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L'ENERGIE ATOMIQUE DU CANADA, LIMITEE

Simulation dynamique du réacteur de chauffage
Slowpoke de 2 MWt*

par

CM. Tseng et R.M. Lepp

Résumé

Un réacteur Slowpoke de 2 MWt destiné au chauffage urbain est en voie de
développement dans les Laboratoires nucléaires de Chalk River. Ce réacteur-
piscine est conçu pour fonctionner â basse température (50 à 80°C) et à la
pression atmosphérique.

On a développé une simulation dynamique, à faible signal, de ce réacteur
sans contrôle par boucle fermée. Des équations de base comme la conservation
de la masse, l'énergie et le moment ont été employées pour décrire les phéno-
mènes physiques dans chacun des huit sous-systèmes qui constituent le système
du réacteur. Ces équations ont été ensuite linéarisées en fonction des
conditions de fonctionnement normal et disposées sous une forme sans dimension
pour utilisation dans 1'installation d'analyse dynamique du Département de
contrôle des réacteurs. L'ensemble de la simulation est non-linéaire.

Les réponses transitoires lentes (minutes à jours) de la simulation,
découlant des perturbations de la réactivité et de la température, ont été
mesurées à pleine puissance. Dans tous les cas, le système a atteint un
nouvel état stable dans des temps variant de 12 heures à 250 heures. Ces
résultats illustrent clairement les avantages de la rétroaction négative de
réactivité de ce concept de réacteur.

On examine également la possibilité d'ajouter un contrôle par boucle
fermée utilisant la température de sortie du cotur comme variable contrôlée
pour déplacer un réflecteur en béryllium.

*Rapport présenté au Symposium de simulation
pour la dynamique des réacteurs et le contrôle des centrales

parrainé par la Société nucléaire canadienne
Mississauga, Ontario

19-20 avril 1982

Laboratoires nucléaires de Chalk River
Chalk River, Ontario KOJ 1J0

Avril 1982
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ATOMIC ENERGY OF CANADA LIMITED

DYNAMIC SIMULATION OF THE 2 MWt

SLOWPOKE HEATING REACTOR*

by

C M . Tseng and R.M. Lepp

ABSTRACT

A 2 MWt SLOWPOKE reactor, intended for commercial space
heating, is being developed at the Chalk River Nuclear
Laboratories (CRNL). This pool-type reactor is designed to
operate at low temperatures (50 to 80°C) and atmospheric
pressure.

A small-signal, dynamic simulation of this reactor,
without closed-loop control, was developed. Basic equations
such as the conservation of mass, energy and momentum were
used to describe the physical phenomena in each of the eight
subsystems that make up the reactor system. These equations
were then linearized about the normal operation conditions
and rearranged in a dimensionless form for implementation on
the Dynamic Analysis Facility in the Reactor Control Branch.
The overall simulation is non-linear.

Slow transient responses (minutes to days) of the simu-
lation, to both reactivity and temperature perturbations,
were measured at full power. In all cases, the system
reached a new steady state in times varying from 12 h to 250 h.
These results clearly illustrate the benefits of the inher-
ent negative reactivity feedback of this reactor concept.

The addition of closed-loop control using core outlet
temperature as the controlled variable, to move a beryllium
reflector, is also examined.

*Paper presented at the 1982 Simulation Symposium
on Reactor Dynamics and Plant Control,

sponsored by the Canadian Nuclear Society,
Mississauga, Ontario

1982 April 19-20

Chalk River Nuclear Laboratories
Chalk River, Ontario KOJ U 0

1982 April
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surface area

constants

delayed neutron density

constant

specific heat capacity

constant

acceleration due to gravity

mass flux

heat transfer coefficient

iodine concentration

reactivity

neutron generation time
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depth of mixing region

mass

neutron density

pressure

pressure gradient

heat flux

total heat flow

time

temperature

velocity
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(ii)

NOMENCLATURE (continued)

V total volume m3

W mass flow kg*s~!

