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Abstract

CTF is a thermal hydraulic (T/H) subchannel tool that has been extensively
developed over the past ten years as part of the Consortium for Advanced
Simulation of Light Water Reactors (CASL) program. The code was selected
early in the CASL program for support of high-impact challenge problems that
were found to be relevant to the nuclear industry and its currently operating
fleet of pressurized water reactors (PWRs), including issues such as departure
from nucleate boiling (DNB), crud-induced power shifts (CIPSs), and reactivity-
insertion accidents (RIAs). By incorporating CTF into the multiphysics Virtual
Environment for Reactor Application (VERA) core simulator software devel-
oped by CASL, CTF has become the primary means of providing fluid and fuel
thermal feedback, as well as T/H figure-of-merits (FOMSs) in large-scale reac-
tor simulations. With the goal of solving industry challenge problems, CASL
placed great emphasis on developing high-quality, high-performance, validated
software tools that oled higher fidelity than what is currently possible with
current industry methods. In support of this e [ant, CTF was developed from a
research tool into an nuclear quality assurance (NQA-1)-compliant, production-
level software tool that is capable of addressing the stated challenge problems
and goals of CASL. This paper presents a review of the major technological
achievements that were realized in developing CTF over the past decade of the
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Abstract

CTF is a thermal hydraulic (T/H) subchannel tool that has been extensively
developed over the past ten years as part of the Consortium for Advanced
Simulation of Light Water Reactors (CASL) program. The code was selected
early in the CASL program for support of high-impact challenge problems that
were found to be relevant to the nuclear industry and its currently operating

eet of pressurized water reactors (PWRs), including issues such as departure
from nucleate boiling (DNB), crud-induced power shifts (CIPSs), and reactivity-
insertion accidents (RIAs). By incorporating CTF into the multiphysics Virtual
Environment for Reactor Application (VERA) core simulator software devel-
oped by CASL, CTF has become the primary means of providing uid and fuel
thermal feedback, as well as T/H gure-of-merits (FOMS) in large-scale reac-
tor simulations. With the goal of solving industry challenge problems, CASL
placed great emphasis on developing high-quality, high-performance, validated
software tools that o er higher delity than what is currently possible with
current industry methods. In support of this e ort, CTF was developed from a
research tool into an nuclear quality assurance (NQA-1){compliant, production-
level software tool that is capable of addressing the stated challenge problems
and goals of CASL. This paper presents a review of the major technological
achievements that were realized in developing CTF over the past decade of the
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CASL program and presents an overview of the code solution approach and
closure models.

Keywords: subchannel, LWR, CTF, VERA

1. Introduction

CTF is a descendent of the COBRA/TRAC code developed originally at
Paci ¢ Northwest National Laboratory (PNNL) by Thurgood, et. al [1]. CO-
BRA/TRAC was developed for prediction of light water reactor (LWR) primary
coolant system thermal hydraulic (T/H) response for anticipated transients such
as small- and large-break loss-of-coolant accidents (LOCAs). CTF retains nearly
all of the models and features of the original COBRA/TRAC code with the pri-
mary exception being the removal of the one-dimensional (1D) systems modeling
component, TRAC, which makes the primary focus of CTF modeling of the in-
core region of the LWR. CTF was further developed during the Consortium
for Advanced Simulation of Light Water Reactors (CASL) program and is now
jointly developed and maintained by Oak Ridge National Laboratory (ORNL)
and North Carolina State University (NCSU). A detailed overview of the gov-
erning equations, models, and numerical solution methods can be found in the
code theory manual [2].

