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RESUME

Plusieurs pays possèdent, en exp lo i ta t ion i ndus t r i e l l e ou dans
les derniers stades de prototype, des réacteurs à tubes de force
et modérés à l 'eau lourde.

Les travaux de support de récherche e t de développement r e l a t i f s
à la sûreté sont dans des domaines te ls que la thermohydraulique
de dépressurisation des c i r c u i t s , le t rans fer t de chaleur du
combustible, le re je t de chaleur du combustible sec au modérateur,
le comportement du combustible et de la gaine a insi que l ' i n t é g r i t é
des canaux de combustible. Nous passons en revue le t r ava i l effectué
au Canada, en Grande-Bretagne, en I t a l i e e t au Japon et nous décr i -
vons quelques-uns des essais expérimentaux qui supportent les méthodes
d'analyse des accidents.

Les réacteurs sont dotés de systèmes de sécur i té q u i , dans l ' éven tua l i té
d'un accident, sont capables de les a r rê te r , de garder le combustible
re f ro id i et de confiner toute l ibéra t ion de rad ioac t i v i t é . Nous donnons
un sommaire des caractérist iques de ces systèmes de sécur i té (a r rê t ,
refroidissement d'urgence du coeur e t confinement) dans les divers réacteurs
et nous discutons les autres caractérist iques de réacteur qui empêchent
les accidents ou qui réduisent leur demande éventuelle sur les systèmes
de sécur i té .
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ABSTRACT

Several count r ies have heavy-water-moderated, pressure-tube
reactors e i t h e r in commercial operat ion or in l a te prototype stages.

The support ing safety research and development includes such
areas as the thermohydraulics o f c i r c u i t depressur izat ion, heat t r ans fe r
from the f u e l , heat r e j ec t i on to the moderator from dry f u e l , fuel and
sheath behaviour, and fuel channel i n t e g r i t y . We review the work done in
Canada, Great B r i t a i n , I t a l y and Japan, and describe some of the e x p e r i -
mental t es t s underlaying the methods o f accident ana lys i s .

The reactors have safety systems which, in the event o f an
acc ident , are ab le to shut down the reactor , keep the fuel cooled, and
conta in any released r a d i o a c t i v i t y . We summarize the c h a r a c t e r i s t i c s o f
these safety systems (shutdown, emergency core coo l ing , and containment)
in the var ious reactors , and discuss other reactor c h a r a c t e r i s t i c s which
e i t h e r prevent acc idents or reduce t h e i r po ten t i a l demand on the safety
systems.

Presented at the In ternat iona l Conference on World Nuclear Power
American Nuclear Society/European Nuclear Society

Washington D.C., November 1976

Atomic Energy of Canada Limited
Power Projects

Sheridan Park Research Conmunity
Mississauga, Ontario

L5K 1B2

August 1077



CONTENTS

Page

1 . INTRODUCTION 1

2 . PRESSURE-TUBE REACTOR TYPES !

3 . SAFETY-RELATED RESEARCH AND DEVELOPMENT 2

3.1 Blowdown 2
3.2 Heat Transfer During Loss-of-Coolant

and Emergency Core Cooling 5
3.3 Heat Transfer to Moderator from Dry Fuel 8
3.4 Fuel Element and Sheath Behaviour

During Loss-of-Coolant 8
3.5 Fuel Channel Integrity 10
3.6 Pressure Tube Inspection Instrumentation 12

k. SAFETY SYSTEMS: MAIN MISSION, DESIGN.AND EFFECTIVENESS 14

4.1 Inherent Safety of Heat Transport System 14
4.2 Shutdown 16
4.3 Emergency Core Cooling 18

4.4 Containment 22

5. SUMMARY 25

ACKNOWLEDGEMENTS 25

REFERENCES

TABLES

FIGURES



HEAVY-WATER-MODERATED PRESSURE-TUBE
REACTOR SAFETY

L. Pease
Atomic Energy o f Canada L imi ted

Power Projects
Mississauga, Ontario

S. Sawai
Power Reactor and Nuclear Fuel Development Corporation

Fugen Project
Tokyo, Japan

1 . INTRODUCTION

This paper summarizes the main safety cons iderat ions
and the support ing safety research of heavy-water-moderated,
pressure-tube reactors .

I t covers only types which are e i t h e r in commercial
operat ion or in l a t e prototype stage: fo r t h i s reason much o f
the emphasis is on Canadian experience.

We review b r i e f l y the safety Research and Development
unique to pressure tube reactors, and summarize the main character -
i s t i c s of the safety systems. This, together w i t h the experimental
work app l icab le to a l l water-cooled reactors , is the basis o f our
confidence in the accident analyses.

Deta i l s of accidental t r ans ien ts vary from reactor to
reactor ; t h e i r consequences are reviewed by the per t inen t nat ional
a u t h o r i t i e s . We shal l not therefore attempt to compare or evaluate
such t r ans ien t s .

2. PRESSURE-TUBE REACTOR TYPES

A l l commercial, water-cooled pressure-tube reactors
have the basic s t ruc tu re o f Figure I . The reactor f u e l , natura l
or enriched uranium dioxide sheathed in zirconium a l l o y , rests
inside th i ck -wa l l ed pressure tubes. These form the pressure
boundary f o r the coolant in the reactor core. They are surrounded
by a large c y l i n d r i c a l ca landr ia , which holds the moderator and
r e f l e c t o r . Thinner ca landr ia tubes, and a gas gap, insu la te the
pressure tubes and permit the moderator system to be designed fa r
low-pressure, low-temperature operat ion (Figure 2 shows a CANDU
reactor in more d e t a i l ) .

*CANada Deuterium Uranium
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Why pressure tubes? Good neutron economy (low fuel
enrichment) implles heavy water as a moderator. This means a
large reactor core. Pressure tubes are then the pr ice fo r avoiding
large pressure-vessel fabr ica t ion and technology.

We s t i l l have the choice of coolant, fuel enrichment,
and steam cycle. Heavy water as a coolant and natural uranium fuel
imply low fuel costs, somewhat higher cap i ta l costs, a re l a t i ve l y
small coolant void reac t i v i t y coe f f i c i en t , and on-power re fue l l i ng -
The heat cycle is usual ly ind i rect w i t h a 1ight-water secondary
steam cyc le . The CANDU reactors — NPD*, Douglas Point, Pickering,
Bruce, and the 600 MW's — are of t h i s type, wi th a hor izontal
calandria axis (Figures 3, ^ and 5 ) .

The advantage of a 1ight-water coolant is that the
thermal cycle can be d i rec t . wi th l igh t -water steam from the core
running the turb ines. The calandria is ve r t i ca l to prevent phase
separation in the channels, and the coolant pressure, of course, is
lower. But l i g h t water is a neutron absorber. Two design options
have been fol lowed:

(1) Cut down the coolant f low area. This al lows
natural uranium fuel a t the pr ice o f a large
pos i t i ve void c o e f f i c i e n t . The Canadian
Gent i l l y -1 reactor and the I t a l i a n CIRENE
prototype are examples (Figures 6 and 7 ) .

(2) Undermoderate and use enriched uranium. This
produces a small or negative coolant void
c o e f f i c i e n t . The Japanese FUGEN prototype and
B r i t a i n ' s SGHWR+ have chosen th i s route
(Figures 8 and 9 ) .

These choices include a l l the reactor types discussed
in t h i s report (Table I ) .

3. SAFETY-RELATED RESEARCH AND DEVELOPMENT

3.1 BLOWDOWN

An understanding of the depressurization (blowdown) of
the heat transport system is an important ingredient in analysing
a loss-of-coolant accident.

Both fundamental thermal and hydraulics experiments and
integrated blowdown experiments have been performed in the JUICE**
countries. These include tests on cluster fuel assemblies with
two-phase flow, and simulated pipe ruptures in such locations as the
downcomer, pressure tube, feeder, etc. The experimental results are
used to develop and verify analytical computer codes.

* fJuclear £ower demonstration
+ £team Generating Heavy Water Reactor
* * Japan, United Kingdom, Canada, and I t a l y Exchange
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3.1.1 Experimental Facilities

Out-of-pile high-pressure water facilities in the
JUICE countries are listed in TableII. Heater pins''), instruments
for two-phase flow^2''') and so o n W , have been developed as partfor two-phase flow^2''') and so o n W , have been developed as part
of the experimental programme.

3.1.2 Analytical Codes

The ability to describe the pressure and flow transients
is basic to all blowdown analysis.

Analytical blowdown codes such as RODFLOW^5), RELAP-UK*6),
and SENHOR' ), are based on three conservation equations

(assuming thermal equilibrium between steam and water) In the form
of mass, energy, and momentum conservation.

These are supplemented by correlations in heat transfer
and hydraulics, such as for slip, two-phase-flow pressure drop,
critical flow, heat transfer between the fluid and fuel assemblies
or materials in the primary cooling system, etc. These correlations
have been evaluated globally by comparing their predictions with the
blowdown data, or individually by analyzing the experimental data on
each factor alone.

In solving the conservation equations, some terms are
approximated or neglected (this varies from code to code) such as:
assuming quasi-steady-state, neglecting frictional work terms and/or
gravitational work terms'") to v'O). Experiment is used to justify
the approximation as relevant to the application.

Heat transfer from the pipework to the fluid, however,
should not be, and is not, neglected in analysis of a loss-of-coolant
accident.

Canadian developments include models which do not assume
thermal equilibrium between the steam and water phasesC').

Submodels include:

(1) Flow Model in the Steam Drum

Accurate modelling of the steam drum is important for
direct cycle reactors. The steam drum is horizontal, and its flow
pattern is different from that in pipes. The drum is divided into
two('2) or three regions^"), viz. the steam region, the steam-water
region and the baffle region, which are assumed to be saturated
and in thermodynamic equilibrium. A bubble rise model can be
used in the steam-water region, in which we assume the steam
bubbles have a constant upward velocity and the bubble fraction
varies linearly. In the baffle region we assume a homogeneous
mode 1,



Japan has examined the assumption of homogeneous model
flow in a LOCA r. Figure 10***' shows a typical depressurization
result and establishes the importance of the bubble rise model.

