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Abstract:

Failures in the shield cooling system (i.e. loss of circulation, loss of heat sink and loss of
end shield inventory) cause the metal components in the end shield assembly to heat up.
These components, particularly the inner and outer tubesheets, heat up at different rates.
Thermal loading of the tubesheets in this manner causes them to deform and possibly
lead to distortion of the calandria assembly and exert extra load on the fuel channels.
This in turn may jeopardize the integrity of the fuel channels and/or operation of the
shutdown systems.

This paper discusses the CATHENA thermalhydraulic model of the end shield cooling
system used in Point Lepreau. The thermalhydraulic response of the system following
different Point Lepreau Generating Station transients and the predicted system
temperature are also presented.

The thermalhydraulic response of the system following shield cooling system failures and
the temperature profile of the inner and outer calandria tubesheets can be obtained using
this model. Such tubesheet differential temperatures are normally used as input to assess
the integrity of the calandria assembly following postulated end shield cooling system
failures.

Acknowledgements

The authors of this paper would like to thank Bruce Hanna of Atomic Energy of

Canada Limited for his valuable comments in preparing the model for end shield cooling
system.

Page 1 of 22



23rd CNS Nuclear Simulation Symposium 2008 November 2-4
Ottawa Marriott, Ottawa, Ontario

1. INTRODUCTION

The end shield cooling system removes heat, which accumulates in the calandria vault,
and end shields due to nuclear heating from the reactor core and heat transfer from the
fuel channels, heat transport system feeders, and moderator. The other main function of
this system is to maintain the calandria vault and end shields full of water to provide
biological shielding against radiation during normal operation and shutdown conditions.
Failures in the end shield cooling system (i.e. loss of circulation, loss of heat sink and
loss of end shield inventory) cause the metal components in the end shield assembly to
heat up. These components, particularly the inner and outer tubesheets, heat up at
different rates. Thermal loading of the tubesheets in this manner causes them to deform
and possibly lead to distortion of the calandria assembly and exert extra load on the fuel
channels. This in turn may jeopardize the integrity of the fuel channels and/or operation
of the shutdown systems.

In order to predict the differential temperature between the calandria (inner) and fuelling
machine (outer) tubesheets a thermal and a hydraulic model of the shield cooling system
was developed. The CATHENA model developed for the end shield cooling system
takes into account the heat load to the system and the system hydraulics. A description of
the model and major assumptions is presented in the following sections.

A number of simulations were performed to test the model robustness and adequacy to
model the end shield cooling system. The design system parameters such as pressures,
temperatures and flows were reproduced based on a steady state simulation.

The comparison with Point Lepreau Generating Station (PLGS) plant measured data
following a power run-down and run-up transients is presented.

A parameter sensitivity study was also performed to assess the effect of using different
values for heat transfer coefficient and hydraulic diameter in the end shield region on the
predictions of the maximum differential temperature between the inner and outer
calandria tubesheets. The results of the parameter sensitivity study are also presented.
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2. MODEL DESCRIPTION AND ASSUMPTIONS

The end shield cooling system model was developed to analyse postulated end shield
cooling system failures. The objective of such analysis is to predict the differential
temperature between the inner and outer tubesheets in order to determine if the potential
exists for differential tubesheet deformation. Excessive deformation could damage fuel
channels and/or shutoff rod assemblies.

The end shield cooling system model was developed such to provide a conservative
estimate of temperature differences between the two tubesheets. This is achieved by the
combination of assuming high heat load to the end shield and a low moderator
temperature. Furthermore, the model assumes that the maximum heat is generated in the
inner tubesheets and no heat is generated in the outer tubesheets. This set of assumptions
takes into account the operating conditions prior and after the reactor trip.

The hydraulic model was developed to provide the hydraulic information in different
locations of the circuit, which is used by the thermal model to predict the metal
temperatures in axial and radial directions along the end shield structures (i.e., inner/outer
tubesheet, steel balls and lattice tubes).

The end shield cooling system noncondensable gases are modelled as saturated steam,
and applying the numeric option to disable condensation. The tee junctions in the circuit
piping are modelled as CATHENA volume components.

