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Abstract

Development of TAPINS Code for Thermal-
hydraulic Analysis of Integral Pressurized
Water Reactor, REX-10

Yeon-Gun Lee
Department of Energy System Engineering
The Graduate School

Seoul National University

REX-10 is a small pressurized water reactor with integral design to provide
the small-scale electricity generation and the nuclear district heating. It is a fully-
passive small modular reactor (SMR) in which the coolant flow is driven by
natural circulation, the RCS is pressurized by the steam-gas pressurizer, and the
decay heat is removed by the PRHRS. To confirm design decisions and analyze
the transient responses of an integral PWR such as REX-10, a thermal-hydraulic
system code named TAPINS (Thermal-hydraulic Analysis Program for INtegral
reactor System) is developed in this study. The TAPINS is verified and validated
with various benchmark problems and experiments, including the integral effect
tests (IETs) performed in a scaled apparatus of REX-10.

The TAPINS basically consists of mathematical models for the reactor coolant



system, the core, the once-through helical-coil steam generator, and the built-in
steam-gas pressurizer. The TAPINS hydrodynamic model is a one-dimensional
four-equation drift-flux model which takes into account the non-equilibrium effect
of two-phase flow phenomena. In particular, a dynamic model of the steam-gas
pressurizer to estimate the transient behavior of pressurizer containing the non-
condensable gas is suggested in this study and incorporated into the TAPINS. The
TAPINS includes the proper heat transfer coefficient correlations and the heat
conduction model to predict the time-dependent heat transport in a fully-passive
integral reactor. The field equations are discretized by the semi-implicit finite-
difference scheme on the staggered grid meshes to assure the numerical stability
and the fast computation speed. The difference equations are solved by using the
Newton Block Gauss Seidel (NBGS) method in which the fundamental unknowns

are determined from 5X5 linear matrix for each mesh cell.

Various steady-state and transient analyses are carried out for verification and
validation of the TAPINS. The TAPINS is verified by the simple mass and energy
conservation problem and the natural circulation problem. The validation works
are performed with experiments on the pressurizer insurge transients, subcooled
boiling, critical flow, and pipe blowdown. To generate the IET data for code
validation, an experimental program is conducted in the RTF (REX-10 Test
Facility) which is a scaled-down integral facility of REX-10 by 1/50. The TAPINS
calculation results are compared to the test data on the steady-state natural
circulation, core power transients, and loss-of-feedwater event conducted in the
RTF. In addition, the TAPINS is applied to the thermal-hydraulic simulation of the
reference reactor, REX-10. The transient behaviors of REX-10 when encountered

to a reactivity insertion accident and an increase in feedwater flow event are



predicted by the TAPINS and compared to results from the TASS/SMR.

From the V&YV results, it is revealed that the TAPINS can provide the reliable
prediction on thermal-hydraulic phenomena in an integral reactor on natural
circulation. In particular, the TAPINS can contribute to an improved prediction on
the non-equilibrium effect of two-phase flow and the transient response of the

steam-gas pressurizer.

Keywords
REX-10, Fully-passive integral PWR, TAPINS code, Drift-flux model, Steam-
gas pressurizer model, RTF (REX-10 Test Facility), Code V&V

Student Number: 2007-21260
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Chapter 1

Introduction

1.1 Background and Motivation

1.1.1 Integral Pressurized Water Reactors

The substantial amount of R&D that has been carried out on SMRs around the
world reveals the strong desire for an innovative and reliable nuclear system.
Moreover, the application range of these nuclear reactors is no longer restricted to
electricity generation. As a flexible and cost-effective energy alternative, SMRs
have become one of the preferred options for non-electrical applications such as
seawater desalination, ship propulsion, heat supply stations and so on. The most
promising SMR candidates to be deployed include B&W mPower, NuScale,
Westinghouse SMR, and SMART as shown in Fig 1.1 (OECD/NEA, 2011). The
currently available advanced SMRs are listed in Table 1.1 (IAEA, 2011).

Note that most of these upcoming SMRs employ an integral layout of the
reactor coolant system; all major components such as core, pressurizer, steam
generator are housed in the reactor pressure vessel. Besides its multi-purpose
applicability, the integral reactor is favorable in terms of safety as the possibility
of system depressurization is lowered by localizing the radioactive coolant in one

1



reactor vessel (IAEA, 1995). Since no large primary penetrations of the reactor
vessel or large loop piping exist in an integral pressurized water reactor (iPWR),
the potential risk arising from the large-break loss-of-coolant-accident (LBLOCA)
is eliminated by design.

It is broadly true that the nuclear societies have focused on the numerical and
experimental studies of thermal-hydraulics on a loop-type large-scale nuclear
power plant (NPP). Accordingly, a thermal-hydraulic system code and an integral
effect test for integral PWRs are rarely found. Most studies on an integral PWR
have been biased toward the conceptual or preliminary design and the numerical
analyses using conventional system codes. Though major concepts of integral
PWRs are based on the proven technologies from conventional ones, it is required
to establish an analysis system to assess the design decisions and simulate RCS
responses of integral PWRs as well as figure out the major thermal-hydraulic

phenomena and the safety features related with the new reactors.

1.1.2 Thermal-hydraulic System Code for Integral PWR

In describing the thermal-hydraulic behavior of an integral PWR, one may use
commercial system codes such as RELAP5 (Ransom et al., 2001a), RETRAN-3D
(Paulsen et al., 1998), and CATHARE (Emonot et al., 2011), which have reached
a high degree of maturity through extensive qualifications. However, these generic
codes do not always incorporate the mathematical models for system components
of integral PWRs. In practice, the RELAP5 and RETRAN-3D do not have the
models of a helically coiled steam generator and an in-vessel pressurizer with a

non-condensable gas, respectively. In addition, it is not easy for users to modify



and supplement the required models in the source codes due to their complex
structures.

Uncertainty of these generic computational tools based on the best-estimate
approach is another issue steadily raised. Notwithstanding the huge amounts of
financial and human resources invested, the results predicted by the conventional
codes are still affected by errors (Petruzzi and D’Auria, 2008). A typical problem
is associated with user effect (Askan et al., 1993). The code user has to build up a
detailed noding diagram which maps the whole system to be calculated into the
frame of a one-dimensional thermal-hydraulic network. Furthermore, a large
number of options available to select appropriate models, correlations or specific
multipliers have to be chosen by user. This “open strategy” for flexibility in the
thermal-hydraulic simulations passes much responsibility to the code user, causing
considerable uncertainties in the prediction results by the major existing system
codes with high generality. If one develops a system code optimized for a specific
type of reactor, the uncertainty arising from user effect can be reduced.

A thermal-hydraulic system code specifically for an integral reactor is hardly
found. One exception is the TASS/SMR code developed by Korea Atomic Energy
Research Institute (KAERI). It is a system analysis code to simulate all relevant
thermal-hydraulic phenomena in the RCS during operational transient and design
basis accident of SMART (Chung et al. 2012). In order to simulate the design
characteristics of SMART, the TASS/SMR incorporates relevant specific models
such as the helical-coil steam generator model and the condensate heat exchanger
model in the passive residual heat removal systems (PRHRS). The TASS/SMR
adopts four governing equations on the mass, momentum and energy conservation

of mixture, and the mass conservation of non-condensable gas. However, since the



field equation of the TASS/SMR is based on the homogeneous equilibrium model
(HEM), there may be some restrictions on some transients in which the non-

homogeneous or non-equilibrium effects are dominant.

1.1.3 IET Facility for Integral PWR

For the loop-type reactor, the nuclear society has been accumulating much
experience in design and operation of a conventional PWR, with conducting the
large-scale IETs to assess the safety of NPPs in the process. For the conventional
PWR, more than fifteen IET have been performed around the globe, including
LOFT, BETHSY, Semiscale and so on. These IET are essential to model the
nuclear and thermal-hydraulic phenomena on transient and accidental situations.

On the other hand, the experimental program for an integral PWR is quite
uncommon. The features of the representative IET facilities for an integral PWR
are listed in Table 1.2. VISTA (Experimental Verification by Integral Simulation
of Transients and Accidents) is to experimentally verify the system design and
performance of the SMART-P (Choi et al., 2006). Scaling ratios are 1:1 in height
and 1:96 in volume with respect to the SMART-P. Even though the VISTA is an
IET facility for the integral reactor, note that the major components in the primary
system are connected by loop piping for easy installation of instrumentation and
simple maintenance. The VISTA encompasses the gas pressurizer in which high
concentration of nitrogen gas is maintained in upper volume.

OSU MASLWR is an IET facility scaled to model the steady-state and the
transient operation of the MASLWR under full pressure and full temperature

conditions and to assess the passive safety systems under transient conditions



(Reyes et al., 2007). It is scaled at 1:3 length scale, 1:254 volume scale and 1:1
time scale. The OSU MASLWR has an integral RCS configuration and the core
flow is driven by natural circulation. The pressurizer of the OSU MASLWR s the
conventional steam pressurizer equipped with internal heaters. Most of testing
programs officially reported are to investigate the blowdown transients caused by
an inadvertent actuation of the automatic depressurization system (ADS).

Besides, KAERI and Babcock & Wilcox are building the integral test facilities
named SMART-ITL and IST, respectively, but the fully-fledged testing programs
are yet to begin. Note that both the VISTA and the OSU MASLWR are the scaled
facility of an integral reactor equipped with an active system even for normal
operation. The SMART-P utilizes the reactor coolant pump (RCP) for the forced
convection of the coolant, and the MASLWR regulates the system pressure by
controlling the heaters in the pressurizer. That is, the conventional IETs on an
integral reactor cannot provide the proper data for the integral PWRs operated in
the passive way. Therefore, one has to perform extensive IETs to substantiate the
new concepts the RCS behavior of an integral reactor operated in a passive

manner and produce code validation data for iPWR.

1.2 Description of REX-10

REX-10 is a small integral-type PWR suggested by Seoul National University
(SNU). The aim of the REX-10 development program is to achieve a more stable,
efficient, area-independent system operation and energy production (Lee et al.,

2012). The design goals of REX-10 include implementing high levels of inherent



safety into the reactor design to enhance the public acceptance of an innovative
system, and attaining non-proliferation during all processes of construction and
operation. In particular, much emphasis is placed on the assurance of passive
safety features for REX-10 at the design stage. The schematic diagram of REX-10
is depicted in Fig. 1.2.

REX-10 is designed to generate the rated output of 10 MW at a low pressure
(2.0 MPa) compared to conventional reactors. It is an integral-type small PWR
which contains the primary components inside the reactor vessel. This layout
eliminates the possibility of system depressurization by LBLOCA by virtue of the
absence of large-diameter pipelines. In addition, as the coolant circulates by
gravity-driven free convection without a RCP, all safety issues associated with the
failure of the RCP can be eliminated.

The major design parameters of REX-10 are listed in Table 1.3. A cylindrical
reactor vessel with a height of 5.715 m houses the core, CRDM, pressurizer, and
steam generator. Placed at the bottom of the reactor pressure vessel are the 9x9
heterogeneous Th/UO, fuel assemblies that are used to achieve an ultra-long fuel
cycle of up to 20 years on the basis of the Seed-Blanket Unit (SBU) design. This
thorium-based fuel has a major benefit in aspect of the intrinsic proliferation
resistance since 2*2U, formed along with the bred U, and its daughter isotopes
emit intensive alpha and gamma radiation, hindering the access to nuclear fuel. A
total of 37 assemblies with an active height of 0.8 m are composed of fuel bundles
enriched to 20 w/o. In REX-10, the intrinsic feedback capability is enhanced by
refusal from soluble boron control, while excess reactivity is dealt with by
burnable poison and control rods. The long riser region above the core provides

sufficient head for the free convection of fluid.



The gaseous mixture volume in the upper part of the reactor pressure vessel
above the coolant level is referred to as the built-in steam-gas pressurizer. It is the
most distinguishing component of REX-10 and represents the progress in
incorporating passive features into the integral reactor system (Lee et al., 2009).
In normal operation, the saturation vapor corresponding to the temperature of the
hot fluid in RCS is maintained in the gas region by establishing the dynamic
equilibrium with liquid region, and mixed with the non-condensable gas like
nitrogen. The once-through steam generator of REX-10 consists of helical tubes
wrapped around the entire annulus between the core barrel and the reactor
pressure vessel. The primary coolant flows downward across the tube bundles to
evaporate the coolant on the tube-side. Flowing in the opposite direction, the
secondary feedwater enters into the helical coil in a subcooled state; by the time it
leaves the coil, it has turned into saturated steam.

The containment of REX-10 is filled with water and buried underground. The
large amount of water in the containment can serve not only as a barrier against
the release of radioactive material from the reactor system but also as a heat sink
under accident conditions (Lim, 2010). Engineered safety systems of REX-10 are
illustrated in Fig. 1.3. As a representative safety system prepared for REX-10, the
PRHRS removes the decay heat in the event of reactor shutdown. Automatically
put into action by the trip signal, the PRHRS condenses vapor from the steam
generator by means of natural circulation through a heat exchanger, which is

located higher than the S/G and submerged in the water of containment building.



1.3 Objectives and Scope

The objectives of this study are to develop a system analysis code for thermal-
hydraulic simulation of integral reactors and perform code V&V. REX-10, which
is an object of interest in this study, is a fully-passive integral PWR in which the
coolant flow is driven by natural circulation, the system pressure is regulated by a
built-in pressurizer with non-condensable gas, and the decay heat is removed by
the actuation of PRHRS after reactor shutdown. The thermal-hydraulic system
code is developed for verification of the reactor design and the safety performance
of REX-10. As a unique contribution of this study, a dynamic model of the steam-
gas pressurizer is newly proposed and incorporated into the developed code for
better prediction on the transient response of the pressurizer in the presence of the
non-condensable gas. A series of IET are conducted in a scaled apparatus of REX-
10 and the produced unique data are used for code validation. The outline of this

study is described in Fig. 1.4. The research scopes are summarized as follows:

Development of TAPINS: A system analysis code named TAPINS (Thermal-
hydraulic Analysis Program for INtegral reactor System) is developed to
assess the design decisions and predict transient behaviors of integral PWRs.
On the basis of the four-equation drift-flux model, the numerical solver of
governing equations is programmed using the semi-implicit difference scheme.
Component modeling is also carried out to predict the transient performance
of major system components. A dynamic model for the steam-gas pressurizer
is newly proposed to predict the pressurizer responses in the presence of non-

condensable gas, and the numerical solution method for the pressurizer model



Is suggested. In addition, the heat transfer package for the shell-side and tube-
side of the helical-coil steam generator as well as the heat conduction model
for tube bundles are established. The incorporated hydrodynamic models of
the TAPINS are applied to the thermal-hydraulic phenomena of importance:
natural circulation, saturated or subcooled boiling heat transfer, blowdown,

chocked flow, core reactivity feedback and so forth.

IET in RTF (REX-10 Test Facility): A series of experiments are performed
in a scaled apparatus of REX-10 named RTF. The RTF is specially equipped
with the steam-gas pressurizer which maintains nitrogen in the gaseous
mixture. Not only the change in core power transients but also the design basis
accidents of integral reactors including the LOFW (loss-of-feedwater) event
are experimentally investigated. The generated data from this IET program are

used to validate the TAPINS.

TAPINS verification and validation: In order to confirm the applicability of
the TAPINS for integral PWRs, the code V&YV is conducted with a couple of
benchmark problems and experiments. The TAPINS is verified with the mass
and energy conservation problem and the natural circulation problem. The
assessment matrix for code validation is prepared, ranging from the simple
steady-state boiling tests to the integral test problem investigated in this study.
The prediction results of the TAPINS are compared with the experimental data.
For some of the validation problems, the calculation results of the TASS/SMR
are also used for comparison so that the characteristics of the TAPINS can be

exhibited. From the comparison results, it is verified whether the TAPINS can



provide reliable prediction on the performances and the transients of REX-10

on natural circulation.

