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NOMENCLATURE

A Channel cross-sectional area

Ad Downcomer cross-sectional area
Ag(x,t)=A%(x) + ag(x,t) Steam cross-sectional area
Aw(x,t)=A& (%) + ay(x,t) Water cross-sectional area

B Friction coefficient

Ci,C, Friction coefficients in the nonboiling

and boiling regions

C1,C2,Cy Specific heats of fuel section, cladding
and water

D(x) Flux distribution function

d;,d, Half-thickness of the fuel section and
the thickness of the cladding

g Acceleration due to gravity

H(x,t)=H%x) + h(x,t) Enthalpy of subcooled water

Hfw Enthalpy of feedwater

Hg Saturation enthalpy of steam

Hy(t)=Hw + hywlt) Saturation enthalpy of water

Hv Latent heat per unit volume of steam

K(x) See Eq.(42)

Ki(x),Ka(x) See Eqs.(47) and (48)

ky,k, Thermal conductivities of the fuel

and cladding materials

L Reduced core height

' Actual core height

Inb Length of nonboiling region

Ly, Lp Reduced and actual length of the
boiling region

Le¢ Length of the chimney

M, Water mass in the vessel

Mg Steam mass in the vessel

Mg,.Mnp Masses of water in the downcomer

and in the nonboiling region



Mi=Mr + Mfw
N(t)=N° + n(t)
P(t)=P° + p(t)
Pr, Py

Q(t)=Q° + q(t)

Q(x,t)=Q%x) + q(x,t)
R1,R,,R3

Ty

Ts,Tw

U(x,t)=U%x%) + u(x,t)
Up(x)

Uy

U,,U,

V(t)=V® + v(t)
Vn(t)=VY + vu(t)

Vi

W(x,t)=W(x) + wix,t)
Wo(t)=Wo + wo(t)

Total mass in the boiling region
(water + steam)

Steady state and incremental feed-
water mass flow rates

Mass flow rate of the recirculating
water

Total water flow rate in the core
Nuclear power

Pressure

Frictional and inertial forces

Total thermal power supplied to the
channel

Thermal power per unit height of
channel

Thermal resistances of the half fuel
section, the cladding and the film

Recirculation time

Steam and water transit times
Steam velocity

Steam perturbation velocity

Average steam velocity in the boiling
region

Steam velocities at the boiling bound-
ary and at the core outlet

Total steam volume in the core

Net steam volume in the core
Volume of the fuel plates

Water velocity in the boiling region

Water velocity in the nonboiling region

GREEK SYMBOLS

(7TLb/L) and (7TLnb/L)
Boiling boundary shift

Temperature drop across the film




plﬁ'ozsps»pw

Td' Tf, TpV’ qu, Tqb

¥(x,t)=¥%x) + ¥(x,t)

Saturation temperature

Incremental water temperature in the
nonboiling region

Total momentum in the circulation
loop

Incremental water temperature
(averaged in the whole channel)

Incremental fuel temperature (aver-
aged transversally at x)

Incremental fuel temperature (av-
eraged in the whole fuel plate)

Nuclear power generated in the half
fuel section per unit surface area

Densities of fuel material, cladding,
steam and water

(Plcld%/kl) and (PzCzd.%/kz)

Time constants (see Section XII)
Time lag due to the steam formation
Bubble growth time

Heat flow per unit surface

(OC/TS) and (B /TW)






THEORETICAL FEEDBACK ANAILYSIS
IN BOILING WATER REACTORS

by

A. Ziya Akcasu

ABSTRACT

The dynamic behavior of boiling water reactors for
small perturbations was investigated in a systematic way.
General expressions for the transfer functions associated
with the individual feedback mechanisms were obtained for
an arbitrary flux distribution, weighting function, and steam
velocity distribution. Specific forms were derived in the
case ofa first power flux weighting, a uniform steam veloc-
ity distribution, and a sinusoidal flux distribution with an
adjustable wave length. These forms were simplified and
single time-constant transfer functions were obtained. The
error involved in the lumped time-constant approximation
was shown to be as large as 4 db in amplitude in certain
feedback mechanisms. Theoretical results were applied to
the experimental power-void transfer function obtained at
Ramo-Wooldridge Research Laboratory, and to the EBWR
transfer function. In the former case, the agreement was
found to be reasonably good, but yet more systematic ex-
perimental data were needed to reach a definite conclusion
as to the validity of the proposed model, which assumes a
time lag associated with steam formation and a steam per-
turbation speed greater than the steady-state steam velocity.
In the second application, the agreement between the ex-
perimental and calculated reactor responses was proved to
be better than 5 decibels in amplitude and 10 degrees in
phase, in the entire frequency range from0.01 to 100 rad/sec.

I. INTRODUCTION

This report contains an analysis of the inherent nuclear feedback
in boiling water reactors. The objective is to obtain a quantitative under-
standing of the various feedback mechanisms in boiling reactors. The
analysis is based on the linearized treatment by means of Laplace trans-
forms of the nonlinear differential equations describing the reactor sys-
tem. The validity of the theory is therefore restricted to small variations
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about the steady-state values of the reactor parameters. Separate treat-
ment of the individual feedback mechanisms is allowed on the ground of
superposition principle.

The method of analysis consists of the following steps:

a. The transfer functions associated with each feedback mecha-
nism are derived in an integral form for any flux and steam-velocity
distribution, and for any reactivity weighting function (horizontal flux var-
iation and thus horizontal weighting are not considered). These general
forms may be used for numerical investigations if the above three functions
are experimentally known.

b. By evaluating the integrals in the case of uniform steam veloc-
ity, sinusoidal flux distribution and first-power flux weighting, analytical
expressions are obtained for each transfer function.

c. These analytical forms are further simplified, and the approxi-
mate expressions with a single time constant are derived. The validity of
the single time-constant approximation is checked by comparing the ampli-
tude responses of the original and approximated transfer functions.

The assumptions made in the second step for obtaining specific
forms of the transfer functions require further consideration. The dassump-
tion of sinusoidal flux distribution becomes fairly realistic when a "reduced"
core height is introduced to take into account the flux depression near the
top of the core due to the presence of steam. The assumption of first-power
flux weighting requires more apology since the change in the local diffusion
coefficient due to the voids is weighted with respect to the square of the
flux gradient, and the change in the absorption is weighted with the square
of the flux itself (one-group theory). First-order flux weighting for the
combined effect may therefore be expected to be qualitatively correct.
Nevertheless, it is more realistic than completely ignoring the weighting
phenomenon. As to the steam-velocity distribution, the following argument
may be given: It is found that the time constants associated with various
transients in the boiling region turn out to be proportional to the steam-
transit time, with a proportionality constant which depends only on the ratio
of the boiling and nonboiling lengths. It may be expected that the value of
this constant of proportionality will not be too sensitive to a particular
steam-velocity distribution.

The presented report stems from the work by E.S. Beckjord,(l)
Therefore, it is regarded by the author as a second step towards a better
understanding of the dynamic behavior of boiling water reactors.




II. HEAT TRANSFER IN FUEL PLATES

The heat released in the fuel section by the nuclear fission is trans-
ferred to the coolant through the fuel, the cladding, and the film between
the fuel plate and the coolant. Therefore, it is appropriate to distinguish
between the nuclear power N(t), generated in the fuel, and the heat power Q(t)
supplied to the coolant. The purpose of this section is to establish the
relation betweenN(t) and Q(t).

The heat transfer problem encountered here can be simplified by the
following assumptions, which are realistic for a thin fuel plate whose thick-

ness is small compared to its width and length:

(a) Heat flow in the x and z directions is ignored (see Fig. 1).

N\
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HEAT TRANSFER IN FUEL PLATES

(b) The rate of heat production is uniform in the fuel.
(c) The temperature of the coolant is constant.

(d) The temperature variations are sufficiently small to allow the
linearization of the film resistance. The latter is then defined as

11
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1 oY
Ryb (39_> o 1)
3 e
where ¥ is the heat flux and © is the temperature difference across the film.
An explicit form of R3p can be obtained from(2)

¥ = 2.55x 10-% e 0-065¢ P gt (2)

where ¥, P (the pressure) and O are in watts/cmz, atm and °C, respectively.
Thermal resistance of the film follows from Eqs. (1) and (2) as

Ryp = 0°/4%° | (3a)

In the nonboiling region, the Dittus-Boelter equation(2,3) can be used
to calculate Rjnb as the inverse of the heat transfer coefficient:

Nu = 0.023 Re%® pr 04 | (3b)

where Nu, Re, and Pr are the Nusselt, Reynolds and Prandtl numbers,
respectively.

The solution of the heat transfer problem with the above assumptions
is straightforward and can be found elsewhere.(4,5) If the Laplace trans-
form is used, the final solution is obtained as

v T
K(x’s) = 1s< Re sinh/T2s + R coshJTzs> + /T8
Y(x,s) R, VT 58

<cosh. /Tos +-§—§- T28 sinh./’Tzs> coth,/T;s R (4)
2

where 7(x,s) and ¥(x,s) denote the Laplace transforms of the incremental
nuclear power produced in the half fuel section per unit surface area

(see Fig. 1) and the heat flux rate, respectively. The meanings of the other
symbols in Eq. (4) are given in the nomenclature.

One observes that, except Rj, all the parameters on the right side
of Eq. (4) are independent of x. Therefore, by ignoring the variation of
R; or by defining an average Rj, one may replace ¥(x,s) and ¥(x,s) by
q(s) and n(s), which are the incremental values of the total heat flow and
the nuclear power, respectively.

