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ABSTRACT

The risk of Small Break Loss Of Coolant Accident (SBLOCA) and other
reactivity initiated transients caused by boron dilution in the Light Water Reactors
(LWRs) and the complications of tracking the soluble boron concentration
experimentally inside the primary coolant raised the interest in computational studies for
accurate boron tracking simulations in nuclear reactors. This PhD work presents the
development and implementation of a multidimensional boron transport model with
modified Godunov scheme within a thermal-hydraulic code based on a subchannel
approach. The cross flow mechanism in a multiple-subchannel rod bundle geometry, heat
transfer and lateral pressure drop effects are considered to simulate deboration and
boration case studies accurately.
The Reactor Dynamics and Fuel Management Group (RDFMG) version of the
COBRA-TF (CTF) code was chosen for the implementation of three different boron
tracking models: First Order Accurate Upwind Difference Scheme, Second Order
Accurate Godunov Scheme, and Modified Godunov Scheme. Based on the applied
analytical and nodal sensitivity studies, the Modified Godunov Scheme approach with a
physical diffusion term was determined to provide the most accurate and best estimate
solution. As a part of the verification and validation activities, a code-to-code comparison
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was carried out with the STAR-CD Computational Fluid Dynamics (CFD) code and
presented here. The objective of this study was two-fold: 1) to verify the accuracy of the
newly implemented improvements of the CTF boron tracking model against CFD
calculations; and 2) to investigate its numerical advantages as compared to other thermalhydraulics codes. In addition, the model validation studies were performed against
experimental data from the Rossendorf Coolant Mixing Model (ROCOM) test facility.
Finally, the importance of the two-phase flow characteristics in modeling boron
transient were emphasized, especially during long term cooling period after the LOCA
condition in Pressurized Water Reactors (PWRs). The CTF capabilities of boron transport
modeling were further improved based on the three field representation of two-phase
flow utilized in the code. The boron transport within entrained droplets was modeled. In
addition, a model for predicting the boron precipitation under transient conditions was
developed and tested. It was aimed to extend the applicability of CTF for reactor transient
simulations, and particularly Large Break Loss Of Coolant Accident (LB-LOCA)
analysis.
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CHAPTER 1

Introduction

1.1 Background
In a Nuclear Power Plant (NPP), energy generated by the fission process inside
the fuel elements is transferred to the coolant by conduction, convection and radiation
processes. This energy transmission follows by the circulation of the coolant through the
reactor core and produce electricity within turbine generator. In a Pressurized Water
Reactor (PWR), there is a secondary coolant loop required to keep the primary coolant at
subcooled liquid state under higher pressure [1]. In addition to its role in heat transfer, the
primary coolant water serves as a nuclear reaction moderating medium in PWRs. By
slowing down the energy levels of the neutrons, primary coolant enables the nuclear
fission chain reaction. Additionally, with the increase in the reactor power level, coolant
temperature rises and corresponding decrease in coolant density reduces the fission
reaction rate. This negative feedback system provides a level of self-protection in the
reaction process [2].
In PWR reactors, Boron-10 is added to the reactor coolant in the form of boric
acid and used as a neutralizer to absorb the neutrons inside primary coolant in order to
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control and maintain the system criticality. In normal operation condition, it is important
to preserve the boric acid (H3BO3) concentration equally distributed inside the primary
coolant by mixing during forced primary coolant circulation or by natural circulation [3].
Homogenous boron concentration is important for the reactivity control in PWRs, and
local boron dilution can increase the risk of deviating from criticality with implications
for the fuel integrity [4].
During normal operation, it is possible to investigate boron dilution before the
system becomes critical. The large volume and the characteristics of primary system limit
the rate of boron free coolant injection and allow operators to detect slow boron–free
coolant mixing process [4]. However, when the uncontrolled boron dilution occurs more
rapidly in the reactor systems, there is a possibility for positive reactivity excursion that
could cause supercritical state in the core.
There are two main scenarios which could results in an uncontrolled boron
dilution:
i. Accidental unborated water injection into the primary cooling system;
ii. Evaporation of the primary coolant in the core and condensation of boronfree water in the steam generator (reflux condensation).
The risk of reflux condensation especially during a Small Break Loss Of Coolant
Accident (SB-LOCA) and complications of tracking the boron concentration
experimentally inside the primary coolant have been focus of number of computational
studies on boron tracking simulations in nuclear reactors. Different boron tracking
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models are implemented into several thermal-hydraulic system codes such as TRACE [5]
and RELAP-5 [6] and improved in terms of their accuracy. The challenges in these
system codes are their numerical instability and high diffusive behavior of the
implemented slug tracking models [7]. In spite of their accuracy in tracking the solute
inside primary coolant, the system codes are capable of modeling only the solute
transport in one-dimensional (1-D) representation. The lack of higher order numerical
methods and turbulence models [8], and the necessity of two-dimensional (2-D) or threedimensional (3-D) modeling of the mixing of unborated water (for example in the
downcomer [9]) have led to the use of the Computational Fluid Dynamic (CFD) codes for
investigation of the mixing inside the core and vessel regions. However, despite of their
higher accuracy in prediction the boron concentration distribution, the CFD calculations
are computationally expensive and so far have been limited to the pressure vessel
simulations due to the size of the problem [4].
Since 1970s, the assessment of nuclear power plant performance during accident
conditions has been the biggest concern [10], and reducing the computational cost while
maintaining the accuracy has been the goal of several recent research studies in nuclear
engineering. As an alternative to the system codes and complex CFD models, thermalhydraulic subchannel codes can be utilized more efficiently.
In this work, the Reactor Dynamics and Fuel Management Group (RDFMG)
version of the COBRA-TF (CTF) [11] code is being used. The COBRA-TF (COolant
Boiling in Rod Arrays-Two Fluid) computer code was originally developed in 1980’s by
the Battelle Northwest Laboratories under the sponsorship of the United States Nuclear
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Regulatory Commission (NRC) as a reactor vessel module of the coupled code system
COBRA/TRAC [12]. Since then, many academic and industrial organizations have
adapted, further developed and modified the code in many directions. The version owned
by the Pennsylvania State University (PSU) originates from the code version modified in
cooperation with the FLECHT SEASET program [13]. Aside from the code utilization to
teach and train students in the area of nuclear reactor thermal-hydraulic safety analyses,
during the last decade, the theoretical models and numerics of the code were substantially
improved [14]. The code was subjected to an extensive verification and validation
program and was applied to variety of Light Water Reactor (LWR) steady state and
transient simulations.
CTF is an advanced thermal-hydraulic subchannel code widely used for bestestimate evaluations of nuclear reactors safety margins of both Pressurized Water
Reactors (PWRs) and Boiling Water Reactors (BWRs). It is a transient code based on a
separated flow representation of the two-phase flow. The two-fluid formulation, generally
used in thermal-hydraulic codes, separates the conservation equations of mass, energy,
and momentum to vapor and liquid. CTF extends this treatment to three fields: vapor,
continuous liquid and entrained liquid droplets, which results in a set of nine timeaveraged conservation equations. Dividing the liquid phase into two fields is the most
convenient and physically reasonable way to handle two-phase flows. The conservation
equations for each of the three fields and for heat transfer from and within the solid
structure in contact with the fluid are solved using a semi-implicit, finite-difference
numerical technique on an Eulerian mesh, where time intervals are assumed to be long
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enough to smooth out the random fluctuations in the multiphase flow, but short enough to
preserve any gross flow unsteadiness. The code is able to handle both hot wall and
normal flow regimes maps and it is capable of calculating reverse flow, counter flow, and
crossflow situations [15, 16].
CTF is developed for use with either 3D Cartesian or subchannel coordinates and,
therefore, the code features extremely flexible noding for both the thermal-hydraulic and
the heat-transfer solution. This flexibility allows a fully 3D treatment in geometries
amenable to description in a Cartesian coordinate system [13].
Despite its high accuracy in reactor transient simulations, and particularly the loss
of coolant accident (LOCA) analysis, CTF does not have a boron tracking model
available to measure the unborated water transient and corresponding density variation
inside the reactor vessel. Therefore, when there is a risk of reflux condensation and
unborated slug insertion into the system such as during SB-LOCA condition, the code is
limited in providing realistic reactor core simulations.

1.2 Statement of Objectives
The main objective of this PhD research is to develop and implement a solute
tracking model into the subchannel thermal-hydraulic code CTF for simulations of boric
acid transients. Such improvements provide a multi-dimensional boron transport model
based on subchannel approach and make CTF capable of analyzing the solute transients
and the boron mixing effects inside the reactor core region. This novel method allows
more detailed calculations of the timing and location of the boron dilution transient inside
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the reactor core and compensates the current drawbacks in other numerical tools. It is
also an important feature for coupled CTF/neutronics simulations since the soluble boron
concentration is one of the important thermal-hydraulic feedback parameters in PWRs.
Before developing a model to be implemented, it was necessary to understand the
role and the importance of the boron dilution in PWRs and to compare the performance
and applicability of the solute tracking models previously developed. Based on an
extensive literature review, three different boron tracking models, existing in most of the
thermal-hydraulics system codes, have been considered for implementation in CTF.
Several sensitivity studies and analytical tests were performed to assess the accuracy and
stability of these models. Eventually, the 2nd Order Modified Godunov Scheme [7],
which includes the physical diffusion term, has been selected as the most precise model.
In order to have more accurate predictions of the risk of positive reactivity
insertion inside reactor vessel, it is important to model the boric acid transient in full
mixing zones: downcomer, lower plenum, and upper plenum. CTF has the capability to
define different axial sections within the computational domain by splitting the
subchannels connections with a user defined mesh option. Additionally, the code models
address different flow mixing options due flow patterns such as turbulent mixing, as well
as the structural effect on flow profile such as local pressure drop due spacer grids. The
development and implementation of a new solute tracking model have been carried out to
confirm that it provides consistent analysis with current advanced flow modeling in CTF.
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Beside dilution, the boron precipitation during post–LOCA conditions is another
main concern regarding PWR thermal-hydraulic safety analyses. Therefore, development
of a boron precipitation model is also one of the aims of this work to extend the
applicability of CTF for reactor transient simulations, and particularly LOCA analysis.
The entrainment droplet field effect in the boron precipitation was investigated, and a
capability to calculate the plated out solute concentration was included in CTF.
Initial results showed that the current boron tracking model calculates the
variation in the boric acid concentration correctly compared to an analytical solution.
Further analyses have been performed for the model verification and validation purposes.
Advanced, finite volume method based on the STAR-CD CFD package has been selected
to model one-to-one multiple channel geometry and assess the multi-dimensional
modeling of boron tracking in CTF. The calculations with the CFD model demonstrated
the consistency of the mixing and tracking the boric acid concentration with the
implemented 2nd order modified Godunov scheme under CTF, and proved its
computational advantages in comparison to the existing methods.
In addition to the analytical and computational verification, it was essential to
validate this novel method against experimental data. Several experimental studies found
in the open literature have been reviewed and the Kliem et al.’s Rossendort Coolant
Mixing Model (ROCOM) studies [3] were selected. The ROCOM test results provide
unborated slug transient and mixing phenomena at different loss of coolant accident
conditions and have been previously used to validate several CFD models. The aim of
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this validation study was to illustrate that the new boron tracking model allows CTF to
provide more realistic reactor core simulations.

1.3 Dissertation Outline
This PhD dissertation is outlined according to the sequence of the tasks and
objectives that are presented in this chapter.
Chapter 2 explains the role of the boric acid concentration and the boron dilution
phenomena with a detailed review of the experimental and numerical studies.
Chapter 3 discusses the development and implementation of the boron tracking
model in the subchannel code CTF. The preliminary sensitivity analysis and analytical
test results are presented in this chapter and corresponding improvements are listed.
In Chapter 4, verification and validation studies of CTF boron tracking model are
presented. As a part of the verification study, the CTF boron tracking model performance
is compared with another thermal-hydraulics code, namely STAR-CD CFD code, and the
results are discussed. In addition, using the experimental data from the ROCOM test
facility [3], a validation study is performed to test newly developed and implemented
multidimensional boron tracking model in a subchannel approach.
The purpose of Chapter 5 is to emphasize the importance of boron precipitation
model; especially during long term cooling period in LB-LOCA condition. The model
capability is extended by considering the maximum solubility of the boric acid and the
entrained droplet field effect are presented.
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Finally, in Chapter 6 conclusions of the PhD dissertation are summarized along
with the contributions of each individual model developments, and the further
improvements that need to be considered are listed.
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CHAPTER 2

Boron Dilution Transient

2.1 Boron Concentration and Reactivity Control in Pressurized Water Reactors
In normal LWR operation, the boron concentration is controlled to maintain the
core criticality. In an accidental condition, such as SB-LOCA, high borated water is
injected by emergency systems to make the core subcritical. As it was mentioned
previously, it is important to keep the boric acid concentration uniform inside the coolant
by forced circulation of the primary coolant.
The operation of the nuclear reactor consists of a dynamic system which physical
properties change with respect to time. Consequently, the change in physical properties
affects the core criticality throughout the core life time. However, it is required to
maintain the core in a critical state while the fuel is depleted [4]. In order to meet the
energy requirements of operation cycles, the reactors are partially reloaded with a fresh
fuel at the beginning of each cycle. Therefore, it is essential to introduce negative
reactivity with strong neutron absorbers to compensate the large amount of excess
reactivity after this initial fuel load. It is important to know how the excess reactivity
decreases as the fuel depleted during core lifetime [4].
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In a PWR, one way of suppressing the excess reactivity is injection of soluble
boron. As the fuel burns up, the excess reactivity decreases and thus the boron
concentration should be reduced by the operator, by a process known as boron letdown
[17]. The change in boron concentration is a slow process and it minimizes the use of
control rods in PWR. Unlike control rods, soluble boron avoids local flux depression and
provides a more uniform flux profile [18].
The allowable boric acid concentration depends on the physical properties of the
coolant/moderator. For example, as the core temperature increases, thermal expansion of
the coolant/moderator pushes the moderator out of the active core area. As the moderator
moves, the boron content also goes down, resulting in a positive reactivity insertion. This
limits the boron concentration in PWRs since any significant concentration change due to
temperature increase may cause positive effect on reactivity [18].

2.2 Boron Dilution Phenomena
The boron dilution phenomena can be classified into two groups. The first one is
the homogeneous dilution, which is a slow process with enough time to generate
homogeneous mixing. The second one is the heterogeneous dilution due accumulation of
the unborated water. If the heterogeneous unborated slug is transported to the reactor core
(RC) by natural circulation or the restart of the reactor coolant pumps (RCP), there is a
risk of insertion of hazardous positive reactivity into the RC.
Similar to previous research studies, Queral et al. [19] further categorized the
heterogeneous dilution according to different reasons: extrinsic and intrinsic sequences.
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The extrinsic sequence can be defined as the slow unborated water injection to the
system, which accumulates inside the reactor coolant system (RCS) without mixing.
Leakage from the unborated secondary coolant into the steam generator and
accumulation in the RCP suction piping during shutdown condition was given as an
example for the extrinsic scenario. The intrinsic sequence, however, occurs due to
accumulation of condensed unborated coolant inside primary coolant when the reflux
cooling mechanism starts. The condensed steam can mix with the borated coolant at the
upflow side of the core, or it can accumulate at the cross over leg and mix at the
downflow side of the core. There are three main intrinsic scenarios listed by Queral et al.
[19]:
I. Loss of Residual Heat Removal System (RHRS) at midloop condition:
For the maintenance of PWR during certain phases of shutdown condition, the
primary system coolant level is required to be lowered to the mid-point of the hot leg, i.e.
midloop-condition. This is needed to be able to repair the system components such as
steam generator or pressurizer. During the midloop condition, due to lack of natural or
forced circulation through steam generators, the heat is removed only by the Residual
Heat Removal System (RHRS) [8].
In RHRS, the heated water is extracted from the hot leg outlet of the primary
system and the heat is removed by circulating the coolant through heat exchangers. Then
the cold water is returned back to the primary system from the cold leg inlet [20]. The
reduction level of coolant during midloop condition is limiting the RHRS operation. The
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level should allow opening the inspection hatches but also shouldn’t be as low as to drop
the coolant flow from hot leg to RHRS inlet. Therefore, there is always a high risk of loss
of RHRS during midloop condition, which can cause irreversible pipe damaging [20].
In a loss of RHRS during midloop condition, there is a possibility of having reflux
condensation in the upside of the Steam Generator (SG) tubes. If there is enough pressure
in the system, condensation can also generate unborated slug in the crossover leg, which
is shown in Fig. 2.1. Due density differences, the unborated slug can maintain above the
borated coolant without mixing, which makes it difficult to detect accurate boric acid
concentration in the crossover leg [19].
In Nuclear Energy Agency Committee on Nuclear Regulatory Activities Report
2006 [20], the high frequency of core melt due loss of RHRS and time limitation of
operational action are emphasized. In this condition, heat reduction by reflux
condensation in primary coolant helps to avoid serious core damage and it reduces the
severity of the accident [8]. On the other hand, it is necessary to consider the risk of
positive reactivity insertion in to the reactor core due unborated water transfer from
crossover leg to the vessel.

II. Large Break - Loss of Coolant Accident (LB-LOCA) - Emergency Core Cooling
System (ECCS) hot leg recirculation:
During LB-LOCA condition, decrease in primary system pressure can cause
boiling inside the reactor coolant system and generates unborated steam flow through the
broken pipe as shown in Fig. 2.2. When the steam starts to condense, it is collected in the
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sump. Under these circumstances, Emergency Core Cooling System (ECCS) is injected
to maintain the coolant level. However, during hot leg recirculation phase, the ECCS uses
the accumulated water in the sump without added boron. As a result, the boron
concentration inside the reactor core can be reduced and it can increase the core reactivity
[19].

III. Small Break Loss of Coolant Accident (SB – LOCA)
In case of decrease in the primary system mass inventory such as during smallbreak loss of coolant accident (SB-LOCA), when the liquid level falls below to the hot
leg elevation, boiling in core region starts generating vapor flow to the steam generator.
As shown in Fig. 2.3, due cooling of secondary system, boron free vapor starts to
condense in SG, which is called as Reflux Condensation. Accumulation of the condensed
water in the crossover leg starts the decrease of the boron concentration and generates the
unborated water slug. When the system reaches to natural circulation with the insertion
of emergency core cooling system (ECCS) or the restart of the reactor coolant pump, the
unmixed boron-free water slug may flow towards the core which can results positive
reactivity insertion [21].
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Figure 2.1: Loss of RHRS at Midloop [19]

Figure 2.2: LB-LOCA in Hot Leg [19]
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Figure 2.3: SB-LOCA in Cold Leg [19]
In the Resolution of Generic Safety Issue 185, the U.S. Nuclear Regular
Commission (NRC) has mentioned that, if the accident happens early in the fuel cycle,
the unborated slug can generate sufficient excess reactivity in the core even though all the
control rods have been inserted. That may result in severe damage to the core even
though the ECCS has kept the core covered with coolant sufficiently [22]. The high
likelihood of the positive reactivity insertion accident due boron dilution exist only if the
excess reactivity of the system is greater than the rod worth, which depends on burnup
and reactor coolant system (RCS) thermal-hydraulic condition [19]. In addition, Diamond
et al. [23] reported that the restart of the reactor coolant pump (RCP) results in higher
positive reactivity insertion as compared to the restart of natural circulation. The main
reason for the high risk of fuel damage with restart of RCP was explained with the 25 %
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higher mass flow rate than the natural circulation of the unborated slug entering the
reactor core lower plenum.
In SB-LOCA condition, the boron dilution phenomena can be analyzed in five
steps [19]:
i.

Formation of the diluted boron slug;

ii.

Transport of the diluted boron slug;

iii.

Mixing of the diluted boron slug;

iv.

Deboration (net loss of boron from primary system) and boration (net
boron gain with ECCS);

v.

Reactivity feedback.

In this study, transport and mixing of diluted boron slug, deboration and boration
aspects were aimed to be investigated by implementing a boron tracking model in CTF.