X xenon concentration n«m~z

Y dependent variable

z spatial distance m

a void fraction

S fission yield of delayed
neutrons

YT,YX fission yield of iodine

and xenon

A small perturbation

X
P •

ax

decay constant

density

absorption cross section
of xenon-135

time constant

neutron flux

s"1

kg«m"

m"2

s

n.s-i .

fission power per unit J«m~3*s~1

volume of the fuel

Subscripts

d

e

fr

F

G

I

L

r

downcomer

heat exchanger

friction

fuel

gravity

iodine

limit

reflector
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Subscripts (continued)

R

u

X

o

a

Superscripts

C)
C)

reactor channel

riser

xenon

steady-state value

void fraction

average of ( )

flux-squared-weigh



INTRODUCTION

A 2 MWt SLOWPOKE* reactor, intended for commercial space

heating, is being developed at the Chalk River Nuclear

Laboratories [1]. The proposed system is shown in Figure 1.

LEVEL

\ (30 mDIA x 50 an HIW)

FIGURE 1 2 MW SLOWPOKE HEATING REACTOR

The concept has the reactor core near the bottom of a pool

of ordinary water and inside a long cylindrical metal tube.

Cooling water flows through the reactor core, up the tube, and

through heat exchangers at the top of the pool. After giving

*Safe LOW-POwer Critical Experiment
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up its heat in the heat exchangers, the water returns to the

inlet of the core via the pool outside the metal tube. Natural

circulation is achieved b' the difference in water density

between the hot and cole3 columns. SLOWPOKE has negative

coolant temperature and void coefficients of reactivity,

which will automatically regulate the reactor power, an

inherent safety feature.

This paper describes the simulation developed to inves-

tigate the intermediate and long-term transient behaviour of

the system, i.e. the deviation from normal operating conditions,

over periods of 1 minute to 100 hours, in response to external

disturbances.

THEORETICAL MODELS

The theoretical models described are based on the

following assumptions:

- The entire system is treated as an isolated unit,

i.e. no account is taken of heat transfer to or

from the surroundings.

- Neutron kinetics are represented by a point model

with a single delayed-neutron group.

- Heat transfer from fuel to the coolant is considered

instantaneous.

- Instantaneous heat-exchanger dynamics are assumed.

- For the reactivity perturbation, the secondary side

heat extraction is assumed constant.
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- Temperature increases at the downcomer inlet are

modelled as a transport delay, to represent stra-

tified flow, whereas temperature decreases are

modelled as a first-order lag, to represent instan-

taneous and complete mixing,

- Subcooled voids in a reactor channel are calculated

by the formulas of Saha and Zuber [2].

- No controller was used during the initial studies.

The block diagram of Figure 2 shows the various models

of the SLOWPOKE reactor simulation. Each block may be a

simple or complex subsystem, depending on the physical

phenomena involved. The equations for each subsystem are

given below.
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U
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FIGURE 2 BLOCK DIAGRAM OF THE SLOWPOKE SIMULATION
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The neutron kinetics equations with one delayed neutron

group are [3]

|| = ^ (5k-0)n + Ac (1)

$£ = JL n - \c (2)
dt £* n A C U ;

The fuel-to-coolant heat flux is expressed as

= HASF(VV (3)

and the fuel temperature is given by

dT

CkannzZ

The energy equation for single-phase flow in a reactor

channel is [4],

Kznon

The xenon kinetics are expressed as [3],

(6)
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Circulation Flow

The momentum equation for a single-phase flow is given

by [4]

If

The momentum flux term was dropped since no phase change is

involved. To obtain the circulation mass flow, equation (8)

is integrated around the loop.

He.at Exc.ha.nQHh.

Since the heat extraction from the heat exchanger is

assumed constant, no dynamics are cons lered. Dynamics will

be included in subsequent models, where more emphasis is

placed on secondary side disturbances.

Vowncome.fi

The dynamic behaviour of the downcomer will be different

depending on whether there is an increase or a decrease in the

temperature of the water entering the downcomer from the heat

exchanger.

When the temperature of the water entering is higher

(lower density) than the water temperature in the downcomer,

no mixing occurs. Instead the wanner water moves as a stra-

tified layer towards the reactor core inlet. This is

described by the equation for a transport delay
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3T, 3T

When the water temperature at the inlet is lower than

that in the downcomer, immediate fluid mixing is assumed.

