The 14™ I nter national Topical Meeting on Nuclear Reactor Thermalhydraulics, NURETH-14
Toronto, Ontario, Canada, September 25-30, 2011

NURETH14-327

STEAM DRUM LEVEL DYNAMICSIN A MULTIPLE LOOP NATURAL CIRCULATION
SYSTEM OF A PRESSURE-TUBE TYPE BWR

Vikas Jain', P.P. Kulkarni!, A.K. Nayak®’, P.K. Vijayan®, D. Saha' and R.K. Sinha’
! Reactor Engineering Division, Bhabha Atomic Reseaentre, Mumbai, India

Abstract

Advanced Heavy Water Reactor (AHWR) is a pressube type boiling water reactor employing
natural circulation as the mode of heat removaleurall the operating conditions. Main Heat
Transport System (MHTS) of AHWR is essentially altidoop natural circulation system with all
the loops connected to each other. Each loop of BIH&s a steam drum that provides for gravity
based steam-water separation. Steam drum levelasyecritical parameter especially in multi-loop
natural circulation systems as large departures fite set point may lead to ineffective separation
of steam-water or may affect the driving head. Heevesuch a system is susceptible to steam drum
level anomalies under postulated asymmetrical dipgraonditions among the different quadrants
of the core like feedwater flow distribution anogn@mong the steam drums or power anomaly
among the core quadrants. Analyses were carriedtooytrobe such scenarios and unravel the
underlying dynamics of steam drum level using sysieode RELAP5/Mod3.2. In addition, a
scheme to obviate such problem in a passive manitieout dependence on level controller was
examined. It was concluded that steam drums nede ttonnected in the liquid as well as steam
space to make the system tolerant to asymmetnoeabting conditions.

I ntroduction

Advanced Heavy Water Reactor (AHWR) is a pressube type boiling water reactor employing
natural circulation as the mode of heat removaleurall the operating conditions. Main Heat
Transport System (MHTS) of AHWR is essentially matwcirculation system comprising multiple
interconnected loops each having a steam drum.eT$team drums serve the various functions like
steam-water separation, mixing of feedwater wittircellation water and inventory management
during transients. For the proper functioning oé tplant, steam drum parameters are closely
controlled like steam pressure and water levelgusonventional control systems. However, such a
system is susceptible to steam drum level anomalrefer postulated asymmetrical operating
conditions among the different quadrants of the ditkie feedwater distribution anomaly among the
steam drums or power distribution anomaly among:tite quadrants.

Steam drum level is a very critical parameter paldrly in the context of a natural circulation
system as the driving head is very small. Largeadepes from the set point may lead to ineffective
separation of steam-water or may affect the driviegd or eventually result in an undesirable
reactor scram. Conventional steam drum level coigra three-element control based on level error,
steam and feedwater flow rates, where a contradigulates the flow control valve in feedwater line.
This conventional control scheme may not be coasiswith the process dynamics of natural
circulation system. More specifically, in a natucatulation system comprising of multiple parallel
loops each having a steam drum, the process orata@riomalies may lead to divergence of the
process from the desired set points. This papanis the effect of various process anomalies and
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its effect on the dynamics of natural circulatiomdasteam drum level in a system comprising of
multiple parallel natural circulation loops usingystem code. The system considered is relevant to
a natural circulation based pressure tube typéngoilater reactor.

1 System Description
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Figure 1 Schematic of MHTS with two steam drums

A schematic of a multiple loop natural circulatibased heat transport system typical of a pressure
tube type boiling water reactor [1] is shown in .EigThe heat transport system comprises four
identical parallel loops connected to each otheyuth a common header and a common steam line
supplying the steam to a turbine. The header is@cted to the core of the reactor through feeders.
The subcooled water that enters the reactor cdselhgmted and leaves the core as two-phase flow.
The steam-water mixture leaving the core risesuiinothe risers which are connected to the four
horizontal steam drums. The steam-water separtdk®es place by gravity in the steam drum. The
saturated steam leaving the steam drums flows ttsvdire steam turbine through the steam lines.
The separated water in the steam drum mixes wehstibcooled feedwater entering through the
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feedwater sparger in the inter-baffle region ofstkeam drum. This subcooled water returns through
the downcomer pipes to the common header and thmgpletes the four natural circulation loops,
each catering to a quarter symmetric section ofcbre and having a steam drum. The baffles
separate the sections of the steam drum conneatéetrisers and downcomer thus enabling the
separation of steam and water. Each feedwateridingovided with flow control valve which is
controlled by a three-element based controller. §ystem pressure is maintained by a valve located
downstream in the steam line i.e. turbine goveuadre.
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Figure 2 Level set point and trip settings

Under normal operating condition all the quadrawmitsore produce the same power (total core
power being 920MWth). The water enters the co266tC (25 K subcooling) and leaves as steam-
water mixture of 18% quality. Saturated steamréduced at 70 bar that drives the turbine and the
same mass flow rate of feedwater enters the steam at 136C.