By expanding the right-hand side of Eq. (4) into a Taylor series
and retaining only the first and the second terms, one obtains




1+s’rf

where

_ R,+R;3 1, 7,/1  Rj
Tf‘“{T*?*‘ﬁ(z =) (©)

If the method of eigenfunctions is used, the final solution is obtained

as an infinite series:

Cn

qa(s) _ .
S L T A0 ™)

where the C, are constants depending on the geometry of the two-region
slab and on the thermal properties of the fuel and cladding; the A, are
the roots of the following equation:

tan /THA = -

kzdl T2 dz COS4/ TZ>\' - R3k2\/77>\- sin«/7_‘2—>x- (8)
Kidza| T, d; sin /Toh + Rykpo/Toh cos /T, A

which reduces to

d, 1
T = - —
tan Rk, VT

(9)

when the cladding is disregarded. Note that Eq. (8) can also be obtained
from Eq. (4) by replacing s by jA and by equating the right side to zero.

The advantage of Eq. (7) over Eq. (4) is that it directly gives all
the time constants, viz., (I/Xn), as the roots of a trigonometric equation.
The previous method, however, yields the transfer function in a compact
form rather than as a series and, thus, enables one to calculate the exact
transfer function.

The single-time-constant approximation is obtained by retaining
only the first term in Eq. (7). The remaining terms of the series de-
crease rapidly with increasing n. The gain of this approximate transfer
function, viz., C;, should be replaced by unity in order to obtain the exact
zero-frequency response. Note that 2C, = 1.

It follows that both methods yield the same approximate form,
namely, Eq. (5). The time constant T¢ can be evaluated either from
Eq. (6) or from Eq. (8) in a given application, since both equations yield
approximately the same numerical value. In fact, Eq. (6) represents an
approximation by which to calculate the lowest root of the transcendental
equation in Eq. (8).

13
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Amplitudes of the exact and approximate transfer functions have
been calculated from Egs. (4) and (5), respectively, using the numerical
values for EBWR at 20 Mw and 41 atm operation. The results are plotted
in Fig. 2. It is observed that the single-time-constant approximation is
quite satisfactory up to 25 rad/sec.

0
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™
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wi -9
(=3
2
a
H DISTRIBUTED
2 — — — — SINGLE TINE CONSTANT
Ty = 0.38 sec.
=15 |—
-18 —
1 1 1 1 l 1 I
I 2 2.6 [} 6 8 10 15 20

FREQUENCY (RADS /sec.)

FiG. 2
AMPLITUDE RESPONSE OF FUEL PLATE TRANSFER FUNCTION

The following remarks seem to be in order:

(a) The frequency region, in which the single-time-constant
approximation is valid, may not contain all the frequencies of interest for
the kinetic studies. This point should be verified by plotting the amplitude
(or phase) of the exact transfer function. If necessary, more than one time
constant should be considered. In the latter case, the method of eigen-
functions proves to be more convenient.

(b) The value of the single time constant depends on the power level

as well as on the pressure, because R3p varies with power and pressure.
The variation of R;p with power is obtained from Eqs. (2) and (3a) as

3
R% = RY, (%%




where Q% and Q* are the power levels corresponding to Rgb and R¥p. One
observes that Rjp, and thus T¢, will decrease with increasing power for a
constant pressure. The variation of Rj, with pressure is obtained as

R%¥p = Ry exp [(P° - PX)/900]

Hence, Rjp and 7¢ decrease with the increasing pressure. Experimental
curves given in Reference 6, p. 29, support the predicted trend for the
power variation.

(c) The time constant Tf will have slightly different values in the
boiling and nonboiling regions, due to the different character of the cooling
in these two regions. This difference becomes negligible in the case of
ceramic oxide fuel elements, due to the large value of R; as compared
with Rj.

15
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III. FUNDAMENTAL EQUATIONS OF MODERATOR DYNAMICS

The analysis of the moderator dynamics is essentially based on the
conservation of both mass and energy. The former yields the following
equation, when it is applied to a volume element of thickness dx along the
channel:

AsPs U + Awpw W) +5(As Ps + AwP w)

=0 . 10
Ox ot (10)

The conservation of energy results in(7)

d(PgAsHgU + P wAwH W) o(PgAgHg + PwAwHy)
+
ox Jt

= Q(x,t) , (11)

if (a) the variation of the kinetic and potential energies, and (b) the pres-
sure change along the channel are neglected. The second assumption en-
ables one to use enthalpy instead of internal energy.

In addition to (a) and (b), the following assumptions have been made
throughout this report: (c) saturation enthalpies depend only on the pres-
sure; (d) steam density and latent heat (Hy) are constant (see Appendix C);
(e) steam and water phases are in equilibrium at any time; and (f) axial
distribution of the power (or flux) is unchanged during transients.

With these assumptions, Eqs. (10) and (11) give

S
= - —— —rrr PUN—— ———— Z
S T T H, H\hs T thevtwar ) Tx (12)

0(AgU) JdAg Qfx,t) 1( dH dHW> dP
e

The meaning of the symbols is given in nomenclature.

For small deviations from the steady-state values, Eq. (12) takes

the following form:
s dag q(x,t) 1 A dHg
Pshs 3o

T (agU’ +uAld) + =—= T— - + Py Ay

dH, \ dP
ox

P ) dat
(13)
if the second-order terms are ignored.
Equation (13) can be solved for ag(x,t) when g(x,t) and P(t) are

specified, if another relation between ag{x,t) and u(x,t) can be found. Such
a relation can be obtained, at least formally, from the momentum equation.

.
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Instead, the following relation will be postulated in this report for the
sake of simplicity of the analysis:

Ag (x) u(x,t) + as(x,t) Uo(x) = Up(x) as(x,t) s (14)
where the new function Up(x) will be called "steam perturbation velocity"

for the reason which will be obvious below. The relation between Up(x)
and Uo(x) follows from Eq. (14) as

U _(x) = v(x) U%x) ,

P
where
A u(x,t)
=1 +—=L - . 15
Ye) =1+ 58 S (15)

Equation (15) indicates that the ratio of the relative changes in the
steam cross-sectional area and in the steam velocity has been implicitly
assumed to be independent of time in the postulatedrelation, Eq. (14). The
physical interpretation of the steam perturbation velocity can be given as
follows: A perturbation in the local steam volume causes the steam ve-
locity at that point to change. Therefore, the perturbation propagates with
a new steam velocity rather than the unperturbed steady-state steam
velocity Uo(x).

The use of Eq. (14) in Eq. (13) yields

3(Upjay) dag qlxt) , 9Hs , 9w\ ap
+ = - P A —+ pWAW-— — ’ (16)
dx ot H H S S gp dP / dt
A" v

which will be the fundamental equation of the moderator dynamics in this

report.

The validity of the above postulate can be checked by considering
the solution of Eq. (16) for a step change in power:

X

= q(x') dx'

H, Up(x)

ag(x) =
0

The exact steady-state solution, on the other hand, is found from
Eq. (12) as
X

1
Q%(x')dx!

Al(x) =
s H_U%x)



Since the distribution of the incremental power step q(x) is the
same as that of steady-state power Q%x), the following relation holds:

as(x)_ 1 4
AL y(x) Q

0 ’ (17)

where q and Q° are the total powers delivered to the whole channel.

Figures 3, 4and 5 showthe experimental curves representing the var-
iation of the void fraction, i.e., A§(x)/A, with position atdifferent power levels
and pressures. Designating one power level by Q%and the other by (Q° + q)
in these figures, one obtains the experimentalvalues for Ag and (Ag + as).

One observes by comparing the experimental values and those predicted
from Eq. (17) that the factor y(x) is approximately independent of x. This
means that the steady-state steam velocity and the steam perturbation
velocity are proportional. The constant value of y depends on the pressure
and on the power level. At atmospheric pressure (Fig. 3), ¥ = 2 seems to
be an appropriate choice. At higher pressures (Fig. 4), ¥ = 1 yields a better
agreement. Increasing the power at constant pressure requires higher
values of vy (Fig. 5, Y = 2). The proper value of 'y can be obtained in a given
application by plotting the void fraction curve at two slightly different power
levels.

It is noteworthy to mention that the value y = 1 corresponds to the
assumption that the steam velocity remains unchanged during the transient.
This follows from Eq. (15) by setting u(x,t) = 0. Hence, the approximation
of constant steam velocity appears to be valid at high pressures as is the
case in boiling water power reactors.
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In conclusion, one may state that the introduction of the steam
perturbation velocity into the theory yields a new adjustable parameter,
. and thus extends the region of validity of the presented theory.
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IV. THE EFFECT OF POWER VARIATIONS

Assume that the heat power delivered into the channel is subjected
to small variations while the pressure remains constant. In the boiling
region, power variations directly affect the steam production and thus the
steam volume. In the nonboiling region, power variations cause the boiling
boundary to fluctuate, which in turn gives rise to changes in the steam vol-
ume in the boiling region. These two effects will be considered separately.

A. Power-Void Transfer Function

Since the pressure is assumed to remain constant, the last term on
the right hand side of Eq. (16) vanishes. Hence, one finds™

d(a U® ,
(as ) + aa.s _ q(x,t) . (18)
ox dt HV

The initial and boundary conditions for solving this equation are

as(x,t) =0 for t=0
and
as(x,t) =0 for x=0
The second condition means that there is no change in the position

of the boiling boundary with time. The effect of the boiling boundary
variations on the steam volume will be treated in Section VII.