Chapter 2 presents the hydrodynamic models of the TAPINS, including the
field equations, constitutive relations and component models. In Chapter 3, the
numerical solution method of the TAPINS is described. The code verification and
validation results are covered in Chapter 4, with particular emphasis on the IETs
performed in this study. The selected analysis results for the prototypical REX-10

are provided in Chapter 5.
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Table 1.1 Currently available advanced SMRs

SMR Reactor Type Designer, Country Output, MWe
KLT-40S PWR OKBM Afrikantov, Russia 35%2
CAREM Integral PWR CNEA, Argentina 27
SMART Integral PWR KAERI, Republic of Korea 100
NuScale Integral PWR NuScale Power Inc., USA 45X12
mPower Integral PWR B&W, USA 180<2

Westinghouse SMR Integral PWR Westinghouse, USA 225
IMR Integral PWR MHI , Japan 350
AHWR PHWR BARC, India 284
4S Na cooled FR Toshiba, Japan 10
HPM Pb-Bi cooled FR HPG Inc., USA 25XN
Table 1.2 IET facilities for integral PWR
RTF VISTA OSU MASLWR
Institute SNU (Korea) KAERI (Korea) OSU (USA)
Reference RXx. REX-10 SMART-P MASLWR
Scaling ratio (H/V) 1:1/1:50 1:1/1:96 1:3/1:254
Type of circulation Natural Forced Natural
Configuration Integral RCS Loop-type RCS Integral RCS
Full pressure 2.0 MPa 14.7 MPa 11.4 MPa
Pressurizer type Steam-gas PRZ Gas PRZ Steam PRZ
SIG type Helical coil S/G Helical coil S/G Helical coil S/G
Main focusing SBLOCA & LOFW PRHRS ADS blowdown

11




Table 1.3 Major design parameters of REX-10

Parameters Design Value
General information
Reactor type Integral PWR
Reactor power (MW) 10
Service years (yr.) 20

Reactor coolant system
Cooling mode
Operating pressure (MPa)
Design pressure (MPa)
Core inlet / outlet Temp. (°C)
Mass flow rate (kg/s)

Fuel and reactor core
Fuel type
Fuel material
No. of fuel assembly
No. of fuel rods (/FA)
Effective height (m)

Steam generator
Type
Feedwater mass flow (kg/s)
Feedwater temperature(°C)
Steam temperature (°C)
Steam pressure (MPa)

Reactor Vessel and Pressurizer
Vessel outer diameter (m)
Core barrel diameter (m)
Vessel height (m)
Pressurizer type
Non-condensable gas

Natural circulation
2.0

3.0

165.0/200.0

64.9

9x9 Square FA
Hetero Th/UO,
37
72
0.8

Helical coil HX
4.47

120.0

142.0 (sat. steam)
0.4

2.272

1.607

4.588+1.127 (PRZ)
Steam-gas PRZ
Nitrogen
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Chapter 2
Hydrodynamic Models of TAPINS

2.1 Code Design

To estimate the transient behavior of integral PWRs under during off-normal
conditions, a thermal-hydraulic system code named TAPINS is developed in this
study. When developing a thermal-hydraulic analysis code, one has to design the
fundamental concept and frame of code prior to programming the software. Then
proper models and correlations required for the code can be determined. As stated
above, the analysis object of the research herein is a fully-passive integral PWR in
which, in a passive manner, the reactor is normally operated and the accidents are
mitigated as well. The TAPINS code is designed so that the safety performance
and the transient behaviors of the fully-passive integral PWR can be simulated.
Figure 2.1 describes the procedure of designing the fundamental frame of the
TAPINS in this study.

The reference reactor typifying fully-passive integral PWRs is set to REX-10
in this study. The reactor transients of interest encompass not only those caused by
the changes in core power or the variation of the heat transport in the helical-coil
S/G and so on, but also the design basis accidents (DBAs) of integral PWRs. By

design, these integral reactors can eliminate the occurrence of the LBLOCA
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arising from the rupture of a large pipeline penetrating through the reactor
pressure vessel. However, the loss-of-feedwater accident, in which the heat
removal by the secondary system completely vanishes, is a feasible event to threat
the safety of integral PWRs. In addition, the break occurred at the small pipeline
connected to the pressurizer vessel, such as the nitrogen injection line, may result
in the hypothetical discharge of coolant and the system depressurization. In this
study, therefore, the final analysis scope is set to LOFW and SBLOCA of integral
PWRs. The thermal-hydraulic phenomena expected in these DBAs of an integral
reactor include: natural circulation, vapor generation caused by subcooled boiling
or blowdown, transient heat transport in the helical-coil S/G, pressure response of
the steam-gas pressurizer to surge flow, chocked flow and so on.

In selecting the hydrodynamic model, the principle is that one should choose
the least complicated model which accommodates the phenomena of interest
(Wulff, 1992). Unlike the conventional NPPs where long horizontal pipelines are
located outside the reactor pressure vessel, the primary system of integral PWRs
mostly consist of vertical channels. Thus, the four-equation drift-flux model is
selected as field equations of the TAPINS since it can take into account the non-
equilibrium effects of two-phase flow and provide highly accurate prediction for a
vertical channel, especially in bubbly and slug flow regimes. Then the constitutive
relations for two-phase flow regime map, interfacial heat transfer coefficient, wall
friction, and drift velocity have to be established for closure. A critical flow model
to calculate the discharge rate through a rupture is also required.

For thermal-hydraulic analyses of integral PWRs, the mathematical models for
major system components typified by the core, the steam-gas pressurizer, and the

helical-coil S/G are also needed. Since the multi-dimensional power profile is not
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essential, the point kinetics model, which is the simplest dynamic model for
neutronics, seems to be appropriate in calculating the time-dependent core power
in conjunction with the convective heat transfer coefficients for heat transport into
coolant. To predict the effect of non-condensable gas on the pressure response of
integral PWRs, a dynamic model for the steam-gas pressurizer is also required. In
addition, the heat transfer package for the shell-side and the tube-side of helically-

coiled tubes according to boiling regions has to be employed.

2.2 Features of TAPINS

One can define the TAPINS as a one-dimensional analysis code specified for
passive integral PWRs on natural circulation. As aforementioned, the scope of
code is determined from the requirement that the TAPINS should have predictive
capability for DBAs of integral PWRs, which are investigated in the experimental
works in this study. By developing the analysis code optimized for an integral
reactor, the uncertainty arising from user effect is expected to be greatly reduced
as well.

It has to be clarified that prior mission is to develop an easy-to-use and fast-
running system code for integral reactors. The system code for integral PWRs has
to essentially deal with the solution of the balance equations for the steam-liquid
two-phase mixtures supplemented by the constitutive correlations to cover the
range of parameters expected in the reactor of interest. The TAPINS basically
consists of mathematical models for the basic conservation laws of fluid and the

special components in an integral PWR. Especially, the modeling of new integral
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components such as the once-through steam generator and the built-in pressurizer,
which serves as the main computational challenges in the analyses of an integral
reactor, is carried out, and the developed models are incorporated into the code.
The TAPINS is written in FORTRAN 90 and easily executed on a PC. Its code
architecture supports the optimal calculation for reactor systems with the integral
configurations.

Code structure of the TAPINS is depicted in Fig. 2.2. The TAPINS consists of
a couple of large blocks divided by the function in the calculation. The subroutine
InpReader reads all data from the input file and checks for some probable errors.
From the stored data, the subroutine SetSys prepares the pre-processors required
to the computation by defining the fundamental variables for the core and S/G and
allocating the geometric data to the dynamic arrays. The temperature distribution
of the primary circuit is initialized and the steady-state heat conduction solution is
found for the fuel rods and the S/G helical tubes in the subroutine IniCndtn. The
subroutine Hydromod is the main module of the TAPINS to facilitate solution of
transient problems. It contains the subroutines to advance the solutions for the
reactor Kinetics, the hydrodynamic model, the helical coil S/G model, the steam-
gas pressurizer model, the heat conduction equations and so on. Various
constitutive relations support to solve the hydrodynamic model, including the
state relationships, the vapor generation model, the wall friction correlation, etc.

In developing the TAPINS, significant emphasis is placed on achieving user
convenience in preparing the input file for practical applications. It intends to
minimize the engineering labor and time required to write the input by reducing, if
possible, the number of input data fields which must be filled in by the user. When

performing a simulation of a nuclear system, one can easily encounter a situation
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where a component or section is divided into a framework of equidistant nodes. In
that case, depending on the kind of system code, the user may be required to enter
the same figures repeatedly, as many times as the number of nodes.

On the other hand, the input module of the TAPINS divides the RCS of the
integral reactor into six subsections: core, riser, upper head, helical-coil steam
generator, downcomer, and lower plenum. By receiving only the number of nodes
for each subsection, the TAPINS can nodalize them with geometrically identical
control volumes, if the user chooses this option for convenience, and perform
automatic node numbering. This indicates that the user can avoid unnecessary
repetition in building up the node diagram. Of course, it is possible to assign the

detailed input data corresponding to individual nodes for elaborated analyses.

2.3 Field Equations

A general transient two-phase flow problem can be formulated by using a two-
fluid model or a drift-flux model, depending on the degree of dynamic coupling
between the phases (Ishii, 2010). The two-fluid model is the most generally used
model in most major existing thermal-hydraulic system codes. Since the two-fluid
model introduces the separate momentum and energy conservation equations for
each phase, however, one can be commonly confronted with the difficulties
associated with mathematical complication and numerical instabilities caused by
improper choice of interfacial interaction terms. On the other hand, in the drift-
flux model, the motion of the two-phase mixture is expressed by the mixture

momentum equation, and the relative motion between the phases is taken into
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account by a kinematic constitutive equation. Instead of adopting the separate
balance equations for each phase, the drift-flux model describes the dynamics of
the two phases in a view of mixture momentum conservation, greatly reducing the
difficulties associated with the two-fluid model.

The TAPINS employs the four-equation drift-flux model as field equations. It
has been widely reported that the drift-flux model can provide highly accurate
predictions on the two-phase phenomena of the bubbly or the slug flow regime in
the vertical channels. Unlike the loop-type conventional PWR, almost the whole
flow channels in the primary system is vertically oriented in the integral PWR. In
addition, since transients associated with the loss of significant amounts of coolant
are eliminated by design in integral PWRs, it is expected that the highly voided
flow such as annular flow or mist flow is rarely encountered. Thus it is believed
that the four-equation drift-flux model is properly applicable to a wide-range of
thermal-hydraulic phenomena in an integral PWR.

The four-equation drift-flux field equations for a two-phase mixture consist of
two mass conservation equations, one momentum conservation equation, and one
enthalpy energy equation. A one-dimensional model is obtained by integrating the
three-dimensional model over a cross sectional area and then introducing proper

mean values (Hibiki et al., 2003). The average mixture density is given by:
Pn=A-a)p +ap, (2.1)

Then, the mixture velocity and the mean mixture enthalpy are weighted by the
density as:

_ (1_ a)p|V| + apvvv
Pm

\"

m

(2.2)
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hm — (1_a)plhl +0(,0th (23)
Pm

The vapor drift velocity is defined as the velocity of the dispersed phase with

respect to the volume center of the mixture:

Vy=Vv,—j=1-a)y, (2.4)

The TAPINS utilized the following forms of four partial differential equations:

Mixture continuity equation

op, O
4+ —(pVv )=0 2.5
e +6Z(pm ) (2.5)

Vapor mass conservation equation

0 0 o | ap,p\V,
E(apv)+§(apvvm)+§{—'}=Fg (2.6)

Mixture momentum equation

0 0 . 0| app oP f
~ =~ —l =——" -—= 2.7
81:(lomvm)—i_az (pmvm)+82|:(1—06),0m Vr :| az pmgz 2mevm |Vm| ( )

Mixture enthalpy-energy equation

0 0 0| ap,p
a(pmhm)+g(pmhmvm)+E|:p—mlAhgfvrj|

. (2.8)
=qw—§“+a—|:)J{vm +MW} oP

A ot o F3

In the above field equations, the covariance terms, the normal components of
the stress tensor in the axial direction, and the mixture-energy dissipation terms

are not included since they are negligible. Note that this model can accommodate
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the non-equilibrium effect by incorporating the mass conservation equation for the
vapor which accounts for the rate of phase change. The vapor generation rate due

to phase change is expressed as (Ransom et al., 2001a):

Hig(Ts _Tv)+Hif (Ts _TI)-i—F (29)

r,=r +T,=— LR .
PR h,—h

In addition, the effects of the mass, momentum, and energy diffusion associated
with the relative motion between the phases appear explicitly in terms of the drift
velocity.

For closure of the field equations, the constitutive relations are needed for wall
heat source, wall friction, relative velocity between the phases, and the vapor

generation rate as well as the equation of state as presented in Chapter 2.3.

2.4 Constitutive Relations

2.4.1 State Relationships

To make a mathematically complete set with the four field equations and the
constitutive relations, the equation of state for each phase is also needed. In the
TAPINS, the vapor phase is assumed saturated, and density, temperature, and
other saturation properties are called from the steam table (PROPATH GROUP,

2001) in terms of the pressure and the phasic enthalpy as:
P =P (P’ hl) (2.10)
T,=T,(P, h) (2.11)
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p,=p;(P)
T, =T*(P)

T,=T*(P)

(2.12)
(2.13)

(2.14)

In the numerical scheme employed in the TAPINS, all unknowns appearing in

the difference equations, except for the primitive variables, are expressed as the

functions of the independent state variables. For the linearized definition, several

state derivatives are used in the numerical scheme. All the desired first derivatives

of thermodynamic properties are derived from the Bridgman’s table (1961) in

terms of the isobaric specific heat, the volumetric coefficient of expansion and the

isothermal compressibility expressed as:
o-(2)
#=o(5),
A=)

The required first partial derivatives are given by:

(6_,0) =ﬁ_ /BP (:BPT _1)

oP v C,
(ipj __bBe
oh), Cp
oh
(E)T =v(1-5,T)
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oh
(G—TJP :Cp (221)

(ﬁ j _U(BT ) (2.22)
oP ). c '

p

The derivative of saturation temperature with respect to pressure is calculated by
the Clasius-Clapeyron equation. The derivatives for vapor, which is in saturated
state, are obtained by linear interpolation.

While the vapor phase is assumed saturated in the TAPINS, the liquid can be
either subcooled or superheated. The temperature of metastable liquid is obtained

by using a Taylor series expansion about the saturation value as:

oT

T zTS(P)j{%jp[h—hs(P)]:TS(P)+

h—h*(P)
— (2.23)

p
It is a constant pressure extrapolation. On the contrary, for the specific volume,
the extrapolation along a constant temperature line is used for the superheated

liquid.
2.4.2 Interphase Heat and Mass Transfer

The thermal non-equilibrium effects are accommodated in the drift-flux model
by a constitutive equation for phase change that specifies the rate of mass transfer
per unit volume. The vapor generation term appearing in the RHS of Eq. (2.6)
consists of the mass transfer due to the interface energy exchange in the bulk and
the mass transfer by heat transfer in the thermal boundary layer near the wall.

Since the vapor is assumed saturated, Eq. (2.9) is reduced to:
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__ AT (2.24)

Iy = * * w
’ hv_h|

Here, the terms in the denominator is as following:

h =h (2.25)

hfz%[(hf+h,)—77-(hf—h, )] (2.26)

where
n=1 forl’;; 20
=-1 for[, <0
Thus, the interphase heat transfer coefficient and the mass transfer rate per unit
volume near a wall are needed to calculate the rate of phase change.

Since the interphase heat transfer coefficient depends on the two-phase flow
regime, the proper flow retime map has to be incorporated into the code. In the
TAPINS, both vertical and horizontal volume flow regime map are implemented
in the same way as RELAPS. In addition, the interphase heat transfer correlations
for liquid employed in the RELAPS are adopted in the TAPINS as summarized in
Table 2.1. The code calculates the coefficients in the interfacial mass transfer in
the bulk fluid according to the state of liquid (subcooled or superheated) and the
two-phase flow regime. Note that, to prevent the discontinuity or very rapid
changes of the interphase heat transfer coefficient, a couple of smoothing
techniques are incorporated in the TAPINS.

