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Abstract

A thermal-hydraulic research on next generation PWRs has been conducted at JAERI using the ROSA-
V/Large Scale Test Facility (LSTF), focusing on phenomena related to passive safety systems. This paper
describes two test results conducted for this research: a small break loss-of-coolant accident (SBLOCA) test and
a low pressure steady-state natural circulation (NC) test. The former test investigated a combined use of a SG
secondary-side automatic depressurization system (SADS) and a gravity-driven injection system (GDIS) to
mitigate a SBLOCA. The results have shown that the primary loop can be depressurized to the GDIS actuation
pressure of 0.2 MPa by the SADS alone, and then the stable long-term core cooling can be established by NC.

Results of both tests showed a complicated nonuniform flow behavior among SG U-tubes during NC,
which was characterized by the coexistence of concurrent condensing two-phase flow in some tubes and
stagnant two-phase stratification in the others. The mechanism for the stratification was understood from the
measured secondary side temperature distribution showing the lowest temperature at the top and bottom regions
and the highest around the midplane. This was caused by the saturation temperature difference corresponding to
the static pressure difference, and the recirculation in the secondary. This secondary side temperature
distribution enabled the condensation occurring around the tube top to be balanced with evaporation occurring
around the midplane in the U-tube with the stratification. Since the heat transfer occurs primarily through tubes
with the concurrent flow, the nonuniform behavior directly affects the effective heat transfer area at SG. When
the SG primary side was modeled with one lumped flow channel, the RELAP5 significantly over predicted the
primary depressurization rate, and could not predict the stable long-term core cooling behavior at low pressure.
In order to understand the mechanism of the nonuniform behavior, the RELAP5 analysis was conducted using a
partial SG model. The analysis results have revealed that 1) the fraction of tubes with the concurrent two-phase
flow is affected by the flow stability, and 2) the balance of evaporation and condensation is possible in a U-tube
under the measured secondary side temperature condition. Based on this analysis result, a simplified tentative
procedure using RELAP5 was proposed to predict the system behavior taking into account the nonuniform
behavior.

1. INTRODUCTION

Next-generation pressurized-water-reactors (PWRs) are currently developed worldwide.
Many of these designs rely on passive safety systems for mitigation of consequences of
accidents. Such designs include the Westinghouse AP600 [1], Mitsubishi New PWR-21 (NP-
21) [2], the Japan Atomic Energy Research Institute's JPSR [3], and the Russian V-407 (or
VVER640)[4].

All these reactor designs rely on a gravity-driven safety injection system (GDIS) for the
long-term core cooling following a loss-of-coolant accident (LOCA). Because the gravity
injection can occur only after the reactor primary-side pressure is lowered nearly to the
containment atmospheric pressure, all these reactor designs are provided with means to
depressurize automatically the primary loop. The depressurization of the primary loop is
achieved generally by relieving steam directly from the primary loop and/or cooling the
primary coolant using a dedicated heat exchanger or steam generators (SGs). These reactor
designs also have a medium-pressure range safety injection system similar to or the same as
the existing accumulator injection system (AIS), to maintain the core cooling during the
depressurization phase, and quickly provide coolant to the core in case of a large break
LOCA.
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To assess and optimize such passive safety system designs, their performance should be
evaluated against various accident scenarios. The current computer codes for doing this job,
however, have large uncertainties in predicting phenomena occurring in new components
which the current PWRs do not have, and those occurring under the thermal-hydraulic
conditions which the current PWRs never experience. For example, the long-term core
cooling relies on the pump-driven cooling system for the current-generation PWRs, which are
operable when the pressure is lower than 1 MPa. Therefore, the low pressure natural
circulation (NC) behavior has not been sufficiently investigated.

Motivated by this background, a thermal-hydraulic research program has been
conducted on next-generation PWR designs using the ROSA-V/Large Scale Test Facility
(LSTF) [5]. This research aims to improve the understanding on the passive safety system
related thermal hydraulics and contribute the advancement of a safety assessment technique,
the development of a reactor design, and the decision making for the selection of a next-
generation reactor.

