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Derivation of Transfer Functions of
Natural Circulation Boiling Water Reactor

Summary

The dynamic behavior of a natural circulation boiling water reactor is quite complicated,
because it includes the dynamics of the void generation in the core and the hydrodynamic
considerations in connection with the determination of the recirculation flow. The transfer
functions of the reactors of this type are obtained under several basic assumptions. Ffforts
are made to cover all the important features of the boiling water reactor dynamics and also
to avoid too complex expressions to simulate on an analog computer.

The basic assumptions used are
(1) The distribution of the parameters in’ the axial direction of the core is taken into

account, while the change in radial direction is ignored.
(2) The distribution of heat flux along the channel is considered uniform.
(3) The slip between the steam and the water is ignored.
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1. Objective of Study

The mathematical model of the dynamic characteristics of the boiling water reactors is
necessary for four purposes; first to evaluate the stability of the reactors, second for the
physical interpretation of the measured transfer function, third to provide information for
more efficient core design and finally to provide information for control system design,

This report is the first part of a series of studies along the above line on the dynamic
behavior of the boiling water reactor power plants. This series of studies includes the
development of a mathematical model of the boiling water reactor dynamics, the stability
analysis with the aid of an analog computer and the experimental determination of the
system parameters of the JPDR, a 12.5 MWe boiling water reactor plant.

The purpose of the present work is to develope a new mathematical model of the boiling
water reactor dynamics, which covers all the important features of the boiling water reactor
dynamics.

The mathematical models developed so far?PPPOD  either overlook some of the im-
portant features to be incorporated or are too complex to simulate on an analog computer.
The particular model derived here is considered to be a compromise of completeness and
moderate complexity.

Since it is intended to apply this model to the analysis of the JPDR, the model is
derived for a single cycle, natural circulation boiling water reactor.

The rest of this series of the studies will appear in the subsequent reports.
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2. Summary of Dynamic Behavior of Boiling Water Reactor

The over-all system will be summarized in this chapter to provide a better understand-
ing of the whole system, prior to the detailed analysis given in the following chapters.

The kinetics of a power reactor is summarized in Fig. 1, in which is shown the zero
power reactor transfer function G(s) modified by the power-to-reactivity feedback transfer
function F(s). ‘

Reactivity + ] Zero Power Power
|Transfer Func. -
G(s)

Feedback
Transfer Func. =%
F(s)

Fig.1 Kinetics of Power Reactor

In the case of the boiling water reactor the feedback paths consists of three major parts,
that is,

Fuel temperature effect
Moderator temperature effect
Void effect

The fuel temperature is chiefly determined by the reactor power. The water temperature
is known to have little influence on the fuel temperature.

The moderator temperature effect is subdivided into two parts, those in the boiling and
the non-boiling regions. The latter depends upon the reactor power, the flow rate and
other factors, while the former, as far as the water in the boiling region is saturated, depends
only upon the system pressure,

The void effect is the most important and also most complicated of all the feedback
mechanisms. The void volume in the reactor core is determined by the four parameters:

Reactor power

Coolant velocity

Position of boiling boundary
System pressure

In the natural circulation boiling water reactcr, the coolant velocity is obtained from
the hydrodynamic calculation of the circulating loop, consisting of the reactor core, the riser,
the upper and lower plenums and the downcomer. The reactor power, the void volume in
the core, the position of the boiling boundary and the system pressure are the parameters
to be taken into account in this hydrodynamic calculation.

The position of the boiling boundary is determined from the dynamics of the non-
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boiling region of the reactor core. The parameters which influence the non-boiling region
dynamics are the reactor power, the coolant velocity, the system pressure and the coolant
subcooling or the enthalpy of the coolant at the core inlet.

The dynamics of the whole reactor vessel, including the reactor core, the steam dome,
the downcomer and so on, must be investigated in order to determine the system pressure,
the subcooling and the recirculation flow rate. The parameters of importance are the
reactor power, the steam load, the feedwater flow rate, the feedwater enthalpy and others.

The above description of the kinetics of the boiling water reactor is summarized -in
Fig. 2. Here four parameters, namely, the reactivity, the steam load and the feedwater flow

rate and the feedwater enthalpy are considered to be external disturbances to the- system.

Temperature
Coefficient 88,

. Power
.Me.\'/ﬂc.— | G.(s) | dna®_| G.(s) | 50/Q"
(Reactivity) | Il L
Nuclear Fuel Heat
Void Ty Kinstics Transfer
Coefficient| /8 ——
Lo pEg) (o) g ()
V‘i‘;.d Core [ a3 gore — n Vessel
J @ 4 N
- Void [ ] 8z Bgri]]ing | A | Pressure O {“:[" (Load)
Model Region 5P | Model 4\30} i (Feed Water Flow)
Model |™ —O3di; (Feed Water Enthalpy)
Recirculation ]
av| ) (V1) waulation (V) J
Hydro- . Sub— Regircu-—
let— Dynamics iskd cooling ’;]';;&“ = .
Inlet Model Model Model
Velocity Inlet
Enthalpy

Fig.2 Schematic Diagram of Kinetics of Boiling Water Reactor

In the following chapter the transfer functions of the natural circulation boiling water

reactor are derived in accordance with Fig. 22 The moderator temperature effect, however,

is ignored, because it has less importance among the feedback mechanisms, and only the

fuel temperature effect and the void effect are investigated.
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3. Formulation of Transfer Functions

3.0 Major Assumptions

In the course of the formulation of the transfer functions, the following assumptions
are made for simplicity. _

1) In the nuclear kinetics analysis (Sec. 3.1) a simple, one group, space independent,
one delayed neutron group approximation is used.

