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ABSTRACT

In the paper the RELAP5/M0D 3.2 analysis of the loss of Residual Heat Removal (RHR) system
during midloop operation experiment performed at the Rig of Safety Assessment (ROSA)-IV/Large Scale Test
Facility (LSTF) together with the analysis of the same test scenario scaled to NPP KrSko are presented. The
experiment consisted in a loss of the RHR system at cold shutdown conditions along with a 5% cold leg break
in the loop without pressurizer. The Safety Injection (SI) system was disabled in the calculation. The aims of
the work were to study the physical phenomena encountered under low power and low system pressure
conditions while the upper part of the Reactor Coolant System (RCS) is filled with noncondensables. The
impact of the bypass flow between upper plenum and downcomer inlet on transient responses was investigated.
The transient was simulated for 6000 s.

INTRODUCTION

The RHR system is a part of the Emergency Core Cooling System (ECCS). It is used to
remove the decay power during reactor core shutdown conditions. Various maintenance and
inspection activities during the plant outages require the coolant level in the RCS to be lowered
to the mid-height of the primary loop horizontal legs. The upper portion of the primary system
is then filled by non-condensable gas (air or nitrogen). This operational mode of the RHR
system is termed "midloop" operation. Loss of RHR function during midloop conditions has
been experienced in several plants as a result of loss-of-AC power or air binding of the RHR
pump. Some of these events resulted in boiling of the reactor vessel inventory. The transient
responses following a loss of RHR system depend on various factors. These include the
configuration of the RCS (geometry of the reactor, the total number of loops in the system,
presence of vents and/or openings in the system) and the time after shutdown at which the
transient occurs. The latter affects the transient in the way that higher decay heat levels are
associated with short shutdown times. Heatup and boiling of water in the core after loss of
RHR system causes the level swell in the reactor vessel and the liquid entrainment into the
pressurizer surge line and upper parts of the RCS. If there are openings in the RCS, air and
boil-off steam can be vented. Following a possible initial spill of liquid or two-phase mixture
through the openings, the water will boil off, eventually leading to a prolonged core uncovery,
if no action is taken to restore the RCS inventory. If the Steam Generators (SG)s are under
wet lay-up conditions they can act as an effective means of removing the core decay heat by
steam condensation in the U-tubes. The condensation process is however impeded by the
presence of air in the upper half of the RCS, which degrades the SG heat transfer.
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Loss of RHR system when the RCS is partially drained presents a potentially more serious
situation for the reactor core integrity than normal operation with RCS filled because of
reduced water inventory available for cooling.

The RELAP5/M0D 3.2 analysis of the loss of RHR system experiment conducted at the
ROSA-IV/LSTF together with the analysis of the same test scenario scaled to NPP Krsko are
presented in the paper. The experiment was performed at cold shutdown and midloop
conditions. It involved a 5% cold leg break in the loop without pressurizer.

ROSA-IV/LSTF is a scaled down, two loop, full pressure (15.55 MPa) model of a four
loop, 3423 MWt Westinghouse PWR with a volume scaling ratio equal to 1/48 and the
elevations scaling factor 1:1. The ROSA-IV/LSTF nominal core power is 14% of the volume
scaled value, i.e. 10 MW.

NPP Krsko is a Westinghouse two loop, 632 MWe PWR plant, located in Krsko,
Slovenia. Initial and boundary conditions of the experiment (system pressure, temperature rise
along the core, core outlet temperature) were reproduced in the input data set. The NPP Krsko
scaled parameters were the core power, core inlet mass flow and the cold leg rupture area. The
scaling factor used in the analysis was the ratio of the initial volume of liquid of the NPP Krsko
to the ROSA-IV/LSTF and it was equal to 22.29. Volume scaling ratio (NPP Krsko total
volume to the ROSA-IV/LSTF total volume) equals to 19.11.

The aims of the analysis were to predict the RCS behavior for the loss of RHR system
(time to core boiling, the RCS pressurization rate, time to core uncovery) if no actions to
restore the core inventory (Safety Injection) are undertaken. Physical phenomena of major
concern for this accident are:
• Evaporation/Condensation processes due to depressurization/pressurization in the system
• Liquid hold up by counter-current gas flow (Counter Current Flow Limitation (CCFL))

and subsequent relocation of liquid in the RCS after CCFL
• Loop Seal Clearing (LSC)
• Steam migration into air filled regions (upper parts of the RCS, U-tubes)
• RCS cooling due to condensation of the steam migrated into the primary side of U tubes

when the SG secondary sides are under wet lay-up conditions.
• Core uncovery and core dry-out