So far, four small break LOCA (SBLOCA) tests have been conducted for this test
program [6, 7, 8]. These tests focused on the combined use of a secondary-side automatic
depressurization system (SADS) and a GDIS for the long-term core cooling. The primary loop
is depressurized to the GDIS actuation pressure by the SG secondary side depressurization.
This combination is adopted in the design of NP-21, for which horizontal SGs are used
instead of vertical SGs [2]. Several important phenomena were identified through the analysis
of the tests, including nonuniform flow behavior among U-tubes during the NC at low
pressure. It was found that the primary depressurization rate was overpredicted and the NC
flow was unrealis tically oscillatory when the nonuniform behavior was not taken into account
in the RELAP5 calculation [8]. In order to investigate the NC behavior under more clearly
specified boundary conditions, a steady-state NC test was conducted.

In this paper, the results of these SBLOCA tests using the SADS and GDIS will be
summarized after a short description of the test facility. Then the results of the NC test and the
RELAP5 analysis, will be presented focusing on the nonuniform flow behavior among U-
tubes and its mechanism.

2. TEST FACILITY

The LSTF was originally built as a 1/48 volumetrically-scaled, full-height, full-pressure
simulator of the current-generation Westinghouse-type four-loop (3 423 MW the rmal power)
PWR [5]. The core is simulated by a 10 MW electric heater rod assembly which consists of
1000 heater rods. The four loops of the reference PWR are lumped into two model loops (Fig.
1). Each loop has a SG consisting of 141 full-size (19.6 mm id.) inverted-U-tubes, a reactor
coolant pump, a hot leg and a cold leg.

The passive safety injection systems, currently available in the LSTF, include the GDIS,
the conventional nitrogen gas-driven AIS, and a flashing-driven safety injection system
(FDIS) [6].

The GDIS consists of a tank holding water of ambient temperature and pressure. An
injection line connects the bottom of each tank to the cold leg, or to the vessel down comer.
The line includes a check valve so that the liquid injection automatically initiates when the
system pressure sufficiently decreases. The LSTF has two tanks designed to simulate the AIS
in the current-generation PWR. One of the two tanks has the design pressure of 11.7 MPa.
This high-pressure accumulator tank can be used for the FDIS, which is a medium-pressure
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FIG 1. Geometry ofLSTF.

safety injection system proposed by the authors [6]. It utilizes steam, generated by flashing, to
pressurize the coolant for injection. An apparent advantage of the FDIS over the current
nitrogen-driven accumulator design is that it would not bring any noncondensable gases into
the primary system. Such gases would degrade the performance of a primary-side heat
exchanger. Thus, this advantage would be significant for reactor designs which rely on heat
exchangers or SGs for the system depressurization and core decay heat removal.

An automatic depressurization system (ADS) for the primary system is simulated using
valves connected to the pressurizer top. The SADS is also simulated using valves connected
to each SG steam dome.

3. SUMMARY OF A SBLOCA TEST

3.1. Test conditions and results

A system break was simulated in the cold leg of the loop without the pressurizer (loop
B). The break diameter was 16 mm, corresponding to 4.4 inch-diameter break in the reference
reactor. The test simulated a two-step SADS, roughly using the tentative setpoints for the
Mitsubishi NP-21 in a crude manner. The FDIS with the initial pressure of 5.5 MPa and the
GDIS with the constant liquid level of 12.5 m above the cold leg elevation were used.
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FIG. 2. Comparison Of Primary And Secondary Pressures Between Experiments and Relap5.

