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ABSTRACT

The investigation of fuel channel behaviour during high temperature
transient conditions is an integral part of CANDU reactor safety analysis.
Through the investigation of the behaviour of the fuel channel under a wide
range of postulated accidents, including the very improbable, channel integrity
and hence the basic effectiveness of the moderator to prevent core meltdown
and loss of coolable geometry can be demonstrated. For severe accident
conditions such as those resulting from loss of coolant with coincident loss of
emergency core cooling (LOC/LOECC) , the behaviour of the channel greatly affects
heat removal. Through pressure tube deformation by either circumferential
strain or sag, contact with the calandria tube can be established, thereby
allowing heat to be conducted directly into the moderator. The liberation of
hydrogen and heat by the high temperature oxidation of the Zircaloy in the
pressure tube also affects the thermal and mechanical behaviour within each
fuel channel. The amount of hydrogen released is important in containment
analysis.

This paper discusses the various phenomena associated with channel
behaviour and demonstrates how these are incorporated into safety analysis
using the example of the assessment of a postulated loss of coolant/loss of
emergency core cooling accident.

16.1 Introduction

safety analysis must demonstrate that for the particular postulated
accident being assessed, any resulting radiation dose to a member of the public,
either an individual or a collective population, does not exceed the guidelines
specified by the Atomic Energy Control Board. To determine this dose, fission
product behaviour must be assessed from the time of its initial release from the
fuel, at the onset of sheath failure, if any, to its release from containment
and eventual airborne dispersion. In postulated severe accident conditions
(i.e. failure of the main and backup PHT cooling systems), high temperature
transient channel behaviour plays an important role in affecting the release
from the fuel, since it greatly influences the thermal behaviour of the fuel
bundles within the entire 6 m length of channel. Channel behaviour also plays
an important role in determining the possible release of hydrogen into
containment, which must then be assessed as part of containment analysis.
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The core of a 600 MW(e) CANDU reactor consists 6f_380 individual fuel
channels as shown in Figure 16.1. Each fuel channel is approximately 6 m long
and contains 12 fuel bundles. The bundles are surrounded by a pressure tube and
a calandria tube, with a gap containing insulating gas between them. The calandria

tubes are surrounded by a low temperature heavy water moderator. This setup is
illustrated in Figure 16.2.

Under postulated accident conditions such as those resulting from a
loss of coolant and a coincident impairment of the emergency core cooling system,
the heat generated in the fuel would be transferred mainly by thermal radiation
to the pressure tube and to the calandria tube and then by boiling heat transfer
to the moderator. Because radiation is the Principal mode of heat transfer,
high temperatures in the fuel and pressure tube result. At these elevated
temperatures a chemical reaction between steam and the zircaloy, in the fuel
sheaths and pressure tubes, occurs Producing hydrogen and heat. The pPressure
tube deforms due to high temperature creep and contact with the calandria tube
can occur (Figure 16.3). If the internal pressure within the channel is high,
the principal deflection of the pressure tube is radially outwards and contact
with the calandria tube occurs completely around the circumference (Figure 16.2).
If the channel pressure is low, then the principal deflection is downward, and
contact occurs in an eliptical patch on the bottom, as shown in Figure 16.5.

The initial contact between the hot pressure tube and the cold calandria
tube would result in a sudden increase in the heat flux to the moderator. The
magnitude of the peak would depend on the pressure tube temperature at contact
and the contact conductance between the Pressure and calandria tubes. The
magnitude of the heat flux peak combined with the temperature of the water
surrounding the calandria tube, determines the boiling regime on the calandria
tube surface and thus the rate of heat removal. If nucleate boiling is predicted
to occur, the stored energy of the Pressure tube is quickly removed (Figure 16.6)
and the fuel radiates to a low temperature pressure tube. If film boiling is
the predicted mode of heat transfer (i.e. the sudden contact has resulted in the
critical heat flux being exceeded) the stored energy of the pressure tube is not
initially removed. Heat generated in the fuel radiates to a higher temperature
pressure tube, until the calandria tube surface rewets and the situation is
returned to the nucleate boiling condition as illustrated in Figure 16.7.