The thermal model was developed to predict the wall metal temperature based on the heat
transfer coefficient between the fluid and metal structures (i.e., inner/outer tubesheet,
steel balls and lattice tubes). The heat transfer correlations are determined based on
average fluid velocity.

The CATHENA GENeralized Heat Transfer Package (GENHTP) was used to model the
heat transfer in the end shield tubesheets, carbon steel balls and lattice tubes with the
internal heat sources where applicable. The heat sources model the direct neutronic and
gamma heating of the specific metal structure as the reactor operates at full power.

2.1 CATHENA Hydraulic Model

The schematic diagram of the end shield cooling system is presented in Figure 1 and
includes the major components of the system:

e A 100% operating pump (PUMP1). The shield cooling system has two 100%
pumps but only one is running during normal operation and the other one is on
standby,

Two 50% capacity heat exchangers for heat removal (HX1 and HX?2),
The two end shields X and Y (ENDSHX and ENDSHY),
The calandria vault including the cover gas space above (CVAULT),
The two delay tanks (TK1 and TK2),
The head tank (TK3),
The purification circuit including the ion exchanger
e Air piping and rupture discs (two 6-inch and one 24-inch rupture discs, RD-1, 2
and RD-3 respectively),
The end shield rings are not modelled separately. They serve to keep the concrete
temperature of the calandria vault structure within the design limits. The flow through
the end shield rings does not contribute directly to the cooling inside the end shield
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structure. As a result, it does not have influence on the stress of the end shield
tubesheets. The coolant flow going through the rings is added to the calandria vault inlet
flow.

The detailed piping geometry was input from the available Point Lepreau isometric “as-
built” drawings. The minor losses and friction factors were determined from Reference
[1]. The end shield cooling system hydraulic model was fine tuned to achieve the design
flow distribution under normal operation by varying the area of restriction orifices
located at different points of the hydraulic circuit, similar to the process performed during
commissioning. The CATHENA model represents the restriction orifices as valves.

Pumps

Only one 100% capacity pump was modelled (identified as PUMP1 in the model). No
pump switchover was modelled during transient simulation because the analysis scenario
of the loss of flow end shield cooling system (ESCS) failure does not include the restart
of the stand-by pump. As a result, the stand-by pump is not represented in the
CATHENA model.

Heat Exchangers

The model represents each heat exchanger separately. The inlet and outlet piping as well
as heat exchanger tubes are modelled as CATHENA pipe components. The end shield
cooling system 50% capacity heat exchangers HX1 and HX2 are modelled as simple heat
input boundary conditions.

End Shields X and Y

The end shields X and Y are modelled separately. The connecting pipes are modelled
according to the “as-built” isometric drawings to accurately represent the differences in
the circuit geometry between the two end shields. The end shield X and Y inlet piping is
represented by pipe components ENDSHXEN and ENDSHYEN respectively. The end
shield themselves are modelled by pipe components ENDSHX and ENDSHY. The
hydraulic resistance of the end shield carbon balls is calculated as the resistance of a
packed bed assuming the design 60/40-volume ratio of steel balls to surrounding water.
The ENDSHX and ENDSHY pipe components are represented with 22 nodes, one per
each row of fuel channels, to provide a detailed pressure drop calculation. The end shield
X and Y outlet piping is modelled as pipe components ENDSHXEX and ENDSHYEX
respectively.

Calandria Vault (Shield Tank)

The calandria vault is modelled as a tank component with the variable cross section area
to account for the vertical geometry changes. The heat added to the vault water from the
calandria shell and the neutron and gamma radiation is modelled using a tank heater. The
nitrogen supply system is modelled via a boundary condition N2SUPP. The connecting
valve opens once the cover gas pressure falls below the low cover gas pressure setpoint
and closes once the pressure reaches the high cover gas pressure alarm setpoint. The
valve area is adjusted to limit the maximum N, flow to 20 L/sec. The nitrogen supply
system model can be disabled, if needed. There is also a new 24-inch rupture disc
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connected to the calandria vault (RD-3). The rupture disc RD-3 is connected to a
boundary condition reservoir component RDATM.

