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Abstract

The Indian Pressurised Heavy Water Reactors (PHWRs) of 220
MWe capacity have 306 fuel channels in the primary heat transport
(PHT) system. Each channel consists of 12 fuel bundles contained
in a pressure tube which is surrounded by a calandria tube. The
calandria tube is surrounded by cold moderator. The primary
coolant flows inside the pressure tube containing the 19 rod fuel
bundles. There are several postulated accident scenarios where a
quick, large voiding of certain sections of the channel is ex-
pected. The fuel temperatures in these sections rise initially
because of the stored heat in the fuel and the decay heat of the
fuel. Later, at higher temperatures, the metal water reaction
between steam and zircaloy cXad also produces heat. The modes of
heat removal are convective heat transfer to the steam present in
the channel and heat transfer to the moderator through the combi-
nation of conduction, convection and radiation heat transfer
processes. The metal water reaction has a significant effect on
the peak cladding temperatures reached by the fuel. The reaction
rate varies exponentially with clad temperature. In an accident
involving total voiding of the channel, clad temperatures are
significantly influenced by the steam flow rate. At higher rate
it leads to more reaction and hence more heat generation. On the
other hand it leads to better convective heat removal.

Analysis of the above scenario has been carried out using
the computer code HT/MOD4 and presented in this paper. The hot-
test channel of an Indian PHWR has been analysed for its hottest
bundle. The stored heat and decay heat generation in different
fuel rods have been accounted for. The metal-water/steam reaction
is simulated in all zircaloy components. The analysis considers
conduction, convection and radiation heat transfer in different
components of the channel. Suitable assumptions have been made.
The results obtained have been discussed from the point of view

of safety

1.0 INTRODUCTION

The Primary Heat Transport System (PHTS) of a Pressurised
Heavy Water Reactor (PHWR) of Indian design consists of inlet
headers from which coolant is fed to the channels in the reactor
core through feeder pipes. As the coolant flows through the core
it picks up heat generated in the fuel rods. The coolant then
flows through feeder pipes to the outlet header. The hot coolant
from the outlet header passes through the steam generator, on the
secondary side of which steam is generated. The cold heavy water
comes to the other inlet header through the pumps. The coolant
path in the PHTS is in the form of a figure of eight, with the
coolant flowing in opposite directions in adjacent channels. The
largest diameter pipes in the PHTS are the inlet and outlet head-
ers .
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Unlike other water cooled reactors, the Indian PHWR has
ahorizontal reactor core [1] . The pressure boundary in the core
consists of 306 pressure tubes. Each pressure tube houses 12
short fuel bundles. Each fuel bundle consists of 19 fuel pins.
The pressure tube is surrounded by a thin calandria tube.

During an accident in a water cooled reactor the heat remov-
al capability may get impaired, thusresulting in fuel damage and
release of radioactivity. For e.g. in PHWRs a LOCA coupled with
unavailablity of emergency core cooling system may have a poten-
tial for large release of radioactivity to the containment [2] .
The effects of such accidents* are predicted using suitable ana-
lytical models. The models chosen depend on the type of analysis
required.

The fuel elements of the channel are strongly coupled ther-
mally to the coolant through convective heat transfer under
normal operating conditions and are very weakly coupled to each
other. But following an accident leading to loss of coolant,
convective heat transfer reduces and fuel temperatures rise even
when the reactor is shut down. A totally voided channel experi-
ences significant heat exchange through radiation. The thermal
coupling among fuel elements becomes strong. The pressure tube
temperature also rises. However, the temperature of the calandria
tube is not affected significantly since it is convectively
cooled by the moderator. A rise in the temperature of pressure
tube may lead to deterioration in its mechanical properties.
This may lead to deformation (balloning/sagging) of pressure
tube. The mode of deformation and the temperature at which defor-
mation occurs would depend on how the coolant tube's axial motion
is restricted. The hot pressure tube may deform and touch the
calandria tube leading to a temporary temperature spike in the
calandria tube.

In a partially voided channel, the vapour and liquid phases
may separate out. The temperatures Qf the fuel elements exposed
to steam rise while the elements submerged in coolant remain at
lower temperatures. This leads to large circumferential tempera-
ture gradients in the pressure tube and fuel elements.

1.1 Total Voiding of The Channel

A channel may void totally for accidents such as LOCA coin-
cident with total failure of the emergency core cooling system.
In such a case, the fuel rod temperatures rise and start radiat-
ing heat to the pressure tube. The pressure tube temperature
rises. The pressure tube transfers part of the heat to the calan-
dria tube by (a) conduction through the gas in the annulus be-
tween the two tubes, and (b) radiation to the calandria tube.
Finally the calandria tube transfers the heat to the moderator by
convection.

