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Résume

On a développé dans les Laboratoires nucléaires de Chalk River un modèle
de simulation dynamique de l'absorbeur de commande à deux phases. Le modèle
de l'absorbeur destiné aux futurs réacteurs nucléaires de puissance du
Canada, a été exécuté sur un ordinateur hybride. 11 permet d'étudier la
dynamique de l'absorbeur:

- dans différentes conditions de fonctionnement des circuits, et

- avec différentes configurations de circuit.

La simulation est modulaire. On y trouve autant de correspondance que
possible entre les modules individuels et les entités physiques. La
dynamique de plusieurs modules est décrite par des équations différentielles
partielles, où l'espace et le temps sont des variables indépendantes.

La simulation a été validée au moyer» de données provenant de
l'installation TOPAX (Two-Phase Absorber Experimental) du réacteur d'essai
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The dynamics of several of the modules are described by partial
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ABSTRACT

A dynamic simulation of tne two-phase control absorber,
being proposed for future Canadian nuclear power reactors, has
been developed at the Chalk River Nuclear Laboratories. The
model, implemented on a hybrid computer» was developed to study
absorber dynamics

- at different circuit operating conditions, and

- with different circuit configurations.

The simulation is modular, with as much correspondence as
possible between individual modules and the physical entities:.
The dynamics of several of the modules are described by partial
differential equations, with space and time as independent
variables. These are solved via the Continuous Space/Discrete
Time technique.

The simulation has been validated with data from the Two-
Phase Absorber Experimental (TOPAX) Rig installed at the ZED-2
test reactor,
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INTRODUCTION

The power output from a nuclear reactor of a given size is
determined by the neutron flux level in the reactor core. The
flux level is usually controlled by varying the amount of
neutron-absorbing material in different regions of the core,
using control absorbers. As the size and power density of
nuclear reactors increases, improved spatial neutron-flux
control is required. This implies more control absorbers,
preferably with uniform absorption along their length, to
minimiï.e local flux perturbations.

To meet the more stringent requirements for neutron flux
regulation, a program was undertaken at the Chalk River Nuclear
Laboratories (CRNLJ to develop an improved control absorber for
future CAHDU* reactors. The concept, originally invented in
Italy [1,2], is based on the use of a two»phaae mixture as the
absorber material.

The development program at CRNL was centred around both
out- and in-reactor experiments on a Two-Phase Absorber
Experimental {TOPAX) Rig 13], installed at the ZED-2, zero-
power, research reactor. As part of the program, a dynamic
simulation of the two-phase absorber was developed on our
hybrid-computer facility [h] . The simulation is described in
this paper.

TWO-PHASa' ABSQfiSER CONCEPT

The two-phase control absorber works on the principle that
the absorption of neutrons can be regulated by varying the
density of a liquid/gas mixture which flows continuously
through U-tubes located in the reactor core. A simplified
schematic of the two-phase absorber circuit proposed for CANDU-
PHW»» reactors is given in Figure 1.

A modular approach was used, with as much correspondence as
possible between the modules and their equivalent physical
entities. The individual modules and their interconnections
are shown in Figure 2.

The dynamics of several of the modules are described by
partial differential equations (PDEs) with two independent
variables, space and time. These were solved using the
Continuous Space/Discrete Time (CSDT) technique on the Dynamic
Analysis Facility at CRNL [h] .

Validation of the simulation has been carried out on a

modular basis, by

- comparing steady-state outputs wlbh those obtained from
the TOPAX rig installed at the ZÏÏD-2 reactor 13]

- measuring the frequency response of each module and cam-

paring it to that measured on the test rig [5].

In general, the agreement between the simulation and
experiment is good. However, the models for the gas line and
the two-phase pressure drop were thought to be inadequate and
further work has since been carried out on those [6,7].

