
AECL-8854

ATOMIC ENERGY ^ B i 5 y L'ENERGIEATOMIQUE
OFCANADA LIMITED • ^ & j f DU CANADA LIMITEE

VALIDATION OF THE DYNAMIC SIMULATION OF
A NATURAL CIRCULATION LOOP

Validation de la simulation dynamique
d'une boucle de circulation naturelle

CM. TSENG, G.R. DIMMICK and G. FRKETICH

Chalk River Nuclear Laboratories Laboratoires nucleates do Chalk River

Chalk River, Ontario

July 1985 juillet



ATOMIC ENERGY OF CANADA LIMITED

VALIDATION OF THE DYNAMIC SIMULATION OF

A NATURAL CIRCULATION LOOP

by

C M . Tseng, G.R. Dimmick and G. Frketich

Paper presented at Summer Computer Simulation Conference,
Chicago, Illinois, 1985 July 22-26

Reactor Control Branch
Chalk River Nuclear Laboratories
Chalk River, Ontario KOJ 1J0

1985 July

AECL-8854



L'ENERGIE ATOMIQUE DU CANADA, LIMITEE

Validation de la simulation dynamique

d'une boucle de circulation naturelle

par

C M . Tseng, 6.R. Dimmick et G. Frketich

Résumé

Une boucle de circulation naturelle (installation d'essai) a été
montée dans les Laboratoires nucléaires de Chalk River pour que l'on
puisse étudier les aspects thermohydrauliques de la circulation naturelle
à la pression atmosphérique et aux températures correspondantes de
sous-refroidissement et de saturation. L'installation d'essai est un
modèle réduit de petit réacteur destiné au chauffage. Un programme de
simulation dynamique en temps réel de cette installation, appelé RIGSIM, a
été développé et mis en oeuvre dans un ordinateur hybride. Des expériences
pas s pas ont été exécutées dans l'installation d'essai afin d'obtenir les
données voulues pour valider RIGSIM. Deux séries d'essais ont été
effectuées. Dans la première série, un changement graduel, positif ou
négatif, a été appliqué à la puissance de la section d'essai, tandis que
dans la deuxième série la température à l'entrée du caloporteur du côté
secondaire de l'échangeur thermique a été élevée ou abaissée graduel-
lement. Les résultats des deux séries d'expérience montrent qu'il existe
un excellent accord entre les prédictions de RIGSIM et les données
expérimentales, ce qui valide la simulation de l'installation d'essai par
RIGSIM.

Rapport présenté à la Conférence d'été sur la simulation informatique
tenue à Chicago (Illinois) du 22 au 26 juillet 1985.

Département de contrôle des réacteurs
Laboratoires nucléaires de Chalk River

Chalk River (Ontario) KOJ 1J0
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VALIDATION OF THE DYNAMIC SIMULATION OF
A NATURAL CIRCULATION LOOP

C M . Tseng, G.R. Dimmick and G. Frketich
Atomic Energy of Canada Limited, Research Company

Chalk River, Ontario, Canada KOJ 1J0

ABSTRACT

A natural circulation loop, or te,*t rig, was
built at the Chalk River Nuclear Laboratories for the
investigation of the thermalhydraulic aspects of natu-
ral circulation at atmospheric pressure and cor-
responding subcooled or saturation temperatures. The
test rig Is a scale model of a small nuclear reactor
intended for heating applications. A real-time, dyna-
mic simulation of this test rig, code-named RIGSIM,
has been developed and implemented on a hybrid compu-
ter. Step-transient experiments were carried out in
the test rig to obtain the data for validating
RIGSIM. Two series of tests were performed. In the
first, a step change Input, positive or negative, was
applied to the test-section power; while in the
second, the coolant-inlet temperature on the secondary
side of the heat exchanger was stepped up or down.
Results from both series of experiments show excellent
agreement between RIGSIM predictions and experimental
data, thus validating the RIGSIM simulation.