A rise in temperature leads to a rapid deterioration in the
mechanical properties of the sircaloy pressure tube. Thus, at
higher temperatures the pressure tube deforms. There are two
possible modes of deformation. One mode of deformation is ballon-
ing. This occurs when the pressure tube reaches high temperatures
when internal pressure of the tube is still high. On ballooning
it touches the calandria tube. The mode of heat transfer changes
from radiation to conduction heat transfer, thus enhancing the
heat transfer. The fuel temperatures continue to rise. At a
certain temperature the fuel clad fails and the fuel bundle
slumps on to the pressure tube. Additional contacts are estab-
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lished between fuel rods and -pressure tube leading to further
enhancement of heat transfer to the ultimate heat sink (modera-
tor) .

The other mode of deformation is sagging. This occurs when
the channel internal pressure of the tube is already low by the
time it gets heated to higher temperatures. Subsequently the fuel
bundle also slumps as the fuel clad fails. This again leads to
further enhancement of heat transfer to the moderator, the ulti-
mate heat sink.

1.2 MECHANICAL CONSIDERATIONS

The prefered mode of deformation of coolant channel should
lead to maximum heat transfer contact area between coolant
tube and calandria tube. The two independent modes of
deformation of coolant tube are sagging and ballooning. The
sagging deformation of a coolant tube is essentially due to
bending deflection caused by fuel bundle weight. A contact with
the calandria tube due to this mode of deformation can
initiate either at a point between the two garter springs or
at a point between a garter spring and rolled joint. The
ballooning mode of deformation is essentially due to
circumferential membrane stretching of the coolant tube
caused by remaining PBT pressure. Due to its localised nature of
deformation, the entire length of the coolant tube is
susceptible to ballooning mode of deformation except the zone
near to garter springs. The conusion which can be drawn through
this discussion on the deformation pattern, is that the
ballooning mode of deformation would generally lead to much
higher contact heat transfer area than the sagging mode of
deformation. Hence a ballooning mode of deformation is
preferable over sagging mode. Such scenario may be achieved by
delaying sagging mode during the heatup time of the coolant
tube under accidental conditions, provided there is sufficient
internal PHT pressure following LOCA. One of the important
considerations during ballooning mode of deformation is the
possibility of rupture of coolant tube. This possibility
further enhances in case there is an initial defect in the
coolant tube inner surface. In the following section, we
discussed this issue of possibility of pressure tube
rupture during ballooning under the presence of a flaw. The
subsequent section of the present paper deals with the sagging
behaviour of a coolant tube. The effect of coolant tube axial
restraint on the sagging temperatrure is also highlighted.

1.2.1 BALLOONING MODE OF DEFORMATION OF A COOLANT TUBE

As discussed above, ballooning mode of deformation of the
coolant tube is a prefered mode of deformation. This mode of
deformation is likely to provide more heat transfer area than the
sagging mode of deformation.* However, there exists always a
possibility of coolant tube rupture during ballooning. The
probability of coolant tube rupture is high in the locations
having defects. The defect may be caused due to unfavourable
sliding of fuel bundles on the coolant tube inner surface
during refuelling operation or following earthquake. A
double ended rupture in coolant tube may lead to propagating
damage. This may cause axial flying out of coolant tube into
fuelling machine vault in case of axially free tube. This may
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also lead to high enthalpy jet in the calandria after
rupturing thin calandria tube. This jet may cause further
damage to the surrounding coolant channels.

The rupture of a coolant tube during ballooning
essentially depends upon the three parameters, namely, the
flaw sire, the internal pressure and the circumferential
temperature profile. Different combinations of these parameters
can make the size of the flaw critical at the time of
ballooning and the coolant tube may rupture out. We have
carried out a prametric study to obtain the critical
combinations of these parameters.

1.2.2 Analysis details

Geometrical modelling- In this analysis, a cross section
of the tube is modelled as a two dimensional case. Finite
element technique is employed for this purpose. There
are 180 isoparametric elements with 560 nodes. The mesh is
modified to accomodate a particular size of the flaw to have
large number of elements near the crack tip.

Location of flaws- Coolant tubes in a PHWR may have
part through flaws. These flaws may be generated during
manufacturing or during the movement of the fuel bundles while
refuelling. A severe earthquake may lead to sliding of the fuel
bundles inside the channel and may cause part through flaws.
These flaws act as stress risers during ballooning of the
tube and may initiate rupture. The chances of having a flaw at
the lower portion of the tube is more due to fuel bundle
weights. On the other hand the maximum temperature along the
circumference of the pressure tube during severe accident is
likely to occur at the top surface of the tube due to channel
stratification. However, in the present analysis, the location
of the flaw is conservatively assumed at
the maximum temperature point.

Temperature profile- The temperature profile following
severe accident in a coolant tube can be known through a
detailed thermal-hydraulic calculations. These profiles may
change case by case depending upon the severity of the accident.
In the present parametric analysis, we have assumed a closed
form expression for circumferential temperature profile as

T{6) = Tmin + AT[ 1-

Here At is the circumferential temperature drop and n is
an exponent. Different computed temperature profile using
thermal hydraulic codes can be simulated using this
expression by assigning different values to Tmin, DT and n. It
may be noted here that the lower value of n localises the
high temperature zone near to ft =0. Thus uniform
temperature is obtained aaymtotically by using a large
value of n. In the present parametric study, we have
varied DT from 100 Deg.C to 300 Deg.C. The exponent n
has been varied to obtain linear, quadratic, cubic, quartic
and uniform temperature profiles. The temperature is assumed to
increase at a rate 5 Deg.C/sec to determine the creep
properties of zircalloy.