2.3 Review of Experimental and Numerical Boron Dilution Studies
2.3.1 Experimental Boron Dilution Studies
In recent years, many of the PWR safety analysis and experimental studies have
focused on boron dilution issue which may cause positive reactivity insertion and damage
the reactor core [24]. Before discussing the numerical methods, three experimental
facilities that have been used to validate and improve several computational models are
reviewed in this section.
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Primarkreislauf (PKL) Test Facility:
There have been several analytical and experimental studies performed in
Germany by Framatome ANP (now AREVA NP GmbH) to investigate the thermalhydraulic performance of the PWR during postulated accident scenarios. The PKL test
facility was conducted as a mock-up of a PWR on a volume and power scale of 1:145. As
shown in Fig. 2.4, the experimental setup consists of four primary loops that are located
symmetrically around the reactor pressure vessel. This set up allows an investigation of
the unsymmetrical boundary condition effect on the system behavior. All four loops
contain reactor coolant pump and fully scaled steam generator [25].
The PKL test facility has been operating since 1977. There are three main loss of
coolant accident (LOCA) studies performed namely; PKL-I and PKL-II SB-LOCA and
LB-LOCAs and PKL-III. In PKL-III tests, the natural circulation in boron dilution (III-D)
and the various other boundary conditions (III-E) were studied under SB-LOCA
conditions [26].
The main purpose of the PKL-III test was to understand in what extend the
unborated water could enter the reactor vessel. Therefore different boundary conditions
were conducted with various size and the location of the break, emergency core coolant
(ECC) system and its location of injection, and the rate of the cool-down of the steam
generators [27]. Experiments D2.1, D2.2 were performed to analyze the boron dilution
when the natural circulation stars [25]. Additionally, the E2.2 experiment was performed
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to illustrate empirically the worst case in terms of unborated slug size [27].
accident scenario is briefly explained in Table 2.1.

Figure 2.4: PKL III Test Facility [25]

Each
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Table 2.1: PKL III Test on Boron Dilution [27]
D2.1
Break

Cold Leg (Loop 1 ) –
30 cm2

Location

D2.2

E2.2

Hot Leg ( Loop 1 ) -

Cold Leg ( Loop 1)

40 cm2

ECC system
HPSI

Loop 1 and Loop 2

All 4 into Cold Legs

Loop 1 and Loop 2

ACCs

All 4 hot leg ACCs

All 4 hot leg ACCs

Not Operated

LPSI

Loop 1 and Loop2

All 4 cold legs

Loop 1 and Loop2

100 K/h

100 K/h

100 K/h

Cool Down of
SG Sec. sides

The two main objectives of the PKL III test were to analyze if the natural
circulation starts simultaneously in all four loops and its effect on the mixing of boron
free condensate with the highly borated water in the downcomer. Under these
circumstances, the simultaneous natural circulation condition was expected to be
generated in test E1.1 and E2.2, where the four loops have the ECC water supply [27].
Since the primary system pressure in PKL facility is limited to 45 bars, it was not
possible to conduct the high-pressure phase of the accident scenario, which starts at a
PWR operating pressure of 160 bars [27]. Therefore, the initial conditions for the
experiments were calculated by the computer code S-RELAP5 at given boundary
conditions:
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Table 2.2: PKL III, Initial Conditions [25, 26, 27]
D 2.1

D 2.2

E 2.2

Break Size

30 cm2

40 cm2

NA

P0

160 bar

160 bar

160 bar

Phase 1 Time, ∆T

1800 s

2000 s

1800 s

Primary System Inventory Loss

35 %

NA

35 %

Experiment Start Time, T1

0s

0s

0s

Primary Pressure at T1

40 bar

19.6 bar

40 bar

ECC Injection Start Time, T2

0s

1100 s

0s

Pressure at T2

40 bar

11 bar

40 bar

LP Injection Time, T3

2800 s

NA

2800 s

Pressure at T3

25 bar

NA

10 bar

The aim of PKL test facility was to answer “when” and “how” the unborated
water slug reaches to the downcomer annulus. According to previous analysis, at each
boundary condition different flow profiles were observed. The mixing, however, was not
a point of interest of the PKL test facility since the mixing process cannot be modeled
realistically in a scaled PKL test facility [28]. The mixing analyses were performed in
Upper Plenum Test Facility (UPTF) and Rossendorf Coolant Mixing Model (ROCOM)
test facilities, which are described in the following sections.
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Upper Plenum Test Facility – Transient Accident Management (UPTF-TRAM):
The aim of UPTF- TRAM experiment series C3 was to investigate the mixing of
unborated water slug inside the cold leg piping, the downcomer and the lower plenum in
full scale, when the system reaches to natural circulation by injecting the ECCS. As
shown in Fig. 2.5, UPTF is a full scale mockup of the primary system including, upper
plenum, downcomer, four closed loops with pressurizer in 1:1 scale [25].

Figure 2.5: Upper Plenum Test Facility [25]
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Instead of using boric acid, water at different temperatures was used to avoid
damage in the instruments [25]. The mixing of boron concentration was calculated based
on measured water temperature as:

ρ b (To ) = 1 −

where,

(To − TECCS )
(THOT − TECCS )

(2.1)

T0: uniform water temperature inside the test vessel;
THOT : incoming condensate flow temperature (0 ppm);
TECCS : ECCS injection flow temperature.

Mixing was assumed to be independent from the pressure and the test runs were
performed under a constant pressure of 15 bars [28]. Based on the ECCS rate in the cold
leg 2, T0, THOT and number of legs with condensate water a text matrix were generated as
shown in Table 2.3.
As an example, in Fig. 2.6, experimental measurements of RUN 13a are presented
at a certain time. From Fig. 2.6, it is reported that the hot condensate water is mixed with
ECCS by the time the flow reached to level 4000mm below the lower edge of the cold
leg [28].
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Table 2.3: UPTF- TRAM Phase C3 Test Matrix [28]

Figure 2.6: RUN13, Mixing of Borated Water in the Downcomer [28]
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The Rossendorf Coolant Mixing Model (ROCOM) Test Facility:
The ROCOM test facility was conducted based on KONVOI-type European
Pressurized Reactor including all the important details for coolant mixing in a 1:5 scale.
The ROCOM consists of four-loop with a Plexiglas reactor vessel mock-up which is
illustrated in Fig. 2.7.
Unlike UPTF-TRAM experiments, conductivity measurements were used to
calculate the 3D mixing as:

Θ x , y , z (t ) =

(σ x , y , z (t ) − σ 0 )

(2.2)

(σ 1 − σ 0 )

where, Θxyz(t) : dimensionless mixing scalar; σ

xyz(t)

: conductivity change at inlet

nozzle; σ0: initial conductivity σ1: conductivity at injected slug.

(a)

(b)

Figure 2.7: Vessel (a) and Schematic of ROCOM (b) [29]
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As an example, ROCOM postulated cold leg small break loss-of-coolant-accident
with cold leg safety injection experiment boundary conditions, which was performed
based on PKL-III F.14 test results, are tabulated in Table 2.4.This experiment was
conducted to investigate:
i. The stratification of low borated slug and coolant of the downcomer;
ii. Mixing of ECC injection;
iii. Acceleration of ECC coolant inside downcomer due density difference.

Table 2.4: ROCOM Initial Conditions [29]

PKL-III F 1.4
Break Location

Cold Leg (Loop 1 )

Pressure

40 bar

Cool Down of SG

120 K/h

ECC system Injection

Loop 1 and Loop2 (t =-290s)

Slug transport to Vessel

(t = -78s )

Starts of Flow Ramp

(t=0s)

End of Measurements

( t = 700s )
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(a) The average and the minimum boron concentration at different elevation in
downcomer

(b) The average and minimum boron concentration at core inlet plane

Figure 2.8: Boron Concentration Transient [29]
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According to Fig. 2.8, the mixing of unborated slug with highly borated ECCS
water is reported through its transportation in the lover plenum. The overall instantaneous
minimum boron concentration is measured as 1688ppm in the core inlet plane [29].

2.3.2 Numerical Boron Dilution Studies
Within the past decade, there have been several numerical studies reported
regarding capabilities of the boron tracking models in system codes such as RELAP5 [5]
and TRACE [6]. Before reviewing the numerical models in detail in Chapter 3, in this
section the current performance of available computational models are discussed.
The experimental test results, which were presented in the previous section, were
used by many researchers to evaluate the boron tracking model performances in system
codes. For example, the PKL reflux-condensation accident and low boron concentration
accumulation of tests were studied numerically by Umminger et al. [26]. In this study, the
Siemens-modified version of RELAP5/MOD2 code (S-RELAP5) was used, which
includes full two-dimensional momentum equations that can integrate the improved
chocked flow and counter current flow models. Despite the symmetrical injection of
ECCS in all four loops, the experimental analysis of different behavior of natural
circulation in each individual loop was investigated numerically by using the S-RELAP
system code solution. Similarly, Kasahara et al. [30] has presented a detailed SB-LOCA
study by performing simulations to investigate general system behavior on boron dilution
(PKL-F1.1), the behavior of boron concentration at the steam generation outlet side
(PKL-F1.2) and the loss of residual heat removal system accident in PWRs (PKL-E3.1)
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using RELAP5/MOD3.3 code. In both studies, RELAP5 managed to predict the time
when the unborated slug reaches the cold leg inlet. However, in the simulation results
certain oscillations were reported due numerical instabilities in the boron tracking
models.
Freixa et al. [7] compared the boron tracking models in RELAP5 based on
experimental results of PKL F1.1 test, which is a SB-LOCA with a boron dilution
transient and symmetrical borated water injection into the four cold legs. His aim was to
evaluate the available numerical boron tracking models in RELAP5. The second order
accurate Godunov scheme was reported to be more conservative in the minimum boron
concentration calculation as compared to the first order upward difference scheme.
Additionally, the necessity of the physical diffusion term due the turbulence nature of the
flow was emphasized and a new model was presented.
Jasiulevicius et al. [31] and his group members presented their TRACE simulation
results based on PKL project data of loss of residual heat removal in ¾ loop operation
when the reactor coolant system was closed. The boron concentration increase due to
coolant evaporation and its decrease in loop seals during reflux condensation were
evaluated by TRACE simulations, which also demonstrated a good agreement with the
experimental data. Additionally, Jasiulevicius et al. [32] further studied TRACE code to
investigate boron concentration distribution at the steam generation outlet during refluxcondensation phase and compared his model with the F1.2 test results in the PKL primary
coolant test facility. In different phases, the simulated mass flow rate and boron
concentration results agreed well with the experimental data. However, similar to
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RELAP5, numerical instabilities were observed in the TRACE results, which could be
caused by allowing the use of higher time step size than the one defined by the Courantlimit condition. Another study regarding boron dilution during RHRS at the midloop
conditions was reported by González et al. [8]. As a test setup, the three loop
Westinghouse design of Almaraz NPP was modeled with the TRACE code. Similar to
previous studies, logical boron concentration variations in loop seals and in core outlet
were observed.
For RELAP5, a full boron mixing is assumed in the single nodes, and the
nodalization is coarser than in the other approaches, therefore it cannot provide realistic
predictions of the full mixing zones [21]. Similarly, due to lack of higher order numerical
method and applicable turbulence models, the TRACE code was reported to be
inadequate to analyze the boron transport and mixing [8].
In this PhD study, the deficiency of the boron transport models available in the
current system codes is aimed to be resolved by development and implementation of a
multi-dimensional boron tracking model in the subchannel thermal-hydraulic code CTF.
Unlike system codes, CTF is capable of analyzing both the transport and the mixing of
diluted boron slug according to the subchannel approach and provide more realistic plant
simulations.
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CHAPTER 3

Boron Tracking Implementation in CTF

3.1 Review of Numerical Boron Tracking Model
In several system codes such as RELAP5-3D and TRACE, the solute field is
described separately from the rest of the flow field by a three-dimensional hyperbolic
transport equation. The molecular and turbulent diffusions are neglected to simplify the
numerical solution. In this chapter, in order to select a boron tracking model to be
implemented in CTF, first the solution schemes and their performances in the system
codes RELAP5 and TRACE are assessed based on the study by Rafael Macian-Juan [4].
Macian-Juan reported that most of the system codes apply a finite difference or a
finite volume method based on the explicit or implicit upwind donor-cell approach to the
solution of the flow conservation equations. Briefly, in the donor cell approach the fluid
properties such as densities, void fraction etc., are defined volume averaged at each cell
center, while the velocity field is evaluated at the cell faces. According to donor cell
approximation, volume averaged solute concentration at each cell center is calculated at
the end of each time step after the general solution has been obtained. The spatial
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accuracy, on the other hand, is defined by the order of time gradient and corresponding
numerical scheme. The first order forward difference scheme is usually a default option
in the system codes [4].
First order upwind approach has been reported to be stable and its robustness has
been given as an advantage in the solution of the general flow equations. However, it has
been emphasized that the first order scheme generates numerical diffusion, which can
overshadow the performance of the flow model. For example, for a detailed description
of spatial and temporal distribution of the flow filed such as the heterogeneous solute
field inside reactor vessel, the numerical diffusion can generate unrealistic results from a
safety point of view [4].
Besides highly numerically diffusive nature, in system codes the first order solute
tracking models does not simulate any mixing effect due to turbulence in the flow. It is
essential to eliminate the numerical diffusion before including the turbulence behavior of
the flow field in the solution [4]. Therefore, in RELAP5-3D there are two different
numerical schemes available, which can be selected according to the nature of the flow.
In this section, three different numerical schemes used in the system codes RELAP5 and
TRACE are summarized.

3.1.1 First Order Accurate Upwind Difference Scheme
The fundamental diffusion equation, i.e. the Burgers Equation, including the
physical diffusion term D, which makes the equation non-linear can be written as:
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d φ d (v p • φ ) d  d φ 
+
=
D
+S
dt
dx
dx  dx 

(3.1)

where is φ the flux term, vp is the particle velocity, physical D is the diffusion coefficient
and S is the source term.
As it was explained before, the nonlinear Burger Equation can be simplified by
neglecting the diffusion coefficient. The linear convection equation, which is widely used
in several numerical analyses, can be written as:
dφ 1 d (v p • φ • A)
+
=0
dt A
dx

(3.2)

Before giving the discrete solution of the linear convective equation, the first
order upwind difference scheme can be explained with the following example.
First, Eq. 3.2 can be rewritten with respect to the flux term ϕ and the speed v as:
dφ
dφ
+v
=0
dt
dx

(3.3)

Next, Eq. 3.3 can be discretized by applying a forward difference in time and a
backward difference in space as:

φin +1 − φin
∆t

+

v
(φin − φin−1 ) = 0
∆x

(3.4)

If we apply the Taylor expansions in order to define φ in +1 and φin−1 in terms of φ in
as:
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φ in +1 = φin + ∆t (

dφ n ∆t 2 d 2φ n ∆t 3 d 3φ n
)i +
(
)i +
(
) i + ...
dt
2 dt 2
6 dt 3

(3.5)

φin−1 = φin − ∆x (

dφ n ∆x 2 d 2φ n ∆x 3 d 3φ n
)i +
(
)i −
(
) i + ...
dx
2 dx 2
6 dx 3

(3.6)

According to Eqs. 3.5 and 3.6, the

φin +1 − φin
∆t

and

v (φ in − φin−1 )
terms can be
∆x

rewritten and be substituted back into Eq. 3.4. The relation between numerical scheme
and the differential equation, i.e. the truncation error εt can then be written as:

φin+1 − φin
v n
dφ n  ∆t d 2φ n
a∆x d 2φ n
 dφ n
n 
+
(
−
)
−
(
)
+
v
(
)
=
(
)
−
v
( 2 ) i + O(∆t 2 , ∆x 2 )
φ
φ
i
i −1 
i
i 

2 i

∆x
dx  2 dt
2 dx
 ∆t
  dt
(3.7)

εt =

∆t d 2φ n v∆x d 2φ n
(
)i −
(
) i + O(∆t 2 , ∆x 2 )
2 dt 2
2 dx 2

(3.8)

Since lim ∆t → 0 (ε t ) = 0 , the scheme can be defined as consistent [33]. If we
∆x → o

neglect the higher order terms ( O(∆t 2 , ∆x 2 ) ) and rewrite the exact solution:

(

dφ n
dφ
v∆x  v∆t  d 2φ n
d 2φ n
) i + v( ) in = −
1 −
( 2 ) i = − Dnum ( 2 ) i
dt
dx
2 
dx
∆x  dx

(3.9)

where ;

Dnum =

v∆x  v∆t 
1 −

2 
∆x 

(3.10)
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From Eq. 3.9 it can be concluded that, discretization of the linear convection Eq.
3.2 introduces numerical diffusion Dnum (numerical viscosity) in its numerical solution,
which is defined in Eq. 3.10.
The numerical diffusion term Dnum should be positive to obtain a solution damped
in time. If Dnum becomes negative, numerical diffusion grows indefinitely in time and the
solution becomes unstable [33]. For the first order upwind scheme stability, we should
have:

0≤

v∆t
≤1
∆x

(3.11)

This relation is defined as the Courant limit condition, which can be given as the
stability requirement with respect to the ration between time step ( ∆ t ) and the cell size
( ∆ x ).The upward numerical scheme has been used to solve the conversation equations
since it provides positive definite solution which increases its stability and robustness [4].
The RELAP5-3D code, which is an improved version of the RELAP5/MOD3
code, provides 1-D transient solution of the dilute liquid solute transport within primary
coolant system by using an Eulerian method boron tracking model. In order to simplify
the system and model the transport equations, following assumptions were applied in the
code [4].
i. The solution is assumed to be sufficiently dilute;
ii. Change in liquid properties by the presence of the solute are neglected;
iii. No energy transfer by the solute;
iv. Negligible inertia of the solute.
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According to these assumptions, the solute field is described separately from the
rest of the flow fields by a three-dimensional hyperbolic transport equation. The
molecular and turbulent diffusions are neglected to simplify the numerical solution.
Based on Eulerian approach, the solution domain of the flow region is defined by
computational cells, where the fluid properties can be defined as time-depended. Beside
two-phasic continuity, momentum and energy equations, an additional one dimensional
field equation for the conservation of the solute is included to identify the boron
concentration:
d ρ b 1 d ( ρ b v f A)
+
=0
dt
A
dx

(3.12)

where the spatial boron density, ρ b , is defined as ;

ρ b = α f ρ f C b = ρ m (1 − x )C b

(3.13)

In RELAP5, the First Order Accurate Upward Difference Scheme is set as default
to model the solute tracking. The solution can be written either in semi-implicit scheme
(old time) or the nearly implicit scheme (new time). According to Fig. 3.1, the volume
averaged solute density is calculated at each cell center (L), while the velocity field is
evaluated at the cell faces (j and j+1) as:
1.

semi-implicit scheme :
V L ( ρ bn,+L1 − ρ bn, L ) + ( ρ bn, L v nf +, 1j +1 A j +1 − ρ bn, K v nf +, 1j A j ) ∆t = 0

2.

(3.14)

nearly implicit scheme:
V L ( ρ bn,+L1 − ρ bn, L ) + ( ρ bn,+L1v nf +, 1j +1 A j +1 − ρ bn,+K1v nf +, 1j A j ) ∆t = 0

(3.15)
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Figure 3.1: Nomenclature Used
As it mentioned earlier, Freixa et al. [7] reported additional numerical error at
each time step when tracking boric acid concentration with First Order Accurate Upward
Difference Scheme in RELAP 5. When either the time step or the cell size is modified,
noticeable changes in the boron concentration results showed the numerical diffusive
character of the code.

