24
T, =2.535
T, =—0.45
T, = —0.:689
T, =0. 2667 7
Ts . =0.4664
T, =0.4215
Ts =0. 27
a =—0. 02638
a, =0. 389
B: =25
K = —0, 00845
g =—1.45
& =0. 0786
o' =0.0176
20’ =0.033
&' : =0, 028

Unit
cm?-sec/keal
sed '

14

144

144

"
PR
'iﬂ .

W
"

/A

144

/)

cm?fkg -

cm- (kg) /kg
sec?
cm?-sec’/kg

no

"

14
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1)

Appendix 1. Several Methods for Obtaining a Single Time Constant
Approximation of &, (s)
G,(s) is approximated by a single time constant lag, i.e.,

~ K | Al
Gl (5) ’_“1+T15 ( )
Static gain is obtained as ‘
Ki=limG,(s) : (A2)
s=0 . . '
45°-phase-lag method 'for obtaining T'.
7,=1 (A3)
@y

where @, is a solution of the equation,

T

Arg G, (jo,) = -1 ' (A4)
Phase shift of two factors of G;(jw) is obtained as follows.
1 )= TR S W IR | (A5
Arg(n jco—l) Arg( J rcw—l—j) 2 tan 2z, AB)
where T, = 'cgag’ and
y2—1 _1-6’““’"‘”):A ( _sinz —'x,) AB
Arg(ya Iny,  Tijo e (A6)
where a=_Y2—1
Yz In v

Assuming that z, is almost close to 7/2, one obtains
ez (=) [145(F —a))

sinz, 1
Z I

and
Thus,

Arg(a—ﬂn—xie‘f”l) =Arg[ (a+1—£> +j—l—\5
Zy \ le Ty
=tan~!. 1

_— (A7)
(_a+l)x1—%

Combining Eqs. (Ad), (A5) and (A7), one obtains

—%——tan“lgyz-i-tan“‘ 1 = _..%

Z1 (a+1)x1-_g_

From the above equation, a quadratic equation of x, is obtained
2(a+1)z,*—{m+2—(a+1ln yz}.r1—<-72£—-l)ln v,=0 (A8)
The solution of the above equation is

C+]/CZ+8(%—1) (e+Dln y,
= YCES)) ' (A9)
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where

C%n+2—ln Vs _¥=1

Yo

4) Approximate method by step response of G, (s) for obtaining T'.
The step response of G,(s) is given in Eq. (§). T is obtained such that the step
response at T is equal to (1—e~1) times the final value of the step response.
From Eq. (5) T is obtained as

Ty=17,(32:—1) [1—]/ 1—1. 264(;2.1__1) (y_;zlg%‘;_l) } (A10)

The calculated value of T, for JPDR is shown in Fig. 3.2 as a function of power
level. It should be noted that the value by this method is very close to the one by
45°-phase-lag method. )

5) Approximate method by gain characteristics for obtaining T';.

T, is obtained from the following equation.

= GO
*= i 561 (5) (ALL)
s-0
This gives
—_ Y2 1
T1—T12(-——y2_1 oo yz) (Al12)

The numerical value of T, for JPDR is also shown in Fig. 3.2 as a function of
power level. T obtained by this method gives a larger value than those obtained by the
former methods. This tendency is evident from Fig. 1.

Appendix 2. Power Dependence of Parameters
The power dependences of some of the important parameters in the simplified transfer
functions are investigated in order to obtain the transfer functions of different power levels.
These parameters are y, and 7,. They are determined as a function of power level Q¥
which is proportional to #*. The definitions of the parameters are repeated here,

2= 1+%}§‘~ (A13)
0 ]
A-
“:%‘(Z‘;‘) (Al4)

Assuming that the boiling boundary 2 and the inlet velocity Vo* are independent of
power level @¥, one obtains

V2= 1 + (EZV::l "AZ_T:.‘Q*MI power)m (Als)
(41 1
=G ) (A16)

where m is defined as a normalized power level, i.e., the ratio of operating power to full
power,
Substituting numerical values of parameters of ] PDR into the above equations, one obtains

v,=1+0.915m (A17)
T,=1.02/m (A18)

For convenience y; and 7, are plotted in Fig. A2.1 and A 2.2 as a function of normalized
power level, where In y. and 7,,=7.Iny, are also plotted.