16.2 Pressure Tube Circumferential Strain Behaviour

The pressure tube material currently used in CANDU reactors is
2r-2.5% Nb. To model pressure tube deformation during a postulated high
temperature transient condition, information regarding the creep rate of this
material must be known. Although similar to the material currently used in fuel
sheathing, 2r-4, to which substantial investigation at CRNL has been carried
out, there are some significant differences which warrants specific investigation
into the deformation behaviour of 2r-2.5% Nb. This experimental work is principally
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carried out at Whiteshell Nuclear Research Establishment (Reference 16.1). The
experimental program is divided into three areas. These are:

(1) Constant temperature and stress uniaxial tensile tests performed on specimens
cut from pressure tube in both the longitudinal and transverse directions,
as shown in Figure 16.8. These are used to arrive at basic creep-rate
equations which can then be used to model pressure tube deformation.

(2) Investigation into the microstructural behaviour of Zr-2.5% Nb. This
information factors into the creep rate equations mentioned in (1) above.

(3) Biaxial tests on short internally pressurized pressure tube sections
(Figure 16.9), in order to verify the modelling of pressure tube
behaviour using the information derived from (1) and (2), and to

investigate the effect of non-uniform circumferential temperature
distributions on pressure tube behaviour.

Based on the above mentioned work, a one~-dimensional model called
CONTACT (Reference 16.2) has been developed to predict the uniform circumferential
strain behaviour of the pressure tube both prior to, and following contact with
the calandria tube during high temperature transient conditions.

The deformation of the pressure tube prior to contact is calculated
assuming that deformation is time-dependent (creep). The transverse creep rate
of an internally pressurized tube is given by

n
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is the temperature
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Substituting
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where r is the radius

t is time

P is the internal pressure
w

is the wall thickness

and using the fact that the volume is constant, yields the following expression,
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which can be integrated numerically to obtain the inner radius of the pressure
tube at any time t:

t 2
= -2, B
Y ro + [ A exp | RT)_r (rw) dt
oo
t
o
where r, is the original inner radius
vy is the original wall thickness.

After contact, the pressure and calandria tubes creep at the same
rate. Thus
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where subscript c refers to the calandria tube, subscript p refers to the
pressure tube, and r is the inner radius of the combined pressure/calandria
tube.

Using the value of P_ determined from the above equation, the pressure-
tube radius can be determined gy numerically integrating
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Predictions using CONTACT indicate that the temperature at which
the pressure tube contacts its surrounding calandria tube is principally a
function of the internal pressure and heat-up rate. Figure 16.10 illustrates
the relationship between these variables. For any given constant pressure,
the contact temperature generally increases with increasing linear pressure
tube heat-up rate. For any given heat-up rate, a lower pressure results in
higher contact temperature.
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l6.3 channel Behaviour Following Pressure Tube/Calandria Tube
Contact Resulting from Pressure Tube Circumferential Strain

The post contact behaviour of a channel can be predicted using the
combined thermal/mechanical model CONTACT. The thermal model predicts the
transient heat transfer along a radius through the pressure and calandria
tubes. The heat conduction equation is solved using a one-dimensional finite-
element routine. In order to solve for the pressure tube and calandria tube
temperature the boundary conditions must be know. The boundary condition on
the inside surface of the pressure tube is an incident heat flux, which is
determined by the heat generated in the fuel due to the decay heat and the
reaction between zirconium and steam.

The heat flux at the outside surface of the calandria tube is
described by

9 hb(Tco—TB)

where q is the heat flux to the moderator

(o]

is the pool-boiling heat-transfer coefficient

o

co is the outside temperature of the calandria tube

= I

B is the bulk moderator temperature.
The heat-transfer coefficient, , depends on the type of boiling that occurs
with the given subcooling, the saturation temperature, the outside surface
temperature of the calandria tube, and the heat flux. In the model, h_ is
defined for four regimes as shown in Figure 16.11 (Reference 16.3, 16.2):
subcooled, nucleate boiling, transition boiling, and film boiling. The equations
were based on experiments by Thibault (Reference 16.5), Rohsenow (Reference 16.6)
Bradfield (Reference 16.7) and Dhir and Purchit (Reference 16.8), using large
diameter horizontal cylinders.