1.1. Overview of CTF

As a descendent of COBRA/TRAC, CTF uses a two- uid model for mod-
eling of two-phase ow. CTF performs a time-dependent (i.e., transient) so-
lution, but does o er the ability to check for steady-state during the solution
(i.e., null-transient). A separate set of momentum and mass equations are used
in CTF for modeling of the droplet eld, leading to a two- uid, three- eld so-
lution approach, where \ eld" refers to either the droplets, continuous liquid,
or vapor. Note that, \phase" refers to either liquid or vapor. This allows for
modeling droplet motion that can be independent of the uid Im and vapor
phase, which can be important for modeling of some LWR transients. Because
of the importance of non-condensable gasses during LOCA transients, a mass
equation for non-condensable gas is also solved. This leads to a set of nine equa-
tions being solved, which includes four mass equations (continuous liquid, vapor,
droplets, and non-condensable gas), three momentum equations (continuous lig-
uid, droplets, and vapor), and two energy equations (liquid and vapor). The
droplets and continuous liquid are assumed to be in thermal equilibrium, and
therefore there is no separate energy equation for the droplets. Furthermore,
the non-condensable gas is assumed to be in mechanical equilibrium with the
vapor phase, and therefore there is no separate non-condensable gas momentum
equation.

A ow regime map is used to identify the structure of the two-phase ow,
which considers both normal (pre-critical heat ux (CHF)) and hot-wall (post-
CHF) conditions. A set of interfacial drag and interfacial heat transfer models



is included for each ow regime, which is used for coupling of the separate eld
governing equations. In addition to the uid solution, COBRA/TRAC included
a set of solid energy equations that can be used for solving temperature distribu-
tions in various solid geometries including plates, tubes, solid rods, and nuclear
fuel rods. The solid and uid equations are coupled through the solid surface
heat transfer. COBRA/TRAC included consideration of several di erent heat
transfer regimes including single-phase convection, subcooled nucleate boiling,
nucleate boiling, and Im boiling (post-CHF heat transfer), which are all inher-
ited by CTF. CTF also included models for predicting CHF, transition boiling,
droplet impingement heat transfer, and radiative heat transfer.

1.2. CASL Requirements

Although the basic overview of CTF modeling capabilities indicates a strong
emphasis on two-phase modeling capabilities, the initial requirements in the
CASL program focused primarily on modeling of pressurized water reactors
(PWRs), which are predominantly single-phase ow. The two-phase modeling
capabilities of CTF were an important consideration when selecting a T/H mod-
eling tool because of the intention to model boiling water reactor (BWR)s in
the future. Improvements in two-phase ow modeling for BWRs is currently a
high priority of CTF development, but the majority of CASL e ort was spent
on PWR modeling, which is the main focus of this paper. The high-level re-
quirements of the CASL program related to CTF included the following:

Nominal PWR operating conditions

PWR departure from nucleate boiling (DNB) analysis

Determination of boundary conditions for modeling of crud in PWRs
T/H response in reactivity-insertion accident (RIA) transients

These high-level requirements present a need for modeling the following phe-
nomena:

Single-phase convective heat transfer
Subcooled nucleate boiling heat transfer
Single-phase turbulent mixing
Single-phase wall shear

Spacer grid form loss

Spacer grid heat transfer enhancement
Critical heat ux

Fuel rod temperature prediction
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Figure 1: Diagram of the components of the Virtual Environment for Reactor Applications

1.3. VERA

The primary way CTF is used in CASL is as a component of the multi-
physics core modeling and simulation tool, Virtual Environment for Reactor
Application (VERA) [3, 4]. As shown in Fig. 1, VERA is a combination of sev-
eral individual but tightly coupled modeling and simulation tools, which include
packages for modeling of core neutronics, thermal-hydraulics, fuel performance,
and crud chemistry.

An important aspect of VERA is the common input, denoted as VERAIN,
which allows VERA users to create a reactor model from a single input le,
which each individual code will use to construct its own model. This feature
ensures that individual code models are geometrically consistent and reduces
potential user error that would stem from the need to create individual input

les for each package. A second important aspect is VERAView, which allows
the user to perform visualization and data analysis of a single output le that
is produced by all codes used in VERA.