In view of the assumption (f) in Section III, viz., q(x,t) has the same
spatial distribution as the steady-state flux, one has

ot =3 by (19)

L

where D(x) characterizes the steady-state flux distribution and is normal-
ized by means of the expression

L
%‘/‘ D(x) dx = 1
0

*No distinction will be made between Uo(x) and Up(x) in the remaining ‘
part of this report, except in Section XIII A, since these velocities .
are almost identical in high-pressure power reactors.
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Combining Eqs. (18) and (19), and using the Laplace transform of
as(x,t) with respect to t, there is obtained

alU%a5(x,s)] q(s)
I + s aS(X,S) = LHV

The total variation in the steam volume is obtained by integrating
ag(x,t) along the channel. To calculate the total reactivity change, however,
the weighted steam volume has to be considered. The latter is obtained by
multiplying the elementary volumes, ag(x,t)dx, by some weighting function
F(x). Then, the incremental value of the weighted voids, v(t), is found as

D(x) . (20)

L
v(t) = f F(x) as(x,t) dx , (21)
L

nb

L
LLf F(x) dx =1
0

The Laplace transform of Eq. (21) is

where

L
v(s) = f F(x) E—S'(x,s) dx . (22)
L

nb

Solving Eq. (20) for a_ (x,s) with the boundary condition ag(Iy,s) = 0
and substituting the solution into Eq. (22) give

v(s) . 1 - F(x) dx * D(x,)es[t(x')-t(x)]d | (23)
a(s) LH, Jp U T o

b nb

x dx'
t(x) = . (24)
fL %)

n

where

Equation (23) is the general form of the heat power-void transfer
function. The integrations involved in this equation can be performed, at
least numerically, if the steady-state flux distribution D(x) and the steam
velocity Uo(x) are known.

A factor e °" should be added to the right of Eq. (23) in order to
take into account the time delay associated with the formation of steam
bubbles in the nucleate boiling. The mechanism of nucleate boiling from a
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heating surface was described by Jakob. (8) According to this description,
"only a very small amount of the heat produced in the heater is directly
transferred to the interior of the bubbles adhering on the surface. The
main part of the energy makes a detour through the liquid." The bubbles
originate on the roughnesses of the heating surface, and break off when
their volume has grown so much that the buoyancy force exceeds the cap-
illary forces which bind them to the heating surface. During the rise of
the bubbles in the slightly supersaturated water, the volume of the bubbles
continues growing by evaporation through the bubble surface. Steam forma-
tion during this period is larger than the initial steam formation on the
surface.

Consider an elementary channel section at a given height x where
the heat flux undergoes a step change att = 0. In view of the above expla-
nations, the main part of the heat energy is first transferred to the water,
producing a greater degree of supersaturation. The front of the more
superheated water will move upwards with the local water velocity. The
volume of the steam bubbles coming from the lower sections of the channel
will increase, by evaporation through their surface, during the time they
travel within the superheated region. As soon as they leave the front of
the more saturated region, their sizes will start decreasing as a result of
condensation. In this way, the heat energy is transferred to the higher
sections of the channel before the water front actually arrives. In other
words, the water front will lose its sharpness as it progresses.

One may readily show that a bubble arriving at x at t = t; will spend
a time [W?/(U°-W°)]t, before it reaches the water front. Suppose that the
bubbles acquire their final sizes, which are determined by the superheating
available and by the steam flow rate at x, after they spend a time Tmax
within the supersaturated region. Then, the largest perturbation in the
steam fraction in a higher channel section x' will occur after a time

T (x) =<_VL;_2_ 1) Tmax (25)

following the arrival of the first perturbed bubbles at x' (the change in the
steam velocity with perturbation is ignored for the sake of simplicity of
this qualitative analysis). The time delay T(x) can be interpreted as a delay
associated with the steam formation time at x, as long as (x' - x) is larger
than Uonax (or Tmax 18 smaller than the steam transit time between the
two channel section under consideration). If (x' - x) < UOTmaX, then the
maximum perturbation at x' will be experienced after the arrival of the
water front. In this case, the time lag will be given by the difference of the
water and steam transit times.

One observes that the time delay T(x) depends on the channel posi-
tion insofar as the slip ratio, i.e., r = (UO/WO), and Tynax are functions of




the position. The latter becomes a function of x because it depends on the
bubble concentration at that point. The greater the number of bubbles
present, the shorter will Trmax be.

One may draw the following qualitative conclusions:

(2) The time delay T(x) will be negligible in high-power pressurized
boiling water reactors as compared to the steam transit time because the
slip ratio approaches unity in such reactors.

(b) Due to the smaller average bubble size in such reactors, T, .
also will be small. The dependence of T .. on the bubble size is given
by Jakob.(8)

(c) It is noticed that T(x) may be appreciable as a consequence of a
large slip ratio, even if 7_  _ is small.

(d) An average delay (7) may be defined for the whole channel to
take into account the effect of the distributed time delay associated with the
steam formation, viz., T(x), in a lumped manner. It is this averaged delay
time which would give rise to an exponential factor, exp(-sT), in Eq. (23),
as previously mentioned. This factor will not be considered in the follow-
ing analysis, since we will be mainly concerned with the high-power pres-
surized boiling water reactors.

A specific expression for the power-void transfer function given
in Eq. (24) will now be obtained in the case of a uniform steam velocity
and a sinusoidal flux distribution, i.e.,

UO(X) = Uo
and
D(x) =—721 sinﬂ-}i , (26)

where Up is the average steam velocity in the boiling region. The actual
flux distribution can be better approximated by a sinusoidal curve if L in
Eq. (26) is interpreted as a properly reduced core height instead of the
actual core height (see Fig. 6). By doing this, one takes into account the
flux depression near the top of the core due to the voids.

When evaluating the zero-frequency response, the variation of
the steam velocity along the channel can be taken into account without
much complexity. Assume that

U%x) = U; eP* |

where U, is the steam velocity at the boiling boundary, and b is a parameter
related to the outlet steam velocity U, as b = l/Lb) £n UZ/UI) The choice
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of an exponential distribution,

(a) ACTUAL FLUX DISTRIBUTION :
(b) SINE - FLUX APPROX{MAT{ON to take intoaccount the varia-

CORE_TOP tion of the steam velocity, is
A A mainly a matter of mathemati-

() cal convenience. Other forms,
) such as a linear or a quadratic
distribution, require more
involved calculations. More-~
Loy, over, theoretical consider-
ations qualitatively indicate
that the increase of the steam
velocity in the boiling region
may be more rapid than a
linear rise. Therefore, the
Loy exponential distribution seems
to be reasonable.

L'

CORE BOTTOM The weighting function
SR . : o F(x) will be assumed to be identi-
" ELSK 1N ARBITRARY UNITS cal with D(x). This assumption

corresponds to the first-power
flux weighting, as explained in
the introduction.

FiG. 6
AXTAL FLUX DISTRIBUTION IN EBWR AT 20 Mw AND Y| atm

With these assumptions, zero-frequency response is obtained from Eq. (23)

as
v(0) - 2 cosa cosa bL . Q —bLb
q(0)  4LH_U, | b*+(m/L)? \°° T s o-e
1 -bly, b
+ b2+(27T/L)2 <e + > sin 2o - cos 20L> s (27)
where

a = (mLy /L)

For the calculations of Eq(23) as a function of frequency, a uniform
steam velocity will be assumed to avoid unjustifiably tedious manipulations.
Then, Eq. (23) yields

v(z) T 1 z ) 1 - cos2a
AA LI = (2a - 2a) - —— 2527
q(z) ~ 4H o 1+ z2{4 ( sin 20) 2

+ ) :zz [1 - e-za(z sino + cosa)jl} , (28)




where

a-ﬂLb/L
Wy =oc/Ts
Ts = I“b/Uo

Zero-frequency response in the case of uniform steam velocity is
obtained from Eq. (28) by setting z = 0 or from Eq. (26) by setting b = 0
and U; = Uy

F(0) _ (1 - cosa)?

q(0) ~  8H,wy

High-frequency response of Eq. (28) approaches

(z) _ m(2a - sin 20) 1

v
— = s for z | >1
q(z) 16 H, o z I l

The fact that the high-frequency response falls 6 db per octave suggests
that the transfer function in Eq. (28) can be approximated by a single time
constant, i.e.,

(s) _ m(1 - cosa)? 1

a(s) ’ (29)

8 Hva)s 1+ s'7'qV

where
2(1 - cosa)?
T

= 30
qv  (2a - sin 2a)a " s (30)

This simplified transfer function approaches the exact one at low and high
frequencies, both in magnitude and phase. However, some discrepancies
may occur in the intermediate frequency range about Wg.

Note that the gain of Eq. (29) vanishes when @ = 0, i.e., when there
is no boiling in the core, as one would expect.

Note also that the cofactor of Ty in Eq. (30) is not sensitive to the
values of @, i.e., to the position of the boiling boundary (0.375 for a = 0,

0.40 for a = 7). For the average boiling height in EBWR, a = 2 7T/3 and
Tqv =0.42 Tg.

In Fig. 7, the amplitude of the exact and simplified transfer functions,
namely Eqgs. {28) and (29), are plotted. It is observed that the discrepancy in
the intermediate range is appreciable in the case of a =7 and & = 27T/3. One
may desire to have a better fit in this frequency region at the expense of the



high-frequency fitting, since the resonance peak of the overall transfer

function usually occurs in this region. Figure 8 shows that this correction ’
can be made by decreasing Tq by a factor of approximately 0.80. For

smaller values of o, such as 7T/3 no correction is needed. For EBWR, the

corrected time constant becomes

Tqv= Ts/3 .

T
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B. Power-Boiling Boundary Transfer Function

The effect of the power variations on the boiling boundary will now
be considered. The transfer function associated with the heat transfer in
the nonboiling region is obviously similar to that in the boiling region. The
only difference lies in the value of the thermal resistance Rj.