(2) Slip Model

Each code adopts a semi-empiri cal s l ip model (the
Smith Model, the Armand Model, the CISE-Slip Model, etc. ) l is ted
in Table I I I . Al l models, with the exception of the homogeneous
model, agree with the CJSE measurements of mass holdup during
blowdown (Figure 11)(35).

In order to improve the representation of stagnation
phenomena in vert ical pipes, a d r i f t f lux model is now under
development in thfj UK'36).

(3) Cr i t ica l Flow Model

Models used for predicting discharge flow at the break
are l is ted in Table I I I , and compared in Figure 121°).

The calculation can be adjusted to agree with the
experimental results by changing the discharge coeff ic ient , even
using the homogeneous model(35). The CISE experimental results
show that the la t ter may be appropriate for large pipe ruptures.

(4) Two-Phase Flow Pressure Drop

Well-known correlations, such as the Martinel1i-Nelson,
Macbeth, CISE-DIF, etc., are used (Table I I I ) .

(5) Pump Model

In loss-of-coolant accidents, the primary coolant pumps
may operate in coast-down, reverse and turbine modes.

In order to determine the pump performance under such
conditions, experiments have been done in Canada with the SAWFT
loop pump and the RD-4 loop pump. Measurements were made in
steady-state for both forward and reverse flows in the two-phase
region. Some blowdown experiments were also done. The results were:

( i ) pump performance in two-phase flow is
determined by the in t r ins ic pump charac-
te r i s t i cs and the upstream flow regime,

( i i ) the ANC model x 3 7 > a \ which was developed by
the Aerojet Nuclear Company, gives a
reasonable prediction of the two-phase
performance of the pump.

* Loss Of Coolant Accident
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Recent results from ANC tend to support the scaling up of data from
small pumps to predict the behaviour of larger ones(37.b).

The work is continuing.

In the end, prediction oF measured sheath temperature is
the test of arty code. The most severe such test is for a c r i t i ca l
break. Figure 12(b) shows RODFLOW predictions of experimental
results at the CIRCE blowdown fac i l i t i es (Figure 12(c-e)). The
agreement is remarkable.

3.2 HEAT TRANSFER DURING LOSS-OF-COOLANT AND EMERGENCY
CORE COOLING

Research on heat t ransfer during loss-of-coolant accidents
has concentrated on onset of dryout, post-dryout cool ing, and ref looding.

3.2.1 Onset cf Dryout

The corre la t ions for the onset of dryout are based on
steady-state heat t ransfer data (Table 111). They have been
checked against the experimental data on blowdown, and modified
where necessary.

The UK uses a modified Barnett corre la t ion^ '^ ' from
experimental data obtained in the UK^°) and ' "

* (40)
CISE uses the CISE-3 steady-state CHF correlation* '

X = F (G,P, L ), and assumes that dryout onset depends on the
instantaneous values of the local parameters mass flux (G), pressure
(P), quality (X), and "hydrodynamic'1 parameter saturation length (L ).

The above approach was checked by comparing the experi-
mental data.with calculations by RATT, and satisfactory results were
obta ined^ ' / .

3.2.2 Post-Dryout Cooling

The post-CHF heat transfer correlations used in the
codes are l isted in Table I I I .

3.2.3 Refloodinq

During reflooding, sheath températures rise unt i l
stopped by sufficient heat transfer to the ECC'r"water. They
then drop slowly unt i l the sheath is wetted, and then fa l l rapidly.

* Çj- i t ical Heat f l u x

** Emergency Core Cool ing
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The important parameters are:

( i ) turnaround temperature, or turnaround time,
so we can evaluate the maximum expected
sheath temperature,

( i i ) rewetting or quenching rate.

(1) Turnaround

(k2)
For bottom flooding of vertical channels , the

turnaround time:

(i) is inversely proportional to the reflooding
velocity,

(ii) increases as the power generation in the
fuel increases,

(iii) decreases with increasing sheath temperature.
An analytical correlation has been proposed^),

In horizontal channels, turnaround time tends to increase
with increasing sheath temperature.

(2) Rewetting

Each reactor has i t s own ECC system. ECC water is supplied
to the headers above the core in CANDU-PHïf" reactors, spray cooling is
adopted in the SGHWR, and bottom-flooding is used in FUGEN and CIRENE.

The UK has carried out extensive work on spray cooling,
using single rods, semi-cluster assemblies, and fu l l -sca le cluster
assemblies. In early worlo ^ ' , they c l a r i f i ed conditions under
which i t might be d i f f i c u l t to cool the fuel by fa l l i ng water. I f
the surface temperature of the rod is high enough, the f i lm of
water fa i l i ng onto the rod disintegrates into streams of drop 1sts
which are ejected from the surface. This is "Sputtering", and
restr ic ts the rewetting rateC^) . Bottom-flooding tests have been
performed in Canadav*î).

Rewetting has also been treated analy t ica l ly . The
rewetting rate, U, is given by:

Two dimensions

£ressurized Heavy Water
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or in dimensionless form:

2 B. T

One dimension

U* = ( B . ) ' / 2 T *

where

B.

i n i t i a l wall temperature, U = pcU e/k,

sink temperature, T" = -7j— T \ >

sputtering temperature,

Biot No. = he/k,

sheath thickness,

sheath specific heat,

effective rewetting hsat transfer coefficient,

sheath thermal conductivity.

These equations agree well with experimental data.

A two-dimensional model was proposed in Canada in which
the wet side heat transfer coeff ic ient was assumed to have a cubic
relation with the température'™)! I t predicted that (rewetting
rate)" ' would vary roughly as (mass f low)"" -^ at low flow rates.
For higher flow rates, (rewetting rate)" may be proportional to
(mass f low)" ' or (mass f low)"2 C9) (50). Rewetting rate is a"so
affected by the physical properties of the cladding material and
w i l l vary as pc ye/k at a given flow and i n i t i a l wall temperature.

This agrees with the experiments.

Reflooding tests, using a fu l l -sca le cluster assembly,
were carried out in both Canada and Japanl5U. | n the former
horizontal test, some flow s t ra t i f i ca t ion was observed at very
low flows. In the la t ter test, the central part of the outer rods
simulated ballooned fue l , and the test section was placed ver t i ca l l y .
The rewetting time decreases with increasing reflooding veloci ty,
and the heat transfer coeff ic ient is reduced jus t downstream of
the blockage, as expe ted.
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3.3 HEAT TRANSFER TO MODERATOR FROM DRY FUEL

A loss-o f -coo lan t does not d i r e c t l y cause a loss of
moderator. Indeed, heat generated in the fuel assemblies can bu
t r ans fe r red to the moderator even w i th no coolant l e f t in the
core.

3.3.1 Experimental Results

Experiments were done under such cond i t ions in Japan,
using a c l u s t e r assembly w i th a cross sect ion s im i l a r to tha t f o r
FUGEN. The heat t rans fe r mechanism is by rad ia t ion (Figure 13) '52 ) .

3.3.2 Analytical Codes

An analytical code, RANAL^"57, was developed by JAERl",
following UK work(5*0. The fuel rod is divided into four or more
regions. The heat transfer between two surfaces by radiation is
calculated as a function of their relative or ientat ion, and solved
so as to satisfy the boundary conditions. Heat conduction is
observed to occur experimentally within the fuel rod, and is
therefore considered in the code.

Codes have also been developed in Canada to analyze
radiation and conduction heat transfer to the moderator.

3.3.3 Emissivity of Zircaloy~2

The emissivity of Zircaloy-2 was evaluated in
cluster experiments and also in single-rod experiments(52).

6 4°

the above
p g p T h e

emissivity is roughly 0.6 for temperatures less than 450°C and
0.8 for 600-800°C.

3.4 FUEL ELEMENT AND SHEATH BEHAVIOUR DURING LOSS-OF-
COOLANT

The aspects of fuel behaviour studied are swelling or
straining of the sheaths as a function of temperature and pressure
differential, and embrittiement of the sheaths due to oxygen pickup.

3.^.1 Swelling or Ballooning of Sheath

The results of sheath strain tests on uniform tubes
in Canada a re(55);

(i) the onset of ballooning begins after a uniform
strain of at least 5 percent (often after
10 percent uniform strain),

* Japan Atomic Energy Research institute
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(ii) the rupture strain is much
greater than strain at the
onset of ballooning.

Analytical codes partly based on these tests have been developed to
model transient fuel and sheath behaviour.

These experiments were carried out in vacuum and in an
inert gas. Both the UK and Canada have also done tests in steam,
since oxidation affects the mechanical properties of the sheath.
Sheaths strain much less in steam than in vacuum at elevated temp-
eratures, but behave similarly in steam and vacuum at temperatures
below 800°C, where there is little oxidation. Oxidation increases
sheath strength and reduces the ductility.

The data on the zirconium-steam reaction are consistent
with the USA data and correlations (Figure \k).

3.4.2 Embrittlement and Fragmentation of Sheaths

The embrittlement of Zr alloys is determined by their
oxygen content and distribution. Canadian tests show that
embrittlement correlates well with time at temperature.

Experiments on sheath behaviour following spray cooling
(thermal shock) were performed in the UK. Sheaths pressurized to
about 300 kPa-d were heated in steam (up to 450 s at 14OO°C) and
quenched with water jets. No severe damage was observed. Half length
cluster tests were also carried out with rapid quenching, and no
apparent damage was observed.

3.4.3 Other

Some CANDU fuel cladding is coated with graphite (CANLUB
process). The diffusion of graphite into the cladding at high temper-
atures was investigated, and the experiments showed that after 60 s at 1400°C
there is a Zr alloy layer about 75 n m thick showing carbide precipitate,
but no detectable difference in mechanical strength is found between
coated and uncoated cladding.

In loss-of-coolant accidents, the temperature of the outer
region of the pellets will rise, and fission product gases will be
released from that region which is normally cool. Experiments on
transient fission product gas release rates following a power increase'"'
suggest that the time of gaseous release is long relative to the time
scale of the accident.
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3.5 FUEL CHANNEL INTEGRITY

Work in the JUICE countries has produced a great deal
of information on condit ions for pressure tube failure and modes
of fai jure under these conditions.