NOMENCLATURE (cont'd)

NOMENCLATURE

Symbol Description

a cross-sectional area

A heat transfer area

cp specific heat

Units

m2

m2

g acceleration due to gravity

G (*pu) mass flux kg.m"2.s"1

H3A/(cp2M2) s"1

s"1

s"1

H5A/(CPNV

heat transfer coefficient J
between the primary and
secondary coolant

heat transfer coefficient
between the secondary coolant
and the end plate

Symbol

L

M

P

APf

q

Q

s

t

T

u

V

U

Y

z

Greek

Prefix

Description

heat transfer coefficient J-m'
between the end plate and
the surroundings

heat transfer coefficient
between heater cubes
and the coolant

length

,-2-,-l.v-l

pressure

frictional pressure drop
per unit length

heat flow

rate of temperature change

Laplace transform variable

time

temperature

velocity

volume

mass flow

general variable

distance

"Old fraction
density
time constant

perturbation

Subscripts

a
b
d
e
f
g

air
inlet plenum
downcomer
heat exchanger
saturated liquid
saturated vapour

kg

Pa

Pa.m"

J.s-1

°c

.-1

kg.s"

kg«m~
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NOMENCLATURE (cont'd)

Symbol Description Unit,-.

Subscripts
(cont'd)

1—>

m
N
o
R
s
u
V

1
2

Superscripts

( )

INTRODUCTION

Inlet
index
heater tube
heat exchanger end plate
reference condition
test section
surge tank
riser
void fraction
primary side
secondary side

Laplace transformation o
spatial average of ( )

As part of a program to develop a small nuclear
reactor for heating applications (1-3], experimental
and theoretical studies are being carried out at the
Chalk River Nuclear Laboratories (CRNL). One of the
objectives of these studies is to obtain a thorough
understanding of the thermalhydraulic aspects of the
natural circulation of water at atmospheric pressure
and corresponding subcooled or saturation tempera-
tures . For that purpose, a natural circulation loop,
or test rig, was built at CRNL to provide data on the
steady-state and dynamic behaviour of the coolant and
rig components.

This paper presents transient data from two
series of step-response experiments carried out in the
electrically heated rig. In the first series, the
electrical power to the tig was stepped from one level
to another, and the system was allowed to respond from
the initial steady-state to a new one. Positive r,c
negative steps were applied from several IMtiil con-
ditions. In the second series ot tests, step changes
were applied to the coolant-inlet temperature on the
secondary side of the heat exchanger. Again, positive
or negative steps were applied from several initial
conditions.

In parallel with the experiments, theoretical
models have been developed to elucidate the thermal-
hydraulic phenomena in the rig [1]. The subject of
this paper is one such model, code-named RIGSIM,
intended for the simulation of slow transients, i.e.
those with time constants of seconds or more. RIGSIM,
based on the same methodology as used in an earlier
simulation of a heating reactor [3], has been imple-
mented on a hybrid (analog/digital) computer and
operates in real time. Validation of RIGSIM was
achieved by comparing simulation runs with experi-
mental data from the test rig.

RIGSIM, THE NON-LINEAR SIMULATION OF THE TEST RIG

Assumptions and Equations

The following assumptions were used in the
development of RIGSIM;

- Heat transfer from the riser and downcomer
to their surroundings is neglected.

- The fluid In the riser is single-phase.

- One-dimensional flow is assumed throughout the
circuit.

- Heat transfer coefficients in the heat
exchanger are constant at their reference
values.

The block diagram of RIGSIM is shorn In Figure
1. The differential equations for each subsystem used
in RIGSIM are described below.

Heater Tube

The test section contains an array of 31 heater
tubes, simulating a typical portion of the reactor
core. The average temperature of a given heater tube
is described by the first-order differential equation

VTR
(1)

The heater-tube time constant, xmt is defined

mMm
H A (2)

Test-Section Channel

The dynamic behavior of the coolant in the
test-section channel is described by the conservation
of energy equation [U]

d TR
~dt XR

- f- (T -TL R R b
(3)

where the time constant for the test section, TR» is
defined by

c M
pm m

rr
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The test-section outlet temperature is calculated

by the equation

TR ' 2TR * Tb (5)

Heat Exchanger

From the conservation of energy equation, the
following partial differential equations are obtained
for the heat exchanger:

Substitution of equation (5) in (3) gives 5T clT
(12)

dt TR xD " m *R
1 <Tm"V - r

1 < V V (6)

Void Fraction

Void dynamics in the subcooled boiling region of
the test section are described by [5] •IT.,

(14)

where T V is the void time constant of approximately
100 ms at the conditions of interest.