2) In order to derive the core transfer functions (Secs. 3.2 through 3.5) the changes
of parameters in the axial direction is taken into account. The change in the radial direction
is ignored and a single channel with the averaged values of the parameters is considered
to represent the whole core.

3) In Secs. 3.2 through 3.4 the change in pressure in the axial direction is ignored to
simplify the analysis, while in Sec, 3.5 it is taken into account.

4) The distribution of heat flux along the channel is considered uniform.

5) The slip between the steam and the water is ignored, in other words, the slip ratio
is assumed to be unity.

6) The density of subcooled water is considered to be independent of the pressure and
the temperature.

7) A rather crude, lumped parameter model is used for the reactor vessel dynamics.
(Secs. 3.6 through 3.8)

8) Only the small deviations from the steady state are considered. Thus. the products

of two or more deviation terms are ignored.

3.1 Zero Power Transfer Function

As is well known the zero power transfer function of a reactor is given by

c oy Onfn* _ 1 _ s+
Gr(s) = = = (1)
Ok l 1 l B
5(‘5‘ '—s+x) ES(S“LT“)

3.2 Fuel Heat Transfer Dynamics

The detailed analysis of the fuel heat transfer dynamics is reported in the literature® '™,

Here is used a very simple model with lumped parameters.

iQ* _ 1
onfn* ~ 1+Ts (2)
_Ce
Tf—H

where C; is the heat capacity of the fuel and H is the average heat transfer coefficient
between the fuel and the coolant.
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In the same way the fuel temperature transfer function is given by

86; _ O —B.*

Onfn*  1+T:s (3)

3.3 Core Void Transfer Functionf
Under the assumptions given in Sec. 3.0, the equations of conservation of mass and

energy for the steam-water mixture per unit length of the fuel channel are as follows;

2 0= +0 1+ L0V (A=F) +0V.f} =0 (4

D 00— 0 fY + Lo VainU—f) +0V i f } =Q (5)
From these two equations the following void equation is derived”

Of L 1yof

2t Us=9 (6)

where U is the velocity of void transmission and g is the external “force” to void. If the

slip ratio is assumed to be unity, these are defined as

U= Vo‘l‘S [Ze+nND) +F.n) L e ()
dp
0= 7P RER(HE + RN (8)
where functions F;(f) through F,(f) are defined as below.
i y==[o. =P 3 +0.r 3] (9)
— —f apw f apu .
Fif)=— [ Lt L2 (10)
Fa<f)=1—f+f§ ~ an
— 1100, 1 Do,
B f)=F0—F) {1} (12)

Now the variables in Eq. (6) are divided into two parts i.e., the steady state values and
the small deviations from the steady state. Then, ignoring all the products of two or

more deviation terms and substituting the following steady state conditions,

U*(2) =V *(2) =V (2) = Vo*+Q* (z —z) =V*+Q2(z—=21) (13)

Q* 0
df*_ﬂ?{ (I—E)f } Q* 1—pdvf* (14)
dz U* —p.Ai U*
df* _ 1 1—p,A'vf* (15)

dU* " p.dv U*

+ The core void transfer function means the transfer function which determines the core void volume
in terms of the other variables. The titles of the following sections are named in the same way.
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f*=p.z,,(1—‘9:>=pfzv -

a* —pdv- f*) = p;z ‘{})* | (an

F3*=1—(—1'—;%) PR ot 1[7},: B Gg).
where 2= Q* A'y>5<

and then taking Laplace transform of the equation, Eq. (6) is solved for §f(z,s).

—2-1 s
0f (z,5)=U* 49 {S: U*2¢(z,s)dz+C' (s)} (19)
where ¢(z,s) represents

vt A

5 G ER-E) Rl lE )
+y{§(j_?£“§)'4%+i
and the C'(s) and y(z) stand for

o(z,s) =

] + B lny]ap) (20)

C' (S) = —%Vo*ﬁazl

* (21)
y(z) Ve (2) = VV(i) = Vo +50(z —2y)

Performing the integration of Eq. (19), the transfer functions relating the local void
fraction to the four variables, i.e., the reactor power, the inlet water velocity, the boiling

boundary shift and the system pressure, are obtained as follows,

(a) 0Q—0f
O0f(z,s) _ ve 1 1l—ye—*us

Gz ) = R IQF o ¥ =1 (@2)
(b) 0Vy=df

Gi(z,9) = gL Ze= Gz, 9 (23)
(©) Oz —0f

Ga(z, s) 6f(*‘?;)‘) A'v tTlf* : { Tes—1 (1—ye=est) —ye-r”s} @)
(d) dp—of

3% The quantity 2 defined above may be called “'the rate of steam raising”, that is, the steam volume
generated per unit time per unit volume of water. The reciprocal of @ is named 7., or ‘‘steam rais-