At the interface between the pressure and calandria tubes, the contact
conductance determines the rate at which the heat stored in the pressure tube
is transferred to the moderator immediately after contact; thus, it also affects
the pool-boiling regime. The contact conductance, h_, is described by the
following relationship: ¢

9 T hc (Tpo - Tci)
where q is the heat flux between the tubes
hc is the contact conductance
Tpo is the temperature of the outer surface of the pressure tube
Tci is the temperature of the inner surface of the calandria tube.
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A great deal of information has been obtained through the combined ~—
use of the above mentioned model and experiments designed specifically to
investigate this behaviour. These experiments, performed at WNRE
(References 16.2, 16.3 and 16.4) investigated the thermal and mechanical
behaviour when a pressure tube creeps circumferentially into contact with
its calandria tube. These 'CONTACT BOILING' experiments were performed by
heating an internally pressurized length of pressure tube so that it expands
radially into contact with its surrounding section of calandria tube which is
immersed in a tank of water. The ensuring boiling process on the surface of
the calandria tube is then observed. Figures 16.12 and 16.13 show the
experimental setup and what can be observed through the viewing port during a
test.

Information generated through this investigation has demonstrated
that the heat removal from the pressure tube is controlled by the type of
boiling which occurs on the surface of the calandria tube. The factors which
affect which type of boiling takes place are:

(1) The temperature at which the pressure tube contacts the calandria tube
(briefly discussed in Section 16.3). This is important as it is the
driving force for the peak in the transient heat flux which will be
experienced at the outside surface of the calandria tube, almost immediately
upon contact.

(2) The contact conductance between the pressure tube and calandria tube (a
function of the contact pressure, surface hardness and roughness) since
it offers a resistance to the heat flux experienced at the outer surface
of the calandria tube.

(3) The subcooling at the surface of the calandria tube (difference between
the local saturation temperature and the local water temperature) as this
determines the value of the critical heat flux.

The relationship between these variables and the type of boiling which
occurs on the calandria tube surface is illustrated in Figure 16.14. Each
experiment represents a point on the graph, with the pressure tube temperature
at contact as the abscissa and the subcooling of the water pool surrounding
the calandria tube as the ordinate. The type of boiling on the calandria-tube
surface during the experiment is denoted by the symbols. Also shown are lines
for different assumed contact conductances, showing where the peak heat flux to
the moderator at contact, as predicted by CONTACT, equals the critical heat
flux. Film boiling occurs when the peak heat flux exceeds or equals the critical
heat flux; thus, film boiling is predicted for points plotted on the graph
above the line if the assumed contact conductance is correct.
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In each experiment, the internal pressure was held constant at a
value ranging from 0.5 to 4.0 MPa. Table 16.1 indicates the pressure at which
each test was performed. The results plotted in Figure 16.14 indicate that, for
all of the experiments with an internal pressu§eoof 1 MpPa or greater, the
maximum local contact conductance was 11 kW/(m“. C) since the type of boiling
on the surface was correctly predicted using this value. The patchiness of the
film boiling indicates that the contact conductance was less than this maximum
for most areas around the circumference. 1In the experiments performed at
pressureg 8f 0.7 and 0.5 MPa, the maximum contact conductance was less than
11 kw/(m“. Cc), since film boiling would be predicted, and it did not occur.

The use of this method to determine the contact conductance assumes that the
incident heat flux, determined from the known heater power, and the heat-
transfer coefficient at the surface of the calandria tube used in this model,
are known.

In nine of the experiments, film boiling occurred in. patches that
did not completely cover the area of contact. This behaviour is related to the
variation of contact time, temperature, and pressure at a given axial location.
The variation of these parameters causes the contact conductance to vary
around the circumference.

The patches of film boiling rewet, even when the average incident
heat flux is higher than the minimum heat flux required to maintain film
boiling. The rewetting is caused by the axial and circumferential conduction
of heat through the pressure and calandria tubes from areas of film boiling
to areas of nucleate boiling (Figure 16.15).

From the safety analysis point of view, the occurrence of film
boiling is important in that it could potentially jeopardize channel integrity.
'Since the film boiling heat transfer coefficient is significantly lower than
that for nucleate boiling (Figure 16.11), the calandria tube experiences a
marked increase in temperature and hence reduced strength. Under severe
conditions such as high internal pressure, high incident heat flux onto the
surface of the pressure tube, and low subcooling on the calandria tube surface,
the channel may strain to the point of rupture. Aan experiment designed to
investigate this behaviour demonstrated that the conditions must be considerably
more severe than those originally believed, to result in rupture of the
calandria tube. This was due to the increased heat transfer to the water
resulting from the increased calandria tube surface area, as the tube expanded
(Figures 16.16 and 16.17).