3.1.2 Second Order Godunov Scheme:
Based on Finite Volume Method, we can take the volume integral of Eq. 3.12 over
total volume of the cell V as:

∫
V

 1 d ( ρ b v f A) 
dρ b
 dV = 0
dV + ∫ 
dt
A
dx

V 

(3.16)

Using the divergence theorem, Eq. 3.16 can be re-written in a control volume (V)
and with a surface area (A):

∫
V

dρ b
dV + ∫ ρ b v f • dA = 0
dt
A

(3.17)

Based on Fig. 3.1, the upward different discretization of Eq. 3.17 gives the
following solution with respect to mass flux Fj and Fj+1:

[ρ

n +1
b ,L

]

 ∆t

− ρ bn,L + 
A j +1 F jn+1 − A j F jn  = 0
 VL


(

)

(3.18)
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Above relation gives the First Order Accurate Godunov’s Scheme. An example
solution of wave equation with respect to first order Godunov Method is given in Fig.
3.2.

Figure 3.2: Solution of First Order Accurate Godunov’s Scheme
Since the velocity (v) is known in both old (n) and new (n+1) time steps, it can be
linearly interpolated to generate approximation based on time centered velocity (vn+1/2)
as:

v

1
2
f , j +1

n+

=v=

1 n +1
( v f , j +1 + v nf , j +1 )
2

(3.19)

Then the flux terms Fj and Fj+1 in old time domain n in Eq. 3.18 can be defined as:

F

n
j +1

(

)

(

)

1
 n+ 1 ρ bn,,jL+1 + ρ bn,,Mj +1
n+
ρ bn,,jL+1 − ρ bn,,Mj +1 
2
2
= v f , j +1
+ v f , j +1

2
2



(

)

(

)

1
 n + 1 ρ bn,, Kj −1 + ρ bn,, Lj
n+
ρ bn,, Kj −1 − ρ bn,, Lj 
2
2
F = v f , j −1
+ v f , j −1

2
2


n
j

(3. 20)

(3.21)
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As a result, the First Order Godunov Scheme increases its accuracy and becomes
Second Order Accurate. An example solution of wave equation with respect to Second
Order Central Differencing is given in Fig. 3.3.

Figure 3.3: Solution of Second Order Central Differencing Scheme
However, as it can be seen in the Fig. 3.3, this scheme introduces spurious
oscillations into the solution, where discontinuities and shocks are present. A cell
centered gradient limiter can be defined to reduce the oscillatory behavior of the
numerical solution as:

S L = Φ(S j , S j +1 )(1 + θ Lω L )

(3.22)

The presented cell centered gradient limiter, S L , can be defined in two steps. First,
in order to reduce the oscillatory behavior in the central differencing method a
compressive limiter was recommended such as Super Bee Limiter [34]. Super Bee
Limiter is a slope limiter, which can be obtained by taking the ratio between the cell
centered variables and the cell lengths as: Φ ( S j , S j +1 )
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Sj =

ρ bn,L − ρ bn,K

(3.23)

∆x j

S j +1 =

ρbn,M − ρ bn,L

(3.24)

∆x j +1

Or, by taking the ratio:

r=

where

Sj

(3.25)

S j+1

Φ ( S j , S j +1 ) = Φ ( r ,1) S j +1 ,

(3.26)

Φ (r ,1) = max[0, min( 2r ,1), min( r ,2)]

(3.27)

Additionally, in order to make sure that solution is continuous an artificial
compression term should be introduced (1 + θ LωL ) , where the discontinuity detector θL is
given as:

θL =

1− r
1+ r

(3.28)

v ∆t
The parameter ωL is chosen to be a function of the local Courant number C r L = L

ω L = min( C r ,1 − C r )
L

∆x L

(3.29)

L

Then cell-centered limited gradient S L can be re-written as:

S L = (1 + θ Lω L )Φ(r ,1) S j +1

 ρ bn, M − ρ bn, L
= (1 + θ Lω L )Φ(r ,1)
 ∆x
j +1







(3.30)
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The cell-centered limited gradient S L provides higher order accuracy in space and
time interpolation for cell edge values of ρb with respect to the changes in the neighboring
cells from the flux at their common interface [34] as:

1
2




ρ bn,,jL+1 = ρ bn, L +  ∆x L 1 −

1
2




v∆t
∆x L

ρ bn,,Mj +1 = ρ bn,M −  ∆x M 1 +


 S L


v∆t
∆x M


 S M


(3.31)

(3.32)

Based on its shock-capturing scheme, the Second Order Accurate Godunov
Scheme reduces the numerical diffusion produced by the first order scheme [7].
Eliminating the numerical truncation errors in the solution of the second order scheme
increases the accuracy significantly by re-defining the boron transport.
When modeling a complete reactor system, there are some components which
include volumes containing multiples junctions to form a multi-dimensional flow
network. In this case, cell centered limited gradient S L is set to zero in RELAP5 and the
Godunov scheme is replaced with upwind difference scheme. In addition, the Godunov
scheme is defined based on semi-implicit scheme which limited by the Courant
condition. In RELAP5, when nearly implicit scheme is selected to solve the rest of the
other field equation and a larger time step is applied, a subcycling calculation is provided
to interpolate the velocity of the field equation to make the boron tracking model
consistent and simultaneous [6].
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3.1.3 Modified Godunov Scheme
In recent studies, RELAP5 became an important tool for investigating the
variation in the boron concentration numerically in different SB-LOCA tests with boron
dilution. In 2007, Freixa et al. studied the RELAP5 schemes in terms of numerical and
physical diffusions [7]. Despite its capability of reducing the numerical diffusion, the
Godunov scheme was reported as not simulating the physical diffusion such as turbulent
diffusion, which is present in the nature. Thus, an additional diffusion term was suggested
and defined within the Godunov solution by replacing the integrated boron field in Eq.
3.17. The third model, the Modified Godunov Scheme, was defined as:

∫
V

dρ b
dρ 

dV + ∫  ρ b v f − D b  • dA = 0
dt
dx 
A

(3.33)

There were two physical diffusion terms (D) defined based on the collision of the
boron particles and turbulent phenomena which are Brownian diffusion and Eddy
diffusion:
DBrownian =

kbTC c
,
6πρva

(3.34)

where;
Cc = 1 +

λ

1.257 + 0.4e
a 

−1.1a

λ




(3.35)

and ;

DEddy = Go v Re

7

8

,

(3.36)
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Eq. 3.36 was developed by Macian-Juan and Mahaffy [35] based on the
dispersion model, i.e. the disturbances of eddies when a slug is moving through a pipe
[7]. However, it should be noted that Eq. 3.36 was generated based one-dimensional
analysis of solute transient. In Freixa et al.’s more recent study [9], since turbulent
diffusion is a three-dimensional phenomenon it is recommended to use a proper diffusion
coefficient ( Go ) to reproduce accurate physical diffusion in a one-dimensional system
code. Within a variation of G0 between 0.0 and 2.0, the best estimation was obtained
when G0 was equal to 1.35, which was previously suggested by Macian-Juan and
Mahaffy [35].
Comparing to the eddy diffusion coefficient, Brownian coefficient is obtained
giving a lower scale ordered between 10-6 and 10-7. Thus, Brownian diffusion is removed
from the equation [7]. Then following the similar procedure, Eq. 3.31 and 3.32 are
rewritten including the eddy diffusion coefficient DE as:

 1
 2




ρ bn,, Lj +1 = ρ bn, L +  ∆x L 1 −


v L ⋅ ∆t 
 − ϕ L  S L ,
∆x L 


(3.37)

where φ is the limited diffusion term;

 ∆x DEddy 
,

 2Cr v L 

ϕ L = min

(3.38)

Freixa et al. compared the Modified Godunov Scheme model performance with
other two RELAP5 models using the PKL F1.1 test, which is a SB-LOCA with a boron
dilution transient. As it can be seen in Fig. 3.4, the Modified Godunov Scheme provided
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the best-estimated solution by introducing the turbulent nature of flow [7]. Another
example the system code TRACE, which is developed by the U.S. Nuclear Regulatory
Commission (NRC) in order to simulate different accident scenarios (LOCA, operational
transients, etc.) and to investigate the transient and steady-state neutronics/thermalhydraulics performance of LWR. The main characteristic of TRACE is its capacity to
combine previously developed systems codes (TRAC-P, TRAC-B, RELAP5, RAMONA)
and to serve them in a single computational tool [5].

Figure 3.4: F1.1 Test Boron Concentration at the Entrance of Cold Leg4 [7]

In TRACE, both two-phase flow and heat transfer equations are solved based on
finite volume numerical method. Unlike RELAP5, TRACE provides a multi-step
differencing procedure to solve the fluid dynamics equation, which allows user to exceed
Courant-limit condition. Thus, larger time steps became applicable in slow transients and
this increases the simulation speed up to two orders of magnitude. Another advantage of
TRACE is its 1D and 3D component-based modeling approach in reactor system
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simulations, which provides accurate system modeling both in complex networks and
local multidimensional flows. User can specify, modify or improve each component as an
input data without disturbing the reminder of the code to model PWR, BWR or any
experimental setup. This modularity helps user to upgrade the code with minimal
potential errors [5].
Similar to RELAP5, TRACE provides an additional mass conservation equation
to investigate the boric acid concentration in the system. Following the same procedure,
variation in boric acid concentration is modeled based on first order upwind difference
scheme. However, a higher order model such as Godunov scheme is not available in
TRACE.
Another difference in the TRACE model is that the solubility dependence on
temperature is included and an instantaneous platting out is assumed when the maximum
solubility is reached in the solute. For the total boric acid concentration, the maximum
solubility ( mmax ) temperature dependence is assumed to be linear over a limited
temperature range (303-373 oK).
Under these assumptions, the boron transport is modeled based on a simple linear
correlation between the boric acid concentration and the liquid temperature. For
temperatures less than 303 oK, TRACE uses the value at 303 oK. Similarly, for
temperatures greater than 373 oK, the code uses the value at 373 oK. The maximum
possible solute density is calculated by multiplying the water density with the maximum
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solubility. If the new solute density goes beyond the maximum value, TRACE assumes
excess has plated-out and the solute density reaches its maximum value [5].

At the end of each time step n+1, the final solute concentration ( C b

n +1

), which is

the summation of the all results obtained by Eq. 3.12, is calculated and the result is
checked for the maximum mass fraction mmax as:

Cb

n +1

 ~ n +1

S cn
= min C b +
, Cb 
n +1 n +1
(1 − α ) ρ f



(3.39)

Then, the plated solute at the end of the step ( S cn +1 ) is obtained as:

 ~ n+1
n +1 
S cn +1 =  Cb − Cb (1 − α ) n+1 ρ nf+1 + S cn



(3.40)

3.2 Boron Tracking Model in CTF
CTF (the RDFMG version of COBRA-TF) is an advanced sub-channel code,
which has the capability of three-field representation of two-phase flow model [11]. In
CTF it is possible to model any vertical one-, two-, or three-dimensional component in
the reactor vessel. However, the components outside of the reactor core itself, such as
pump or pressurizer are not included in the code capabilities. Code uses semi-implicit
numerical algorithms to solve the flow field with the geometries, which are represented
as a matrix of Eulerian mesh cells. In CTF the number of cells depends on the degree of
detail and limitations are applied according to the size and the computing costs [11].
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In addition, since CTF provides different flow regime maps, it is also necessary to
adjust the mesh size. For example, in two phase flow the cell size should be large
compare to the bubble size or, in slug flow cell size should be selected in the order of the
hydraulic diameter or larger since the physical models for the these flow regimes depends
on the physical dimensions of the flow path [11].
The staggered finite difference scheme is used to solve the conservation equations
on the Eulerian mesh. Based on donor cell method, the velocities are calculated at the
mesh faces and the fluid properties such as pressure and density are obtained at the cell
center. In CTF, each mesh is defined as a control volume for scalar quantity and energy
equations. Momentum equations, however, are solved on at the momentum cell centered
on the scalar sell faces. In Fig. 3.5, an axial momentum cell configuration is given as an
example.
In addition to Cartesian coordinates, CTF was developed for use with subchannel
coordinates for more complex or irregular geometries such as rod bundle thermalhydraulic analysis [13]. Unlike in the Cartesian coordinates, fixed transverse coordinates
are not used in subchannel formulation. Instead, “gaps” are defined to specify the transfer
connections between subchannels and complete the multidimensional mesh of the region.
With the help of defining all the gap regions by one transverse equation regardless of the
gap orientation, the number of components in conservation equations is reduced to only
two as, vertical and transverse [36]. In Eq. 3.41, the conservation of mass is defined
based on subchannel approach and given as an example.
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∂
∂
(α l ρ l A X ) +
(α l ρ l U l A X ) + ∑ (α l ρ l W l L g ) k = − (Γl ' ' '+ S ' ' ' ) A X
∂t
∂X
k

(3.41)

Figure 3.5: CTF Axial Mesh Cell [11]
In this PhD study, the aim is to use the advantages of the subchannel approach to
model the transport and mixing of diluted boron slug, as well as the deboration and
boration aspects by implementing a boron tracking model in CTF.
Despite its high accuracy in loss of coolant accident analysis, CTF does not have
a boron tracking model, which is of high importance for the reactor safety analyses, i.e.
the boron dilution in SB-LOCA condition. Consistent with the existing boron tracking
models in the system codes such as RELAP5-3D and TRACE, boron concentration is
assumed to be sufficiently low and the following simplifications are made:
i. Sufficiently dilute solute;
ii. Negligible liquid property change by the presence of the solute;
iii. Negligible energy transfer and inertia of the solute.
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Under the above simplifications, the following modifications are performed in
regard to the solute tracking model development and implementation in CTF:
i.

For each subchannel
boron mass, density and concentration in the solution,
axial boron mass flow rate,
maximum boron solubility,
plated out boron mass,
are calculated within the continuous and the entrained liquid flow fields;

ii.

For each gap, transverse boron mass flow rate are calculated for the
continuous and the entrained liquid flow fields;

iii. The continuous and the entrained liquid fields are both taken into account in
boric acid transients;
iv.

The initial conditions of the boron concentration are assigned as an user
defined input;

v.

The boundary conditions of the boron concentration are assigned as an user
defined input;

vi.

Boron concentration, density, mass and mass flow rate results are printed.

As it can be seen in Fig. 3.6, the boron transport is calculated separately after the
fluid flow solution is completed. As a computational algorithm, first the boron flow is
estimated in all flow junctions and then the boron mass and concentration is obtained in
each node.
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Figure 3.6: Boron Tracking Model Implementation Algorithm in CTF
CTF was modified accordingly to the above discussed boron tracking algorithms
and the three different boron tracking schemes were implemented as listed below:
i.

First order upwind numerical scheme;

ii.

Second order Godunov scheme;

iii. Modified Godunov scheme with physical diffusion.
An additional subroutine was necessary to define the corresponding solute
tracking models and it was essential to evaluate the solute transport separately but
simultaneously with the rest of the flow field equations. The outline of the subroutine was
generated based on certain steps to make it easier to apply additional modifications if it is
necessary. As an example, the methodology of the Modified Godunov Scheme with
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Physical Diffusion is presented in this section. According to Fig. 3.7, the boron density
and flow rate are calculated in eight steps:

Step 1: Courant Number of:

v fN , J ⋅ ∆t

Node [J]

CL , J =

Node [J+1]

CL , J +1 =

∆LJ
v fN , J +1 ⋅ ∆t
∆LJ +1

<1-a>

<1-b>

Omega parameter of:
Node [J]

ω J = min[C L , J , (1 − CL , J )]

<1-c>

Node [J+1]

ω J +1 = min [CL , J +1 , (1 − CL , J +1 )]

<1-d>

Figure 3.7: CTF Boron Tracking Model - Axial Nodalization

52

Step 2 Ratio of successive gradients and super bee limiters;
Boron particle density gradient of:

ρ bn, J − ρ bn, J −1

s j −1 =

Junction [j-1]

∆x j −1

ρ bn, J +1 − ρ bn, J

Junction [j]

sj =

Junction [j+1]

s j +1 =

∆x j

ρ bn, J + 2 − ρ bn, J +1
∆x j +1

<2-a>

<2-b>

<2-c>

Ratio of successive gradient of:
S j −1

Node [J]

rJ =

Node [J+1]

rJ +1 =

Sj
Sj
S j+1

<2-d>

<2-e>

Super bee limiter of:
Node [J]

Φ J = max{0, min(2rJ ,1), min(rJ ,2)}

<2-f>

Node [J]

Φ J +1 = max{0, min(2rJ +1 ,1), min(rJ +1 ,2)}

<2-g>

Step 3 Discontinuity detector of:
1 − rJ
1 + rJ

Node [J]

θJ =

Node [J+1]

θ J +1 =

1 − rJ +1
1 + rJ +1

<3-a>

<3-b>

Step 4 Cell centered limited gradient of:
Node [J]

SˆJ = (1 + θ J ωJ )Φ J ⋅ s j

<4-a>
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SˆJ +1 = (1 + θ J +1ωJ +1 )Φ J +1 ⋅ s j +1

Node [J+1]

<4-b>

Step 5 Reynolds number of node of:
Node [J]

Re J =

Node [J+1]

Re J =

v fN ,J ⋅ ∆LJ

υ fN ,J
v fN , J +1 ⋅ ∆LJ +1

υ fN , J +1

<5-a>

<5-b>

Diffusion term (eddy diffusivity) of:
Node [J]

DJ = 1.35υ J ⋅ Re (J7 8 )

<5-c>

Node [J+1]

DJ +1 = 1.35υ J +1 ⋅ Re (J7+18 )

<5-d>

Limited diffusion term of:

 ∆LJ
D 
, J 
 2 ⋅ C L , J v fN , J 

Node [J]

ϕ J = min 

Node [J+1]

ϕ J +1 = min

 ∆LJ +1 DJ +1 
,

 2 ⋅ CL , J +1 v fN , J +1 

<5-e>

<5-f>

Step 6 Boron particle density of flow junction:
Fluid average velocity of junction [ j ], number of time-step [n+1/2]:
v nf +, 1j 2 =

(

1 n
v f , j + v nf +, 1j
2

)

<6-a>

Boron density in junction [ j ], direction from [ J ] to [J-1]:
 1
 2




ρ bn, J →J +1 = ρ bn, J +  ∆LJ 1 +


v nf +, 1j 2 ⋅ ∆t 
 − ϕ J  Sˆ J
∆LJ 


Boron density in junction [ j ], direction from [J+1] to [ J ]:

<6-b>
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ρ

n
b , J +1→ J

=ρ

n
b , J +1

n+1 2
 1

 v f , j ⋅ ∆t 
−  ∆LJ +1  1 −
− ϕ J +1  Sˆ J +1
∆LJ +1 

 2


<6-c>

Step 7 Boron particle flux and mass flux:
Boron particle flux of junction [ J ]:
Gbn, j =

[

(

)

(

1 n+1 2 n
v f , j ρ b , J → J +1 + ρ bn, J +1→ J + v nf +, 1j 2 ρ bn, J → J +1 − ρ bn, J +1→ J
2

)]

<7-a>

Boron particle mass flux of junction [ j ]:
Wbn, j = Ai ⋅ Gbn, j

<7-b>

Step 8 Boron density of node [ J ] at new time step [ n+1 ]:

ρ bn,+J1 = ρ bn, J +

∆t
(Wbn, j − Wbn, j −1 )
∆x J Acont j

<8-a>

3.3 Preliminary Boron Tracking Model Analytical Validation
In order to measure how well the numerical schemes can predict the exact
solution of an analytical equation, the solution of square wave equation (Fig. 3.8) is used.
As an initial condition 3000 ppm boric acid concentration was selected.
Initial Condition:

0[ ppm]; x < 0
C b ( x ,0 ) = 
3000[ ppm]; x > 0
Boundary Condition:

3000[ ppm] : t < 0
Cb (0, t ) = 
0[ ppm] : t > 0
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Figure 3.8: Boron Concentration at Elevation x
The exact solution of the square wave equation:
 C0

