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ABSTRACT

Presented here is the TUF simulation of the initial transient of the Class IV power failure event that occurred on
November 25, 1993 at Darlington Unit 4. The important physical parameters and models that relate to this event are
discussed. The agreements between the code predictions and the plant data on the thermal-hydraulics and controller
responses demonstrate the code reliability for plant operational support.

1. INTRODUCTION

The significant role of reactor operational data on thermal-hydraulic code development has been recognized
(Reference 1) in the nuclear industry. Operating reactors clearly provide the only full scale and integrated tests for
thermal-hydraulic system codes. The operational data obtained from planned and unplanned operating transients have
been useful in improving the simulation of reactor thermal-hydraulics. Simulations of normal and abnormal reactor
operations have been emphasized in Ontario Hydro Nuclear since they can improve the quality of reactor thermal-
hydraulic predictions. Satisfactory predictions by a thermal-hydraulic code require two conditions: the appropriate
models applied in the code and the appropriate input data. Agreement between code predictions and plant data
improve with time due to adjustments either to the analytical models or to the input data.

Due to the unique design features of the CANDU reactor and the intrinsic safety-related features distinguishing it
from other reactors, several thermal-hydraulic system codes have been developed in Canada to provide analytical
tools for the safety analyses of CANDU reactors. After years of development, TUF has been assigned as the main
safety analysis tool for the CANDU reactor plants at Ontario Hydro Nuclear. This is due to its capability to provide
realistic results with its two-fluid model and its relatively detailed channel modelling.

TUF consists of two separated programs (Reference 2): steady state and transient. A unique feature of the TUF (also
SOPHT, Reference 3) code is the steady-state initialization capability. The steady-state program significantly reduces
the manpower and computer time required to establish the initial conditions for a transient calculation. In the steady
state program, equations dealing with thermal-hydraulic variables, nodal heat flux, heat exchanger film resistance
and valve position (or special link resistance) for a control system are solved. The set of simultaneous non-linear
equations is solved by the Newton-Raphson iteration method. To match the steady state solutions with normal
operating conditions, boundary flags are included in the node and link input data. These flags are used to define the
degrees of freedom for the steady state simulation, particularly when the control systems are strongly involved. The
steady state program is used to calculate the normal operating conditions of a CANDU reactor at a specific power
level. Both TUF programs contain modules dealing with thermal-hydraulics (one-fluid, drift-flux and two-fluid),
reactor physics (point kinetics or coupling with other reactor physics code), heat conduction (pipe wall, heat
exchangers, pressure/calandria tubes and fuel pins), special components (pumps, valves, boilers, pressurizer, bleed



condenser and accumulator), and special models (discharge model, level swell analysis, bundle movement, pipe strain
model and metal-water reaction), and station controllers. The control systems used in the code are station dependent.
The controllers simulate the following control systems: overall unit control, reactor regulating system, steam
generator pressure and level controls, heat transport pressure and inventory controls, bleed condenser pressure and
level controls, pressurizer pressure and level controls (for Bruce and Darlington stations), ECI system and reactor
shut-down systems.

The TUF code is being validated against three different classes of data. The first and simplest types of comparisons
are separate effect experiments. The complexities of these tests are held to a minimum and the governing parameters
accurately measured. The second category of experiments are system effects tests in which the interactions of various
components must be described. The third and most important class of comparison is against actual plant data.
Usually, these operational transients are characterized by mild thermal-hydraulic transients which cause control
system action and subsequent equipment responses. This last class of analysis requires the correct steady state
conditions, realistic boundary conditions and proper descriptions of plant protection systems.