P e

JAERI 1061

Appendix 59
3.0 T T I T T T ™)
(
/Y/
20 ////,;/'
1.0 »
nYE
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L
o //
]
L
/ 1 1 1 1 | |

0] o2 0.4 06 0.8 1.0 1.2 1.4
ms= 07(0*full ponr)

Fig.A2.1 Power dependence of r, and ris

_..‘
5 X‘\ 10
4 ;
= \ 7 ]
33 X T :
S 405 E
2 b JREY SN AR——
| = —

0
0 02 04 06 08 1.0 1.2 14

*
m = 0 /(O“f.ull powar )

Fig.A 2.2 Power dependence of y, and In y,

Appendix 3. Parameters in K,’ und &' of Eq. (71)
Kp’=a01+a1z+aza+aa4+a4s }
£’=§12’+Sza’+534’

where

=7 g
an=D TOIV‘(');
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ai= (35—1) (4'—C'+ D) —ZE 2 (D'~C") (32—1)
(o]

g = [l Tza(] {(A' /) — 3, (A’ —C'—D")}

as =#[(y9‘z; —2[1) (A'—C") Cyz—;l) + 120, 3t
+u(y:—1) {_yzccf_b’) +AI_C/]]

ays= — gD AL V‘,""g (12D’ is neglected)

b= (A/—C) (3—1—In 3) Tl — 50’

bza=#2723[(A"“Cl) (yz—l)fe'—ETm“*"Lzs {(A'—=C") (3.—1) +B’—D’}]
boa = T3 (A" —C") { (yo— 17500} — (Cua+ Ta) E)

Appendix 4. Computer Results for the Simplification of the Model

Several assumptions have been introduced in Chapter 3 for simplifying the model, so that
the simplified block diagram, Type-1, of Fig. 22.7 may be obtained. These assumptions are

demonstrated by an analog computer to be appropriate for the present purpose.

It is evident from Fig. 21 that important variables, such as dV, 8p, 6z, and others, each
consist of effects of four variables. Transient responses of these four effects are recorded and
compared with each other. Computer results show that the following effects may be ignored

compared with other effects.
(1) the effect of 6V, on oV,
(2) the effect of 6V, on Oz,
(3) the effect of 6Wg on 684,,
(4) the effect of sdp on &i,.
From the above conclusions may be reduced the assumptions given in Chapter 3.

8 ~—
[
4 - -
Sl
o w I ¢ (sec)
\\\..
-gtLt

External disturbance 8k = 2 cent
—_— Response of OF
=== (1) Effect of 52y on OF

-—-—1(2) Effect of 5p on OF (overlapping response of VSV),
————(3) Effect of 50/0%on OF
~——- {4) Effect of Vo on OF

Fig. A4.1 Various effect of responses on 6V



JAERT 1061 ‘ ‘ ‘ Appendix ' : 61

The same analysis as mentioned above also show the important conclusion; the effect of
02, on O0p may not be ignored compared with the effect of dQ/@* on 6p. This conclusion
indicates that the boiling boundary effect on the vessel pressure dynamics is quite important.

Some recordings of the effects of dQ/Q*, 6V, 0z, and 07 on 6V are shown in Fig. A 4.1
as one of the examples. The effect of 0V, is very small.

In Fig. A 4.2 are shown the transient responses of dn/n* and 0V, where the result of
complete simulation without the sunphﬁcatxon is shown by the dotted line and that of the
simplified simulation by the solid line. It is -concluded that the dncference is quite small.

08 |-
~ 04 |n
i R
IR N N
S 70 10RO 30 40 %0
! ! ! -0.4} f (sec)
0O 10 20 30 40 50
f (sec) -08*+

External disturbance Okex = 2 cent

Response of simplified mode! of chapter 3

-——— Response of original model
Fig. A 4.2 Comparison of transient responses between original model and simplified model

Appendix 5. Calculations of Transfer Functions in the Block
Diagram of Fig. 23
Based on the assumptions described in Chapter 4, calculations of transfer functions in
Fig. 23 are given below. By the use of these results, the simplified block diagram, Type-2,
given in Fig. 24 is obtained.

G1+Gs'GszK1+Ka'K5=Vo:kAnurxz(l— yzlny)'l"(Zl—A-o)Acny' ‘*’\1
(A19;
Gis+G5-Gro= (22—’.1)@:1:;}-1{;'-1?4‘ Ks (-Q*) ﬁlv:'%
= (z—z) QL L 20
(22— 20) & T A (A20)
H= 1 ~ 1

l-Gm(Ga +G7-G23) 1+Q*H1__ -1—(K3+'K7e"r°lsvK..ae—fds‘)
s ) ’

pr

Hy = H,.

