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Abstract

As a part of the international CAMP Program of the US Nuclear Regulatory Commission (US-
NRC), the best-estimate code TRACE is validated with the stability database of SIRIUS-N
facility at high pressure. The TRACE code analyzed is version 5 patch level 2. The SIRIUS-N
facility simulates thermal-hydraulics of the economic simplified BWR (ESBWR). The oscilla-
tion period correlates well with bubble transit time through the chimney region regardless of the
system pressure, inlet subcooling and heat flux. Numerical results exhibits type-I density wave
oscillation characteristics, since throttling at the core inlet shifts stability boundary toward the
higher inlet subcooling, and throttling at the chimney exit enlarges unstable region and oscilla-
tion amplitude. Stability maps in reference to the inlet subcooling and heat flux obtained from
the TRACE code agrees with those of the experimental data at 1 MPa. As the pressure increases
from 2 MPa to 7.2 MPa, numerical results become much stable than the experimental results.
This is because that TRACE underestimates two-phase frictional loss at such high pressure,
since the natural circulation flow rate of numerical results is higher by up to 17 % than that of
experimental results.

1 Introduction

Natural circulation is a key passive-safety driving force in nuclear reactors. In Economic Sim-
plified Boiling Water Reactor (ESBWR, see Figure 1), the core is cooled by natural circulation
flow. A chimney is installed on top of the core to enhance natural circulation flow rate. In order
to investigate stability of ESBWR, we designed and constructed the SIRIUS-N facility. Figure 2
illustrates a schematic of SIRIUS-N facility, which is a scale copy of ESBWR. Experimental
results with the SIRIUS-N facility indicates that ESBWR is susceptible to the flashing-induced
density wave oscillations at low pressure [1] and type-I density wave oscillations at high pres-
sure [2]. The acquired stability map suggests that ESBWR can start up with sufficient stability
margin by pressurizing the reactor before withdrawing control rods [3].

In order to extend the stability database, numerical analysis is useful tool. There are two types
of analysis: frequency domain and time domain codes. A frequency domain code is handy to
predict stability boundary and decay ratio. For instance, the authors have conducted sensitivity
study of liquid density variation [4], which cannot be varied in experiments. Although a time

domain code is time-consuming, it accounts nonlinear terms and gives amplitude and waveform
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of limit-cycle oscillations. In the time-domain codes, TRACE code includes advanced best-
estimate models to analyze transient of light water reactors. The TRACE code is developed
US Nuclear Regulatory Commission (NRC) and distributed under the international CAMP-
Program.

This paper addresses TRACE code validation against the SIRIUS-N stability database at high
pressures > 1 MPa).

2 Experimental Facility, SIRIUS-N

The present code validation refers to the stability database with BWR regional stability facility
SIRIUS-N1[3]. The SIRIUS-N facility equipped with artificial void-reactivity feedback on the
basis of a set of acquired void fraction. This study refers to the pure thermal-hydraulic stability
database without activating the artificial void-reactivity feedback.

The thermal-hydraulic loop of SIRIUS-N consists of two channels, a chimney, a separator, a
condenser, a downcomer, a subcooler, and a preheater. A heater was inserted into each channel
concentrically. The heated length, is 1.7 m and its profile is uniform. The chimney length,
lr,is5.7m.

In the figure 2, legends RO through R8 indicate the measurement regions of differential pressure,

and legend T indicates the measurement location of temperature. The thermocouples measuring
fluid temperature are type K and 3.2 mm in diameter. Thermocouples measuring heater surface
temperature were 0.5 mm in diameter, embedded and silver-brazed in the surface. A system

pressurepPs refers to the vapor pressure in the separator dome. An orifice is inserted into each

ISIRIUS-N is abbreviation of Bnulated Ractivity feedbackricorporated into thermal-hydréit) Stability for
Natural circulation BWR
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Table 1. Comparison of the Facility with Natural Circulation

BWR

System Presaure, P, 0.1MPa 7.2MPa
Target Reador Fadlity Reador Fadlity
Flashing Parameter, V; 67 46 0.057 0.036