Delay Tanks TK-1 and TK-2

The delay tanks are identical. They are modelled as 4 pipe components connected in
series. TK1-1 and TK2-1 represent the tank inlets. The annular space is modelled as
TK1-2 and TK2-2 and the inner downcomer pipes are modelled as TK1-3 and TK2-3
with the corresponding cross section areas and hydraulic diameters. The outlet parts of
the tanks are represented as TK1-4 and TK2-4 respectively.

Ion Exchanger Circuit

The ion exchanger circuit is represented by the following pipe components: 3W20, IX
and 3W19. The restriction orifice RO-9 is modelled as a valve. The valve open fraction
is adjusted to achieve the design flow through the ion exchanger circuit.

Air Piping And Rupture Discs

The air and water pipes connected to the existing rupture discs RD-1 and RD-2 are
modelled in great detail. These are usually small diameter pipes ranging from 3/4 to 6
inch. They are represented as pipe components. The rupture discs open once the
differential pressure exceeds 69 kPa(g). The discharge is directed to a boundary
condition reservoir component RBATM. The rupture discs are modelled as valves.

Break Lines
Four different break circuits are modelled. These elements do not exist in the real plant.
They are modelled to simulate the following accident sequences:

e 12W7-BR1, 12W7-BR2 connected to the boundary condition reservoir
component DBLBRK. This circuit models a double-ended guillotine break of the
largest end shield cooling system 12-inch pipe. This break location leads to a
simultaneous total inventory loss from the both end shields. The check valves V-
29 and V-36 are assumed stuck open. At time zero, valve V-12W7BR is closed
and valves V-12W7B1 and V-12W7B2 are open.

e 10WI13BRI1, 10W13BR2 are connected to the boundary condition reservoir
component SGLBRKX. This break location allows modelling a single or double-
ended break of the end shield X inlet header.

e 10W7BRI1, 10W7BR2 are connected to the boundary condition reservoir
component SGLBRKY. This break location allows modelling a single or double-
ended break of the end shield Y inlet header.

e HXIBRK, HX2BRK are connected to the boundary condition reservoir
component HXBRK. This break location allows modelling of a single HX pipe
break in either heat exchanger or both.

End Shield Cross-Section Area and Hydraulic Diameter

The end shield cross-section area varies greatly in the vertical direction reaching a
maximum at the middle plane. The end shield is modelled as a CATHENA pipe
component to account for the flow resistance associated with the internal components.
The pipe component does not allow for the cross-section area variation with height.

Page 5 of 22



23rd CNS Nuclear Simulation Symposium 2008 November 2-4
Ottawa Marriott, Ottawa, Ontario

Hence, a representative flow area and hydraulic diameter have been selected. In order to
calculate the average representative flow area and hydraulic diameter, the following
methodology was used. For each channel row a number of parameters were determined
(details in Figure 2):
e Number of lattice tubes in a row Nyow LT, -
e Length L of the channel row, m
e Total cross-section flow area is calculated as: A =L * Lrs, mz, where
Lts is the distance between the tubesheets, m
e (Cross-section area taken by the lattice tubes: Apt = dout * L1s * Nrow LT, m2, where
dout 1S the outer diameter of the lattice tubes, m
Niow LT 18 the number of lattice tubes in a row, -
e Cross-section area available for the coolant flow: Agee = Atot - ALT, m>
e Actual flow area was determined assuming 60% is occupied by the shielding
balls: Asctuat = 0.4 X Afree, M’
o Wetted perimeter: Py, m
e Hydraulic diameter: Dyyq =4 * Aactual / Pwet, m
After averaging the values for the flow area and the hydraulic diameter over each row,
the values for a representative row are obtained. The flow area and the hydraulic
diameter of the end shield component are set to the values for a representative row. In
addition, the fluid volume in the end shield was preserved using the design metal to water

ratio of 60/40 that corresponds to the ratio between the carbon steel balls and the end
shield liquid.