The depth of the mixing region, L.. , is determined theoretically

by

Ll V 2 ) d z •

where

L, < Ld (11)

The " ixing process which is considered instantaneous

and thoro . 1 is described by the equation

d Td W ~

-df = I <Td"Tin> ^

Riser dynamics are similar to those of the downcomer

except that the flow through the riser is a factor of ^65

faster. Therefore the flow through the riser can be con-

sidered instantaneous and the dynamics can be ignored.

REFERENCE OPERATING CONDITIONS

The reference conditions are derived from the reactor

operating steadily at 2 MWt. At steady state the time-

derivative terms are zero, and the system equations become
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(13)

= XCO (14)

(15)

\-di- /
Q

° (16)

Vo + Vo ' AXXo - W o

(1b)

The frictional pressure gradient during single-phase circu-

lation flow is proportional to the square of mass flow, i.e.

Pfro - cl Wo <20>

LINEARIZED EQUATIONS

The linearized equations are obtained by replacing the

dependent variables, Y, in the original equations by

Y=Y +AY and then subtracting the steady-state equations from

the resultant equations. The results, summarized below, are

written in a dimensionless form, obtained by dividing the
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dependent variables by their steady-state values. The

subscript o, denoting the steady-state value, is dropped

for convenience.

fue.1

d /An ) _ A(6k) 6 An . AC
dt \ ~ / " ~T* I* I T + A ~n~

dt I _~ ) ~

^ ( ) = J . A n - A AC
d t \ n / I* n n

M =
 AT

F - A T R (23)
CJ m _ m*

F R

and Tp 3^1 —)= ^ ~ ^ (24)

where xp = cpFPFVF/(HAsF) (25)

Cka.nne.l-

Equation (5) is linearized, neglecting dynamics in

the core, i.e. the flow through the reactor core is assumed

to be instantaneous, giving



Xenon

- 9 -

AT AT.
R Q. , Q I ^ M LJ r» j i « j - y

F R F R p F R

n / A X \ n /d t \ X / X \ i n / ' l X \ n

An

at V~/"

where A^ _ An
$ n

(27)

- 0

By integrating around the loop, the pressure term disappears

and we have

THT AGdz + m A p 4 . d z + AAp_dz = 0 (30)®A

or

u " d e "R

g ( L e A p e + LdApd - LRApR - LuA?Tu) = 0 (31)



- 10 -

where G = W/A

frdz = c^w
2 (32)

PG = Pg (33)

and, by taking equation (31) at steady state, i.e. d/dt=0,

we have

C l = Sf(LePe
 + V d " V u ~ LRPR>/W 2 ( 3 4 )

and equation (31) may be rewrit ten as

d AW AW LRApR + V ^ u " (Ld+Le)AP"dTd al if + 2 f + T ~ + T ~ T ~ I / - ° (35)
Lepe + Ldpd " LuPu " LRPR

where
Lu +

 Ld +
 Le LR

A~" A~ n*~ A~

Vouincome.fi

For increasing inlet temperature

For decreasing inlet temperature

dT A?d

( 3 6 )

3AT 9AT,
£ + u ^-3- = 0 (37)

oZ
dt
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THERMAL REACTIVITY FEEDBACK

The thermal reactivity feedback in the core has three

main components: fuel temperature, coolant temperature and

coolant void fraction. All have a negative reactivity

coefficient.

Te.mpe.A.a.£u/ie.

The reactivity changes caused by fuel and coolant

temperature variations can be expressed, respectively, as

A(6k)p = dpATF (39)

and A(6k)R = dRATR (40)

Coolant Voi.d Ftia.ct4.on

Coolant voids can form under subcooled condition in

the reactor core, depending on the mass flow, local subcooled

temperature, and heat flux. The void distribution along the

reactor channel was calculated by the formulas of Saha and

Zuber [2] .

In the present analysis, only the relationship between

reactivity and the change in flux-squared-weighted void

fraction, rather than the local void fraction, is considered.