334



Pressure loading- The temperature at which ballooning
occurs in a coolant tube, depends on the internal pressure
during ballooning. In a typical PHWR, the normal primary
operating pressure is lOMPa. With the occurance of loss
of coolant accident, the pressure decreases with a rate
depending on the size and the location of the break. In the
present analysis on ballooning, different coolant channel
pressure ranging from lOMPa to 0.5MPa have been considered.

Computer code THESIS- The present analysis has been
performed by using inhouse code THESIS (THErmal elastic-plastic
AnalySIS), developed by the present authors. This is a
2-D/axisymmetric finite element code with the capability of
considering geometric and material nonlinearities. The material
nonlinearities include elastoplasticity and thermoplasticity.
The capability of the code has further been enhanced to analyse
viscoplastic behaviour of materials. Four different general
forms of creep laws, such as, power, exponential, strain
hardening and time hardening, have been implemented in the
code.

High temperature creep model- The progress of ballooning in
a coolant tube is essentially due to flow of material at
high temperature dominantly under internal pressure. This
phenomenon can be modelled by using a high temperature creep
model of Zr-2.5 wt% Nb. In the present study, we have used the
creep model developed by Shewfelt [1984] . This model has
been developed essentiallly through ballooning experiment on
Zr-2.5 wt% Nb tubes at high temperature. The creep equations are
given as follows.

E = exp(-36600/T)

F = exp(-29200/T)

G = exp(-19600/T)

H = Cr-1105)3-72

Creep rate equation for 450 Deg.C to 850 Deg.C-

42de/dt = 1.3xlO'5 o9 E + 5.7xl07 o19F /(I + 2xl010 f Fdt)°-

Creep rate equation for 850 Deg. C tO 1200 Deg. C-

dt/dt = 10.4o3-4G + 3.5xl04ox-4C? /(I + 2.1±(GH dt)

Where tl is the time when T=700 Oeg.C and t2 is the time
when
T=850 DegC.

Rupture criteria- With the progress of ballooning, the
local strain at the tip of the flaw increases. It is
conservatively assumed that the rupture occurs when the local
effective strain at the tip of the flaw reaches a value 100%. II
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1.2.3 Analysis Results

The ballooning analysis has been carried out for various
assumed temperature profiles characterised by different
combinations of DT and n. Three values of DT have been assumed.
These are 100 Deg.C, 200 Deg.C and 300 Deg.C. Five
different orders of profiles have been considered by changing
the value of n. These are uniform, quartic, cubic, quadratic and
linear. The various sizes of flaws have been considered ranging
from 5% to 30% of the tube thickness. The contact between the
calandria tube and coolant tube is established, once the average
circumferential strain in the coolant tube reaches 18% during
ballooning. The computations are done to calculate the local
effective strain at the tip of the flaw at 18% average hoop
strain for various combinations of the flaw sire, the temperature
profile and the internal pressure. The results of each
combination of these parameters are then used to calculate the
critical flaw size, below which, coolant tube can come in contact
with the calandria tube without rupture. These results are
plotted in Figs A to C for the three different values of DT.

1.2.4 SAGGING M O D E OF DEFORMATION OF COOLANT TUBE

The sagging analysis of a coolant tube at high temperature
is essentially a thermo-mechanical problem with high
temperature creep involving large deformations. Some of the
complexities involved with this problem are material properties
variation with temperature, multidirectional high temperature
creep phenomena, large scale yielding of Zircalloy tube with the
progress of yield front in thickness as well as axial
directions, increase in reactions at garter spring
locations with the progress in sagging, consideration of
geometric nonlinearities due to inplane compressive stresses in
case of axially restrained tubes, etc. Hence it is necessary
to employ a powerful numerical technique, such as finite
element, to account for these complexities in the analysis., In
the present work a computer code TABS has been developed
to suit the present study based on bending theory of finite
element formulation. The code uses nine noded heterosis/ eight
noded degenerate shell bending elements for modelling. The
nonlinear variation of stresses along the thickness as a result
of progress in plastic front is considered using layered
approach. The stress is assumed to be constant over a layer and
number of layers is an user's choice depending upon the
available computational power. Plastic flow equation is solved
by using Prandtl-Reuss flow rule, von-mises yield criteria and
isotropic strain hardening. Minimisation of residuel unbalance
load is done by using modified Newton-Raphson iterative
procedure. The code is also modified to consider thermal
stresses due to in plane as well as across the thickness
temperature variation. The temperature variation across the
thickness is considered by specifying temperature for each
layer, which is assumed to be constant over the layer. The
pseudo thermal load vector considering the temperature rise
and the extent of yielding for each layer is calculated and
assembled with the other load vectors of the different
layers of a element, to obtain elemental load vector. Beside
elastic, plastic and thermal strains, the code is capable of
considering strain due to change in material properties with
temperature and creep strain. The code is tested against
large number of case studies to evaluate its different
analysis capabilities.
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1.2.5 High Temperature Creep Equation of Zircalloy Tube Dominantly under
Bending Moment

