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Executive Summary

The luss of external load transient test conducted on the Doel-
4 power plant has beer analysed on the basis of a high quality
data acguisition system,
A detailed numerical analysis of the transient by means of the
best estimate code RELAP-5 MOD-2 is presented, covering the
most important plant components and systems, and complemented
by imposed boundary conditions, taken from the recordings, when
necessary.
Comparison of recorded and calculated data show that
The RELAP-5 code is capable to simulate the basic plant
behaviour which allows a deeper insight in the physical
phenomena.
3ome deficiencies affecting either the model or the code are
observed, they could be attributed
- to the absence of structural heat simulation of the steam
generators
- to acoustic phenomena which influence the ateam generator
ievel sensor
- to excessive interphase drag in the steam geanerator at low
void regines.
Typical characteristic features of the plant can better be
guantified such as :
- strong thermal coupling between feedwater flow and cold leyg
temperature for a preheater type steam generator
- Delay between feedwater flow variations and level swell and

shrink rasponse.
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results is providea ; section 6 discusses some of the posgible

hardware improvements. The conclusions are presented in
section 7.

Z. BRIEF DESCRIPTION OF THE DOEL-4 PLANT.

DOEL-4 is a 3000 MWth (1000 MWe) pressurized water reactor

located on the left bank of the river Schelde downstream of the

city of Antwerpen (Belgium) and featuring a 3-loop,
Westinghouse designed, Nuclear Steam Supply System.

The plant was connected to the grid in April 198§,

This plant was a lead plant for the preheater type steam
generators (Model E-2).

».

Z.1. Reactor Coolant System

The Reactor Coolant System consists of three similar primary
loops connected to the reactor vessel each loop containing a
circulating pump and a steam generator.

The core of DCEL-4 contains 157 fuel assemblies with 264 fuel
rods per assembly, generating 2988 MW of thermal power under
nominal operating conditions. The Reactor Coolant Pumps, rated
at 4.5 MW each, circulate 6.4 m3/s of coolant per loop with a
net pump head of 95.1 m.

The primary coolant volume changes associated with the reactor
load evolution are being accomodated by a 45.3 m* (1600 ft?')
pressuriser connected to the hot leg of loop "B" through a 14"
surge line. Control of the primary pressure also takes plare
within the pressuriser by adjustment of the heater rods power
or the pressuriser spray flowrate.

el e Ranll e e L oo



92.2. Bteam GCenerators feedwater system and steamlines

The DOEL-4 plant is equipped with preheater type steam
generators of the counterflow type (model E2), as shown on the
sketch fig. 2.1.

The main feedwater with a nominal flowrate of 2000t/hr perx
steam generator, enters the secondary side of the steam
generator in the preheater section located above the tubesheet
plate embracing the cold leg side of the inverted U.tube bundle
(Bottom fred).

The main feedwater flows downward into the mixing plenum where
most of the feedwater is deflected upwards through the
preheater, where it emerges and mixes with the riser flow from
the hot leg side. The water-vapour mixture enters the separator
at a gquality of about 37% (recirculation ratio of 2.7 at full
power). The separated water fraction flows downward through the
steam generator downcomer annulus, of which about B3% enters
the riser section surrounding the hot leg, and the remainder is
injected in the preheater mixing region.

When the power of the plant decreases beiow 20%, the feedwater
inlet is switched from bottom feeding to top feeding.

On the primary side, the inverted U-tube bundle, with a nominal
heat transfer araa of 6317 m2 , consists of 4864 Inconal tubes,

Wwith a 19.05 mm ocuter diameter and averaging 21.9 m in leng.h.

T i —

The steam lines connect the three steam generator domes to a
common steam header. To each of the steam lines are connected
the steam generatores safety wvalves (six per steam geneta =1 )
and one power operated steam relief valve to the atmosphere
with an individual capacity »f 410 t/hr at 82.7 bar. The fast
acting Main Sieam lsolation Valves (2 per steam line) allow to
isolate each steam generator from the common header located

outside the containment,
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2.3 Auxiliary feedwater system

The zuxiliary feedwater system consists of 2 motor-driven
feedpumps delivering each to two steam generators, and one
steam riven turbopump, normally aligned with two steam
generators, such that eacl steam generator is potentially fed
by two auxiliary feedwater pumps. Their control valve system is
designed such that in the automatic mode each steam generator
is supplied by a fixed, metered flow of 91 t/nr regardless of
the steam generator backpressure. The auxiliary feedwater
enters the steam generators via dedicated Jines. the inlet

nozzle is located at the level of the separator cyclones (top
feeding).