Minor Losses Coefficient in the Shielding Balls Region
The end shield inner volume is filled with carbon steel shielding balls. The flow through
this area is considered as a flow in a packed bed. To obtain the pressure drop through a
packed bed, the following relation is used, References [2], [3]:
L ,1—¢

AP=f,—pV,

p Dp 83
Where:

f, — friction factor, -

L — height of the packed bed, m

D, — steel ball diameter, m

p — fluid density, kg/m’

V; — superficial velocity, m/sec

€ — liquid fraction in the packed bed (¢ = 0.4), -
To calculate the value of £, it is necessary to determine the Reynolds number. The
relation for Re,, Reference [3], can be written as follows:

_ pDJ
"o (-e)u
Where:
n — dynamic viscosity of liquid, Pa - sec

(1

Re (2

For Re, > 1000 (fully turbulent flow), the Burke-Plummer equation can be used with f;, =
1.75 (Reference [3]). Substituting f, = 1.75 into equation (1) and comparing it with the
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Darcy formula for the pressure drop calculation (3), one arrives at the following relation

for K (4):
L pV?
=f —— Darcy formula 3
"D 2 (Darcy ) 3)
K:3.51_f (4)
£

Hence, K = 3.5 (1 — 0.4) / 0.4° = 32.8125.

2.2 CATHENA Thermal Model

The end shields are cylindrical vessels bounded at the ends by the inner and outer
tubesheets. Each end shield is filled with coolant (demineralised water) and carbon steel
shielding balls. Lattice tubes penetrate each end shield and span the distance between the
inner and outer tubesheets. Coolant enters each end shield at the bottom and exits from
the top.

Nuclear heating of the shielding balls, lattice tubes, and tubesheets is not uniform across

the face of the end shields. Heat is transferred to the end shield coolant from the PHT

fuel channels (via the lattice tubes) and heat from nuclear radiation generated in carbon
steel balls/water regions, thermal shields and structures outside end shields or transferred
to calandria shell and inner tubesheets. The temperature of the PHT coolant is not
uniform along the channels. The temperature of the moderator is not uniform across the
face of the inner tubesheets.

Complex heat generation and heat transfer mechanisms occur within the end shields. In

the current model, the detailed local hydraulic behaviour cannot be simulated since

CATHENA can only model 1-D fluid flow. The impact of using the average velocity

provided by a 1-D fluid flow instead of a multidimensional fluid flow is not significant,

since the model is intended to predict the average volumetric metal temperatures in the
end shield inner and outer tubesheets over the transients that last tens of minutes and even
hours. The spatial variations of the temperatures in fluid and solid components within the
end shield space are not very large and do not greatly affect the overall metal stresses,
which are the function of average volumetric metal temperatures.

Several assumptions are made with respect to the heat generation and heat transfer

between the various end shield metal components in order to obtain conservative metal

temperature transients while modeling with reasonable accuracy the system response and
event timing.

The end shield thermal model assumptions are discussed below:

A. Four heat transfer models have been used to model the heat transfer to end shield
fluid from different components of the end shield system. The heat transfer models
take advantage of the calandria assembly symmetry.

e A model representing the heat transfer between the shielding balls and the end
shield water.

e A model representing the heat transfer between the PHT coolant, lattice tubes and
the end shield water.

e A model representing the heat transfer between the inner calandria tubesheets and
the end shield coolant.
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e A model representing the heat transfer between the outer calandria tubesheets and
the end shield coolant.

B. No heat transfer by conduction is modeled between the different heat transfer models
(e.g., no heat transfer between the lattice tubes and tubesheets). This assumption will
maximize the heat load to the end shield water. The heat transfer by conduction
between the different heat transfer models is not significant for the end shield
tubesheets temperature distribution.

C. The axial heat conduction along the length of the heat transfer models is neglected.
This approach will maximize the temperature gradients in the heat transfer models.
The axial heat conduction along the length of the heat transfer models has little
impact on end shield tubesheets temperature distribution because the heat models are
represented by multiple nodes transferring the heat to the end shield water by forced
convection.

Radiation heat transfer between heat transfer models was not modeled, as it is

insignificant at low temperature.

Heat Transfer Coefficient Correlations

The default set of CATHENA heat transfer correlations was used for all GENHTP
models except for the lattice tube and shielding ball regions. No condensation on the heat
transfer surfaces was modelled.