The experimental evidence to date supports the following
observations:

(i) The creep strain of the pressure tube,
estimated over the reactor life, is
well below the creep rupture strain;
that is, the creep rupture strains are
larger than other dimensional changes
that would limit tube life. It is not,
therefore, a failure mechanism.
Supporting evidence on creep rate comes
from inspection programmes in operating
reactors(57)(58)_

(ii) Unstable fracture of the pressure tube
depends on its fracture toughness, Kc,
and its critical crack length (CCL),
which are based on linear fracture
mechanics. The CCL is large enough
that the pipe will leak before it
ruptures. A dry, non-oxidizing gas
is used as a thermal insulator between
the pressure tube and the calandria tube.
The moisture content is continuously
monitored and an increase will disci ose
leaking defects in the pressure tube or
the calandria tube. Operating experience
in prototype and commercial reactors bears
this out.

(iii) Full-scale blowdown experiments on
pressure tube rupture in Canada, Italy
and Japan have shown that pressure tube
failure will not propagate to other tubes,
nor compromise overall calandria integrity.

3.5.1 Pressure Tube Fractures

(1) Unstable Fracture

Much work has been done in the JUICE countries
to determine the significance of defects causing
an unstable fracture of the pressure tube. This



- 11 -

will occur if a defect exceeds the CCL,
which is of the order of 100 mm for a
"through-wall" crack and much greater
than the wall thickness of the pressure
tube. Leakage through a growing crack
would be expected long beforehand (at
about 1/5 the critical length). In
fact, however, the longitudinal crack
growth rate of the pressure tube is
very slow, of the order of ]0~^ mm per
full pressure cycle of the reactor(59)>
so that a defect would be unlikely even
to leak during the reactor lifetime.

Neither hydrogen pickup nor neutron
irradiation has a large effect on the
CCL at reactor operating temperature,
although the former causes a drop in
CCL at room temperature.

(2) Fracture Mode

An assessment of the effect of several
variables on pressure tube fragmentation
has been done in the UK. The specimens
for the test were 46 cm long with an
18 cm defect (which is super-critical
for fracture of the tube), and were
pressurized by gas. The fracture mode
changes from fragmentation to "petal ling"
with increasing temperature and/or
decreasing pressure. Around the reactor
operating temperature (300°C), fragmentation
would not be expected.

Canadian burst tests on CANOU and CI RENE
pressure tubes confirmed the absence of
fragmentation at reactor operating
temperatures.

3.5.2 Consequences of Pressure Tube Rupture^0) to (62)

Full-size, artificially-defected pressure tubes have
been pressurized to failure, and the following results were obtained:

(i) The impact pressure of the jet
against the adjacent pressure
tube will be of the order of
15 to 20 kg/cm2. This can be
withstood by the unbroken tubes.
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(ii) In the Italian tests the tank
pressure transient showed a
series of pressure spikes of
decreasing amplitude. These
are associated with the formation
of large steam bubbles in the
moderator, their interact ion with
the cover gas, and their subsequent
col lapse.

Canadian tests in a lattice of pressurized
showed that a single tube rupture will not rupture other pressure tubes
either by pressure impulse or fragments. Indeed, failure of a pressure
tube under normal operating conditions may not even rupture the surrounding
calandria tube. If it does, the consequences are at most the collapse of
other calandria tubes on to their pressure tubes, and possibly minor
damage to the calandria from fuel fragments.

3.6 PRESSURE TUBE INSPECTION INSTRUMENTATION

Instrumentation has been developed for: location of
defects, inner diameter measurements, straightness measurements,
and visual examination of the inner surface.

3.6.1 Location of Defects

(1) Acoustic Methods*6^

Acoustic emission monitoring, developed
in Canada, has proved to be a powerful
means of locating leaking pressure tubes.

An acoustic emission sensor (piezo-electric
transducer) is set onto the end of a reactor
fuel channel, and the acoustic signals
analyzed by on-line frequency spectrum
analysis. Leak simulation tests were
carried over the following range: up to
6.9 MPa(g) pressure with a 0.03^ cm
diameter hole, up to k.1 MPa(g) with a
0.047 cm diameter hole, up to 3.5 MPa(g)
with a 0.062 cm diameter hole. The
amplitude of acoustic emission varies with
both pressure and hole diameter. But
beyond some maximum pressure there is no
increase in acoustic emission (critical
flow through the hole). The pressure
at which this maximum acoustic emission
level is reached decreases with increasing
hole diameter.
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(2) Ultrasonic Methods

With ultrasonic methods the characteristics
and stability of the probe and mechanical
actuator are important.

The probe is required to withstand high
gamma irradiation, 10^ or 109 rads,vduring
inspection. Harwell tests showed little
change in probe performance except for a
decrease in sensitivity of about 3 dB.

Monitors, using 4 MHz to 5 MHz frequency^ ',
can detect defects as small as 5 mm long,
0.25 mm depth, which is very small compared
with CCL (100 mm or so). Probe sizes of
5, 10, 15 and 20 mm, were tested to obtain
their response characteristics. Experiments
were made to determine the beam angle and
24° was adopted in Japan, as seen in Figure 15.

3.6.2 Dimensional Measurements

(1) Inside Diameter

A linear variable differential transformer
is usually used for measuring the inside
diameter. The sensitivity achievable
is 5 x 10"3 mm or l w'

(2) Deformation

The annular gap between the pressure tube
and the calandria tube is measured in the UK,
using an eddy current device. In Japan,
a probe in which a pendulum is set is moved
along the inside of the pressure tube, and
changes of inclination of the pendulum give
the deformation of the pressure tube.

(3) Axial Growth

In the UK, measurements are taken of axial
length changes with a micrometer stick gauge.

3.6.3 Visual Examination of the Bore

Visual examination of the inside of the pressure tube is
done using an ITV or an intrascope. A replica method has been developed
in Italy.

*106 or 10? Gy



k. SAFETY SYSTEMS: MAIN MISSION. DESIGN, AND
EFFECTIVENESS

The fundamental job of the safety systems is to 1imit
the release of radioactivity to the public if an accident occurs.
They have also, in practice, significant preventative capability.

We must, of course, decide which accidents are
"legitimate" to protect against. Unfortunately, we do not have
much of a historical record on which to rely for a "typical11 accident
scenario in a power reactor, since major accidents have been few in
number and large activity releases non-existent. So the philosophies
of the various countries try to weight the effectiveness of their
defence against an accident, with its estimated likelihood of occuring.

In Canada, for example, the allowable radioactivity
release limits depend on whether one system (single failure of a normal
process system) or two systems (dual failure of a process system and a
safety system) are arbitrarily assumed to fail (Table IV).

In the British philosophy, accidents with a frequency
of less than one in ten million years are considered incredible. The
Emergency Reference Level (ERL) dose for most credible accidents is
shown in Table V.

Following an accident, the safety systems must shut
down the reactor, keep the fuel cooled, and contain activity released
from the fuel (if any). (Of course, not all three tasks are always
necessary in any given accident.) These tasks give rise to three types
of safety systems:

(1) shutdown systems,

(2) emergency core cooling (ECC) systems,

(3) containment barriers.

1*.1 INHERENT SAFETY OF HEAT TRANSPORT SYSTEM

One of the more severe accidents we hypothesize is the
major loss-of-coolant. A large pipe break would cause fast voiding
of the coolant from the core, and would risk high fuel temperatures.
The safety systems would protect the public. But real safety —
prevention of the accident, or reducing its demands on the safety
systems — comes in the design of the heat transport system. Here
economics supports safety: a concern for down-time and the cost of
replacement energy force the design of a reliable, leak-free heat
transport system quite independent of safety considerations.
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Measures can be taken to prevent or mitigate the severity
of pipe breaks:

(1) Choose ductile piping material so that
any defect will leak before the pipe
ruptures (probably the most effective
counterineasure). Then we can detect
the leaks and take corrective action.

(2) Limit the amount of fluid lost from
the core. This is done by splitting
the heat transport system into several
independent subsystems, each with its
own boilers, pumps, etc., and each
feeding a fraction of the channels in
the core.

(3) Limit the size of the largest break by
using small diameter piping throughout.
This has been tried but leads to
intractable analyses and insoluble
design problems.

(4) Anticipate breaks in selected pipes by
inspect ion.

Canadian inspection philosophy is to
monitor the overal1 plant for signs of
deterioration. We select for inspection
the components (e.g. pipes) which are
important to plant safety, according to
a scale of stress level and consequences.
In other countries such as the UK,
inspection may extend to monitoring
particular components.

(5) Prevent propagation of a break, by
geometric separation, restraints, and
shielding, in those cases Where the
consequences could aggravate the
initiating event.

(6) "Prevent" stagnation in the core. Breaks
at the reactor inlet end are fairly
demanding of the fuel, since the de-
pressurization reduces the normal coolant
flow through the core. Indeed, if the
break is exactly the right size, it can
cause a periud of almost zero flow in
the core (stagnation).
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Each reactor system Is different, and
so the solutions to this problem in
the various systems will also be diff-
erent. It is difficult to see how to
avoid any and all stagnation; on the
other hand, stagnation breaks form a
small part of the total spectrum of
break size, and so are proportionately
less likely.

A partial solution is to put check valves
down-stream of the components whose
rupture could cause stagnation and flow
reversal. In CI RENE, each coolant channel
is connected to a double inlet header
system by a double feedline, with a check
valve on each line. Following a large
inlet header break, the valves close,
allowing the half-core flow coming from
the intact header to continue in the
normal direction. FUGEN has check valves
between the pump and the inlet header:
they prevent flow reversal and allow ECC
water to come in for downcomer or feedline
ruptures. Gentil 1 y—1 has check valves for
the latter purpose. The CANDU reactors and
the SGHWR do not have or need check valves
for safety reasons*. In the end, of course,
all systems must meet the regulating
requirements of their respective countries.

4.2 SHUTDOWN

We note here a distinction between control and shutdown
devices. Generally the shutdown devices, including their detection
and actuating systems, are dedicated entirely to the shutdown function,
and have no reactor control function. Of course, independent action by
the reactor control system may obviate the need for shutdown system
intervention.