The heat supplied to the channel in the nonboiling region brings the
subcooled water to the saturation temperature at the boiling boundary.
Assuming that the recirculation water entering the core is at saturation
temperature, the variation of the feedwater enthalpy along the channel is
given by

dHo(x) -

fw e = Q') (31)

M
which is obtained from Eq. (11) by setting Ay = 0 (no steam) and My, = p_A wo.
Boiling starts at x = Ly}, where H°(Lpp) = Hy,. Hence, the boiling height is
determined as

. Lnb
Mfw (HW - wa) = f Qo(x) dx . (32)
0

With the incremental values, Eq. (11) yields the following equation in
the nonboiling region:

h(x,t) . 1 Oh(xt) _alst) (33)

—_—t

o .

Initial and boundary conditions are: h(x,0) = 0 and h(0,t) = 0. The
latter implies that the enthalpy of the coolant at the inlet is constant. The
variations of the coolant enthalpy, such as those caused by pressure varia-
tions, will be separately treated in a later section.

The solution of Eq. (33) is straightforward:

S

x =% (x - x)
fD(x')e W5 dx' . (34)
0

M, Ti(x,s) =30
W L

Inspection of Fig. 8 reveals that the following relation holds at the
boiling boundary at any time:

H(Lpp+9d) + h(Lyp+6t) = Hy, . (35a)
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Since the variation of h is a second-order quantity when x increases ‘
from L} to (Lnb + 8), it is seen that h(L,}, + 8,t) may be replaced by
h(Lpp,t). On the other hand, Eq. (31) yields
0 0 Q°(Lnp)
H(L 4, +96) - H(L,) =——=2-5(t) . (35Db)

fw
Then, one obtains from Eqs. (35a) and (35b) that

1

BT

M;,, h(Lgp,t) (36)

or, by combining the Laplace transform of Eq. (36) with Eq. (34),

3(s) . Lnb -s(Lnp-x')/W
=(s) = —LQo(Lnb) f D(x') e dx!' . (37)

0

Equation (37) is the general form of the power-boiling boundary
transfer function.

In the case of sinusoidal flux distribution, Eq. (37) becomes

5(z) _ 1 e-ﬁZ + 2z sinf- cosf (38)
q(z)  209(Lyy) 1+ z?
where
z=s/0_
W, = ﬁ/TW
B = Ly, /L
T, = Lo/ We

The single-time-constant approximation is obtained from Egq. (38)
by matching the high-frequency and the zero-frequency responses. The
last factor in Eq. (38) reduces to (1 - cosp) at low frequencies and
approaches (sin,B)/z at sufficiently high frequencies, where |z sin,B|>>(1 - cosp)
holds. Hence,

(S) 1 - cosp 1 (39)

5
q(s) ~ ~ 20%L,y) 1+ STgb

where

. = 1 - f:osﬁTW
gb Bsinf



In Fig. 9, the exact and simplified transfer functions are compared
by plotting their amplitudes vs the frequency. Two values of 3, namely,
B= 7T/3 and B =17, are considered. The former value corresponds to the
nonboiling length in EBWR, whereas the latter corresponds to the case in
which boiling starts just at the top of the core.
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It is observed that the single-time-constant approximation fails to
be satisfactory when B =7. In this extreme case, the amplitude of the
transfer function vanishes at frequencies which are odd integral multiples
of (W/Tw) rad/sec. This resonance phenomenon would not be observed in
an actual reactor since it is extremely unlikely that the amplitude would
vanish at the same frequency in each channel of the core. Therefore, one
may take the envelope of the peaks as the overall transfer function of the
reactor. Since the envelope falls 12 db per octave at high frequencies, at
least two time constants are necessary for a reasonable fit when the boil-
ing starts near the top of the core.

A physical insight into this resonance phenomenon can be obtained
by considering the simpler model where the heat production is uniform.
Substitution of D(x) = 1 in Eq. (37) yields

29
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- -sT

q(s) - L QL) sT,,

The behavior of this transfer function is investigated in Appendix A. It is
shown there that the amplitude vanishes, in this case, at the integral multi-
ples of Z'rr/TW regardless of the position of the boiling boundary (in the
case of sinusoidal heat production, the resonance occurs only when the
boiling boundary is near the top of the core).

At the resonance frequency, water particles experience a complete
cycle of the power variation during their transit time in the nonboiling
region. Therefore, the net change in the water enthalpy amounts to zero
at the boiling boundary, and thus no change occurs in the position of the
boiling boundary.

The single-time-constant approximation is obtained, in the case
of uniform heat generation, by considering the envelope of the peaks (see
Appendix A) rather than by matching the high and low-frequency responses.
The time constant turns out to be TW/Z for any value of B. A comparison
of this time constant with T}, in Eq. (39) shows that the latter approaches
TW/Z for small values of B. For large values of B, it tends to infinity,
confirming that the single-time-constant approximation is no more valid
for these values of B. One concludes from these considerations that the
time constant TW/Z is the best choice for any value of B, if the single-time—
constant approximation is preferred for the sake of simplicity.
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V. THE EFFECTS OF PRESSURE VARIATIONS

Two effects of the pressure variations will be considered in this
section. The first one is the immediate effect on the steam volume in
the boiling region due to the steam condensation or water flashing. The
second effect is on the boiling boundary position as a consequence of the
saturation temperature change due to the pressure.

A. Pressure Rate-Steam Void Transfer Function

It is assumed that the condensation, as well as flashing, takes
place instantaneously after a pressure change, so that both the steam
and water remain saturated at any time. In view of this assumption,
one is allowed to use Eq. (16), which gives

dagU’)  dag dpP
S T KW (41)
where
B 1 o dHg 0 de>
K(x) = - T <ps As—ap tPwAwWH ) - (42)

In Eq. (42), st/dP and dHW/dP are evaluated at the steady-state pressure.

Initial and boundary conditions for Eq. (41) are ag(x,0) = 0 and
as(O,t) = 0. The second condition implies that the boiling boundary re-
mains unchanged. The effect of the boiling boundary variations on the
steam volume will be treatedinSection VII,

Using the procedure followed in solving Eq. (18), one obtains the
solution of Eq. (41) as

V“(s) fL Flx) d’f}j K(x') eS[E() - t(x)] gy (43)
Lap UO(X) Lnb

)]
o]
—

n
—

i

where t(x) is given by Eq. (24). This equation gives the pressure rate-
void transfer function.

To determine the explicit form of K(x), one has to know A§(x) and
A&,(x), Since A = A2 + AY,, it suffices to determine A2(x) only. The latter
is the steady-state solution of Eq. (12):

xX
QO
Al (x) =——%— f D(x') dx' . (44)
s LH,U%x Ly
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Combination of Eqs. (42) and (44) gives the explicit form of K(x) as

Ap,,(dH,/dP) Q° dHg Pg de> [*

K(x) = H, [1 +LHVA(dHW/dP)U°(x)<dP pw  dP

J D(x') dx':l
Lnb
(45)
Comparison of Eqs. (18) and 41) indicates that the transient behavior
of the total void volume after a step change in pressure is different from
that following a step change in power, in spite of the fact that both tran-
sients end at the same time. The difference comes from the fact that the
right side of Eq. (41) contains in K(x) the integrated power, whereas the
right side of Eq. (18) contains the differential power.

In the case of uniform steam velocity, sinusoidal flux distribution,
and first-power flux weighting, Eq. (43) becomes

v(s) _ K l1-cosa e *%4z sina - cosa. ( sina - z cosa. _I_{_l)
sp(s) 1} z 1+22 z 1+2° z
K 1
+-Z-Z‘- T3 22 (2a - sin 2o - 2z sin’a) (46)
where
AL dH dHg\ Q%osa dH,
K, = —— (pw—ﬂ- Pq ) - P (47)
2H, ig aP dP / 2U,AH, ap
and
Q%1 dHw dHg
T (48)
U HE 0y

The single-time-constant approximation is obtained by considering
the zero and high-frequency responses as

V_(s) - Co , (49)
sp(s) 1 +sThy

where
Co = (Kz/4) (2a - 4sina +sin 20) +K; (& - sina)

and

T = 2Co T
PV © a[2K, (1 - cos a) - K, sina] ~ 8

. (50)
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It is interesting to note that both the gain and the time constant of
the pressure rate-void transfer function increase with power. This is the
only feedback mechanism whose time constant is dependent upon power.
The physical interpretation of this dependence follows explicitly from the
fact that the initial excess steam distribution, after a step pressure change,
is approximately the same as the steady-state water mass distribution.

At higher powers, the water mass decreases more rapidly towards the
top of the channel. Therefore, an increase in power will result in more
initial excess steam near the center and thus in larger time constants.

It has to be noted also that the pressure rate-void feedback is a
positive feedback, as one can visualize physically. This fact is implied
in the sign of C,, which is found to be negative when numerical values are
introduced.

Derivation of the pressure rate-void transfer function is based on
the assumption that water is always present in the boiling channel. There-
fore, it would not be valid at high power levels for which the above condi-
tion is not satisfied (complete boiling, i.e., AY(L) = A).