CONTINUOUS SPACE/PISCRETE TIME TECHNIQUE

The hybrid computer has only one independent variable:
computer solution time. Therefore, one cf the two independent
variables in the PDEs must be discretized while the other
remains continuous. Thus, profiles of certain variables with
respect to the continuous variable are calculated at each step
of the discretized variable. On the basis of an earlier
comparison of the Continuous Space/Discrete Time and Continuous
Time/Discrete Space technique 181 , the former was chosen for
the two-phase absorber simulation.

To implement the CSDT technique, the space variable, E,

was converted to computer time, T, using the relationship [9Î

dz = mLdT

where T is related to real time, t, by

T = Bt

fl)

(2)

There are four PDEs in the simulation; two describe the
adiabatic void propagation in the U-tube and the return line,
while the remaining two describe the two-phase pressure drop in
each of these line segr.ents.

The principal assumptions made in developing these equa-

tions are that

FIGURE 1 Simplified Schematic of Two-Phase Control
Absorber Circuit for CANDU-FHtf Reactors

The reactivity worth of each absovber element is control-
led by changing the density of the oxygen/borated-water mixture
flowing through the Zircaloy U-tube in the reactor core. The
mixture density is controlled by regulating only the liquid
flow from the high-pressure tank to the U-tube. After passing
through the U-tube, the two-phase mixture flows along the
return line, to the low-pressure tank, where the gas and liquid
are separated. The transfers of liquid and gas back to the
high-pressure tank are achieved by means of a pump and liquid-
ring compressors in the external circuitry.

The external circuitry is not represented in the large-
signal simulation described here. Instead, the tank pressures,
and the valve-stem demand, are inputs to the simulation. The
output of the simulation is the mixture density in the U-tube,
which is readily converted to reactivity.

; The simulation was developed to study the dynamics of the

two-phase control absorber

- for different circuit operating conditions, and

- with different circuit configurations.

11 CAWada Deuterium Uranium

** CAHada. Deuterium Uranium - Pressurized Heavy Water cooled

- pipe bends are only taken into account when calculating
frictional pressure drop,

- the system is adiabatic,

- there is no phase change between gas and liquid,

- the local drift velocity is zero {i.e. u=u = u n ) ,

g *

- the void fractions in the U-tube and return line are

identical at steady-state, and

- changes in velocity propagate instantaneously through
the system, as compared to the slower propagation of
void changes.

ADIABATIC VOID-PROPAGATION MODEL

Changes in liquid and gas flows into a tube appear as
changes in mixture velocity and void fraction at the tube in-
let. The mixture velocity propagates through the tube
instantaneously, relative to the new void fraction, which
propagates much more slowly, as a wave frort.

The adiabatic void-propagation model Js obtained from the
conservation of mass, written separately for the gas and liquid,
and using cross-section-averaged variables, as defined by Zuber
and co-workers for flow-boiling systems [10,11,12]

(3)
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FIGURE 2 Two-Phase Control Absorber Emulation Flow Diagram

JL <l-o> + JL <(l-a)u> = 0
dt dz (M

The addition of equations (3) and (Ji) yields the relationship

^ <u> = 0 (5)

which states that <u> is independent of z, and is a function of
time only.

To solve equation (3) on the hybrid computer by the CSDT
method, it is replaced by a set of ODEs given by [9]

for i = 0,1,2... (6)

The approximation for the time derivative recommended by
Viehnevetsky 1131, known as the theta method, is used, vi:'..,

(l-e)ât for 0 < 6 < 1

Equation (8) can be written recursively as [91

( )
(1-9)

(7)

(8)

(9)

In equation (6), the volumetric flux, <au>., is "broken
down into its constituents, using the distribution parameter,
Co, [101

where C correlation is given by [3]

(10)

(11)

The values of a , a and a used in the simulation were based

on our own experiments [3], and the work of Hancox and Nicoll

UM.