A large loss-of-coolant accident requires immediate
shutdown in any reactor — we cannot transport heat without coolant.
The need is the same whether the void coefficient is positive or
negative, and whether shutdown is effected by control or shutdown
systems. The required reactivity delays, rates and depths depend

* NPD and Douglas Point have check valves to prevent backflow
through an out-of-service pump; other CANDU reactors have no
primary circuit check valves.
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on system characteristics, of course. We remark that in pressure-tube
reactors, the shutdown devices do not penetrate the coolant pressure
boundary. Their environment is unaffected directly by a major loss-
of-coolant, so it is possible in testing the systems on power to include
most relevant effects.

The shutdown systems must also stop a reactor power increase
caused by a loss of control. Such an accident is not as demanding as a
Joss-of-coolant (in terms of shutdown rate and depth). In any case, the
reactor control systems are physically limited in range, so that large
or fast reactivity insertions are impossible. There is no analogue in
pressure tube reactors to the "control rod ejection" accident, since
the reactivity control devices do not penetrate the coolant pressure
boundary. Indeed, coolant voiding is the only pressure-assisted
reactivity transient.

For other accidents — such as loss of flow, loss of heat
sink, etc. — the design requirement is usually to inform the shutdown
system the accident is occurring rather than to make the system more
powerful.

4.2.1 Canadian Reactors

For small cores (NPD, Douglas Point), draining the moderator
from the calandria (moderator dump) provides adequate rates and depths
of shutdown. For the larger cores, gravity operated solid shutoff rods,
and liquid poison injection into the moderator fluid provide fast and
reliable shutdown (Table VI) (Figures 16, 17).

Redundancy of shutdown is provided on the larger cores.
While not strictly a requirement of Canadian safety practice, it
does reduce the probability of a reactor runaway to a negligible
amount, and avoids the speculative analysis attendant thereto.
Similar arguments are accepted by regulatory authorities in other
countries.

Shutdown delay, rate, and depth are set by the requirement
of overtaking the largest and fastest power pulse, and reducing the
reactor to power levels consistent with available cooling. In practice
these are set by the major loss-of-coolant accident. Smaller breaks
require shutdown, but delay, rate, and depth requirements are not as
significant.

4.2.2 SGHWR

The SGHWR shutdown systems are:

(1) A liquid neutron absorber (lithium
borate) is injected into tubes inside
the calandria (Figure 18). At the
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same time, a "moderator slow drain11

begins, to hold down the reactor in
the long term. One group of liquid
shutdown (LSD) tubes is not fired
on trip, but serves as a "safety
group" in case of accidental
criticality.

(2) The moderator fast drain (Figure 19)
dumps the top metre of moderator in
about 10 seconds.

All reactor trips initiate both moderator fast drain and
filling the LSD tubes. The reactor will stay shut down even if the
LSD system fails partially; if it fails totally, the moderator must
be drained to its lowest level, and dosed with boron.

The shutdown systems have some intelligence, and will
distinguish between a loss-of-coolant accident (X-trips) and an
"intact circuit" accident (Y-trips). Shutdown is the same in both
cases, but different post-trip cooling methods follow.

4.2.3 CI RENE

The CI RENE shutdown systems are:

(1) Injection of borated water into
ten vertical tubes cross ing'the
core (Figure 20).

(2) Moderator dump (Figure 7 ) .

For accidents where the shutdown systems are not
equivalent, the Italians assume that the "active" system is the less
effective one for damage reduction — in practice, the moderator dump.

k.2.k FUGEN

The FUGEN reactor has kS safety and shim solid shutoff
rods for primary shutdown. In addition, there is a moderator dump,
used to back up the rods on a major loss-of-coolant accident.

4.3 EMERGENCY CORE COOLING

For very small breaks, the ECC systems may not be needed.
If the leak is within the capability of the heat transport charging
system, all that is required is a reactor shutdown, cool down, and
reversion to a depressurized shutdown cooling mode. If the break
outruns the capability of the charging system, but is still too
small to reject decay power, the cooI down rate must be increased
and the ECC system will be needed as a makeup system. Reactor cooling
still depends on the normal process equipment.
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For very large breaks, the decay power can be rejected
through the break, and the ECC system becomes the main heat rejection
mechanism.

We shall therefore characterize ECC systems by their:

(1) short- and long-term water
supplies. Note that all
designs have a low-pressure
supply for long-term cooling,

(2) heat sinks (containment heat
sinks are also included here
— the distinction between ECC
heat sinks i?id containment heat
sinks I" not a useful one),

(3) points of injecvion,

(k) method of hastening the
depressurization produced by
small breaks (large breaks do
this very well without help),

k.3.\ Direct Cycle Reactors

Direct cycle reactors have a built-in source of high
pressure ECC water: the normal feedwater supply. Both the SGHWR and
Gentilly-1 use this.

4.3.1.1 SGHWR (Figure 21)

There is a high pressure ECC system and a low pressure
one. During operation, water is sprayed continuously over the fuel
through holes in pipes (sparge tubes) running through the fuel channels.
However, main heat removal is through the feed system. Should a loss-
of-coolant occur, the reactor is shut down, the main feed supply is
diverted to the sparge tubes, and the fuel continues to be cooled by
the spray. This high pressure cooling flow is driven by electrical
feed pumps, backed up by turbine pumps powered by steam from the
shutdown reactor.

To depressurize the circuit quickly for small breaks,
fluid is blown down from the steam drum into a heat sink in primary
containment (the heat dump pond). This pond also collects discharged
fluid for all break sizes.
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Towards the end of blowdown, spray flow at low pressure
comes from electrically driven pumps feeding from the heat dump
pond, with the electricity supply backed up by diesel generators.
The total water flow is sufficient to flood the core, providing the
long-term means of cooling.

The heat rejection routes are:

(1) the heat dump pond — cooled by
a backup cooling loop system,

(2) heat exchangers (cooled by
spawater) in the low pressure
ECC system,

(3) containment air coolers.

Accidents which fail the spray system piping itself
would be small. A few channels would not receive spray. But the
core can be kept flooded, so these channels are cooled by pool
boiling and natural circulation. The spray system is subdivided
and sized accordingly.

4.3.1.2 FUGEN (Figure 22)

The FUGEN ECC consists of a forced depressurization
system (the high pressure core injection system, or HPCI) and two
low pressure systems — the accumulated pressure core injection
system (APCl) and the low pressure core injection system (LPCl).

The HPCI system reduces the core pressure for smal1
break;, from 6.7 MPa to the LPCl pressure of 5.k MPa. It works by
spraying water from the condensate storage tank into the steam
drums.

The APCl system, driven by compressed nitrogen, covers
the period of the LPCl pump startup and is connected with the LPCl
piping. It injects into the inlet headers of both loops.

The LPCl also injects into the inlet headers. Check
valves at the header entrance stop coolant in the core from reversing
to the downcomer. The LPCl provides the long-term cooling.

4.3.1.3 CI RENE

The CIRENE design has a low pressure (1 MPa(a)) core
reflooding system, which also takes care of long-term cooling.
Double feed lines feed each channel, each with a check valve and
each connected to a different inlet header. Emergency coolant flows



from the inîet headers (where the lines join the heat transport
system) to the channels; the check valves ensure that at least
one feeder on each channel receives ECC water.

Heat rejection is via heat exchangers in the ECC
piping.

This system is coupled with an automatic depressurization
system (safety relief valves) for small breaks.

4.3.1.k Gentilly-1 (Figure 23)

Gentilly-1 uses the high pressure feedwater supply as
an ECC system. The feedwater line splits into two — one branch
feeds the steam drums for normal operation, and one goes to the
inlet headers. The system will select either line: depending on
the break location, ECC goes to the steam drums for an inlet rupture
(between the check valves and the reactor core inlet) and to the
inlet header for an outlet rupture (between the core outlet and the
check valves). The pump check valves help to direct the flow.

For small failures this high pressure system can keep
the core flooded for prolonged periods, until an alternative heat
sink to the main condenser (such as the standby condenser or the
shutdown cooling system) is brought in.

After depressuization»-, low pressure water from the
dousing tank (see Section 5.4) enters the emergency cooling header
and goes to the outlet feeders for inlet breaks, and to the inlet
header for outlet breaks. The water in the tank is replenished from
water picked off the floor.

Heat is rejected via air coolers, some of which are
submerged and cool the recovered water.

4.3.2 Indirect Cycle Reactors (CANDU's)

The CANDU reactors all have a low pressure ECC system.
It is sized to flood the core for the maximum size break, and, as
noted, acts as a makeup system for smaller breaks (a percent or so
of maximum), and as a backup water supply for breaks within the
capabilities of the coolant charging system (1.5% or so of maximum —
about 6 cm).

* Only one circuit depressurizes. The only interconnection between
the circuits is via the purification system. Check valves, sacked
up by motorized valves, prevent depressurization of the unbroken
circuit.
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4.3.2.1 NPD

Light water from the dousing tank (Section 5.4) is
injected into all four vertical headers, giving a large initial
flowrate. Long-term flow is fed from the main dousing storage
tank makeup supply. For small breaks ECC is not needed as pumped
moderator water can keep the system topped up. The lost fluid
is recirculated from the drains back to the moderator circuit.

4.3.2.2 Douglas Point (Figure 24)

Low pressure ECC water comes from the moderator system.
Since the moderator pumps run continuously, the system is highly
reliable* Water that leaves the break is recovered by drains in
the floor and returned to the moderator pumps. The long-term heat
sinks are the moderator cooling system, and the building air coolers.

As with Gentilly-1, the system can divert ECC water
to the appropriate headers (as determined by pressure differential).

Forced depressurization for small breaks is via the
atmospheric steam discharge valves on the secondary side backed up
by the standby cooling system.

4.3.2.3 Pickering-A (Figure 25)

The ECC system is similar to that of Douglas Point, except
that the injection is always to both pairs ot inlet and outlet headers
in the failed loop (the unfailed loop is isolated shortly after the
accident).

4.3.2.4 Bruce-A (Figure 26) 600 MWe

In Bruce-A and subsequent reactors, ECC water is drawn
from a light water storage tank (see Section 5 . 4 ) . Injection is gravity-
driven into all inlet and outlet headers. In the long term the
spilled water is recovered from the sumps and pumped back to the supply
header. Cooling provisions are made.

For small breaks, ECC injection is speeded up by blowing
off steam from the boilers.