Figure 10 shows the amplitude responses of EBWR (for 20 Mw at
41 atm) in terms of Eqs. (46) and (49). The single-time-constant approxi-
mation proves to be quite satisfactory for all frequencies.
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B. Pressure-Boiling Boundary Transfer Function

The position of the boiling boundary fluctuates with pressure as a
consequence of the changes in the saturation enthalpy of water. The rela-
tion between the water enthalpy and the boiling height variation can be
obtained from Eq. (32) as

33
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. . Linp + 0 0
Mfw (HW+hW-HfW) + My hy, = Q(x) dx (51)
0

if the enthalpy change in the recirculating water is taken into account.
Substraction of Eq. (32) from Eq. (51) gives

M,

& =—g——
Q°(Lnp)

hy (52)

where
Mt = MfW + MI"

The transient involved in this phenomenon lasts until the arrival
of the recirculating water at the new saturation temperature. If Mr>>Mfw,
one may show(l) that the boundary returns to its original position after
the recirculation time T, following a step pressure change. Therefore,
the pressure-boiling boundary transfer function follows from Eq. (52) as

= . (53)

The definition of the recirculation time needs further attention. It
should be defined, for each stream filament in the downcomer, as the water
transit time between the saturated region in the vessel and the boiling
boundary. Hence, the value of the recirculation time is different in each
filament because of the difference in their length and velocity. The spread
in T, can be taken into account by defining an average transfer function, as
explained in Appendix A. Use of the results of Appendix A in Eq. (53) yields

5(s) dHy Mg T,

sp(s) dP QL) 1+sT, ' (54)

where T, denotes the averaged recirculation time. Equation (54) is the
pressure rate-boiling boundary transfer function.




VI. THE EFFECT OF THE FEEDWATER FLOW VARIATIONS

The position of the boiling boundary is also affected by the variations
in the feedwater flow. By differentiation, one obtains from Eq. (32)

mfw (Hw - Hiyw) = Qo(Lnb)
The feedwater-boiling boundary transfer function is then found as

g(s) Hy - Hfw --sT'r
= e

= = 55
Few(®) | () )

where the exponential factor accounts for the finite recirculation time T,
between the inlet of the feed water and the boiling boundary.

VII. BOILING BOUNDARY-VOID TRANSFER FUNCTION

Variation of the boiling boundary will cause the total steam volume
in the channel to fluctuate, since a change in the boiling height can be re-
garded as a change in the steam production at the boiling boundary, and
thus as an additional lumped steam source.

If 6 denotes the shift of the boundary, the strength of this fictitious
source can be given as 0 QO(Lnb)/Hv, The perturbation in the steam volume,
after a step change in the boiling height, will move upwards as a step wave
front. Steady state at each point will be reached once the wave front arrives
at that point.

The following equation is readily obtained from the steam-mass
continuity at a level x, where the steady state has already been reached:

Qo(Lnb) 5

T (56)

U(x) ag(x) = -

The minus sign indicates that an increase in nonboiling length results in a
decrease in steam volume.

The transient in the core ends when the wave front reaches the top
of the channel, viz., att = Tg. The total change in the weighted steam
volume at a time t during the transient is obtained as

x(t)
v(t) =\/ ag(x")\F(x') dx' , (57)
Lnb

for t § Ts’ where x(t) denotes the position of the wave front at the time t.

35
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The relation between x and t is given by

x(t) dx!
t = - . (58)
f Loy U°(x')

After the steady state has been reached, i.e., t Z Tg, v(t) remains
constant:

L
v(t) i/‘ ag(x")F(x') dx' , (59)
L

Combination of Eqs. (56), (57), (58) and (59) and the use of the
Laplace transforms yield

— 0 T
L Y o
0

v

which is the general form of the boiling boundary-void transfer function.

The zero-frequency response of Eq. (60) for a sinusoidal flux
weighting and an exponential steam velocity distribution is found as

w0)  QLpp) [ 7 1 b1, bL
3(0) - H [ZUIL b%+ (m/L)? (e b Sm“-cosa)] . (61)

v

In the special case of no weighting, viz., F(x) =1, Eq. (60) gives

(5)  Q(Lpp) 1-¢7"7

B T - . (62)

When sinusoidal weighting and the constant-steam velocity approxi-
mation are used, Eq. (60) yields

e~ ®Z 4z sina - cosa

(s) Qo(Lnb)
- wg(l + 22) ' (63)

(s) B Hy

% ™
8 2
It is recognized that the forms of Eqs. (62) and (63) are the same as

those of Eqs. (40) and (38), respectively. Following the same procedure
used in treating the latter equations, there is obtained




(s) Qo(Lnb)l 1 -cosa Tg

_\7
3 =

(s) Hy 2 o} 1+s(Tg/2) (64)

which is the approximated boiling boundary-void transfer function.

Figure 11 displays a comparison of the exact and the approximated
transfer functions for a = 27T/3 , which is the case for EBWR. One ob-
serves that the single-time-constant approximation is not satisfactory in
the intermediate frequency region. More than one time constant is neces-
sary for a better approximation.
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AMPL I TUDE RESPONSE OF BOILING BOUNDARY-VOID TRANSFER
FUNCTION

The resonance phenomenon described in Section IV B will also
occur in the boiling region when o approaches T, i.e., when the boiling
starts near the bottom of the core. In the latter case, the amplitude of
Eq. (63) vanishes at the odd integral multiples of (7T/Ts) rad/sec.

Physical interpretation becomes more evident if the case of non-
weighting is considered. As one observes from Eq. (62), resonance occurs,
in this simpler case, at integral multiples of (2 ’lT/Ts), i.e., when the transit
time is equal to the integral multiples of the period of the sinusoidal bound-
ary variations. At resonance, the boiling length contains one or more
complete cycles, and therefore the integrated steam volume amounts to
zero at any time.
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Note also that the resonance occurs for any boiling height, in
contrast to the sinusoidal weighting model. The effect of the weighting on
the resonance frequency is also worth mentioning: the first resonance
appears at a lower frequency due to the weighting.

VIII. THE EFFECT OF WATER ACCELERATION

In the previous sections water velocity in the nonboiling region and
in the downcomer was assumed to remain constant during the transients.
In fact, any transient of the steam volume in the core is accompanied by
a change in the water velocity, as a consequence of the change in the pres-
sure head. The effect of the water acceleration is such that it tends to
smooth the steam-void variations within the core, causing the steam to
pass more rapidly through the core when there is an increase in the steam
volume, or vice versa. The purpose of this section is to calculate the net
void volume in the presence of the water acceleration.

The analysis starts with the momentum equation in the recirculating
loop:

ds
S -aP-Pi-Pr (65)

where 2 is the total momentum in the circulation loop, AP is the driving
force, and P; and Py are the inertial and frictional forces. Explicit forms
of these quantities are as follows:

X3
A
> =/ (psASU+pWAWW)dx+<Mnb+—A Md>Wo+ Pwls -——ir , (66)
d
X

1

X3
AP = gf (pw— ps)As dx ’ (67)
X1
P; = [PsU(x3,t) Ag (x3,t) + Py W2 (x3,t) Ay (x3,t) ] - PwAWE (68)
X3
P¢ = C,W5 + Cz/ W3(x,t) dx , (69)
X

where the meanings of the symbols are given either in the nomenclature
or in Fig. 12. The first integral term in Eq. (66) is the momentum in the
boiling region. The second term is the momentum of the water in the non-
boiling region and in the downcomer. The ratio A/Ad takes into account




the difference between the downcomer and the core inlet velocities.
The last term accounts for the momentum of the water above the core(9)
during the transients.

|~~~ WATER LEVEL —~——]

P

£,

Lo lc—h, —ple——— At §, —Dmt
x=0 3 2

Fig. 12
SCHEMATIC DIAGRAM OF RECIRCULATION LOOP

At steady state, Eq. (65) reduces to
AP° = P{ + P}

One may define an overall friction coefficient B relative to the water

velocity in the steady state as(10)

2
AP® = B W

Assuming that B is constant during transients of sufficiently small ampli-
tude, one may replace the last two terms in Eq. (65) by 2BWow,, where wy
denotes the incremental value of the water velocity at the core inlet.

The incremental value of the momentum in Eq. (66) may be approxi-
mately given as M'w,, where

M' = My, + Mpp + Ma(A/Ag) . (70)

In this approximation, the integral in Eq. (66) is replaced by Mpwy, assuming
that the distributions of the steam and water velocities and of the steam
cross section do not change during the transient. Only the translational
velocity of the whole two-phase system increases by the amount of wy.

The last term in Eq. (66) contains the time derivative of the total
incremental void volume in the core as well as in the chimney. For slow
transients, the variation of this term may be neglected. Then Eq. (65)
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reduces, in incremental values, to

dWo 0 %3
M! Fraly 2BWowy = g(pw = Ps) ag(x,t) dx . (71)
X

It is now assumed that as(x,t) is distributed in the active core with the
steady-state steam distribution for all values of t. This assumption is
justified as follows: Consider a step change in one or more reactor pa-
rameter at t =0. The excess steam, produced by this perturbation in the
core, will reach the steady-state steam distribution after the core steam
transit time Tg. At this instant, the steam flow into the chimney attains
its maximum and remains so thereafter. Therefore, by ignoring the total
steam volume change in the core and in the chimney prior tot=Tg, one
may visualize a step change in the steam volume of the core at the time

t = Tg with the steady-state distribution. Then, a step wave front with a
constant amplitude starts moving upwards with the outlet steam velocity,
immediately after the change in the core steam volume is experienced.
The amplitude of this progressive wave is given as Zvn/Lb if the steady-
state steam distribution is assumed to be linear (vp denotes the net steam
volume change in the core).