INITIAL AND BOUNDARY CONDITIONS

The primary and secondary system were kept at atmospheric pressure. The initial liquid
level in the primary loop was set approximately at the centerline elevation of the horizontal legs
to simulate a midloop operation; the crossover legs-floop seals) were thus liquid filled. The SG
secondary sides were either filled with liquid at 317 K to the normal level (~ 10 m above the
tube sheet). The liquid temperatures in hot and cold legs were maintained at 334 K and 318 K,
respectively using the RHR system. The primary coolant was led to the RHR system through
the nozzles at the bottom of the hot legs and pumped through the RHR heat exchanger. The
coolant was then pumped back through the ECCS injection nozzles to the cold legs. The core
power was kept at 430 kW or 0.6% of the core nominal power. This corresponds to the decay
heat 20 hours after shutdown.

The experiment was initiated by isolating the RHR system from the primary system and
closing the pressurizer relief valves and SG safety valves. At the same time, an opening
equivalent to a 5% cold leg break was opened in the cold leg in the loop without pressurizer to
simulate a 5% cold leg break. The SG relief valves were left open during the experiment. The
ECCS system was not available. In the experiment, the core bypass region was not simulated.
The vent valve between the upper plenum and the downcomer was closed.
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RELAP5 MODEL

The analysis of the loss of RHR system was performed using the computer code
RELAP5/M0D 3.2. The code has the capability for the analysis of transient conditions when
noncondensables are present in the RCS.

The standard RELAP5/MOD2 input data set for ROSA-IV/LSTF (ref [1]) adapted for
RELAP5/M0D 3.2 code was used in the analysis. RELAP5/M0D 3.2 input data set for NPP
Krsko has been established on the basis of standard RELAP5/M0D 2 input data set for NPP
Krsko developed at the Faculty of Electrical Engineering and Computing (ref [2]). The
RELAP model consists of 259 volumes and 263 junctions for the ROSA-IV/LSTF and of 243
volumes and 248 junctions for NPP Krsko, respectively. Reactor core is modeled by pipe
having 12 volumes for both ROSA-IV/LSTF and NPP Krsko. The RHR flow inlets and outlets
are modeled by time dependent junctions connecting the RHR system modeled by time
dependent volumes with respective hot and cold legs. The reactor pumps are not modeled
explicitly and are represented by branch components. The break in the cold leg of the loop
without pressurizer was modeled by a flow controlled check valve. For both ROSA-IV/LSTF
and NPP Krsko, the subcooled and two-phase discharge coefficients of the break valve were
1.153 and 0.88, respectively. For ROSA-IV/LSTF, no bypass flow between the upper plenum
and the downcomer inlet was assumed due to the fact that in the experiment, the valve
connecting these two components was closed. Furthermore, no core bypass was simulated. For
NPP Krsko two analyses were performed:

a) case NEKA with both upper plenum-downcomer bypass and core-baffle bypass
b) case NEKB without upper plenum-downcomer and without core-baffle bypass flow.

Initial and boundary conditions of the experiment were reproduced in the input data set
(system pressure, temperature rise along the core, core outlet temperature) The initial liquid
level in horizontal legs was set till the top of the horizontal piping. Initial conditions for the
transient analysis obtained after 200 s steady state calculation are summarized in Table 1. NPP
Krsko parameters scaled up to ROSA-IV/LSTF were the core power, core inlet mass flow and
the cold leg rupture area. Core power was kept constant during the steady state as well as
during the transient simulation (430 kW for ROSA-IV/LSTF and 10.16 MW for NPP Krsko,
respectively).

Hot leg pressure (1.E5 Pa)

Cold leg pressure (l.E5Pa)

Hot leg temp. (K)

Cold leg temp. (K)

Loop mass flow (kg/s)

LSTF*

1.035
1.034
333.357
317.99
3.301

LSTF **

1.035
1.034
333.362
317.995
3.2154

NEKA*

1.041
1.023
333.811
318.0
68.171

NEKA**

1.041
1.023
333.811
318.018
68.749

NEKB*

1.035
1.016
334.348
318.0
71.284

NEKB**

1.035
1.016
334.344
318.078
77.172

Table 1 ROSA-IV/LSTF (LSTF) and NPP Krsko (NEK) Initial Conditions for
RELAP5/MOD 3.2 Calculation

* loop with pressurizer
** loop with break
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TRANSIENT RESULTS AND DISCUSSION

The transient was initiated after 200 s steady state simulation by terminating the RHR
flow. The RHR outlet flow (to the cold legs) was closed in 1.25 s and the RHR inlet flow
(from the hot legs) was ramped to zero in 10 s. The core power remained constant during the
transient. The transient was simulated for 6000 s. In figures 1 through 12, the transient results
for the ROSA-IV/LSTF (label -LSTF), NPP Krsko case A (label -NEKA) and the case B
(label -NEKB), respectively, are plotted. ROSA-IV/LSTF experimental results are
summarized in ref. [3] and [4]. In the Table 2 the main events are summarized. The time values
refer to the transient begin.