16.4 - Pressure Tube Sag

Under high temperature but low pressure conditions, the pressure tube
will reach the point where it can no longer support its own weight and that of
the fuel. It then begins to sag and contact the calandria tube resulting in an
elliptically shaped contact area at the bottom of the channel. While the pressure
tube temperature in the contact area (see Figure 16.4) is reduced by the process
described in the previous section, the top of the pressure tube can continue to
rise in temperature. If the channel remains somewhat pressurized, the pressure
tube could deform radially outwards, contacting the calandria tube completely
around the circumference and its behaviour thereafter would be similar to that
discussed in the previous section.
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The sag behaviour of a fuel channel under high temperature conditions

is modelled by the computer program CREEPSAG (Reference 16.9). CREEPSAG
calculates the axial, transverse and bending creep strains of a pressure tube/
calandria tube system as a function of time taking into account the elastic
support forces at the garter springs and the ends of the channel. A series
of experiments were performed to verify the predictions of the program and to
investigate the overall behaviour under these conditions.

The latest series of experiments which have been performed to

investigate sag behaviour is the large scale pressurized fuel channel sag
experiments. In these tests, the deformation and resulting contact behaviour
of a 3 m long pressure tube/calandria tube assembly, as shown in Figure 16.18
is investigated. The method by which the pressure tube is heated, shown in
Figure 16.19 produces a heat flux incident onto the surface of the pressure
tube which is equivalent to that predicted under decay power conditions.

It also simulates the weight of the fuel. By pressurizing the fuel channel
the combined mode of pressure tube deformation is investigated.

(1)

(2)

(3)

16.5

Results from these experiments have shown that:

In the case of sag contact under non-pressurized conditions, contact
between the pressure tube and calandria tube takes place in a small
elliptical patch on the bottom of the channel.

Although garter springs increase the contact temperature over the case
in which no mid-length pressure tube support was available, the distance
between the garter springs is not too important since local plastic
deformation of the pressure tube, around each garter spring, tends to
result in contact in the 800-850"C temperature region.

The contact conductance between the pressure tube and calandria tube is
less than that for the case of diametral strain at higher pressure, since
the bending moments in the pressure tube cause a reduction in contact
pressure.

The Application of High Temperature Transient Channel Behaviour
to the Assessment of a Postulated Loss of Coolant/loss of
Emergency Core Cooling Accident in a CANDU Reactor

The methodology currently used by the Engineering Company of AECL to

assess postulated LOC/LOECC accidents is to divide the analysis into two
consecutive segments as illustrated in Figure 16.20. The first of these is
referred to as the 'front end assessment'. It uses techniques developed from
the classical loss of coolant accident analyses. Here thermohydraulics during
the transient is predicted using a network model incorporating the features
found in a CANDU primary heat transport system (Reference 16-10). The
depressurization transient predicted by this type of model for a certain break
in the reactor inlet header is shown in Figure 16.21. These and other
thermohydraulic conditions are then used to determine the channel behaviour
using HOTSPOT (Reference 16.11) and CONTACT-1l. HOTSPOT models a 37 element
fuel bundle surrounded by its pressure tube, calandria tube and moderator. It
is used to determine the temperature of the fuel, sheath and pressure tube,
given the thermohydraulic information of coolant temperature and sheath to
coolant heat transfer coefficient. HOTSPOT models thermal radiation between
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each element and to the pressure tube. It also takes into account the exothermic
reaction which takes place between the zircaloy and the steam. HOTSPOT also
incorporates the CONTACT model so uniform circumferential strain and the resulting

behaviour can be assessed.

After some point in time, the methodology calls for a transfer into a
classical LOC/LOECC type of approach. Here, where uncertainty in the flowrate
of steam down the channel exists, a different approach 1is taken. Starting from
initial conditions determined from the front end assessment, the late core
assessment treats the flow of steam entering the channel as a parameter and
assesses its effect on fission product release and hydrogen generation. This
assessment is carried out using the computer program CHAN-II (Reference 16.12,
16.13). :

CHAN-II models a single channel dividing it up into 12 segments as
shown in Figure 16.22. These segments coincide with the 12 half metre long fuel
bundles. In each axial segment, the fuel elements, pressure tube and calandria
tube are modelled by a system of annular rings as shown in Figure 16.23. Steam
at a specified temperature and rate enters the channel at one end, while a
steam/hydrogen mixture exits at the other after a heat and mass balance has been
performed on each segment. This is performed by solving a set of time dependent
differential equations derived from a lumped parameter analysis of the heat
generated in the fuel channel, the convective axial heat transfer by flowing
steam and hydrogen and the radial heat transfer to the moderator by radiation
and conduction.