Heat sinks are the building air coolers, recovered water
coolers, and the main heat exchangers, with the split being break-size
dependent.

if.il CONTAINMENT

Containment is one of the physical barriers between the
large sources of radioactivity in the nuclear plant, and the general
public. As with other safety systems, its design is dictated by a
hypothesized accident rather than by normal operation.



- 23 -

For a Ioss-of-coolant accident, the containment should:

(1) withstand and/or suppress the
overpressure caused by the
flashing liquid,

(2) be sufficiently leaktight to
meet regulatory release limits,

(3) provide a means of long term
cooling and/or staying at sub-
atmospheric pressure. The heat
sinks have already been discussed
in Section 4.3.

4.4.1 Indirect Cycle (CANDU-PHW)

The CANDU-PHW reactors have two types or containment
design. Both use water sprayed into the containment atmosphere
(dousing) to reduce the pressure. The types are:

(1) Single unit containment, where each
reactor has its own containment
building and dousing system.

(2) Multi-unit containment, where
each reactor vault is connected
by a duct to a common dousing system,
housed inside a vacuum building
which is kept at reduced pressure.
Such an arrangement is economical
on multi-unit plants and confers a
substantial ability to overtake a
loss-of-coolant pressure transient^) m

Both systems use clean air discharge to hold the pressure
sub-atmospheric in the long term.

4.4.1.1 Single Unit Containment

4.4.1.1.1 NPD

In NPD, the containment is in two sections: the reactor
vault and the boiler room. The boiler room has two different dousing
systems: spray tanks fed from an outside storage tank (for large breaks);
and one spray tank, plus fog nozzles fed by firewater (for small breaks).

Only small-bpre piping (feeders) runs in the reactor vault.
If one of these breaks, a combination of heavy-water (from the moderator)
and light-water dousing in the vault keeps the pressure below the design
limit of 70 kPa(g) and the boiler room dousing system keeps the boiler
room below 10 kPa(g).
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For large breaks in the boiler room, flashing coolant
is discharged to atmosphere for 10 seconds, via a pressure relief
duct (normally sealed). The duct relieves the initial blast of
steam and reseals before any fission products can escape from the
fuel. Dousing condenses the remaining steam. The maximum over-pressure
is 35 kPa(g).

4.4.1.1.2 Douglas Point (Figure 27)

The Douglas Point containment encloses the reactor vault
and an emergency water storage tank. Blowout panels on the fuelling
machine vaults, pressure relief chambers behind the panels, etc.,
equalize the differential pressures within the containment.

The emergency water storage tank feeds a dousing system,
which forms a curtain of water through which all steam escaping from the
circuit must pass. It keeps the reactor building pressure under
50 kPa(g) for all break sizes.

Overall leakage rate is 0.1% of the reactor building
volume per hour at 40 kPa(g).

4.4.1,1.3 600 MWe

The main differences from Douglas Point are:

(1) dousing sprays over the entire building,

(2) a design leakage rate of 0.5% volume per
day at 120 kPa(g).

4.4.1.2 Multi-Unit Containment

Multi-unit stations include Pickering and Bruce (Figures 5, 28)

In Pickering, the reactor containment is a large cylindrical
domed concrete building — rather like the single unit containment. It
can witnstand +40 and -60 kPa(g) pressures. The design leakage rate
is ^ 1% per 40 kPa(g)-hour, with the larger value (compared to single
unit containment) reflecting the increased effectiveness of pressure
suppression. The vacuum building design pressure is -100 to 0 kPa(g): it
always stays sub-atmospheric.

In Bruce-A, the reactor building containment is much smaller,
and covers just the essential components. It can withstand +70 and
-50 kPa(g) pressures. The leakage rate is 1%/hour at 70 kPa(g) (design).
The vacuum building design pressures are +50 and -100 kPa(g); design
leakage is 1%/hour at 50 kPa(g).

In normal operation, the vacuum building is held at 7 to
10 kPa(a) and is isolated from the reactor buildings by a number of large
pre; jre relisf valves and (in Pickering) one-way louvres. The upper
part of the building holds a large tank of dousing water. Upon over-
pressure, the valves open, and the steam rushes into the vacuum building.
The differential pressure automatically begins and drives the dousing
and subsequent depressurization.
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4.4.2 Direct Cycle Reactor Containment

The novel features for direct cycle containment are
valves on the steam lines and feedwater lines as they cross the
main containment boundary. These valves prevent active coolant
from leaving the containment after a break, and also stop steam from
re-entering.

4.4.2.1 Gentil ly-1

The Gentilly-1 containment includes isolating valves on
the steam line and check valves on the feedwater line, but is other-
wise similar to the single-unit CANDU containment. Des ion leakage
is 0.1% volume/day at 120 kPa(g).

4.4.2.2 SHGWR (Figure 29)

The SGHWR containment is dual, consisting of a steel-
lined concrete building, surrounded by a secondary containment.
The primary containment is the pressure boundary, while the secondary
containment bounds the active ventilation system and cleans up any
leakage from the primary. There are no sprays; the long-term means
of pressure suppression is by air coolers. Design leakage is 0.1%
volume/day.

4.4.2.3 CI RENE

The CIRENE containment is a metal container, with a spray
system for iodine removal. Design leakage is 0.1% volume/day at
design pressure.

4.4.2.4 FUGEN

The FUGEN reactor is contained in a steel vessel surrounded
by a concrete wall. Design pressure is 130 kPa(g); design leak rate at
100 kPa(g) is 0.5%/day.

5. SUMMARY

Laboratory work in Japan, Italy, the UK, and Canada has
established the technical bases for design of safety systems, and
analysis of system depressurization. The work covers depressurization
by loss of coolant and related analysis, rewetting and related heat
transfer, and channel integrity.

ACKNOWLEDGEMENTS

It is a pleasure to acknowledge the cooperation of
Dr. D. Hicks (UKAEA), and Dr. C. Mancini (CNEN), who provided pertinent
reports on R and D and safety system characteristics. We accept, however,
full responsibility for the information selected, and for any errors of
presentation. We acknowledge further, and with pleasure, the assistance
of Dr. V.G. Snell (AECL) in preparation of this report.



- 26 -

REFERENCES

(1) Jeffries, R.B. et al., "Performance and Design of
Electrical Heaters for Transient Thermohydrau?ics
Experiments", Atomic Energy of Canada Limited,
Whiteshell Nuclear Research Establishment, presented
at the JUICE Meeting, October 1975.

(2) Heidrick, T.R. et al., "Application of a Three-Beam
Gamma Densitometer to Two-Phase Flow Regime and
Density Measurements", American Institute of Engineering,
HT and EC Division, 16th National Heat Transfer
Conference, St. Louis, Missouri, August 1976.

(3) Obata, T. et al., "The Development of Two-Phase Flow
Instrumentation at PNC 0-arai Engineering Center",
PNC-N 941 75-84, October 1975.

(4) Adnams, D.J. et al, "The Development of Instruments for
the Detection of Dryout in Uniform and Non-uniform
Axially Heated Rod Clusters", AEEW-R574, 1972.

(5) Banerjee, S. et al., "Transient Two-Phase Flow and
Heat Transfer during Blowdown from Subcooled Conditions
with Heat Addition", 15th National Heat Transfer
Conference, San Francisco, USA, August 1975.

(6) Brittain, I. et al., "The Status of RELAP-UK Mark-II
- May 1975", AEEW-M1357, 1975.

(7) Martini, R. et al., "A One Dimensional Transient
Two-Phase Flow Model and Its Implicit Finite-Difference
Solution", OECD Specialist Meeting on Transient Two-
Phase Flow, Toronto, Canada, August 1976.

(8) Yamanouchi, H. et al., "Manual of SENHOR-IV",
PNC-ZJ-302 76-05, February 1976.

(9) Kawabe, R. et al., "SENHOR-M A Computer Code for
Loss-of-CooIant Accidents of Pressure Tube Type
Reactors", Nuclear Engineering and Design, pp. 13-20,
Vol. 5, No. I, December 1975.

(10) Arrison, N.L. et al., "Blowdown of a Recirculating Loop
With Heat Addition", I Mech E paper 61, Conference on
Heat and Fluid Flow in Water Reactor Safety, Manchester,
England, 1977.



- 27 -

(11) Hancox, W.T., Mathers, W.W., Kawa, D., "Analysis of
Transient Flow-Boiling: Application of the Method of
Characteristics", Al ChE, Paper No. 42, Two-Phase
Flow Session, 15th National Heat Transfer Conference,
San Francisco, USA, August 1975.

(12) Brittain, I. et aï., "Some Aspects of Model Improvements
in RELAP-UK", AEEW-M1253, 1975.

(13) Yamanouchi, H. et al., "Development of Safety Design
Codes", PNC-ZJ302, 75-04, February 1975.

(14) Henry, R.E. et al., "The Two-Phase Critical Flow of
One Component Mixtures in Nozzles, Orifices and Short
Tubes", ASME J. of Heat Transfer, Vol. 93, PP. 179-187,
1971.

(15) Moody, F.J., "Maximum Flow Rate of a Single-Component
Two-Phase Mixture", Trans., ASME, Ser C, 1965

(16) Fauske, H.K., "Contribution to the Theory of Two-Phase
One-Component Critical Flow", ANL-6633, 1962.

(17) Ogasawara, H., "A Theoretical Prediction of Two-Phase
Critical Flow", JSME, Vol. 10, No. 38, 1967.

(18) Macbeth, R.V., "The Effect of Crud Deposit on
Frictional pressure Drop in a Boiling Channel",
AEEW-R767, 1972.

(19) Baraczy, C.Z., "A Systematic Correlation for Two-Phase
Pressure Drops", NAA-SR-Memo-11858.

(20) Lombardi, C. et al., "A Pressure Drop Calculation in
Two-Phase Flow", Energia Nucleare, Vol. i9, No. 2, 1972.

(21) Thorn, J.R.S., "Prediction of Pressure Drop During
Forced Circulation Boiling of Water", International
Journal of Heat Mass Transfer, Vol. 7, 709, 1964.

(22) Lottes, P.A., Flinn, W.S., "A Method of Analysis of
Natural Circulation Boiling Systems", Nicl. Sci.
Eng., Vol. 1, 461, 1956.

(23) Massena, W.A., "Steam-Water Pressure and Critical
Discharge Flow, A Digital Computer Program", HW-65706,
I960.