One of the important characteristics to be modelled during
sagging of the coolant tube is the material creep at high
temperature. It is well known that the creep properties
for Zircalloy is directional dependent. In our earlier
study on ballooning of coolant tube, we used the high
temperature creep model by Schefelt,1984. It may be noted here
that this model was developed assuming a Zircalloy tube
dominantly under ballooning mode of deformation. However, in
the present analysis on sagging behaviour of Zircalloy tube,
we have used the creep model NIRVANA (AECL-6412) .

1.2.6 Analysis Procedure

One-fourth of the coolant tube has been modelled
assuming symmetricity with respect to two vertical planes. The
effect of garter springs have been modelled by considering
equivalent stiffness at the appropriate locations. The
Zircalloy property data base, ranging from operating
temperature to sagging temperature, are used from MATPRO-11.
These properties are modulus of elasticity, poisson's ratio,
coefficient of thermal eaqpansion and stress-strain relations.
The model is first loaded with fuel bundle weights at the
operating temperature. Then the temperature gradient varying
with time is imposed on the model. This temperature data
base is obtained by using corresponding
thermal-hydraulics codes in a seperate analysis. One of
the typicalities of this temperature data base is that the
temperature value is constant over a significant length of the
coolant tube at the centre region. This value drops down to
operating temperature near to both the rolled joints. The gap
between the coolant tube and calandria tube is monitored by
calculating corresponding deformation of calandria tube
analytically based on reaction at garter spring location. The
computation is terminated once the gap is closed.

1.2.7 Evaluation of Sagging Behaviour of Axially Restrained and Axlally
Unrestrained Pressure Tube

Axially restrained and unrestrained coolant tubes form
two seperate school of thoughts about their relative

merits. The axially unrestrained tubes are free from any axial
stresses, which may be induced due to thermal expansion and creep
with the time of reactor operation. However, in case of double
ended rupture of an axially unrestrained coolant tube, there
is a possibility of ejection of a part of the coolant tube
into the fuelling machine vault. The possibility of this event
is eliminated in case of axially restrained tube. However,
axially restrained tube experiences much more axial stresses
during inservice operation. He have tried to evaluate relative
sagging behaviour of axially restrained and unrestrained
tubes. The finite element model described above has been
analysed for both these conditions seperately. The axially
restrained tube has been assumed to be free from axial stress
at the begining of the severe accident. Due to thermal
expansion and creep, axially restrained tube experienced
heavy yielding. The sagging behaviour of both these tubes are
projected in figures D and E, using the plots correspond to
progress in sagging with * the increase in central region
temperature.
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Fig. D Progress of coolant tube sagging with the channel heat up (Case of axially free tube)
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Fig. E Progress of coolant tube sagging with the channel heat up (Case of axially fixed tube)
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1.2.8 DISCUSSION AND CONCLUSIONS

Deformation analysis of the coolant tube under channel
heat up conditions reveals the following points.

1. The sagging process of the coolant tube starts much earlier
for axially restrained tube than axially unrestrained tube.

2. The sagging temperature of axially restrained tube is
around 800 Deg. Cel. and that of axially unrestrained tube is
around 950 Deg. Cel. Hence, there is approximately 150 Deg.
temperature difference exists between the two sagging
temperatures.

3. It may be noted here that the ballooning temperature of
a typical coolant tube, is between 750 Deg. Cel. to 850 Deg.
Cel., depending upon the remaining internal coolant pressure
after LOCA. In case the internal pressure is close to 10 MPa
(i.e. drop in PBT pressure is insignificant following LOCA),
the ballooning can occur at around average coolant tube
temperature of 750 Deg.Cel.. However, in case of very low
internal pressure (Approximately 0.5 MPa), the ballooning
temperature is close to 850 Deg. Cel.

4. Comparing point no. 2 and 3 of the present discussion, it
may be said that for an axially restrained tube, the ballooning
can preceed sagging only if drop in PHT pressure following
LOCA is very low. However, for axially unrestrained tube, the
ballooning can preceed sagging for the entire range of
internal pressure ranging fron 10 MPa to 0.5 MPa.

5. Hence, it is desirable to have axially unrestrained
coolant tube if one aims for ballooning event to preceed sagging,
this may lead to more heat transfer area.

Criterion for Channel Cooling and Integrity

Yaremey [2] described subsidiary criteria for fuel channel
to remain intact under loss of coolant accident. Th
e criteria are (1) The pressure tube does not fail prior to
contacting the calandria tube and (2) Following contact the
calandria tube does not experience sustained dry out on the outer
surface.