= Q% [V~ Ve, pWar,- = : We* 75\ L
H,+ & ANEE Q‘y ouB-h e T,s) Hy+0,Vo*B(1— e re) L
H, s(L4+Tes) .
== L =a,T s L (A21,
H,+W. *B(l—__WR* Loyt THTs{T+aT.s)
re 0 Wk 14+T.s/ s
' _ H, _ H, (_WR*)—’
where  a=pogrery  ad TEgpip\l W

FB (. Wi g,
Ga(Gy+Gy-Gay) =K, VB e (1_W:Tg n)
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:__,__A“yz-—l WQ*B (1__ WR* 1 )

y Q* WO* 1+Trs
— ka 1+,8,T,S A ~
=BT 1+Tws (Az2)
— —1 W*T.B _ Wye*\-?
e Ty
GumKym —V* At (A'—C") (1_””1n31; )—_—:kl (A23)
G17+G7G19Gzz=-gl——.;{—3%ﬁi— (1g—15) e—T,s}
pr
__dw—i 1 1
=TH, 1+T=s (A24)
G3G7G223K3K7K223“Tr5
= Acoyz 1 1-——:—-— j —1 _.kiiw
=—({e— zf) 5 1T (is Zl)l-!—T,s (A25)
where ks_g* 3:1
v —~ Q*‘ 1 ) Wf __Tr — W(* 1 1
G1G19G24—K7( Hpr 5 W,* Rl = H, ———————1+TS-§- (A26)
G3G7624:K3K7K24€_T'5=W*S§: yzy_zl 1-[—1T ”
=wr_ ks (A27)

1+T.s

Appendix 6. Experimental Determination of Feedback Transfer Function

Many different mathematical models of boiling water reactor dynamics have been developed.
Experiments are also made to determine the transfer function. However, if only the reactor
power response to the sinusoidal variation in reactivity is observed, only the overall closed loop
transfer function is determined experimentally. Thus, the comparison between the mathematical
model and the results of experiments is restricted to the overall dynamic behavior. In this
article is discussed the possibility of experimental determination of the details of the feedback
transfer function, which makes possible more detailed comparisons between the analytical and

Steam generation

RS §
B+ Zero power 6”/,1* Fuel heat frarsfer) / _  Steam flow +
transfer func. dynamics + Y -
+
j i— Grls) H, (s) ] b 52
Steam system|
dynamics
Power effect Hy (5)
group
Hy (s)
2 Vessel pressuer
dynamics
Ha ls)
Pressure effect l
group
Ha (5) Pressure &p

Fig.A6.1 System diagram for boiling water reactors
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experimental results,

It is assumed that the system is represented by the block diagram in Fig. A 6.1. This
diagram is derived from the more complete one in Fig. 22. 1 by lumping some transfer functions
to form the transfer function groups. For example, the power effect group in Fig. Ab.1is
equivalent to

Ha (S) = ;—F[Gl ) +Ga (5) Gs (5)]

in Fig. 22.1. The transfer functxon groups are” formed sincé not every “transfer function in
Fig. 22.1 could be determined experimentally.. For example it is not p0551b1e to measure the
boiling bounadary to void transfer function.

Now it is assumed that two kinds of experiment are performed namely, introducing
sinusoidal variation in reactivity, 0k and in steam valve position dx, and the responses of

the reactor power, the reactor pressure and the net steam flow, W1, are observed. Thus, the
following tranjer functions are assumed to be available.

F]_(S)—- 372(5)/71 2(5)—' P(S) Pa(S)_BWL(S)

OR()/B’ k()[R NIOV:X
__0p(s) _ On(s) [n*
F4(S)_‘ 61'(-;) ) F5(5>"' gxs(s)n

The transfer function groups Ha(s) through H;(s) are obtained from the data of F(s)
through F;(s), as follows,

Hy(s) = [%@——Hs ]

w0=-E3rean) ae’ ro)me (&)

Fi(s)  Fs(s)
H(9 = g [0 (8- F89))

H(5) =553 -

Since the zero power transfer function Gi(s) is readily obtained experimentally and the

heat transfer dynamics H,(s) may be obtained from out-of-pile experiments, all the transfer
function groups H,(s) through H;(s) are determined from the experimental data.
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