For the lattice tube and shielding ball regions, the Zukauskas (cross-flow) liquid
convective heat transfer correlation was selected since the flow in the end shield region is
over the shielding balls and across the lattice tubes. There are 22 rows of lattice tubes in
the end shields. The correlation was developed for forced convection heat transfer flow
across tube bundles of at least 10 rows deep, Reference [4]. The correlation is verified
for a variety of in-line and staggered tube bundle configurations for Re numbers ranging
from 10° to 10° and system pressures ranging from 660 Pa(a) to 22 MPa(a), which
envelopes the end shield cooling system conditions.

Carbon Steel Shielding Balls Model

WENDSHX1 and WENDSHY'1 are the carbon steel shielding balls GENHTP models for
the end shields X and Y respectively. Adiabatic boundary conditions are used on the
inner surface of the shielding balls. The outside surface of the shielding balls is facing
the end shield water. The total mass, volume and heat transfer area of the shielding balls
are conserved. The built-in CATHENA material properties for carbon steel are used.
The internal heat source due to the neutron and gamma radiation is modelled in the
shielding balls (Reference [5]).

Lattice Tubes and Fuel Channels Model

WENDSHX?2 and WENDSHY?2 are the lattice tubes and fuel channels GENHTP models
for the end shields X and Y respectively. The lattice tubes are located horizontally inside
the end shields with the end shield coolant flow going across them in the vertical
direction, Figure 2. The fuel channels are inside the lattice tubes. The total mass, volume
and heat transfer area of the lattice tubes are conserved. The built-in CATHENA
material properties for stainless steel are used. The boundary conditions on the inside of
the fuel channels are modelled as a function of the primary heat transport (PHT) coolant
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temperature and heat transfer coefficient. The gap conductivity between the fuel
channels and the lattice tubes is adjusted to transfer the designed amount of heat from the
PHT coolant to the end shield water (Reference [5]). The outside surface of the lattice
tubes is facing the end shield water. No internal heat source due to the neutron and
gamma radiation is modelled in the lattice tubes.

Inner Tubesheet Model

WENDSHX3 and WENDSHY?3 are the inner tubesheets GENHTP models for the end
shields X and Y respectively. The total mass, volume and heat transfer area of the inner
tubesheet are conserved. The built-in CATHENA material properties for stainless steel
are used. The boundary conditions on the inside of the inner tubesheet are modelled as a
function of the moderator temperature and heat transfer coefficient, which is adjusted to
transfer the design amount of heat to the end shield water and to the moderator
(Reference [5]). The internal heat source due to the neutron and gamma radiation is
modelled in the inner tubesheet (Reference [5]). The outside surface of the inner
tubesheet is facing the end shield water.

Outer Tubesheet Model

WENDSHX4 and WENDSHY4 are the outer tubesheets GENHTP models for the end
shields X and Y respectively. The total mass, volume and heat transfer area of the outer
tubesheet are conserved. The built-in CATHENA material properties for stainless steel
are used. The boundary conditions on the outside of the outer tubesheet are modelled as
a function of the feeder cabinet air temperature and heat transfer coefficient, which is
adjusted to obtain the design average temperature in the outer tubesheet metal. No
internal heat source due to the neutron and gamma radiation is modelled in the outer
tubesheet (Reference [5]). The inside surface of the outer tubesheet is facing the end
shield water.
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3. COMPARISON TO PLANT DATA

Point Lepreau Generating Station provided some plant data to compare the end shield
model predictions with the measured plant parameters. The speed of these plant
transients, in the order of tens of minutes or even hours, is similar to the progression of
scenarios for which the current model is built to analyse.

3.1 Verification Against PLGS Power Run-down Transient

Introduction

As part of the end shield model verification exercise, PLGS provided the measurements
for the plant power run-down transient that took place on April 6, 2007, from 21:00:00 to
23:00:00. The data was provided using an Excel file and included the following
information:

Relative reactor power,

End shield inlet temperature (63411-TT15, Al 730), °C,

End shield X outlet temperature (63411-TT07, Al 2740), °C,

End shield Y outlet temperature (63411-TTO08, Al 2741), °C,

Calandria vault outlet temperature (63411-TT09, Al 2742), °C,

Calandria vault cover gas pressure (63411-PT19, Al 2743), kPa(g),

Calandria vault water level (63411-LT21, Al 2744), mm.