- 28 -

(24) Smith, S.L., "Void Fraction in Two-Phase Flow:
Correlation Based Upon an Equal Velocity Head Model",
Proc. I ME, Vol. i84, Pt. 1, 1970.

(25) Premoli, A. et al., "An Empirical Correlation for
Evaluation Two-Phase Mixture Density Under Adiabatic
Conditions", European Two-Phase Flow Group Meeting,
Milano, Italy, June 1970.

(26) Armand, A.N. et al., "Investigation of the Resistance
During the Movement of Vapour-Water Mixtures in Heated
Pipes at High Pressure", AERE Lib/Trans. 816, 1959.

(27) Levy, S., "Steam Slip Theoretical Prediction from
Momentum Model", ASME, Vol. 82, I960.

(28) Zivi, S.M., "Estimation of Steady State Steam Void
Fraction by Means of the Principle of Minimum Entropy
Production", Trans., ASME, 1963.

(29) Fujie, H., "A Relation Between S tec...* Quality and Void
Fraction in Two-Phase Flow", AlChE Journal, Vol. 10,
No. 2, 1964.

(30) Barnett, P.G., "A Correlation of Burnout Data for
Unformly Heated Annuli and Its Use for Predicting
Burnout in Uniformly Heated Rod Bundles", AEEW-R 463,
1966.

(31) Gaspari, G.P. et al., "Mass Hold-up Pressure and
Time-to-Dryout Predictions Under LOCA Conditions",
ASME Winter Meeting, Paper No. 74-WA/HT-43, 1974.

(32) Magai, M., "Burn-out Heat Flux of Fuel Cluster
(Japanese)", Hitachi Hyoron, Vol. 52, No. 5, 1970.

(33) Collier, J.G. et al., "Heat Transfer to Mixtures of
High Pressure Steam and Water in an Annulus", AERE-R-3653,
1961.

(34) Groeneveld, D.C., "An Investigation of Heat Transfer
in the Liquid Deficient Regime", Atomic Energy of
Canada Limited, AECL-3281, December 1969.

(35) Premoli, A., et al., "Physical Models and Correlations
in the Analysis of Reverse Flow Blowdown Tests from
Initial Sub-cooled Conditions", Committee on the Safety
of Nuclear Installations, Specialist Meeting on
Transient Two-Phase Flow, Toronto, Canada, August 1976.



- 29 -

(36) Brittain, I. et al., "A Review of UK Developments
in Thermal-Hydraulic Methods for Loss of Coolant
Accidents", ibid.

(37.a) Aerojet Nuclear Company, "March 1974 Water Reactor
Safety Research Report", May 1974.

(37.b) Leach, L.P., et al., "Experimental Emergency Core
Cooling Results from LOFT Non-nuclear Tests",
presented at ANS Meeting, Toronto, Canada, June 1976.

(38) Bowring, R.W., "A Simple but Accurate Round Tube,
Uniform Heat Flux, Dryout Correlation over the
Pressure Range 0.7 - 17 MN/m2", AEEW-R789, 1972.

(39) Tokumitsu, M., "Full Scale Safety Experiments of
FUGEN", PNC-N341 72-12, October 1972.

(40) Baldassarre, R. et al., "Predictions of Transient CHF
using the Hydrodynamic TILT Code and the Steady State
CISE-3 CHF Correlation", CISE-R-364, July 1975.

(41) Premoli, A. et al., "Physical Models and Correlations
in the Analysis of Reverse Flow Blowdown Tests from
Initial Subcooled Conditions", CSNI Meeting on
Transient Two-Phase Flow, Toronto, Canada, August 1976.

(42) Thompson, T.S., "Simulated Bottom Flooding Emergency
Cooling of a Close-Spaced Rod Bundle", European Two-
Phase Flow Group Meeting, Casaccia, Italy, June 1972.

(43) Fukuda, K. et al., "Analysis of Pre-rewetting Heat
Transfer", ASME 75-WA/HT-33, 1975.

(44) Shires, G.L. et al., "Film Cooling of Vertical Fuel
Rods", AEEW-R343, 1964.

(45) Bennett, A.W. et al., "The Wetting of Hot Surfaces
by Water in a Steam Environment at High Pressures",

' AERE-R5146, I966.

(46) Duffey, R.B. et al., "The Physics of Rewetting in
Water Reactor Emergency Core Cooling", Nucl. Eng.
and Design, 25 (1973), pp. 379-394.

(47) Yamanouchi, A., "Effect of Core Spray Cooling in
Transient State After Loss-of-Coolant Accident",
J. Nuclear Sci. Tech., 5 (1968) 547.

(48) Thompson, T.S., "On the Process of Rewetting a Hot
Surface by a Falling Liquid Film", Atomic Energy of
Canada Limited, AECL-4516, June 1973.



- 30 -

(49) Duffey, R.B. et a?., "Experiments on the Cooling of
High Temperature Surface by Water Jets and Drops",
CREST Specialist Meeting on Emergency Core Cooling
for Light Water Reactors, Munich, Germany, October
1972.

(50) Yoshioka, K. et al., "A Correlation in Displacement
Velocity of Liquid Film Boundary Formed on a Heated
Vertical Surface in Emergency Cooling", J. Nucl.
Sci. Tech., 7 (1970) 418.

(51) Hayashi, T. et al., "Reflooding Tests for a Pressure
Tube Type Reactor", PNC-N341 74-14, November 1974.

(52) Nei, H. et al., "Experiments on Radiation Heat Transfer
to Moderator Under Dry Conditions", Trans, of Reactor
Physics and Engineering Meeting, Atomic Energy Society
of Japan, Fall 1970, p. 336.

(53) Arai, N. et al., "Computer Code for Radiation Heat
Transfer Under Dry Conditions", JAERI-Memo 3076,
May 1968.

(54) Fisher, S.A. et al., "An Investigation of Radiant
Heat Transfer in Clusters of Parallel Rods", Proceedings
of the 3rd International Heat Transfer Conf., August 1966.

(55) Hardy, D.G., "High Temperature Expansion and Rupture
Behaviour of Zircaloy Tubing", presented at the Topical
Meeting on Water-Reactor Safety, Conf-730304, Salt Lake
City, USA, March 1973.

(56) Campbell, F.R. et al., "Transient Fission Gas Release
Rates Within UÛ£ Fuel Elements Following Power Increases",
Atomic Energy of Canada Limited, AECL-4912, October 1974.

(57) Okubo, T. et al., "Fracture Behaviour of Zirconium Alloys",
ASTM Symposium on Zr in the Nuclear Industry, Quebec,
Canada, August 1976.

(58) Ross-Ross, P.A. et al., "Experience with Zirconium-Alloy
Pressure Tubes", Atomic Energy of Canada Limited,
AECL-4262, August 1972.

(59) Cowan, A. et al., "Effect of Irradiation on the Critical
Crack Length of Zr-2 Pressure Tubes", J. Nucl. Materials,
Vol. 30, p. 271, 1969.



- 31 -

(60) Ross-Ross, P.A., "Experiments on the Consequences of
Bursting Pressure Tubes in a Simulated NPD Reactor
Arrangement", Atomic Lnergy of Canada Limited,
AECL-1736, February 1963.

(61) Hayamizu, Y. et al.."Experimental Studies of Dynamic
Forces Caused by Pipe Rupture", PNC-N341 74-15,
November 1974.

(62) Famiglietti, M. et al., "Pressure Bursts due to
Power Channel Explosion in a Pressure Tube Reactor",
Energia Nucleare, Vol. 23, February 1976.

(63) Ross-Ross, P.A. et al., "Some Engineering Aspects
of the Investigation into the Cracking of Pressure
Tubes in the Pickering Reactor", Atomic Energy of
Canada Limited, AECL-5261, January 1976.

(64) Sasaki, S. et al., "Development of Ultrasonic Test
Instrument for'Monitoring Pressure Tube", PNC-ZJ-302
72-08, January 1972.

(65) Fee, E.W., Shaw, G.E., "Vacuum Containment Systems for
Multi-Unit Nuclear Power Stations", Société Française
de la Radioprotection, Vllme Congres International sur
le Confinement de la Radioactivité dans l'Utilisation
de l'Energie Nucléaire, Versailles, France, May 1974.



TABLE I

Pressure-Tube Reactor Types

Coolant

Cycle

Orientation

Fuel

Fuel ling

CANOU
PKW BUW*

D20 H20

Indirect Direct

Horizontal Vertical

Natural Natural

On-load On-load

SGHWR

H20

Direct

Vertical

Enriched

Off-load

FUGEN

H20

Direct

Vertical

Enriched

On-load

CI RENE

H20

Direct

Vertical

Enriched

0n-1oad

I

u>

* Boiling Light Water



TABLE- I I

Major High Pressure Water Fac i l i t ies in the JUICE Countries

Country

Japan

Japan

Name of Loop

(Slowdown ECCS Loop

PNC, O'arai

HTL

PNC, O'arai

Function

1/8 section (full scale
for FUGEN)

Integrated blowdown and
ECC experiments

Steady-state & transient
heat transfer &
hydraulics experiments

Characteristics*

Test Section : 25 (5 heated)
3.7 m heated
(full scale)

Operating Cond. : 7A MPa, 300 °C

Pumps (2) : 36.6 kg/s, 0.8 MPa

Power : 3.7 MW
0.4 MW (preheater)

ECCS

Accumulator : 8.4 MPa

L.P. System : k MPa, 41.6 kg/s

K.P. System : 7 MPa, 16.6 kg/s

Test Section : 2, 3.7 TI heated
(full scale)

Operating Cond. : 10 MPa, 310°C

Pumps (2) : 16.6 kg/s, 0.88 MPa
(max) (max)

Power : 14 MW
1.2 MW (preheater)



Country

Japan

Japan

UK

Name of Loop

CTL

PNC, O'arai

CAT

PNC, O'arai

9 MW Rig

UKAEA, Winfr i th

Function

Component tests in
steady-state

Steady-state &
transient heat
transfer & hydraulics
experiments

Steady-state &
transient heat
transfer & hydraulics
experiments

Spray cool ing

Characteristics

Test Section : k, less than 8 m

Loop : 8.2 MPa, 297°C

Pumps (2) : 22 kg/s, 1.13 MPa
h kg/s steam
injection
(steam compressor)