1.4. Organization of this paper

The goal of this paper is to provide an overview of the work performed dur-
ing the duration of the CASL program on CTF to achieve programmatic goals
related to the improvement of modeling and simulation of PWRs. The main
governing equations and numerical solution approach implemented by CTF is
discussed in Section 2, and the solution approach is discussed in Section 3.
The closure models that are relevant to the CASL requirements are discussed
in Section 4. This section also discusses improvements made to the closures



throughout the CASL program. Section 5 discusses the quality assurance pro-
gram established for development and maintenance of CTF, which was an im-
portant focus of the program. Section 6 discusses the creation of the coupling
interface and integration of CTF into VERA. Finally, Section 7 presents several
examples of using VERA with CTF embedded to solve core-level problems.

2. Governing Equations

CTF uses a two- uid model to model two-phase ow based on the work of
Ishii [5]. A set of time-averaged conservation equations are solved for continuous
liquid, vapor, and droplets and the equations are coupled by interaction terms
to account for mass, energy, and momentum exchange. The following provides a
brief, high-level overview of the equations being solved by CTF. A more detailed
discussion of governing equations can be found in the CTF Theory Manual [2].
The general form of the mass equation is shown in Eq. (1).
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On the left-hand side (LHS) of the equation, the rst term is the change
of mass with time, and the second term is the advection of mass through
the system. On the right-hand side (RHS), the Lk term represents the mass
transfer into or out of phase k (evaporation/condensation or entrainment/de-
entrainment). The nal term, M/, is the mass transfer caused by turbulent
mixing and void drift. The k subscript denotes the eld under consideration
(¢ for liquid, v for vapor, or d for droplets), t denotes time, denotes volume
fraction of the eld, and denotes phase density. The Vi term is the velocity
vector, which has both axial and transverse (i.e., ow directions which are or-
thogonal to the axial direction) components. Note that the volume fraction of
vapor, droplets, and continuous liquid are ensured to sum to unity. The general
form of the momentum equation is shown in Eqg. (2).
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The rst term on the LHS is the change in momentum with time, and the
second, third, and fourth terms are the advection of momentum in the three
possible dimensions, respectively. The X, y, and z variables represent the three
possible directions, and u, v, and w are the three components of velocity for the
principal directions. Considering this, this single general equation will result in
three individual momentum equations ] one for each of the three directions. On
the RHS, the rst term is the gravitational body force, the second is the uid
pressure force, the third is the wall shear, the fourth is the interfacial shear, the

fth is the momentum transfer due to phase change and entrainment, and the
nal term is the momentum transfer due to turbulent mixing and void drift.



The g term represents the gravitational acceleration and P is pressure. Note
that the interfacial shear term will supply an equal force to both sides of an
interface (liquid/vapor or vapor/droplets), it but will have an opposite sign so
that the net force is zero. Also note that CTF solves the conservative form of
the governing equations and is, therefore, actually solving for mass ow rates
instead of uid velocities. The energy equation is shown in Eq. (3).
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On the LHS, the rst term is the energy change with time and the second
term is the advection of energy. On the RHS, the rst term is the volumetric
energy generation in the uid, the second is the energy transfer between phases
due to phase change, the third is the heat transfer to the interface, the fourth is
the heat transfer from the solid objects, the fth term is the pressure work term,
and the nal term accounts for energy transfer due to turbulent mixing and void
drift. Note that an interface jump condition is used to model phase heat transfer.
The h term is enthalpy and Q represents the energy transfer or generation rate.
The i and w subscripts denote heat transfer with the phase interface or the wall,
respectively. The conduction equation, used for the solution of the temperature
distribution in solid objects in the model, is shown in (Eq.) 4.
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The LHS term is the transient change in energy, where V is the volume
of the control cell, C, is the speci ¢ heat of the solid material, and T is the
temperature. On the RHS, the rst term is the heat transfer between control
cell interfaces, the second term is the volumetric heat generation rate, and the

nal term is the heat transfer at the solid/ uid interface, which is equivalent to
the total energy delivered to the uid equations.