Description of the Transient

The reactor power was kept constant at about 91.05% FP for the first hour of operation
from 09:00:00 PM to 10:00:00 PM (3600 sec), Figure 3. The power was reduced in a
series of steps to about 77% FP at 10:04:48 PM (3888 sec). Then at approx. 10:17:42
PM (4662 sec) the reactor was shutdown and remained at the decay power level until the
end of the transient at 11:00:00 PM (7200 sec).

Discussion of Results

Overall, the CATHENA model predictions agree well with the measured parameters.
The CATHENA model did not simulate the calandria vault inlet temperature controller.
The heat removal in the heat exchangers was modelled as a simple constant boundary
condition. The end shield heat load in the model assumed no PHT temperature reduction
due to the reactor trip. The PHT heat load contribution through the fuel channels
remained constant, even though the reactor power decreased to the decay heat levels.
The steady state end shield inlet and outlet coolant temperature were slightly higher than
the measured values, Figure 4 and Figure 5. The predicted end shield inlet coolant
temperature decreased faster than the measured one, Figure 4, following the reactor trip
due to the discussed above simplified heat removal boundary condition in the heat
exchangers. The end shield outlet coolant temperature was in a fairly good agreement
with the measured values, Figure 5.

Summary

The CATHENA model predicted the power run-down transient recorded at the PLGS on
April 6, 2007 with a reasonable degree of accuracy. The margin of deviation between the
calculated and measured parameters was small. The model did not simulate any PHT
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cooldown following the reactor trip, though the provided measurement data suggested
that the PHT temperature started to decrease shortly after the reactor shutdown. The end
shield inlet and outlet coolant temperatures were in a good agreement with the plant data
and consistent with the higher simulated heat load in the model and a simplified constant
heat removal boundary condition in the heat exchangers.

3.2 Verification Against PLGS Power Run-up Transient

Introduction

PLGS provided the measurements for a plant power run-up transient that took place on
May 3, 2007, from 01:00:00 to 08:00:00. Some of the data provided in the Excel file
format included:

Relative reactor power,

End shield inlet temperature (63411-TT15, Al 730), °C,

End shield X outlet temperature (63411-TT07, Al 2740), °C,

End shield Y outlet temperature (63411-TTO08, Al 2741), °C,

Calandria vault outlet temperature (63411-TT09, Al 2742), °C,

Calandria vault cover gas pressure (63411-PT19, Al 2743), kPa(g),

Calandria vault water level (63411-LT21, Al 2744), mm.

Description of the Transient

The reactor power was kept constant at about 51.03% FP for the first 46 minutes 42
seconds of operation from 01:00:00 AM to 01:46:42 AM (2802 sec), Figure 6. The
power then was increased to about 67% FP at 01:52:24 AM (3144 sec). It stayed at this
level for about 26 minutes until 02:18:06 AM (4686 sec). Then the power was reduced
again to approx. 51% FP level at 02:23:42 AM (5022 sec). The reactor operated at this
level for about 2 hours 47 minutes until 05:10:54 AM (15054 sec). Finally, in a series of
steps, the power was increased to approx. 82% FP at 05:43:36 AM (17016 sec) where it
was kept constant until the end of the transient.

Discussion of Results

Overall, the CATHENA model predictions agree well with the measured parameters.
The steady state end shields inlet and outlet coolant temperatures were approx. one
degree higher than the measured values, Figure 7 and Figure 8. The predicted values
were in a fairly good agreement with the measurements, following the recorded trends
closely.

Summary

The CATHENA model predicted the power run-up transient recorded at the PLGS on
May 3, 2007 with a reasonable degree of accuracy. The margin of deviation between the
calculated and measured parameters was small. The end shield inlet and outlet coolant
temperatures were in a good agreement with the plant data and consistent with the higher
simulated heat load in the model. Overall, the model captured the temperature and level
trends recorded in the power run up transient correctly.
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4. END SHIELD MODEL PARAMETER SENSITIVITY STUDY

In addition to comparison of the model predictions with the plant transients and design
parameters, a sensitivity study was conducted to determine the model sensitivity to the
different values for hydraulic diameter in the end shield and for the heat transfer
coefficient (HTC). A comparison between the HTC predicted by the end shield cooling
system CATHENA model and the HTC under free convection conditions has also been
performed.