The mass transfer rate per unit volume near a wall is calculated by the Lahey

method (1978) as following:

26



r =—9A  myl (2.27)
V(h, -h))

The multiplier denotes the fraction of the boiling heat flux which causes steam
generation. It is defined as:

hI — hcr

Mul =
(hlS - hcr)(1+ ‘9)

(2.28)

where he and ¢ are the critical enthalpy for net voids and the pumping term,
respectively. The critical enthalpy is calculated by the Saha-Zuber correlation

(1974) as:

D,C
9 2= pe<70,000

f (2.29)
—h —154% Pe > 70,000

h, = h’ —0.0022

The pumping term is defined by:

o P [hls —min(h,, hf)] (2.30)
pvhfg

The rate of phase change near a wall is calculated only when the positive (boiling)

or negative (condensation) heat flux exists.

2.4.3 Wall Friction

In the TAPINS, the Darcy friction factor is computed from correlations for
laminar and turbulent flows with interpolation in the transition regime. When the

Reynolds number is less than 2200, the laminar friction factor is calculated by:
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_ 64

f=—1
Re

(2.31)

For Re larger than 3000, the turbulent friction factor is given by the Zigrang-

Sylvester approximation (1985) to the Colebrook-White correlation as:

1 £ 251 e 21.25
— =-2log, { ——+—=|1.14-2log, | —— === 2.32
[t 910{3_7D Re { gm(D Re’ ﬂ} (@3

The friction factor in the transition region between laminar and turbulent flows is
computed by reciprocal interpolation. The two-phase friction multiplier, which
correlates two-phase friction losses to single-phase pressure losses, is calculated
either by the homogeneous equilibrium model or Jones’ correlation (Todreas and

Kazimi, 1990).
2.4.4 Drift Velocity

In the drift-flux model, as aforementioned, the dynamics of the two-phase
flow is formulated in terms of the mixture center-of-mass velocity (vy) and the
drift velocity specifying the relative velocity between phases. Since the relative
velocity is included in the field equations to take account of the diffusion effect by
relative motion between phases, proper selection of the correlation for the drift
velocity is of great importance.

In the TAPINS, the Chexal-Lellouche model (1992) is used as a kinematic
constitutive equation to predict the drift velocity. The Chexal-Lellouche slip
model is applicable for a much wider range of conditions and more detailed in its
representation than any other correlations. The model eliminates the need to know

the two-phase flow regime. In addition, it is validated against the vast amount of
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data to cover the co-current or counter-current flows in vertical and horizontal
channels. From the Chexal-Lellouche model, not only the distribution parameter
(Co) and the drift velocity but also each phasic velocity can be obtained.

The distribution parameter is expressed as:

c - L
K, +(A-Kya'

(2.33)

The drift velocity, to account for the vapor velocity with respect to the volume

center of the mixture, is given by:

1/4
\/ AngO'
v, - 1.41(—2] C,C.C.C,

P (2.34)

The details of the parameters appearing in Egs. (2.33) and (2.34) are found from
the publication of Chexal and Lellouche (1992). Then, from the drift-flux

relationships, each phasic velocity can be obtained by:

C,G, +pV,
v, =m0 (2.35)
P —Coap
G, —a(CG, +pV,;
v, = (C. s) (2.36)

(1-a)(p —Coatp)
Thus, the relative velocity is:

_ PuVy=Gn(1-Cy)
Y= (1-a)(p —Cyahp) (2:37)
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2.5 Component Models

2.5.1 Point Reactor Kinetics

To determine the time-dependent behavior of the fission power, point Kinetics
equations with six delayed neutron groups are solved in the TAPINS. By allowing
the spatial dependence to be eliminated, the point reactor kinetics yields solutions
for the neutron population density and delayed neutron precursor concentrations

from this set of coupled ordinary differential equations:

dN(@t)  p(t)-f
& AD N(t) + }i AC() (2.38)
dc,(t) A ~ i—12...

The change in the reactivity induced by the negative feedback effect is also
taken into account. The reactivity feedbacks caused by the variation of the core-
averaged fuel element and the coolant temperatures as well as the externally

introduced reactivity are of great importance:
pO)=py+or, (T -Teo)+ o (Ta)-Too)+0a () (2:40)

In the core kinetics model of the TAPINS, the neutron kinetics parameters and the
reactivity temperature coefficients are given in the input data.

The heat conduction equation is also solved in polar coordinates so that the
radial temperature distribution in the fuel rods is determined. With the axial heat
conduction neglected, the transient heat transport in fuel elements is represented

by a model of a typical fuel rod to obtain the average fuel temperature and the
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cladding surface temperature. The temperature dependence of the thermal
conductivity is explicitly modeled. The boundary conditions for the fuel-cladding
gap and the cladding-coolant interface are implemented by supposing a quadratic
temperature profile in the vicinity of the boundaries and imposing heat flux
continuity. In order to obtain the convective heat transfer rate into the coolant, a
correlation suggested by Churchill and Chu (1975b), which is suitable for free

convection flows, is used as a default model:

2

1/6
Nu =10.825+ 0.387Ra (2.41)

[1+(0.492/ Pry» "™

For turbulent flow in the range of Re > 10,000, the heat transfer model is
replaced by the Dittus-Boelter equation. As a CHF correlation, the empirical
correlation proposed by Bowring (1972) is incorporated into the TAPINS. It is
derived from the database covering the pressure range of 2 - 190 bar, to which the

operational pressure of REX-10 belongs.

2.5.2 Steam-gas Pressurizer

In the steam-gas pressurizer, a certain content of non-condensable gas such as
nitrogen is maintained in the gas phase. As the presence of the non-condensable
gas provides excess pressure in addition to the partial pressure of steam, the
subcooled state can be retained at the core outlet. This excludes the use of active
equipment such as a spray or heater for control of the primary system pressure.
Located at the upper head region of the reactor vessel, the steam-gas pressurizer

can hold larger volume of water and gaseous mixture compared to a conventional
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separate pressurizer.

In order to predict the dynamic behavior of the primary system pressure, an
analytical model for the steam-gas pressurizer is newly proposed in this study. The
previous pressurizer models are advanced from the two-region model (Baron,
1973) to the three-region non-equilibrium model (Baek, 1986). However, these
models deal with a pressurizer containing only steam in the upper gas region and
thus the presence of the non-condensable gas is not coupled with the pressure
behavior. Since the non-condensable gas affects not only the intensity of mass
diffusions occurring in the pressurizer but also the total pressure responses to the
transients, a new model accounting for the effect of non-condensable gas is
indispensable.

To analyze the thermal-hydraulic characteristics of the steam-gas pressurizer,
Kim et al. (2006) proposed the two-region non-equilibrium concept by extending
the pressurizer model of the RETRAN/3D-INT. Kim (2010) also developed the
two-region model which includes various local mass transfer models in the
presence of non-condensable gas and applied it to his own experiments.

The steam-gas pressurizer model of the TAPINS is the three-region non-
equilibrium model based on the basic conservation principles of mass and energy.
The pressurizer volume is separated into three distinct regions of the gaseous
mixture, the upper and the lower liquid regions, each establishing its own
thermodynamic state. By the thermal stratification, the lower liquid region is
immediately influenced by surge flow while the upper region, the floating hot
liquid layer, stays with little changes in temperature. The following assumptions

are made in this model:
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(1) All regions in the pressurizer share the same pressure.

(2) The Gibbs-Dalton law is valid for the gas phase.

(3) The gaseous mixture establishes thermal equilibrium, i.e. the temperatures
of the steam and the non-condensable gas are the same.

(4) Dissolution of the non-condensable gas in the liquid is negligible.

With regard to mass and energy balance, the model takes into account all the
processes of heat and mass transfer that occur between the vapor and liquid
phases inside the steam-gas pressurizer, as well as the surge flow from the primary
loop. The conservation equations are applied to the steam, non-condensable gas
and liquid water. Physical phenomena to be modeled include surge (su), rainout
(ro), flashing (fl), inter-region heat and mass transfer (itr), and wall condensation

(wc), as illustrated in Fig. 2.3. The mass conservation equations are:

dM

dt =W, —Wg, =Wy, (2.42)
dM

dtlz =Wy, + Wy, =Wy, + Wy + W, + W, (2.43)
dl\gtstm :Wﬂz _Witr _Wro _ch _er—stm (244)
dMnc =Vvin er—nc (245)

dt

The energy conservation equations are written in terms of the convective energy

flows and the mechanical work done as follows:

d dP
E(Mllhll) :Wsu hsu _Wﬂlhg _W|12h|12 +V|1E (2-46)
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d dP
a( M |2h|2) =WI12hI12 + (Wfll _WfIZ +Witr ) hg + (Wro +ch ) hf +V|2 E (2-47)
d dP,,

E( M stm hstm ) = (WfIZ _Witr ) hg _Wrohf - (ch +er—stm ) hstm +Vg F (248)
d dP

—(M_h )=W.h -W__h +V —x 2.49
dt ( nc nc) In"n rv—nc" ‘nc + g dt ( )

Contrary to the conventional pressurizer models, it is noted that terms for the
heater or spray do not appear in the conservation equations. The relationship for
mass flow rate between liquid regions is obtained from the requirement that the

lower liquid volume is fixed as following:

Wuz :Ws _Wfll + (2-50)

u

My (6‘41 d_P+6U|1 dhllj

v, \ P dt  oh, dt

Table 2.2 summarizes the physical models for local phenomena occurring in
the steam-gas pressurizer. In particular, special emphasis is placed on the
calculation of condensate rate at the wall in the presence of non-condensable gas
(Kim et al., 2009). In the condensation model, the total heat transfer coefficient is
derived from the heat balance at a liquid film interface, and the heat and mass
transfer analogy based on mass approach is applied to calculate the condensation
heat transfer coefficient in the diffusion layer and the condensate rate.

The interfacial mass transfer between the liquid and the steam is calculated by
the Hertz-Knudsen-Schrage Equation (Schrage, 1953) defined on the basis of the
gas kinetic theory as shown in Table 2.2. The dynamic equilibrium is assumed at
the saturated pressure of the liquid temperature. The coefficient f denotes the
condensation coefficient defined as the ratio of the number of molecules absorbed

by the liquid phase to the number of molecules impinging on the liquid phase as
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described in Fig. 2.4. To apply the equation to the high pressure system such as
nuclear reactors, one can refer to the correlation by Finkelstein and Tamir (1976)
accounting for the pressure dependency of the condensation coefficient.

The above conservation equations form a system in which the unknowns
outnumber the equations by 11 (4 mass, 4 enthalpy, 3 pressure) to 8. Thus one
requires three more constitutive relations for closure. One is the Gibbs-Dalton law
for the gas phase, which states that the total pressure exerted by the gaseous
mixture is equal to the sum of the partial pressures of steam and nitrogen. With

respect to time, this can be expressed as:

P= pstm

+P, (2.51)

Another constraint is the thermodynamic equilibrium condition in the gas phase.
The temperatures of steam and nitrogen, determined by their respective partial

pressure and enthalpy, are given by the following:

Tstm (Pstm ! hstm) = Tnc (Pnc ’ hnc) = Tg (252)

The other relation is the time-dependent pressure equation derived from the

constraint on the invariant pressurizer volume with time, which is expressed as:
V., =V 4V, +V, =S (0 M ) =0 253
sgp ntVip+ g_za(uj' j)_ ( )
J

where the specific volume of the gaseous mixture is defined by:

-1
V V

el M (11 54
M Mg, + M, v, v

g stm nc

Note that the vy can be described with three independent properties in the equation

of state due to the thermal constraint of Eq. (2.52). Substituting the equation of
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states for the gas and the liquid into Eq. (2.53) and rearranging them with respect

to the time derivative of pressure yields:

Z(Ui 'Wj)+zk:{g;|:'WHlk]+§g

?j_fz_ j 5 5 (2:55)
) )
M, - — X4V, - — |+
Zk:[ k" ap Ik ahn(J 4
where
. (Ov ov ov )
E =M | P =22 |+ ! % (WH, VP, )
aPnc aPstm M stm 6hstm
ov ov. M
My =My —2+V, ¢
aP'SUTI ahstm Mstm

WHk = (Zvvin,ihi _zwout,jth _thk
i i

k

The variation of the water level is advanced from the time derivative of the total

liquid volume as following:

L _Lylm, (2o dP ocdh ), W, (2.56)
it A% P dt  oh, dt

2.5.3 Helical-coil Steam Generator

The precise prediction of heat transport in the helical-coil steam generator is
of great importance, especially for free convection flow in an integral system such
as REX-10, since the cooling capability of the S/G predominantly affects the

stabilized temperature of the primary coolant as well as the transient behavior of
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RCS. The steam generator model in the TAPINS calculates the shell-side and the
tube-side heat transfer coefficients for helically-wound tubes. The heat transfer on
the tube-side is estimated using a single helical coil and the effective heat transfer
regions of both sides are composed of the same number of nodes. The heat
transfer regions inside the tubes are divided into economizer, evaporator and
superheater sections. Similar heat transfer and friction factor models to those used
by Yoon et al. (2000), which are employed for the thermal-hydraulic design of a
once-through steam generator in SMRAT, are incorporated in the TAPINS with
slight modifications.

The empirical correlations for the helical-coil S/G in the TAPINS are
summarized in Table 2.3. To predict the transient heat transport from the primary
to the secondary circuit, the heat conduction equation has to be solved with
suitable tube-side and shell-side heat transfer coefficients needed to implement
boundary conditions for convective flows.

For the tube-side, the secondary coolant suffers every boiling region as it
changes from the subcooled water to the saturated or superheated vapor. The heat
transfer coefficient by single-phase liquid or vapor is obtained by Mori-Nakayama
correlation (1967). For the evaporator region, Chen correlation (1963) is used to
calculate heat transfer coefficient for saturated nucleate boiling. From the
experimental investigation of Kozeki (1970), it is suggested that the dryout occurs
inside the helical coil when the steam quality reaches to 0.8.

While a number of investigations have been performed on the internal heat
transfer and flow characteristics inside the curved coil, there is no generalized
correlation for the shell-side tube bundles in the helical-coil steam generator. One

of the most widely used correlations was proposed by Zukauskas and Ulinskas
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(1985), and it is associated with the cross flow across banks of tubes in the form:

0.25
Nu =CRe™ Pro%® (ﬂ] (2.57)

max P rW

where the maximum Reynolds number is defined as the following:

= Moo (2.58)

Remax - u

The values of C and m are governed by the tube arrangement, i.e. staggered or
aligned, and the Reynolds number. Note that the characteristic dimension of the
Reynolds number on the shell-side is the outer diameter of the tube, and the
Reynolds number is based on the maximum fluid velocity that occurs when the
fluid passes through the region of minimum inter-tube area. In the TAPINS, the
minimum flow area is computed by taking into account the fractional area

occupied by tubes in the transverse plane, as follows:

Do _q_p,, 2% (2.59)
D, - D.

nnu 0o I

The sensitivity tests revealed, however, that the Zukauskas correlation quite
underestimates the heat transfer rate to the helical coil when the fluid velocity is
very low. The problem is overcome by introducing another correlation suggested
by Churchill and Chu (1975a) for the external natural convection flows on the
horizontal cylinder. The larger heat transfer coefficient between the two is chosen
to calculate the heat transport in the primary side, combined with the total heat
transfer area of the tube bundles.

In finding the time-dependent enthalpy-energy distributions in the tube-side of

the helical-coil steam generator, a simplified approach is applied. The flow rate of
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the secondary coolant is assumed to be constant, and the following equation is

solved for the energy balance:

P+ G = (2.60)

Eq. (2.60) is the simplified form of the energy conservation equation. Instead of
solving the PDE for momentum conservation, the three components due to
acceleration, friction loss and gravity are summed to give the total pressure drop
along the helical coil. Moreover, the time-dependent heat conduction solutions are
advanced across the tubes, which are divided into several intervals.