- ing time”, during which a unit volume of steam is raised per unit volume of water. &£ and . are
the functions of the power and pressure.
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i Hggin Do) e(3-3)

X +E1_I¥+BI (Lz.‘__i,c—fus)
Y y

b B D= 1) B
ey @

where T1.=7T¢ In ¥(2)
Tt should be noted that 7,, is the transit time of steam from z, to 2, since the transit
time 7, is given by
2 de 1 (% dz
T,=\ == ———'L‘eln 2) =Ty,
t Sz‘ U* ‘/0 ” Yy ( ) 1
Integration of the local void fraction over the whole boiling region of the core gives

the total void volume in the core.
V= S f(z,5) A dz : (26)

The transfer functions relating the total void volume to the four variables are thus obtained

and given below.

(@) 8Q -0V
1
_ 1——
= V() _ v 1 y2_ l—e~Tus
Gi(s)= QR Q*  4dv 12V Aes Ts—1 [ In y. T12S } @1
where Vo=9(23), T12=Tc N Yz
(b) Vo — oV
57
Gi() = g7 e =—G(®) (28)
(©) Oz — 0V
6V s co —T128
Go(s) =gk g)) =-2-’; e el o7 i Zsyfl i (29)
d) 0p—08V

G4( ) —6V(S) —-z—;fe O*Aco[%Y(C,_D,> (yz—'].—'ln yz) +D, ln yg

+(A'=C") (1——1—)—E1—“ﬁ+ (A!—C'— D1y Faz (1—em0)
Y2 Y2 Te

T125

+€—e51_—1{F(i—e““”) ~E1 ¢ (r.,sl—l)zE(;fe-ms)] B0

3.4 Core Boiling Boundary Transfer Function
The fundamental equation of the water tempeérature in the subcooled region of the

reactor core is as follows:
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wcw(at—i-Voga) Q . (31)

where 0 is the water temperature and ¢, is water heat capacity.

Considering small variations around a steady state, and taking the Laplace transforms,

400, s sy QF (0Q 0V 1 Do ‘.
+y 00 {Q* V& pa 0p o) 5

dz Vo* - prqu
Solving Eq. (32)5'with respect to z, with the initial condition of (00 (2, 5) ) z=0=000(s)

. Q* (6Q oV, 10 .
=1'—€ ° & . 0 __ Ow ° ’
0z, ) =2 —4— > { o ap} +00,(s)e (33)

The temperature at the boiling boundary is always the saturation temperature,
6(21+621, t) =0,.(2) (34)

Again considering small variations around a steady state,
(21, 0)+ 0520) 5,43 (21, £) = Ous(0) +0ru(8) (35)
1

Performing the Laplace transforms and considering the fact that 8(z;,0) is equal to

f...(0) and the saturation temperature depends only upon the system pressure,

Maz (s) =g p () —50 (s, 5) (36)
21 p
* Substituting the steady state condition
86(z,0)__ Q@ a7
0z OuCuVo™ (87)
it gives
WCWV ae!ll .
2. (s) =gt {ap bp— 60(z1,s)} (38)
Combining Eq. (33) and (38),
R _ 6Q 6Vo 1 —g—%0s prwV() 2=t
O L
Ol Vo™ 004 ( 1 0py 1—e~"ss] 5 . 3
+{ Q* O Tp )Pw 0p  Tos } 2 @

3.5 Inlet Velocity Transfer Function (Hydrodynamics)

In order to derive the hydrodynamic transfer functions of the natural circulation loop,
the reactor vessel is divided into six parts; the core non-boiling region, the core boiling
region, the riser, the upper reflector on top of the core, the downcomer and the lower plenum,
as shown in Fig. 3.

+ In addition to the mass balance and energy balance equations, derived and solved in

Sec. 3.3, the fundamental equat1on used is the momentum equation given below.
—[Momentum] (M. Tr]l—[MTr]z——gS pdzt (pr—p2)A

— (Frictional Pressure Drop)i A - (40)
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where (M. Tr.) denotes “Rate of Momentum Transport”, and the subscripts 1 and 2
denote the inlet and outlet of the part of the loop under consideration, respectively, and

A denotes the flow area.