4.1 Description of Methodology

The variation of the CATHENA predicted HTC for the lattice tubes and shielding balls
was achieved through setting the multiplier “CORRECTION FACTOR” to an
appropriate value. The base case had the “CORRECTION FACTOR” of 1.0, i.e., no
correction to the predicted HTC value. The hydraulic diameter was varied in the input
file for the ENDSHX and ENDSHY components.

A selected set of transients was run first with the base input file (the original hydraulic
diameter, HTC Correction Factor = 1.0) and then with the following parameter variations:

e HTC Correction Factor for the Lattice Tube and Shielding Ball GENHTP Models
was set to 1.50 (50% increase over the value calculated by CATHENA). The end
shield hydraulic diameter was not changed from the original value.

e HTC Correction Factor for the Lattice Tube and Shielding Ball GENHTP Models
was set to 0.50 (50% decrease over the value calculated by CATHENA). The end
shield hydraulic diameter was not changed from the original value.

e The end shield hydraulic diameter was increased by 50% from the original value.
HTC Correction Factor for the Lattice Tube and Shielding Ball GENHTP Models
was not changed (1.0).

e The end shield hydraulic diameter was decreased by 50% from the original value.
HTC Correction Factor for the Lattice Tube and Shielding Ball GENHTP Models
was not changed (1.0).

e The end shield hydraulic diameter was decreased tenfold (-1000%) from the
original value. This made the end shield hydraulic diameter closer to the diameter
of a shielding ball. HTC Correction Factor for the Lattice Tube and Shielding
Ball GENHTP Models was increased tenfold (+1000%).

4.2 Discussion of Results

The results of the performed analyses demonstrated that the maximum temperature
differential (ATmax) between the end shield inner and outer tubesheets was largely
insensitive to the £50% or even +1000% variation in the HTC and +50% variation in the
hydraulic diameter. The maximum variation of ATy« versus the base case (the original
hydraulic diameter, HTC Correction Factor = 1.0) ranged from —3.71°C to +2.96°C.

A comparison between the HTC predicted by the end shield cooling CATHENA model
and the HTC under free convection conditions shows that the HTC calculated by
CATHENA is conservative.
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S. CONCLUSION

This paper has documented the CATHENA thermalhydraulic model of the Point Lepreau
end shield cooling system.

The comparison between PLGS plant measured data following a power run-down and
run-up transients and model simulation results shows that the model predicts the
thermalhydraulic parameters with reasonable degree of accuracy.

The parameter sensitivity study results clearly demonstrate that the maximum predicted
temperature differential between the tubesheets is largely insensitive to £50% or even
much larger variation in the heat transfer coefficient and £50% variation in the hydraulic
diameter. A comparison between the HTC predicted by the end shield cooling
CATHENA model and the HTC under free convection conditions shows that the HTC
calculated by CATHENA is conservative.

The thermalhydraulic response and the average volumetric metal temperature profile of
the inner and outer calandria tubesheets of the end shield cooling system following
postulated failures can be obtained using this model. The tubesheet differential
temperatures can be used as input to assess the integrity of the calandria assembly
following postulated end shield cooling system failures.

To complement the verification work performed using Point Lepreau plant transient data,
future model development and validation work is planned using the moderator and end
shield system heat transfer experiments performed at AECL.
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Figure 1 End Shield Cooling System Schematic Diagram
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Figure 3 Measured Reactor Power (Power Run-down)
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Figure 4 End Shield X and Y Inlet Coolant Temperatures (Power Run-down)
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Figure 5 End Shield X and Y Outlet Coolant Temperatures (Power Run-down)
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Figure 6 Measured Reactor Power (Power Run-up)
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Figure 7 End Shield X and Y Inlet Coolant Temperatures (Power Run-up)
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Figure 8 End Shield X and Y Outlet Coolant Temperature (Power Run-up)

Page 22 of 22



	Abstract:
	Acknowledgements
	1. INTRODUCTION
	2. MODEL DESCRIPTION AND ASSUMPTIONS
	3. COMPARISON TO PLANT DATA
	4. END SHIELD MODEL PARAMETER SENSITIVITY STUDY
	5. CONCLUSION
	6. REFERENCES


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