Integration of equations (12) and (13) over the
length of the heat exchanger gives

The steady-state void fraction, ao» is a func-
tion of two variables, i.e. test-section inlet and
outlet temperatures, and is determined by a separate
computer program [1]. If the void fraction in the
test section is changing, the inlet and outlet flows
will be different, i.e. there is a discontinuity In
mass flow.

d Ti

and — ^ + -'- (T -Tdt T 2 2e 2

(15)

h,(T -T.) (16)

(8)
where Le/Ul (17)

(18)

(9)

The discontinuity of mass flow across the test
section disappears when the void fraction reaches a
steady state.

Natural Circulation

As shown in the Appendix, equations (12) and (13)

can be Laplace transformed and integrated spatially to
obtain the following equations suitable for implemen-
tation on a hybrid computer:

-J" h3(T2-T1)(RUNAVl) (19)

Natural circulation flow is determined by the
momentum equation [6] and

2
T2e = T2 + ~1

- -

gives
Integration of the above equation around the loop

J JL — U
^-^ a, dt j

-g Z (11)

The summation of equation (11) is performed over
all components around the natural circulation loop,
including the test section» riser, heat exchanger,
surge tank and downcomer. The frictional pressure
drop around the loop is a function of flow and is
obtained from a steady-state solution [1].

RUNAV1 - (1-e S T)/s T (21)

The parameters h. , h, , h,., h, and h™ in equations
(14) to (20) are functions of the specific heat and
mass involved in the heat exchanger, and the 3 heat
transfer coefficients, H3, H and H , defined in the
nomenclature. The values of H_, H, and H are deter-
mined from equations (14), (15; and (16) at the
steady-state reference condition, i-e. by solving
equations (14), (15) and (16) with the time derivative
terms set to zero.
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Riser and Downcomer

The dynamics of both the riser and downcomer are
described by a digital filter, RUNAV1, that provides
the delayed output for coolant temperature and the
running average output for tha mean coolant density.

Surge Tank

The transient behavior of the water temperature
in the surge tank is described by the first-order lag
mixlng process

dT M
(22)

The sur^e tank used in the test rig is a vertical
slender cylinder (the ratio of length to diameter is
6). The effect on water mixing due to natural convec-
tion in the tank is assumed to be insignificant in
comparison to that due to the transit mass flow.
Therefore, the mass of water engaged in mixing, Ms>

in equat ion (22) is assumed to be limited to the bot-
tom section where the inlet and outlet connections are
located.

Inlet Plenum

The transient behavior of the coolant temperature
in the inlet plenum is described by

the circuit temperature and void profiles will be
similar in the test loop and reactor. The test sec-
tion was heated via a 1.2 MW continuously variable DC
electrical supply. Heat rejection was through a heat
exchanger with the secondary side connected to the
building water supply. Adjustment of the secondary
side cooling water inlet temperature was used to vary
the loop operating temperature.

The hot riser duct from below the test section up
to the heat exchanger was constructed from 15 cm (6")
diameter pyrex glass, which allowed visual observation
of two-phase phenomena. The remainder of the circuit
was made from 20 cm (8") diameter stainless steel
tubing. A surge tank next to the heat exchanger pro-
vided a free water surface, which simulated the reac-
tor pool surface.

Temperatures before and after the test section
and at various other locations around the circuit were
measured by thermocouples and platinum resistance
thermometers. Friction and obstruction pressure drops
were measured across the major sections of the loop by
sensitive differential pressure transducers. Due to
the low liquid velocities, and the need for negligible
pressure drop, conventional flow measuring equipment
could not be used. For steady state and slowly vary-
ing transient conditions, the flow was calculated from
a heat balance across the test section. For rapidly
varying transients, clamp-on ultrasonic flowmetersr
which had been calibrated against the heat balance
flows, were used.

b
dt

(23)

Implementat ion

The differential equations of the whole system
were implemented on the Hybrid Computer System of the
Dynamic Analysis Facility at the Chalk River Nuclear
Laboratories by using the standard perturbation
method, i.e. the variable Y in the differential equa-
tions was replaced by

Y - Y Q + AY (24)

where Y - steady-state value
o J

AY = deviation from steady state

Then, the equat ions were subtracted from the
reference sready-state condition to obtain the final
differential equations in deviation form. This was
done to obtain maximum resolution in the analog
simulation.