To assess the effect of sag contact, the temperatures can be determined
in two regions, the contact and non-contact zones as illustrated in Figure 16.23.
Results using this model have shown that while the pressure tube and fuel
temperatures in the contact zone decrease following contact, those in the non-
contact region continue to heat-up and reach significantly higher levels.

CHAN-II analysis has demonstrated that a trade-off exists between the
convective cooling supplied by the steam flow and the heat generated by the
exothermic reaction between the zircaloy in the fuel sheaths and pressure tube
with the oxygen supplied by the steam. At low flow rates, although there is
little convective heat transfer, there is not enough steam to support the
oxidation process. At very high flow rates, the heat generated in the fuel is
removed by enhanced convective cooling and the temperatures remain below that at
which metal water reaction becomes significant (approximately 1000 °C). Over
a small range of predicted flows, fuel temperatures and hence hydrogen
production and fission product release reach a maximum. This behaviour is
illustrated in Figure 16.24 which plots hydrogen production as a function of
constant steam flow rate entering the channel. By superimposing the results
for separate channels, the overall behaviour of the core can be assessed.
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In the assessment of the overall response of the core to a postulated
1LOC/LOECC accident, information from CHAN-II is used to:

(1) Determine fission product release which is later used in arriving at
the dose estimate.

(2) Determine the heat load to the moderator as a result of the channels which
undergo contact. This information is then used in determining the moderator
transient temperature which in turn is required to assess channel integrity.

(3) Determine the hydrogen source term originating from the metal/water -
reaction (2r + H.O ™ ZrO_ + 2H., + E) which then is used in containment
calculations to iInvestigate the behaviour of hydrogen within the
containment (Figure 16.25). :

Figure 16.26 is a representation of a characteristic temperature
versus time response of a fuel channel segment of a high power channel (7.4 MW)
with a 'critical steam flowrate'. The axial temperature profile when the
maximum temperature occurs is shown in Figure 16.27. As can be observed from
these graphs, the temperature transients exgerienced by the fuel is very severe,
but still not high enough to reach the 2840 C melting temperature of the UO,.
Channels operating at much lower powers do not experience transients of this
severity, as shown in Figure 16.28. An overall behaviour of the core can be
investigated by superimposing the results for various channel powers and
steam flow rates.

To assess channel integrity, the models described in the preceeding
sections were employed as follows:

' The temperature at which the pressure tuge contacted the calandria tube
was determined by the type of deformation. Up to 850 C, the circumferential

strain was modelled using the FIREBIRD-IIT predicted depressurization transient

and the pressure tube temperature history predicted by HOTSPOT and CHAN-II. If

contact was not predicted prior to 850°C, the pressure tube was assumed to sag

into contact with the calandria tube, as discussed in Section 16.5.

: The contact conductance between the contacting pressure tube and
calandria tube depends on the déformation mode. If circumferential stﬁgin to
contact is predicted, the contact conductance is assumed to be 11 kW/m” C, as
discussed in Section 16.42 If pressure tube sag is the assumed deformation
mode, a value of 6.5 kW/m" C is used for contact conductance.

The last remaining parameter which could determine the boiling regime
on the calandria tube surface when contact occurs, is the moderator subcooling.
These values were determined by combining information from the predicted steady-
state multi-dimensional moderator temperature distribution and the ensuing
moderator temperature transient resulting from the drop in neutron-gamma heat
load and the increase in the heat load from calandria tubes resulting from
contact with their pressure tubes. The steady-state moderator temperature
distribution was determined by techniques described in Reference 16.14. Predictions
using this model demonstrate the possible existence of two different types of flow
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patterns as shown in Figure 16.29. These are the jet momentum dominated and the
bouyancy dominated flow patterns. Preliminary results from experiments have
confirmed this as well as shown the existance of a combined momentum/bouyancy
pattern.