With these considerations, the incremental momentum equation,
viz., Eq. (65), can be written as (measuring x from the top of the core)

dw . L.
M! FOJr 2BWiwo =g(Pw - Ps) {Vn(t)‘l'l—"z—b-\/‘ vp (t - [x/UO(Lb)])dx}
0

(72)
Using the Laplace transforms and the standard technique of
approximation of the previous chapters, there is obtained
wo(s) gPw 2L 14+sT, (73
Va(s) 2BW} Ly (1+sT1)[1+(sTC/Z)] ’ )

where

Te = LC/UO(Lb) (Chimney transit time)
T, = M'/2BW)
Tc/>

T 1+2(Lo/Ly)

T,

The desired transfer function Vn(s)/'\'f'(s) is obtained from the diagram shown
in Fig. 13:




Vn(s) (1+sT1)<1+sE-C—>

2
v(s) =G l+sn+s®¢ !
where
1 8P w 1+2LC v
G ~ 2BWj Ly ) oW,

T gP 5V>
c(, 8Pw OV
”‘G[T”T (1'ZBW8 W,

and
¢ = GT,T/2

The value of OV/OW, can be evaluated from

L fx oldl
VzAf LR (%) dx dx

Lop rWoHyA + f *Q%x') dx!'
Lnb

which follows from the continuity equation, viz., Eq.

state, assuming that the slip ratio r is constant and
to Pw-

(12), in the steady
ignoring rpg compared

ORI

vo(s)

!

Sw

o(s)
(0

v(s) . (1 +eTy)(1 + -TT°) vals)

l#;ni»‘-’g

FiG, 13
EFFECT OF WATER ACCELERATION ON STEAM VOLUME
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IX. STEAM MASS-PRESSURE RATE TRANSFER FUNCTION

The general form of this transfer function was derived in Refer-
ence 1, p. 25. The simplified form used in Section XI was obtained in
Reference 6, p. 44. Nothing will be added in the present report to either
of the above derivations.

X. THE EFFECT OF TEMPERATURE CHANGES
Power and pressure variations cause the temperatures in the vari-
ous regions of the core to fluctuate. The reactivity effect produced by

these temperature variations will now be considered.

A. Temperature Changes due to the Power Variations

Power variations affect the average fuel temperature and the sub-
cooled water temperature in the nonboiling region. The temperature of
the water-steam mixture in the boiling region is not directly influenced
by the power variations, since the saturation temperature depends only
on the pressure.

1. Fuel Temperature Effect

Transfer function between the nuclear power and the average
fuel temperature is calculated with the aid of assumptions given inSectionII:

2C2 2
o] )| -
pzc; | V(x,s)
where 9¢(x,t) denotes the incremental value of the fuel temperature at x.
Taking the single-time-constant approximation for Y(x,s)/¥(x,s) from
Eq. (4), expanding the hyperbolic functions into a Taylor series, and
finally retaining only the first and the second terms, there is obtained
Og(x,8) _ (5 rrerms) @ (Zrms) e
?(X,S) dle 1+sTf !

gf(x’s) R’l dl
=" _ _ P1cy R,3 .
V(x,s) sT; d;+d, 1 [(1 0 ) <C°Sh T28 +T“/TZS sinh ,/T;s )

(76)
where Ty is given by Eq. (6).

_ The average fuel temperature can be obtained by integrating
4(x,s) in the vertical direction. Ignoring the variation of R; in Eq. (76)
as was done in Section II, and assuming a sinusoidal flux distribution and
first-power flux weighting,




5 W4 (B R
eﬁf((:)) :182_ (%) dl( 3vf+(E1{2++:?2) +d2< : +R3> (77)

This is the desired nuclear power-fuel temperature transfer function.

The factor L'/L stems from the distinction between the actual and reduced
core lengths, when calculating the actual volume Vg of all the fuel elements
including the claddings.

2. Water Temperature Effect

Power variations in the nonboiling region produce fluctuations
in the local water temperature. Denoting these fluctuations by € (x,t) and
using the energy balance equation, viz., Eq. (11), there is obtained

36 (x,t) L] 904 (x,t)  q(x,t)
aX Wg at - CWMt

(78)

The average water temperature is calculated by integrating
0, (x,t) in the whole channel with the weighting function F(x). Obviously,
6, (x,t) = 0 in the boiling region.

Equation (78) has the same form as Eq. (18), which has already
been solved. Then, the solution of Eq. (78) can be directly obtained from
Eq.(23), which is the solution of Eq. (18):

6..(s Lnb X "S_O(X‘X')
%(ST): c lMt# 0 F(x) dX_/0 D(x')e Wo dx!'. (79)

The explicit form of this transfer function for a sinusoidal flux distribution
and first power flux weighting is similar to Eq. (28), provided the angle a is
replaced by B = W(Lnb/L). Hence, the following simplified transfer function
is readily obtained:

5w(s) B 1 (1-cospB)?
q(s)  8cyMi l+sTgy

, (80)

where

., (l-cosB)?
Taw = °B(z - sin 28) W

B. Temperature Changes due to Pressure Variations

Pressure changes cause the water temperature to fluctuate because
the saturation temperature depends on the pressure.
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In the boiling region, the water temperature immediately changes
to its new value after a step change in the pressure. In the nonboiling
region no immediate change occurs. The effect of a step pressure change
is felt only upon the arrival of the recirculating water at the core inlet
at the new saturation temperature. The recirculation time Ty from the
saturation region in the downcomer to the core inlet is slightly less than
the recirculation time T, defined in Eq. (53). The difference is equal to
the water transit time in the nonboiling region. No distinction will be
made in the following between Ty and Ty, due to the uncertainty in the
definition of both of them.

The transient behavior of the water temperature after the arrival
of the recirculating water is the same as the one investigated in connection
with variations of the boiling boundary. Although it could be easily taken
into account, this transient will be disregarded on the ground that it lasts
a very short time as compared to the recirculation time. This implies the
assumption that the water temperature instantaneously rises at any point
in the nonboiling region as soon as the recirculation water arrives at the
core inlet.

With the above considerations, the pressure-water temperature
transfer function can be obtained as

= L

GW(S) :i d@s L Mre"STr nb

5(s) L ap F(x) dx + —fm—— F(x)dx| . (81)
Lnb M

0

In the case of sinusoidal weighting, Eq. (81) gives

E-W(s) 1 dBg -sT .
5(s) => 3P (l-cosa)+ (l+cosa)e , (82)

where Mr/Mt is replaced by 1 (M>>Mgy).




XI. REACTIVITY COEFFICIENTS

Three reactivity coefficients are needed to calculate the total feed-
back reactivity. These are fuel temperature, water temperature and

void-reactivity coefficients. The following remark about the void-reactivity

coefficient is true also for the other two.

The total reactivity Ak,, in voids can be calculated as
)
Ak, = ay ~ Vi(x)F(x) ax
0

where Vi(x) is the steam volume per unit channel length about x, produced
by the ith feedback mechanism. The factor @, is the void-reactivity coef-
ficient, defined as the reactivity per unit steam volume when the steam is
uniformly distributed along the channel.

Since the weighted transfer functions, na.rnely,[L V;(x)F(x) dx,
have always been considered throughout in this report, the total reactivity
can be calculated by multiplying the sum of the transfer functions by 5.
The latter, however, may not be the coefficient one usually obtains from
the experiments, 115 as explained in the following example:

Let the experimental reactivity coefficient be denoted by oc{,.
Assume that it is calculated as the ratio of the reactivity change to the
steam volume change. With the aid of the diagram shown in Fig. 14,
where steady-state steam distribution is assumed to be linear, one obtains
the following relation between OL\'/, and o

2
1
1 { Lp a?
a, = o, = <_> _ . (83)
Vil Lb - sin Q

The ratio Lt')/Lb comes from the

A,(L) difference between the actual and

CORE TOP
TT SrEM DUSTRLBUTION r.educed coz:e heights. The correc-
vy | tion factor in Eq. (83) amounts to
Y 1.75 for EBWR, where a=27/3

L APPROX INATED and Lt')/Lb =1.2.

FLUX DISTRIBUTION

e As indicated by this ex-
ample, the correction factor may
be quite significant in certain
applications. Therefore, care
should be exercised to see that the
F1G. 14 proper value of the reactivity co-

CALCULATION OF CORRECTED V01D-REACTIVITY S . .
COEFFICIENT efficient is being used.

CORE BOTTOM

45



46

XII. BLOCK DIAGRAM OF THE INHERENT FEEDBACK AND
THE LIST OF FORMULAE

The complete block diagram for the inherent feedback in a natural-
circulation boiling water reactor is depicted in Fig. 15. The expressions
for the gains and the time constants are listed below:

Time Constants

Tfh»Tfnb: Fuel plate time constants in the boiling and nonboiling
regions (Eq. 6):

_ R,+R; 1 T?_(l R3)]

Tqw: Water temperature time constant (Eq. 80)

_ (1-cos B)?
Tqw = 2 B(2B - sin 2B) ¥

Tqv: Power-void time constant (Eq. 30)

_2(1-cosa) ‘ o
Qv = G20 sin 2a) T LMultiply by 0.8 if = @)

Tovt Pressure-void time constant (Eq. 50)

_ 20 -4sin atsin 20+ (K, /K;)(@ - sina) T
pv 20 [2(K;/K;)(1 - cos a) - sin®a | s

[K, and K, are given by Eqgs. (47) and (48)]

Tq: Steam mass-pressure rate time constant [Eqs. (4) and (5) in Refer-
ence 6, p. 44]

M dHy, / Mg Mg de Mg dH
T :T/{1+[ W A4 s . 8 S 4 g s }
d- °r Hg-Hy, dP/ P ~ @ dP  Hg-H, dP

(84 is in Rankine)

Gains

m (L R R
GI,GZ = -S_V:_f (—I_:) [dl (-3—1 + R2+R.3) + dz (—22’ + R3> ]1 (Eq. 77)

1
= - *
Gs Tou T, (1 -cosp), (Eq.80)

*Multiply by G, to obtain the referred equation
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_ d®s (1-cos a)

Gy = 0 > , (Eq. 82)
Gs = dderf’ ( +°;S %) (Eq. 82) )
Ge "-T%%Z“),Ts, (Eq. 29)*
Gy =—% (20 -4 sina + sin 2a) + K;(@ -sina), (Eq. 49)
G, = - Q()Iflinb) LD LLY
Gy = l-—gﬂ (Power in the boiling region/Power in the whole
channel)
Gy = l—iEZOLa(Power in the nonboiling region/Power in the

whole channel)

1
= - *K
G11 Qi)(Lnb), (Eq. 39)
Gy = aP Qo(Lnb) Ty, (EQ- 54)
Hyw - Hfw

Gy; =m-, (Eq. 55)

G ) Ms Mg d®s+ Mg st+ My,  dHy
147 P O, dP Hg-Hy dP  H_-H, dP

(8¢ is in Rankine) [Eq. (5) in Reference 6, p. 44 ]

*Multiply by Gg to obtain the referred equation
**Multiply by G;, to obtain the referred equation




XIII. APPLICATIONS

Two specific examples will now be considered to illustrate the
application of the theoretical formulae derived in previous sections, and
to check the validity of the assumptions: first, the power-void transfer
function measurements performed at the Ramo-Wooldridge Research
Laboratory,(lz) on a boiling channel simulating the SPERT-IA reactor;
secondly, the transfer function measurements(13)on EBWRat 20 Mw and
4] atm.