The steam drum level is controlled as a functionrezctor power to accommodate swell and
shrinkages due to changes in void fraction duriogigr raising and setback. This is achieved by
changing the set-point of the steam drum levelrotiet as a function of reactor power. Figure 2
shows the set-points and trips as a function oftoegpower. For normal operating condition, the
level is set at 2.2 m.

2. Process Anomalies

The system described above may depart from thealayperating condition as a result of spurious
actuation of various controls or human interventionder such conditions, different quadrants of
the core may be producing different power or feadweontrol valve may fail to provide the desired
flow or a combination thereof. These anomalies midiynately manifest in different steam drum
levels which a conventional controller may not Ideao cater to. In fact a controller malfunction
itself could be a source of anomalies in the d#férquadrants of the system. Large departures from
the steam drum level set points may lead to thetseacram although the total reactor power may
be within safe limits (for example reactor trip dicelow level following power anomaly). It is
important to understand the system behavior folhgwsuch anomalies and options to avoid them.
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With these objectives the above described systeranayzed for various anomalies without

controller intervention to unravel the natural dtren of the processes as outlined in Case | and
Case Il. A case with power anomaly in presencehef dontroller is also analyzed to study the

effectiveness of controller in handling the anomaty outlined in Case lll. For all the cases, a
scheme to obviate this problem is examined to amiva solution in passive manner that lead to the
desirable condition of identical steam drum levellolving various anomalies. This scheme

essentially comprises of providing interconnectiimes among the steam drums. Effects of
interconnections in the steam spaces as well asdligpaces are examined. The scheme of
interconnections is as shown in Fig. 3.

Figure 3 SD steam space and liquid space connestiveme

2.1 Casel (Feedwater distribution anomaly):

Alternate steam drums are provided with excessdafidit feedwater flow from their steady state
values. Under steady state conditions the totalveger flow to the system is same as total steam
leaving the system. During the abnormal behaviog assumed that there is some maldistribution
of feedwater among the feedwater lines though dited flow matches the steam flow to turbine.
This assumption enables a constant system inverdongition which is required for proper
understanding of its effect on steam drum levels.

2.2 Casell (Power distribution anomaly):

It is postulated that under certain operating ctowlithe different quadrants of core are producing
different power though total core power remains saene. Under this abnormal condition, the
feedwater flow is maintained at the same value@asal steady state. This represents a case of
controller failure following a power anomaly
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2.3 Caselll (Processanomaliesin presence of controller):

The response of the system under power distribwgimomaly as in case Il under controller action

was studied in this case. First, the controller wesvated and system was allowed to reach to
normal operating conditions. Then power anomaly wasated to see the effectiveness of the
controller. Further, the effectiveness of the sahaminterconnections among the steam drums was
examined in presence of power anomaly under cdatrattion.

3. System Analysis:

Detailed RELAP5 nodalization [2] scheme of the abeystem is presented in Fig 4. Four MHTS
guadrants are lumped into four symmetric loops ected to each other by common header and steam
lines.

Detail nodalization of each loop is shown in Fig Bach loop represents 113 lumped channels
corresponding to one quarter of MHTS. It considteree SD, downcomer, feeder, channel and riser.
Each SD has individual feed line modeled as timpeddant junction. The ring shaped header is
modeled as an octagon as shown in fig 6. This sehess been employed to simulate mixing in the
header.

4. Initial and Boundary Conditions:

The system is initialized and steady state is abthi During steady state, the feedwater flow to the
steam drum exactly matches steam flow from thenstlaums and all the steam drums are operating
with same level. Subsequently, the process anonsalintroduced by modifying the boundary
conditions. Timings of introduction of anomaliesdamterconnecting lines are only illustrative in
nature.
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Figure 4 Nodalization of MHTS
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For the case |, alternate steam drums i.e. the @DdLSD-3 are provided with deficit feedwater (-
20%), whereas, the SD-2 and SD-4 are provided extiess feedwater (+20%) at the same temperature

as under nominal operating condition. This cooditiesults is ensuring the constant inventory @ th
system.

For the case I, alternate quadrants of the carecansidered to operate with excess and deficitepow
such that total core power remains constant. The goadrants connected to SD-1 and SD-3 are
producing power 5% less than their nominal valuenshs the quadrants connected to SD-2 and SD-4
are producing power 5% more than their nominal @aluring this anomaly, feedwater flow to all the
steam drums is retained constant at its nominaleyahus, representing a case where controller has
failed to respond to the changes in the power gredin the different quadrants.