This relationship may be expressed as

a = a(q,Td,W) (41)
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whcse linearized form is

Aa = TT—
, 9a _ ( A Td ) , Sa H f AW

+ 9fTTd\-T:/+ aw w\w-d d

AT
AM

where the coefficients d,, d2 and d., are expressed as

dl " al + a2 f (43)

AT
d2 - a3 + a4 ̂ T

d3 - a5 + a6 TT ( 4 5 )

The coefficients d., d, and d, are obtained as follows:

(i) From the formulas of [2], the local void fraction is

calculated as a function of one variable (i.e. the other

two are held constant).

(ii) Assuming a uniform axial flux, the flux-squared-weighted

void fraction is obtained by integrating the local values

over the reactor core and dividing by the core length.

(iii) The results are fitted with a second-order polynomial,

using a least-square method.

Figure 3 shows the variation of the average void

fraction with power, inlet temperature, and mass flow,

respectively.
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The relationship between the reactivity and void

fraction of the coolant is

A(6k) = d Aa
a a (46)

0.12

§ 0.09

2 0.06

0.03

0.00
80 95 100 105 110

POWER,TEMPERATURE,FLOW (X OF NOMINAL)

CALCULATED VALUE
© o FITTED VALUE

FIGURE 3 VARIATION IN AVERAGE VOID FRACTION
WITH FLOW, TEMPERATURE AND POWER
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RESULTS FROM OPEN-LOOP SIMULATIONS

The equations given above were implemented on the Hybrid

Computer system in the Dynamic Analysis Laboratory. The

coefficients for each equation were calculated using the input

data listed in Table 1.

TABLE 1

REFERENCE CONDITION PARAMETERS

Value

Core - height

- diameter

- inlet temperature

- outlet temperature

Riser - height

- diameter

Downcomer - height

- diameter

Void Equation Coefficients a..

Reactivity Coefficients

0

3

0

2

-0

0

48.0

31.0

50

80

6.1

0.60

5.12

3.66

.5976

.4616

.4472

.075

.2762

.8880

Units

cm

cm

°C

°C

m

m

m

m

-1.65 x 10~2 mk-K"1

-0.25 mk'K"1

-4 00 mk
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Reactivity Pe.Atun.ba.tlon

The simulation was set to full power equilibrium con-

ditions and then perturbed with positive and negative ramp

reactivity disturbances of 1 mk'min"1 for 6.7 min. Although

a controller was not part of this simulation, the perturbation

can be thought of as a failure of the controller that causes

the beryllium reflector to drive up at full speed. The time

responses of various parameters to the positive reactivity

input are given in Figure 4. They show a slow system response

that reaches a new steady state in ^12 h. Reactor power and

coolant flow return to their original values; however, the

coolant and fuel temperatures increase by ^1.5 K, and the

coolant void fraction in the reactor channel increases by

^1.6%. These increases are, in part, due to the assumption

that the system is thermally isolated so that all of the

energy produced in response to the reactivity disturbance

is stored in the system.

The coolant flow oscillations, AW/W, at the beginning

of the transient are caused by changes in coolant density in

the riser and the downcomer. When the low-density, higher-

temperature reactor coolant enters the riser column, the

density difference between the riser and the downcomer

increases, causing an increase in circulation flow. Then

when the same coolant enters the downcomer, the effect is

reversed. The amplitude of oscillations decays with time as

the neutron flux decreases.
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INPUTimk)

iri/ti (%)

4

0

- 4

4

0

0.96

0

0.8

0

AX/x rt)

-

J

"iV

K
10 h

FIGURE 4 RKSPONSES TO A POSITIVE REACTIVITY
RAMP OF 1 mk-min"1 FOR 6.7 min

Figure 5 shows the time response of various parameters

to a negative reactivity ramp of the same slope and magnitude.

The system responses are similar to those for the positive

reactivity disturbance, except that the flow has no oscillation.

This is due to the difference in downcomer models depending on

whether there is a temperature increase or decrease at the

inlet. For a temperature increase (i.e. positive reactivity
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input) the stratified temperature is modelled by a transport

delay. For a temperature decrease (i.e. negative reactivity

input) the assumed mixing is modelled by a first-order lag.