A. Power-void Transfer Function

The power-void transfer function measurements were made by
modulating the channel power with 10% amplitude about the mean value
(usually 500 watts) at a given frequency and measuring the amplitude and
phase lag of the local void fraction at a given channel location. The exper-
iment was repeated at different frequencies and channel locations to obtain
the variation of the amplitude and phase with frequency and position. De-
tails of the experimental technique and the results of the measurements
are reported in Reference 12.

The flow diagram of the power-void transfer function is shown in
Fig. 16. It is obtained from Fig. 15 by considering only the boxes desig-
nated by Gy, Gj¢, G¢, G;; and Gg. Pressure effects are eliminated, since
the experiments were performed at constant atmospheric pressure.

The gain factors of the fuel plate transfer functions become Gqg =Lb/L
and Gpg = Lnb/i., since the heat generation is uniform.

Heat flux-void transfer function is obtained from Eq. (23) by setting
D(x) £ 1 and F(x) 1. The integration from L, to L in Eq. (23) is dropped
because the local, instead of the integrated, steam volume is being con-
sidered here. The factor e-57 represents the time delay associated with
the bubble formation (see Section IV-A).

The heat flux-boiling boundary transfer function readily follows from
Eq. (40).

The boiling boundary-void transfer function is obtained from Eq. (60)
by setting F(x) = 1 and by considering only the integrand.

The effect of the flow variations of the inlet water will not be con-
sidered in the overall power-void transfer function for the sake of simpli-
city. It is believed that such variations do not play any important role in
the observed behavior of the power-void transfer function. The power-void
transfer function is obtained from Fig. 16 as
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X
=5 -sT
ES(X,S) 1 e-St(x) € 70‘ GSt(xl)dX' Lnb l-e w

2 = +
fi(s) LHy U, (14 87g) (14+8T¢ny) 8T

» (84)

where x is the distance from the boiling boundary.

The steam propagation velocity will be taken as U
explained in Section III

— o170
p = 2U°(x), as

The integral in Eq. (84) can be approximately evaluated by assuming
that t(x) is proportional to x. Note that this assumption is made only in
evaluating the integral.

The final form of the power-void transfer function is obtained from
Eq. (84) as

Fg(x,s) e ) TE) { x dif ft(x) __ipmer, Lmb dif £Ty -jTrf[TW+t(x)]},
n(s) 2U%(x)LH, \ 1+j2mTg, © T+2M Ty
(85)
where
dif 2fTy, = sin WTw
WT
The following numerical values are taken from Reference 12:
L=62.5cm Heated channel length
Lnb =36 cm Length of nonboiling region
x=11 cm Distance from the boiling boundary
A =061 cm? Channel cross-sectional area
Tw = 0.74 sec Water transit time in the nonboiling region
U%x) = 260 cm/sec Steam velocity at x = 11 cm
t(x) = 0.03 sec Steam propagation time (this is half of
the actual steam transit time of
0.06 sec)
¥=1.9 W/lm? Average heat flux (modulated by 10%);
average power is 500 watts.
H, = 1.04(107%) (W)(sec)/cm?®  Latent heat per unit volume of steam.

The fuel time constants Tg, and T, are calculated from Eq. (6):
T, and R, are calculated as 7.89 x 10 3sec and 4.15 x 107%(cm?)(°C)/watt,
respectively, for the aluminum fuel plates. The value of the incremental
heat coefficient (1/Rj) is obtained from Egs. (2) and (3a) in the boiling
region as (1/R3b) = 0.85 watts/(cm?)(°C). The nonboiling heat transfer
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coefficient is calculated from Dittus-Boelter equation, i.e., Eq. (3b), as ‘
(1/R3nb) = 0.46 watts/(cm?)(°C). These values are in good agreement with

the experimental values given in Reference 12, p 67, which are 0.8 to 1.5

in the boiling region and 0.5 to 0.8 in the nonboiling region. Use of the

average experimental values yields

T¢p = 0.20 sec .
and
Tfnb = 0.30 sec

The time lag T in Eq. (85) is taken as T = 0.35 sec for the reasons
given later.

Use of the above numerical values in Eq. (85) yields the amplitude
response shown in Fig. 17.
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FIG. 17
AMPLITUDE RESPONSE OF POWER-VOID TRANSFER FUNCTION
(EXPERIMENTAL CURVE REPRODUCED FROM FIG. [1B2-2 OF REF. 12)




One observes that this curve is in good agreement with the experimental
curve except for the high-frequency response. One finds, however, that the
high-frequency response is very sensitive to the magnitude of the fuel time
constant in the boiling region. Therefore, the agreement could be improved
by suitable adjustment (by decreasing) of the fuel time constant, which is
not accurately known anyway. Note that the frequency at which the node
occurs coincides with the experimental value.

The high-frequency response of the power-void transfer function is
determined only by the boiling region because the second term in Eq. (85),
which represents the effect of the nonboiling region, becomes negligible at
high frequencies as compared to the first term.

Spatial distribution of the amplitude at a constant frequency is
shown in Fig. 18 for different frequencies. The variation of the steam
velocity, which was neededin calculating the spatial distribution, was ob-
tained from the void curve and the slip ratios given in Figs. 1 and 4 of
Reference 15.

e

10

The shape of the
amplitude distribution curve
is determined by (x+ L,p)/
U%x) at very low frequencies
and by x/U%x) at high fre-
| f=1 |eps quencies. In the latter case,

| the effect of the second term

/ \ in Eq. (85) is negligible, as
mentioned before. In the
intermediate frequency re-
gion, the shape of the ampli-
£32 | cps tude curve depends on the
relative phase and magnitude
of the first and second terms
in Eq. (85). If the phase dif-
- ference happens to be approx-
— imately 180 degrees at the

specified frequency, the
/ amplitude curve possesses a
0.1 node at a certain channel
\/ position (see Fig. 18,

f =2 cps).
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curves in Fig. 18 are in

( Flg. 18 good agreement with the
AMPLITUDE DISTRIBUTION OF POWER-VOID TRANSFER FUNCTI - .
FER FUNCTION experimental curves given
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in Fig. IIB2-6 of Reference 12. A quantitative comparison was impossible
because the experiments were performed under different conditions. The
predicted node is not observed at all in the experimental curves. This is
probably due to the fact that the amplitudes were measured only at three
channel positions at each frequency. The node might have been missed even
if it really existed at an intermediate position. The predicted behavior may
serve as a basis to check the validity of the proposed model.

The measured phase lag of the void response does not approach an
asymptotic value, but increases approximately linearly with frequency
(Fig. IIB2-3 of Reference 12). Such a behavior indicates the existence of a
time lag in the system. This lag may be attributed to the time delay asso-
ciated with the steam formation, as explained in Section IV A, Indeed, a
slip ratio of 8-9, as reported in Fig. 4 of Reference 15 [see also Figs. 120
and 122 of Reference 14], and a bubble growth time of 40-50 milliseconds
(p 634 of Reference 8) yield a delay of 7 =0.30-0.35 sec, according to

Eq. (25). This value checks well with the experimental value of 7= 0.30 sec.

However, this agreement cannot be regarded as conclusive because of the
uncertainties involved in the bubble formation time.(16)

The distribution of the phase lag along the channel has some inter-
esting features. One observes in Eq. (85) that the phase of the overall
power-void transfer function is equal to the phase of the second term when
x is sufficiently small. The phase of the second term varies between zero
and 37T/2 as explained in Appendix A. At high frequencies, where the second
term is negligible, the phase lag is given by -{[27' + t(x)]7f + tan'l((l)’l'fb)} .
Hence, the phase lag will experience a rapid increase with the channel posi-
tion, when the magnitude of the first term exceeds that of the second term.
As an example, consider the case that f = 4 cps. The phase lag is approxi-
mately —(3’rr/2) at x = 0, and -3.227 at x = 11 cm. This rapid change is ob-
served on the corresponding experimental curve in Fig. IIB2-7 of
Reference 12,

As a conclusion to this section, one may state that the theoretical
power-void transfer function in Eq. (85) checks reasonably well with the
experimental data presently available. However, this agreement is not
sufficient to claim that the model represents the true description of the
actual physical phenomena which take place in the boiling channel. More
systematic experimental data must be collected in order to reach a definite
conclusion.

B. EBWR Transfer Function

The technique and the results of the transfer function measurements
on EBWR are presented in Reference 13. The comparison of the theoretical
and experimental transfer functions has been made for operation at 20 Mw
and 41 atm.