The loss of Class IV power has occurred several times in the CANDU power plants. The event that occurred on
November 25, 1993 is the first time for Darlington NGS. The following scenarios occur as a result of a Class IV
power failure: loss of HT pumps, turbine trip, loss of boiler feedwater pumps (until Class III power becomes
available), loss of D2O feed pumps (until the availability of Class IV power), loss of condenser CW pumps and
reactor trip (indirectly). The safety aspects of this event for Darlington NGS have been discussed in the plant safety
report which was based on studies using a conservative approach. After the loss of pump power, the HT pumps take
about two to three minutes to rundown due to the momentum of the flywheel. This ensures a smooth transition to
thermosyphoning. In the CANDU reactor, the heat source occurs at the bottom and the heat sink occurs at the top
of the circuit. It has been shown from plant data and experiments that single-phase thermosyphoning can provide
adequate core cooling at decay power levels, as long as the heat sink is available. In the short term, the
thermosyphoning flows are adequate to prevent fuel heat-up. In the longer term, heat is removed from the heat
transport system by the steam generators, which have an inventory exceeding 45 minutes at decay power levels.

The primary objective of this paper is to examine the overall thermal-hydraulics and controller responses predicted
by the TUF code for the November 25, 1993 event. The important physical parameters and models that relate to this
event are identified and discussed.

2. DESCRIPTION OF EVENT

A loss of unit Class IV power can be caused by a loss of the bulk electricity supply system and any one of the
following: a turbine trip; a unit service transformer failure; a main output transformer failure; a generator failure;
an isolated phase bus failure; or failure of a diameter breaker to open. If the unit Class IV power failure is caused
by the turbine trip, there is also a loss of power to the unit Class III buses. The immediate consequence of a loss
of Class IV power is the loss of electrical supply to the heat transport pumps, which leads to pump rundown and
a reduction in the effectiveness of fuel cooling while the reactor is at power. Without the Class III power, the D2O
feed pump is not available.

The loss of Class IV power event in November 1993 at Darlington Unit 4 is briefly described as follows. Before the
event occurred, all units were operated at 100% reactor power and full generator power. On November 25, 1993,
a fault occurred at the bushing in the SF6 compartment of Unit 3 diameter breaker in the Bowmanville Switching
Station. It initiated a turbine/generator trip for Unit 4 from the LG4 protection logic of the Bowmanville SS.

As a result of the turbine trip, the power to all Class III and Class IV of Unit 4 loads was lost. At 0.5 second (times
are relative to the time of the turbine trip of Unit 4), a stepback occurred on turbine trip. At time 2.2 seconds, two
channels of LRV sensed a logic trip on high HT pressure (requesting the opening of the liquid relief valves PV35
and PV36 in the south loop). At time 2.3 seconds, SDS1 sealed in and fired on low HT flow (20.5 kg/s). At time



3.00 and 3.03 seconds, PV35 and PV36 opened respectively. At time 3.24 seconds, LRV sensing logic trips cleared
as HT pressure fell. PV35 was open for 1.6 seconds and PV36 was open for 1.9 seconds. At time 5 seconds, the
bleed condenser pressure increased reaching the high alarm setpoint of 1.89 MPa(a). At time 8 seconds. Class III
buses were automatically restored by the CSA reloader. At time 8.4 seconds, the HT low flow signal (13 kg/s) was
sensed by all channels of SDS2. The SDS2 trip was prevented by the Power Rundown Discriminator (PRD). At time
11.1 seconds, PRD removed conditioning on SDS2 low flow trips and SDS2 fired. At time 17 seconds, all 4.16 kV
and 600 V Class III buses were picked up by the Class III reloader. At time one minute and 30 seconds, pumps for
LPSW, PULSW, ESC and moderator started by the Class III reloader. One hour after the event, the 13.8 kV Class
III buses were energized from the transfer buses by the operator. At time one hour and five minutes, the ASDVs
closed (opened on turbine trip). One hour and 40 minutes after the event, the main HT pump 2 was restored and 20
minutes later, the main HT pump 4 was restored. Two hours and 25 minutes after the event, the cool-down mode
was selected and the ASDVs opened. Six hours and 17 minutes after the event, the cool-down was completed. Eight
hours and 52 minutes after the event, all Class III and Class IV powers were back to normal. Three days and 20
hours after the event, the Unit 4 was back at 100% FP.