2
Cb ( x, t ) = 
 C0
2


 vt − x 
erfc
 : vt ≤ x
 2 Dt 

 vt − x  
  : vt > x
1 + erfc
 2 Dt  


The transient was started as the 486 °K single-phase un-borated water injection
with a speed of 0.1 m/s was inserted from the bottom section of 3.6 m unheated vertical
pipe with 12 mm hydraulic diameter. The outlet pressure is set as 6.98 MPa and the axial
node size is selected as 0.5 m. The schematic of the analytical test is given in Fig. 3.9.
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Figure 3.9: Analytical test schematic
The decrease in the boric acid concentration at the exit of the pipe was predicted
by each model implemented in CTF. As it can be clearly seen in Fig. 3.10, despite
neglecting the physical diffusion term, the lack of high order of accuracy and generating
truncation error cause a numerical diffusive character of the first order accurate model at
each elevation. On the other hand, the second order Godunov model reduces the
numerical diffusion and keeps the square shape of the boron front consistent. From Fig.
3.11, the sharp reduction in the boron concentration at each axial elevation shows the
necessity of the physical characteristic of the flow field, such as the turbulence, to predict
the solute tracking more realistically.
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Finally, same analytical test was applied with the Modified Godunov Model. The
results are presented in Fig. 3.12. Besides reducing the numerical error in each time step,
the Modified Godunov Model gives information about the physical effect of the
turbulence in flow field. Thus, the modified Godunov scheme provides more realistic
results compared to the first and the second order accurate models.
In order to have a better understanding of the model performances, in Fig. 3.13
the estimate of the decrease in the boric acid concentration at the exit of the channel is
given for each model implemented in CTF. Similar to previous observations, the most
accurate predictions were obtained with the modified Godunov scheme. Since other two
models lack capability of simulating the physical diffusion, the truncation error was
higher [37].
In addition, it was necessary to perform sensitivity analysis to avoid any
misjudgment about the accuracy and the stability of the first and the second order models.
Therefore, sensitivity studies were applied with respect to different nodalizations at
constant 0.005 sec time step. As shown in Fig. 3.14, the first order model is significantly
unstable and the accuracy increases as the node size is decreased. The Modified Godunov
scheme, however, provides the most stable solution with nodalization changes, as shown
in 3.15.
Similar to Freixa et al.’s conclusion [7], the most accurate predictions were
obtained by the Modified Godunov Scheme. Since other two models lack a capability of
simulating the physical diffusion, the truncation error was higher. Thus, it is concluded
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that the Modified Godunov scheme approach provides the most accurate and stable
results in CTF [37].
With this conclusion, further sensitivity studies were performed by using the
modified Godunov scheme to evaluate its performance in different boundary conditions.
First the initial boric acid concentration was varied between 2000 ppm to 8000 ppm and
similar to the analytical test conditions, decrease in the boron concentration at the exit of
the vertical pipe was extracted. As it can be seen in Fig. 3.16, at each initial condition, the
Modified Godunov Model provides the decrease in the boron concentration in a similar
manner. The transition time remains the same for each case, since the boron
concentration starts decreasing when the unborated water front reaches to the exit.
Following the initial boron concentration, the flow rate sensitivity of the Modified
Godunov Model was studied by varying the initial Reynolds number. The corresponding
results are illustrated in Fig. 3.17. With the increase in the flow rate, the transient time
was expected to be smaller with a more rapid dilution of the boron concentration, which
is also demonstrated in CTF results. The boron dilution showed less turbulent diffusivity,
since the flow couldn’t have enough time to diffuse as its velocity was increased.
Finally, the convective heat transfer effect was analyzed and the model sensitivity
was tested by increasing the total energy added to the system. This sensitivity study was
intended to demonstrate that the boron transport model properly reacts to the changes in
flow operating conditions. As it can be seen in Fig. 3.18, the transient time in the dilution
of the boron concentration is decreased with increasing the amount of heating. CTF
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calculates the thermal properties of water as a function of pressure and temperature. As
the temperature is increased, with decreasing the fluid density, the velocity is also
increased. This condition shifted the boron dilution transient at an early stage. It is
concluded that the similar temperature dependency was conserved in boron tracking
model as well.
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Figure 3.10: CTF results with First Order Accurate Boron Tracking Model

Figure 3.11: CTF results with Second Order Accurate- Godunov Boron Tracking Model

Figure 3.12: CTF results with Modified Godunov Boron Tracking Model

61

Figure 3.13: CTF Boron Tracking Model Analytical Test Results

Figure 3.14: Nodal Sensitivity Study of 1st Order Accurate Upwind Different Scheme

Figure 3.15: Nodal Sensitivity Study of Modified Godunov Scheme
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Figure 3.16: Initial Concentration Sensitivity Study of CTF Modified Godunov Model

Figure 3.17: Flow Rate Sensitivity Study of CTF Modified Godunov Model

Figure 3.18: Heat Flux Sensitivity Study of CTF Modified Godunov Model
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3.4 Subchannel Approach and Cross Flow Mechanism
The importance of the mixing in the transport of the diluted boron slug has been
previously emphasized, and the lack of a higher order numerical method and reliable
turbulence models were given as the limitations of the current system codes in the
modeling of the mixing effects. Due to its higher accuracy and numerical stability, the
Modified Godunov Model was selected as a basis for further analysis of the transport and
the mixing of the diluted boron slug by using the subchannel approach of CTF.
According to subchannel coordinate system (axial X, lateral Z), the conservation
equation of the boron mass concentration, i.e. Eq. 3.12 can be rewritten as:
dρ b 1 d ( ρ b v f A) 1
+
+ ∑ (ρ b w f L g ) k = 0
dt
A
dX
A k

Axial Change ( X )

(3.41)

+ Total Transverse (or Lateral) Gain

Based on Eq. 3.41, for multiple subchannel geometry it was necessary to include
the transverse boron exchange between subchannels at each gap location. CTF takes into
account the amount of lateral fluid transfer in its axial momentum calculations.
Therefore, rather than calculating the amount of solute transfers, it was sufficient to
include the total boron mass gain and loss at each gap location and add it into the axial
boron transport model. By doing so, the mass of boron particles is calculated based on
solute concentration and included at every lateral flow transfer locations along the axial
length.
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For the two channels with the axial nodalization given in Fig. 3.19, the calculation
of the boron mass and boron concentration at time step n can be given as follows:
• Assume that there are two channels, channel ii and channel jj, modeled in CTF.
Along the axial length ( j-1, j , j+1, etc. ), the two channels are connected by the
gap k:

Figure 3.19: CTF Two Subchannel Model Axial and Lateral Nodalization
• For the gap k , amount of boron in each subchannel can be written as:

o If lateral flow is from channel ii to channel jj then:
mb (ii, j ) = mb (ii, j ) + ∆mb (ii ) j −1 − ∆mb (k ) ii
j

m b ( jj , j ) = m b ( jj , j ) + ∆m b ( jj )

jj

j
j −1

(3.42 - a)

+ ∆m b (k ) ii

jj

(3.42 - b)
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o If the flow is from channel jj to channel ii then:
mb (ii, j ) = mb (ii, j ) + ∆mb (ii ) j −1 + ∆mb (k ) jj
j

mb ( jj , j ) = mb ( jj , j ) + ∆mb ( jj )

ii

j
j −1

− ∆mb ( k )

(3.42 - c)

ii
jj

(3.42 - d)

where;

o The axial boron mass transfer to channel ii and channel jj is respectively:
.
j
 .

∆mb (ii) j −1 =  mb (ii, j − 1) − mb (ii, j ) ∆t



∆mb ( jj )

j
j −1

.
 .

=  mb ( jj , j − 1) − mb ( jj, j ) ∆t



(3.43 - a)

(3.43- b)

o The lateral boron mass transfer to channel ii and channel jj is respectively:
 C (ii, j )  .
jj
 m f ( k , j ) ∆t
∆mb (k ) ii =  6 b


 10 − C b (ii, j ) 

∆m b ( k )

ii
jj

 C ( jj , j )  .
 m f ( k , j ) ∆t
=  6 b


 10 − C b ( jj , j ) 

(3.44 - a)

(3.44 - b)

where; mb is the axial boron mass flow rate and Cb is the boron concentration in unit of
ppm.

3.5. 2×2 Multiple Subchannel Rod Bundle Test Study
In this case study, an assessment of boron tracking model performance was
performed to predict the cross flow in a 2x2 multiple subchannel geometry, where each
subchannel is connected to its neighbors via more than one lateral connection, i.e. gap.
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Therefore, sub-assembly geometry is generated consisting of 4 fuel pins and simulated in
CTF. In Fig. 3.20 the cross-sectional geometry of subchannels is illustrated and the
geometric parameters with initial conditions are summarized in Table 3.1 and Table 3.2.
In order to have a better understanding, in this study the results for corner
subchannels (subchannel 1 and 3) are represented in blue, the side subchannels
(subchannel 2 and 8) are represented in red and the central subchannel (subchannel 5) is
represented in green color.

Figure 3.20: Cross-Sectional Area of 2x2 Rod Bundle
Table 3.1: Subchannel Geometric Parameters and Initial Conditions of 2×2 Rod Bundle
Subchannel

Area

Perimeter

Dh

Cb

Rein

Type

[m2]

[m]

[m]

[ppm]

[-]

Corner (# 1,3,7 9)

5.52 E-5

0.0283

0.0071

0

1279

Side (# 2,4,6,8)

1.17 E-4

0.0415

0.0113

0

5712

Internal (# 5 )

1.87 E-4

0.0455

0.0164

2000

5133
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Table 3.2: Transverse Connections (Gap) Parameters
Gap

Gap width

Gap length

Type

[m]

[m]

Corner-Side

3.429 E-5

0.0147

Side-Internal

4.267 E-4

0.0147

The transient was started as the 486 °K single phase water injection with total
mass flow rate of 0.618 kg/s was inserted from the bottom section of the 3.6 m vertical
pipe under operating pressure 70 bar. Initially (at t = 0 s), all subchannels have 0 ppm
boron concentration. At time equal to 10s, when the flow reached to steady state
condition, 2000 ppm boron concentration is introduced at the inlet of subchannel 5, while
keeping 0 ppm in neighboring subchannels. By doing so, it was intended to measure the
effect of lateral mixing from subchannel 5 to its neighboring subchannels.
For the initial case study (Case 1), the rods were kept unheated. Thus, fluid
temperature remained constant and the lateral pressure gradient occurred only due to
difference in subchannel cross-sectional flow areas. In Fig. 3.21(a), the lateral gap flow
across central subchannel 5 is presented. In CTF the positive sign represents the flow
direction from lower numbered subchannel to higher numbered subchannel. Due to its
higher cross-sectional flow area, continuous transverse flows into the central subchannel
5 from its neighboring subchannels were observed along the axial channel length. Thus,
the axial flow rate in subchannel 5 increased as shown in Fig. 3.21(b). This continuous
lateral unborated flow mixing caused boron dilution inside subchannel 5. As indicated in
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Fig. 3.21(c), the initial 2000 ppm boric acid concentration is measured 1593 ppm when it
reached to the exit.
In the second case study (Case 2), the cross flow mechanism is further
investigated including the heat transfer effect. 115 kW heat is distributed uniformly along
4 rods. Flow is kept in single-phase conditions and the resultant axial flow, temperature
and cross flow profiles are calculated. Similar to initial case study, boron is injected only
to the central channel, subchannel 5 when the system reached steady state. This case was
studied to capture the temperature effect on fluid properties and boric acid concentration.
As shown in Fig. 3.22(a), the highly borated fluid in the central subchannel is transferred
to the neighboring subchannels at higher elevation. As the temperature rises and the fluid
expands, some of the liquid is pushed out of the active solute flow area. Boron is also
moved out in the same ratio of the liquid, therefore the concentration remains constant in
this region which is shown in Fig. 3.22(c). However, as it is shown in Fig. 23(a) and (b)
with moving the amount of boron, the flow rate decreased in the central subchannel while
increasing in its neighbors. Additional flow profile and boric acid concentration plots
when t = 20 s are provided in Appendix I.
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(a)

(b)

(c)
Figure 3.21: (a) Case 1, Lateral Flow Rate into and out of Subchannel 5, (b) Axial
Flow Rate Profiles (c) Axial Boric Acid Concentration in Subchannel 5
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(a)

(b)

(c)
Figure 3.22: Case 2, (a) Lateral Flow Rate into and out of Subchannel 5, (b) Axial
Temperature Profiles (c) Axial Boric Acid Concentration in Subchannel 5
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It was important to check the consistency of the mixing model. Therefore, in
order to determine if the boron flow is conserved or not, the total boron flow rates are
calculated and results are plotted in Fig. 23(b). As it is shown in the figure, the total
amount of boron flow at the exit was obtained equal to the inlet value and it is conserved
and remained constant along the channel height.

(a)

(b)

Figure 3.23: Axial Boron Mass Flow Rate in Corner and Side Subchannels (a) and in the
Central Subchannel (b)
Beside the axial variations, a boron concentration transient was measured at the
exit of two subchannels and results are presented in Fig. 24 (a) and (b). From the figures,
the central subchannel 5’s boric acid concentration is measured as 1616 ppm. In addition,
as a result of the lateral borated flow from the central subchannel to its neighbors, the
side subchannels concentration is increased up to 1.7 ppm after 4 seconds of the boron
insertion at 10 s. This final case study concludes that the multidimensional modeling of
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the boron transport based on the subchannel approach provides the variation in the boron
concentration accordingly to the flow operation conditions [38].

(a)

(b)
Figure 3.24: Boron Concentration Transient at the Exit of Central Subchannel (a)
and Corner and Side Subchannels (b)
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3.6. Multiple Sections Analysis and Improvements in Boron Tracking Model in CTF
In order to model more complex geometries and analyze large size problems, it is
possible to have simultaneous analysis of multiple sections in CTF, such as lower
plenum, core region, and upper plenum regions. For instance; when there are sudden
changes in the geometry of the system (for example, blockage by an orifice or flow
distribution plates), it is essential to introduce the corresponding differences in the section
boundaries in order to conserve momentum.
In CTF, regardless of the geometry being modeled, there are three basic patterns
for subchannel splitting connections: one subchannel below connected to one subchannel
above; one subchannel below connected to many subchannels above (lower plenum
connection with pin bundle); and multiple subchannels below connected to one
subchannel above (pin bundle connection with upper plenum) (Fig. 3.25 Case 1, 2 and 3).

Figure 3.25: Subchannel Connections at Section Boundaries [11]
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According to CTF’s subchannel connections logic, the boron tracking model have
been further improved defining the boundary conditions at section boundaries. Four
different cases which are demonstrated in Fig. 3.26 were included in the axial boron
tracking logic as:

Case (a): In section m (m > 1) at j = 1 single subchannel flow is connecting from
multiple number of subchannels kchanb in the previous section m-1 at node j = j. Boron
concentration is calculated based on conservation of boron flow rate in section m at j = 1
single subchannel as:

mɺ b ,m (i,1) =

kchanb

∑ mɺ
i =1

b , m−1

(i, j ) − mɺ b,m (i,1)

(3.45 - a)

Case (b): In section m (m > 1) at j = 1 multiple subchannels are connecting from single
subchannel in the previous section m-1 at node j. All the subchannels in section m at the
section boundary j = 1, boron concentrations are equated to the previous section m-1
single subchannel at section boundary j = j+1 as:

Cb,m (i,1) = Cb,m−1 (i, j + 1)

(3.45 - b)

Case (c): In section m (m < mmax ) at j = j+1 single subchannel is connecting to multiple
number of subchannels kchana in the subsequent section m+1 at node j= 1. Similar to
Case a, the boron concentration is calculated based on conservation of boron flow rate in
section m at j = j+1 single subchannel as:

mɺ b ,m (i, j + 1) = mɺ b,m (i, j + 1) −

kchana

∑ mɺ
i =1

b , m+1

(i,1)

(3.45 - c)
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Case (d): In section m (m < mmax ) at j = j+1 multiple subchannels are connecting to a
single subchannel in the subsequent section m+1 at node j=1. Since there may be
differences in the each subchannel boron concentration in section m node j=j+1, no
boundaries were set. However, the original conservation of boron flow rate equation is
used to calculate boron concentration at each subchannel individually in section m node

j+1. Then, the subsequent section m+1 at node j= 1, boron concentration is calculated
based on Case (a).

mɺ b ,m (i, j + 1) = mɺ b ,m (i, j ) − mɺ b,m (i, j + 1)

(3.45 - d)

Figure 3.26: Boron Tracking Boundary Conditions at Section Boundaries
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3.7 Summary
Three different boron tracking models: First Order Accurate Upwind Difference
Scheme; Second Order Accurate Godunov Scheme; and Modified Godunov Scheme were
developed in a subchannel approach and implemented in CTF. Based on applied
analytical and nodal sensitivity studies, the Modified Godunov Scheme with a physical
diffusion term was selected as providing the most accurate and best estimate solution.
Multiple subchannel rod bundle test studies have demonstrated the accuracy and the
numerical stability of the new model under variety of geometrical and operational
conditions. According to the cross flow mechanism and the multiple section boundaries,
the Modified Godunov Model was further improved to have more realistic and accurate
nuclear power plant simulations.
In the following Chapter 4, these improvements are verified against another
advance thermal-hydraulics code and validated using the data from Rossendorf Coolant
Mixing Model (ROCOM) test facility.
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CHAPTER 4

Verification and Validation of CTF Boron Tracking Model

4.1 Verification of CTF Boron Tracking Model via comparisons with STAR-CD
4.1.1 CTF and STAR-CD CFD Model Selection
The objective of this study is two-fold: 1) to verify the accuracy of the newly
implemented improvements of the CTF boron tracking model against Computational
Fluid Dynamics (CFD) calculations; and 2) to investigate its numerical advantages as
compared to other thermal-hydraulics codes. Thus, the performance of the CTF boron
tracking model is aimed to be compared with another thermal-hydraulics code, which is
distinct and substantially different but yet can calculate the boron dilution and mixing
phenomena consistently. In the previous studies, different boron dilution scenarios were
tested using CFD models and results were validated experimentally [39, 40 and 41]. In
this study, a 3×3 rod bundle model is conducted with both the subchannel code CTF and
the CFD code STAR-CD [42], and results are compared.
The three main improvements in the boron tracking model in CTF––the cross
flow mechanism in subchannel approach, the flow modeling at the section boundaries,
and the pressure drop due local obstructions in the flow field––were tested. In order to
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asses how well the sectional boundary logics can predict the boron concentration along
different axial sections, three different regions were simulated in CTF: lower plenum,
core region, and upper plenum. The geometry of the model and the boundary conditions
are seen in Fig. 4.1 and Table 4.1.

Figure 4.1: Schematics of the 3-Region Test Geometry in CTF
Table 4.1: Geometric Parameters and Boundary Conditions
Rod Diameter

14.7066 mm

Rod to Rod Clearance

4.2672 mm

Number of Rods

19

Rod to Wall Clearance

3.429 mm

Inlet Mass Flow Rate

0.5 kg/s

Inlet Flow Temperature

486 K

Outlet Pressure

70 bar

Boron Concentration t = 0s

0 ppm

Boron Concentration t > 0 s

2000 ppm
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The cross flow mechanism can be classified in three main categories:
i.

Turbulent mixing due to turbulent fluctuations

ii.