For case lll, case Il is repeated with controllemlg active. Table 1 indicates the boundary cooiti
for above cases

5. Results and Discussion:

The steady state obtained with full power at rgiexssure is as shown in Fig.7a and 7b.

Table 1 Boundary conditions for different cases

SD1 SD 2 SD 3 SD 4
Power 100 % 100 % 100 % 100 %
Case |
Feed flow 80 % 120 % 80 % 120 %
Case Power 95 % 105 % 95 % 105 %
Il Feed flow Corresponding to nominal operating power
Case Power 95 % 105 % 95 % 105 %
[} Feed flow Based on controller action

5.1 Analysisfor Casel:

Fig. 8a shows that, following a steady state opmrateedwater flow anomaly is introduced at t =280

s and it remains so throughout the transient. ffiesceon the downcomer flow and feeder flow is as
shown in Fig. 8b. It can be seen that, followingraaly, the downcomer connected to SD-1 and SD-3
show a decrease in the flow whereas, the downceomrected to SD-2 and SD-4 show an increase.
However, the corresponding variation in the fedhisy is not observed.
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This is due to mixing of the downcomer flow in theader where a redistribution of flow takes place.
As all the quadrants are operating under naturaligition with same power, the feeder flow is ldyge
determined by the power of that quadrant. Relatiwedry small variation in the feeder flow is
attributable to small change in inlet temperature.
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Figure 8a Feedwater distribution among the  Figure 8b Downcomer and Feeder Flow
steam drums following anomaly

It may be noted that due to deficit feedwater flmwSD-1 and SD-3, the downcomer temperature
increases significantly, whereas, due to excedsemfwater in SD-2 and SD-4, the downcomer liquid
temperature shows considerable decrease. Howewer, td mixing in the header, the feeder
temperature depart only a little from their nomimalue as shown in Fig.8c. This small change in the
feeder flow and temperature, in turn, leads toedéiht steam generation in the quadrants and hence
different pressures in the steam drums. Fig. 8dvshbe steam flow from all the steam drums to the
steam line entering the turbine as well as therstdaim pressures.
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Figure 8c Liquid Temperature in downcomer Figure 8d Steam flow rates and pressures
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Effect of feedwater anomaly on the steam drum &eigehs shown in Fig.8e (t=1800s to 3600s). It can
be seen that level in SD-1 and SD-3 decreases latdof SD-2 and SD-4 increases as result of
feedwater mal-distribution, although all the stedmmm levels attain a steady value.

It can be concluded that, following such feedwateomaly, the system has attained a new steady state
where the drums are operating with different wiaeel as well as slightly different pressures.
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Figure 8e Effect of liquid space connections Figure 8f Effect of steam space connections
followed by steam space connections followed by liquid space connections

Further, as a first step to obviate this undes&raigerating condition, steam drums are intercomaect
to each other in the liquid region (from the bottofrdrum) at t = 3600s. Fig.8e (t= 3600 s to 5400s)
shows the effect of liquid space interconnectiomshe steam drum level. It is found that, as altedu
interconnection in the liquid region, the steamnatevels further drift apart and attain anotheadte
state value. This divergence of water levels ie®isslly due to different pressures in the steaomdas
shown in Fig. 8d. The SD-1 and SD-3 were operatiuittp lower level and higher steam pressure
whereas the SD-2 and SD-4 were operating with higghes| and lower steam pressure. As a result of
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liquid space interconnections, the water is diggdafrom the drums having lower level to the drums
having higher level due to favorable pressure difiee among the drums. As a remedial measure, the
steam drums were interconnected in the steam smeeell at t=5400s. The effect of adding steam
space interconnections is also shown in Fig. 8e5480s to 7200s). It can be seen that providing
interconnecting lines among the steam drums inlithed space as well as steam space restores the
normal operating condition, though feedwater angneahtinues. Fig. 8f shows the analysis for the
similar case, where, first steam spaces are inteexied followed by liquid space interconnections.
With steam space connections alone, it can be the¢nthere is reversal of level anomaly among the
steam drums; however, a steady state is obtainedevthe operating levels have a departure from the
normal operating value. The change in the watezl [®llowing interconnection in the steam region is
due to equalization of pressures. It may be ndtaf the steam drum and channel operating initatlly
low pressure experience void collapse as a respltessure equalisation due to interconnectioén t
steam space, whereas the steam drum and channaliogenitially at high pressure experience excess
voiding.

This analysis establishes that the steam drums neetle connected to each other through
interconnecting lines in the liquid as well as ste@gion to achieve the desirable operating sthte o
same pressure and level in all the steam drumspeeive of the anomalous distribution of feedwater
among the drums.