After this event, the follow-up investigation and activities have been reported at Darlington Nuclear Generation
Division. Data were collected from Sequence of Events Monitor, Unit Annunciation printouts and Operator Logs.
These data provide useful information to verify the reactor system code or plant simulator. The data have shown that
the pressure transmitters on the south loop always read 30 - 50 kPa higher than the north loop. The north loop
pressure was slightly below 10.3 MPa at the time the PV 35/36 opened. When the liquid relief valves opened, the
pressures in both loops were reduced. Therefore the north loop never had a pressure greater than 10.45 MPa and the
logic for the liquid relief valves PV 33/34 (north loop) was never triggered. Also, the plant data have showed that
the thermosyphoning flows were adequate for core cooling after the loss of forced circulation.

3. SIMULATION OF EVENT

Input Data for Darlington Unit 4

The full circuit of Darlington Unit 4 was simulated using the TUF Version 0.3.4.1. The circuit consisted of two
figure-of-eight heat transport loops, feed and bleed system, D2O purification system, secondary side system and
emergency cooling injection system. The detailed description of the circuit can be found in the Darlington design
manuals or safety reports. The reactor core was simulated by four core passes, each quadrant representing 120
channels. The core pass in the NE quadrant was simulated by six zones with different powers and geometries, each
zone representing 20 channels. The shut down cooling system was not simulated since it had not been activated
during the simulation. The full circuit model (total 358 nodes and 438 links) was used to obtain the reactor header
conditions for the detailed assessment of the low flow signal responses for the shut down systems.

In the previous safety analysis, the safety instrumented channels for the SDS1 and SDS2 low flow trips were
conservatively assessed by assuming that they were all represented by channel Q6, which has the slowest flow
rundown characteristic. Furthermore, all safety instrumented channels were assumed to have powers of 5.8 MW at
full power, which is below the expected time-averaged powers for these channels. This conservatism was not applied
in the simulation discussed here. Also, the design low flow trip setpoint of 18.5 kg/s with the neutron power greater
than 70% has been updated to 20.5 kg/s based on the current operating conditions.

To simulate the low flow trip signals for the SDS1 (HTLF Sensor Channels D, E and F), the actual geometries and
powers of the channels N16 (Channel F), T16 (Channel E) and Q19 (Channel D) were used in the header-to-header
model. For the SDS2 low flow signals, channels K06 (Channel G), F10 (Channel H) and Ml2 (Channel J) were
simulated. In the secondary side, the extended steam drum including the downcomer was used. At time zero, the
reactor was operating at full power. The primary and secondary side parameters, such as the pressurizer and the
steam drum levels, were at their nominal operating full power values.



The steam generators were modelled with pre-heater, boiling section, riser and extended steam drum with
downcomer. The boiler feedwater system starts at the deaerator. It includes the piping, the boiler feed pumps, the
feed flow control valves and the feed flow. There are four boilers and each boiler has its own program rules, with
its own steam flow, feedwater flow and boiler level control.

Steady State Simulation

The transient analysis requires an accurate steady state solution with realistic boundary conditions. The important
physical parameters that relate to the steady state solution are the pressure drop (wall factional and minor losses
coefficients), wall heat transfer coefficients, crud heat transfer coefficient on the boiler tubes, positions of the
feedwater valves, and the HT pump characteristics. The following main results should be checked in the steady state
solutions: (1) pressure drop distribution around the loop, (2) temperature distributions in the reactor channels and
the boilers, (3) channel flows and pump heads, (4) feedwater and steam flows in the secondary side, (5) void
distribution around the boiler U-tubes, and (6) overall heat balance of the system.