The primary loop was depressurized quickly toward the SG secondary-side pressure
immediately after the break at time zero, as shown in Fig.2. During this initial
depressurization, several trip-initiated events occurred, including the core power decay, pump
coastdown, isolation of the SG secondary sides, and actuation of the first stage of SADS
(SADS-1). The primary-side depressurization was arrested for a while at a pressure slightly
higher than the secondary-side pressure. The depressurization resumed, however, immediately
after the second stage of SADS (SADS-2) was actuated at 407 s. Liquid injection from the
FDIS occurred between 331 and 387 s, when the primary-side pressure decreased below the
FDIS initial pressure of 5.5 MPa. Immediately after this, the two-phase NC resumed due to
the increase of the primary cool ant inventory. As the primary pressure decreased further, the
GDIS injection started at 3435 s. After the GDIS actuation, a stable long-term cooling
condition was established; the primary pressure at the upperplenum was almost constant at 0.2
MPa, the decay heat was transferred to SGs by NC, and the break flowrate was balanced with
the GDIS injection flowrate. The core was always covered with liquid water or two-phase
mixture through the experiment, which ended at 14 000 s.
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Nonuniform flow behavior among parallel U-tubes was observed both during the
blowdown phase and low pressure long-term core cooling phase. The behavior was
characterized by the coexistence of concurrent condensing flow in some tubes and stagnant
two-phase stratification in the other tubes as shown in Fig.3.

The stable two-phase stratification in U-tubes during the blowdown phase was caused
mainly by the temporal liquid level drop in the secondary side. The secondary side liquid level
temporarily decreased down to 40% of the U-tube height due to the coolant loss from the
SADS valves [7, 8]. This decreased the condensation in the U-tube top region and resulted in
the stable existence of vapor space above liquid columns in there.

On the other hand, the two-phase stratification during the long-term core cooling phase
occurred when entire U-tubes were covered with the two-phase mixture in the secondary side.
This stratification was caused by the secondary side temperature distribution as will be
discussed in the next section describing the NC test.
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FIG. 3. Nonuniform Flow Behaivor Observed Among U-Tubes.
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3.2. RELAP5/MOD3 ANALYSIS

The test was analyzed using the RELAP5/MOD3/V5M5 [9]. The primary and secondary
loops were modeled using 235 volumes and 204 heat structures. The measured data were used
for the temperature and flowrate of the feedwater. The primary side of the SG was modeled
with a single flow channel. This is because the nonuniform behavior was not reproduced just
by putting two flow channels for the SG primary side as will be discussed in the next section.

The primary depressurization caused by the SADS actuation was relatively well
predicted before the SADS-2 actuation, as shown in Fig. 2. The depressurization rate was,
however, overpredicted at lower pressure. Because of the overpredicted depressurization, the
GDIS actuation was predicted to occur about 1500 s earlier than the experiment as shown in
Fig. 2. Since thepressure and mixture level in the SG secondary side were predicted well, the
overprediction of the primary depressurization was caused by the overprediction of the
effective heat transfer area at SG and/or the heat transfer coefficients for condensing flow.
Note that the effective heat transfer area was smaller than the total geometrical surface area of
U-tubes due to the stagnant two-phase stratification. Since the code does not have a model to
take into account this effect, the overprediction of the heat transfer may be inevitable. The
overprediction of the heat transfer coefficient can be a cause because the RELAP5 code does
not have appropriate heat transfer models for vertical concurrent condensing flows [7, 8].

The inability of the code to deal with the nonuniform U-tube flow also resulted in a very
oscillatory NC flow compared with the experimental data as shown in Fig. 4. The
overestimated heat transfer area caused excess condensation in the U-tube, which resulted in
the flow oscillation including the flow reversal. The exaggerated oscillation of the NC flow
affected the prediction of the core cooling. Although the core fluid changed to single-phase
liquid from two-phase mixture after 4500 s in the test, such transition was not predicted at all.