2.0 THERMAL RESPONSE OF REACTOR CHANNEL - FORMULATION OF THE
PROBLEM

2.1 The Problem Considered

Consider a PHWR operating at a steady state, upto time t=
0. At t=0 a Loss Of Coolant Accident is initiated.

The reactor trips and the reactor channel experiences decay
power for t > 0

At the channel section producing highest power
(a) total voiding occurs at t = 0* if the emergency core

cooling system fails completely

or
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(b) a sustained stratified flow level occurs at t = 0+ if
the emergency core cooling system fails partially.

The steam flow rate and water level (if any) remain
steady for t > 0+.

The pressure tube deforms at higher temperatures. The mode
of deformation is

(a) ballooning, if the internal pressure of the pressure
tube is high, or

(b) sagging under the weight of fuel, if the internal pres-
sure of the pressure tube is low.

The moderator surrounding the calandria tube continues to be
available. It is continuously cooled so as to maintain a constant
moderator temperature.

2.2 Assumptions:

The following assumptions are made for the development of
the model.

For modelling heat conduction :

1. Thermophysical properties of all channel components are
constant, except the thermal conductivity of bare fuel (UO2) ,
which is temperature dependent.

2. The gases in the gap between fuel clad and bare fuel
have no thermal inertia and provide a constant thermal
conductance. This is conservatively chosen to be 5.68 kW/m2
C.

3. The contact resistance between pressure tube and
calandria tube subsequent to pressure tube deformation is
constant. The value is based on the experimental results of
Gillespi [3] for ballooning and of Thompson and Kohn [4] for
sagging.

4. The contact resistance between slumped fuel and pressure
tube is constant and conservatively chosen based on the
experimental observations of Muzumdar et al. [5]

5. The geometry of the reactor channel remains unchanged
throughout the transient. The heat transfer consequent to
deformation of the pressure tube and fuel rods is accounted
for through different contact conductances.

6. Conduction through the annular gap between the pressure
tube and the calandria tube is neglected. This is justified
since other modes of heat transfer (radiation and/or direct
contact heat transfer) will be dominant.

For modelling convective heat transfer:

1. The convective heat transfer coefficient on the outside
of the calandria tube is uniform, but temperature-dependent.

2. Convective heat transfer coefficients chosen in various
flow regimes are either conservative or are such that a small
error in them does not affect the results significantly.
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For modelling radiative heat transfer :

1. All surfaces involved in radiative transfer are diffuse,
gray, and opaque.

2. Emissivities of all surfaces are constant.
3. The medium does not absorb, scatter or emit radiation.
4. Net radiation leaving any enclosure defined in Figure 1

is assumed to be zero.
5. All surfaces are in local thermal equilibrium during

each time step.

For heat generation :

1. The depression in thermal neutron flux at the centre of
fuel is neglected. This assumption leads to prediction of
higher fuel temperatures at the centre of fuel and hence is
conservative.

2. Heat generated at a node due to metal water reaction, is
modeled as an equivalent volumetric heat generation.

2.3 The Computer Programs

A computer program called HT/MOD4 was developed based on the
models described. The program is complex and has been developed in
different stages [6,7,8,9,10].

The computer program 'SH' was developed for estimating shape
factors between any two segments. The computer program 'BKD' was
developed to estimate the temperature at which pressure tube will
balloon/sag to touch the calandria tube.

2.4 Input To The Computer Programs

The computer program HT/MOD4 is used for analysing the fuel
channel behaviour. The input used for the purpose is given below
•

1. Bare fuel diameter
2. Zircaloy clad thickness
3. Zircaloy clad outside diameter
4. Internal diameter of pressure tube
5. Wall thickness of pressure tube
6. Calandria tube diameter
7. Calandria tube wall thickness
8. Density of fuel (UO2)
9. Density of clad (zircaloy)

10. Specific heat of fuel (UO2)
11. Specific heat of clad (zircaloy)
12. Middle circle diameter (fuel bundle)
13. Outer circle diameter (fuel bundle)
14. Power output from maximum

rated channel
15. Maximum power per unit length
16. Coolant average temperature
17. Moderator average temperature
18. conductance between pressure

tube and calandria tube after
pressure tube ballooning

19. Contact conductance between
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1.43 cm
0.04 cm
1.53 cm
8.25 cm

0.40
10.78 cm
0.124 cm

cm

10.6 gm/cm3

6.5
328.
322.

3.3 cm
6.36 cm

3.08 MW

502 W/cm
217 °C
66 °C
11 kW/in

6.5 kW/m2

gm/crtr
9 J/kg °C
0 J/kg °C

°C [3]

°C [4]
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Fig. 1 Types of enclosures for radiative heat transfer
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Fig. 2 Rod and node numbers
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pressure tube and calandria tube
after pressure tube sagging

20. Contact conductance between 2.0 kW/m2 °C [5]
fuel clad and pressure tube on
fuel slumping

3.0 RESULTS AND DISCUSSIONS

The computer program HT/MOD4 was used for analysing the fuel
behaviour. Figure 2 shows the cross-section of the reactor channel
with fuel rod identification numbers. For the present analysis the
fuel rods, the pressure tube and the calandria tube are all
divided circumferentially into 12 nodes and axially 10 nodes. Each
bare fuel rod is divided into 6 radial nodes, while the fuel clad
is divided into 4 radial nodes. The pressure tube and the
calandria tube are divided into 3 radial nodes each.