Test Section : 1, 5.7 m

Loop : 2.5 MPa, 18O°C

Pump : 4.2 kg/s, I.I MPa
(max) (max)

Power : 0.5 MW

Test Section : 1 up to 4.6 m

Operating Cond. : 6.9 MPa, 284°C

Pumps (2) : 23.3 kg/s, 0.89 MPa
(max) (max)

Power : 9 MW
3 MW (preheater)



Country

UK

UK

UK

Name of Loop

6 MW (HP) Rig

UKAEA, Winfrith

H.P. Spray Cool ing
Rig

UKAEA, Winfrith

Blowdown Fuel
Test Facility

UKAEA RFL

Function

Steady-state &
transient heat transfer
experiments

Steady-state
experiments for
components

Spray cool ing
experiments

To assess the
forces resulting
from pressure drop
created by transient
cool ing flow

Characteristics

Test Section : 4.2 m (max) for
ce M 1 and 2
12.2 m x 2.4 m*
(bend)
1.5 m* for S.G.
cell

Operating Cond. : 17.9 MPa, 550°C

Pumps : 3.85 kg/s, 0.51 MPa
4.14 kg/s, 0.49 MPa
4.14 kg/s, 0.49 MPa

12.4 kg/s, 1.3 MPa

Series or parallei
Power : 6 MW

0.2 MW DC + 0.1 MW AC
(preheater)

Operating Cond. : 7.2 MPa, 2.3 kg/s

Power : 1 MW

Pin Surface
Temperature : 1050°C (max)

Test Section : 1, 4.8 m

Weight of Water : 1100 kg (max)
for Blowdown

Loop : 6.9 MPa

I



Country

Italy

Italy

Name of Loop

IETI-1

CI SE, Piacenza

IETI-3

CI SE, Piacenza

Function

Blowdown and ECCS
experiments

Steady-state
experiments

Steady-state heat
transfer & hydraulics
experiments

Transient blowdown tests

Characteristics

Test Section : 1, up to 10 m
tubes, annuli
and scaled
down cluster

Operating Cond. : 25 MPa

Pumps (2) : 0.8 kg/s, 25 MPa
(once through)

Power : 0.30 MW (test section)
0.75 MW (preheater)

Test Section : 1, up to 10 m
Large multirod cluster

Operating Cond. : 8 MPa

Pumps (2) : 11 kg/s, 12 MPa
(once through)

2 ,o kg/s , . . .
430°C f injection

?/%,. ! •«-.
5̂ 0°c \ inJectl0n

Power : 8 MW + k MW
(2 groups) (test section)



Country

Italy

Italy

Italy

Name of Loop

IETI-4

CI SE, Piacenza

CIRCE

CI SE, Piacenza

REN

CI SE, Piacenza

Function

Steady-state experiments

Transient blowdown tests

Integrated blowdown
tests

Integrated flooding
tests

Full-scale dryout tests

ECC bottom flooding
tests

Characteristics

Test Section ; 1, large multirod
cluster

Operating Cond. : 25 MPa

Pumps (2) : 13.5 kg/s, 26 MPa
(once through)
Steam injection
(same as IETI-3)

Power : (Same as IETI-3)

Test Section : 2, up to 15 m
Large multirod cluster

Operating Cond. : 7.2 MPa

Pumps : 22 kg/s, 2 MPa
Steam injection
(Same at IETI-3)

Power : (Same as IETI-3)

Test Section : 1, up to 6 m
Scaled down, or
Large multirod cluster

Operating Cond. : 1 MPa

Pump : 2.8 kg/s, 2 MPa

Power : 0.30 MW



Country

Canada

Canada

Canada

Name of Loop

SAWFT

Westinghouse Canada
Limited, Hamilton

CWIT Loop

Westinghouse Canada
Limited, Hamilton

Rù-kk

AECL, WNRE

Function

Component tests in steady-
state steara-viater flow

Cold water injection
tests

Integrated LOCA
experiments

Characteristics

Operating Cond. : 7 MPa
3.7 kg/s (steam)
19 kg/s (water)
(0.83 MPa)

Test Section : 37 rod cluster
3 m healed

Operating Cond. : 300°C (preheat)

Injection Water -. 0.23 ~ 0.9 MPa
30 ~ 100° C

Power : 50 kW (max)/element

Test Section : (Resistance heated)
2 m heated
70 kW/tube
(Trefoil heated)
k m heated
350 kW/trefoi)

Operating Cond. : 5.5 MPa

Pumps (2) 1.5 kg/s, 0.5 MPa

00



Country

Canada

Name of Loop

RD-12

AECL, WNRE

Function

1ntegrated LOCA
experiments

Characteristics

Test Section : Heptafoil
k m heated
1.25 MW/heptafoil

Operating Cond. : Up to 16.5 MPa

Pumps (2) : 6 kg/s, 1.4 MPa

-•• Test section is written in the order of (Number), (Heated Length)

Pump section is written in the order of (Flow), (Head).
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TABLE III

Correlations Used in Codes

Code

C r i t i c a l Flow
Model

Two-Phase
M u l t i p l i e r

SI ip Ratio

Onset of
Dryout

Post CHF Heat
Transfer

RODFLOW

Homogeneous
Equi1ibrium

Henry-Fauske* )

Modified
Mart ine l l i -
Nelson

Massena*23)

McPherson

Heir.eman*33)

RE LAP-UK

Moody*15)
Equi1ibr ium or
Non-equi1ibrium
w i t h Changing
S l i p Ra t i o

Henry-Fauske

Macbeth*18)

Modif ied* '9 )
Baraczy

Smith*2*)

Modi f ied* 1 2 ) * 3 0 )
Barnett

Douga11 &
tohsenow

RATT

Homogeneous
Equi1ibrium

Fauske*16)

Henry-Fauske

CISE-DIF*20)

CISE S l ip* 2 5 )

Armand*26)

Smith

CISE-CHF*3')

leineman

SENHOR

Fauske

Moody

Ogasawara^ '

M a r t i n e l l i -
Nelson

Thorn*2')

Lot tes-F l inn* 2 2 )

Homogeneous

Smith

Levy*27)

Z i v i * 2 8 )

F u j i e * 2 9 )

Nagai*32)

PNC

Groeneveld*3^



1 rad = 10 mGy

TABLE IV
Canadian Reference Dose Limits to the Public

after an Accident

Failure

Dose

Ind i v idua 1

Population

Single Failures

External
Whole Body

0.5 Rem

10 man-Rem

1-131
Thyroid

3 rad*

10 man-rad

Dual Failures

External
Whole Body

25 Rem

10 man-Rem

1-131
Thyroid

250 rad

10 man-rad

I

-C-



TABLE V

UK
Emergency Reference Level for

SGHWR Accidents

Organ

Whole body

Thyroid

Lung

Bone: endosteal tissue

marrow

Superficial tissues irradiated by 0 rays

Other organs or tissues

Dose
(Rems)

10

30

30

30

10

60

30

if»
to



TABLE VI

Shutdown Systems for Pressuve-Tube Reactors

Reactor Type

CANDU-PHW

Gentilly-1 BLW

SGHWR

FUGEM

Cl RENE

Shutdown Mechanisms

Mechanical shutoff rods, moderator
dump, liquid poison injection

Moderator dump, poison injection

Moderator dump, liquid shutoff rods

Moderator dump, mechanical shutoff
rods

Moderator dump, liquid shutoff rods



TABLE VI I

Emergency Core C o o l i n g f o r Pressure-Tube Reac to rs

Reactor Type

CANDU-PHW

Gent i l l y - 1 BLW

CI RENE

FUGEN

SGHWR

Characteristics

Fed from storage tank or pumped
from moderator

(1) Diversion of main feedwater
(2) Fed from storage tank

Fed from storage tank

Spray from storage tank
Accumulator
Fed from storage tank

Spray from feedwater
Pumped spray

Injection Points

Inlet and out let headers

Steam drums/inlet headers
Outlet feeders/inlet headers

Inlet headers

Steam drum
Inlet Headers
Inlet headers

)Sparge tubes in fuel
{Channels



TABLE VIII

Pressure Tube Reactor Containment Design (Summary)

Reactor

NPD

Douglas Pt.,
600 MW

Bruce-A,
Pickering-A

SGHWR

C1 RENE

FUGEN

Conta i nment Type

Reactor vault and boiler room, each with dousing. Atmospheric release
of initial coolant overpressure.

Single unit, H^O dousing spray.

Multi-unit, reactor containments connected to vacuum building, dousing
spray in vacuum building.

Double containment — pressure suppression (primary) and leakage
cleanup (secondary); air coolers as heat sink.

Metal container, spray for iodine removal.

Metal and concrete container, spray.