2.4. Steam dump to the condenser

The steam dump consists of a bypass of the main turbine, from
the main steam header to the condenser. Its includes sixteen
valves {4 groups of 4 valves each) of identical capacity
(totalizing 85% of nominal steam flow) opening in sequence as
instructed by a controlling program built around the maximum

average primarv temperature or, at low load, around the steam
header pressure.

Within the considered sequence of events (see chapter 3) i.e. a
stable operation followed by a manually activated loss of load
test, the steam dump dynamics is controlled by the mismatch
between turbine power (derived from a pressure gauge in the
first expansion stage in the turbine), converted to a so called
reference temperature, and the auctioneered average reactor
coolant temperature (the maximum value of the three loop
average temperature, as measured in the RTD bypass lines).



wWhenever the measurad auctioneered average primary temporature
exceeds the programmed reference temperature, the steam dump
valves start to open, aiming at a capacity proportional to the
error signal ( 9.5% per °C). The time needed for each valve or
group of valves to reach the full open position is 7 seconds.
However, for large error signals, an accelerated opening

process takes over, making available in 3 seconds the full

capacity of the group 1, 2, 3 and 4 {4 valves each) whe ‘ever

the signal exceeds respectively 4. ., 7.5°C, 10.1°C and

12.8°C.
Capacity reductions follow the same path in reverse.

2.5. Data acquigition system and measurements uncertainties

The plant is egquipped with a dedicated data acquisition system
(DAS), enabling a high guality digitai recording of 240 plant
parameters. The on-line system 1is continuously recording and
erasing data from the 240 channcls, but stops erasing ag =zoon
as one of 24 important logic signals arrives, such as scram,
S1. ete. This enables the users to trace back the origin of
plant disturbances when they lead to a seri~us plant transient.
On the basis of such recorded data, displayed in graphical
form, a comparison of the plant data and the simulation data is

presented in this study.

The combined uncertainties affecting the measurement physical

process, sensor response and signal handling have been

estimated at 1.1% of nominal power for flux measurements ; I C
for primary temperatures ; 1.2 bar for pressuriser pressure ;
4.5% of the ranae for pressuriser lievel ; 1 bar for steam

generator pressure and 4.5% of the narrow range for steam

generator level.
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generator. The resulting increase in the primary loop flow
causes a drop in the average core coolant temperature which,
through negative moderator feedback, produces a neutron power
excursion (fig.3.1 curve 3). This excursion follows the trend
of the primary pump speed until t = 18 g.

At this time, a moderator density decrease, resulting from an
increase in the cold leg temperature (fig. 3.1 curve §5)
initiates a strong neutron flux reduction, as observed between
18 and 22 seconds.

Thereafter, the antireactivity resulting from a fast control
rod insertion, further reduces the neutron power. The magnitude
of the overshoot and subsequent undershoot of the neutron flux
rate, which 1is essentially caused by the negative moderator
coefficient, increases towards the end of core life (EOL), as
the boron concentration decreases. These fast flux variations
during the initial 10 s of the transient, should be kept within
limits to aveid reactor trip on excessive high or low flux
variations. Since it is a Belgian requirement that the nuclear
power plants must be able to return to house load for power
system safety reasons, such tests are performed preferably at
EOL core conditions to demonstrate such capability.

The turbine speed controller produces a fast closure of the
turbine admission valves, to protect the turbine from overspeed
upon loss of external load., This leads to a sudden decrease in
the steam generator steam flow rate (fig. 3.2, curve 1),
resulting in a sudden increase in the steam generator
pressures, and temperatures. The plant reference temperature
(Tace ), being an image of the turbine power, is monitored by
the first stage turbine pressure and decreases suddenly upon
turbine valve closure. The sudden difference between the
reference temperature and the measured primary average
temperature activates on ores hand a full speed insertion of the
controls rods (72 steps/min), and on the other hand a fast
opening of the steamdump bypass valves to the condensor (85% of

B e R
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nominal flow capacity), to preclude overheating of the primary

system.