Froude Number, Fr 105-10* 7.6:10° 0.058 0.053

P]*\‘/aseChange'\‘“mber' 116 131 37 37

pch

Subcod Number, V.., 9.0 9.0 0.58 0.58
Nondmensional Drift 132 197 0138 0183

R\;t?c?ffit%:gor Densty Table 2: Number of Mesh in Sensitivity Study
to Liquid, R, 62104 62104 0052 0052 - S
Ratlo d Vap(]’ Dens'ty oarse edium Ine
at the Channel Inlet 201 163 101 101 C°'gﬁ°”e”: Ml‘jh :g‘”h 4“(’)'93"
. . anne

Ftc.)ctc.:hlmg eé/ffEXIt ?g%lpgl Channel Heater 17 34 34
ricuon Coerricien Chimney 25 50 100

in the Channel, € 69 >7 34 27 Vertical Downcomer 20 50 100
Orifice Coefficient at the Horizontal Downcomer 12 12 12
Channel Inlet, 7.... 10~-50 30 10~50 30
Orifice Coefficient. at the

Chimney Exit, 7,... 20~40 21 20~40 21
Nondmensional

Downcommer Cross 105 111 105 111

Sedional Area A,,
Nondmensional Chimney
CrossSedional Area A,
Nondmensional Chimney
Length, L,

2.59 247 2.59 247

3.34 3.38 3.34 3.38

channel inlet. Its local pressure loss coefficients 19. Comparison of SIRIUS-N facility to
the representative natural circulation BWR is summarized in table 1 [3].

3 Numerical Analysis

Thermal-hydraulic stability was investigated with TRACE version 5.0 patch level 2, developed
by United States Nuclear Regulatory Commission (USNRC). Figure 3 shows a noding diagram,
which describes a flow network of SIRIUS-N facility. A VESSEL component represents the
separator in SIRIUS-N facility. The uppermost cell in the VESSEL component is connected
to a BREAK component to maintain the system pressure the same as the experiment. Nearly
saturated waterXTgyp= 4 K) flows into the lowermost cell in the component. Another BREAK
component is attached to the same cell through a valve. The valve controls the void fraction to
maintain the water level the same as the experiment.

The water in the separator flows into vertical downcomer, and then horizontal downcomer,
which are modeled with PIPE components. A heat structure is attached in the middle of the
downcomer to cool down the water to set the constant subcooling at the channel inlet. In the
TEE component, the water flow divided into two to travel through two channels. Other heat
structures are attached in the channels to apply heat to the flow as the simulated reactor core.
These channels are modeled with PIPE components instead of CHAN component, because of
the simplicity. The outflow from two channel merges in a TEE component to path through the
chimney section. The flow discharges above the water level in the separator. The heat structure
attached to the lower and upper PIPE components calculates heat loss to the environment and
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separator, respectively. The heat loss to the ambient is substantially small, since the surrounding
heat insulation is rock wool.

4 Results and Discussions

4.1 \Verification

Consistency of the input model is verified with SNAP version 2.0 [5]. A parametric study was
conducted to verify the temporal and spatial noding. The spatial mesh size must be adequately
small to capture a spatial variation of the void propagation. The size should not, in turn, be too
small to induce numerical instability.

Table 2 summarizes the number of spatial meshes in the present noding. In order to capture the
void propagation in the chimney, which dominates instability, three different numbers of mesh
in the chimney were investigated parametrically : 25 for coarse case, 50 for intermediate case,
and 100 for fine case.

Figure 4 shows sensitivity study for the spatial mesh size. The figure 4(a) shows time-average
values of liquid velocity at channel inlet. The values are averaged for every one degree Kelvin
and plotted as the different line styles. Experimental data are plotted as different symbols clas-
sified by the stability: ()’ is stable and[™’ is unstable. In the experimental campaign, the flow

is classified as unstable when the standard deviation of velocity at the channel inlet exceeds
10 percent than the time-average value. All three mesh-size cases coincide with each other.
The TRACE results underestimate experimental data at lower subcooling, since the two-phase
friction factor may be estimated lower.