Another issue associated with a helical-coil S/G is the prediction of shell-side
pressure loss across the tube bundles. Notwithstanding its crucial importance in
sizing a heat exchanger and determining the convective flow rate in a primary
system, a universal method applicable to various designs of helical-coil S/G is
rarely found. In the TAPINS, the shell-side pressure loss is determined by
referring to the research of Zukauskas and Ulinskas (1998) on the flows across

banks of tubes. The pressure drop is expressed as:
Pl
AP =Eu = N, (2.61)

where the Euler number is obtained from the correlation in the form:

c ¢ c, ¢C
Eu=c,+ 2 +—4%+—3 4

+ 2.62
Re Re* Re®* Re! (262)

The coefficients of Eq. (2.62) depend on the Reynolds number, the configuration
of tube bundles and the relative transverse pitch. The interpolated Euler number is

reflected to calculate the friction loss term in the momentum equation.
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Table 2.1 Interphase heat transfer coefficients for liquid

Regime Subcooled liquid Superheated liquid
k., 12 p.C
Fshf ,0 pfa __f_ATSf f " pf
= 4500 dy 7 pghy
Bubbly Py — P, ¢ = Mmax )
-0.0 a =00 d—f(2.0+o.74 Re;”)
b
H =H_ _ +H
" e o " Hy =Hy o+ Hi o
Slug H, 5 =1.19Re’® Pr° Bfa; wlyy | Him =3x10%a, nay
H, .. : same as bubbly SCL Hi o - SAMe as bubbly SHL
Hy =Hi o + Hif,drp Hy =Hy o + Hif,drp
Annular Hif ,ann = 1073 prpf Vf ‘agf,ann Hif ,ann = 3X106 agf ,ann
k
Hi g = — Faly o Hit o — Fa@ly o
P d, of ,drp P d, of ,drp
. K f
Mist Hi :d_ o Hi _F13a'gf
d d

Table 2.2 Physical models of local phenomena in the steam-gas pressurizer

Type of mass transfer

Physical model

Flashing W, = p,u, A
Rainout W, =pu,(1-a,)A
. f M TP P
Interfacial mass transfer W, = [ } == |-A
1-0.5f | 2zR T T,
D Wnci _Wnc
Wall condensation W, =Sh pTw—b A

nc,i

Chocked flow

Modified Henry-Fauske model
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Table 2.3 Empirical correlations for helical-coil S/G in the TAPINS

Tube-side Shell-side

Friction factor Mori-Nakayama Zukauskas
Heat transfer coefficient

Subcooled water Mori-Nakayama

Saturated boiling Chen

Max (Zukauskas,

Dryout quality Kozeki Churchill-Chu)

Mist evaporation Linear interpolation

Superheated steam Mori-Nakayama
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Figure 2.4 Mechanism of condensation at interface (Marek and Straub, 2001)
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Chapter 3

Numerical Solution Method

3.1 Difference Scheme

In the TAPINS, the hydrodynamic model is numerically solved using a semi-
implicit finite difference scheme on the staggered grid meshes. It has been proved
that the semi-implicit scheme is numerically stable and capable of providing an
accurate prediction for most applications. In the scheme, the terms associated with
the sonic wave propagation are evaluated implicitly. All other terms, including the
convection term in the momentum conservation equation, are evaluated at the old
time level.

Since the large sources and sinks of momentum exist in a nuclear reactor, the
momentum equation has not to be necessarily treated in the conservative form.
Errors generated by using the non-conservative form are considered to be small,
and the form is more convenient in numerical applications. Thus, the unsteady
term and the convection term of the momentum conservation equation can be

converted into the non-conservative form by using the continuity equation:

0 o, ov ov
< < ~ p Dn m 3.1
~ (Puve )+ = (P ) = o = (3.1)
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The mesh cell configuration and the labeling convection for cell edges and cell
centers are illustrated in Fig. 3.1. On the staggered spatial meshes, the scalar
properties (pressure, enthalpy, and void fraction) of the flow are defined at cell
centers, and the vector quantities (velocity) are defined on the cell boundaries.
Thus, the difference equations for each cell are obtained by integrating the mass
and energy equations over the mesh cells from inlet junction to outlet junction.
The momentum equation is differenced at the cell edges.

For example, when the mass equation is integrated in a cell, the differential
equations expressed in terms of cell-averaged properties and cell boundary fluxes

are obtained as following:

! X2

v.aa% +[paVn Al =0 (3.2)

The resulting difference equation using the staggered spatial difference scheme is:

n+l

Vi (pm)i _(pm):1
At

n+l

+(Pm )2 Ve Dtz Avz = (Pn)iae (Vm)injlllz 12=0 (3.3

Be sure that the junction area, upon which velocities are based, is the minimum

area of the two adjoining volumes as:

Az =min(A, A.,) (3.4)

The same procedure is applied to the other balance equations, except that the
momentum equation is integrated from cell center “i” to “i+1”. The resulting
difference equation for vapor mass, mixture momentum and mixture energy are as

following:
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n+1

Vi (apv)i _(apv)ln
At

S — (3.5)
VA | L appVeh L L
P Pr

n+l n+l

+ (a0, )2 (V)imw2 Az = (@012 (Vi )il Ay

I g

i+1/2 i-1/2

n (Vm)inr:L _(Vm)in+ n n n n
(P28, llet Y2+ (P )iz (V)i [(Vm)i+1 —(Vin)i :I

R {M\T} {&V—} (R e
(1—0{),0m i+1 (1_a)pm i

n L n n n
+ (pm)i+112 ngHz,i+1/2 + fm E(pm)wllz (Vm)i+1/2 ‘(Vm)m/z‘ = 0

(3.6)
h _n+1_ h ; n n+ n n+
Vi LY AL ALY +(pmhm)i+1/2(vm)i+1l/2 +1/2_(pmhm)i—1/2(vm)i—ll/2 2
o o nl _ pn
+ {apvp, AhyV, A} _[apvpl Ah, VA _Viu (3.7)
P iz L Pm a2 At

V. |v, +05(p| _pV)\/_gj Pz = Pl =V, O S
P Az, A

Note that the convective terms in the mass and energy equations, the pressure

gradient term in the momentum equation, and the compressible work term in the

energy equation all contain terms evaluated at the new time level. All other terms,

including the wall friction term and the wall heat source term, are evaluated at the

old time level. Because the phase transition term I"; represents important source

or loss mechanisms for vapor, it is treated in an implicit manner as shown in the

next section. It is known that, when the semi-implicit scheme is employed, an

approximate criterion of numerical stability is defined in the form:

At
v —<1 3.8
" A7 (3.8)
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The above difference equations have to be supplemented by additional
relationships among variables at the edges and the cell centers. In the TAPINS, the

donor cell difference scheme that is particularly stable is employed. It is expressed

as:
Civvz = (%j g+ (1_"%) Cin (3.9)
Vi = (Mj Vi + (1_ P jvi+l/2 (3.10)
2 2

where ¢ denotes scalar quantities such as density and enthalpy. S is chosen

for full donor cell differencing as:

Vi+1/2 (311)
|Vi+1/2 |

ﬂi+1/2 =

In short, the quantities are defined by the principle of the upwind scheme which

takes into account the flow directions.

3.2 Solution Procedure

The difference equations (3.3) and (3.5)-(3.7) in conjunction with constitutive
relations of Chapter 2.4 represent a nonlinear algebraic system of equations for all
mesh variables at the new time level. In the TAPINS, void fraction (« ), pressure
(P), mixture velocity (vy) and liquid enthalpy (h;) are selected as four primitive
variables. To solve this system of equations, the TAPINS employs the Newton

Block Gauss Seidel (NBGS) method (Liles and Reed, 1978).
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In the NBGS technique, all unknowns appearing in the difference equations,
except four primitive variables, are eliminated by the linearization in terms of the

latest iterate values and the four fundamental unknowns. For the mixture mass

conservation equation, the mixture density (p, )" has to be linearized. From the

definition given by Eq. (3.1), it is linearized as:

< P

pm = pm +A0{ 8 610m +Apv apm

p, p, (3.12)
On + (P, —p)la—a)+A=-a)(p - p)+alp, - 5,)

+Ap,

By thermal equation of state for the liquid and the vapor,

p=a+ L P-F)+ L ) (3.13)

P=pP+ ap” (P P) (3.14)

Substituting Egs. (3.13) and (3.14) to Eq. (3.12) yields:

- P,

o

Pm = bm +(ﬁv _ﬁ|)(0{—0~()+|:(1—&)%
. (3.15)
+(1_d)a_/|::(h| _ﬁ|)

Eq. (3.15) expresses a linear relationship between the mixture density and three

primitive variables. Then the resulting continuity equation is expressed as:

(o) = ()i +[ (2 = ()} J(e " =)

+ (1—aik)aa/; +af a(/aOFV)) ](Pik”—Pik)+(1—0€ik)aa%'[(h|):ﬁl—(hu):(] (3.16)

At n ¥ .
+ v I:(pm )iz (Vi ):(+11/2 a2 = (P2 (Vi )k_ll/z A1—1/2] =0
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It is noted that the superscripts are introduced to indicate successive iterative
approximation to variables at the new time level, and tilde quantities are evaluated
at the k th iterate.

The same procedure is applied to the vapor mass conservation equation and

the mixture energy equation. In the vapor mass conservation equation, (ap,)!"

is linearized as following:
Py
ap, =(ap,)+p,(a- a)+aa"(P P) (3.17)

In the TAPINS, the phase change term is implicitly coupled by the linearized
definition since it represents vapor production which strongly affects the fluid
dynamics. Because the vapor phase is assumed to be at the saturation temperature,

from the definition given by Eq. (2.24), the R.H.S of Eqg. (3.5) can be expressed as:

R.H.S.
_ lef] -At [(Ts)n+l—(T)n+l:|+At'rn
OO IR G H "
Hirf]'At syk a(Ts)k k+1 k k aT|k k+l k (3-18)
=T (T*)! R =R =) -5 (R
(m)-“—(h.)r{( )+ (R =R = ()~ (R R

%T'k [(h)* —(h)! ]}+At Ty,

Then the final form of the vapor mass conservation equation is:

K( kK ka(Pj)k Hif - At ) 8(Ts)k aTk K+l
(pv)i (ai & )+[ai oP + (h:)n _(hl*)ln ( oP oP ]jl (P P )

_ Hl?At I [( )k+l_(h)]
()7 = ()] ah

At n n +
+ V[(apv Moo V)it Az = (@)1 (Ve )0 A }
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. o Atf[apoVaAl [apaVgAl
=, —Q; [ S _
(pV) ('OV) VI {l: P . Pm )
i+1/2 i-1/2 (319)

HY At

—W[O’S):‘ —(ﬂ)HJfAt'FCV

For the mixture energy equation, the (p,h, )" term is linearized by using

the specified definition of Eq. (2.3) and the final form of linear algebraic equation

is derived in the same way as described above:

(pmhm):( _(pmhm)in +|:(pvhv):< _(plhl):(:l(aik+l _a'k)

+{(1—ar>-<h.>raa%+ar(mr XA o A } (P - R)

+(-o ){(M) +(h )k % } [(hl):(+l_(hl):(]

oh,

At 0 . i 3.20
+v[(pm M) ewo (VDo Az = (Pl )iar (V)i 50 A } (3.20)
LA {“pv”' Ahng_ng} {“pvp' ANy Vg, A} -(R“*-R")

Vi P i+1/2 Pn -1/2

AZi pm A

Then Egs. (3.6), (3.16), (3.19), (3.20) forms a complete set of linear algebraic
equations for the four primitive variables. These linear algebraic equations are
applied to all the modeled nodes and junctions in the system.

When a linear system based on the above formulations is set up for all the
meshes in the loop, the entries of the matrix are arranged in a regular pattern as
shown below; the nonzero entries are grouped into a pattern of 5 x 5 blocks in the

linear system.
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X 0]A; 0 A; O 0 Vi b,
Ax An Ax Ax A oa; b,

Az Az As Ay As OB |=|by,

An An As Au As oh, b,

0 0 As; 0 Ag| 0 X |V bs

In above matrix, the unknowns for scalar quantities are defined as a variation in a

single iteration as following:
oy, = l//ik+l _l//ik (3.21)

Each of these blocks represents the coefficients of primitive variables for a single
mesh cell. The first and fifth rows of the block identify the momentum equations
for the inlet and outlet junction of a cell; the remaining rows are set up from the
mixture mass, vapor mass, and mixture energy equations.

Note that the five fundamental unknowns for a given cell are coupled only to
the pressures in adjoining cells. Thus, if the pressures in the left (upstream) cell
and the right (downstream) cell are held fixed, one can solve the 5 x 5 linear
system to obtain the updated primitive variables. This indicates the fundamentals
of the NBGS technique.

The NBGS method is performed initially by choosing a direction of sweeping
the mesh. The method takes the concept of Gauss-Seidel method. The unknowns
of a given cell are obtained using the new (just updated) pressure in the left cell

but an old iterate pressure in the right cell. One can achieve the fast convergence
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by using the advanced information as soon as they are known in this way. It is
noted that the velocity on the boundary between cells is updated twice in this
method. This process is continued until the primitive variables in all the cells are
updated. The iteration is terminated when the relative pseudo error of pressure is
less than a specified value in all meshes. The convergence criterion to be satisfied

is expressed as:

<10°° (3.22)

The calculation procedure of the TAPINS follows six major steps, as shown in

Fig. 3.2.

Step 1: From the geometry input and the initial conditions supplied by a user, the
pre-processors required to the computation are prepared. The fundamental
variables are defined and the fluid conditions and properties are initialized.

Step 2: Before getting into the iteration loop, the constitutive parameters for wall-
to-fluid heat transfer, wall friction, vapor generation, drift velocity etc. are
explicitly calculated using the old time variables.

Step 3: The iteration loop starts here. The old iterate fundamental variables are
assigned to solve governing equations for a mesh cell. Thermodynamic
properties are called and the partial derivatives of properties are computed.

Step 4: The 5 x 5 linear system is solved by Gauss elimination. From the new
values for the primitive variables, other remaining unknowns are updated.
Steps 3 and 4 are performed for all mesh cells.

Step 5: The convergence test is performed. If the convergence does not succeed,

Steps 3 and 4 are repeated unless the iteration number exceeds a specified
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maximum value.
Step 6: The converged variables are stored and several major output parameters

are calculated. Advance to the next time step.

The core and the helical-coil steam generator models explicitly evaluate the wall
heat sources appearing in the energy conservation equation, and the steam-gas
pressurizer model provides the pressure boundary for the field equation solver.
The numerical solution method to facilitate solutions for the steam-gas
pressurizer model is also suggested in this study. Since the thermal constraint of
Eq. (2.52) is not a formulated explicit function, but a relation achievable from the
steam table, a linear matrix system cannot be established; therefore, the iteration
method is employed in getting the solutions. The detailed procedure is described
in Fig. 3.3. To make a long story short, the guessed pressure rate of each gaseous
component is calculated by using the pressure equation, Eg. (2.55), and the Gibbs-
Dalton law, Eg. (2.51), and the convergence is checked by updating these

estimations from the energy equations.
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Chapter 4
TAPINS Verification and Validation

To assess the applicability of the TAPINS for thermal-hydraulic simulations of
integral PWRs, a wide variety of flow situations have been run with the TAPINS.
The problems for developmental assessment of TAPINS are categorized into three
types: verification problems, separate effects experiments, and integral effects
experiments. Two simple verification problems are used to demonstrate that the
physical equations have been correctly translated into the TAPINS. For code
validation, a total of 5 calculation sets have been simulated, ranging from the
steady-state boiling experiments to IET performed in a scaled model of REX-10.

The V&V matrix is presented in Table 4.1 with a brief description on the
assessment objectives of each problem. The qualitative and quantitative accuracy
of the TAPINS is determined for the problems consistent with the intended
application; this assessment matrix is to validate the mathematical models for

thermal-hydraulic phenomena encountered in DBAs of an integral PWR.