To remove the possible perturbations between the steady state and the transient programs, a zero (or null) transient
run was performed. To ensure that the input data for Unit 4 are appropriate, the steady state results have been
compared with the plant measurements as shown in Table 1. It is shown that the predicted normal operational
conditions are in good agreement with measured data.

Transient Simulation

The following assumptions have been used in the transient simulation: (1) the turbine trip via closure of the
emergency stop valves, (2) the lost condenser vacuum resulting in closure of the CSDVs (at 13.5 seconds based on
station data), (3) the steam generator feedwater pump trip (simulated via closure of the feedwater level control
valves), (4) the HT pump trip providing forced circulation for the duration of the rundown period, (5) the D2O feed
pump trip (simulated by increasing the resistance of the D2O feed pump discharge, (6) the pressurizer heaters trip
off, (7) bleed purification bias removed, (8) unavailable cooling by bleed cooler due to loss of service water supply
and (9) the liquid zone controllers remaining at a constant initial level due to closure of the liquid zone drain valves
following loss of the liquid zone control pumps.

In the simulation, the two-fluid model was utilized in all systems and the detail channel model was applied. All
options and correlations (wall momentum and heat transfers) used in the simulation are identical to those applied in
the safety analyses of Darlington NGS. The point kinetic model was utilized in the reactor power calculations. A two-
step numerical method was employed in the thermal-hydraulic equations.

The most important physical parameter in this event is the rundown characteristics of the HT pumps, especially for
the low flow trip signal. TUF contains a pump model that describes the interaction between a centrifugal pump and
the fluid. The pump behaviour is calculated through the use of pump characteristic curves, referred to as four-
quadrant curves. The seven-vane pump characteristic curves have been empirically developed by the pump
manufacturer and uniquely define head and torque response of the pump as functions of volumetric flow and pump
speed. Upon a sudden loss of power, the pump begins to decelerate with the pressure dropping on the discharge side
of the pump. As the pump slows down, its head versus discharge and the torque versus discharge characteristics
change. The pump torque is used to calculate pump speed after the pump rundown. The total pump torque is
calculated by considering the hydraulic torque from the homologous pump curves and the pump frictional torque.
The frictional torque consists of two components: dynamic friction and static friction torques. The station
commissioning test data have been applied to revise the seven-vane pump data (Reference 4). Figure 1 shows the
comparison of the predicted pump speed for HT Pump 4 with the plant data. It indicates that the pump model used
in the simulation is appropriate.

The pressurizer and bleed condenser play an important role in the dynamic behaviour of the primary heat transport
system in this event. The TUF code has employed a one-volume non-equilibrium model for the pressurizer. Similarly,



the thermal non-equilibrium model has been used in the component bleed condenser.

Plant Controller Responses

After the turbine trip at time zero, the reactor stepback was initiated at 0.5 second. The stepback routine initiates the
absorber rod drop and catches the rods at the required reactivity based on an estimate of drop time. The demand
power routine changes the reactor power setpoint by means of the deviation limiter. The reactor power setpoint is
kept to within 5% of neutron flux. The boiler pressure control is part of the overall unit control program, using boiler
steam pressure as the main independent control variable. When the turbine trip occurs, normal control of the reactor
is suspended. A process interrupt is generated as the following immediate action is taken: signals sent to open the
CSDVs and ASDVs fully (the CSDVs are subject to condenser vacuum limitations) for two sampling intervals (0.5
second).

Following the HT pump trip, the coolant flow through the reactor channels decreased reaching the SDS1 HT low
flow trip setpoint of 20.5 kg/s at 2.4 seconds. The SDS1 trip was credited at 2.7 seconds accounting for the trip delay
time. Figure 2 shows the predicted coolant flow transients in three SDS channels and the plant data. It is noted that
when the flow in the SDS channels reached the setpoint, the predicted bulk neutron power is about 65% FP. The
average neutron power which is used in selecting the power dependent SDS 1 low flow trip setpoint could very likely
be at 70% or higher (as it is updated every 1 second) while the average neutron power for SDS2 was less than 70%
FP as it is updated much more frequently, i.e. every 150 ms. As the HT pumps rundown, the coolant flow continued
to decrease reaching the SDS2 low flow trip setpoint 13 kg/s (for power less than 70% FP) at about 9 seconds. The
SDS2 trip was credited at about 10 seconds following 1 second delay for PRD. The predicted coolant flow transients
in the other three SDS channels are shown in Figure 3 together with the plant data.