The results obtained are presented in three-dimensional
plots. Three-dimensional plots present a qualitative picture of
the reactor channel temperatures.

3.1 Channel Temperature Transients For Totally Voided
Channel

In this case, the reactor is assumed to be operating at full
power at time t=0, when the transient starts. The channel is
assumed to be totally voided immediately, i.e. at t=0*. This as-
sumption of an immediate and complete voidage is conservative.
The reactor trips at t=0+ and produces only decay power. The
following two cases are presented :

Case 1 : The internal pressure in the pressure tube is
low and the tube sags under the weight of fuel and makes
a contact with the calandria tube as determined by the
code TABS

Case 2 : The Internal pressure in the pressure tube is
high and the tube balloons and makes contact with the
calandria tube as determined by the code TESIS

In either case, it is assumed that all the fuel rods slump on
to the pressure tube when the temperature anywhere in the clad
exceeds 1800 deg. C. This assumption and the assumption that the
pressure tube deforms at 1000 deg. C, is conservative [3,4].

Figures 3 and 4 show the initial, steady state temperature
distribution in the reactor channel. The following characteristics
are noted.

1. All fuel pellets have an almost parabolic radial
temperature distribution, while the clad, the pressure tube,
and the calandria tube have an almost linear radial
temperature distribution.

2. The fuel rods in the outer pitch circle have the highest
peak fuel temperatures while the rod in the center has the
lowest peak fuel temperature. This is because of the differ-
ence in the relative power generation in the rods.
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3. There is a significant temperature drop in the gap
between fuel and clad. This results in higher heat storage in
the fuel.

4. The pressure tube temperature is almost equal to that of
the coolant and the calandria tube temperature is almost
equal to that of the moderator. This is because of good
convective heat transfer.

Figure 5 shows the temperature distribution 10 s after the
initiation of the accident. The following observations are
made :

1. Rods with higher heat generation prior to the accident
are at a higher temperature.

2. All fuel rods show a slight peak in the temperatures at
the outer surface of the clad (Figure 5) . This indicates that
the temperature of the fuel clad has crossed the metal water
reaction threshold. This reaction has been initiated, leading
to heat generation at the surface of the clad and a rise in
the local temperature.

3. The pressure tube and the calandria tube temperatures
have not increased significantly. This is because the heat
received by the pressure tube from the fuel rods on the outer
pitch circle and by the calandria tube from the pressure tube
by radiation heat transfer is not yet significant.

The temperature distribution in the fuel pellets at 150 s is
shown in Figure €. The nature of the distribution is similar to
that in Figure 5 except that the curves are flatter and the values
are higher. This is because of a further decrease in the decay
heat generation.

Figure 7 shows the diametral temperature distribution at 200
s. The following observations are made :

1. The central rod temperature decreases towards its
center. This indicates that heat generation at the surface
(due to metal water reaction) , dominates over decay heat
generation.

2. The temperatures of the rods on the inner pitch circle
are higher than those of rods on the outer pitch circle, even
though rods on the inner pitch circle produce. less decay
heat. This again is a consequence of the fact that radiation
heat transfer, with the pressure tube as the coolest surface,
is the dominant mode. The inner rods are hotter because they
are shielded from the pressure tube by the outer rods. By the
same argument, the central rod could soon turn out to be the
hottest one.

3. It is seen that the temperature distribution in the rods
(except the central rod) is not radially symmetric about
their axes. For the outer pitch circle rods, locations near
the centre of the channel have higher temperatures while
locations away from the centre of the channel have lower
temperatures. For the rods on the inner pitch circle the
temperature gradient is in the opposite direction. This
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Time = 10 s

Fig. 5 Temperature distribution in reactor channel at 10 s

Time= 150 s

Fig. 6 Temperature distribution in reactor channel at 150 s
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confirms the domination of radiative heat transfer, because
this mode causes the boundary conditions on each rod to be
unsymmetric.

Case 1 : Contact assumed to be due to balloning.

At about 200 s the pressure tube temperature becomesso high
that it deforms. The mode of deformation affects the thermal
behaviour hence forth. The results for Case 1 (ballooning) are
presented first. It is assumed that the pressure tube ballons at
a temperature of 1000 deg. C and makes a uniform and strong
contact with the calandria tube. The contact conductance is
assumed to be 11 kW/m2 °C. [3]

Figure 8 shows the temperature distribution in the channel at
250 s. It is seen that the pressure tube temperatures have come
down significantly subsequent to its contact with the calandria
tube. However the rise in the calandria tube temperatures is not
significant. The temperature peaks on the fuel surface have also
increased in magnitude showing a higher rate of metal water
reaction. The temperatures in the channel keep rising and pressure
tube ballooning and its contact with the calandria tube is not
able to arrest the temperature rise. In the scenario chosen for
analysis the clad is assumed to fail at 1800 deg. C leading to
slumping of the fuel inside the pressure tube.