Exp. Data

••••• RELAP5/MOD

1000 2000 3000 4000
Time (s)

5000 6000 7000

FIG. 4. Comparison of Loop Flowrates Between Experimental Data and RELAP5/MOD3.
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The inability of the code to predict the NC behavior is noteworthy when compared with
the code assessment results using the high pressure NC data. Even using a lumped flow
channel for U-tubes, the loop flow rate under various two-phase flow modes, including a fill
and dump mode, was somehow calculated [10, 11]. These results stress the importance of a
calculation model for the nonuniform behavior in order for the prediction of the low pressure
NC.

4. LOW-PRESSURE NATURAL CIRCULATION TEST AND ANALYSIS

4.1. Test conditions and results

A steady-state NC test was conducted by decreasing a primary mass inventory step-
wisely as a test parameter, and controlling the core power at 0.94 MW (1.3% of the nominal
core power) and the SG secondary pressure at 0.14 MPa.

Figure 5 shows the loop flowrate vs. the primary mass inventory observed in the test.
With decreasing the mass inventory, the loop flowrate increased due to the transition from the
single-phase NC to the two-phase NC, peaked at 90%, and then decreased. The reflux
condensation was observed for the mass inventory below 40%.

The nonuniform two-phase flow behavior similar to that observed in the SBLOCA test
was observed when the primary mass inventory was between 70 and 91%. Among six
instrumented SGU-tubes in the loop-A, the stagnant two-phase stratification was observed in
five U-tubes, while the concurrent condensing flow was observed only in one U-tube.
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The existence of the two-phase stratification suggests that the vapor mass does not
change with time in the vapor continuous regions above the liquid levels in such U-tubes.
Note that all the core power was transferred to the SG secondary sides during the test, that is,
the average primary temperature was higher than that in the secondary side. Only
condensation was seemingly possible in U-tubes under this condition.

The mechanism for the stagnant stratification can be understood from the measured
secondary side temperature distribution showing the lowest temperature at the top and bottom
regions and the highest around the midplane as shown in Fig. 6. This was caused by the
saturation temperature difference corresponding to the static pressure difference, and the
recirculation in the SG secondary side. The condensation occurring around the tube top was
balanced with the evaporation occurring around the midplane in the U-tube with the
stratification. This enabled the stable existence of vapor space above the liquid levels in the
U-tube. This behavior is one of characteristic behaviors at low pressure where the pressure is
comparable to the water head. On the other hand, such coexistence of evaporation and
condensation in a tube is impossible to occur at high pressure where the secondary side
temperature is generally uniform [11].
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240



4.2. ANALYSIS

4.2.1. RELAP5 analysis using a partial SG model

Flow characteristics for a U-tube were analyzed using the RELAP5/MOD3.2.1.2 code to
better understand the mechanism of the nonuniform behavior. One U-tube was modeled using
the pipe component with 32 cells. For the analysis of the two-phase concurrent flow, the inlet
flowrate, inlet quality, and outlet pressure were imposed. For the analysis of the two-phase
stratification, the measured pressure and quality were imposed both for the inlet and outlet.
For both analyses, measured secondary side fluid temperatures were given as the outer surface
temperatures of the tube wall heat structure components. Although this procedure neglects the
heat transfer resistance on the tube wall outer surface, it was used to keep the secondary side
conditions to be constant without being affected by the primary side calculation result s. Note
that it is impossible for the current RELAP5 code to impose the secondary fluid temperatures
and calculate the heat resistance at the same time.

A calculated flow characteristic curve for the SG primary side is shown in Fig. 7, in
which the pressure difference between the tube inlet and outlet, an indicator of the SG flow
resistance, is plotted against the inlet flowrate. Here the flowrate is normalized by that
obtained assuming the uniform flow distribution among U-tubes. That is, the normalized
flowrates of 1 and 4, for examples, mean the fraction of tubes with the concurrent condensing
flow of 100 and 25%, respectively. The error bar attached to each point in Fig. 7 represents
the standard deviation to indicate the magnitude of the fluctuation.