In addition to the differences in response caused by

the downcomer, there are difference? introduced by non-

linearities in the coefficients of the reactivity feedback

equation. This is most evident when one compares the initial

responses of flow, core temperature change and neutron density

to positive and negative reactivity disturbances (see Figures

4 and 5).

INPUT (mk)

A T . ( K )

i n / n 1%)

AT. IK)

A x / x {%)

-1.8

AO ( S)

ATR-ATd lKI

FIGURE 5 RESPONSES TO A NEGATIVE REACTIVITY
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Vowncome.1 Te.mptLKa.tuie.

The simulation (without controller) was set to full

power equilibrium conditions and then perturbed with a 1 K

step decrease in water temperature at the downcomer inlet.

This simulates a step increase in heat transfer in the heat

exchangers (see Figure 2), even though the actual increase

would be somewhat slower if the heat exchanger dynamics had

been modelled. The transient responses to this disturbance,

given in Figure 6, show a much slower system resporre than

that observed in the reactivity disturbance cases, reaching

a new steady state in ^250 h. The reactor power, xenon

density, void fraction and mass flow increase by ^5%, ^2%,

^0.9%, and ^1.8%, respectively, while the temperature of the

downcomer flow decreases by ^16 K.

4

0

- 4

-

A

-

X / X (% )

1.6

An/n ( % )
r
iW/K

ATR-AT. (Kl

FIGURE 6 RESPONSES TO A 1 K STEP DECREASE IN
WATER TEMPERATURE AT THE INLET TO
THE DOWNCOMER
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Figure 7 shows the transient responses to a 1 K step

increase in water temperature at the dov/ncomer inlet. The

responses are somewhat different than t aose for the step

decrease in temperature, namely

-* a new steady state is reached much sooner

(̂ 30 h), and

- there is evidence of cyclic behaviour at the

start of the transient.

The latter is likely due to the stratified flow model used

for temperature increases in the downcomer.

5 I N P U T <K)

if
AT, (K)

_

-

0

- 4

0.1 6

-O.f6

- 2 . 4

0

- 2

A x / X CO

-

-

Ad (%)

-

AW/W («)

FIGURE 7 RESPONSES TO A 1 K STEP INCREASE IN WATER
TEMPERATURE AT THE INLET TO THE DOWNCOMER
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For temperature decreases in the downcomer, the present

simulation uses a stirred-tank model. This is based on the

assumption that the entering fluid has a higher density and

will move downwards, by natural convection, faster than the

natural circulation flow in the system. Thus, it will mix

with the higher-temperature fluid below. However-, the possi-

bility exists that the cooler water will move downwards as a

stratified layer without mixing with the warmer water. Should

this happen, there could be a step decrease in coolant at the

reactor channel inlet that would collapse the void fraction

and cause an increase in reactor power.

To examine the effect of this possibility on system

response, the simulation was set up with the downcomer flow

locked into the stratified model. Then it was perturbed with

a 1 K step decrease in water temperature and the responses were

recorded. This was repeated for different liquid velocities in

the downcomer, i.e. varying the downcomer cross-sectional areas.

Figure 8 shows typical results of the transient responses of

various parameters with the downcomer cross-sectional area

reduced to 0.50 m2 (from its original value of 10.24 m2) .

Comparison of these results to those of Figure 6 shows that

reducing the downcomer travelling time does not affect the

overall system behaviour, except to shorten the time to reach

a new steady state. We conclude therefore that the change from

a stirred tank to a stratified flow model in the downcomer does

not significantly affect the system's long-term behaviour.

Note that the present simulation does not include the

dynamics of the reactor channel, i.e. only steady-state values

are used. Therefore, the effect of rapid collapse of voids

on the transient responses during the first few seconds are not

revealed in Figure 8.