The sudden increase in steam generator pressure creates a fast
drop of the narrow range level (fig. 3.2, curve 3 and
fig. 3.4), due to a sudden steam collapse in the riser section.
The steam generator feedwater control system reacts immediately
by steering the feedwater control valves wide open to restore
the steam generator water level (fig. 3.2, curve 2). The sudden
opening of the steam dump valves creates a bulk boiling in the
steam generators thereby enhancing the water level increase
between 20 and 30 seconds, which in turn reduces the feedwater
flow rate temporarily. A gradual reduction in steam flow demand
at 40 s depresses the level again below the reference level
until 100 8. During this period, the feedwater control valves
are fully opened again, thereby producing a large feedwater
supply. It is of interest to note that during this period the
cold leg temperature drops very fast which 1s a specific
f-ature of preheater type steam generators, The direct
injection of the feedwater around the cold side of the U tube
bundle in the preheater leads to a strong thermal coupling
between the feedwater flow/temperature variations and the cold

leg temperature variation.

On the primary side (fig. 3.3), the sudden closure of the
turbine wdmission valve causes a large power mismatch between
primary and secondary side which gives rise to a sudden
increase in the cold leg temperature, resulting in a fast
cvecursion of the pressuriser pressure and water level
(fig. 3.5). The quick opening of all the steam dump valves to
the condenser precluded a reactor trip on high pressuriser
pressure, as well as the opening of the pressuriser and steam
generators relief valves. The still existing power mismatch
between primary and secondary sides generates a fast insertion
of the control rods. The combined effect of steam release to

the condenser and of control rods inseirtion reverses the




previous parameters trends, and a cooldown of the plant
results.

3.2. Long term (100 - 600 s)

The long term behaviour is mainly dominated by the steam dump
demand (fig. 3.6) and by the feedwater system behaviour. The
steam generators level control system at normal power is an
improved version of the classical three element control system,
in that it involves two regulators in cascade, the upstream one
based on level error, and the downstream one based on
steam/feedwater flow mismatch. This second regulato. is a
circuit accounting for the static level swell and shrink
characteristic of the steam generator type.

By lagging the feedwater flow over the steam flow, cne
compensates for the negative slope of the static secondary
water mass versus steam generator power a* fixed water level
(Delay T,). This is seen in figure 3.2 by observing that the
feedwater flow variations are lagging the steam flow variations
by 50 s. With this approach, only the static component of the
shrink/swell phenocmenon is ccompensated by the flow regulator.
The transient component should by compensated by the level
regulator (Ref. 1).

Indeed, a positive step change in feedwater leads to a level
response showing initially a drop before 'he level rises due to
the increased feedwater flow. The level does not increase
immediately since the added feedwater (colder than the stem
water mixture in the steam generator) suddenly condenses a
number of steam bubbles, thus producing a decrease in the
gpecific volume of the mixture (dynamic¢ level shrink). The
inverse is true for a sudden negative step change of the
feedwater (dynamic level swell). The effect of those phenomena
can be interpreted as a time delay T, between the flow
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4. CODE AND MODEL DESCRIPTION FOR PLANT SIMULATION

The simulation was carried-out with the RELAP-5 Mod.2 cycle
36.04 code on a CYBER 180/825% computer, over a period of 600
sec. starting at time zero of the recording sequence.

The reactor model was developed using the methods and
procedures recommended in the code manuai (Ref. 2). The primary
and secondary systems (feedwater / steam generator / main
steam) were both modeled explicitly by control volumes and
junctions respecting the true geometric and hyuraulic features
nf the components.

The piping and component walls and internals in contact with
the coolant were represented as lieat structures, with the
exception given in section 4.l below.

Un the other hand, auxiliary components and systems are being
simulated functionally i.e by using control system packages
reproducing the system effect either on the primary or on the
secondary system, regardless of their particular components.
This applies to

- the pressuriser relief (PORV's) and safety valves controls ;
- the pressuriser spray and heaters control

-~ the main feedwater system ;

- the auxiliary feedwater system ;

- the steam generator relief and safety valves controls 3

-~ the steam dump to the condenser.

Finally, due to limitations in the scope of simulation (e.q.
balance of plant not simulated) boundary conditions must be
imposed to the explicitely modelled systems or components, this
conceirns

- the Reactor Coolant Pumps velocity ;

- the charging and letdown flows ;

-~ the control rods movement in the core
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Core power generation

The RELAP-5 point kinetics model was used for the power
generation, accounting for the Doppler and moderator reactivity
terms for a boron concentration corresponding to middle of life
fuel condition.