Steam Dome

Steam
Qutlet
v————
Water Surface 4
Upper Reflector
,/—\ /—\Downcomer
Riser Outlet 3 Topd*
Riser
Feedwater
V Inlet
Core Outlet 2 4 ———
B
[+
(=3
15
. =
oiling|{Region E
[=
T~ Boiling HBowdaryf] 1
Non Boiling Region Downcomer
Bottom5
Core Inlet 0
\./Lower Plenum\'/

Fig.3. Schematic Diagram of Reactor Vessel

The equation is simplified by considering small deviations from the steady state and
ignoring all the higher order terms.
Then it is solved, making use of the results of Sec. 3.3, for the non-boiling region,

21—2o 0(FPD);
Acg pws 6V0 + ‘_‘a' V—o 5V

— Lo (Vo) byt E ) (21_20) D Dwstaiprocp—rd (D)

and for the boiling region,

1

N sy ] Vo
lnyz m(l —ye~ " )}

L5t [FPD]“ 3V,-A

%2 Z'ezsz
oxVo {(fes—l)

‘ 1 o7
= — V
g(0e—0s) 405

+10on*2[( T°S

2.2 5
fe-:—l)ln Ya— Z——‘l—j‘é‘(l yzg—flzs) (7:=3+2) (yz 1)]6??
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_]_Pan‘ [T'L'lz? 31—

T, LTes—1 (Tes 1)2(1 TYeeT) + ]621

+0,Vo*2[ (A'—C") (3:—1) (Tes+1) (2u5+2) +»{F+r;s(F—zE)

1 TeS ' Iy o 262

+F'ces——1 +E( 1)2+(C Az)zes}l’n‘yg "
+{—(A'—C"—D' (2r5—1) +B'z 252}.___..1( yf'l')’;”‘
_ E r1227:533

2 (ts—1)

— 5% 2 (DO (o= D)= (2E2eD — 10 ) Jop

+Aco(6ﬁl_6p2) (42)
where EEA'—B’——C’—{—D’

—__ Al BI +Cl + D’
A similar analysis can also be applied to the riser. The heat flux @ is, however, zero
in the riser and the equation of the energy balance should be modified. The cross-sectional
area of the riser A, is larger than that of the core A, so the continuity condition at the

top of the core is
AV'2= ﬂVz

where 172 is the riser inlet velocity and V, is the core outlet velocity and X is the ratio
of area A./A.
The fundamental equations are solved, with the above mentioned modifications, for the

riser,

1___yze 7.'125 1— e—-fzas) 6Vo a[}‘--":PDj2
s #+ 4 av, Vs

1—y2e-1-'!=3 l——e“fns} 8Q

*2 R
0w Vo (/ﬂ'zss + Voo To—1

=—p, Vo* [ﬂfza (02— Ds— V

—e=Tep
+pon*Q[,urzss+ (1 —YzgT12S) —yzE"”‘} 1—‘2——3]521

S Ko
+10on*2[{ (A'—C") (y2—1) (Tes+2) + (B'—D") —7sE In y,} T a5

+ 3 {(A'=C") (32— 1)+ B'— D' st

— T5slA=C (-1 +B'—D}
2Yo0

+ 1_3—7-'233[(A’_C,) <l_l)_Eln y2+Ble—has
s : Y Y2

g
Vo*

— L fem-pn(L

_e-—rlzs) +E M}
T.s—1 Y2

Y2
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1

+A5(p—pa) (43)

The same equation of momentum balance is applied to the hydrodynamics of the upper
reflector. However here is needed an additional assumption about the behavior of the free
surface. Suppose the flow rate of water coming out from the riser inCréasés very suddenly,
the recirculation flow rate does not change appreciably and instead the free surface of the
reflector rises. If the change in flow rate is slow, the recirculation flow rate varies in the -
same way as the incoming flow changes and thus the position of the free surface is sub-
stantially constant. Thus the upward velocity 0V, of the free surface is assumed to have
the following relationship with the incoming flow rate 6V, that is, the riser outlet velocity

of the water.

8V, = 8V, (44)

l+
And the time constant t, is roughly assumed to be the order of 2—77;, where T is the period

of the standing wave between two parallel plates separated by a distance corresponding to
the diameter of the reactor vessel.

With the above assumption the momentum equation is solved, the result being as
follows,

Lo v LA q gl Ve* )- 2 Ao, o,
ymadt [yz( Vo T s T T e SGI(zZ’S)](W"

p V. *2{y2 1( h s QT. /Vo zﬂye) +#y22 A'Ue—z'-_,gs Gl(zZ;s)}—éQQ*

¥ \ Vip* 1475 X
Q at. /V _ _ *A'z) —Tass
+ WVO {_(‘Voh + 1+z_0 zﬂyz) luyZZVO Tse T G3(221s)]621
1 gt/ Vo* _ 1 yz;l
+ P Vo [3’2( Vo st 1475 Zﬂyz)[[<A ¢ )( 0 +1‘23y2)
— (Cut ) B s (35— 1) (4'—C1) |
— 2 — o+ A2 (@1 —emeuss) ee1Gi (22, 5)} |0
+0(pa—p4) (45)
where a=—J LA G D+ B+ = D) (51 (L 5-1)]
2 s
;s=_1_[_-1_£7_'+yz—1 D’-C’}
ﬂ y2 vw yZ Us

Finally, the momentum equations for the downcomer and the lower plenum are derived

in the same way. The solutions are

L OFPD) Ay 51

O _ Acoyr
E‘{(’“ Z°+")S+274:V°*}5V° V. A
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Aco
Ay