After the isolation of the RHR system, the coolant in the RCS became almost stagnant and
the coolant temperature in the core and hot legs began to rise. Due to coolant expansion, the
liquid level in the hot legs and the upper plenum began to rise. The top part of the core reached
saturation (~ 380 K at 0.1 MPa) at around 270 s for ROSA-IV/LSTF, at 259 s for the case
NEKA and at 229 s for the case NEKB, respectively. Figures 1 and 2 represent the void
fraction at the top and at the center of the core, respectively. The center of the core for the
cases LSTF and NEKB started to boil almost simultaneously with the top of the core. The
major portion of the lower core inventory remained highly subcooled during the transient while
the upper part was saturated. Due to this temperature difference, multidimensional natural
circulating flow was established in the core and the temperature rise at the middle height of the
fuel rods is slowed down. However, multidimensional natural circulation effects inside the core
cannot be captured by the code because of its one-dimensional flow model. Therefore, in the
calculation (LSTF, NEKB) steeper temperature rise along the core resulted when compared
with experiment (ref. [3], [4]; Fig. 1 and 2). In the case NEKA, the natural circulation flow
from the upper plenum through the upper plenum-downcomer bypass passing the downcomer
and core-baffle bypass to the core inlet was established. This resulted in 970 s delay in start of
the boiling of the center of the core for the case NEKA (Fig. 2). Following the start of the
boiling in the core, the primary pressure began to increase as shown in Fig. 3 and the boil-off
steam migrated to the upper parts of the RCS (hot legs, pressurizer, SG inner plenum and SG
U-tubes). In the upper parts of the RCS previously filled only with air (pressurizer bottom, SG
inlet plenum) the liquid phase appeared firstly after the liquid expanded due to temperature rise
and secondly by entrainment of liquid droplets after the boiling in the core had started. These
liquid layers are supported by the flow of the countercurrent gas phase (CCFL limitation). For
this experiment, CCFL has been experienced in the pressurizer surge line and in the SG inlet
plenum but without significant influence on the transient response. Together with loss of RHR
system, the cold leg break occurred. The gas phase in the upper parts of the RCS was isolated
from the cold leg opening by liquid in the reactor vessel and loop seals. Thus, the gas
expansion due to boiling caused the liquid level drop in the core as shown in Fig. 5 and in the
down-flow part of the loop seals. Along the reactor pressure vessel (core - downcomer inlet)
the pressure difference builds up. As long as the liquid layer in the loop seals prevented the air
and boil-off steam to be vented through the break, this pressure difference persisted and the
core liquid inventory was pushed towards the downcomer inlet and the cold leg break where
the liquid expelled out to the atmosphere. Integrated break mass flow is shown in Figure 7. For
the NPP Krsko the scaled values are plotted (scaling factor 22.29). Loss of liquid available for
cooling can lead to the core cladding temperature excursion if the core inventory does not
recover in a due time.

Core inventory can recover after LSC (Loop Seal Clearance) when the air and boil-off
steam vent through the break and the pressure along the loop seal (i.e. the pressure along the
pressure vessel: top of the core - downcomer inlet) equalizes. In this transient, the upper part
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of the RCS is filled by air. Boil off steam is lighter than air two times. It tends to flow upwards
in the air-steam mixture regions. Presence of steam is indicated by its condensation in the U-
tubes. This is another very important way of core recovery in this event. Firstly, due to
condensate down-flow to the hot legs and finally to the core, and secondly due to pressure
reducing following the steam condensation. The latter effect reduces the liquid discharge
through the break. The LSC is indicated by void content in the loop seals. In the Fig. 9, loop
seal void fraction in the loop with break is plotted. On the left ordinate, the values for the cases
LSTF and NEKA and on the right ordinate the values for the case NEKB, respectively, are
plotted. First calculated LSC can be observed at 1344 s for ROSA-IV/LSTF, at 1409 s for the
case NEKA, and at 879 s for the case NEKB. Fluid fraction in the SG U-tubes inlet increased
following the condensation (Fig. 11) and the SG secondary side temperature (Fig. 10) started
to rise, too. In the Fig. 12, vapor generation rate (kg/m3-s) in the SG U-tubes inlet in the loop
with break is plotted. It is negative and it represents the condensation in the U-tubes, actually.
It can be seen that the steam appeared in the U-tubes first after LSC and that no mixing with
the air took place before. For the case NEKB, the LSC was a very effective means of the core
liquid recovery. After first LSC, the break outflow was slowed down (Fig. 7), core collapsed
liquid level remained almost constant (Fig. 5), and very intensive condensation in the U-tubes
kept the core covered. During the transient simulation, the condensation in the U-tubes took
place only at the inlet. Later on, a condensation in the down-flow side of the U-tubes could
lead to the reformation of the loop seals. However, during the transient simulation the steam
migration did not reach the U-tube bowing.