Void drift due to tendency of the two-phase flow to reach hydrodynamic
equilibrium

iii. Diversion cross flow due to lateral pressure gradient between subchannels
The lateral pressure gradients can occur due to difference in the subchannel
geometries or the blockage in the subchannel such as spacer grids. In CTF, the local
pressure losses in the axial flow due to spacer grids, orifice plates and other local
obstructions in the flow field are modeled as velocity head losses [11]:

∆P = ζ ρ

u2 ,
2gc

(4.1)

where, ζ denotes the pressure loss coefficient as specified by the user, ρ is the density, u
is the flow velocity in the vertical direction, and gc is the gravitational conversion
constant. In CTF, the lateral pressure losses can be specified either by ζ values or by
geometrically modeled flow blockages. The pressure loss coefficients are defined
assuming positive upflow in a channel and specified for a momentum cell containing the
obstruction.
Similarly, the STAR-CD code models the flow by means of mesh sub-domain
containing fine-scale geometrical structure. Even though the flow blockage effects can be
too small to be numerically resolved within the overall calculation, they can be defined as
distributed momentum ‘sinks’ or ‘resistances’. In some situations, for example in flow
through a thin porous baffle, the distributed resistance sub-domain may be small in
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thickness in comparison to the computational cell size. This plane coincides with a
surface of a computational cell and yields a pressure drop, ∆p, across it that can be
calculated as [42]:

∆p = –ρ (αb |vn| + βb) vn

(4.2)

where, vn is the superficial velocity normal to the baffle surface and αb , βb are userspecified coefficients defining the baffle resistance. The coefficients may be either
uniform or spatially-varying [42].
Using the porous media approach, three local obstruction regions were generated
as shown in Fig. 4.2. To have similar flow profiles, equivalent pressure drops were
induced in both CTF and STAR-CD. Since the rods were kept unheated, fluid
temperature remained constant and the lateral pressure gradient occurred only due to
difference in subchannel cross-sectional flow areas and induced local resistances.
The meshed geometry was generated by 3 million quadrilateral cells as shown in
Fig. 4.3. In order to follow CTF model assumptions, the boron particles were defined as
passive scalar in STAR-CD. Details are given in Table 4.2. From Fig. 4.3, it can be seen
that sudden flow separations at the section boundaries and induced pressure drops are
required to be captured accurately in the CFD model. Not only because of its
computational speed but also its accuracy with flows that involve adverse pressure
gradients and separation, the realizable k-ε model was selected as the turbulence model
[43].
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Figure 4.2: Schematics of the 3-Region Test Geometry in STAR-CD

Figure 4.3: Meshed Cross-sectional Geometry
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Table 4.2: STAR-CD CFD Problem Specification

Number of Cells

3,377,600

Run Precision

double

Solution Procedure

simple

Residual
Turbulence Model
Time step
boron

E-05
realizable k-ε
2.5E-03 s
passive scalar

Once the flow profile reached steady state condition, transient calculations were
started as the 486 K single-phase 2000 ppm borated coolant is introduced at the inlet of
lower plenum region.

4.1.2 Verification Results
Transient calculations were carried out for 10 sec simulation time. For the
consistency with the CTF approach, STAR-CD results were extracted and volume
averaged based on three subchannel geometries - side, internal, and corner subchannels as
shown in Fig. 4.4. Due to its higher lateral pressure drop, higher transverse flows into the
internal subchannels were observed along the axial channel length. From Fig. 4.5, axial
flow profiles in the side and internal subchannels showed a good agreement, however, in
the corner subchannel, there were apparent disparities between STAR-CD and CTF
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results. In STAR-CD, volume averaging smoothens the axial flow profile especially the
induced local pressure drop effects which were apparent in CTF.

Figure 4.4: Flow Distribution at the Exit of Section 2, t=10s
The boron concentration axial profiles predicted by the two codes were compared
for each subchannel type. As it can be seen in Fig. 4.6, similar trends were obtained with
both codes results. The differences were observed at the exit of core region where the
flow approaches to the upper plenum. These differences can be due to the simplifications
in the section boundaries imposed in the CTF model, which doesn’t take in to account the
geometrical effects on the flow such as sudden changes in flow-field at the section
boundaries.

84

Figure 4.5: Axial Flow Profile, CTF vs. STAR-CD, t = 10 s

Figure 4.6: Axial Boron Concentration, CTF vs. STAR-CD t = 10 s
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Beside the axial variations, boron concentration transient was measured at the exit
of core region and compared as shown in Fig. 4.7. Again, similar trends for the boric
acid concentration time evolution, in three subchannel types, were observed between the
subchannel code CTF and the CFD code STAR-CD.

Figure 4.7 : Boron Concentration Transient, CTF vs. STAR-CD
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4.1.3 Summary
In this study, the performance of the new boron tracking model of CTF was
compared to a Computational Fluid Dynamics code, STAR-CD. The small differences
between code predictions are attributed to differences in post-processing techniques
employed (like volume averaging of 3-D flow field), since the consistency in terms of
geometry and boundary conditions was preserved [44]. The study concludes that the
solute tracking model in CTF based on subchannel approach was correctly developed and
implemented and further improvements such as cross-flow mechanism and sectional
boundaries were developed. In addition, it was shown that unlike computationally
expensive CFD models, CTF can be used as an alternative method to provide
significantly faster and efficient analysis in solute tracking studies.
In conclusion, such code comparison exercise was not only useful but also
essential to study how subchannel approach and cross flow mechanism can predict boron
dilution in full mixing zones. This kind of code-to-code comparisons may not provide a
complete verification analysis, but can replace one or two verification elements [45].
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4.2. Validation of CTF Boron Tracking Model
4.2.1 The Rossendorf Coolant Mixing Model (ROCOM) Test Facility
In order to validate the accuracy of the implemented boron tracking model in CTF
the experimental data available in open literature were previously revived in Chapter 2.
The experimental studies performed in Rossendorf test facility [3] were selected to test
the improvements in the CTF computational models in terms of its boron transient
calculations and boron mixing predictions with respect to subchannel approach.
The Rossendorf Coolant Mixing Model (ROCOM) test facility was constructed
based on KONVOI-type European Pressurized Reactor including all the important
details for coolant mixing in a 1:5 scale. The facility has been used to investigate coolant
mixing inside the primary circuit, downcomer and core region of the pressurized water
reactors under different mixing scenarios, which were revived by Kliem et al. [29, 46
and 47]. Results have been used to validate several Computational Fluid Dynamics
(CFD) models in terms of their sensitivity and accuracy in turbulent mixing and slug
flow distribution under different SB-LOCA scenarios [3, 39, 40 and 41]. In this
validation study, Kliem et al. and his group’s recent experimental study on slug mixing
under natural circulation conditions at ROCOM test facility [3] is utilized.
As it can be seen in Fig. 4.8, ROCOM consists of 4 loops each can be controlled
individually, which extends the variety of the flow conditions to be tested. The facility is
operated with de-mineralized water at room temperature at atmospheric pressure. A
special wire mesh censor is integrated to measure the electrical conductivity of the flow
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field. In order to generate electrical conductivity differences, salt water is inserted to
simulate under-borated slug. The conductivity measurements are used to calculate the
dimensionless mixing scalar as:

Θ x , y , z (t ) =

(σ x , y , z (t ) − σ 0 )
(σ 1 − σ 0 )

where, Θxyz(t) is the dimensionless mixing scalar; σ

(4.3)
xyz(t)

is the local instantaneous

conductivity; σ0 is the initial conductivity of the water in the test facility; and

σ1

is

the reference conductivity [3].
Similar to CTF boron tracking model assumptions, Kliem et al. [3] defined the
scalar as a quantity where it can be spread by the fluid convection and diffusion without
feedback from the scalar concentration to the fluid properties.

Figure 4.8: Scheme of the ROCOM Test Facility [37]
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4.2.2 Slug Mixing Experiment under Natural Circulation at the ROCOM Test
Facility
In the Kliem et al.’s experimental study [3], accumulated underborated slug
transfer from cold legs to the reactor core by single-phase natural circulation during SBLOCA condition was investigated. It is reported that, during its transfer from cold legs to
downcomer and the lower plenum regions, the underborated water mixes with the highly
borated coolant inside the reactor vessel and the loops with ECC injection. Similar to
Kliem et al.’s previous studies, the boundary conditions were driven based on previous
PKL test facility measurements as [3];
i.

Neighboring loops 3 and 4 of the test facility are assumed as having the ECC
injection. Only loops 1 and 2 are equipped with pairs of fast acting slug
valves;

ii.

Accumulation of under-borated coolant takes place only in the loops 1 and 2;

iii. The natural circulation in the single loops starts with a certain time delay
between the loops after refilling the primary circuit;
iv. The restart of the natural circulation is simulated by linear frequency ramps
from zero to a value corresponding to 7% of the nominal velocity of the loops;
v.

The time of the increasing the flow rate is 30s and identical frequency curves
is used in all four loops (Fig. 4.9 (a));
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vi.

The amount of the salt used in loops 1 and 2 is assumed not effecting the
density of the slug;

vii. Experiments are carried out under atmospheric pressure at room temperature.
According to listed boundary conditions and assumptions, ROCOM experiment
was carried out for 120 seconds. The sequence of the experiment is tabulated in Table
4.3. The velocity ramp in all loops and the time history of the mixing scalar at the cold
leg outlet nozzles in loop 1 and 2 are given in Fig. 4.9 (a) and (b).
Kliem et al. and his group [3] performed the experiments twelve (12) times with
identical boundary conditions. The data at each measurement location were averaged and
converted into mixing scalar using Eq. 4.3. Fig. 4.10 shows the distribution of the
measurement points in the axial downcomer section. Three points were selected in the
mid-section between the two loops with the slug based on their high sensitivity to the
coolant mixing from both sides. In Fig. 4.11, Kliem et al.’s comparisons between the
experiment measurements and CFD calculation are given with the P1 and P2 timedependent confidential intervals of measurement data [3].
Similar to the Kliem et al.’s study [3], ROCOM experiment is simulated with
CTF to validate its boron tracking model. In the following section the numerical
modeling with CTF is discussed in details.
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Table 4.3: Sequence of the ROCOM Experiment [3]
Time [ s]

Action

-3.0

Opening of the gate valves

0.0

Valves are fully open / Start of the frequency ramp

30.0

Final l value of the frequency ramp is reached

120.0

End of experiment

(a)

(b)

Figure 4.9: Velocity Ramp in all Loops (a) and Time History of the Mixing Scalar
(b) at the Cold Leg Outlet Nozzles in Loops 1 and 2 [3]
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Figure 4.10: Measurement Grid in the Downcomer Region [3]

(a)

(b)

(c)
Figure 4.11: Comparison between Experiment and Calculation at Three Measurement
Positions; upper (a), middle (b) and lower (c) [3]
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4.2.3 Numerical Modeling of ROCOM Experiment with CTF
According to given experimental parameters, the downcomer section of the
ROCOM test facility was modeled with CTF. The aim of this validation study was to
compare the boron tracking model prediction and its sensitivity to cross flow mechanisms
with subchannel approach. The boundary conditions and the geometric parameters were
conducted based on the Kliem et al.’s study [3], which was summarized in the previous
section.
For the downcomer simulations in CTF, the geometry of the reactor vessel, shown
in Fig. 4.12 (a), was simplified. According to the axial donwcomer measurement grid
(Fig. 4.10) and the geometric parameters (Table 4.4), an annular geometry was created in
CTF, which consisted of 16 equivalent subchannels that connected to each other by 15
lateral connections (gaps). Similar to the measurement grid (Fig. 4.10), 0.93 m long
uniform cross-sectional downcomer region was divided into 30 equivalent volumetric
cells, each having 31mm node size. According to the ROCOM test facility’s geometric
specifications, the four cold legs connection to upper downcomer regions were defined as
the inlet boundary condition, shown in Fig. 4.12 (b). Based on the cold leg cross-section
and given velocity ramp profile (Fig. 4.9 (a)), the inlet mass flow rate profile was
calculated.
It is important to point out that CTF have been developed to investigate thermalhydraulic analysis of fuel bundle geometries especially during LOCA conditions. Based
on the code structure, which performs bottom to top calculations, it is untraditional to
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generate a downcomer simulation in CTF. Therefore, unlike reactor core simulations,
pressure inlet and pressure outlet boundary conditions were applied to generate a fluid
profile flowing downward (from top to bottom) of the downcomer region. To achieve a
velocity ramp profile given in the Kliem et al.’s study (Fig. 4.9 (a)), the boundary
conditions were set as the following sequence:
i.

Based on well-known Bernoulli’s principle, a 0.003 bars pressure difference was
set between inlet and outlet regions. By doing so, the inlet mass flow rates were
kept almost zero. The first 10 seconds of the calculations were performed at this
constant pressure difference to initialize the fluid flow of 0 kg/sec;

ii.

The transient was started by increasing the pressure difference linearly until the
desired maximum mass flow rate was obtained and then it was kept constant.
Based on the given sequence and using the boundary conditions tabulated in

Table 4.6, linear mass flow rate ramp profiles were achieved at all loop connections with
upper downcomer region. Results were compared with the ROCOM loop mass flow rate,
which is obtained by velocity ramp profile given in the Kliem et al.’s study [3]. As it can
be seen in Fig. 4.13, in the CTF calculations, a time delay was observed while the mass
flow rate reached its maximum value.
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(a)

(b)

Figure 4.12: ROCOM Reactor Vessel (a) [25], CTF Model I (b)
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Table 4.4: ROCOM Axial Downcomer Geometric Properties [3 and 25]

Outer Diameter

1m

Inner Diameter

0.87 m

Measurement Height

0.93 m

Flow Area

0.1909 m2

Table 4.5: CTF Downcomer Model Geometric Properties
Number of Subchannels

16

Flow Area

0.0119 m2

Wetted Surface

0.3672 m

Gap Width

0.0650 m

Gap Length

0.1836 m

Total Axial Node Number

30

Axial Node Length

0.031 m

Table 4.6: CTF Downcomer Model Boundary Conditions
Maximum Inlet Flow Rate

5.08 kg/sec

Fluid Temperature

20 C

Operation Pressure

1 atm
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(a)

(b)

Figure 4.13: CTF Boundary Conditions of Inlet Mass Flow Rate (a) and Time History of
the Mixing Scalar at the Loop1 and 2 Inlet (b) vs. ROCOM Experimental Data[3]
After initializing the flow field at zero flow rate (-10 < t < 0), the transient was
started as 20°C single-phase water injection from the loop connections with upper
downcomer region; i.e. subchannels 2, 8, 10 and 16 (shown in Fig. 4.12). When t = 20
seconds, the mixing scalar curve was started to the connections with the downcomer
introduced at Loop 1 and 2 (subchannel 8 and 10), representing the underborated water
slug. Similar to experimental measurements, the slug profiles were extracted at three
positions in the mid-section between the two loops 1 and 2, i.e. in subchannel 9. The
measurement positions were kept as same as they were given in the Kliem et al.’s study
[3].
For the comparison of the CTF boron tracking model results and the ROCOM
experimental study, the Kliem et al.’s data were extracted using Plot Digitizer software.
Based on Eq. 4.3, the CTF results at three axial locations were used to calculate the time
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history profile of the mixing scalar, where the maximum values of each measurement
were assigned as a reference. By doing so, results were renormalized, and compared on
the same plot with the ROCOM data in Fig. 4.15.
Before analyzing the comparison, it was intended to run an additional simulation
by extending the downcomer length up to the cold length region, where the mass flow
rate and the mixing scalars were measured (Fig. 4.13). The annular geometry length was
increased from 0.93m to 1.178m by keeping its cross-section constant (Fig. 4.14 (b)). The
geometry was divided into 38 volumetric cells each having 31mm node size. For the
purpose of convenience of comparison, this additional CTF simulation was named as
Model II whereas the first simulation was Model I.

(a)

(b)

Figure 4.14: ROCOM Reactor Vessel (a) [25], CTF Model II (b)

99

Figure 4.15: CTF Boron Mixing Scalar (Model I) vs. ROCOM Measurements [3] at; Upper (a), Middle (b) and Lower (c)
Downcomer Regions
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Figure 4.16: CTF Boron Mixing Scalar (Model II) vs. ROCOM Measurements [3] at; Upper (a), Middle (b) and Lower (c)
Downcomer Regions
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Using the identical boundary conditions as described for Model I in Table 4.6,
CTF simulations were performed for Model II. Similar to previous analysis, the boron
mixing scalar results were compared on the same plot with ROCOM data (Fig. 4.16) and
discussed in the following section.

4.2.4 Results and Discussions
In both Models I and II, four loops ROCOM test facility was simplified to an
annular downcomer geometry where measurement grids were placed in the experimental
setup. Based on given flow rate and underborated water mixing scalar measurements at
the exit of the cold leg nozzles, the CTF simulations were compared with the
experimental data extracted from the Kliem et al.’s study [3] using the Plot Digitizer
software. According to the model assumptions results are compared as follows:
•

In Model I, the 0.25m of the upper downcomer region, where the horizontal cold
leg outlet flow enters to the vertical downcomer area, was not taken into account
in the CTF calculations. As it was mentioned earlier, given ramp-flow profile and
the mixing scalars were measured at cold leg outlet nozzles (Fig. 4.9). When
approximating these values as inlet boundary conditions in the CTF simulations
as shown in Fig. 4.13, changes in the flow field from horizontal to vertical
direction and its mixing effect were not considered. Since the natural circulation
case was studied, this effect was assumed to be small. In the view of this
assumption, the CTF simulations were performed and comparison between the
CTF boron mixing scalar calculations and the ROCOM measurements at three
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elevations were presented in Fig. 4.15. As the flow reaches to the lower
donwcomer region, boron mixing scalar transition started earlier than the
experimental measurements. The reasons for this early change in the CTF results
can be given as the geometric assumptions and the simplification of the
subchannel approach for simulating complex 3-D flow patterns.
•

In Model II, the annular geometry length was increased from 0.93 m to 1.178m by
keeping its cross-section constant (Fig. 4.14 (b)). The objectives of this second
model were to capture lateral mixing at the 0.25m upper region and to include its
effects in the flow profile. In the original ROCOM test facility schematic, the
cross-sectional area in the upper region was not shown as uniform (Fig. 4.14 (a))
and the required geometric parameters were not provided in the Kliem et al.’s
experimental study [3]. Therefore, expansion effects in the upper downcomer area
were assumed small. Fig. 4.16 shows the Model II boron mixing scalar
calculations and the ROCOM measurement comparisons at three elevations. In
addition to its earlier transition like Model I, the CTF calculations in Model II
underestimated the mixing scalar; especially in the lower downcomer region.

•

In both Models I and II, the downcomer connections with the lower plenum
region was not considered. In the ROCOM experimental measurements grids,
values in the first two nodes were also not used and set as zero.

•

The mixing scalar profile from ROCOM experiment was used as the underborated
water in CTF simulations. Even though the initial flow rates and boron mixing
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scalar were set as zero in subchannel 9, a continuous zero mixing scalar insertion
from its upper boundary level was observed while flow is developing. As a result,
the calculated mixing scalars in CTF were obtained very small. In order to
distribute the results between 0 and 1 and to compare on the same plot with
ROCOM data, the maximum value at the measurement points were used as their
reference. In other words, the CTF results were renormalized based on the
maximum data point.
•

Beside its earlier transition in time, the oscillatory behavior in the solute mixing
results was observed in both models. As shown in Fig. 4.15 and 4.16, while the
slug moves down to the lower plenum, its mixing profile fluctuates more than the
upper downcomer region. These oscillations shouldn’t be confused with the
numerical stability of the solution since the Modified Godunov Model eliminates
the numerical diffusion due truncation errors. The transient variations within the
inlet boundary conditions (Fig. 4.9) can be given as the main reason for these
oscillations. It generates highly dispersive cross-flow between each subchannel
connection, which causes not only sudden changes in the results but also increases
the spurious mixing along the flow path.

4.2.5 Summary
In order to validate the accuracy of the CTF boron tracking model, the Kliem et
al.’s experimental study on slug mixing under natural circulation conditions at the
ROCOM test facility [3] was used to assess the CTF results. Due to the lack of horizontal
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flow modeling capabilities in CTF and the limitation in the ROCOM test facility
parameters, certain simplifications were required to model the geometry and the
boundary conditions. Two models were compared with the experimental data. In both
studies, an earlier transition and under predictions were reported in the CTF results
especially at lower downcomer regions where complex flow patterns exist due to flow
expansion.
The differences between numerical simulations and experimental study are clearly
results of transient boundary conditions and geometric simplifications used in CTF. With
the ongoing horizontal flow model developments the CTF results will be improved in the
future. This will provide more accurate knowledge of boron concentration at the inlet and
inside the reactor core for coupled CTF/neutronic simulations.
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CHAPTER 5

Boron Precipitation Model in CTF

5.1 Boron Precipitation
In the current implementation work, the boron tracking model considers the risk
of boron dilution phenomena inside reactor vessel in order to predict a positive reactivity
insertion especially during SB-LOCA conditions. Beside dilution, the boron precipitation
during post–LOCA condition is another main concern regarding the PWR thermalhydraulic safety analyses. Therefore, under the scope of this PhD study, it was intended
to include a boron precipitation model to extend the applicability of CTF for reactor
transient simulations, and particularly LB-LOCA analysis.
The post-LOCA long term cooling period can be defined as the time period
between the time when the core is reflooded and the time when the plant is secured. For
the nuclear safety standards, it is required to maintain the core cooling system intact
during long term cooling period in order to reach the cold shut down condition [48]. All
US PWR designs (Westinghouse, CE, and B&W) use boron to control the core reactivity,
and they all report concerns about the boron precipitation especially during the long term
cooling

period

after

LOCA

conditions.