Converting equation (6) to its CSDT form, using equations
(1) and (2), gives

à <au>i (12)

model is cycled between the initial condition (ic) and operate
(OP) modes. During the i t n IC cycle, the <au> product at the
U-tu&e inlet is fed to an integrator. During the OP cycle
whicJi follows, the other input to the integrator, raLB Ùa*/ÛT,
is integrated along the length of the tube, to produce tne
<ou> profile at that instant. This is subsequently divided by
<u>i and C o , to obtain the desired <o>^ profile.
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FIOURE 3 Hybrid-Computer Implementation of
Adiabatic Void Propagation

The mLB Ûaj/AT input to the integrator is obtained by
satisfying the scaled version of equation (7). Since the <a>^
profile in this equation is continuous, better results are
obtained by also making "̂ Ŝ i-i continuous. This is done by
linear interpolation between adjacent <S> samples in the stored
profile, using the expression

for 0 4 p 4 1

The <3-1i_i samples which appear on the right hand side of this
equation were generated during the previous OP cycle, by satis-
fying equation (9).

Since the OP cycle time was scaled to represent the length
of the tube (see equation (l)), the void fraction anywhere
along the tube can be obtained by means of a track/store unit,
triggered at the appropriate instant.

Validation of the void-propagation model was performed by
determining both its frequency and transient responses. The
frequency response, obtained by the PRBS/FFT technique [15],
was compared to both a theoretical solution of the void-propa-
gation equation, and frequency-response results obtained from
the test rig. Agreement was good in both cases. The transient
response of the model to a step input was compared to an exact
solution of the void-propagation equation, obtained using the
method of characteristics [9], Again the agreement was good,
as shown in figure 1*.

which is solved by the analog circuit shown in Figure 3. The



SE»-»- For implementation, equations (15) and (l6) are expanded
in terms of the distribution parameters C Q , C O and CL, where
Co is given by equation (10) and C3 and Cl, by [10]

Nodal Msponn
Mavhod oc
Charactarlatica
Solution

0 0.5 1.0
TIKE (a)

FIGURE i* Step Response of U-Tube Adiabatic Void-
Propagation Model With <u> Fixed at 25 m-s"1

THO-FHASE PR!iSSURE-DROP MODEL

The pressure drop at any point in a channel containing
two-ph£se flow is given "by the momentum conservation equation
(16),

where the mass flux» G, i s given by

the momentum flux» M, by

M = p t<u2> - ip<au2>

and the average mixture dens i ty , <p>, by

<p> = p . - Ap«x>

(lM

(15)

(16)

(17)

The wall shear-stress function, Tw, used is based on work by
Hancox and Nicoll 116), and is given by

where,Y, the dimensionless mass velocity, is given by

v . S__—
(gpjApu^)

the quality, x, by

p <au>

the single-phase, shear-stress ratio, A, by

-1O.2O

and the liquid shear stress, T., by

(18)

(19)

(20)

(21)

(22)t = 1 1
t 2Pj,

The Fanning friction factor, f, adjusted to account for
bends and other flow obstructions [9l, is given by

f = 0.0U6

where the Reynolds number, Re, Is defined as

(23)

(26)

If idealised radial velocity and void profiles are assumed,
these distribution parameters can be approximated by (9]

= bj + b2<o> + bj<a>
!

= k

(27)

(58)

To solve equation (lM, for either the U-tube or the return
line, i t is integrated over the tube length, to determine the
total pressure drop along the tube, given by

APr = AP,, + AP,_, + LP

J \SÏ

4P,
f 0 Tw

r h g<0>s;

(29)

(30)

(31)

(32)

ÛPp Term

Using the relationships given by equations (6), (10), (15),
(16), (25) and (26), it has been shown that [9]

i£ + M _
3t 3z

(33)

3C F 3C I

: + " 3ÏuT - [Co + « 3̂ o> J
Since CQ and C3 are quadratic in <a>, Y may be expressed as

V = dQ+d1^a>+d2<a>!+d,<a>3+dt|<a>11 (35)

where the dj coefficients can be determined from the aj and bj
coefficients of the Co and C3 expressions, using:

(36)

g (37)

lia2
! (38)

(39)

Integrating equation (33) over the length of the tube,
remembering that <u> is independent of z, results in

where $ is the integral of V over the length of the tube, i.e.