+0(ps—ps) (46)

for the downcomer and

Ao ar 1 D
=[xz +h) Vo*s+Ez—Vo*2—g&za—zo+h?]v—w,-;;ﬁp

 Muas 0Vt 2D v, =5 po—pr) S oun

for the lower plenum, where Mp; is the équivalent mass along the streamline in the lower
plenum. ’ _ ’
The results obtainéd for each of the six parts of the loop are summarized as follows;

For the non-boiling region, from Eq. (41),
0(FPD);
01 [
G, c3V0+———aV0 0V,

=G0z, +G,0p+0(po— 1) (48)
For the boiling region, from Eq. (42),

G5 Vo-l-—a—% (FPD); 0V,
=Gv6V+Gq12%iQF+G,1126zl+G;26p+5( i) O (49)
For the riser, from Eq. (43),

o

G, 20V,+ v

[FPD]g—f-lﬂéVo
=G99 1 G, 2962, +G,20p+0 : 50
=Gy @g"‘ 12902, + G220 +0( p2— pa) (50)
For the reflector, from Eq. (45),

Gv“é‘Vo:G:‘%+G=1“521+Gp“6p+6<pa—p;) (51)

For the downcomer, from Eq. (46),

0 Acn
A 2.0Vo

=G,*0p+0(ps—ps) (52)

G,®0V,o+ (FPD);

For the lower plenum, from Eq. (47),

Gfoav.,+—a£%?lg‘5 Vo=0(ps—p0) (52
o

Summing Egs. (48) through (53), we obtain
{GVOI + GVIZ +Gv23+Gv34 +Gv45 + GVEO } 6Vo

9(FPD)} , 9(FPD)? O(FPD)} A., 8(FPD)S A., 8(FPD)}
+ Loy Loy oV

+[ v, v, V. A W, A, v,

=G,V + (G,,12+Gq23+Gq“)%9r
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+ {G2101+G:112+G1128+G:184}621
+ {GPOI +G912+Gp23+Gp3‘+Gp45}6p i (54)

The above equation is used to determine 0V, as a function of 0V, 0Q, &z, and dp.

3.6 Vessel Pressure Transfer Function
The reactor vessel, excluding the core and the riser, is divided into two zones; the
upper part of the vessel, which is occupied by the saturated steam and water, and the lower

part, which is occupied by the subcooled water. As shown in Fig. 4, the boundary of the

Steam Outlet

Saturated Zone

of Vessel

g4 . Feedwater Inlet
Core & Riser —
1 ] %
A
1]
' ¢
H
’ 7
¢ g
g A
5 g .
[/ 1 [
5 ¢ /
v 4
Il .1 5

Subcooled Zone
of Vessel

Fig.4. The Saturated and the Subcooled Zone of Reactor Vessel

two zones is the feedwater spurger ring, where the subcooled feedwater is injected. The
volume of the each zone is assumed to be constant. Then the fundamental equations of
the system are as follows,

Mass bzlance:

dM,

abiel 3~ — — )
; W,—WL—u (959)

de 0l Ww WR ) 156)

dt
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dM ub

Moo Wt wi-wo ) (57)

where # stands for the rate of steam condensation due to pressure change.

Energy balance :

Ve dp

Wi~ Wity + Wetw— Wsz——\Msz) + (Ms ) ——=% a7y (58)

Wdw+ We ie— Woz,,——(Mm ) — V‘“" “‘Z’ | 59
(v)onst.ant volume : |

dlv M) 1 dloeMe) | (60)

d@' ,:;tM.uh) _ (61)

Combining the above equations and the core and riser flow rate transfer functions relating
W, and W, to W,, considering a small deviation from the steady state and taking the

Laplace transform, the following solution is obtained.

(Aps+B,.) 0p =1, 0 Wi—v, 0 Wi+ Vo* (32— 1)————9521 (62)
where

A, =M*( 22 B—D)+ M*{ S (A+B)— (C+D))

zlz; VJ,M Vo (C'— AN {To(y2—1) +T2a ¥z} + Vo*E(Tza—T12)

B,=A"Vy*(y.—1)

3.7 Recirculation Flow Transfer Function

The transfer functions for the recirculation flow are also obtained from the fundamental
equations of Sec. 3.6. Solving the Egs. (57) and (61), the recirculation flow is given by
the following equation

. 1 _ & 1 avw _Muub avsub
6WR_‘U—W6V0 Vo —‘Z? “a‘b—ap “"—vsub ot

—dW; (63)
3.8 Inlet Water Enthalpy Transfer Function

For the purpose of deriving the inlet water enthalpy transfer functions, the downcomer
is regarded as a single tube. Let x denote the distance measured downstream along the
axis of the tube, then the enthalpy of subcooled water in the downcomer is given by

X

i(z,s)=i(o, s)e_‘?d (64)
where i(o,s) is the enthalpy at the top of subcooled region and is given by
i(0,5) = Wrixt Weis (65)

Wrt Wi
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assuming the complete mixing of feedwater flow and the recirculation flow.
The total enthalpy in the subcooled region is

Morin() = 2at@ 5, | (66)

vlaub

where z, is the total length of the tube up to the inlet of core and v, is an average
specific volume of water in the subcooled region. '

Neglecting the change in water density,

X ! —Xd
sub Zsub—' S d = d di(O,S)(l—e. Va >=M(l_e Vds )i(O,S)
suh s s
(67)
Thus,
Msub*Sisub= (WR*+W5*)(1__8 Vd )i(o, S) (68)
Combining Egs. (59) and (68),
We*W e N (0Wr  OW g—Tas
Wstia=-p e (i)™
+ (WR*ZL;g—rds+mVj=b s) O0p+ W*di; e—%as (69)

where Ta=zaf Vs

3.9 Summary of Transfer Functions
The transfer functions derived so far are summarized and given below. The inter-
relation of these transfer functions are shown in Fig. 5.