Therefore

all

three

designs
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have ECC systems with active core dilution mechanisms to control the boric acid
concentration and avoid precipitation [49]. Two main scenarios that may initiate
precipitation during Pos-LOCA condition can be given as:
1. Loss of ECCS recirculation due to debris generation and sump screen
blockage;
2. Loss of cooling capability due boron precipitation inside reactor vessel.
Huh et al. [50] reported the containment recirculation sump blockage as an
important reason for the increase in core temperature, which may cause water boil-off at
certain core regions. It is essential to measure the boron precipitation inside the core if the
boron mass fraction reaches boron precipitation criteria due to water boiling. In this
section, concerns about boron precipitation are discussed in two parts in order to clarify
the loss of ECCS effects, and the transport and mixing effects inside the reactor core
separately.

5.1.1 Loss of Emergency Core Cooling System (ECCS) Recirculation
During LOCA, it is required to collect the discharged water from the break and
the containment spray in a sump for later use in recirculation by ECCS. However, debris
inside the discharged water and containment can be transported to the containment spray.
As it is illustrated in Fig. 5.1, this may form a debris bed at the sump screen which could
block the re-circulating flow [48].
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During the past three years, there have been important experimental studies
reported about the role of recirculation flow during Post-LOCA condition in Korean
standards nuclear power plants. In the Huh et al.’s study, the debris blockage effect on the
long term cooling performance was analyzed with respect to 100% and 50% sump
clogging [50]. First, water level inside the reactor core was studied under a sump
clogging condition. As shown in Fig. 5.2, the core water level starts to decrease
continuously due to limitations on the recirculation of the flow by ECCS.

Figure 5.1: Westinghouse – Coolant Flow Path during Post-LOCA [48]

108

Consequently, boron mass fraction inside reactor core is affected by the decrease
in the water level. As it can be seen in Fig. 5.3, at the first 500 seconds the concentration
is increasing due to the boric acid solution injection by the boric acid tank safety injection
system. When the recirculation starts at around 1624 second, a decrease in the water
level due to loss of ECCS is claimed as causing the increase in boron mass fraction. After
2000 seconds, an increase in the boron mass fraction with large oscillations was observed
because of two phase flow when the water boils [50].
In addition to the decrease of the water level and the boiling off condition, the
solubility of the boric acid can be affected by the chemical composition of the postLOCA sump environment. In order to control the coolant pH level, buffer agents such as
sodium hydroxide (NaOH) and tri-sodium phosphate (TSP) are added in the sump, which
generates oxide corrosion products and increases the risk of precipitation formation due
chemical reactions with other dissolved materials [51]. Compare to boron dilution
transient phenomena, boron precipitation didn’t receive the same level of attention and
experimental studies are limited. It is vital to have more analysis to understand sump
debris and chemical effects on the performance of ECC systems on the long term cooling
period as well as their impact on the precipitation formation, mixing and transport
phenomenon in the reactor vessel [49].
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Figure 5.2: Collapsed core water level [50]

Figure 5.3: Boron Mass Fraction [50]
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5.1.2 Boric Acid Transport and Mixing in Reactor Core
As summarized in the previous section, the boric acid inside the reactor vessel
increases due to coolant evaporation and safety coolant injection. In order to model the
boric acid dilution in the post-LOCA scenarios, the common approaches are limited by
the simplified methods and conservative boundary conditions. However, there is a more
complicated boric acid transport and mixing mechanism exists inside the reactor during
the post-LOCA condition. In order to provide guidance for developing new and more
advance models, Phenomena Identification and Ranking Tables (PIRT) for boric acid
mixing/transport and precipitation modes were prepared by Westinghouse Electric
Company [49].
According to the Westinghouse report [49], the precipitation process in the reactor
vessel can be defined in three main steps;
1. Formation of chemical solution outside the reactor vessel prior to a LOCA event,
i.e. chemical formation of sump debris effect which are discussed in the previous
section;
2. Distribution and accumulation of the solute within the reactor vessel which are
defined in the Mixing/Transport PIRT tables;
3. Super-saturation (due to boiling, evaporation or cooling of chemical solution) and
formation of solid phase within the chemical solution on the surface within the
reactor vessel which are addressed in the Precipitation Modes PIRT tables.
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In addition, both small and large post-LOCA conditions were compared with
respect to the boron precipitation conditions. It was stated that in comparison to small
break scenarios, the large break post-LOCA scenario has more significant effect on the
boron dilution due to lower pressure at the larger break. Thus, mainly the large break
post-LOCA conditions are emphasized on PIRT precipitation phenomena [49].
Current and previous boron precipitation models are usually based on the
assumption of “bulk” (i.e. total mixing volume) limiting approach, which is predicted by
the boric acid solubility curves with respect to the temperature. However, recent test
studies have showed that the bulk precipitation model cannot be applied due to existence
of non-uniform temperatures and non-equilibrium boron concentration inside the reactor
core. In Westinghouse Precipitation Modes PIRT, Brown and his colleagues described
several types of precipitation states based on different two-phase flow conditions such as
super saturation due to the boiling/evaporation or cooling, liquid entrainment/deentrainment, and precipitation growth on surfaces and materials. In summary, highly
ranked precipitation modes have been listed as [49]:
1. Precipitation associated with rapid evaporation (boiling) and super

saturation of entrained liquid solution above two-phase mixture level:
Evaporation of highly concentrated (super saturated) liquid droplets cause
formation of amorphous solids on the heated surface (occurs in the core boiling
region and the steam generator region);
2. Precipitation on boiling surfaces in the high void, two-phase region

associated with bubble film evaporation and super saturation: Especially
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during the slug flow regime, evaporation of micro layer film at the base of the
boiling surface generates precipitations (occurs in core boiling region);
3. Precipitation on the wall and structures above the two phase mixture level

associated with liquid film/droplet evaporation: In addition to boiling
surfaces, precipitation may occur on the walls due liquid film evaporation
(non-boiling) (occurs in the core boiling region, the upper plenum region, and
the barrel/baffle region);
4. Precipitation on cooled surfaces or walls and structures within the single-

phase liquid region associated with local super saturation and heterogeneous
nucleation: Precipitation can occur on cooled walls or structures if the
sufficient super saturation level is reached (lower head region and core support
region).
In Fig. 5.4 different types of Westinghouse un-buffered boron precipitation modes
inside the reactor core are presented as an example.
In order to indentify the role of the boron transport on the precipitation inside the
reactor core, PIRT for the transport and mixing of the boric acid during the post-LOCA
long term cooling period is prepared by Westinghouse. Similar to precipitation modes,
each mixing and transport condition is ranked and listed with respect to certain core
regions such as boiling region, non-boiling region, lower head region etc. [49]:
1. Boric acid accumulation due to decay heat boil-off: Accumulation of solute in
the liquid mixing volume due to heat boil-off the liquid inventory;
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2. Turbulent convection / dispersion of boric acid due to void (vapor) motion

within the core region: Vapor motion in the boiling region generates turbulent
transport and mixing of the liquid inventory;
3. Natural convection mixing and transport of boric acid due to boric acid

concentration gradient between the core region and other regions within the
reactor vessel: Natural convection occurs due to temperature, void fraction and
concentration gradient inside reactor core;
4. Turbulent mixing and transport throughout the reactor vessel: Complex
hydraulic structures such as spacer grids, core support plates generates
turbulent mixing inside core due flow separation, vortex shedding and shear
flow instability;
5. Transport of boric acid due to circulation/communication between core,

upper plenum and hot leg regions of liquid mixing volume:

Highly

concentrated solution in the core region can be accumulated with the liquid
volumes in the upper plenum and hot leg;
6. Natural circulation transport of boric acid within the core region due to

“chimney effect“ of hot power channel: The “chimney effect”, which
generates a natural circulation between hot and cold region, occurs between hot
power channels and core support regions;
7. Transport/mixing and unsteady liquid entrainment due to unsteady or

oscillatory flow resulting from reactor vessel/loop system interaction effects:
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The system interactions between reactor vessel mixing regions and reactor
coolant system regions generate oscillations which can cause transport and
mixing.
In Fig. 5.5 different types of boron transport/mixing phenomena inside the reactor
core are presented as examples.

Figure 5.4: Highly Ranked Un-Buffered Boric Acid Precipitation Modes [49]
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Figure 5.5: Highly Ranked Phenomena during the Turbulent and Unsteady
Reactor Vessel Flow Dominated Period [49]

5.2 Long Term Emergency Cooling Experiments in REWET-II & VEERA Facilities
Mixing and precipitation of boric acid during long-term cooling period of LOCA
scenarios in the Loviisa VVER-440 type of nuclear reactor were studied within REWETII and VEERA test facilities by Tuunanen et al. and his group [52,53]. The main
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objectives of the experiments was to investigate the crystallization of boric acid inside
reactor core and its effects on core cooling in terms of flow blockage of the rod bundles,
overheating and failure of fuel rods. It was reported that when the water level in the
reactor is lower than the hot leg nozzles under limited droplet entrainment field and low
pressure condition, precipitation is favorable near the collapsed water level [53].
Both REWET-II and VEERA experiments were conducted under following
boundary conditions:
i.

Water was boiling in the core section and water level was kept near the core
top;

ii.

Loss of water through boiling was compensated by feed water injection;

iii. Boric acid concentration continuously increased due to boiling;
iv. Higher boron density difference between the core section and the lower
plenum was observed which generates bouncy mixing effect;
v.

The coolant flow rate in the lower plenum and to the core through the core
inlet was kept sufficient enough to decrease the buoyant mass transfer effect;

vi. In order to shorten the experimental time, high boric acid concentration was
used.
The schematics of the simulated accident scenario and facilities are presented in Fig. 5.6
and 5.7
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Figure 5.6: Schematic of Simulated Accidental Condition [53]

Figure 5.7: Schematic of REWEW-II and VEERA Test Facilities [52]
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REWET-II test facility is scaled down with the scaling factor of 1:2333 based on
VVER-440 reactor vessel. By preserving the power to coolant ratio, the rod bundle tests
were performed by 19 full-length electronically heated fuel rods in triangular grids. The
aim of REWET-II tests was to identify boric acid behavior during long term cooling
period and to assess favorable precipitation conditions [53]. Several experiments were
conducted varying the feed water boric acid concentration, core power, water level and
system pressure parameters. In experiment BOR003, without the moisture separators, the
effect of droplet entrainment on boric acid accumulation in the core region was tested.
As it can be seen in Fig. 5.8 (a), after first 3 hours, no further increase in boron
concentration was reported because of boric acid transient within entrained droplet field
[52]. In experiment BOR004, when the droplet entrainment was limited by using the
moisture separator, boric acid concentration increased until it reached the saturation point
near the collapsed water level (Fig. 5.8 (b)). Tuunanen et al. further stated that if the
collapsed water level was below the top of the rod bundle, precipitation would be
expected in the rod bundle which results flow blockage and core dry out [52].
In order to get more detailed analysis of boron precipitation, it was essential to
increase the volumetric scaling of REWET-II facility. Thus, VEERA facility was built
with the scaling factor 1:349. One full-scaled rod bundle of the reference VVER-400
reactor was simulated with 126 electrically heated fuel rods. Similar to previous studies,
VEERA experiments started with a uniform boric acid concentration. Loss of water due
boiling and entrained droplet was adjusted by feed water flow which kept the boiling
water level constant. Experiments stopped when the boron precipitation started or the
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concentration remained constant. In VEERA experiments, compare to REWET-II facility
the larger dimensions and improved mixing in the rod bundle were given as two
important factors for almost uniform boron concentration along the rod bundle [52].
The measured boric acid concentrations of VEERA experiment B11 is given in
Fig. 5.8 (c). As it can be seen, a steady growth in boric acid concentration was observed
and the precipitation was reported in the upper part of the rod bundle when the
concentration exceeds saturation point. Due to improved mixing in the rod bundle, in
VEERA experiment the time required to reach the saturation point (9 hours) took longer
than smaller scale REWET – II experiments (7.5 hours) [52].
In the Tuunanen et al.’s experimental studies, it is concluded that boric acid
precipitation is possible if the water level is low and entrained droplet field is limited
during stable long term cooling period. In addition, need of reliable numerical boron
tracking model was emphasized to analyze other accidental scenarios related with boron
dilution and precipitation phenomenon [53].

Under the guidance of summarized

scenarios and experimental studies a precipitation model is implemented in CTF and the
methodology is presented in the following section.
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Figure 5.8: Boric Acid Concentration in REWET- II (a) and (b) and VEERA(c)
Experiments [53]
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5.3 CTF Boron Precipitation Model
In both Westinghouse Precipitation Modes PRT Report [47] and Tuunanen et al.
and his group experimental studies [52, 53], the importance of entrained droplet field was
highlighted in boric acid transport, mixing and precipitation analysis in two-phase flow.
Therefore, with the help of advanced two-phase three-field approach of CTF, it is aimed
to simulate the entrainment droplet field effect in the boron transportation during LOCA
condition.
For axial and transverse directions, CTF solves a set of three momentum
equations for the vapor phase, continuous liquid phase, and entrained liquid phase
respectively. This allows the liquid and entrained droplets fields to flow with individual
velocities relative to the vapor phase [54]. Using this capability of CTF, boron transient
within the entrained droplet field is calculated in both axial and transverse directions. In
order to be consistent with continuous liquid transport calculations described in Chapter
3, the same method, i.e. Modified Godunov Model and cross-flow mechanisms are used.
By doing so, boron tracking model capabilities are extended and the amount of boron
transfer by the droplets field is included in transient calculations.
Additionally, it was intended to predict the plated out solute concentration in
CTF. As it was stated in the previous studies, solubility of boron increases with the
increase of coolant temperature. Thus, it was essential to take into account the coolant
temperature effect in maximum boron concentration calculations:
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i. First the maximum solubility of the boric acid in 100 g of water (maximum
mass fraction mmax ) is calculated according to Kim at al.’s correlations [51] as:

m max

 2.68 × 10 3

= ψ . exp −
+ 6.04 
100
 273.15 + T

liq



(5.1)

where the conversion parameter ψ is given as :

ψ = (3.432 × 10 2 )(. λ + 1.80 × 10 −3 × Tliq )

(5.2)

λ= 0.1795 and Tliq is the liquid temperature in °C.
ii.

Then, the maximum boron concentration is evaluated based on the amount of
liquid mass (mliq) both in continuous and entrained droplet liquid phases:

ρ b max =

mb max
mliq + mb max

(5.3)

From Fig. 5.9, the Kim et al.’s solubility correlation was derived in a temperature
range between 40-160 °C (313 – 433°K) including the effects of buffer agents (tri-sodium
phosphate (TPT)), which generate particulate oxide corrosion products and increase the
risk of precipitation by chemical reactions with other dissolved materials [51].
In CTF, if the liquid temperature reaches higher than given range, the value at 160
°C is used (Fig. 5.10). If the new solute density goes beyond the maximum value, CTF
assumes the excess is precipitated and the solute density reaches its maximum value. The
maximum boron concentration profile used in CTF is given in Fig. 5.10.
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Figure 5.9: Boric Acid Solubility Correlation w.r.t 100g water [51]

Figure 5.10: CTF Maximum Boric Acid Concentration by Kim et al.’s Correlation [51]

5.4. 2×2 Multiple Subchannel Rod Bundle Two-Phase Flow Test Studies
In order to measure the improvements in CTF boron tracking model in terms of
entrained droplet field and precipitation model performance, assessment studies were
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performed based on a mini 2x2 rod bundle geometry, which was previously described in
Chapter 3. Similar to previous case studies, results for corner subchannels (subchannel 1
and 3) are represented in blue, the side subchannels (subchannel 2 and 8) are represented
in red and the central subchannel (subchannel 5) is represented in green color to have a
better demonstration in the results. In Fig. 5.11 the cross-sectional geometry of
subchannels is illustrated and the geometric parameters with initial conditions are
summarized in Table 5.1.

Figure 5.11: Cross-Sectional Area of 2x2 Rod Bundle
Table 5.1: Subchannel Geometric Parameters and Initial Conditions of 2×2 Rod Bundle
Subchannel

Area

Perimeter

Dh

Cb

Rein

Type

[m2]

[m]

[m]

[ppm]

[-]

Corner (# 1,3,7 9)

5.52 E-5

0.0283

0.0071

2000

41279

Side (# 2,4,6,8)

1.17 E-4

0.0415

0.0113

2000

65712

Internal (# 5 )

1.87 E-4

0.0455

0.0164

2000

95133
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The transient was started as the 486 °K single-phase water injection with total
mass flow rate of 0.618 kg/sec was inserted from the bottom section of the 3.6 m vertical
pipe under operating pressure 70 bar. Initially, at t =0 s all subchannels have 0 ppm
boron concentration. 504 kW heat was distributed uniformly along 4 rods. At time equal
to 10 sec, 2000 ppm boron concentration was introduced at the inlet of the subchannels
and its transfer within continuous liquid and entrained droplet fields were calculated.
Simulations were performed for 50 seconds. Single-phase liquid flow was reached to
saturation point around 1m while the entrainment droplet field started around 1.8 m of
channel height. In Fig. 5.12, the axial flow profiles of continuous liquid (a) and entrained
droplet (b) fields are given for corner (subchannel 1 and 3); side (subchannel 2 and 8);
and central (subchannel 5), at t = 50 sec. As it can be seen in the figures below, when the
droplets emerges at the mid channel height, continuous liquid flow rate starts decreasing
in all subchannels.
Similar to liquid flow profile comparisons, the axial boron flow rates within
continuous and dispersed flow fields were evaluated in all subchannels. From Fig. 5.13
(a) and (b), before flow reached the mid channel level there were three main effects on
axial boron flow: 1) increase in the fluid temperature; 2) expansion of the flow field that
pushes the flow out of the active flow area; and 3) the cross flow mechanism. When the
flow passed 1.8 m elevation, sudden decreases were observed in boron flow rates within
continuous liquid field. Clearly, these reductions were related to the start of dispersed
fluid flow in the mid-section. In other words, when the droplets separated from
continuous liquid field they kept the amount of boron based on continuous liquid boric
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acid concentration at an individual flow rate. The decrease in boron mass flow rate in
continuous liquid phase was compensated symmetrically by the increase in entrained
droplet phase and the total boron flow rate was conserved along the axial channel height
(Fig. 5.13 (b)).