For the ROSA-IV/LSTF case, the first LSC occurred later than in the case NEKB (at t =
1344 s). Unlike in the case NEKB, the condensation and pressure drop after LSC were not as
intensive. The hot leg pressure continued to increase after LSC until the second LSC at t =
3933 s occurred.

Contrary to the ROSA-IV/LSTF and NEKB case, for the case NEKA, the upper plenum-
downcomer bypass flow path has caused the cold leg pressure follow up the hot leg pressure
(Fig. 3 and 4). The steam above liquid level pushed the core liquid inventory to the downcomer
inlet on one side, but on the other side it directly affected the cold leg emptying reaching the
downcomer inlet through the bypass. After the downcomer inlet had been emptied at
approximately 2700 s (Fig. 6), the steam was flowing directly to the break and the weak flow
to the SG U-tubes was terminated (Fig. 10, 11 and 12). Direct steam relief through the break
caused the pressure drop (Fig. 3 and 4). As a consequence of the fast depressurization,
evaporation in the core was intensified. The liquid level continued to decrease (Fig. 5). At t =
3209 s the top of the core uncovered (Fig. 1) and the core dry-out occurred (Fig. 8).

;1'A:\" * ' ~EVENT^
Boiling of the core top (s)
Boiling of the core center (s)
Integrated break mass flow (kg)
RCS pressurization rate (1.E5 Pa)
Hot legs empty (_s)_/ Cold legs empty (s)
l " Loop Seal Clearing (s)
Time to core uncovery (s)
Minimum core collapsed level (%)
Increase in core cladding temp, (s)
Maximum core cladding temp. (K)
End of simulation (s)

LSTF
270
260
1005
1.327
1509/-
1344
-
59.16

384.46
5200

.-NEKA',,;-,-
259
1229
1376
1.365
1439 / 2699
1409
3209
28.88
3729
1027.8
6000

NEKB
229
239
980
1.277
1409/ -
879
-
37.47
-
382.84
6000

Table 2 Time sequence of the main events
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CONCLUSION

Analysis of the loss of the RHR system during midloop conditions along with 5% cold leg
break was performed using the RELA5/M0D 3.2 code. Following conclusions can be drawn
from the analysis:
• Boiling at the middle height of the core and at the top started simultaneously for ROSA-

IV/LSTF and the case NEKB.
• Influence of the core-baffle and upper plenum-downcomer bypass in the case NEKA is

twofold. In the first phase of transient (0-2700 s), the steam above liquid level pushed the
core liquid inventory to the cold legs on one side, but on the other side, the natural
circulation flow from upper plenum through upper plenum-downcomer bypass passing the
downcomer and core-baffle bypass to the core inlet was established. This enabled more
intensive cooling of the core. On the other side, the upper plenum - downcomer bypass
flow affected the cold leg emptying. After the downcomer inlet had been emptied (at t =
2700 s), the steam from the upper plenum escaped directly through the upper plenum-
downcomer bypass to the atmosphere. This caused the fast depressurization accompanied
by the intensive evaporation of the core inventory, core uncovery and core dry-out.

• Core liquid recovery by means of LSC and the subsequent steam condensation in the U-
tubes was satisfactory in the cases ROSA-IV/LSTF and NEKB.

• Steam migration towards the SG U-tubes and subsequent condensation took place first
after LSC and only at the inlet of the SG U-tubes.

• Operable SGs with secondary sides under wet lay-up conditions act as effective means of
preserving the reactor core covered up with liquid for this event.

The largest time step used in the analysis was 50 ms. At the end of simulation the calculated
mass error was 1.52 % for ROSA-IV/LSTF, 2.49 % for the case NEKA and 2.14 % for the
case NEKB, respectively.
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Figure 1: Core top void fraction Figure 2: Core center void fraction

Figure 3: Hot leg pressure Figure 4: Cold leg pressure

Figure 5: Core collapsed liquid level Figure 6: Cold leg void fraction
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Figure 7: Integrated break mass flow Figure 8: Fuel cladding temperature

Figure 9: Loop seal void fraction (left:
LSTF,NEKA; right: NEKB)

Figure 10: Secondary side temperature
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Figure 11: SG U-tube fluid fraction Figure 12: SG U-tube vapor gen. rate
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