(1) Zero Power Transfer Function

. _ On/n* s+ A4
GR(S) = = ( 1 )
Ok L B
£ (s+7+z)

{2) Fuel Heat Transfer Dynamics

_ Qe+ 1
Gr ()= on/n* ~ 1+Ts (2)

__ 06; _ 6*—0.*
Gr(s)= Snfn* 1+Ts (3)

(3] Void Transfer Function

1
1——
Vs * 1 Yp _l—e—C1as
Gils) = §Q Q"’ Ay Ty T2 Vo e Tes—1 [ In vy, T12§ } @0
. 4
G.(s) =?ﬁ,6%/v—;ﬂ: =—G,(s) (28)
Us Acu “‘1‘*‘_’)/23—7'.“3

Gs(s) —“—[Tv S| (29)
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G;(S) =%= - Z;} TEVO*Acu[%(C"—D’j (yz""l""ln yz) +D, In N2

le 1 _e—'rxzs

+@—cn(1-1) -l w—c—py
‘ Ve Yz »

T, T12S
1 R P R In y, E. (L_ —-r.=S) :
res_l {F(yz ¢ X : ) E yZ }+ ('Ees_l)z y2; ¢ ] (30)
{4]) DBoiling Boundary Transfer Functioxi . ’ |
_ 0z _ s _yl—eFusS
G5<5) —TQ/—Q-;E— | (Zl .‘Zo)—f;—r (393.)
o m e
Ge(s) = SV, Vo Gs(s) (39b)
G, (s =§z_1=——(z —= )—p"—e’rms (39c)
! 01, T 5 QF
Gs(s) =0z _ (z1—=0) L pr (second term is neglected) (39d)
op To1
{5) Inlet Velocity Trinsfer Function (Hydrodynamics)
Gvcs)av.,=Gm7+c;q(s)g;‘i-l-c,l(s)azl—l-cp(s)ap (54a)
(Dimension of Eq (543.)' is pressuré i.e (kg) cm '\)
= 77T cm? sec?’
where )
G,(s) =G +G,*+G,2+G,*+G. 5+ G5+ (FPD)’ (54b)
[a, |2 {e?—e‘w]-l
Retivity Skex aﬂ/ﬁ r——G-‘——l SQ/Q'
L= I~

oW, P
8i; ~ Feedwater

2o

- )

_J

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

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

(1) Inlet Velocity Transfer Function (V1) Inlet Water Enthalpy Transfer Function
(Hydrodynamics) ‘ ’

Fig.5. Transfer Funoticns of Natural Circulation Boiling Water Reactor
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2
Tel12S 1 (l_yzé—szS)]

Y2 VO* TeS— 1 Ta3S

{
O Vu*) [#7:235'*- Tag . l‘_yze_rus‘ l—e—rzas}

34 pw k (]‘L', . 1
G, —'.U( Vo {ﬂ77345+y————2V0* Tics

G ﬂ,,z( Ox V.,*) (Tass+2)

G, = MLps’: ( Loqw Vo*) TsoS

ca

9(FPD); , A(FPDJi , 9(FPDJ; A,
aVO aVo » aVz Ar
(FPD); A, O(FPDJg

V. A oV,

(FPD)' =

+

o]

Gq (S) = qu +Gq23 +Gq34

e—T128

—2U— e ]'_L_

TeS—1

G 2= (&Vo*"’) {‘L‘,'L‘lzsz _1l—ry,emmre® (T5+2) (yz—l)}

A, Ts—1 (ts—1)2

R TS [P ¥ R B U

yZVOf ' Tes—l

84 _ ;[ Ow v %2 _ . gt 1 _ )
G = ﬂ(AmVO ){(yz. 1)(ﬂf345+y2V0* 1¥ts 2u

+ e

—~TaaS 1—yze”’”s}
Tes—1

G:l (S) =G2101 + Gzllz ""C;':l23 +Gﬂa4

G =— (&Vo*)l(z.es;l_ Toff )

Aco Te VO*

rzas

Gt (Leye) LTS g g 4 20 FeQoone t))

}

o Tes—1 Vo* (tes—1)*
= T1g® —pg—T238
123:#(%0‘/0*)%[#72334‘3,0?3*{1 z-J_,:.e_l _yze_t“s}l :235 :
. 2 Vo e
34 pw k l H 1 |
G _ﬂ(AmVo )Z_e[ﬂfsd'i' VE T+os 24