The calculated flow behavior was very oscillatory for the normalized flow of 1, showing
a cyclic reverse flow from the outlet. The oscillation occurred because the vapor inlet flowrate
was so small, compared to the condensation rate, that the pressure could not maintain at a
sufficiently high level to prevent the reverse flow. This oscillatory behavior was similar to the
RELAP5 results for the NC flowrate at low pressure shown in Fig. 4. This analysis, thus,
confirms that the stable NC behavior at low pressure can not be predicted by the RELAP5
code when the nonuniform behavior is not take into account.
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With increasing the flowrate from 1, the differential pressure first decreased showing a
negative slope in the flow characteristic curve. The negative slop was cause d by that the void
fraction in the upflow side increased with increasing the mass flowrate. It is known that the
negative slope causes the flow excursion type instability. The flow behavior was relatively
stable for the normalized flowrate between 4 and 8, in which the slope was positive because
the upflow side became fully voided and the effect of the flow resistance increased with
increasing the flowrate. Above the normalized flowrate of 9, all the vapor did not condense in
the U-tube.

The measured differential pressure of 11 kPa corresponded to the normalized flowrate
of 1 and 7, as shown in Fig.7, or the fraction of tubes with the concurrent condensing flow of
100 and 14%, respectively. Since the unstable flow tends to be avoided, this analysis may
indicate that the fraction of the U-tubes with the condensing flow was 14% during the test at
70% mass inventory. It should, however, be noted that the calculated results have large
uncertainties because the RELAP5 code does not have appropriate heat transfer models for
vertical condensing flows, and the outer surface heat transfer resistance was not taken into
account in this analysis as mentioned before.

Since the crosssection of the SG inlet plenum of the LSTF is almost a semi-circle
having a relatively large diameter of 0.73 m, the inlet quality is expected to be nonuniform for
each U-tube. Indeed, fluid saturation caused by the vapor ingress was observed in the bottom
part of the upflow side of some U-tubes with the stratification, while the subcooling was
observed in the other tubes with the stratification during the test. The inlet quality was,
therefore, changed as a parameter in the stagnant two-phase stratification analysis. Figure 8
shows a volumetric vapor generation rate in a tube as a function of the elevation for the inlet
quality of 0.0 and 0.018. The inlet quality of 0.018 corresponds to the core outlet quality. For
both quality conditions, calculated liquid levels in the upflow and downflow sides of tubes
were stable except for the initial transient condition. This confirms that the balance of the
condensation and evaporation is possible under the measured secondary side temperatures and
estimated inlet quality conditions.

The above two analyses have made clear that the fraction of tubes with the concurrent
condensing flow is determined so that the stable flow can exist while all the vapor is
condensed in tubes. The flow behavior in the other tubes can be stable with the two-phase
stratification.

4.2.2. Simplified system analysis procedure taking into account the nonuniform behavior

From the discussions above, it has been made clear that the nonuniform behavior should
be taken into account in the system analysis using the RELAP5 to realistically predict the low
pressure NC behavior. This is clearly indicated in Fig. 5, where the loop flowrates calculated
by the RELAP5 using one channel U-tube model are compared with the experimental data.
Although the average flow rate is somehow predicted, the calculated flow was significantly
oscillatory as indicated by the error bar in Fig. 5. A trial analysis was made just by putting two
parallel channels to represent the SG primary side assuming the fraction of tubes with the
concurrent condensing flow. The result was completely the same as the result using the one
channel U-tube model, that is, the calculated behavior in the two channels were both
oscillatory.

It is expected that the stagnant two-phase stratification may be predicted by imposing
very high flow resistance for the flow channel representing the two-phase stratification. Such
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an artificial adjustment may be justified because it does not affect the calculation results if the
flow velocity is small enough, that is, the resistance coefficient has an influence on the result
only when the flow exists.