The figure 4(b) shows instantaneous values and standard deviation of the velocity. Even when
the maximum standard deviation exceeds 20 %, the instantaneous values oscillate around the
time-average values as shown in the figure 4(a). In addition, waveforms were sinusoidal for
both experimental and numerical results. The observed oscillations are therefore, dynamic in-
stability. Although the standard deviation enlarges with increasing the number of mesh, the
difference is small. In the rest of calculation, we use the coarse mesh, since it gives the same
results within the smallest calculation time.

Figure 5 shows temporal sensitivity. The TRACE code requires a maximum allowable time step.
We set 50 ms for the base case. In the sensitivity study, we compare results of 50 msto 5 ms. The
maximum allowable time step are adopted as the time step except the initial calculation phase.
Both time-average values in the figure 5(a) and instantaneous values in figure 5(b) indicate that
one-tenth time step does not affect the stability results. The maximum allowable time step is
fixed in this study due to calculation efficiency.

4.2 Waveform

Figure 6 shows a representative time trace of channel inlet velocity acquiredRyke MPa
andq” = 304 kw/n?t. Figure 6 (a)-(c) were acquired for different inlet subcooling in the vicin-
ity of the stability boundary at lower subcooling. Figure 6 (AT§,, = 25.3 K) shows both
sinusoidal waveforms. Both amplitude and period of oscillations coincide with each other. The
period of oscillations in TRACE is slightly shorter than that in the experiment. Figure 6 (b)
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(ATsup= 22.1 K) shows stable waveform in the experiment, while still unstable waveform with
almost the same amplitude as Figure (a). Figure 64d)(p= 18.5 K) shows both stable wave-
forms. These waveforms indicates TRACE predicts the stability boundary at lower subcooling
lower.

4.3 Stability Map

Figure 7(a) shows a stability map at 1 MPa in reference to the inlet subcooling and heat flux.
The internal region of thick red-curve indicates unstable region determined by SIRIUS-N exper-
iment [2]. In the experiment, instability was observed during a certain subcooling range. There
is no instability observed below 90 kWAnThe results from TRACE is plotted as a bubble plot
manner, where a symbol size is standard deviation of the inlet velocity. Example symbol sizes
(1, 10 and 20 %) are plotted as legends in the figure 7. In the experimentfahehMPa, the

flow is classified as unstable when the standard deviation exceed 10 %. The subcooling range
where instability occurs in TRACE agrees with that in SIRIUS-N experiment. Instability were
observed in the TRACE results below 90 kW/ninstability is commonly observed in the low
heat flux range in the time-domain code such as TRACE and TRAC-G codes [6], and in the
frequency domain codes. The amplitude of oscillation in experiments are significantly small,
and the flow is therefore, classified in stable.

Figure 7(b) shows a stability map at 2 MPa. Instability occurs during a certain subcooling in the
TRACE results, though the range shifts to the lower subcooling to that of experimental results.
Although the range decrease with decreasing heat flux, instability occurs below the limit of
experimental range.
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Figure 6: Representative Time Trace of Inlet Velocity Acquired W= 2 MPa andy” = 304 kW/n?

Figure 7(c) shows a stability map at 4 MPa. The standard deviations at 4 MPa becomes much
smaller than those at 1 MPa and 2 MPa. The instability observed in the TRACE results is
involved in the SIRIUS-N stability boundary.

Figure 7(d) shows a stability map at 7.2 MPa. All the points calculated are stable even where
the instability occurred in SIRIUS-N experiments.

4.4 Instability Mechanism

An oscillation period infer the dominant response time of instability [7]. The experimental
campaign of SIRIUS-N reveals that the oscillation time correlates well with transit time of
single-phase liquid at relatively low pressure (0.1 — 0.5 MPa) [1] and that of bubbles at relatively
high pressure (1 — 7.2 MPa) [2] in the chimney. This is because the dominant phenomena are
transit of hot liquid in the chimney to flash at relatively low pressure, and transit of bubbles in
the chimney to gain driving force of natural circulation at relatively high pressure.