4.1 Verification Problems

The code verification is the process of determining that the code correctly
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implements a desired physical model and numerical algorithm. When performing
the verification, one can use analytical solutions of mathematical equations to
calculate error in a corresponding approximate solution or employ some kinds of
phenomenological problems to confirm that the code is in qualitative agreement
with the physics of the problem. In this paper, the mass and energy conservation

problem and the natural circulation problem is calculated with the TAPINS.

4.1.1 Mass and Energy Conservation Problem

The mass and energy conservation problem is to estimate the truncation error
generated from processes in which the non-linear partial differential equations are
discretized into the first-order ordinary differential equations or linear algebraic
equations, and the unknowns in the field equations are linearized in terms of the
primitive variables. In this problem, the circular channel of 0.6 m in length and
0.1 m in diameter is connected to the pressure boundary at the exit and the inlet
flow boundary condition is implemented as in Fig. 4.1. Then the calculation
results of TAPINS are used to confirm whether the total mass and energy of the
system is preserved.

Two flow conditions are analyzed in this problem: one is the single-phase flow
that the subcooled liquid of 200 °C, which is the core outlet temperature of REX-
10, enters into the tube without an external heat source, and the other is the two-
phase flow that the saturated liquid is heated up in node 2, causing the flow
boiling in nodes 2 and 3. For these cases, the mass and energy errors arising from
the numerical solution scheme of the TAPINS are evaluated.

The mass and energy errors are computed by comparing those derived from
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the mass conservation equation and equations of state. When calculating the mass
error, the mass expected in the new time step by the inflow and outflow of fluid

can be calculated by:
MM =M"+ W, -W")-At (4.1)

Then, the fractional mass error from the value obtained by the equation of state is
defined as:

M n+1_M n+1
— e

iE 4.2)

En

The energy error is calculated in the same way. In this problem, the conservation

of the mixture enthalpy is checked as:

He™ = H"+ W - Hi W, -Hg, ) - At (4.3)
Hn+l_ Hn+1
gH ZGHT (44)

Figures 4.2 and 4.3 show the fractional mass and energy errors when the
single-phase liquid at 20 bar and 200 °C flows through the channel. The fractional
error of the TAPINS reaches the maximum of 2x10° at the initial stage, then
approaches near zero as the equilibrium state is quickly established (10"°~10"
for mass, about 10™° for energy). Thus, one can confirm that the mass and energy
errors resulting from the numerical solution method of the TAPINS is negligibly
small.

The calculation results for mass and energy conservation of the two-phase
flow in the presence of an external heat source are depicted in Figs. 4.4 and 4.5. In

this two-phase flow condition, the fractional error of the TAPINS is estimated
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higher than that of subcooled liquid flow; the maximum fractional error observed
at the initial transient is about 2x102. The reason why the mass and energy errors
are much higher for two-phase flow is that, in a linearization procedure to derive
the difference equations, the approximation of mixture variable comprise both
liquid and vapor properties. As in the single-phase liquid analysis, the flow
condition reaches steady-state after a few time steps of calculation. Then the
fractional error is maintained at 10™°~10"" for mass, and about 10™* for energy.
From the calculation results, one can conclude that the truncation error caused by
the numerical scheme of the TAPINS is negligible, and the mass and energy are

well preserved.

4.1.2 Natural Circulation Problem

The natural circulation is the most important phenomenon in design, operation
and safety analysis of a fully-passive integral PWR. Accordingly, the predictive
capability of the TAPINS has to be essentially verified. The natural circulation
problem presented in this section is a basic benchmark to calculate the flow rate of
free convection driven by the density gradients in a closed loop, and compare the
results with the analytical solutions. As depicted in Fig. 4.6, the natural circulation
IS created by heating water from below and cooling it from above. The vertically
oriented channel is 0.1 m in diameter and 0.4 m in height.

In the TAPINS modeling, the whole channel is comprised of 8 identical nodes,
and the same amount of heat applied to node 1 is removed from node 5. The initial
inlet conditions of node 1 are fixed to 20 bar and 100 °C in all the cases. The

predicted natural circulation flow rate according to the heating power is compared
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with the analytical solution.
An analytical expression for the steady-state natural circulation flow is derived

from the momentum equation as (Lewis, 1977):

1/3
2p°9BP .
WNC :|: (ZSG - Zcore) (45)
C,R

where R denotes the total flow resistance around loop defined as:

L K.
R=Yf —= Y (4.6)
2N RN

For convenience of handy calculation on the analytic solution, the wall friction
factor is set to 0 and the form loss coefficient is given as 0.1 to all junctions. As
shown in Eqg. (4.5), the natural circulation flow rate is determined not only from
the fluid properties but also the power level, the effective difference in elevation
between the heat source and the heat sink, and the total flow resistance of a circuit.
In this calculation, the predictions of the TAPINS at 2.5, 5.0, 7.5, and 10.0 kKW are
compared to the analytical solutions. The results are tabulated in Table 4.2.
Inspection of Table 4.2 reveals that the deviations of the predictions from the
analytical solutions are less than 0.55 %. The error gets larger with an increase in
the power level since the mean water properties are deviated from those calculated
at 100 °C as the rise in the coolant temperature increases. By using the properties
and parameters summarized in Table 4.2, the relations between the heat input and
natural circulation flow rate is acquired from Eqg. (4.5), which is plotted in Fig. 4.7.
Eq. (4.5) tells us that the mass flow rate is proportional to the total heat input to
the power of 1/3. Figure 4.7 shows that the predictions of the TAPINS accurately

conform to the relation. From the above simulations, the predictive capability of
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the TAPINS on the natural circulation phenomena is assessed.

4.2 Separate Effects Problems

4.2.1 MIT Pressurizer Test

The first validation activity that is carried out for a comprehensive assessment
of the TAPINS is concerned with the steam-gas pressurizer model. As it is not
essential for the conventional pressurizer used in NPPs, the experimental data on
the transient response of the pressurizer in the presence of non-condensable gas is
quite rare. However, Leonard (1983) performed a series of separate effect tests to
investigate the responses of a small-scale pressurized vessel to insurge transients
with three non-condensable gases: nitrogen, helium and argon. The pressure
histories caused by the rapid insurge were observed with different types and
concentrations of non-condensable gas.

The schematic diagram of the test facility is depicted in Fig. 4.8. The primary
tank in the tests is 0.203 m in inner diameter and 1.143 m in height. The transient
Is initiated by injecting the subcooled water into the primary tank from the storage
tank pressurized with nitrogen. The insurge is maintained for approximately 35 s.
The accuracy of the pressure behavior predicted by the newly proposed dynamic
model in the TAPINS is evaluated against the data from the separate effect tests
conducted by Leonard. Among the various test cases, two cases of the insurge
transient in the presence of nitrogen are simulated with the TAPINS, since

nitrogen would constitute the gaseous mixture in the steam-gas pressurizer of
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REX-10.

Figure 4.9 displays the transient calculation result when the initial mass
fraction of nitrogen is 9.7 %. During the insurge, the vessel pressure continuously
rises by virtue of the reduction in the gas volume. After termination of the insurge,
however, the wall heat transfer from the gaseous mixture results in a moderate
decrease in the pressure. The rate of decline slowly decreases as the naturally
convective gaseous mixture becomes stagnant after the rise in the water level
ceases. Figure 4.9 reveals that the steam-gas pressurizer model in the TAPINS
successfully predicts the pressure histories arising from these mechanisms. The
deviation of the calculated final water level from the measured one is at most 1.5
mm.

A notable simulation result is observed when the two-region pressurizer model
is employed, in which the thorough mixing of the insurge flow with the liquid
phase is assumed by using a single integrated control volume for the liquid
regions. While the insurge of subcooled water immediately leads to a decrease in
the temperature of an overall liquid region in the simulation of a two-region
model, the hot liquid layer, keeping the temperature nearly constant, floats to the
top of the liquid region due to thermal stratification in the actual conditions. The
net effect is that the interfacial mass transfer at the interface into the liquid is over-
predicted, so that the pressure response to the insurge is miscalculated. Figure 4.9
clearly exhibits the improved accuracy of the three-region model over the two-
region model. In this kind of SET apparatus, which has quite a small volume,
slight differences in the calculated mass transfer rates of local phenomena may
give rise to considerable deviation in the simulation results.

The simulation result when the mass fraction of nitrogen goes up to 20.1 % is
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plotted in Fig. 4.10. Compared to Fig. 4.9, the pressure transient exhibits a steeper
slope during the insurge and a higher peak value. It is widely reported that the
accumulated non-condensable gas along the wall provides resistance against heat
transfer to the wall by condensation. Therefore, the rate of wall condensation is
degraded as the concentration of non-condensable gas increases. By incorporating
the condensation model with the heat and mass transfer analogy, the TAPINS
predicts the pressure response caused by insurge transients with reasonable

accuracy.

4.2.2 Subcooled Boiling Tests

The subcooled boiling is a representative phenomenon associated with the
non-equilibrium effect of two-phase flow. Where there is a local boiling from the
heated surface, vapor bubbles may nucleate at the wall even though the mean
enthalpy of the liquid phase is less than saturation. In this phenomenon, the
liquid is still subcooled, whereas the vapor bubbles are generated regularly at the
wall surface and condensed as they slowly move through the fluid. That is, the
subcooled boiling is characterized by the fact that thermodynamic equilibrium
does not exist (Lahey, 1993).

The interphase mass transfer and the wall heat flux partitioning model of the
TAPINS is assessed using the data from subcooled boiling tests conducted by
Christensen (1961) and Bartolomey (1967). The test section of the Christensen
experiment consists of a 127 cm long stainless steel tube of the rectangular cross-
section (dimensions 1.11 cm x 4.44 cm). The tube is heated by passing an AC

current through the tube walls. The void fraction along the test tube is measured
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by a gamma densitometer. Four different runs are simulated with the TAPINS, and
the test conditions for these runs are given in Table 4.3. In particular, the run No.
15 test is a widely known SET problem used to validate the RELAP5 (Ransom et
al., 2001b)

The experiment of Bartolomey is performed in a uniformly heated vertical
tube of 12 mm in inlet diameter and 1 m in height. Experimental data are obtained
at the pressure ranging from 3.0 to 14.7 MPa with various heat fluxes, mass fluxes,
and inlet liquid temperature. Four selected tests are calculated by the TAPINS for
evaluation of the subcooled boiling model. The test conditions for these sets are
summarized in Table 4.4.

For both experiments, the TAPINS models the test sections with 20 vertically
oriented nodes. Figures 4.11 — 4.14 show the calculation results of the TAPINS for
the Christensen experiments. In the TAPINS, the mass transfer rate per unit
volume near a wall is calculated by the Lahey method (Lahey, 1978), and the void
departure point is predicted by the correlation proposed by Saha and Zuber (1974).
The computed void profiles from the TAPINS are in good agreement with the
experimental data of Christensen as shown in Figs. 4.11 — 4.14.

The calculation results of the TASS/SMR are also plotted in Fig. 4.13. Since
the TASS/SMR employs the homogeneous equilibrium model as governing
equations, it cannot predict the vapor generation before the onset of bulk boiling
even though there already are significant subcooled voids. In addition, even after
the bulk enthalpy is saturated, the prediction of the TASS/SMR exhibits some
deviations from data. It is because the HEM does not take the relative velocity
between phases into account. Then the predicted void fraction versus the flow

quality shows some discrepancy with data even when the mixing cup is the same.
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Therefore, the TAPINS can provide more accurate prediction on the two-phase
flow phenomena with non-equilibrium effect than the TASS/SMR.

The void fraction profiles of the Bartolomey experiment are plotted in Figs.
4.15 — 4.18. While the slug flow regime appears at the exit in the Christensen
experiment, the transition to annular-mist flow is encountered in the Bartolomey
experiment. The prediction of the TAPINS is almost consistent with test data of
Bartolomey. From the above results, it is revealed that the vapor generation model

of the TAPINS gives reasonable results for the subcooled boiling phenomena.
4.2.3 Critical Flow Test

When a flow passage opens between the RCS and its environment by either a
pipe rupture or some other mechanism, the fluid is expelled at a blowdown rate. A
thermal-hydraulic system code requires the critical flow model to calculate the
maximum discharge rate of coolant through a broken pressure boundary. The
TAPINS employs the Henry-Fauske chocked flow model (1971) which requires
only a knowledge of the stagnation conditions and at the same time accounts for
the non-equilibrium nature of two-phase mixtures. The critical mass flux is
obtained by solving the following set of equations for the chocking criterion and

the critical flow expression as:
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The solution procedure and the modification of the RELAPS are implemented in
the TAPINS (Ransom et al., 2001c). The model requires only the stagnation
pressure and quality for calculation of mass flux.

The critical flow predicted by the TAPINS is compared to experimental data
from University of California Radiation Laboratory (UCRL) as shown in Figs.
4.19 and 4.20. The good agreement is obtained between the TAPINS prediction
and the data throughout the quality range investigated. Since the modification of
the original model by RELAP5 accounts for the presence of a non-condensable
gas, this model can also be applied to predict the two-component mixture

discharge rate resulting from the rupture at the steam-gas pressurizer vessel.

4.2.4 Edwards Pipe Problem

The well-known Edwards pipe experiment (Edwards and O’Brien, 1970) is
classified as the International Standard Problem No.1 used for evaluation of a
thermal-hydraulic safety code. It is a transient blowdown test to simulate very fast
depressurization of a heated, pressurized system. The TAPINS is applied to this
benchmark problem to validate the vapor generation model and the critical flow
model. The code capability on prediction of pressure wave propagation is assessed
as well.

The schematic diagram of the test section is illustrated in Fig. 4.21. The
apparatus consists of a straight pipe 73 mm in diameter and 4.09 m in length. The
pipe is pressurized initially with 7000 kPa and 502 K water. Sudden rupture of a
glass diaphragm is induced at one end, followed by the transit of a decompression

wave through the test section. The exit area is reduced by 13 % due to fragments
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of the rupture disk remaining in the pipe. Pressures and local void fractions are
measured in the test. The TAPINS model for Edwards pipe is depicted in Fig. 4.22.
The test section is modeled by 20 identical volumes, and the discharge rate is
calculated by Henry-Fauske model presented in the section 4.2.3.

The short-term results are compared to experimental data obtained at gauge
stations 1 and 7 in Figs. 4.23 and 4.24. The propagation of the decompression
wave from the open end to the closed end is predicted by the TAPINS, and the
results are in good agreement with the data. The calculated decompression wave
leads the data by about 0.5 ms at all gauge stations, but the almost constant
difference may indicate the accurate prediction of the pressure wave. Actually, this
trend is commonly observed in the simulations with other system codes (Hirt and
Romeo, 1975; Carlson et al., 1980; Jeong and No, 1987), and thus one cannot rule
out the possibility that the effective time of break initiation is slightly different
than reported.

Another interesting observation is the large pressure undershoot at the gauge
station 7 and the rapid rise again toward the saturation value in a short time. This
undershoot is a result of vapor bubble formation; the nucleation interval results in
the time duration observed in Fig. 4.24. Even though there is some deviation in
the degree of undershoot, the phenomena is reasonably predicted by the TAPINS.
The above short-term results reveal that the TAPINS well simulates the pressure
wave transition and the flashing initiation.

The long-term results (0 to 500 msec) are plotted on Figs. 4.25 — 4.27 as
pressure histories at gauge station 1, 5, and 7 respectively. After the drop to the
saturation value by the decompression wave propagation, the pressure gradually

decreases due to discharge of the internal fluid out of the pipe. The calculation
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results of the TAPINS are consistent with the experimental data.

The measured and calculated void fractions at gauge station 5 are plotted in
Fig. 4.28 with the prediction of the MARS-KS. At earlier times up to 0.25 s, the
calculated void fraction from the both codes deviates a little bit from the data.
This deviation seems to be attributed to the over-calculation of the discharge rate
from the Henry-Fauske critical flow model. For long-term void fraction, the

prediction of the TAPINS agrees with the measured data.