Gp (5) = GPOI +GF12 + GPZS +Gp34 +GP45

G = (LeVirt) Dt s+ i)

17

(41a)

(42a)

(43a)

(45a)

(46a)

(47a)

(54c)

(42b)
(54d)

(42c)

(43b)

(45b)
(54e)
(41b)

(42d)

(43c)

(45¢)

(64f)

(41c)
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Gyiz= (—”Aimvu*z)[cA'—c') (32—1) (1) (s +2)

+{F+tes(F—2E)+ - sF—l +E 1)2+(C’ Ar)rezsz]lnyz
+{(C'— AN —D' (2z5—1) +B'z2s? }Qﬁt_
( es_l)s
_ E ©yTi%s° '
2 TSs—1

- %‘:[(D'——C’)'( ya—1)— (—"%D' —c')%z} ] aze)
25— /t( fjﬂuvo*z) [1(A"—CN (3, 1) (5+2) + B/ — D' — Erus) UTass
+H{(A1=C) (32— 1)+ B — D'} e’
— TRl (A =C) (3= 1)+ B =D}

+ 20 1 (A1) (35— 1) —E In yo+ Blysess

yzvo T2as
—— L {2(B'—D") (1—y:e~"*) +Eln 3.}
Tes—1
El——yge"‘“!s d
+ (Tes—1)2 H (43d)
Ga‘—,u(p‘”V“)[( tuus+ I L ap)[(41—C") {2 o= D) - Tunils
= Tzoo HUT34 V*I-I-L,S 141 el V2 232

— (T FTas) Es+ (A'—C') <iy2—1>]

4
— pys? [—ﬂlﬂvw+ v'”

+ﬂ5_t“s[%(cl"D’>.’y2(yz—1) +D'(3:—1)+Elny,

4B (1= yse=t03%) +— - (2(B/ = D) (1—p2e=*15)

+EIn y,) —%]] (45d)
G ‘5=,u,,( £y, *Z)D’(ﬂdnss—l- p—5t ) (46b)
(6) Vessel Pressure Transfer Function
Gro= 6%{2: —9.Gar - (62a)
Gy= 65§,£=va” G
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Glﬁ— 5@/@* = Vo*(yz—l)GPr
op _ 1
G =™ Tl
where
— 1
G Ays+ B,

&FMﬁ(AWJ»HWﬂM+E
_ 4o Vo

& T

.Bpt = VO*A’ (yz_ 1)

(7] Recirculation Flow Transfer Function

_O0Wa_
Gas =W —1
G = 6WR — Vo*
BTV VR vy
— 6WR —_— * D Msub avsuh
G27 - 6P VO 'Uivz Usub a}b "

(8) Inlet Water Enthalpy Transfer Function

G31= 610 = W{ Zw—Zf a—TdS
6WR WO* WR*+ Wi
— 6i0 =__WR zw_zf a—TdS
ETOW, Wk WrrWi
_% WR vuub
Gga— 6p Wo J. 5
_ 04y _ Wi

_e— T4s

24—31.7 Wo

(C+Dﬂ

19

(62c)

(624)

(62e)

—Vo*(C'— AN {Te(¥:—1) +Taay2} + Vo*E(T25—T12)

(63a)

(63b)

(63c)

(69a)

(69b)

(69c)

(69d)
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4. Conclusion

The complete set of transfer functions pertinent to the dynamic analysis of natural
circulation boiling water reactor is derived. It includes the zero pov5rer transfer function,
the fuel heat transfer dynamics, and the power to void- transfer function, which consists of
the core void transfer function, the core boiling boundary transfer function, the inlet velocity
transfer function, the vessel pressure transfer function, the recirculation flow transfer function
and the inlet water enthalpy transfer function, The interrelation of these groups of transfer
functions is summarized in Fig. 2.

The derivation of each transfer function is described in Secs. 3.1 through 3.8. The
obtained transfer functions are summarized in Sec. 3.9. It is quite easy to substitute the
numerical values of the design parameters into these equations and obtain the numerical
values of the transfer functions. It is difficult, however, to simulate some of these transfer
functions on the analog computer as they are, and also to obtain. their numerical values for
different frequencies for the purpose of stability study. The modification of the equations

for the simulation and the stability study will be discussed in the subsequent reports.
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- .Nomenclature -

Symbol Unit

Q heat flux per unit length kcal/sec.cm

WL steam flow to load - (kg)*[sec

W, steam flow from riser 7

W, water flow from riser "

W water flow at core inlet "

Wk recirculation flow 7

W; feed water flow "

A, flow area of core cm?