* = / f do (lia)



The two-phase wall-shear stress, given by equation (18},
may he expressed as

which, using equations (10), (15Ï and (22), can be written as

where

1- = I

Substituting equation (Uti), and the relationship

0 - i
A D

into equation (31)» gives

("47)

To account for the bend in the U-tube, the gravitational

pressure-drop term is separated into two integrals, vis,,

s I g<p>sin(j)1 dz + I g<p>sin$2 dz

For the return line, which has many bends, the single-

integral form of equation (32) is used. In this case

("49)

The two-phase pressure-drop equation, after substitution
of the expressions derived above for the individual terms,
becomes

L - -.

ÛP B p â<H> f h _ Aa c <a> d2 . A p < u > 2 #

L £ dt J I p£ ° I

- L hi

+ <u>y -5s- a»
L L

+ | g<p>sinij) dz + 1 g<p>sinij>1 dz (50)

This equation was implemented on the hybrid computer,
after converting the independent variable, z, to computer time,
T, for the CSDT technique, and appropriate time and magnitude
scaling. The functions $ and i e are generated digitally, and
sent to the analog computer at the appropriate instants in time
I9J.

LIQUID-LIME MODEL

The dynamics of the liquid line art' derived from the

momentum conservation equation U7l which, for the conditions

of interest, can be simplified to the form [17]

where the frictional pressure drop, pf, includes the pressure

drop across the valve, i.e.

VP = AP r 9 + AP (52)

Therefore, equation (5l) 'becomes

(53)

(5"4)

The pressure drop across the control valve is given by

(55)

The valve flow coefficient, Cv, is a function of valve l i f t ,
i .e.

F(L (56)

This function is obtained from the manufacturer's data, or from
experiment 191•

The frictional pressure drop across the liquid line is given by

W L

where the liquid wall-shear stress, T , is

T , = t z • (58)

Substituting for UP . end AP in equation (52) gives

(59)

GAS-LIME MODEL

The momentum conservation equation, developed for the
liquid line, also applies to the gas line, but in'this case the
frictional pressure drop is

P f = AP f ï g (60)

Assuming that the gas is incompressible (i .e. an inertial anal-
ysis approach), and using the same relationships as above for u
and 3p/3z, we obtain

dQ A
_fi B.
at p_L,[AP -AP

Because the pressure drop of the two-phase mixer is included in
the gas-line model, an equation similar to (59) above cannot be
used. On the "basis of experimental data, we assumed that the
frictional pressure drop could be represented by Il8]

rf,g- ! Q~|pgl

Substituting for AP in equation (61) gives

(62)

(63)

The aixer, located at the U-tube inlet» mixes the gas and
liquid to produce the two-phase mixture. For this simulation.



we assume that the mixer dynamics are instantaneous. There-
fore, the mixer equations are [3]

Au
(6k)

(65)

TUBE AREA-DISCOHTINUITY MODEL

The two-phase flow leaving the U-tube is subjected to a dis-
turbance caused by an area discontinuity at the entrance to
the return line. This results in a pressure drop, and a
change in mixture velocity. The presaure-drop equation is
given by the correlation [19]

"g <a>

and the velocity equations are

A
<u> = -S <u>

r A u

<au>r = f- <au>u

(66)

(67)

(66)

Using experimental data from the test rig [9] * it has
been shown that AP,jc is small compared to AFr, the return-
line pressure drop, and has the same general characteristics
when plotted against quality* x. Consequently, for the simu-
lation, iPd was simplified to

dc
• 0.10 iP (69)

PRESSURE-SUMMATION MODEL

The pressure drops across the liquid and gas lines are
given by

P - P
g m

(70)

(71)

where the mixer pressure, PQX, is determined by summing pres-
sures around the loop, starting at the low-pressure tank, i.e.