As shown in Figure 4, the reactor power dropped rapidly, approaching the clearing power endpoint of 60% FP for
the stepback at 3 seconds. The reactor power was further reduced when the reactor was tripped on SDSl. The
predicted reactor power transient is in good agreement with the plant data.

Primary Heat Transport Responses

Following the HT pumps trip, the HT system pressure increased very rapidly causing the pressurizer steam bleed
valve and the HT liquid relief valves to open early in the transient. Comparison of the predicted NW ROH (HD1)
pressure with the plant data is shown in Figure 5. It shows that the TUF result is in good agreement with the plant
data during both pressurization and depressurization processes. Similar results are observed in other quadrants. The
overall behaviour of the heat transport system depends on interaction of the pump rundown characteristic, reactor
power, heat transfer rate to the secondary side, and the feed and bleed flows.

Figures 6 and 7 show the comparisons of the pressurizer pressure and level transients. During the initial
pressurization, the predicted pressure in the pressurizer is in excellent agreement with plant data. At about 11
seconds, TUF predicted a sudden drop in the pressurizer pressure; this sudden pressure reduction, however, was not
observed in the NW and SW ROHs (HD1 and HD5, respectively) connected to the pressurizer. The cause of this
pressure blip may resulted from the non-smooth transition between the insurge and outsurge processes. In general,
TUF captures the general transient response of the pressurizer.

Figure 8 shows the comparison of the pressure at the bleed condenser. The initial pressurization is predicted well
by the code. However, the prediction is only fair compared with the plant data after 10 seconds. This may result from
the condensation model applied in the bleed condenser. Further refinement in this particular area may improve the
prediction.

Secondary Side System Responses

The overall TUF predictions of the secondary side system responses compare well with the plant data. The predicted



NW steam drum (SGI) pressure is compared with the plant data in Figure 9. The corresponding water level is shown
in Figure 10. Those results indicate that throughout the simulated transient, TUF predictions are in excellent
agreement with the plant data for the secondary side system. The feedwater flow transient to the NW steam generator
is displayed in Figure 11. It shows that TUF captures the feedwater flow rundown characteristic resulting from the
event. The non-zero feedwater flow shown in the plant data after 10 seconds is due to the instrumentation error. The
plant data for other quadrants indicated that the feedwater valves were closed completely after 10 seconds. The
important physical parameters are the wall heat transfer rate from the primary side, two-fluid effects in the steam
generator and the flow rate through the steam discharge valves.

Comparisons with SOPHT Prediction

This event has also been simulated using the one-fluid code SOPHT. Average channels were used in the NE quadrant
in the input data instead of six different zones. It has been found that, except the steam generator water levels and
the bleed condenser pressure, the other thermal-hydraulic and controller responses are close to those predicted by
the TUF code. As shown in Figure 12, the steam generator water level predicted by SOPHT is much higher than
the plant data. On the other hand, the SOPHT predicted pressure at the bleed condenser is much lower than the plant
data. These discrepancies may be resulted from the one-fluid model applied in the SOPHT code.

The two-fluid model in the TUF code has been used in the safety analyses of the CANDU reactor plants in Ontario
Hydro Nuclear, for scenarios such as the large loss of coolant accidents. It is expected that the two-fluid effects on
the overall system response will be significant only when the mass inventory of the system is low or after the
activation of the emergency coolant injection system. However, this simulation shows that the two-fluid effects on
the system components such as boiler and bleed condenser can not be ignored.