EXPERIMENTAL PROGRAM

Test Facility

A schematic of the test rig is shown in Figure
2 - It was designed to simulate the salient features
of a heating reactor. To do this, the major pressure
drop components in the circuit, the core/test section
and the heat exchanger, and the elevations that deter-
mine the gravity term In the momentum equation were
scaled 1:1. As a result, for steady state conditions,

CD-
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Q-

PYREX
"RISER DUCT

ELECTRICALLY
HEATED
TEST-SECTION

INLET
PLENUM

- DOWNCOMEF!

TEMPERATURE
MEASUREMENT
LOCATIONS

FIGURE J SCHEMATIC 01 NATURAL CIRCULATION LOOP
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Signals from the rig instrumentation were moni-
tored by a Perkin Elmer 7/32 computer. This computer
performed the calculations required to output the data
in engineering units and also stored the scan data on
magnetic tape when required. For transient tests, the
computer scanned the instrument signals automatically
every 15 seconds and stored all data on magnetic tape.

Test Matrix

Two types of runs were done, either a step change
in the electrical power to the heater bundle, or a
step change to the inlet temperature of the secondary
side cooling water. The run procedure was to set up
the desired initial conditions and allow the rig to
stabilize for 30-40 minutes. Stabilization was
checked on strip chart recorders and by visual obser-
vation of CRT displayed data. The data acquisition
system was then put on automatic 15-second scans, and
after 8 scans the step change was made manually. The
power step took 3-5 seconds to complete. The method
of changing the secondary side temperature was by
altering the steam flow to a preheater in the cooling
water circuit. Due to thermal inertia, and a signifi-
cant pipe run between the preheater and the rig heat
exchanger, the step change as shown in Figures 5 and 6
is not as sharp as was achieved with the power step.
After making the step change, no further adjustments
were made to the rig until the run was completed. A
total of 12 runs was completed. These are detailed in
Table 1.

COMPARISON OF RESULTS FROM RIGSIH AMD EXPERIMENTS

In this section, RIGSIM predictions are compared
against experimental system transients derived from
step input disturbances. This is a common practice
suitable for a nonlinear system.

TABLE 1

EXPERIMENTAL TEST MATRIX TO VALIDATE RIGSIM

Power Step Tests

Run
Number

1
2
3
4
5
6

Initial Power
kW

200
200
400
400
600
600

Power Step
kW

+200
-100
+200
-200
-200
+200

Step Tests in Secondary Coolant Inlet Temperature

Stap Changes in Channel Power

Simulation runs were performed by first setting
RIGSIM to a given steady-state condition and then per-
turbing it with a step input of channel power. Figure
3 shows the resultant transients for a step change in
channel power from 400 kW to 600 kW. For this dis-
turbance , the test-section outlet temperature ini-
tially increases rapidly. This causes the circulation
flow to increase and, thus, the outlet temperature
declines. The mass flow continues to increase for
about 40 seconds until the warmer water enters the
heat exchanger, and the water density in the downcomer
side decreases. The system reaches a new steady state
about 700 s after the start of the perturbation, with
an increase of~L3°C in test-section outlet tempera-
ture,—6°C in the test-section inlet temperature and

*-20% in mass flow. The mass flow and inlet -roolant
temperature on the secondary side are maintained
constant during the entire simulation.

The experimental data obtained from the test rig,
under the same conditions, are also shown in Figure
3. Excellent agreement between the experimental data
and simulation results has been achieved-

Results for a negative step change in channel
power from 400 kW to 200 kW are shown in Figure 4.
The system responses are similar to those shown in
Figure 3 except that they are in the opposite direc-
tion. Similar agreement was obtained for the remain-
ing simulations and experimental runs in this series.

Step Changes in Secondary Coolant-Inlet Temperature

Runs in this series were performed by setting
RIGSIM or the test rig to a given power level and
steady-state conditions and then perturbing it with a
step change of secondary coolant-inlet temperature.