4.3 Integral Effects Problems: RTF Tests

Since the conventional IETs on an integral reactor cannot provide the proper
data for a fully-passive PWR as described in section 1.1.3, autonomous integral
tests are performed in this study. An experimental program conducted in the RTF
generates the data for the steady-state and transient behavior of an integral reactor
on natural circulation. Using the RTF tests data, one is capable of performing the
comprehensive validation of the TAPINS hydrodynamic models to predict the
safety performance and the transient behaviors of a fully-passive integral PWR. In
what follows, the description of the test facility and the calculation results of the

TAPINS are presented.

4.3.1 Description of Test Facility

To investigate the thermal-hydraulic phenomena and the system responses of a

passive integral PWR during the postulated transients, a series of IET are carried
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out at a scaled-down apparatus called the RTF (Jang et al., 2011; Lee et al., 2012).
The RTF is a scaled test rig of REX-10 that was designed to evaluate the
characteristics of natural circulation under steady-state and transient conditions
and simulate the thermal-hydraulic system behavior during hypothetical accidents.
Figure 4.29 is the picture of the RTF apparatus.

Since testing programs of the RTF include the rapid system depressurization
accompanying the two-phase phenomena, the two-phase similarity law has to be
taken into account. Therefore, in this study, the scaling method proposed by
Kocamustafaogullari and Ishii (1987) has been used when scaling the major
design parameters for the RTF. Table 4.5 lists the major scaling factors of RTF.

The homologous relationship between the RTF and REX-10 was determined
from the constraints on available space and power. As the top priority of the RTF
is placed on the system operation under natural circulation condition, the height
ratio is kept unity so that the facility can provide an identical hydrostatic head to
that of REX-10 for free convection. In addition, it is not difficult to designate the
full-pressure facility on account of relatively low system pressure of REX-10. The
volume scale ratio is set to 1:50. Then from the basic principles of geometric,
kinematic, dynamic, and energy density similarity, the scale ratios for area (1:50),
time (1), velocity (1), and the power (1:50) have been determined as shown in
Table 4.5. In short, the RTF is the full-height full-pressure facility with reduced

power.

A. Primary System

The RTF models all system components of REX-10 housed in the reactor

pressure vessel. The primary circuit of the RTF consists of electrical heaters, a
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riser, four hot legs, and a helical-coil heat exchanger as shown in Fig. 4.29. It is
designed to operate at full pressure (2.0 MPa) and temperature (200 °C) with a
maximum heater power of 200 kW. The reactor vessel, which is 5.71 m in height
including the steam-gas pressurizer vessel, is made of the type 304 stainless steel
and its elemental wall thickness is decided on the basis of ASME Boiler and
Pressure Vessel Code section Il (ASME, 1986) to withstand the high pressure
condition.

Figure 4.30 illustrates the integral configuration of the system components in
the RTF. The core region consists of 60 electrical heaters arranged in the square
array. The pitch-to-diameter ratio of heater rods is 1.167 and the effective heated
length is 1.0 m, as identical to REX-10. The primary coolant heated in the core
passes the long riser and flows into the annular space through the four hot legs.
Not appearing in the prototypical REX-10, these elbow-shaped hot legs are set up
to install flowmeters to measure the natural circulation flow rate, causing major
distortion in the similarity between the RTF and REX-10.

The once-through heat exchanger, whose active length is 1.205 m, comprises
twelve helical tubes arranged into 3 columns. Each coil is 7.746 mm in inner
diameter, 9.525 mm in outer diameter, and approximately 4.38 m in length. The
innermost, intermediate, outermost column are composed of 3, 4, 5 helical tubes,
respectively. The helical coils wrap around the entire annulus between the core
barrel and the reactor vessel wall. The primary coolant flows downward across the
tube bundles and transfers heat to the secondary coolant flowing inside the tubes.
Located at the lowest region of RTF is the lower plenum through which most
instrumentation around the core is inserted.

In the “phase 1” of the RTF experimental program previously performed by
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Jang et al. (2011), the steam-gas pressurizer was not equipped as it stands in REX-
10 since the experiments were planned primarily to estimate the free convection
capability of REX-10. At this stage, the pressurizer vessel was connected to the
top of the RTF through a long, narrow pipe, and the non-condensable gas was not
inserted in the gas region as well. Instead, the system pressure was regulated by
controlling the internal electrical heaters, which are installed inside the pressurizer
vessel and submerged in water, to evaporate the water. In this case, the pressurizer
and the RCS are fairly non-communicative and the performance of the steam-gas
pressurizer in the presence of non-condensable gas cannot be examined.

Thus, in this testing program called “phase 2”, the pressurizer module is
altered in a way that the pressurizer vessel is directly placed on the top of the RTF
as shown in Fig. 4.31 so that the function of the steam-gas pressurizer can be
simulated (Lee and Park, 2012). A couple of instrumentations are also employed
in the steam-gas pressurizer, and the nitrogen injection line and the gas vent line,
branched off by a union tee, are linked to the upper side of the pressurizer vessel
for regulation of the fluid inside. The vent line provides the gaseous mixture with
the passage to a condensing tank when breaking the pressure boundary in
SBLOCA experiment or depressurizing the RTF system after the experiment is
finished.

The cylindrical vessel of 0.381 m in diameter and 0.873 m in height is heavily
insulated. The effective pressurizer region may be regarded as the whole volume
above the top of hot legs. For visualization of water level in the pressurizer, a
small rectangular chamber with a transparent window pane disposed on one side

of wall is installed as well.
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B. Secondary System

In the RTF, the helical tubes of steam generator form a closed loop with three
air-cooled type chillers as the secondary circuit. The secondary feedwater at the
atmospheric pressure from the chillers enters into the helical tubes and flows up.
The coolant is heated up passing through the heat transfer region and flows back
into the chillers. Each chiller recirculates water through the tubes of a specific
column, and the coolant is split into the coils at the water distributor. While the
feedwater turns into the saturated steam when leaving the coils in REX-10, the
secondary coolant is maintained in the subcooled state at whole channels in this
experiment by setting up the proper mass flow rate. The flow rate of each helical
coil is controllable by a ball valve located ahead of the tube entrance. When the
cooling capability of a chiller is not sufficient to keep the feedwater temperature
constant, a portion of hot water from helical tubes can be drained before returning

to the chiller while continuously supplying tap water to the reservoir in the chiller.

C. Instrumentation

Major subsections of RTF are instrumented so that system parameters can be
measured and recorded during experiments. In the RTF, a total of 32 K-type
thermocouples with error limits of 0.75 % acquire the temperature data at various
positions of the primary and the secondary circuit. For the primary system inside
the reactor vessel, the inlet and outlet temperatures of the core and the steam
generator as well as the temperatures at the downcomer and the lower plenum are
measured. Especially, three thermocouple sensors are uniformly distributed in the
azimuthal direction at the core inlet and outlet, respectively, to obtain the mean

temperature of the cross section. Two thermocouples installed at the steam-gas
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pressurizer measures the temperature of the liquid and the gaseous mixture. The
feedwater temperatures of each tube column and outlet temperatures of each
helical coil are also measured.

The mass flow rate by natural circulation is measured using the turbine
flowmeters installed at the hot legs. The flow channel inside the flowmeter is just
9 mm in diameter, establishing very narrow flow path. The feedwater flow rate
into a tube is checked out by the variable area flowmeters, but not recorded by the
data acquisition system. Beside the pressure gauge, the pressure transmitter is
installed at the top of the pressurizer vessel to record the system pressure. Another
pressure transmitter is used to evaluate the water level in the pressurizer from the

differential pressure.

D. Experimental Procedure

Prior to beginning each run of the transient experiments, the system has to be
brought to the steady-state condition while continuously supplying the core power
and the feedwater for heat removal. Figure 4.32 shows a typical path that the
thermodynamic state of the coolant gets stabilized until arriving at heat balance
condition.

At first, the tap water is injected into the RTF; the initial water inventory is
determined by the requirement that the pressurizer volume is filled half-full with
water when the system is heated up and reached to the steady-state. The data
acquisition system is then initiated and the desired amount of nitrogen gas is
injected to the upper volume of the steam-gas pressurizer. Nitrogen injection at
the very early phase of experiments is intended to prevent the bulk boiling of the

coolant during heat up. When deciding the amount of nitrogen required, one have
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to take into account not only the rise in the partial pressure of non-condensable
gas but also the changes in the volume of gaseous mixture due to the expansion of
RCS coolant as the system is heated up.

The maximum heater power (approximately 180 kW) is applied to the core in
order to increase the temperature of liquid in the pressurizer, which governs the
partial pressure occupied by the vapor, up to the highest point in this apparatus. It
results in the immediate rise in the core exit temperature, and the chiller is turned
on subsequently. Then the coolant temperature and the system pressure gradually
increase until heat balance equilibrium is established, i.e. the pressure and the
temperature profile of the primary circuit are invariant with time. The transient
experiments are initiated from the steady-state condition, and pressure, coolant
flow rate, temperature, and water level are recorded until the temperature of hot

fluid goes down below 100 °C.

4.3.2 Steady-state Natural Circulation

The experimental results presented in this section results from the RTF
experimental program phase 1, in which the primary priority is place on the
evaluation of the natural circulation capability of REX-10. The steady-state mass
flow rate produced by natural circulation in the primary circuit is simulated at 2.0
MPa. In the tests, the mass flow rate and coolant temperatures are measured at
various core powers while the primary system pressure is kept constant by
regulating the power of the heaters equipped inside the pressurizer. In all cases,
the secondary feedwater at 20 °C and 1 bar is sent into the helical coil at a rate of

4.5 LPM per tube. The heat loss to the surrounding environment is estimated to be
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less than 5 %.

In the simulations of the TAPINS, a total of 37 nodes constitute the primary
circuit of the RTF; nodes for the core (5), riser (5), upper head including hot legs
(8), S/IG (14), downcomer (3), and lower plenum (2) establish the RCS of the RTF
as illustrated in Fig. 4.33. In particular, fine nodalization is prepared for the helical
coil S/G section in an attempt to assure the precise prediction of the heat transfer
with coolant. Minor losses due to an abrupt change in flow area are calculated
from the relevant empirical correlations (Todreas and Kazimi, 1990). Only when
the heat removal rate from the S/G is the same as the input power do the thermal-
hydraulic variables converge to their fully stabilized values.

The simulation results predicted by the TAPINS for the steady-state mass flow
rate are compared with experimental data from six tests performed using different
core powers, as shown in Fig. 4.34. Undoubtedly, the higher the power generated
by the core, the greater the natural circulation flow since a high input power
increases the temperature gradient of the coolant, and subsequently, the buoyancy
force that arises due to the density differences. It is observed that, even though the
difference in midplane elevations between the core and the S/G is almost 2.5 m,
the mass flow rate is less than 0.5 kg/s for the power ranges used in this study.
This low natural circulation flow of the RTF is attributed to the enormous flow
resistance applied by hot legs and the flowmeter where the fluid passes through a
very narrow flow channel. Inspection of Fig. 4.34 reveals that the steady-state
flow rates predicted by the TAPINS show excellent agreement with the data; the
maximum deviation is at most 4.2 %.

This analytical solution expressed as Eq. (4.5) is also plotted versus the core

power in Fig. 4.34 to provide comprehensive estimates of the stabilized conditions
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of the RTF. All parameters appearing in Eq. (4.5) are evaluated using the steady-
state conditions for an experiment at 141.55 kW. It is shown that the predictions
of the TAPINS are very close not only to the experimental data but also to the
results of the analytical calculation. The deviation from the curve observed at
powers lower than 100 kW results from the dependence of the overall flow
resistance and thermophysical properties on Reynolds number and temperature,
respectively. In fact, Eq. (4.5) tells us that the mass flow rate is proportional to the
total heat input to the power of 1/3, assuming that the flow resistance and
temperature profile of the primary system are constant. In reality, a substantial
inaccuracy in this calculation may be induced unless the exact distributions of the
flow velocity and the fluid temperature are reflected in each case.

The simulation results for coolant temperatures are listed in Table 4.6, along
with the measured values from the tests. Compared to the experimental data, the
maximum deviation is less than 2.6 K. The equilibrium temperature distribution in
the RCS is closely associated with the cooling capability of the heat exchangers.
For example, if the calculated heat transfer rate from the primary system to the
S/G tubes is lower than the core power, the overall coolant temperatures will
gradually increase until heat balance equilibrium is established. Therefore, the
results presented in Table 4.6 demonstrate that the incorporated S/G model works
very well for predicting the shell-side and tube-side heat transfers across the

helical tubes.

4.3.3 Changes in Core Power

Using the RTF, several transient experiments were also carried out by Jang et
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al. (2011). As the RTF is designed basically for steady-state tests on the natural
circulation, not many parameters are controllable in these experiments. However,
since the core power and the feedwater flow rate can be easily regulated, three
transient tests investigating changes in these factors are presented in this paper: an
increase in core power, a reduction in core power, and a reduction in feedwater
flow. Through comparison with the transient data obtained from the transient
natural circulation tests, the assessments of the predictive capability of the
TAPINS can be conducted.

Figures 4.35 and 4.36 show the variation of the coolant flow rate and
temperatures when the core power abruptly dropped by half from a stabilized state.
At 200 s, the core power is reduced from 138.6 kW to 71.2 kKW in a ramp type
drop for 40 seconds. One has to remember that the heat transport between the
fluid and the internal structures is not trivial in this kind of scaled-down test rig,
especially when a dramatic temperature change occurs in the fluid. The stored
energy in the structural wall may serve as a heat source during transients, or the
relatively cooler internals may absorb a lot of heat from the fluid. In particular, the
thermal-hydraulic behavior of the RTF is characterized by a low flow rate and a
large temperature rise, and thus the heat transfer with the structural wall has to be
modeled. For transient simulations of the TAPINS, the heat exchange with the

reactor internals is modeled using a lumped approach as follows:

M.C, S = —aA (T, -T.) «9)

The outer surfaces of the walls are assumed to be adiabatic, and the same heat
transfer correlations are used as in the core heat transfer models. The sensitivity

study revealed that the modeled coolant flow underwent premature changes in
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flow rate and temperatures unless the effect of the structural wall was taken into
account. In simulations of the reduction in core power, the heat transfer rate from
the wall instantaneously reached 12% of the time-dependent core power.

In this transient, the reduction in core power is followed by a rapid drop of the
natural circulation flow. As the flow velocity is lowered, the temperature rise
across the core is somewhat increased, causing a slight overshoot in the coolant
flow rate by enhancing the driving force of the free convection. Then the flow rate
and the temperatures slowly decrease until a new stabilized state is established.
The TAPINS succeeds in predicting the aforementioned flow pattern set up by
natural circulation and the transient behavior of the coolant temperatures with fine
accuracy, as shown in Figs. 4.35 and 4.36. The outlet temperature of feedwater is
also plotted in Fig. 4.37. Since it is a direct indication of time-dependent heat
transport to the secondary system, Fig. 4.37 proves that the TAPINS predicts the
heat transfer in the helical coil S/G fairly well.

As a similar transient case, the simulation results of an increase in core power
are plotted in Figs. 4.38 and 4.39 along with corresponding experimental data.
Over 40 seconds, the core power rose from 69.5 kW to 142.75 kW at 200 s.
Immediately after the sudden increase in heat input, even though the up-and-down
behavior of the flow rate is more conspicuous in the simulation result, the analysis

capability of the TAPINS seems quite acceptable.

4.3.4 Reduction in Feedwater Flow Rate

The remaining transient is initiated by reducing the feedwater flow rate into

the helical tubes. The ball valves located at the entrance of the helical coils are
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partially closed so that the flow rate in each tube is reduced from 4.5 LPM to 2.7
LPM. The experimental data and the simulation results are plotted in Figs. 4.40
and 4.41. As the reduction in feedwater flow rate causes a slight decline of the
heat transfer in the tube-side, the heat input from the core takes a while to be
completely removed from the S/G. According to the simulation by the TAPINS,
the cooling rate at the shell-side of the helical tubes is reduced to a minimum of
85% of the core power. In the meantime, the average temperature of the RCS
gradually goes up due to the power-cooling mismatch. While the heat removal
returns to its normal level, the outlet temperature of the feedwater also increases
until it reaches a new steady-state.