,AT e INPUT (K)

s

- 21 -

4

0

- 4

-

Ax /X H I

AoiU)

ATR-AT0(K)

lOh

FIGURE 8 RESPONSES TO A 1 K STEP DECREASE IN WATER
TEMPERATURE AT THE INLET TO A DOWNCOMER,
WITH A CROSS-SECTIONAL AREA OF 0.5 mz ,
ASSUMING STRATIFIED FLOW

RESULTS FROM CLOSED-LOOP SIMULATIONS

The transient response results presented in Figures 4

to 8 were obtained from the open-loop simulation (i.e. no

controller). The reference concept for SLOWPOKE has a

controller that uses the difference between the core outlet

temperature and a temperature setpoint as its input error

signal. The resulting controller output moves the beryllium
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reflector. Two types of controllers, on-off and proportional,

were tested in the simulation by observing the response to

step reactivity and thermal disturbances. Both controllers

handled the disturbances very well and were able to maintain

the core outlet temperature to within ±1 K of the desired value.

The transient responses to downcomer temperature changes,

obtained with a proportional controller having a gain of

0.5 mk'min"1-K"1, are shown in Figure 9. Temperature variations

at the core outlet are less than ±1 K as compared to ̂ ±15 K

without control. The reactivity addition and removal required

to maintain this core outlet temperature tolerance is ̂ ±10 mk.

1

0

1

_ 1 •

I N P U T

1 1-U —

- 2.4 -

13.4

0

13,4

J
Aik,

-

(mli)

AX/X

Ad(%r

0.0466

0

-0.0466

f " 1

-A5k r (tnk/n

-

I

i-|Tin)

FIGURE 9 RESPONSES TO +1 K TEMPERATURE DISTURBANCES
AT THE DOWNCOMER INLET WITH PROPORTIONAL
CONTROL
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SIMULATION VERIFICATION

The method used to verify the implementation of a

mathematical model on the Hybrid Computer System is to

measure its frequency response using the Pseudo Random

Binary Sequence and Fast Fourier Transformation (PRBS/FFT)

technique [5] and to compare the results to those obtained

from the theoretical equations. The computer program MVPACK,

developed at CRNL [6], was used to calculate the theoretical

transfer function of the linearized equations for the simulation.

Each component of the simulation was modelled by a separate

MVPACK module that generated its frequency-response matrix.

Then all the modules were combined to obtain the transfer

function between any two input-output variables, and the

results were plotted in the frequency domain. The results

given in Figure 10 show good agreement between the computed

and measured frequency responses, from temperature disturbances

at the downcomer inlet to reactor outlet temperature. This

confirms that the implementation of the dynamic model on the

hybrid computer is correct.

SUMMARY AND CONCLUSIONS

A dynamic simulation of the SLOWPOKE reactor, with and

without closed-loop control, was developed by the Reactor

Control Branch at CRNL. The approach taken was to first

divide the system into eight subsystems, namely, neutron

kinetics, fuel, reactor channel, riser, downcomer, natural

circulation, thermal reactivity and xenon reactivity. Basic

equations such as the conservation of mass, energy and momentum

were used to describe the physical phenomena in each subsystem.

These equations were then linearized about the normal operating

conditions and rearranged in a dimensionless form for imple-

mentation on the Hybrid Computer System in the Reactor Control

Branch.
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FIGURE 10 COMPARISON OF THEORETICAL AND MEASURED FREQUENCY
RESPONSES BETWEEN DOWNCOMER INLET TEMPERATURE
AND CORE OUTLET TEMPERATURE

Some non-linearities were retained in the simulation.

An example is the downcomer which is modelled as a transport

delay, to represent the stratified flow that occurs when the

temperature increases at the downcomer inlet, and as a first-

order lag, to represent instantaneous and complete mixing flow

when there is a temperature decrease at the inlet. During a

transient, the downcomer will switch automatically from one
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model to the other according to the inlet conditions.

The transient responses of the plant simulation, to

reactivity or temperature perturbations, were measured at

full power. In all cases, the system response was slow,

reaching a new steady state in times varying from 12 h to

250 h. These results clearly illustrate the benefits of

the inherent negative reactivity feedback in the core.

The addition of closed-loop control using core outlet

temperature as the controlled variable was also examined,

with either on-off or proportional control. Both types of

controllers were found satisfactory for controlling reactor

outlet temperature.

The correct implementation of the model on the Hybrid

Computer System was confirmed by verifying that the measured

frequency responses of the simulation corresponded closely

to theoretical values.
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