A, flow area of riser "

Ay flow area of downcomer "

A,=A,+A; total sectional area of vessel "

z p position in axial direction (the origin at the inletof core) cm

Za ‘ equivalent flow length from feedwater inlet to core inlet "

Zip equivalent flow length in lower plenum (from z; to 2q) "

h reflecter height above the riser "

7 Al A; —

Ua Aol A —

14 flow velocity cm/sec

. 22—z v

yiz) defined as (Vo*+-—?—’)/Vo*= o= F) T of —

Y2, )3 y2=y(z2), ys=y(23) —

f void fraction _

r slip ratio —

g temperature °C

6; fuel average temperature °C

P pressure kg/em?

u condensation rate of steam (kg)/sec

U steam void wave velocity cm/sec

G (s) transfer function

G defined in Eq. (62e) kAg_-_saec
cm

A, " cm?®/kg

B,. " cm®/ (kg-sec)

o defined as -—AL;3}12—2{A’(yg—l)+B’+(C’—-D")(y2—1’)v

* (kg) denotes the unit of mass.
kg. denotes the uuit of force
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v
(5] ot
e defined as L{—L D14 2:=1 D=C1) em (kg)/kg
g Y2 Uy N2 Vs
v void volume in core cm?
Voo saturated steam and water volume in core "
Vb oo subcooled water volume in core ”
V. saturated steam and water volume in vessel
(excluding core and riser) "
Vo subcooled water in volume vessel (excluding core and riser)
M, . saturated steam mass in core (kg)
M., saturated water mass in core "
M.+ o subcooled water mass in core "
M, saturated steam mass in vessel (excluding core and riser) "
M. saturated water mass in vessel (excluding core and riser) "
M. subcooled water mass in vessel (excluding core and riser) "
M., equivalent mass along flow in lower plenum (kg) [cm?
Z specific enthalpy kcal/(kg)
Z " of saturated steam "
Iy " of saturated water "
i =i —1le kcal/(kg)
Zoub average enthalpy of water in subcooled region : ”
i specific enthalpy of feedwater "
o=p'As, density per unit length (kg)/cm
o density (kg)/cm?
05, O density per unit length of saturated steam and water,
respectively (kg)/cm
o, 0. density of saturated steam and water, respectively (kg)/cm?
4o =0,—0w (kg)/cm
do’ =0/ —p.' (kg)/cm®
O sub average water density per unit length in subcooled region (kg)/cm
0wt average water density in subcooled region (kg)/cm?
v =1/p cm/(kg)
o' =1/p' specific volume cm/(kg)
Ve, Uy v.=1/p., vu=1/p% . cm/ (kg)
v, v/ v/ =1/p!, v./=1/pos' cm®/ (kg)
dy =U,— Uy cm/(kg)
4! =v,—v,' cm?/(kg)
U sub =1/0us cm/(kg)
Vb =1/p'.» average specific volume of water in subcooled

region cm?®/(kg)
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T

(FPD)

(FPD)’

Subscript

w

o, ®w

o= oo

=01,[0p

= 0u,[0p
—A'—B'—C'+D'
=—Al—B'+C'+D'

= . steam raising time, i.e. time during which

the unit volume of steam is raised per unit

Nomenclature

volume of water

= (21—’20)/V0*

=7,lny,: void transit time in boiling region

= (z3s—z2) [ (V)
=h/(uV5*)
= (Za—zo+h>/<ﬂdVo*)

= sz/ Vo*

time constant associated with the natural frequency

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

of reflector free surface

fuel time constant, defined in Eq. (2)

4 .
=’L';1=Q*T7,j rate of steam raising
i

frictional pressure drop

_0(FPD)
Ve

water

steam
downcomer

riser

core inlet

boiling boundary

top of core

23

keal / kg
(kg)

cm?

cm /kg
(kg) / cm?

em?/kg
"

cm?fkg

"

144

14

sec
144
tH
144
"
”
1"

"

144

1
sec—?!

(k)cm 1

sec? cm?

(kg) fem?-sec
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Subscript (cont'd)

3 top of riser

4 top of reflector above the riser

5 the same level in downcomer as core inlet

sub subcooled

sat saturated

avg average

Superscript

* steady state value

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

due to the difference flow area in riser and core

Some Relations for two phase flow for uniform heat flux and unity slip ratio

T.= i . steam raising time
T Oy g
Tp=T.lny, : wvoid transit time in boiling region

Vi (z) = U(z) = Va4 (2 —2:) = Ve

1
Vo*'l'?(_Z'—‘zl)

wr o U*(z)
o = .. .l.=
Y kZ) VO* Vo:k
H (o) Ow — _Pw ¥_ 1= T8 o o = VR (yE—1
v Ou(1—fF) +po.f* (=) ! 7. Vo 2=n V("=
v, vP—1
f*(=) T 3* -
q"“(z):L L —1{: variable defined in Eg. (7)
Te dU Y

Some relations for steam and water properties

A=04i[0p, B:%‘;, C=04v[0p, __Ov,

T op
E—Al—B'—C'+D!, F=—A'—B'+C'+D!
Ar=aldi, B'=2v B c1=Cltv, D'=Dlv,
i v,
0o, _ 1 . v Ooe_ 1
—a'}‘ - 'U,Z (\C—{_D/’ ap - 'UWZD
605_6‘0‘,,_‘&(%-!-% 1__ r)
o5 opwE\ v D C
dv

,.“’_,_,,@"Z:A'U’ pw——pa:

‘w 0 s VwUs
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