Figure 8 shows relationship of oscillation time to transit time of bubbles. The transit time of
bubbles is calculated as a chimney length divided by the vapor-phase velocity. The vapor-phase
velocity for the experiment is estimated on the basis of drift-flux model. Note that there is no
unstable data available for the TRACE data at 7.2 MPa. The oscillation period from TRACE
results correlates well with the transit time of bubbles in the chimney regardless of the system
pressure, inlet subcooling, and heat flux. A ratio of transit time to the oscillation tighgy g

ranges 1.1 to 1.8 in the experiments. The TRACE results falls roughly in the same range. The
fact explores that the TRACE demonstrates representative type-l density wave oscillations [8].

Figure 9 shows an effect of friction factor whBg= 2 MPa andy’ = 304 kwW/n¥. In addition to

the base case, three cases are investigated : doubled local pressure-loss coefficient at the channel
inlet, doubled local pressure-loss coefficient at the chimney exit, and tenfold surface-roughness
for all the components. In the base case, surface roughness is sgtrasAccording to the

figure 9(a) the time-average inlet velocity decreases up to 9 % decrease at lower subcooling,
since these modifications increase pressure loss.

Figure 9(b) shows standard deviation in terms of inlet subcooling. In forced circulation system,
inlet throttling stabilizes the flow. In natural circulation system, it shifts unstable region toward
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Figure 7: Stability Maps : Bubble Plot in Reference to Standard Deviation of Inlet Velocity

the higher subcooling [9]. According to the figure, the doubled inlet restriction shifts unstable
region to the higher subcooling by 8 K.

The doubled exit-restriction destabilized the flow, thereby enlarging the unstable region and

amplitude of oscillations. The tenfold surface roughness increases pressure loss slightly in both
single-phase and two-phase regions. It shifts unstable region toward higher subcooling by 2 K.
Those TRACE results are representative characteristics of Type-I density wave oscillations.

4.5 Solution Scheme

In TRACE code, a set of equations are solved by SETS (stability-enhancing two-step) solution
scheme. Since SETS numerics allows the material Courant limit to be exceeded, one can use a
large time step for slow transients. One may wonder if SETS dampen physical limit cycle oscil-
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lations significantly. As an alternative solution scheme, semi-implicit scheme is implemented
in TRACE version 5.0 .

Figure 10 shows comparison of solution scheme when 2 MPa andy’” = 304 kW/n?. Fig-

ure 10 (a) shows the time-average value. There are negligibly small deviations among three
lines : SETS scheme (version 5.0 patch level 2 and development version 5.450), semi-implicit
(version 5.0 patch level 2). Figure 10 (a) shows the instantaneous value. Semi-implicit scheme
gives slightly larger amplitude along the entire subcooling range. The development version
5.450 gives larger amplitude than other two schemes where A0 p, < 55, while it gives

the same amplitude elsewhere. The stability boundary does not differ among three solution
schemes.

5 Concluding Remarks

TRACE code analysis was performed to validate the stability experiments with SIRIUS-N fa-
cility. The following conclusions are drawn:

(1) The maximum allowable time step and spatial mesh are insensitive on the stability within
the ranges of investigation.

(2) Stability map of TRACE at 1 MPa agrees with that of SIRIUS-N facility qualitatively,
though instability observed in the low heat flux range below the stability limit of ex-
periment. Increasing pressure shrinks unstable region toward the lower subcooling of
unstable range in the experiments. Instability is not observed at 7.2 MPa, even where
instability was observed in the experiments. This is because TRACE underestimates two-
phase frictional loss, as TRACE predicts inlet velocity by up to 17 % higher than that of
experiments.

(3) The TRACE code demonstrates Type-I density wave oscillation characteristics: The os-
cillation period correlates well with the transit time of bubbles in the chimney regardless
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Figure 9: Effect of Frictional Pressure Loss Coefficients Figure 10: Effect of Solution Scheme

of the system pressure, inlet subcooling, and heat flux. Inlet throttling shifts unstable re-
gion toward the higher subcooling. Exit throttling enlarges unstable region and amplitude
of oscillations.

(4) Semi-implicit scheme gives slightly larger amplitude than SETS scheme along the entire
subcooling range. The development version 5.450 gives larger amplitude than version
5.0 patch level 2 at relatively higher subcooling. The stability boundary does not differ
among these three solution schemes.
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