I
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CALANDRIA (CAN BE VERTICAL OR HORIZONTAL)

t

A
COOLANT

CALANDRIA TUBE ZIRCALOY SHEATH

COOLANT

GAS GAP

PRESSURE TUBE UO2 PELLET FUEL BUNDLE

•FIGURE 1 SCHEMATIC OF PRESSURE TUBE REACTOR
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N

i
CALANDRIA

1 CALANDRIA SHELL
3 CALANDRIA SIDE TUBE SHEET
4 iAFHf PIATE
3 FUELLING MACHINE SIDE TU>E SHEET
6 LATTICE TUtE
7 END FITTINGS
« flCDllS
9 CALANDRIA TURES

10 SHIELD TANK SOLID SHIELDING

STEE1 (ALL SHIELDING |END SHIELD)
MANHOLE
PRESSURE RELIEF PIPES
MODERATO* INLETS
MODERATOR OUTLETS
REACTIVITY CONTROL ROD NOZZLES
ROOSTER ROD
SHUT-OFF «00
ZONE CONTROL ROD
FLUX MONITOR
FLUX MONITOR AND POISON INJECTION
END SHIEIO COOLING PIPING
SHIELD TANK

24 SHIELD TANK EXTENSION
35 RUPTURE DISC ASSEMRLV
26 MODERATOR INLET HEAOER
27 MODERATOR OVERFLOW

13
t
7
II
19
20
21
27
23

FIGURE 2 CANDU REACTOR CORE



SAFETY AND STEAM RELEASE VALVES _ H _ SEPARATOR

NATURAL
WATER

I

00

2.MODERATOR COOLERS

FIGURE 3 INDIRECT CYCLE CANDU REACTOR



FEEDER CABINET
CAIANDRIA
END FITTINGS
SHIELD TANK
REACTIVITY MECHANISM

AIR DRYERS
FUELLING MACHINE DUCT
MODERATOR HEAT EXCHANGER1

MODERATOR PUMPS
PRESSURIZED
BLEED COOLER
BLEED CONDENSER

FUELLING MACHINE HEAD
FUELLING MACHINE BRIDGE
COLUMN
FUELLING MACHINE BRIDGE
FUELLING MACHINE
TRANSPORT TROLLEY
D]O STORAGE TANK
STEAM DRUM
STEAM GENERATOR
PREHEATER
PRIMARY PUMPS

22 BRIDGE CRANE {75 TON)
23 SAFETY BLOW-OFF VALVES

FIGURE 4 REACTOR BUILDING LAYOUT - BRUCE A



SWlTCHMID
DISCHARGE DUCTS
POWER HOUSE
TUMI NE Hi
AQMINISJMAI
SEIVICE
NO. 1 REAC1
NO. Î MAC
NO. 3 it AC

IUIIDINC
I IUILOINC

•UltOING
10. 4 REACTO

CONTROL 10 01
SPENT FUEL Î
TURIINE
INTAKE
AUXILIARY POWEl UNITS

RELIEF DUCT
ACUUM tUtlOINC

C TDWER
T I U 0

21 OaO UrGRADI
22 WATER TMAti

T D R
IENT IUI10ING

LAKE ONTARIO

FIGURE 5 CUTAWAY OF PICKERING GENERATING STATION



REACTOR BUILDING

REACTOR

STEAM DRUMS

FUELLING MACHINE

5. SERVICE BLllDING

6. CONTROL ROOM

7. ADMINISTRATION BUILDING

8. TURBINE BUILDING

». GENERATOR

10. TURBINE

FIGURES GENTILLY-1 GENERATING STATION
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1. METAL CONTAINMENT
2. EMERGENCY CONDENSER
3. STEAM DRUM
4. PRESSURE SUPPRESSION TANK
5. MAIN STEAM PIPE
6. BIOLOGICAL SHIELD
7. REACTOR

8. REFUELING MACHINE
9. D2O DUMP VALVES
10. D2O STORAGE TANK
11. FUEL SHUFFLING MACHINE
12. TRANSIT POOL
13. LIQUID RODS SYSTEM
14. TWO-PHASE RODS SYSTEM

FIGURE 7 CUTAWAY VIEW OF THE CIRENE PROTOTYPE REACTOR BUILDING
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TO STEAM TURBINE

REACTOR

A PRESSURE TUBE
B INLET PIPE
C DOWN COMER
D MAIN STEAM PIPE

. v »•

STEAM DRUM

LOWER HEADER

CHECK
VALVES

PUMP

0
FIGURE 8 FUGEN PRIMARY COOLING SYSTEM
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STEAM TO TURBINE

STEAM/WATER MIXTURE

TYPICAL STANDPIPE

DRUM WATER
LEVEL

CIRCULATING
PUMP

INLET HEADER

TYPICAL FEEDER PIPE

FIGURE 9 SGHWR PRIMARY CIRCUIT



CM

I
Ul
cc
V)w
LU
ce
a.

Ul

I

25 50

TIME AFTER RUPTURE (s)

FIGURE 10 TRANSIENT OF STEAM DRUM PRESSURE (MAST -12)



- 56 -

IETI - 1 : 20% BREAK

3250

3000 —

a.

O
X

I
2750 -

2500 —

1250 —

EXPERIMENTAL

CISESLIP
CORRELATION

ARMAND SLIP
CORRELATION

SMITH SLIP
CORRELATION

HOMOGENEOUS
FLOW

I I I I I I I I

RATT
PREDICTIONS

• I .

2.5 5.0

TIME (s)

7.5 10.0

FIGURE 11 TEST 9 - MASS HOLD-UPS REF. 35
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105

~ 104

LU

ce

§
LL

o
H
ce
o 103

MOODY

OGASAWARA
(SLIP RATIO = JfL/Pq)

FAUSKE

PRESSURE 10 kg/cm2

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

QUALITY

FIGURE 12 TWO PHASE CRITICAL FLOW RATE REF. 8



EMERGENCY
ACCUMULATORS

CONDENSER

WATER
RESERVOIR

DEAERATOR

BOOSTER
PUMP

FIGURE 12(b) CIRCE FLOW SHEET
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STEAM
DRUM

DOWNCOMER

FROM IETI - 3

QUICK
ACTING
VALVE

VR6

HEATED
CHANNEL

RVR5

FEEDER

ORIFICE

VR4

DISCHARGE
VALVE

1 HJJVR3

FIGURE 12(c) CIRCUIT SCHEMATIC
FOR CODE VERIFICATION TESTS
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5.7

BOTTOM OF
CHANNEL 1

i X

118

X

150

X

123

X
4

il
3

A
WORMAL FLOW DIRECTION

FAST THERMOCOUPLE SPACING

l>

1.3 cm

TOP OF
CHANNEL

1 TC NUMBER

Jj; SYMBOL

DO
INLET FLOW
DIRECTION

HEATER CROSS SECTION

FIGURE 12(d)



600 .

500

LU
CC
D
<
CC
LU
CL

LU
H 400

300

250

MAXIMUM HEATER TEMPERATURE

0 to 40 sec.

RODFLOW PREDICTION

25 100

% MAXIMUM BREAK

FIG. 12(e) PREDICTED AND EXPERIMENTAL HEATER TEMPERATURES
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20.

18.1

16.0

14.0

12.0

10.0

8.0

6.0

4.0

2.0

0.0

ROD DIAMETER 16.8 mm

INNER ROD 7

OUTER ROD

PRESSURE TUBE

1800

1700

1600

1500

1400

1300

1200

1000

800
00

400
2000.0 4.0 8.0 12 16 20 24 28

POWER INPUT (W/(rod. cm) )

REF. 52

FIGURE 13 EXTRAPOLATION OF PLOTS OF AVERAGE TEMPERATURE
vs POWER INPUT, CO2GAS
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1000
1800 1600 1400 1200 1000

100
\ +a

it ZIRCALOY-4 WNRE (AVERAGES)

— ZIRCONIUM BAKER & JUST

O Zr-2.5Wt%Nb

D ZIRCALOY-2

O ZIRCALOY-4

10

N

1.0

CUBIC ZrO2 —H

CRNL (SINGLE EXPERIMENTS

WNRE (SINGLE EXPERIMENT!

REACTION RATE OF ZIRCALOY-2,
ZIRCALOY-4, AND Zr-2.5% Nb
IN STEAM

TETRAGONAL ZrO2

INVERSE {TEMPERATURE 1/T kx

I I I
5 6

in

FIGURE 14 PARABOLIC RATE CONSTANTS FOR THE
ZIRCONIUM-STEAM REACTION
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25

B-1 AXIAL NOTCH DEFECTS

20

(9
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15
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CIRCUMFERENTIAL NOTCH DEFECTS
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20L

15
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35
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INSIDE DEFECT 144M

C-1
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15 20 25
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30

REF. 64

FIGURE 15 VARIATION OF DEFECT-ECHO LEVEL PLOTTED AGAINST
ANGLE OF PROBE INCIDENCE (5 MHz)



1 CAIANORIA
2 DUMP TANK
3 END FITTINGS
4 FEEDERS
5 END SHIELD CUTE» TUBE SHEET
4 END SHIELD COOLING

INLETS AND OUTLETS
7 END SHIELD
8 BAFFLES
9 END SHIELD INNER TUBE SHEET
10 END SHIELD KEY RING
11 ANCHOR PLATE
12 END SHIELD «ING
13 RING THERMAL SHIELD
U COOLING PIPES
15 CALANDRIA SUPPORT RODS
1« CALANDRIA SHELL
17 CALANDRIA TUBES
18 CALANDRIA SHELL SHIELDS
19 CONTROL AND SHUT-OFF RODS
20 DiO SPRAY COOLING
21 HELIUM BALANCE AND

BLOW OFF LINES
22 OlO INLET MANIFOLD
23 DiO INLET NOZZELS

24 DUMP PORTS
2 i SHELL SHIELD

SUPPORT PLATES
26 HELIUM BALANCE LINE
27 DjO OUTLET
28 DUMP PORT & DUMP TANK

SPRAY COOLING LINES
29 DUMP TANK SUPPORTS
30 DUMP TANK DftAIN LINE
31 REHEARSAL FACILITY

FIGURE 16 REACTOR ASSEMBLY PICKERING A



SECOND SHUTDOWN SYSTEM
CHANNELIZED CABLING VIA CONDUIT

TO CHANNELIZED INSTRUMENT ROOMS

FIRST SHUTDOWN SVSTEM
CHANNELIZED CABLING VIA CHANNELIZED

CABLE PANS TO CONTROL EQUIPMENT ROOM

I

TYPICAL SHUT OFF
ROD GUIDE TUBE

FIGURE 17 SHUTDOWN SYSTEMS ONE & TWO SIMPLIFIED SCHEMATIC



HIGH PRESSURE
GAS TUBE

ABSORBER
HEADTANK

ABSORBER
FILLING LINE
MAIN SHUT DOWN
VALVE
PURGE GAS
INLET

BUFFER TANK

VALVE ACTUATOR

DRAIN LINE
GAS TRAP

CALANDRIA

SHUT DOWN TUBE

I

VENT TUBE

FIGURE 18 LIQUID SHUTDOWN SYSTEM-SGHWR



I 11 I CHANNEL UNITS

LSD VENT PIPES

RADIAL SHIELD TANK

oo

INSULATED SUPPORT
SLEEVES SURROUNDING
EACH CHANNEL TAIL PIPE

INSULATED BARRIER STRUCTURE
FORMING COOLED AREA WITHIN
LOWER INSULATION BOX

FIGURE 19 CALANDRIA AND SHIELDS-SGHWR
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MAXIMUM LEVEL
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FIGURE 25 HEAT TRANSPORT SYSTEM AND ECC SYSTEM-PICKERING A
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