5.2 Analysisfor Casell:

Fig. 9 shows that, following a steady state opematpower anomaly is introduced at t =1800 s and it
remains so throughout the transient. This anaby@nsiders that core quadrants connected to SD-1 and
SD-3 are operating with 95% of their nominal powaérereas those connected to SD-2 and SD-4 are
operating with 105% of their nominal power. Itseeff on the steam drum levels can be seen in the Fig
10 (t=1800 s to 2700s). It can be seen that SDellSin-3 undergo an increase in water level initially
which later attain a steady value, whereas, SD& 3iD-4 exhibit a continuous drop in water level
following the power anomaly among the core quadrafss the quadrants connected to SD-1 and SD-3
are operating at lower power, the feedwater float e maintained constant at nominal value is more
than the steam leaving the drums resulting in arease in the water level. On the other hand, SD-2
and SD-4 are operating at higher power; the feesiwfidw is less than the steam leaving the drums
resulting in a decrease in the water level. It rhaynoted that, in this case the system inventoesdo
not remain constant as the steam generation inadrgot is not only a function of power it also
depends on the inlet subcooling and the correspgndatural circulation flow. The analysis was
further done with interconnecting the steam drumshe liquid and steam space at t=3600s. It was
found that, subsequent to interconnections amoagsttam drums the level in all the steam drum
equalize as shown in Fig. 10 (t>3600s).

5.3 Analysisfor Caselll:

In this analysis, a conventional 3-element corgrolVas used to control the SD level. The contradier
a PI controller with a feed forward component tonpensate the steam production and feedwater flow
mismatch. The controller output is given as
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Figure 9 Power anomaly among the core Figure 10 Steam drum levels following power
guadrants anomaly and SD interconnections

The controller was tuned to get a desired levepséit at normal operating condition as shown ig Fi
11. Att =4000 s, the power anomaly was createtkuthe action of controller without interconnegtin
the drums. As seen in previous case, levels didefigan their nominal operating values immediately
following the power anomaly even though the coierolvas available. It may be noted that, in this
case, as the controller action was available, deafrom set point values led to full opening loé t
feedwater valves for SD-2 and SD-4 where level leasas shown in Fig 12. On the other hand, the
feedwater valves for SD-1 and SD-3 started gettinged because the level was higher than set point.
It may be noted that, even after full opening @dwater valves SD-2 and SD-4, the level continoed t
remain low for SD-2 and SD-4 whereas the SD-1 ddeBS&re operating with higher level though the
feedwater valves are almost near closing posi#d@nobserved in the previous cases also, this idalue
mixing of the flows in the header which leads torenor less same flow in the feeders despite of powe
anomalies coupled with unequal feed distributiceated by controller.

Then, again at 5800 s time, the steam spacesa@uid Bpaces of the steam drums were interconnected.
It can be seen that, the problem of level divergemas eliminated. But the levels operate at skghtl
reduced values as there has been a net loss aitanyeduring the period from 4000 s to 5800 s. The
controller was not able to maintain the level adl we system inventory. However, following the
interconnections among the steam drums, all the dteam drums are operating at same level and the
controller enables restoring the set point.

6. Conclusion:

Dynamics of steam drum levels in a multiple loopural circulation system relevant to pressure tube
type boiling water reactor under various anomalmglitions was studied.
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* It was observed that, although the four loops amnected to each other through a header and
steam lines, the steam drums operated with diffefevels during anomalous conditions of

operation.

ol ! ! !
2000 4000 6000 8000 10000
Time (s)

» With flow mal-distribution among the steam drunts steam drums receiving excess feed water
flow were operating at higher level and those wddficit feed-water flow were operating at lower
level than set value.

« Even during anomalous operating conditions, feentetise different quadrants are drawing more or
less same flow. This is because in a natural atmr system, flow is predominantly governed by
the power in the core quadrants. Mixing of the dowmer flows in the header from different
quadrants enables redistribution of flow to thepko

» Interconnecting the steam drums in liquid regiotyded to further divergence among the steam
drum levels as the pressures in the steam drundiféeeent during feed water mal-distribution.

* Interconnecting the steam drums in steam spaces déghto a situation where steam drum with
excess feed water are operating at lower level vlasrthe steam drums with deficit feed-water
were operating at higher level.

* It revealed that steam drums need to be conneateddah other in both the liquid and steam spaces
to ensure the nearly identical operating condiiioterms of pressure and level.

« It may be noted that this scheme of interconnedtiegsteam drums in the liquid and steam spaces
can withstand various process anomalies as welbatsoller malfunction.

» During power anomaly among the quadrants, the otbetrwas unable to maintain the level at the
set point value even though it was maintaining mmaxn feed-water flow in the steam drums with
lower level and no flow in the steam drum with higlrel. This is because; feeders are drawing
flow from the header which is providing redistritaut of flow among the loops.

* The passive scheme of interconnecting steam dmrtieiliquid and steam region is more effective
and reliable in handling anomalous situations aspared to a controller.
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