Figures 9 show the peak surface temperature transients in the
fuel rods, pressure tube and calandria tube following pressure
tube ballooning and fuel rod slumping. The temperature transient
in the central rod (Rod 1, Figure 2, surface locations 1 and 7)
are shown in Figure 9. The initial sharp rise in the fuel surface
temperature is because of the redistribution of stored heat in the
fuel. This is followed by a gradual rise caused by the decay heat.
The rise in temperature becomes steeper at about 1000 deg. C when
the metal water reaction in the clad starts producing considerable
heat. The rise in the slope of the curve is controlled because the
steam supply is limited, and this restricts the rate of metal
water reaction. The rate of increase of temperature decreases at
a later time because of improved heat removal due to pressure tube
ballooning and fuel slumping. After about 240 s the temperatures
at locations 1 and 7 drift apart because of dissimilar boundary
conditions, caused by fuel -slumping.

Figure 10 shows the temperature transient for the pressure
tube. Initially the temperature of the tube rises as it receives
heat from the fuel rods. After its ballooning at 1000 deg. C the
temperature suddenly falls due to the contact with calandria tube.
The calandria tube temperatures do not change much because of good
convective cooling by the moderator. The circumferential
temperature distribution in the pressure tube at different times
is shown in Figure 11. It is seen that the pressure tube tempera-
ture is initially uniform. After the fuel slumps and makes a
contact with the pressure tube, there is a local rise in tempera-
ture at the area of contact. The temperature in the zone of
contact rises initially, but reduces later on when the fuel tem-
peratures start falling. It is seen that there is a sharp decrease
in temperature after about 480 s. This is because, by then at most
places the cladding has been completely oxidised and so the rate
of heat production due to metal water reaction reduces almost to
zero.
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Time = 250

Fig. 7 Temperature distribution in reactor channel at 200 s

Time =

Fig. 8 Temperature distribution in reactor channel at 250 s
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Case 2 :Contact assumed to be due to sagging.

A different behaviour is -seen in Case 2. At 1000 deg. C, the
pressure tube is considered to sag under the weight of fuel due to
deterioration in its mechanical properties. On sagging, it is
assumed that the pressure tube touches the calandria tube over
l/3rd of its circumference [4]. The contact conductance is 6.5
kW/m* °C [4] .

The temperature transient for rod No. 1 is shown in Figure
12. It may be noticed that the temperature - time behaviour is
identical to the first case for the first 200 s. After that,
although the nature of the transient is similar to that of the
previous case, in this, case the temperatures reached are higher
because, (a) only a part of the pressure tube is in contact with
the calandria tube, and (b) the contact conductance is smaller.

In the case of sagging, the pressure tube experiences large
circumferential temperature gradients. Figure 13 shows the tem-
perature distribution in the pressure tube at various times.
Initially, at 150 s, the temperature distribution is uniform and
it rises with time as is clear from the plot at 200 s. At about
200 s the pressure tube sags. The temperature at the contact
suddenly falls due to transfer of heat by conduction to the
calandria tube and then to the moderator by convection. The
temperature of the rest of the pressure tube also falls, as is
seen from the temperature plot at 250 s. Meanwhile the fuel
temperatures keep rising and hence the rate of transfer of heat to
the pressure tube increases. The pressure tube circumference not
in contact with the calandria tube is not able to transfer heat
directly to the calandria tube by conduction. Consequently the
temperatures rise and the circumferential temperature gradients
increase. This is seen from the plots at 300 s and 350 s. The
circumferential temperature distribution at 560 s shows a decrease
in temperatures, consequent to a decrease in the temperature of
the fuel rods.

Figure 14 compares the peak fuel temperature transients for
the two cases involving (i) ballooning and (ii) sagging. As is
expected the fuel temperatures are higher in the case of pressure
tube sagging. It is also seen that the fuel temperatures do not
reach the fuel melting point (2800 deg. C) in either case.

3.2 Effect Of Convective Heat Transfer Coefficient To
Steam In The Voided Channel

In the analysis described in section 3.1 the fuel tempera-
tures rise slowly initially. Later at higher temperatures the heat
produced by metal water reaction is substantial and causes a rapid
rise in fuel temperatures. The results presented in 3.1 indicate
that the rise of temperature is largely due to the metal water
reaction, whereas the heat removal depends on, to some extent, the
convective heat transfer to steam. Since the value of convective
heat transfer coefficient used in the previous section is due to
Gillespie [3] and is based on limited experimental data, it is
considered necessary to study the sensitivity of the predictions
to the heat transfer coefficient to steam. The effect of
increasing the heat transfer coefficient to steam by 25 percent
has been studied for the case of ballooning of the pressure tube
(Case 1) . Figure 15 shows the peak surface temperature transients
in the reactor channel. Study of Figure 15 indicates that
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1. The behaviour in the first 40 s is independent of the
heat transfer coefficient to steam. The temperatures in this
period are essentially determined by the redistribution of
stored heat.