The temperature transient experienced by the moderator following
the postulated break is determined by the heat load transient it experiences.
The major contributing source of moderator heating during normal operations
conditions is due to neutron-gamma heating. As shown in Figure 16.30 following
the initial break there is a small rise due to the power pulse associated with
the coolant void, but then it rapidly drops off to an extremely low level following
reactor trip. The heat load to the moderator from the calandria tubes is determined
by CHAN-II in conjunction with HOTSPOT and CONTACT. A typical heat load to the
moderator resulting from contacting channels in the broken loop, for assumed
constant steam flowrate of 10 s/s, is shown in Figure 16.3l. The front end
spikes results from sections of groups of channels contacting due to circumferential
strain. The longer term peak, which is much smaller than the normal operating
heat load and hence the reason why the moderator temperature decreases during
the transient, is a result of sag contact and the ultimate transfer of heat
generated within the channels of the broken loop. The automatic isolation of
the loops following the loss-of-coolant signal limits the loss-ofcoolant accident
to only one of the loops.

Combining the abovementioned information, current predictions
indicate that nucleate boiling is the expected mode of heat transfer from the.
calandria tube surface following contact with the pressure tube. From this, and
information presented in Section 16.4, it can be concluded that channel integrity
is maintained even under these extremely severe hypothetical conditions.

16.6 Conclusion

The investigation of high temperature transient channel behaviour
for CANDU reactors demonstrates the effectiveness of the moderator to act as a
supplementary heat sink in order to prevent the melting of fuel and to preserve
the integrity of the basic channel geometry. Because of this inherent safety
feature, the probability of a core meltdown under even the most severe postulated
accidents is negligible.
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TABLE 16.1

SUMMARY OF CONDITIONS AND RESULTS OF ALL CONTACT BOILING EXPERIMENTS

APPROXIMATE¥* TYPE OF BOILING ON
INTERNAL WATER POOL PRESSURE TUBE CALANDRIA TUBE SURFACE
TEST PRESSURE SUBCQOLING CONTACTOTEMPERATURE AND TIME TO QUENCH
NUMBER (MPa) (7C) (C) (s)
POWER -SHUT OFF AT CONTACT
1l 4. 32 Commissioning test - -
2 4. 32 712 - 748 - -
3 4, 14 706 - 745 NB -
4 1. 25 823 -~ 835 FB 30
5 1. 32 826 - 844 FB 16
6 2.5 22 643 - 732 NB -
7 4. 18 674 - 733 NB -
8 2.5 22 734 - 808 FB 6
9 2.5 22 765 - 796 FB 10
POWER MAINTAINED AFTER CONTACT
10 1. 20 905 FB 20
11 4. 14 684 - 741 FB 10
12 0.3 15 820 FB 40
13 1. 15 1000 FB 470
14 1. Heater failure
15 0.5 28 Heater failure
16 0.5 28 950 - 1050 NB
17 1. 14 850 FB 100
(garter springs)
18 4. 14 740 - FB
(garter springs)
19 1.1 28 826 NB -
20 0.75 27 900 NB -
21 2. 0] 800 FB -

* Is a function of position around tube
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FUEL CHANNEL ARRANGEMENT

FIGURE 16.2
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UNIAXIAL CREEP SPECIMENS

.~ LONGITUDINAL SPECIMEN

____ Pressure Tube

TRANSVERSE SPECIMEN
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FIGURE 16.8 Actual size of specimen

16-22



)

FIGURE 16.9

INDUCTION HEATER USED FOR BIAXIAL TESTS WITH STRAINED SPECIMENS
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EXPERIMENT 4

BOILING ON CALANDRIA TUBE

FIGURE 16
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SUBCOOLING OF WATER POOL (°c)
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FIGURE 16.14
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CALANDRIA TUBE REWET

Caused by axial and circumferential
conduction of heat from areas in Film
Boiling to areas in Nucleate Boiling

~

PATCHES OF AREA IN

FILM BOILING NUCLEATE
BOILING

FIGURE 16.15
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CONTACT BOILING TEST 21

FIGURE 16.17
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FIGURE 16.18

Large Scale Sag Test Rig




Heater Arrangement for Large Scale
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Sag Exper