The effectiveness of this simple procedure were investigated by analyzing the NC
behavior at the 70% mass inventory using the RELAP5. The used noding was the same as that
used for the SBLOCA analysis except for the SG primary side that was modeled with two
parallel channels. The secondary-side pressure, collapsed liquid level, and feedwater
temperature were forced to match the experimental data. Each U-tube channel was modeled
with a pipe component with eight calculation cells. The fraction of tubes with the condensing
flow was assumed to be 25%. The imposed flow resistance for all the junctions in the
component representing the two-phase stratification was 105.

Figure 9 shows the comparison of loop flowrates between the test and analys es using
one or two channel model for the SG primary side. The oscillation was suppressed
significantly for the two channel analysis, although there still exists disagreements between
the data and calculation. For more reliable prediction of the low pressure NC behavior, the
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heat transfer correlations for the condensing flow should be investigated. At the present time,
the low pressure NC behavior may be investigated, at least qualitatively, by using this
procedure and changing the fraction as a calculation parameter.

5. CONCLUSIONS

Thermal-hydraulic safety research program is currently being conducted by using the
ROSA-V/LSTF, to better understand the phenomena associated with passive safety systems
for the next generation PWRs. The test data also are useful for assessment and improvement
of computer codes. This paper describes the two test results: one small-break LOCA test for
the investigation of the combined use of a gravity-driven injection system (GDIS) and a SG
secondary-side automatic depressurization system (SADS), and one low-pressure steady-state
natural circulation test. The results of the tests and RELAP5/MOD3 analysis can be
summarized as follows.

1. The primary system was depressurized, by means of the SADS, successfully to the GDIS
injection pressure of 0.2 MPa, even when the primary ADS was not used. Long -term
passive core cooling by the natural circulation flow, with the GDIS injection flow balanced
with the break flow, was established at low pressure. These results confirm the
effectiveness of the combined use of the SADS and GDIS.
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2. Nonuniform flow behavior was observed among SG U-tubes during the low-pressure
natural circulation core cooling phase in the two tests, that is, the heat transfer occurred
primarily in U-tubes with the two-phase concurrent condensing flow, while the stagnant
two-phase stratification was observed in the others. This causes the reduction of the
effective heat transfer area in the SG.

3. The primary depressurization was overpredicted by the RELAP5/MOD3 code using one
lumped U-tube after the SADS-2 actuation. The natural circulation flow was excessively
oscillatory, and the observed stable core cooling by a single-phase liquid flow was not
predicted. These are caused mainly by the inability of the code to simulate the nonuniform
behavior among U-tubes.

4. The RELAP5 analysis using a partial SG model have indicated that U-tube flow is stable
and all the vapor inflow is condensed in the tube in a certain flowrate range. This suggests
that one of the main factors to determine the number of the U-tubes with the concurrent
flow is the flow stability in a U-tube.

5. The stagnant two-phase stratification occurred in a U-tube when the average temperature is
higher in the primary than in the secondary because the condensation occurring in the top
part of the U-tube was balanced with the evaporation occurring around the midplan e of the
tube. These were caused by the secondary side temperature distribution which is a
characteristic at low pressure where the static head is comparable with the system pressure.
The RELAP5 analysis using a partial SG model have confirmed the balance of the
evaporation and condensation.

6. A simple analysis procedure was proposed to take into account the effect of the
nonuniform behavior. In this procedure, the fraction of the tubes with concurrent flow is
changed as a parameter, and the very large flow resistance is imposed on junctions for the
pipe components representing U-tubes with the stagnant two-phase flow stratification. One
example have clearly demonstrated the effectiveness of this procedure, although further
research is required for more accurate prediction.
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NOMENCLATURE

ADS : Automatic Depressurization System
AIS : Accumulator Injection System
FDIS : Flashing-Driven Injection System
GDIS : Gravity-Driven Injection System
LOCA: Loss-Of-Coolant Accident
NC : Natural Circulation
SADS : Secondary Side Automatic Depressurization System
SADS-1 : First Stage of SADS
SADS-2 : Second Stage of SADS
SBLOCA : Small Break Loss-Of-Coolant Accident
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