(72)

The two pressure summations required to close the two-phase
control absorber loop are obtained by substitution, i.e.

(73)

and AP * P - 0.90 A?r - APu - *a CM

COMPLETE SIMULATTOH

-• frequency-response measurements, to obtain a number of
transfer functinns, which can be compared to experimen-
tal values.

TRANSIENT RESPONSE

Figure 5 shows the response of seven parameters of the
simulation to a 30jf step increase in valve demand. This results
.in a rapid increase in liquid flov> followed by a decrease in
gas flow. Since the reduction in gas flow is greater than the
increase in liquid flow, there is a. resulting decrease in
mixture velocity.

The decrease in gas concentration causes a void-fraction
decrease to propagate through the U-tube and the return line.
Meanwhile, the pressure drops across "both tubes are changing.
Both pressure drops decrease immediately after the change in
valve position, due to the instantaneou? change in mixture
velocity. Thereafter, the U-tube pressure drop increases rap-
idly, followed by a slow decrease to a lower steady-state
value as the new void fraction propagates through the system.
Meanwhile, the return line pressure drop slowly increases to a
higher steady-state value. The time response of the average
change in U-tube void fraction, which is directly related to
reactivity is given in the last curve.

After approximately 30 seconds, the system is again at
steady state, whereupon the valve position is subjected to a
30JÏ decrease. The reverse transients occur, but they are not
symmetrical to the transients obtained with a 30% increase in
valve position. This is to be expected because of the inherent
nonlinearities in the physical system.
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The complete two-phase control abborber simulation was
implemented on the hybrid computer by interconnecting the
various modules, as shown in Figure 2. There are four inputs
to the simulation! three of these are system operating pres-
sures and the fourth is the demand signal to the valve which
controls the flow of water into the mixer. The output of
interest, for control purposes, is the U-tube mixture density,
which is readily converted to reactivity, knowing the reactiv-
ity sensitivity.

The tests carried out on the simulation thus far can be
summarized as follows:

- responses of various parameters to a step change in
valve position»

FIGURE 5 Simulation Responses to a 30!? Step Change
In Valve Position

FREQUENCY RESPONSE

The frequency responses of both the simulation and the test
rig were measured by perturbing the water flow valve with a
pseudo-random binary sequence [15], recording the responses of
various system parameters on FM tape, and analyzing the data,
using a fast Fourier-transform technique [15]. For these tests,
the simulation and the test rig were both operated at the
following conditions:



P • 500 kPa
n

P a = 670 kPa

P = 600 kPa
g

The results of two such comparisons are shown in Figures 6
and 7. In Figure 6 it is seen that the agreement between the
experimental and simulated Aa/AQ^ frequency response is reason-
able up to M).3 Hz. Above 0,3 Hz the agreement is poor. This
is believed to be due to the assumption of incompressibility in
the two-phase pressure-drop models.

The alsorber frequency-response comparison in Figure 7
shows good agreement between the simulation and experimental
data. This confirms the accuracy of the simulation at the
lower frequencies.

120

3 test reactor.
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A large-signal hybrid-computer simulation of a two-phase
control absorber has been developed and tested. The dynamic
responses of the simulation agree quite well vith corresponding
results obtained from an experimental rig installed at the ZED-

Validation of individual simulation modules using experi-
>ntal data has shown that the gas line and the two-phase

Other errors in the simulation are attributed to

- the limited bandwidth of the CSDT technique

- some simplification in the generation of nonlinear
functions, such as the wall shear-stress function, T ,
where table lookup and linear interpolation are usede

- inherent errors in the correlations used to describe
two-phase flov.

In spite of these imperfections, the simulation has ful-
filled i t s role as a tool for studying the dynamics of possible
two-phase control absorbers for future CANDU power reactors.
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