FIGURE 16.19
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FUEL CHANNEL SEGMENT MODEL
BEFORE CONTACT

CENTER PIN

PRESSURE
TUBE

- GAS ANNULUS

CALANDRIA
TUBE

FUEL CHANNEL SEGMENT MODEL
AFTER CONTACT

PRESSURE TUBE
GAS ANNULUS
CALANDRIA TUBE

CONTACT ZONE

FIGURE 16.23
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CUMULATIVE HYDROGEN PRODUCTION IN HALF CORE (g-mole)

HYDROGEN PRODUCED FROM END OF
BLOWDOWN vs STEAM FLOWRATE TO
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FIGURE 16.24

16-38



GZ°9T H4NOI14

(spuooas) IWiL

000t 00L2 ooyz 0012 0081 00s1

1174

F&M.o . \_ B

s/b oot

s 0Z

!

T
RE-ASSESSMENT

s/b 01
sps

|

F— _ (si® a_m_m>._«z< maosmmﬂ_

¥

. =—{ 000°09

000°02

NOLLONAOHYd NIDOHAAH NO 31vH MO14 WVALS 40 133443

a3oNAOoYd CH 40 SITOW

16-39



J

(spuodas) NMOGMOTE HAL4V JNIL ‘
000c  00Z ©00VZ  00KZ 008K  O00SL  0OZk 006 009  OOE 0

1d 40 NOLLOS
1d 40 dO1L

| SNid 431Nn0
Nid 31VIQ3WY3LNI
SNid H3NNI

Nid 3HIN3D

O4d4+X -1

~< .

N N I I N R I

(2 NOILISOd TVIXV) *
TINNYHO MIN +°2 40 Z INTWD3IS NI SINIISNVHL JUNLVYHIdWIL

9Z°91 <ANDIg

(Do) 3HNLVYHILWAL

16-40



44 H oL

NOILISOd TVIXV
8 ] L 9 S ’ £ 4 1

T 1 17 1 1

¢ ONW
) . £t ONi
1d 40 NOLLO8
1d 40 dO1
SNid 431n0

___ Nid 31VIO3WH3INI
SNid H3NNI

Nid JYIN3D

[

I ONNH ¢

Dd+x-1%XF

1 N N N NN I N B

sB G = MOTJNVILS "89S 0001 = JNWIL

V SSVd TANNVHO MW #¥'Z NI S31140Hd 3HN1VH3IdW3L

LZ°97 \MDme

008

8
(Do) 3HNLYHIJINIL

g

2

008z

l6-41



(S) NemOOMO 18 W3Ll- ) 3k 4L
‘9o0e “geLe ‘pove .aﬁ—w ‘pge’ ‘poesSt M 1rA ‘Po6 ‘999 ‘gee
_ _ _ _ | _ |
t\\!
1
s .\.. o=
//
v/,
J
.S /4 . m—
T { R
| _ _ _ _ _ _ _ _ |
1ld 40 401 !
SNid ¥31ng *
Nid AIYIGRRNAIN] ¢
" “SNId ¥INNT Y
.dd J0 Woii08 - Nid 34IN3D ¢

(L NOILISOd "WIXd)

"IBNNGHO MW AV J0 L hzmcomw N] SINIISNUYL FNLYHIAEL

8C°91 TYNOId

‘6o¥

‘goe

‘gact

‘9991

‘4492

‘egve

‘9982

(0 930) IWNLBYIJUTL

16-42



6C°9T1T TANOIA

pajeujwiop wnjuawop (e

SNOILNITYLSIO TANLVEAIWIL YOLVHITOW

16-43



(IT¥OS D0T-50T1) AVIEE HI¥ %%T ONIMOTIOA WOIVYEAOW Ol avoT IVAH A-U  0f*9T THNOIA

(s29s ) 3viL

000} 00l o] | o]

Is a0V s 1 1 1114 ¢ 1 1 1 | IR W AW | 1 3 11483 13 | )

I

T

vrrry ort

1011

T

o1

(ode]]

Ao LA

(rnvl)

16-44



T€°9T MINOI4

| (spuo2as) INIL
000t 0001 005 00} (1)*]

11

i 1 ——-—_d_ 1 BRI 1

l ")

| |

$?/nL v mwwD woyd (VO LVIH HOLVHIAOW

ol

09

oL

YIZONYIIUD  woydd
(M) avO1 LV3H

S2904L

16-45