Simulation results and experimental data, shown
in Figure 5, were obtained by disturbing the rig with
a step Increase in the secondary coolant-inlet
temperature from 18 to 29"C from a steady state cor-
responding to a channel power of 400 kW. The primary
coolant temperatures at the heat exchanger outlet and
test-section inlet increase gradually and reach a
steady state in about 700 s after the start of the
disturbance. The Initial rapid increase in the heat-
exchanger secondary coolant-outlet temperature is the
result of the step increase In the inlet tem;tjrature
with a short lag caused by the fluid transit J.ime.
Very good agreement between the simulation ami experi-
mental data can be seen. Similar results, shown In
Figure 6, were obtained with a step decrease In secon-
dary coolant-inlet temperature. Test-rig transients
at other initial power levels, 600 kW and 200 kW, were
also found to agree closely with corresponding simula-
tion runs.

Test
Initial Temperature Temperature Section

Step °C Power
kW

+11.0 200
- 8.0 200
+10.5 400
- 8.5 400
+ 9.5 600
- 7.5 600

Run
Number

7
8
9
10
11
12

Initial Tern
°C

32.0
32.0
18.5
19.5
18.5
18.5

SUMMARY AND CONCLUSIONS

A real-time, dynamic simulation, code-named
RIGSIM, of a thermalhydraulic test rig has been devel-
oped and implemented on a hybrid computer at the Chalk
River Nuclear Laboratories. The test rig was built
for the Investigation of the thermalhydraulic aspects
of natural circulation at atmospheric pressure and
corresponding subcooled or saturatIon temperatures.
The test rig is a scale model of a small nuclear
reactor intended for heating applications.
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Two series of step-transient experiments were
carried out in the test rig to validate RIGSIM. In
the first series, positive or negative step inputs
were applied to the test-section power. The system
was allowed to reach a new steady-state from different
initial power levels. In the second series of test?,
step changes were applied to the coolant-inlet
temperature on the secondary side of the heat ex-

„ changer. Results from both series of experiments show
excellent agreement between RIGSIM predictions and
experimental data, thus validating the RIGSIM
simulation.
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APPENDIX

The temperature of the fluid in a flow channel
may be described by the partial differential equation

The mean temperature over the length L of the
flow channel is defined as

(T)
1 L -

"Z j ™iz
(A-4)

Substitution of equation (A-3) into (A-4) gives

(?) * ?(O).RUNAV1 + QfRUNAV2 (A-5)

where T = L/u (A-6)

RUNAV1 - — (l-e~ST) (A-7)

RUNAV2 • — (1-RUNAV1) (A-8)

If this equation (A-3) were used directly, a
seesaw would result in the heat exchanger outlet
temperature because of the coupling between Q and T.
To minimize this modelling artifact, the following
manipulations are performed.

From equations (A-3) and (A-5) we have

T(L) - (I) + T(0) (e~ST - RUNAV1) + QT (RUNAV1-RUNAV2)

(A-9)

A first-order approximation of the delay function
[4]

-ST 1
6 = T+sl

(A-10)

at dz
(A-l)

can be used on the second term of equation (A-9) to
obtain

e"8X - RUNAV1 ~ -± — ( 1 - -rj— ) - 0 (A-l
1+ST ST \ 1+ST /

where Q represents the rate of temperature change due
to heat transfer from the channel walls. It is
assumed that Q is a function of time but independent
of space.

For a constant fluid velocity u, Laplace trans-
formation of equation (A-l) gives

Since both functions RUNAVI and RUNAV2 behave
similarly, and the steady-state gain of RUNAV2 is i
(RUNAV1), the third term of equation (A-9) can be
simplified,

(RUNAV1 - RUNAV2)~i RUNAV1 (A-12)

sT + u j^ T - Q (A-2)

The solution of the above equation is

f(z) - f(0) e~
Szla + Q (l-e"SZ/fu)/s (A-3)

Thus, equation (A-9) becomes

T"(L) - (T) + ^QT (RUNAV1) (A-13)

The advantage of equation (A-i3) Is that It has
the correct gain without the artificial seesaw
behavior.
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