4. CONCLUDING REMARKS

The initial system responses for the event of Class IV power failure at Darlington Unit 4 that occurred in November
1993 have been simulated using the TUF code. The agreement between the code predictions and the plant data
demonstrate the reliability of the code and the input data. The parameters that characterize the Class IV power failure
event are the pump rundown characteristic for the reactor trip time and the boiler heat transfer coefficients for the
capability of decay heat removal.

The following remarks are made: (1) for events when the low flow trip signal is the primary reactor trip signal, the
actual HTLF Sensor channels should be used in the simulation; (2) the pump rundown characteristic plays a crucial
role in the initial transient of the Class IV power failure; and (3) the thermal-hydraulic system codes, for example
SOPHT and TUF, can be used in the supporting analyses of plant operations.
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Table 1: Comparison Between TUF and Station Data at 100% FP

100% FP 4 HT Pumps

PRESSURE (MPa(g))

Headers
RIH HD2 (NW)
RIH HD4 (NE)
RIH HD6 (SW)
RIH HD8 (SE)

ROH HD1 (NW)
ROH HD3 (NE)
ROH HD5 (SW)
ROH HD7 (SE)

HD2-HD3 AP
HD4-HD1 AP
HD6-HD7 AP
HD8-HD5 AP

Pressurizer
Bleed Condenser

HT Pump Suction / Discharge
PI (NW)
P2(NE)
P3 (SW)
P4 (SE)

Steam Generators
SGI (NW)
SG2 (NE)
SG3 (SW)
SG4 (SE)

Unit 4 •"

11.24
11.26
11.32
11.25

9.84
9.79
9.83
9.82

1.45
1.42
1.5

1.42

9.81
1.62

9.41/11.19
9.39/11.26
9.40/11.23
9.42/11.26

illlllifcllill
ij m S i lMSSfc

4.96
4.96
4.95
4.97

TUF (t95u4b)

11.2
11.2
11.2
11.2

9.82
9.82
9.82
9.82

1.38
1.38
1.38
1.38

9.99
1.62

9.37/ 11.19
9.37/ 11.19
9.37/ 11.19
9.37/ 11.19

4.96
4.96
4.96
4.96

" " DNGS U4 940125



Table 1 (continued)

100% FT 4 HT Pumps

TEMPERATURE (C) Unit 4 TUF (t95u4b)

Headers
RIHHD2(NW)
RIHHD4(NE)
RIH HD6 (SW)
RIH HD8 (SE)

ROH HD1 (NW)
ROH HD3 (NE)
ROH HD5 (SW)
ROH HD7 (SE)

265.6
265.6
265.7
265.4

308.1
308.9
308.7
306.9

SGI inlet (NW)
SG2 inlet (NE)
SG3 inlet (SW)
SG4 inlet (SE)

SGI outlet (NW)
SG2 outlet (NE)
SG3 outlet (SW)
SG4 outlet (SE)

307.6
309.1
308.4
309

264.2
264.9
263.1
263.8

264.4
264.6
264.4
264.5

309.1
308.9
309.1
308.9

308.8
308.8
308.8
308.8

264.1
264.1
264.1
264.1

L E V E L (m) Unit 4 T U F (t95u4b)

Steam Generator
SGI (NW)
SG2 (NE)
SG3 (SW)
SG4 (SE)

unzer
Bleed Condenser

4.39
4.39
4.39
4.39

'6.4f
0.89

4.38
4.38
4.38
4.38

•(ST43
0.9

DNGS U4 940125
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Figure 1. Comparison of the predicted pump speed for Pump 4
with the plant data.
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Figure 2. Comparison of the predicted coolant flow transients in
three SDS1 instrumented channels with the plant data.
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Figure 3. Comparison of the predicted coolant flow transients in
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Figure 4. Comparison of the reactor power with the plant data.
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Figure 10. Comparison of the the predicted water level in the NW
steam generator (SGI) with the plant data.
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