Table 1 in Appendix B contains the numerical values for the param-
eters needed in the analytical formulae. Table 2 contains the calculated
values of the time constants and gains appearing in Fig. 15.

The block diagram shown in Fig. 15 can be rearranged as shown in
Fig. 19 when the effects of the feedwater variations and the water acceler-
ation are ignored. The parallel feedback paths corresponding to the tem-
perature effects have also been disregarded in the numerical applications
because their magnitudes are small in comparison with the magnitude of
the void effects, except at very low frequencies.

The amplitude and the phase response of the closed loop transfer
function have been computed on the IBM-704 using the (BUM) transfer func-
tion code (RE-132). The experimental and theoretical curves are depicted
in Figs. 20 and 2]1. The difference between the experimental and calculated
values is less than 5 decibels for the amplitudes, and 10 degrees for the
phase angles in the frequency region of four decades. It can be noted that
the discrepancy occurs mainly at low frequencies, where the closed-loop
response is strongly dependent on the magnitude of the recirculation time
T.. The value of T, was 9 sec in these calculations. This value was given
as the best unbiased estimate from the theoretical calculations or out-of-
pile measurements. The agreement at low frequencies might have been
improved by properly adjusting (probably by increasing) the value of T,.,
but a parameter study of this type is outside the scope of this report.
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XIV. CONCLUSIONS

An attempt has been made in this report to investigate the internal
feed-back mechanism of a boiling water reactor in a systematic and gen-
eral way. The dynamic behavior of such reactors for small perturbations
can be predicted in advance with the aid of the theoretical formulae derived
in this report, if the numerical values of the quantities entering these for-
mulae can be obtained from the basic calculations or from out-of-pile
experiments.

The success of the theory in predicting the reactor response de-
pends on the validity of the main assumptions as well as on the accuracy
of the numerical values of the various parameters. Using the simplified
transfer functions with single time constants instead of the exact expres-
sions introduces another source of error. The magnitude of this error in
some specific feedback mechanisms becomes as large as 4 db in amplitude
at certain frequencies, as pointed out in the text. Therefore, it is difficult
to know to what extent any observed discrepancy between the experimental
and calculated reactor responses is due to the inadequacy of the assumption
underlying the theory. More fundamental measurements, such as those
investigated in Section XIII, are required to check the validity of the theo-
retical model.

In view of these uncertainties, the agreement obtained in the case
of EBWR should be regarded as a confirmation of the analysis presented
in this report.
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APPENDIX A
DISTRIBUTED DELAY TRANSFER FUNCTION

The transfer function

1 - e—ST

2(s) = 5 (14)

will be now investigated in more detail due to its frequent occurrence in
the moderator dynamics. The time constant T in Eq, (1A) represents a
transit time in general, such as the steam transit time and the water
transit time. This transit time is usually different for the individual
stream filaments in the channel due to the nonuniform distribution of the
velocities across the channel. Therefore, an averaged transfer function
ought to be defined.

Let the spread in the transit time be denoted by AT. By assuming
a linear distribution in the range of AT, one may define an average transfer
function as

+ .
2(i) - 1 T + AT 1 - e-j@T 4T = 1 [1 sin WeT e_ij:l
2 AT T - AT jwT jwT weT ’

where € denotes the relative spread, viz., €= AT/T.

The amplitude and the phase response of the average transfer func-
tion are plotted in Figs. 22 and 23 for two values of €. Note that

2050 = SRLT/2) o/

when €= 0.

It is observed that the high-frequency response of Z(jWw) approaches
l/j WT for any nonzero value of €. The low-frequency response, on the
other hand, approaches 1/[1 + (jwT/2)]. The latter is obtained by expanding
the exponential term in Eq. (1A) into a Taylor series and retaining the
first three terms.

When Z(j®) is to be approximated by a single time constant, the
value of the latter should be chosen according to the frequency region where
more accuracy is desirable. If T is large, so that the break point in Fig. 22
is below the frequency region of interest, the time constant should be taken
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as T [see Eq. (54)]. If T is small, so that the break point falls above the
frequency region of interest, then the time constant (T/2) should be pre-

ferred. At any rate, single-time-constant representation is not satis-

factory if the frequency region is large.
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APPENDIX B

NUMERICAL VALUES FOR EBWR AT 20 Mw AND 41 atm

Table 1

REACTOR PARAMETERS

7831.5 cm?

1 cal/(kg)(°C)

0.037 cal/(kg)(°C)
0.069 cal/(kg)(°C)
0.216 cm

0.0488 cm

111.2 cal/kg

8.5 1072 cal/cm?®
121.9 cm*

107.3 cm

48.77 cm

8981.3 kg

326.6 kg

3647 (cmz)(sec)(°C)/cal
1127 (cmz)(sec)(°C)/cal

365 (cmz)(sec)(°C)/cal

Rianh

= 7376 (cm?)(sec)(°C)/cal

HI

n

9 sec

0.35 sec

0.64 sec

476.3 kg/sec
2

493 £

83.82 cm/sec

7.096 (kw)(sec)/(kg)(atm)
0.659 (kw)(sec)/(kg)(atm)
1.38 °C/atm

6 107 sec™!

0.0073

-0.27 cents/°C

-2.9 cents/°C

-2.12 cents/,@ **

*The reduced core height may be best determined by fitting a cosine
curve with adjustable amplitude and wave length to the actual flux
distribution by means of the least-square technique. However, the
present value was obtained by graphical fitting in Fig. 6 as a rough
estimate.

**This value has already been corrected for uniform distribution (see
Section II).
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Table 2

TIME CONSTANTS AND GAINS

0.38 sec G; - 3.88 1072 °C/(cal)(sec)
0.44 sec Gy =2.54 107! °C/(cal)(sec)
0.25 sec Gs =1.32 10! °C/(cal)(sec)

0.03 sec Ge¢ =2.25107% £/(cal)(sec)
0.11 sec G; =-12.89 ﬂ/(atm)(sec)
1.46 sec Gg =-2.6 £/cm

= 4.5 sec Gy = 0.65

= 0.175 sec Gy = 0.34

= 0.32 sec Gy = -1.23 1072 cm/(cal)(sec)
1.39 1073 °C/(ca1)(sec) Gy, = 14.06 cm/atm

5.18 1073 °C/(cal)(sec)

0
»
|

= 2.39 1072 atm /kg

Table 3

GAINS OF THE PARALLEL FEEDBACK LOOPS

= of Gy =-0.90 107 cents/kw
= a5 Gp = -3.34 10"* cents/kw
= Oy G3 Gyo = <0.88 107* cents /kw
= 0y(Gy+Gs) Gy Gy/(Hg -Hy) = -0.35 107% cents /kw
= -y Ty Gs Gy Grg/(Hg -Hy) = -0.11 1072 cents /kw
= ay Gg Gyo Gig = -1.46 1072 cents/kw
= ay Gg Gy = -1.39 107 cents/kw
= @y Gg Gg Gy4/(Hs - Hw) = +0.48 1072 cents /kw

= ay Tr Gg Gy Gy Gra/(Hs - Hy) = +1.16 1072 cents/kw
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APPENDIX C
REFINEMENTS IN THE TREATMENT OF PRESSURE EFFECTS
Should variations with pressure in steam density and in latent heat

per unit steam volume be considered,* the fundamental equation, viz.,
Eq. (16), of the moderator dynamics takes the following form:

Wprg) 25 alet) G0 oy 1 [ 0 (40
Sx ot H, (H%)? ap’ ) T HY | ° S\ dP
0 0
+HS - HW dps) +po Ao diw _(_i_P (].C)
w 'w 4P dt !

0 dP
Pg

where HY, Pg and p\?v refer to the equilibrium values of latent heat per unit
steam volume, steam density, and water density, respectively.

The effect of variations in Hy,, viz., the second term on the right
side of Eq. (1C), can be investigated using the proceedure followed in
solving Eq. (18). One readily finds the pressure-void transfer function as

vis) Q% dH, [
5s) T TH 4P |3(e)

; (2C)

where [G(s)/ﬁ(s)] is the power-void transfer function given by Eq. (23) in

the general case, and by Eq. (29) in the single time-constant approximation.
The pressure-void transfer function will give rise to a new block in Fig. 15
from the pressure column to the input of the power-void transfer function
marked by Gg in the diagram. This block has a gain (-Q°/HY)(dH,/dP) Gy
and no time constant. One can see that this new feedback link tends to de-
crease the total void volume when the reactor power tends to increase, and
thus represents a positive reactivity effect. The low values of the calculated
amplitude response in Fig. 20 at low frequencies may therefore be attributed
to the neglect of this positive reactivity effect.

The variations in steam density with pressure appear in Eq. (1C) as
a correction on the value of dHS/dPn Therefore, it can be taken into account
in the treatment of the pressure rate-steam void transfer function by re-
placing dHg/dP in Eqs. (42), (47) and (48) with

+ (3C)

<st HY - Hy  dpg
dpP Y dp

*The author is indebted to Mr. N. Suda at the IINSE for pointing
out the possibility of variations in Hj,.
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However, this correction does not have any appreciable effect on the pres- .
sure rate-steam void transfer function, since it is small as compared to the
term corresponding to the water enthalpy variations in Eqs. (47) and (48).

Finally, for the sake of completeness, one may add another block in
Fig. 15, from the boiling boundary shifts to the steam generation point, to
include the boiling boundary effects on the steam generation. It is readily
seen that this block has a gain [-QO(Lnb)/(HS-HW)] and no time constant.
Inclusion of this link, however, is not expected to influence the overall
feedback transfer function appreciably.
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