(a)
(b)
Figure 5.12: Axial Flow Rate Profiles of Continuous Liquid (a) and Entrained
Droplet (b) Fields

(a)
(b)
Figure 5.13: Axial Boron Flow Rate Profiles within Continuous Liquid and Entrained
Droplet Fields (a); and Total Boron Flow Rate within Liquid Phase (b)

127

In the previous case study the consistency of the implemented entrained droplet
field in boron tracking calculations in CTF was presented. In order to check the
performance of the boron precipitation model additional case studies were performed
with CTF. An identical 2x2 rod bundle model, as described earlier (Fig.5.11 and Table
5.1), was generated. In order to reduce the simulation time and have favorable
precipitation conditions, higher level of heat (514 kW) was distributed uniformly along 4
rods. At t = 10 sec , 24x104 ppm boron concentration was introduced at the inlet of the
subchannels. The inlet flow rate was decreased linearly to 0.1 of its initial value until the
end of 100 sec simulation time.
Similar to the Tuunanen et al.’s REWET-II experiments, in order to compare the
droplet field effect in this study the CTF entrained droplet field model was turned on.
Boron concentration transient was calculated in three axial elevation; inlet section, midsection and outlet section of the channel. Results were normalized and plotted based on
maximum boron concentration (Fig. 5.14 (a), (b) and(c)). As shown in the figures, boron
precipitation started first in the corner subchannels at the channel exit when time is equal
to 37 sec. Then, precipitation followed in middle subchannels; finally boron
concentration reached the maximum value in side subchannels. Similar order was
observed in the mid-section of the subchannels (Fig.5.14 (b)). At the inlet section,
however, the boron concentration was conserved beloved the concentration limit
throughout the simulation.
Following the similar approach in REWET-II experiments, the final case study
was performed. It was assumed that the amount of the entrained droplet field was limited
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by using a moisture separator. Therefore, the CTF entrained droplet model was turned
off while keeping the initial and boundary conditions identical with the previous case
study. By taking the same steps: the boron concentration transient was calculated in three
axial elevations: inlet, middle and outlet of the channel.The normalized results are
presented in Fig. 5.15 (a) (b) and (c), respectively.

Compare to the case when the entrained droplet model was activated in CTF (Fig.
5.14. (a) and (b)), the exit and the mid-section of side and middle subchannels’ boron
concentration started to increase from a higher level as shown in Fig. 5.15 (a) and (b).
Similar to REWET-II experimental results (Fig.5.8 (a) and (b)), oscillations, which were
observed in the previous boron concentration transient measurements (Fig. 5.14), were
eliminated when the entrained droplet model was deactivated. As stated in the Tuunanen
et al.’s study [52, 53], a steady growth in boric acid concentration was observed and the
precipitation was reported in the upper and mid part and of the rod bundle when the
concentration exceeds saturation point.
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Figure 5.14: Boron Concentration Transient at the Inlet (a), Middle (b) and Exit (c) of Subchannels (Entrained Droplet
Model is On)
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Figure 5.15: Boron Concentration Transient at the Inlet (a), Middle (b) and Exit (c) of Subchannels (Entrained Droplet
Model is Off)
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5.5. Summary
In this section, the importance of two-phase flow characteristics in modeling
boron transient was emphasized, especially during long term cooling period after a
LOCA condition in PWRs. Based on available recourses in the literature, experimental
analysis were revived. However, as Brown et al. stated in the Westinghouse report [49]
unlike boron dilution transient phenomena, there are limited boron precipitation studies
available in the open literature. Therefore, in this study, it was aimed to include a boron
precipitation model to extend the applicability of CTF for future reactor transient
simulations, and particularly LB-LOCA analysis.
CTF has advantageous capability of three field representation of two-phase flow
model, which allows liquid and entrained droplets fields to flow with individual
velocities relative to the vapor phase. In order to be consistent with the previous
improvements, axial and lateral boric acid transient within entrained droplet field was
calculated based on Modified Godunov Model and cross-flow mechanisms as described
in Chapter 3. The multiple subchannel rod bundle test study demonstrated the
performance of the entrained droplet field under variety of geometrical and operational
conditions.
Consequently, the Kim et al.’s maximum solubility of boron correlation [51] was
utilized in the CTF boron tracking model to predict the time and the location of the
expected precipitation when the fluid starts to boil. Similar to the Tuunanen et al.’s
conclusions in REWET-II experimental studies [52, 53], eliminating the entrained droplet
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field caused a steady growth in boric acid concentration and the precipitation in the upper
and mid part and of the rod bundle.
In summary, CTF boron tracking model capabilities were improved based on the
transport and mixing of entrained droplet field within reactor vessel and its effect on
boron precipitation. Future studies are essential to have more detailed simulations and to
increase the accuracy and the modeling capability of CTF.
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CHAPTER 6

Conclusions, Contributions, and Future Work

6.1 Final Conclusions
The main goal of the presented PhD research is to develop a solute tracking model

for a sub-channel core thermal-hydraulic modeling framework and implement it into the
subchannel thermal-hydraulic code CTF for simulations of the boric acid transients in
LWRs. Such developments will provide a multi-dimensional boron transport model based
on the subchannel approach and will make CTF capable of analyzing the solute transients
and the boron mixing effects inside the reactor core region at the same time. The added
modeling capability is especially important for coupled neutronics/thermal-hydraulic
simulations since the soluble boron concentration is one of the important reactivity
feedback effects. According to the work presented in the previous sections, the PhD work
related conclusions are summarized as follows:
i.

Based on an extensive literature review, the importance of the boron dilution in
PWRs has been emphasized and the shortcomings of current numerical methods
such as limited 1-D approach in system codes and excessive computing time in
CFD models, were discussed.
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ii.

Unlike system codes, CTF is capable of analyzing both the transport and the
mixing of the diluted boron slug according to the subchannel approach and thus
capable of providing more realistic plant simulations. Three boron tracking
models were developed in a subchannel approach and implemented in CTF - the
First Order Upwind Difference Scheme, the Second Order Godunov Scheme, and
the Modified Godunov Scheme, which includes the effect of thermal-physical
diffusion.

iii. In order to evaluate the performance of each model, analytical and nodalization
sensitivity studies were performed and the results were compared. Similar to
previous numerical boron tracking studies [4, 7 and 9], it is concluded that the
Modified Godunov scheme with a physical diffusion term provides the most
accurate predictions [37]. According to additional axial boron transport
calculations, Modified Godunov Model’s sensitivity and nodal stability were
confirmed at different flow operation conditions.
iv. Besides modeling the axial transport of boron, it was also anticipated to take
advantage of the subchannel approach to model lateral mixing of the diluted
boron slug; the deboration and the boration effects. Based on the subchannel
coordinate system formulation, the lateral boron mass transfer was taken into
account within the Modified Godunov Model’s axial transport calculations.
Several sensitivity studies were carried out. From single to multiple subchannel
geometries by changing the boundary conditions, the deboration and boration
model capabilities were analyzed at different cross flow conditions. For each case
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study, the total boron flow rate was conserved, which verified the consistency of
the mixing results [38].
v.

In order to model more complex geometries and analyze large size problems, it is
available in CTF a capability to have simultaneous analysis of multiple sections,
such as lower plenum, core region, and upper plenum regions. Using the multiple
section boundaries approach, boron tracking model capabilities were extended.

vi. For the code verification, the CTF boron tracking model performance was
compared to a Computational Fluid Dynamics (CFD) code STAR-CD. The
objectives of this study were to verify the accuracy of the newly implemented
improvements of the CTF boron tracking model against Comp CFD calculations
and to investigate the CTF numerical advantages as compared to other thermalhydraulic codes. Three main improvements in the boron tracking model in CTF the cross flow mechanism in subchannel approach, flow modeling at the section
boundaries, and the pressure drop due local obstructions in the flow field - were
tested. It is concluded that the solute tracking implementation in CTF based on
subchannel approach was correctly performed and improvements in cross-flow
mechanism and sectional boundaries were developed consistently. In addition,
CTF was suggested as an alternative computational tool to provide significantly
faster and efficient analysis in solute tracking studies as compared to
computationally expensive CFD codes [45].
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vii. For the code validation, the Kliem et al.’s experimental study on slug mixing
under natural circulation conditions at the ROCOM test facility [3] was selected
to assess the CTF results. Due to the lack of horizontal flow modeling capabilities
in CTF and the limitation in the ROCOM test facility parameters, simplifications
were needed based on the model geometry and the boundary conditions. Two
models were compared with the experimental data. In both studies, an earlier
transition and under predictions were observed in CTF results, especially at lower
downcomer regions where complex flow patterns exist due flow expansion. With
the ongoing horizontal flow model developments, CTF modeling capabilities will
be improved in the future. This will provide more accurate knowledge of boron
concentration at the inlet and inside the reactor core for the coupled
CTF/neutronics simulations.
viii. CTF has the advantage of three field representation of two-phase flow model,
which allows liquid and entrained droplets fields to flow with individual
velocities relative to the vapor phase. Similar to previous improvements in boron
tracking simulations within continuous liquid field, axial and lateral boric acid
transient within entrained droplet field was calculated based on Modified
Godunov Model and cross-flow mechanisms. The multiple subchannel rod bundle
test study has demonstrated the consistent performance of the entrained droplet
field under variety of geometrical and operational conditions.
ix. It was aimed to include a boron precipitation model to extend the applicability of
CTF for future reactor transient simulations, and particularly LB-LOCA analysis.
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The importance of two-phase flow characteristics in modeling boron transient was
emphasized, especially during long term cooling period after a LOCA condition
in PWRs. Based on available recourses in the literature, experimental analysis
were revived and the Kim et al.’s the maximum solubility of boron correlation
[51] was utilized in CTF boron tracking model to predict the time and the location
of the expected precipitation when the fluid starts to boil. Applied case studies
qualitatively agreed with the Tuunanen et al.’s conclusions in REWET-II and
VEERA experimental studies [52, 53]; reducing the entrained droplet field caused
a steady growth in boric acid concentration and the precipitation in the upper and
mid part and of the rod bundle.
In summary, the CTF capabilities have been extended based on the boric acid
transport, mixing and precipitation within continuous and entrained droplet field inside
reactor vessel. With the help of this novel approach, the CTF modeling features for LWR
safety and design analysis were extended and CTF became an alternative method to
provide significantly faster and efficient analysis in solute tracking studies compare to
other CFD based thermal-hydraulic codes.

6.2 Research Contributions
Although CTF has proven its high accuracy in reactor transient simulations, and
particularly LOCA analysis, the code applicability to the simulations of the boron
dilution transient, precipitation and its corresponding effects inside reactor vessel was
limited by the lack of a solute tracking model. Thus, under a risk of reflux-condensation
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during SB-LOCA conditions or boiling during long term cooling period in post-LOCA
condition, CTF would be unable to provide realistic reactor core simulations. With the
help of this novel method, the CTF capabilities were substantially improved, which now
allows more detailed transient calculations especially in PWRs. The added boron tracking
and mixing modeling capability is especially important for coupled neutronics/thermalhydraulics simulations.
The unique contributions of this PhD research are seen as development of:
•

Boron Dilution Model, which involved the development of higher accurate
predictions in transient analysis of fluid flow in PWRs by reducing the number of
conservative assumptions. This increases the number of studies by using
subchannel approach and it addresses the importance of the reflux condensation
and extends the understanding of the risk of the reactor core recriticality
phenomenon.

•

Boron Mixing Model, which gives more insights of the physical behavior of the
fluid flow in PWRs under LOCA conditions. The current methods implemented in
the system codes have certain limitations in the modeling of some physical
characteristics of the fluid flow such as turbulence and its effects on the solute
tracking models. Additionally, system codes usually model the solute transient in
one-dimensional representation. With the help of the more advanced subchannel
approach, the implemented boron tracking model in CTF has already showed
reliable predictions in simulating the mixing effect. The cross-flow mechanism
has provided consistent analysis in simulation of boron concentration according to
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the flow operating conditions. This novel method allows more detailed
calculations of the time and location of the boron dilution transient inside the
reactor core and compensates the current drawbacks in other numerical studies.
•

Boron Precipitation Model, which assists and engages further studies by
underlying the physical behavior of the boron particles. Currently, there is limited
number of information available in literature regarding the thermal-hydraulic
effects of the boron precipitations. However, the recent Westinghouse Phenomena
Identification and Ranking Tables (PIRT) [49] emphasize the physical
mechanisms behind the precipitations and its importance in the reactor core
modeling. Besides, there is not any computational model available addressing the
effect of the plated out solute formation on the thermal-hydraulic behavior of
PWRs. CTF already has the competence of modeling two-phase flow, droplet
formations and complex geometry effects, such as spacer girds, in its transient
calculations. It is strongly considered that, with the help of the CTF current
capabilities and using the PIRT data, the precipitation model will provide
additional information about the formation of plated out solute and its thermal and
physical effects. This model will also contribute to the number of studies in the
future.
There are not any studies available in the literature, which provides insights of the

subchannel approach in a multi-dimensional solute tracking modeling. Therefore, it is
strongly believed that, the outcome of this research helps to advance the other ongoing
developments for multi-dimensional reactor core analysis including multi-physics studies.
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6.3 Future Work
Based on the findings presented in this PhD study, extensions of this work might
include areas as indicated next:
• Currently, there have been ongoing studies regarding horizontal flow regime
maps and necessary conservation equation implementation in CTF, which will
lead to improved transient analysis of the downcomer and cold-leg regions [55].
With these improvements, the CTF boron tracking model accuracy can be
improved; especially in full mixing zone analysis such as cold leg inlet to upper
downcomer regions. By doing so, the validation results (Chapter 5) can be
enhanced and further experimental comparisons can be performed, using the
CTF boron tracking model.
• Previously, CTF was coupled with system code RELAP-3D to provide complete
primary system simulations and to extend the models analysis; especially for
LOCA scenarios in PWRs [56]. Adding the boron tracking model features into
the coupled CTF/RELAP-3D code version can provide simultaneous and
complete primary loop/rod bundle analysis of boron dilution scenarios in
PWRs, which haven’t been reported in the literature before.
• In addition to thermal-hydraulic coupling, CTF has previously coupled with other
neutronics codes such as NEM [57] and TORD-TD [58]. Instead of using the
conservative constant boron concentration assumption, with the help of
unborated boron slug mixing feedback from CTF, neutronics codes can provide
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more realistic transient analysis in terms of positive reactivity insertion during
Reflux Condensation.
•

For a typical PWR design, the boron precipitation scenario during LB-LOCA
condition depends on the accumulation of the boric acid in the core region while
reactor coolant boils off. In addition to increase in boron concentration, boiling
can also affect solute mixing (void drift, bubble motion) and precipitation location
(entrained droplet field) inside the reactor core [49]. According to the CTF
turbulent mixing and void drift models, implemented boron tracking model can be
further improved and become more advanced in two phase flow analysis during
long term cooling period in post-LOCA.

•

Brown et al. also stated that according to the Westinghouse PWR FLECHT tests
in 1971 and PWR vessel mixing experimental studies in 2004, the core and upper
plenum region’s boron concentration continuously increases as the coolant boils
during long term cooling period. If the increase in the concentration gradient
relative to the temperature gradient is high enough, it can also lead density-driven
convection which can cause additional mixing in the flow field [49]. In the future
studies, this effect is highly encouraged to be investigated and to be taken into
account in the CTF boron tracking calculations.

•

Finally, flow separation and blockage; entrained deposition and droplet break-up
models; boron precipitation over cooled surfaces, walls and structures such as
spacer grids and its effect on convective and conductive heat transfer are some of
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the areas, which needs further discussions. As it mentioned before, current studies
are limited regarding these issues. However, as more studies become available,
the CTF boron tracking and precipitation model can become more advanced and
provide more reliable system simulations.
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APPENDIX I

2 × 2 Multiple Subchannel Rod Bundle Test Study Results

Chapter 3.5 Multiple Sections, 2 x 2 Rod Bundle Test Study CTF results when t =
20 s.

(a)

(b)

Figure AI-1: Case 2, (a) Axial Flow Rates, (b) Lateral Flow Rates into and out of
Subchannel 5, when t = 20 s

(a)

(b)

Figure AI-2: Case 2, (a) Axial Boric Acid Concentration in Subchannels 5, (b)
Neighboring Subchannels 1, 2, 5 and 8, when t = 20 s
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(a)

(b)

Figure AI-3: Case 2, (a) Axial Boric Mass Flow Rate in Subchannels 1, 2, 3, 8, (b) and in
Subchannel 5 and Total Mass Flow Rate, when t = 20 s
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APPENDIX II

Sample CTF Input Deck

Multiple sections, 3 x 3 rod bundle geometry given in Chapter 4.1 CTF Boron
Tracking Model Verification Study CTF input deck:
********************************************************************************
* CTF BORON TRACKING MODEL
– MULTIPLE SECTION DECK
*
********************************************************************************
* MAIN PROBLEM CONTROL DATA
- 3 SECTIONS - 3X3 BUDNLE MODEL
*
********************************************************************************
* CARD INPUT 1
*
ICOBRA
1
* CARD INPUT 2
*
INITIAL
DUMPF
1
1
* CARD INPUT 3
*
EPSO
OITMAX
IITMAX
0.001
10
40
* CARD COBRA 1
*---------- TEXT ------------>
*** CTF BORON TRACKING MODEL ***
*******************************************************************************
* GROUP 1 - Calculation Variables and Initial Conditions
*
*******************************************************************************
* CARD GROUP 1
* NGR
1
* Card 1.1
* NGAS IRFC EDMD IMIX ISOL IBTM NDM7 NDM8 NDM9 NM10 NM11 NM12 NM13 NM14
1
2
1
0
0
0
0
0
0
0
0
0
0
0
* Card 1.2
*
GTOT
AFLUX
DHFRAC
0.5
0.0
0.0
* Card 1.3
*
PREF
HIN
HGIN
VFRAC1
VFRAC2 Brin
Rdif
70.00
918.7
288.4
1.0
0.9999
0.0
1.0
* Card 1.4
* GTP(1)
VFRAC(3) GTP(2)
VFRAC(4) GTP(3)
VFRAC(5) GTP(4)
VFRAC(6)
Air
.0001