This option was preferred over a forced thermal irput from the
DAS recordings to evaluate the neutron flux vari: tions during
the initial phase of the transient and te benefit from the
inherent negative feedback of the Yinetics model on the
variations of the moderator temperature,

4.2. Functionally wodelled systems

Thuise control systems which tie together important physical
phenomena and which may exhibit close feedback on the plant
parameters have be.n simulated by the available control
varjacles in the RELAP-5 code.

While the RELAP-5 control system package is a powerful tool

to simulate hydraulic systems from a functional point of view,
one should be careful to ap - this simulation capability for
fluid systems where fluid 7 81t times are large compared to
tne RELAP time step or where he inertia inherent to the system
may be important.

4.2.1. Pressuriser relief and safety valves

The three pressuriser relief valves (junctions 471, 472 and
473) are represented as motor valves junctions, featuring an
"open" and a “close" trip operating at their respective
pressiure setpoints.

The safety valves are being handled as serve-valve junction
(J461) operated by a control variable that simulates their
pressure cycle hysteresis,

A ki P L e -









|

A

Bl e | =
s Gl

4.3. Systems or effects sinilated as boundary conditions

By limiting the scope of simulation to the components as shown
in Fig. 4.1, it is esnhential to impose suitable boundary
conditions on the RELAP-5 model for those parameters which are
derived from non-simulated components,

This is the case for the turbine generator set, which
axperiences a velocity transient starting when the grid demand
drops sharply during the loss of external load test. As the
reactor coolant pumps are powered by the turbo-generator set,
their wvelocity was imposed as a time dependent boundary
condition, as recorded on the plant.

The same approach was retained for the charging (J181) and
letdown (J281%1) gystem, whose flows were imposed as function of
the time, to and from the concerned volumes of the primary

loops,

Control rods dieplacements versus the transient time, taken
from the DAS recordings, were imposed ae boundary conditions.
Should a reactor trip signal be gensrated, scram rods would be
treatec as a antireactivity injectien curve dependent on the
time elapsed since the scram signal, accounting for the finite
rod drop time,

As seen from the secondary system point of view, the main
turbine, a3 well as the other live steam consumers (feedwatar
turbopumps, feedwater reheaters, air ejector,...) acts as a
sink for the steam produced in the steam generators. Since the
purpese of the simulation was not to address the quite complex
turbine behaviour, it was modelled as a valve (J905) epening in
function of the time, derived f(rom the recordings of the
turbine admissiun valves positions.

Table 4.1 summarises the list of imposed boundary conditions.






















absence of structural heat absorption in the steam generator
metal structures, when the pressure (and also the temperature)
suddenly increases upon closure of the turbine admission

valves. A good representation of the initial pressure overshoot
is essential to justify the absence of reacto- trip on high
preesure (164 bar), or even the actuation of (the pressuriser
relief-valves.

For the same period, the calculated steam generator water level
drop (Fig. 5.4) is much smaller than the recorded level fall.
The location of the upper level tap (just above the upper deck
plate) makes it very sensitive to acoustic pressure pulses
which are generated in the main steam lines upon sudden closure
of *he turbine admission wvalves and reflected in the upper
dome. Closer examination of the tecorded data shows clearly
sharp water level indication spikes which are just in opposite
phase with the recorded pressure spikes (fig. 3.4). The cr o
nodalisation of the steamlines and the steam generator d &
does not allow one to reproduce these acoustic phenomena,
Discounting this effect, there still remains a level
discrepancy of about 3.5% which should be attributed to the
separator modeling deficiencies,

Fig. 5.4 also manifests an excessive level swell followving the
opening o the steamdump valves, This anomaly may be traced
back to too strong a coupling between the water and vapour
phasge in the riser in the low void regimes, which causes
excesgsive water entrainment inte the separator region where the
delta P level measurement is located. The deficiency of RELAP-5
to mimic the level swell phenomena correctly is attributed to
the interfacial shear model (Ref. 3, 4). This anomaly feeds
back, via the steam generator water level control system, to a
reduction in the feedwater flow, which is reflected immediately
by too high a cold lLeg temperature, as visible in Fig. 5.2
between 20 and 100 8. The design of the preheater section
mani{ests a very tight thermal coupling between the feedwater
flow rate and the cold leg temperature.
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