2. With a higher heat transfer coefficient to steam, all
temperatures tend to reach a shallow peak and then fall
gradually. This indicates that the temperatures do not reach
the levels where metal water reaction starts producing a
significant amount of heat.

3. All fuel rod surface temperatures tend to come close to
each other. This shows that radiative heat transfer among
rods is significant.

4. With the higher heat transfer coefficient, the pressure
tube temperature rises gradually and then falls. It does not
reach a value where the pressure tube will deform.

The results presented in Figure 15 show that the predicted
channel temperature transients are very sensitive to the coeffi-
cient of convective heat transfer to steam.
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Fig. 13 Circumferential temperature distribution of pressure tube
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3.3 Channel Response At Sustained Stratified Flow Levels

A large break loss of coolant accident with partial failure
of the emergency coolant injection system may lead to a sustained
stratified flow level in a channel. To study the effect of level,
the following situation is analysed. The reactor is operating at
full power upto time t = 0. The accident leads to reactor trip and
it is assumed that a sustained stratified flow level is
established in the channel at time t = 0+. Various cases of
stratified flow level are considered and these are shown in Figure
16. It is seen from the figure that in all the cases, some of the
rods are partially submerged, while some others are fully
submerged.

The results for the case of level at half the channel diame-
ter are presented in Figures 17 and 18. Figure 17 shows the
circumferential temperature distribution at 10 s after the initi-
ation of the accident. In this case the central rod is half
submerged in the coolant and hence it has the largest circumfer-
ential temperature gradient. The temperature of the exposed
portion rises due to initial redistribution of heat while that of
the submerged portion stays low due to strong convective cooling
by heavy water.

Figure 18 shows the three dimensional plot of the tempera-
tures in the channel at 10 s. It is seen that the temperatures of
the submerged rods have come down significantly. However, the
temperature distribution in these rods shows that the stored heat
has not yet been totally removed. Also the small temperature peaks
at the surface of the exposed rods indicate the start of the metal
water reaction.

Figure 19 shows the circumferential temperature distribution
in the different rods at 200 s. The gradients in the central rod
which were very high at 10 s are now reduced. The distribution in
rod 4 now shows a temperature gradient towards the water level.
This is because radiation heat transfer has become significant,
and the rod is losing heat to water which also acts as a radiation
heat sink. Rod 5, although in the same pitch circle has a higher
temperature, because it is away from the coolant. A similar
behaviour occurs for the outer pitch circle rods 12 and 14 (not
shown in the figure).

Circumferential temperature distribution in the pressure tube
at 200 s is presented in Figure 20. The pressure tube temperature
rises in the exposed area (non wetted) . It receives heat from the
outer pitch circle rods and is not able to conduct it to the
coolant through its submerged portion.

4.0 CONCLUSIONS

The present analysis predicts significant temperature dif-
ferences along the circumference of the fuel rods. These circum-
ferential temperature variations affect not only the heat transfer
but also the time which fuel rods fail and slump on to the
pressure tube. Also at higher temperatures, the fuel clad may
balloon under the internal pressure of fission gases and cause a
flow blockage for any emergency coolant injected or may rupture
leading to release of fission products.
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Fig. 18 Temperature distribution in reactor channel with water level at half the channel height at 10 s
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Fig. 19 Circumferential temperature distribution for RODs 1, 4 & 5 at 200 s
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For the case where the channel is completely voided, the
analysis reported is conservative but even then fuel temperatures
remain below the melting point of uranium dioxide for a case of
loss of coolant accident coincident with total failure of the
emergency core cooling system. The required condition for this is
the availability of moderator cooling.

It is observed that heat produced due to metal water reaction
determines the temperature rise in different channel components.
The pressure tube deformation and its contact with the calandria
tube is not able to prevent fuel failure because of temperature
rise. The fuel cluster slumping onto the pressure tube reduces the
temperature rise in different channel components significantly.
However, the temperatures start falling only when the cladding of
some fuel rods oxidises completely, thus reducing the energy
released during the metal water reaction.

This analysis shows that* circumferential temperature gradi-
ents appear in the pressure tube subsequent to the pressure tube
making a contact with the calandria tube. These temperature
gradients are smaller for the case of pressure tube ballooning
(Figure 11) but can be significant for the case of pressure tube
sagging (Figure 13) . In case of pressure tube sagging the temper-
atures and their gradients continue to rise for a considerable
period. In view of this the integrity of the pressure tube needs
to be further examined even after its contact with the calandria
tube. However, the calandria tube integrity is not threatened. Its
temperature and the temperature gradients do not increase
significantly.
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For the cases where a sustained stratified flow level exists
in the channel, The results obtained indicate that if the level of
the stratified flow is more than half the channel height, the
temperatures in the channel components are controlled and may not
endanger channel integrity.
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