********************************************************************************
* GROUP 2.0 - Channel Description
*
********************************************************************************
* CARD GROUP 2
* NGR
2
* Card 2.1
* NCHA NDM2 NDM3 NDM4 NDM5 NDM6 NDM7 NDM8 NDM9 NM10 NM11 NM12 NM13 NM14
24
0
0
0
0
0
0
0
0
0
0
0
0
0
*
I AN
PW
ABOT ATOP NMGP
* Section 1 - Subchannel 1, 2 , 3, 4
1 0.00084309 0.054480000 0.0 0.0 8
* Card 2.3
* INODE KGAPB KGAPA
11 0 1 11 0 2 11 0 4 11 0 5 11 0 8
11 0 9 11 0 11 11 0 12
* Card 2.2 and Card 2.3 Continuous
2 0.00084309 0.054480000 0.0 0.0 8
11 0 2 11 0 3 11 0 6 11 0 7
11 0 9
11 0 10 11 0 13 11 0 14
3 0.00084309 0.054480000 0.0 0.0 8
11 0 11 11 0 12 11 0 15 11 0 16 11 0 18
11 0 19 11 0 22 11 0 24
4 0.00084309 0.054480000 0.0 0.0 8
11 0 13 11 0 14 11 0 16 11 0 17 11 0 20
11 0 21 11 0 23 11 0 24
* Secton 2 - Subchannel 2 - 17
5 0.00005050 0.02834629 0.0 0.0 2
21 1 0 21 4 0
6 0.00011766 0.04148719 0.0 0.0 3
21 1 0 21 2 0 21 5 0
7 0.00011766 0.04148719 0.0 0.0 3
21 2 0 21 3 0 21 6 0
8 0.00005050 0.02834629 0.0 0.0 2
21 3 0 21 7 0
9 0.00011766 0.04148719 0.0 0.0 3
21 4 0 21 8 0 21 11 0
10 0.00018675 0.04548398 0.0 0.0 4
21 5 0 21 8 0 21 9 0 21 12 0
11 0.00018675 0.04548398 0.0 0.0 4
21 6 0 21 9 0 21 10 0 21 13 0
12 0.00011766 0.04148719 0.0 0.0 3
21 7 0 21 10 0 21 14 0
13 0.00011766 0.04148719 0.0 0.0 3
21 11 0 21 15 0 21 18 0
14 0.00018675 0.04548398 0.0 0.0 4
21 12 0 21 15 0 21 16 0 21 19 0
15 0.00018675 0.04548398 0.0 0.0 4
21 13 0 21 16 0 21 17 0 21 20 0
16 0.00011766 0.04148719 0.0 0.0 3
21 14 0 21 17 0 21 21 0
17 0.00005050 0.02834629 0.0 0.0 2
21 18 0 21 22 0
18 0.00011766 0.04148719 0.0 0.0 3
21 19 0 21 22 0 21 23 0
19 0.00011766 0.04148719 0.0 0.0 3
21 20 0 21 23 0 21 24 0
20 0.00005050 0.02834629 0.0 0.0 2
21 21 0 21 24 0
* Section 3 - Subchannel 21, 22, 23, 24
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21 0.00084309 0.054480000 0.0 0.0 8
1 1 0 1 2 0 1 4 0 1 5 0 1 6 0
1 9 0 1 11 0 1 12 0
22 0.00084309 0.054480000 0.0 0.0 8
1
2 0 1
3 0 1
6 0 1 7 1
1 9 0
1 10 0 1 13 0 1 14 0
23 0.00084309 0.054480000 0.0 0.0 8
1 11 0 1 12 0 1 15 0 1 16 0 1 18 0
1 19 0 1 22 0 1 24 0
24 0.00084309 0.054480000 0.0 0.0 8
1 13 0 1 14 0 1 16 0 1 17 0 1 20 0
1 21 0 1 23 0 1 24 0
********************************************************************************
* GROUP 3.0 - Transverse Channel Connection (Gap) Data
*
********************************************************************************
* CARD GROUP 3
* NGR
3
* Card 3.1
* NK NDM2 NDM3 NDM4 NDM5 NDM6 NDM7 NDM8 NDM9 NM10 NM11 NM12 NM13 NM14
24
0
0
0
0
0
0
0
0
0
0
0
0
0
* Card 3.2
*
K
IK
JK
GAPN
LNGTH WKR FWL IGPB IGPA FACT IGAP JGAP IGAP JGAP
JGAP
1
5
6 0.00343 0.01471 0.50 0.5
0
0 1.0
-1
2
0
0
0
* Card 3.3
* GMLT ETNR
1.000 0.000
* Cards 3.2 and 3.3 continued
2
6
7 0.00343 0.01875 0.50 0.5
0
0 1.0
1
3
0
0
0
1.000 0.000
3
7
8 0.00343 0.01875 0.50 0.5
0
0 1.0
2
-1
0
0
0
1.000 0.000
4
5
9 0.00343 0.01471 0.50 0.5
0
0 -1
-1
11
0
0
0
1.000 0.000
5
6
10 0.00427 0.01471 0.50 0.0
0
0 -1
-1
12
0
0
0
1.000 0.000
6
7
11 0.00427 0.01471 0.50 0.0
0
0 -1
-1
13
0
0
0
1.000 0.000
7
8
12 0.00343 0.01471 0.50 0.5
0
0 -1
-1
14
0
0
0
1.000 0.000
8
9
10 0.00427 0.01471 0.50 0.0
0
0 1.0
-1
9
0
0
0
1.000 0.000
9
10
11 0.00427 0.01875 0.50 0.0
0
0 1.0
8
10
0
0
0
1.000 0.000
10
11
12 0.00427 0.01471 0.50 0.0
0
0 1.0
9
-1
0
0
0
1.000 0.000
11
9
13 0.00343 0.01875 0.50 0.5
0
0 -1
4
18
0
0
0
1.000 0.000

IGAP
0

0

0

0

0

0

0

0

0

0

0

157
12
10
14 0.00427 0.01875 0.50 0.0
0
0 -1
5
19
0
0
1.000 0.000
13
11
15 0.00427 0.01875 0.50 0.0
0
0 -1
6
20
0
0
1.000 0.000
14
12
16 0.00343 0.01875 0.50 0.5
0
0 -1
7
21
0
0
1.000 0.000
15
13
14 0.00427 0.01471 0.50 0.0
0
0 1.0
-1
16
0
0
1.000 0.000
16
14
15 0.00427 0.01875 0.50 0.0
0
0 1.0
15
17
0
0
1.000 0.000
17
15
16 0.00427 0.01471 0.50 0.0
0
0 1.0
16
-1
0
0
1.000 0.000
18
13
17 0.00343 0.01471 0.50 0.5
0
0 -1
11
-1
0
0
1.000 0.000
19
14
18 0.00427 0.01471 0.50 0.0
0
0 -1
12
-1
0
0
1.000 0.000
20
15
19 0.00427 0.01471 0.50 0.0
0
0 -1
13
-1
0
0
1.000 0.000
21
16
20 0.00343 0.01471 0.50 0.5
0
0 -1
14
-1
0
0
1.000 0.000
22
17
18 0.00343 0.01471 0.50 0.5
0
0 1.0
-1
23
0
0
1.000 0.000
23
18
19 0.00343 0.01875 0.50 0.5
0
0 1.0
22
24
0
0
1.000 0.000
24
19
20 0.00343 0.01471 0.50 0.5
0
0 1.0
23
-1
0
0
1.000 0.000
*
* Card 3.4
* NLGP
0
*
********************************************************************************
* GROUP 4.0 - Vertical Channel Connection Data
*
********************************************************************************
* CARD GROUP 4
* NGR
4
* Card 4.1
* NSEC NSIM IREB NDM4 NDM5 NDM6 NDM7 NDM8 NDM9 NM10 NM11 NM12 NM13 NM14
3
1
0
0
0
0
0
0
0
0
0
0
0
0
* Card 4.2
* ISEC NCHN NONO
DXS IVAR
1
4
10
0.1
0
* Card 4.4
*
I KCHA KCHA KCHA KCHA KCHA KCHA KCHB KCHB KCHB KCHB KCHB KCHB
1
5
6
9
10
0
0
1
0
0
0
0
0
2
7
8
11
12
0
0
2
0
0
0
0
0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0
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3
13
14
17
18
0
0
3
0
0
0
0
0
4
15
16
19
20
0
0
4
0
0
0
0
0
*4.2 and 4.4 are continue
*Section 2
2
16
40
0.025
0
5
21
0
0
0
0
0
1
0
0
0
0
0
6
21
0
0
0
0
0
1
0
0
0
0
0
7
22
0
0
0
0
0
2
0
0
0
0
0
8
22
0
0
0
0
0
2
0
0
0
0
0
9
21
0
0
0
0
0
1
0
0
0
0
0
10
21
0
0
0
0
0
1
0
0
0
0
0
11
22
0
0
0
0
0
2
0
0
0
0
0
12
22
0
0
0
0
0
2
0
0
0
0
0
13
23
0
0
0
0
0
3
0
0
0
0
0
14
23
0
0
0
0
0
3
0
0
0
0
0
15
24
0
0
0
0
0
4
0
0
0
0
0
16
24
0
0
0
0
0
4
0
0
0
0
0
17
23
0
0
0
0
0
3
0
0
0
0
0
18
23
0
0
0
0
0
3
0
0
0
0
0
19
24
0
0
0
0
0
4
0
0
0
0
0
20
24
0
0
0
0
0
4
0
0
0
0
0
*Section 3
3
4
10
0.1
0
21
21
0
0
0
0
0
5
6
9
10
0
0
22
22
0
0
0
0
0
7
8
11
12
0
0
23
23
0
0
0
0
0
13
14
17
18
0
0
24
24
0
0
0
0
0
15
16
19
20
0
0
* Card 4.5
* IWDE
16
* Card 4.6
* MSIM
720
*
********************************************************************************
* GROUP 7 - Local Loss Coefficient and Grid Spacer Data
*
********************************************************************************
* CARD GROUP 7
* NGR
7
* Card 7.1
* NCD NGT IFGQ IFSD IFES IFTP IGTM NFBS NDM9 NM10 NM11 NM12 NM13 NM14
6
0
0
0
0
0
0
0
0
0
0
0
0
0
* Card 7.2
* CDL
J ICDM
0.120
11
5
6
7
8
9
12
13
16
17
18
19
20
0.170
11
10
11
14
15
0
0
0
0
0
0
0
0
0.120
21
5
6
7
8
9
12
13
16
17
18
19
20
0.170
21
10
11
14
15
0
0
0
0
0
0
0
0
0.120
31
5
6
7
8
9
12
13
16
17
18
19
20
0.170
31
10
11
14
15
0
0
0
0
0
0
0
0
*
********************************************************************************
* GROUP 8.0 - Rod and Unheated Conductor Data
*
********************************************************************************
* CARD GROUP 8
* NGR
8
* Card 8.1
* NRRD NSRD
NC NRTB NRAD NLTY NSTA NXF NCAN RADF
W3 NM12 NM13 NM14

159
9
20
1
1
0
0
0
1
0
0
-1
0
0
0
* Card 8.2
*
N IFTY IAXP NRND DAXMIN
RMULT
HGAP ISECR
HTAMB
TAMB
1
1
1
0 0.00000
1.000 0.00000
1
0.000
0.000
* Card 8.3
* NSCH
PIE NSCH
PIE NSCH
PIE NSCH
PIE NSCH
PIE NSCH
PIE NSCH
PIE
NSCH
PIE
5 0.250
6 0.250
10 0.250
9 0.250
0 0.000
0 0.000
0 0.000
0 0.000
*
* Cards 8.2 and 8.3 continued
2
1
1
0 0.00000
1.000 0.00000
1
0.000
0.000
6 0.250
7 0.250
11 0.250
10 0.250
0 0.000
0 0.000
0 0.000
0 0.000
*
3
1
1
0 0.00000
1.000 0.00000
1
0.000
0.000
7 0.250
8 0.250
12 0.250
11 0.250
0 0.000
0 0.000
0 0.000
0 0.000
*
4
1
1
0 0.00000
1.000 0.00000
1
0.000
0.000
9 0.250
10 0.250
14 0.250
13 0.250
0 0.000
0 0.000
0 0.000
0 0.000
*
5
1
1
0 0.00000
1.000 0.00000
1
0.000
0.000
10 0.250
11 0.250
15 0.250
14 0.250
0 0.000
0 0.000
0 0.000
0 0.000
*
6
1
1
0 0.00000
1.000 0.00000
1
0.000
0.000
11 0.250
12 0.250
16 0.250
15 0.250
0 0.000
0 0.000
0 0.000
0 0.000
*
7
1
1
0 0.00000
1.000 0.00000
1
0.000
0.000
13 0.250
14 0.250
18 0.250
17 0.250
0 0.000
0 0.000
0 0.000
0 0.000
*
8
1
1
0 0.00000
1.000 0.00000
1
0.000
0.000
14 0.250
15 0.250
19 0.250
18 0.250
0 0.000
0 0.000
0 0.000
0 0.000
*
9
1
1
0 0.00000
1.000 0.00000
1
0.000
0.000
15 0.250
16 0.250
20 0.250
19 0.250
0 0.000
0 0.000
0 0.000
0 0.000
*
* Card 8.5
*
N ISTY HPERIM PERIMI RMULT NOSLCHC NSLCHC HTAMBS
TAMBS
* section 1
1
4 0.05448 0.00000 1.00
1
0
0.000
0.000
2
4 0.05448 0.00000 1.00
2
0
0.000
0.000
3
4 0.05448 0.00000 1.00
3
0
0.000
0.000
4
4 0.05448 0.00000 1.00
4
0
0.000
0.000
* section 2
5
2 0.01698 0.00000 1.00
5
0
0.000
0.000
6
3 0.01875 0.00000 1.00
6
0
0.000
0.000
7
3 0.01875 0.00000 1.00
7
0
0.000
0.000
8
2 0.01698 0.00000 1.00
8
0
0.000
0.000
9
3 0.01875 0.00000 1.00
9
0
0.000
0.000
10
3 0.01875 0.00000 1.00
12
0
0.000
0.000
11
3 0.01875 0.00000 1.00
13
0
0.000
0.000
12
3 0.01875 0.00000 1.00
16
0
0.000
0.000
13
2 0.01698 0.00000 1.00
17
0
0.000
0.000
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14
3 0.01875 0.00000 1.00
18
0
0.000
0.000
15
3 0.01875 0.00000 1.00
19
0
0.000
0.000
16
2 0.01698 0.00000 1.00
20
0
0.000
0.000
* section 3
17
4 0.05448 0.00000 1.00
21
0
0.000
0.000
18
4 0.05448 0.00000 1.00
22
0
0.000
0.000
19
4 0.05448 0.00000 1.00
23
0
0.000
0.000
20
4 0.05448 0.00000 1.00
24
0
0.000
0.000
*
* Card 8.6
*
I NRT1 NST1 NRX1
1
9
20
2
*
* Card 8.7
* IRTAB IRTAB IRTAB IRTAB IRTAB IRTAB IRTAB IRTAB IRTAB IRTAB IRTAB IRTAB
1
2
3
4
5
6
7
8
9
0
0
0
*
* Card 8.8
* IRTAB IRTAB IRTAB IRTAB IRTAB IRTAB IRTAB IRTAB IRTAB IRTAB IRTAB IRTAB
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
0
0
0
0
*
* Card 8.9
*
AXIALT
TRINIT
0.0000000 214.22860
0.1000000 214.22860
*
********************************************************************************
* GROUP 9.0 - Conductor Geometry Description
*
********************************************************************************
* CARD GROUP 9
* NGR
9
* Card 9.1
* NFLT IRLF ICNF IMWR NDM5 NDM6 NDM7 NDM8 NDM9 NM10 NM11 NM12 NM13 NM14
4
0
0
0
0
0
0
0
0
0
0
0
0
0
*
* Card 9.6
*
I FTYP
DROD
DIN NFUL ITOX ITIX NDM8 NDM9 NM10 NM11 NM12 NM13 NM14
1 tube 0.01448 0.01248
1
1
1
0
0
0
0
0
0
0
* Card 9.7
* NODR MATR
TREG
QREG
2
1 0.00100 1.00000
*
* Card 9.6
*
I FTYP
DROD
DIN NFUL ITOX ITIX NDM8 NDM9 NM10 NM11 NM12 NM13 NM14
2 wall 0.01698 0.00100
1
1
1
0
0
0
0
0
0
0
* Card 9.7
* NODR MATR
TREG
QREG
2
1 0.00100 0.00000
*
* Card 9.6
*
I FTYP
DROD
DIN NFUL ITOX ITIX NDM8 NDM9 NM10 NM11 NM12 NM13 NM14
3 wall 0.01875 0.00100
1
1
1
0
0
0
0
0
0
0
* Card 9.7
* NODR MATR
TREG
QREG
2
1 0.00100 0.00000
*
I FTYP
DROD
DIN NFUL ITOX ITIX NDM8 NDM9 NM10 NM11 NM12 NM13 NM14
4 wall 0.05448 0.00102
1
1
1
0
0
0
0
0
0
0
* Card 9.7
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* NODR MATR
TREG
QREG
2
1 0.00102 0.00000
*
********************************************************************************
* GROUP 10 - Material Properties Tables
*
********************************************************************************
* CARD GROUP 10
* NGR
10
* CArd 10.1
* NMAT NDM2 NDM3 NDM4 NDM5 NDM6 NDM7 NDM8 NDM9 NM10 NM11 NM12 NM13 NM14
1
0
0
0
0
0
0
0
0
0
0
0
0
0
* Card 10.2
*
N NTDP
RCOLD
IMATAN
1
6
8470.57
Inconel 600
* Card 10.3
*
TPROP
CPF1
THCF
-73
0.377
13.40
93
0.464
15.71
204
0.485
17.44
427
0.527
20.90
649
0.586
24.79
871
0.623
28.83
*
********************************************************************************
* GROUP 11.0 - Axial Power Tables and Forcing Functions
*
********************************************************************************
* CARD GROUP 11
* NGR
11
* Card 11.1
* NQA NAXP MNXN
NQ NGPF NQR NDM7 NDM8 NDM9 NM10 NM11 NM12 NM13 NM14
1
1
2
0
0
1
0
0
0
0
0
0
0
0
*
* Axial Power Forcing Functions
* Card 11.2
*
YQA
0.0
* Card 11.3
* I NAXN
1
2
* Card 11.4
*
Y
AXIAL
0.000000
1.000000
0.100000
1.000000
*
* Total Power Forcing Functions
* Card 11.5
*
YQ
FQ
*
0.0000
0.0000
*
1.0000
1.0000
* 100.0000
1.0000
*
* Radial Power Forcing Functions
* Card 11.7
*
YQR
0.0
* Card 11.8
*
FQR
FQR
FQR
FQR
FQR
FQR
FQR
FQR
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
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1.0000
*
********************************************************************************
* GROUP 12 - Turbulent mixing data
*
********************************************************************************
* CARD GROUP 12
* NGR
*
12
* Card 12.2
* AAAK
BETA
*
1.0
0.04
*
********************************************************************************
* GROUP 13.0 - Boundary Condition Data
*
********************************************************************************
* CARD GROUP 13
* NGR
13
* Card 13.1
* NBND NKBD NFUN NGBD NDM5 NDM6 NDM7 NDM8 NDM9 NM10 NM11 NM12 NM13 NM14
8
0
2
0
4
0
0
0
0
0
0
0
0
0
* Card 13.2
* NPT
3 4
* Card 13.3
* ABSC ORDINT
ABSC ORDINT
ABSC ORDINT
0.0 0.000
0.01 1.000
1000. 1.000
0.0 0.0
9.99 0.0 10.0 1.0 1000. 1.0
* Card 13.4
* Inlet b.c. ---------------------------------------------------------* IBD1 IBD2 ISPC N1FN N2FN N3FN
BCVALUE1
BCVALUE2
BCVALUE3 INITGAS
1
1
2
1
0
2
0.33975
918.7
0.0
1
2
1
2
1
0
2
0.33975
918.7
0.0
1
3
1
2
1
0
2
0.33975
918.7
0.0
1
4
1
2
1
0
2
0.33975
918.7
0.0
1
* Outlet b.c. --------------------------------------------------------* IBD1 IBD2 ISPC N1FN N2FN N3FN
BCVALUE1
BCVALUE2
BCVALUE3 INITGAS
21
12
1
0
0
0
0.0000
918.7
70.00
1
22
12
1
0
0
0
0.0000
918.7
70.00
1
23
12
1
0
0
0
0.0000
918.7
70.00
1
24
12
1
0
0
0
0.0000
918.7
70.00
1
* Card 13.11
* BORON CONCENTRATION (ppm) BOUNDARY CONDITION TABLE ----------------* IBD1 IBD2 N4FN
BCVALUE4
1
1
2
2000.0
2
1
2
2000.0
3
1
2
2000.0
4
1
2
2000.0
*
***********************************************************************************
* Group 14 - Output Options
*
***********************************************************************************
*NGRP
14
* N1 NOU1 NOU2 NOU3 NOU4 IPRP IOPT IPLC IPLG IPLR NM11 NM12 NM13 NM14
5
0
0
0
0
1
2
3 0
0
0
0
0
0
*
*PRCH
*
5 13
17
20
*PRTG
*
9 25
36

163
*PRTR
*
4 10
12
*PRTS
*
5
8
*** Card 14.6 Time Domain Parameter Output (channel)
* Pplc1 Cplc1 Nplc1 Pplc2 Cplc2 Nplc2 Pplc3 Cplc3 Nplc3 Pplc4 Cplc4 Nplc4
cbm
6
40
cbm
8
40
cbm
11
40
*** Card 14.7 Time Domain Parameter Output (gap)
* Pplg1 Gplg1 Nplg1 Pplg2 Gplg2 Nplg2 Pplg3 Gplg3 Nplg3 Pplg4 Gplg4 Nplg4
*
wlm
1
2
wlm
1
8
wlm
1
16
wlm
1
24
*********************************************************************************
* Group 15 - TIME DOMAIN DATA
*
*********************************************************************************
* CARD GROUP 15
* NGR
15
* Card 15.1
*
DTMIN
DTMAX
TEND
EDINT
DMPINT
RTWFP
DPLT
.000001
.0025
30.1
10.0
0.0
1.0
0.5
* Card 15.2
*
DTMIN (if negative stop)
-.001
0.0
0.0
0.0
0.0
0.0
*
********************************************************************************
* END GROUP TIME DOMAIN DATA
********************************************************************************
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