Compared to the previous transients caused by the changes in the core power,
it is noted that the effect of the feedwater flow rate is relatively insignificant in
this transient. In fact, Eq. (4.5) describes cases for which the total input power is
equal to the amount of heat removed, and the details of the heat transport to the
heat sink are not so predominant in determining the free convective flow rate in
the transients. Nevertheless, the TAPINS effectively estimates the qualitative

behavior of the primary system in the transient, as shown in Figs. 4.40 and 4.41.

4.3.5 LOFW Accident

The TAPINS application to the LOFW accident of the RTF is presented in this
section. This test simulates a hypothetical accident induced by the complete loss
of feedwater flow in which the S/G is no longer serves as a heat sink until a
protective system is actuated. This loss of total feedwater flow can be caused by a

mechanical seizure or a power failure of the feedwater pumps, or an inadvertent
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closure of the feedwater control valves due to malfunction of a feedwater control
system.

When an actual reactor system is encountered to the LOFW accident, the
reduced feedwater flow rate immediately triggers the reactor trip. In this test,
however, a more conservative scenario is assumed that the low feedwater flow trip
is not actuated but the high pressurizer pressure trip resulting from the coolant
heatup leads to reactor shutdown. Once the pressurizer pressure reaches 2.3 MPa,
a trip setpoint of REX-10, the heater power is dropped to the decay heat level
(about 7%) and the chillers are turned on again to simulate the actuation of the
PRHRS. Since the PRHRS is neither established in the RTF system nor designed
in detail for REX-10, it is assumed that natural circulation flow rate of PRHRS is
maintained constant at 1/9 of the nominal feedwater flow rate.

In the analysis of the LOFW accident, the prediction on transient response of
the steam-gas pressurizer dominantly affects the overall calculation results; if the
TAPINS fails to estimate the accurate moment of reactor trip under the situation in
which the heat removal from the RCS completely vanishes, the calculation results
will considerably deviate from the data. The prediction results of the TAPINS are
shown in Figs. 4.42 — 4.45.

After the chillers are turned off, the coolant is heated up at the rated power as
the heat sink vanishes, and the corresponding expansion of RCS coolant and rise
in the partial pressure of vapor in the upper gaseous mixture lead to the fast
increase in the pressurizer pressure. Due to the absence of a heat sink, the natural
circulation flow rate is reduced quite fast as well. At 240s after the initiation of
transient occurs the reactor trip, and accordingly, the simulated residual decay heat

and PRHRS flow is provided. Then the coolant temperatures and the water level
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are gradually decreased on account of the continuous cooldown by the PRHRS.

The moment of overpressure trip predicted by the TAPINS is about 20 sec
later than the experiment. The deviation is not remarkable in a view of long-term
transient, which indicates that the steam-gas pressurizer model incorporated in the
TAPINS provides the reasonable prediction. The calculation result of the pressure
transient after the core trip is also consistent with the test data. In addition, the
predicted variation in the pressurizer water level is in good agreement with the
experiment.

Figures 4.44 and 4.45 show the natural circulation flow rate and the change in
coolant temperatures in the LOFW accident. The mass flow rate is greatly reduced
after the reactor trip, and the RCS coolant is continuously cooled down by the
simulated PRHRS function. The results from the TAPINS are in general
agreement with the data. In the natural circulation regime where the fluid velocity
is very low, the calculated flow rate is slightly lower than the measured one. It is
attributed to the deviation of the friction factor for low-velocity natural circulation
flow, and it also affects the prediction of the coolant temperatures. Since the
forced flow correlations are not generally valid in natural circulation flows (Zvirin,
1981), it needs to improve the friction coefficient models in the TAPINS.

The calculation results of the TASS/SMR are also plotted in Figs. 4.42 — 4.45.
The TASS/SMR predicts that the reactor trip occurs at 356s after the initiation of
transient; it is nearly 2 minutes later than measured. As shown in the results, the
inaccurate prediction of the pressure transient in the steam-gas pressurizer causes
significant deviation in overall RCS parameters. It is closely associated with the
capability of the TASS/SMR in predicting the pressure response of the steam-gas

pressurizer. Since the period of the coolant heatup without heat sink is much
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longer in the calculation of the TASS/SMR, the coolant temperatures and the
pressurizer water level go up far higher than the data. In short, the calculation
results of the TASS/SMR exhibit considerable deviation from the experimental
data due to inaccurate prediction of the overpressure trip.

From the comparison with IET data of LOFW accident, it is assessed that the
TAPINS can provide reasonable prediction on the transient response of the steam-

gas pressurizer as well as the RCS behavior of a fully-passive integral PWR.
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Table 4.1 Assessment matrix of the TAPINS

Category Problem type Assessment objectives
Verification | Mass and energy conservation problem Truncation errors
Problems Natural circulation problem Free convection phenomena
MIT pressurizer tests Steam-gas pressurizer model
Subcooled boiling tests Vapor generation model
SET (Christensen / Bartolomey experiments) | (~slug/~annular flow regime)
Critical flow tests (UCRL) Chocking model: Henry-Fauske
Edwards pipe problem Vapor generation, chocked flow
ET RTF te_sts Comprehen_siv%2 analyses on
(Natural circulation / LOFW) a fully-passive integral PWR

Table 4.2 Comparison of computed natural circulation flow to analytical solution

Water properties @ 20 bar, 100 °C | Parameters
p :959.2 kg/m® Az=0.3m
B:7.48x10"/K
Cp 142123 Jkg-K

K.
— J . 4 -4
] i

Power (kW) Analytic (kg/s) TAPINS (kg/s) Error (%)
25 0.57013 0.57092 0.139
5.0 0.71832 0.72030 0.276
7.5 0.82227 0.82564 0.410
10.0 0.90502 0.90993 0.542
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Table 4.3 Test conditions of Christensen experiments selected for analysis

Run Pressure Power Mass flux | Temperature | Inlet subcooling
No. (bar) (kW) (kg/m?s) (K) (K)

10 27.6 30 646.9 493.7 8.7

11 414 50 940.0 511.1 144

15 55.1 70 907.2 530.8 12.5

16 68.9 70 807.7 545.9 12.1

Table 4.4 Test conditions of Bartolomey experiments selected for analysis

Index Pressure Heat f|L2IX Mass fiux Inlet subcooling
(bar) (kW/m?) (kg/m*s) (K)
1 30.1 980 990 62.2
2 44.1 900 994 66.3
3 68.4 1130 961 914
4 108.1 1130 966 87.9

Table 4.5 Major scaling factors of the RTF

Parameters Similarity requirement Scale ratio
Pressure Pr 1
Height lor 1
Volume aor lor 1/50
Area aor 1/50
Aspect ratio lor dor 7.07
Time logY? 1
Velocity lor? 1
Power agr lor™? 1/50
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Table 4.6 Steady-state coolant temperature in the RTF at various core powers

Power Core outlet Core inlet Feedwater outlet
(kW) Exp. Code Exp. Code Exp. Code
70.55 106.95 106.87 50.63 49.57 37.49 38.79
99.70 128.21 128.72 60.47 59.38 45.56 46.58
141.55 157.98 156.45 74.15 72.37 56.90 57.76
145.75 159.97 159.07 75.14 73.60 58.44 58.87
170.10 174.36 173.68 83.31 80.71 65.04 65.37
172.45 176.89 175.06 82.95 81.44 65.64 65.99
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Figure 4.1 TAPINS model for mass and energy conservation problem
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Figure 4.2 Fractional mass error for single-phase liquid flow
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Figure 4.3 Fractional energy error for single-phase liquid flow

2.0x10” 1
1.5x107
1.0x10%

5.0x10°

0.0 4

T T T T T T T T T T T T T
0 5 10 15 20 25 30

Time (sec)

Figure 4.4 Fractional mass error for two-phase flow
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Figure 4.6 TAPINS model for natural circulation problem
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Figure 4.11 Comparison of TAPINS with Christensen Run 10
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Figure 4.19 Comparison of TAPINS with UCRL critical flow test (1)
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Figure 4.20 Comparison of TAPINS with UCRL critical flow test (2)
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Figure 4.21 Schematic diagram of Edwards pipe experiment apparatus
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Figure 4.31 Steam-gas pressurizer vessel on the top of the RTF
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Figure 4.36 Coolant temperatures in response to a reduction in core power
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Figure 4.42 Pressurizer pressure in response to the LOFW accident
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109



Chapter 5

Selected Analyses for Reference Integral PWR

This chapter presents the computational analyses on the prototypical REX-10
to assess the design decisions and evaluate the thermal-hydraulic RCS responses
under reactor transients using the TAPINS. The stabilized RCS variables are
found through the steady-state calculation on the prototypical system to confirm
the major design parameters of REX-10. In addition, two transient analyses are
conducted for a reactivity insertion accident to simulate the behavior of core
power level induced by arbitrary external reactivity, and an increase in feedwater
flow event which results in a rise in the capability of the secondary system to
remove the heat generated in the core. These simulations help to ascertain the
system stability and the thermal-hydraulic behavior of REX-10 when encountered
to a reactivity-induced accident and an inadvertent increase in heat removal
leading to overpower.

The capability of the TAPINS is assessed by comparing the simulation results
with the TASS/SMR predictions for these kinds of transients. While most of the
hydrodynamic models incorporated into the TAPINS, including the steam-gas
pressurizer model and the helical-coil steam generator model, have been basically
validated in the previous chapter, the reactor kinetics model is not properly

evaluated by this time. By carrying out the selected analyses on the power
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response to a reactivity transient for REX-10 and the effectuated time-dependent
heat transfer to the coolant, in turn, by comparing the results with the predictions
of the TASS/SMR, one can validate the point kinetics model and the core heat
transport model of the TAPINS.

5.1 Identification of Design Parameters

5.1.1 REX-10 Models

Figure 5.1 illustrates the TAPINS nodalization diagram for REX-10. Basically
the same noding is applied to the TASS/SMR model. The TAPINS system model
consists of 48 control volumes that constitute the core, riser, upper head, S/G,
downcomer, lower plenum and pressurizer. Note that the modeling of various
piping needed for a conventional loop-type reactor is not necessary in the integral
reactor system.

The core is axially divided into 10 nodes, among them 8 nodes for active heat
transfer regions. This refined noding for core is prepared particularly for precise
evaluation of the minimum DNBR (departure from nucleate boiling ratio). The
cosine-shaped axial power profile is implemented, and the fuel rod is modeled
using 8 radial meshes to solve heat conduction equations for the pellet, gap, and
cladding. Each side of active helical-coil steam generator region consists of 10
nodes, and the total heat transfer area of tube bundles is set to 241.8 m?. In both

codes, the pressurizer is modeled by a single control volume.
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5.1.2 Steady-state Results

The base case steady-state analysis is intended to assess the design basis of
REX-10 and to implement the initial conditions for transient calculations. The
resultant steady-state output parameters are listed in Table 5.1. As shown in Table
5.1, most of the system parameters predicted by the TAPINS conform to the
design specifications very well. Moreover, other steady-state output variables
from the TAPINS are in good agreement with the calculation results of the
TASS/SMR. The stabilized coolant temperatures from the TAPINS are a little bit
lower than those from the TASS/SMR, which indicates that the TAPINS slightly
overestimates the heat transport through S/G tubes in establishing the heat balance
equilibrium. The difference, however, seems acceptable. In the TAPINS, the core-
averaged fuel temperature determined by the mean value of axial profile reduced
by the weighting of 0.3 for center line temperatures and 0.7 for pellet surface
temperatures, and it exhibits the deviation of 3.6 K from the calculation of the
TASS/SMR.

One appreciable deviation is noted for the MDNBR. It is attributed to using
different empirical correlations to calculate the critical heat flux in the TAPINS
and the TASS/SMR. The TAPINS employs the correlation proposed by Bowring
(1972) expressed in the form:

_ A-Bhyx(z)/4

= 51
Ocre C (5.1)

It is derived from the database covering the pressure range of 0.2 — 19 MPa, to
which the operational pressure of REX-10 belongs. On the other hand, the
TASS/SMR selects the maximum value between CHFs calculated by W-3
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correlation and Macbeth correlation. Even though the W-3 correlation developed
by Tong (1967) is the most widely used one for PWRs, it is not applicable to the
system conditions of REX-10 since the correlation is valid for the pressure ranges
of 6.9 — 15.9 MPa.

The steady-state results reveal that the design of REX-10 is suitable for
achieving the prescribed RCS conditions, and the TAPINS can provide reasonable

steady-state predictions for the prototypical integral reactor system.

5.2 Transient Simulations

5.2.1 Reactivity Insertion Accident

As the first transient analysis for REX-10, a hypothetical reactivity insertion
event is simulated by the TAPINS and the TASS/SMR. This reactivity-induced
accident may be caused by mechanisms such as uncontrolled withdrawal of
control rods, rapid neutron poison removal, or changes in core component
configurations (Lewis, 1977). Analyzed in this section is a mild reactivity
transient when the external reactivity of 0.1 $ is inserted to the core in a stepwise
way. Provided certain amount of reactivity is inserted by an advertent reason, a
central question then becomes whether the core can returns to the critical state by
the negative feedback effect of fuel and moderator without the occurrence of
excessive temperature.

It is clarified that quantitative numerical values appearing in this section refers

to the results of the TAPINS. In the reactor kinetics model, the following kinetics
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parameters are used for the core design of REX-10:

- Total delayed neutron fraction = 0.007242
- MTC =60.2x10"/ K
- FTC=3.01x10°/K

Dependency of the MTC and the FTC on the temperature is not taken into account
for simplicity. Figures 5.2 and 5.3 show the transient total reactivity and the
normalized power in response to a reactivity insertion accident, respectively.
Changes in the core-averaged fuel and coolant temperatures as well as the rate of
heat transport to coolant are plotted in Figs. 5.4 and 5.5.

During the initial phase of the transient, the core power level begins to
skyrocket to 114% as soon as the positive reactivity is inserted to the core.
Instantaneously, the power approaches closely to the overpower trip setpoint of
11.5 MWith, but the reactor trip is not actuated. This overpower transient results in
rapid increase of fuel and coolant temperatures; according to Fig. 5.4, the initial
temperature rise of coolant is a bit above 1 K, but in a neutronic point of view, it
induces a great deal of negative reactivity. Subsequently, the total reactivity is
quickly reduced to null by the negative feedback effect arising from the rise in
fuel and moderator temperatures.

The core returns to the criticality at 92.4 s after initiation of transient, followed
by the gradual reduction of power level to the nominal value as the core stays in
sub-critical state for a while. The mean fuel temperature is continuously decreased,
but the coolant temperature is kept slightly higher than the initial value as long as
the positive external reactivity is retained. The analysis results demonstrate that,
when an overpower transient caused by reactivity insertion as much as 0.1

$ occurs, the system of REX-10 could adjust itself to a stable and safe state
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pursuant to the inherent feedback effect of the core.

Inspection of Figs. 5.2 — 5.5 reveals that the prediction of the TAPINS shows
excellent agreement with the simulation results of the TASS/SMR. The maximum
instantaneous deviation in the normalized core power is at most 1.5 %, and the
transient histories, including the moment of the return-to-criticality, calculated
from the TAPINS coincide well with those from the TASS/SMR. Code application
to this case can provide a comprehensive insight for the capability of the TAPINS
since all the component models, along with RCS model, incorporated in the
TAPINS are synthetically applied to this simulation. From the comparison results,
one can conclude the TAPINS provides quite reliable predictions on an reactivity-
induced accident, and particularly, the point kinetics model and the core heat

transport model are well coded in the TAPINS.

5.2.2 Decrease in Feedwater Flow Event

The other transient problem in this study is to describe the increased heat
removal by the secondary system. The increase in feedwater flow event may be
initiated by an inadvertent malfunction of the feedwater control system causing
the excessive opening of control valve (Chung et al., 2008). Fig. 5.6 describes the
mechanism how this heat removal transient affect the thermal-hydraulic behavior
of the RCS. The increased heat transfer at S/G arising from the rise of feedwater
flow causes a reduction in the coolant temperature in the primary circuit. This
immediately leads to the increase of the power level by the negative feedback
effect of the core, and depending on the core design and the thermal-hydraulic

conditions of a reactor, the overpower trip may occur.
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The assumed increase of feedwater flow rate by 20 % of normal value is
simulated by the TAPINS and the TASS/SMR. The calculation results are plotted
in Figs. 5.7 — 5.10. In this transient, the initial reactivity variation is determined by
the competing effect between the Doppler and the moderator feedback
mechanisms. As shown in Fig. 5.7, the reduction in the RCS coolant temperatures
induces large positive reactivity, but it is observed a drastic rise of reactivity at the
initial phase is suppressed for a while. It is because the feedback effect caused by
an increase in the average fuel temperature opposes the power level change. In the
situation, it is the relative magnitude of the Doppler and the moderator feedback
mechanisms that becomes of primary importance.

The power level goes up to 109.7 % at 251s, followed by the recovery of the
reactivity due to large negative feedback of the fuel. The core-averaged fuel
temperature is maintained about 9 K over the initial value, the power stays high
level as well. The increased power level drives greater natural circulation flow by
4 %, and the heat removal rate at the primary side of helical-coil S/G also rises as
shown in Figs. 5.9 and 5.10.

The way of reflecting the changes in the feedwater flow rate is different for
the TAPINS and the TASS/SMR. Unlike the TASS/SMR, the TAPINS does not
solve the momentum equation for the secondary system. Instead, a representative
flow rate is given by the table data. It results in the prompt rise of the flow rate at
whole flow channel in the helical tubes in this case, and the time required for flow
re-distribution is not taken into account. Notwithstanding this simplified handling
of a feedwater transient, the results do not exhibit any significant deviation
between the codes. It is confirmed from the comparisons that the prediction of the

TAPINS on the heat removal transient by the secondary system is reasonable.
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Table 5.1 Prediction results of design parameters and output variables for REX-10

Parameters Design TAPINS TASS/SMR

Pressurizer pressure (MPa) 2.0 2.0 2.0

RCS flow rate (kg/s) 64.9 64.2 64.6
Core inlet temperature (°C) 165.0 163.7 165.5
Core exit temperature (°C) 200.0 199.0 200.5
Temperature rise across core (°C) 35.0 35.3 35.1
Average fuel temperature (°C) - 294.6* 291.0
Minimum DNBR - 24.6 20.0
Steam quality at the exit - 0.9996 1.0

Total pressure drop in tube (kPa) - 64.0 58.4
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Chapter 6

Conclusions

6.1 Summary

In order to assess the design decisions and investigate the transient RCS
responses of REX-10, a thermal-hydraulic system analysis code TAPINS has been
developed in this study. The TAPINS was well verified and validated with 7 sets
of assessment problems ranging from fundamental benchmarks to the integral
effect tests performed in this study. The objective to demonstrate the code
capability in predicting major thermal-hydraulic phenomena expected in DBAs of
an integral reactor was accomplished.

The TAPINS was based on a one-dimensional four-equation drift-flux model
as field equations to take into account the non-equilibrium effect of two-phase
flow phenomena. It also consisted of component models for the core, the once-
through helical-coil steam generator, and the built-in steam-gas pressurizer. In
particular, a dynamic model of the steam-gas pressurizer to estimate the transient
responses of the pressurizer containing the non-condensable gas was newly
proposed. The three-region non-equilibrium model on the basis of the basic
conservation equations of mass and energy as well as the constitutive relations for

closure was established and incorporated into the TAPINS. In addition, the
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TAPINS included the proper heat transfer coefficient correlations and the heat
conduction model to predict the time-dependent heat transport in the core and the
helical-coil S/G of a fully-passive integral PWR.

In the TAPINS, the hydrodynamic model was numerically solved using a
semi-implicit finite difference scheme on the staggered grid meshes. The void
fraction, pressure, mixture velocity and liquid enthalpy were selected as four
primitive variables. The difference equations were solved by using the Newton
Block Gauss Seidel (NBGS) method in which the fundamental unknowns were

determined from 5X5 linear matrix for each mesh cell.

The TAPINS was verified and validated by carrying out various steady-state
and transient analyses on the 7 assessment items. Through the calculation of the
mass and energy conservation problem and the natural circulation problem, it was
verified that the truncation error caused by the numerical solution scheme of the
TAPINS was sufficiently small, and the calculated flow rate by natural circulation
was in a high level of agreement with the analytical solutions. The TAPINS was
validated against 4 sets of SETs on the MIT pressurizer tests, the subcooled
boiling tests, the critical flow tests, and the Edwards pipe experiment. Moreover, a
series of integral effect tests were conducted in the RTF to produce unique data of
a fully-passive integral PWR utilized for code validation. The validation results
demonstrated that the calculation results showed general agreement with the data,
and thus, the TAPINS could provide a reasonable prediction on the performances
and the transients of an integral PWR operating on natural circulation. Especially,
the TAPINS could contribute to an improved prediction on the transient responses
of the steam-gas pressurizer.

The TAPINS was applied to design assessment and transient simulations of
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the reference reactor and its results are compared to those of the TASS/SMR. The
prediction indicated that the design of REX-10 was suitable for achieving the
prescribed RCS conditions, and REX-10 can stay inherently safe due to a self-
regulating effect by negative feedback when encountered to a reactivity-induced
accident and an inadvertent increase in heat removal that lead to overpower

transient.

6.2 Recommendations

Through the present study, the following further studies are suggested:

® For the practical applications to the small modular reactors that will be
deployed in near future, the TAPINS has to be continuously improved to
assure the reliable and robust simulations for a wide variety of transients
and accidents in an integral PWR. In particular, the enhancement of code
capability for the SBLOCA analysis is essentially required for the TAPINS.
Then the added capability can be assessed with the SBLOCA experiment
in the RTF, which is presented in Appendix B. The incorporation of GUI
module for the TAPINS may help to improve user convenience.

® Passive safety systems such as the PRHRS play a crucial role in mitigating
the consequence of DBAs in an SMR. The TAPINS needs to be equipped
with the boiling and condensation heat transfer package applicable to
simulate the safety performance of passive safety systems. The IET with
an integral apparatus in conjunction with these passive safety systems are

also suggested.
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Nomenclature

A Cross-sectional area (m?), surface area (m?)

As Heat transfer area of structural wall

Ci Neutron precursor concentration of group i (m™)
Co Distribution parameter

Cp Specific heat at constant pressure (J kg K™)

do Outer diameter of helical tube (m)

D Diameter (m), diffusion coefficient (m*s™)
Dy, Hydraulic diameter (m)

Di Inner diameter of annulus (m)

Do Outer diameter of annulus (m)

Eu Euler number

f Darcy friction factor, condensation coefficient
g Gravitational acceleration (m s2)

G Mass flux (kg m?s™)

G, Critical mass flux (kg m?s™)

h Specific enthalpy (J kg™

her Critical enthalpy (J kg™)

hg Latent heat (J kg™)

H Volumetric heat transfer coefficient (W m>K™)
j Superficial velocity (m s‘l)

Thermal conductivity (W m™*K™)

Loss coefficient

r X

Length (m)
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NcoI
Nz
Nu

Mass (kg), molecular weight (kg mol™)
Polytropic exponent

Neutron density (m™)

Number of columns in tube bundles
Number of tube rows

Nusselt number

Pressure (Pa), total input power (W)

Time derivative of pressure (Pas™)

Prandtl number
Heat flux (W m)

Overall flow resistances (m"‘), universal gas constant (J mol'lK'l)
Rayleigh number

Specific entropy (J kg*K™)
Sherwood number

Time (s)

Temperature (°C)
Core-averaged temperature (°C)
Velocity (m s™)

Bubble terminal velocity (m s™)
Liquid drop velocity (m s™)
Velocity (m s™)

Volume (m®)
Drift velocity (m s™)

Mass fraction
Mass flow rate (kg s™)
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z

Quality
Spatial coordinates (m)

Elevation of midplane (m)

Greek Letters

Pe

M

"" > >

I

Void fraction, heat transfer coefficient (W m?K™)

Reactivity temperature coefficient (K™),
Total delayed neutron fraction

Delayed neutron fraction of group i
\Volumetric expansion coefficient (K'l)
Isothermal compressibility (Pa™)

Isentropic exponent

Phase change rate (kg m'3s'1)

Enthalpy difference between phases (J kg™)

Density difference between phases (kg m™)

Surface roughness (m), pumping term, fractional error

Neutron generation time ()

Decay constant of precursor group i (s™)
Viscosity (Pa s)

Density (kg m™)

Core-averaged density of coolant (kg m™)

Surface tension (J m?)
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Specific volume (m® kg™)

19

& Heated perimeter (m)

Subscripts

annu  Annulus between core barrel and reactor pressure vessel
b Bulk properties

CHF  Critical heat flux

e Expected

E Equilibrium

ext Externally introduced

f Fuel, saturated liquid

g Saturated vapor, gaseous mixture in pressurizer

i Delayed neutron precursor group, interface, noding index
if Bulk interface for liquid

ig Bulk interface for vapor

in Insertion of non-condensable gas into pressurizer
J Junction index for minor loss

11 Lower liquid region of pressurizer

12 Upper liquid region of pressurizer

112 Between lower and upper liquid regions

m Mixture, moderator

max  Maximum

min Minimum

nc Non-condensable gas
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NC

rv

sgp

stm

Natural circulation

Relative difference between phases
Relief of gaseous mixture
Structural wall, saturated state
Steam-gas pressurizer

Steam

Throat

Wall

Vapor phase

Initial values, stagnation properties

Free stream condition

Superscripts

k
n

S

Iteration step
Time level index

Saturation property
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Appendix A
Elements of Linear System for NBGS Method

The elements of a 5 x 5 linear system for the NBGS iteration to obtain the
primitive variables of field equations are represented below. This matrix system is

commonly applied to all mesh cells.
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Mixture continuity equation
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Appendix B
SBLOCA Experiment in RTF

This section presents the experimental investigation on the RTF SBLOCA
induced by a 1/4 inch diameter break in the nitrogen injection line to the steam-
gas pressurizer. The integral layout of REX-10 can eliminates the large-break
LOCA in virtue of the absence of large diameter pipelines. However, one of the
most severe accidents may be initiated by the rupture at the nitrogen injection line
through which the gaseous mixture is immensely discharged in the event. Even
though the SBLOCA experiment is not simulated by the TAPINS, it is believed
that the outputs from this IET will be the priceless, unique data to understand the
transient response of REX-10 during the postulated accident and to validate a
thermal-hydraulic system code in the future.

The SBLOCA experiment begins with the opening of a valve located at the
midway between the pressurizer and the condensing tank, which simulates the
rupture of a small-diameter pipe. When the pressurizer pressure of the RTF
reaches 1.7 MPa, the reactor trip is to occur. From then on, the experimental
procedure is identical to that of the LOFW test. A central question then would
become whether the reactor can be brought to the cold shutdown state without
core uncovery. Thus one has to focus on the variation of the water level in the
steam-gas pressurizer, which is a direct indication of RCS coolant inventory, by
the discharge of fluid out of RPV. Figures A.1 — A.6 show the transient thermal-

hydraulic parameters during the SBLOCA experiment.
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The pressurizer pressure falls down to the trip setpoint in 8.1s after opening
the vent valve. Then the heater power is reduced to 12.5 kW instantaneously, and
the feedwater flow rate is also adjusted to a prescribed value to simulate actuation
of PRHRS. Depressurization of the RTF induces radical internal flashing. Initially,
the gaseous mixture of steam and N, quickly comes out of the pressurizer vessel,
but as time passes, only the steam produced by flashing is discharged through the
break.

Even though the reactor shutdown is followed by rapid drop in the core exit
temperature, the coolant in the annular space above S/G region gets saturated for a
while as shown in Fig. A.3. The saturation state lasts until 1700s and then the
transition to single-phase (subcooled) flow occurs by the continuous cooldown of
PRHRS. At this moment, the heat transport to S/G is increased in a sudden;
coolant temperatures both at core exit and at S/G inlet quickly goes down in an
instant while the feedwater exit temperature rises. On the contrary, the liquid in
the pressurizer is saturated for the entire period of the accident. Figure A.4 shows
that, by the thermal stratification, the hot liquid layer floats at the top regardless of
the cooldown of the coolant in the primary circuit.

By a simulated PRHRS flow, the coolant temperatures in the RTF continue to
decrease. At about 4400 s, the RTF system is brought to cold shutdown eventually.
With regard to the mass flow rate, the measurement by a turbine flowmeter may
be incorrect for the two-phase flow. It is confirmed, however, that the natural
circulation flow rate is stabilized to ~0.15 kg/s after transition to the subcooled
state when the single-phase heat transfer is established again.

One can infer from the test results that REX-10 may readily assure sufficient

inventory of coolant under SBLOCA condition if a proper safety injection system
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Is incorporated. Since just gaseous mixture is discharged in the accident, the
reduction in the RCS water level is quite moderate. When the RTF reaches the
cold shutdown, the pressurizer vessel is still filled with some amount of water. It
indicates that the system is brought to cold shutdown before the water level goes
down below the elevation of entrances to hot legs and the flow path of liquid

coolant is cut off.

144



Pressruzier Pressure (bar)

Discharge Rate (kg/min)

20 4

16

12

r

Trip point @ 17 bar

Trip in 8.1 s after break

Cold shutdown

T T T T T T T
1000 2000 3000 4000

Time (sec)

Figure A.1 Pressurizer pressure during the SBLOCA

0.8
0.6 Maximum critical flow
:0.647 kg/min

0.4 1
0.2 1
0.0 A

T T T T T T T T T

0 1000 2000 3000 4000

Time (sec)

Figure A.2 Break flow during the SBLOCA
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Appendix C
Supplement on LOFW Analysis of TASS/SMR

In the TASS/SMR application to the RTF LOFW accident presented in section
4.3.5, the calculation results showed considerable deviation from the data due to
the prediction of the delayed core trip than measured. The analysis was originally
intended to evaluate the code capability in simulating the transient pressurization
in the absence of heat removal from S/G. In the practical analyses on the LOFW
accident, however, the critical focus should be whether a system code is able to
provide the accurate prediction on “the transient after reactor trip” during the
LOFW event. Therefore, the recalculation results of the TASS/SMR on the LOFW
transient from the moment of core trip are supplemented in this appendix.

In this supplementary analysis, the TASS/SMR starts to run by implementing
the initial conditions same as the experimental data at the instant of overpressure
trip. That is, the measured coolant temperatures in the RTF, the liquid temperature
and water level in the pressurizer were used as the initial conditions for transient
calculation. It was assumed that the inside of helical tube was initially filled with
the saturated steam, and the heat slab model of the TASS/SMR was applied to
take into account the heat loss from the structure. The calculation results of the
TASS/SMR for the LOFW accident after core trip are plotted in Figs. A.7 — A.10.

The results reveal that the TASS/SMR predicts the slower decrease in the
system pressure than the data at an initial transient, but the rate of decline gets

relatively faster as time passes. Keeping the deviation from data lower than 1 bar,
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the TASS/SMR successfully predicts the long-term pressure transient after reactor
trip. A notable observation is found in the analysis result without calculating the
heat loss to surroundings. Unless the heat slab model for the pressurizer vessel is
applied, the predicted reduction of the pressurizer pressure is much slower than
the data. It indicates that, in the simulation of the TASS/SMR, the modeling of
heat loss from the structural wall has a great influence in calculating the pressure
transient of the steam-gas pressurizer caused by the changes in the water level or
the coolant temperatures.

The calculation results of the TASS/SMR on the pressurizer water level and
the mass flow rate in the RTF are generally consistent with the data. In addition,
the predicted coolant temperatures show good agreement with the experimental
values as shown in Fig. A.10. From the above results, it is confirmed that the
TASS/SMR predicts well the transient response of REX-10 during the LOFW

accident after reactor trip.
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