The aforementioned set of equations are solved in a simultaneous fashion, but
CTF can also solve passively transported scalars in the system. This capability
was originally implemented for tracking of boric acid in the system [6] but was
expanded at ORNL to handle tracking of any number of passively transported
species that can be coupled to one another (e.g., modeling of xenon and iodine
ina uid fueled system) [7]. The governing equation solved for species transport
is shown in Eq. (5).
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On the LHS is the change in species concentration, ¢, over time. The rst
term of the RHS is the advection of the species, and S is the species source term.
The source term must be de ned by the user; it can be a constant source term
or can be dependent on another species that has been de ned in the system.



Figure 2: CTF discretization of nuclear fuel rod geometry (top view).

2.1. Nuclear fuel model

As stated in the previous section, CTF includes a solid energy equation
for solving the temperature distribution in a number of possible geometries,
including multi-material cylinders, tubes, slabs, and nuclear fuel rods. Because
of the more complex physical behaviors of nuclear fuel rods, the models used are
expanded here. CTF supports modeling of typical LWR nuclear fuel geometry,
which includes a cylindrical fuel pellet inside of a cylindrical metallic cladding.
A cross section view of this geometry, including the CTF discretization scheme,
is shown in Fig. 2. In the gure, the red region is the fuel pellet, the white
region is the pellet/clad gap, the blue region is the clad, and the gray region
is an optional region used to account for crud growth on the surface of the
pin. As the gure indicates, half-rings are used on the surface of the pellet and
clad inside, with nodes placed on the outer pellet surface, inner clad surface,
and outer clad surface. The azimuthal discretization is shown for common
LWR geometry, which includes four subchannels connected to one pin; however,
CTF supports modeling of an arbitrary number of azimuthal connections, which
allows for modeling of triangular pitch bundles, and so on. A conduction solution
is solved for each of these regions, as shown in Eq. (4). The user may choose to
model only radial conduction, both radial and azimuthal conduction, or radial,
azimuthal, and axial (i.e., full three-dimensional (3D)) conduction.

The conduction solution is solved as a series of connected thermal resistances.
The thermal resistance of fuel pellet and clad regions depend on temperature and
burnup-dependent material properties, which can be set as a user input or by
selecting from a series of prede ned materials that are commonly found in LWRs,
such as uranium-dioxide and Zircaloy. If a crud-induced power shift (CIPS) or
crud-induced localized corrosion (CILC) simulation is being performed, the crud
thermal resistance is set by the VERA crud-chemistry package, MAMBA [8].

The remaining region is the pellet/clad gap, which has a signi cant impact



on pellet temperature distribution because of its relatively low thermal con-
ductivity. The CTF modeling approach for this region involves capturing the
primary heat transfer e ects, which include conduction through the Il gas,
conduction due to pellet/clad contact (if the gap is closed), and radiative heat
transfer between the adjacent surfaces. Extensive work was done on the pel-
let/clad gap modeling capability during CASL to ensure that existing models
were correctly implemented and new models are added to allow the capture
of burnup-dependent e ects that a ect the gap thickness. In particular, new
models were added for burnup-dependent thermal conductivity, clad creep, and
fuel swelling, and corrections were made to the existing models (e.g., the fuel
relocation model) [9]. Furthermore, temperature-dependent thermal conductiv-
ity models for a select set of advanced technology fuel and cladding materials
were added to CTF, including U3Si,, UN, UPuZr, SS-316, SiC, FeCrAl, and
HT-9. The coupling interface between CTF and MPACT was improved by (1)
including a checkpoint and rewind capability, which is required for perform-
ing the coupled, iterative solution that is done for a depletion simulation; (2)
adding the transfer of radially dependent power and temperature data between
the codes; and (3) adding the transfer of direct heating of the clad and uid
regions [10].

Note that the gap model also plays an important role in the RIA transient
simulations, where a large amount of energy is deposited into the pellet region in
a very short period of time. Closure of the gap due to thermal expansion of the
pellet results in a rapid increase in the heat transfer rate out of the pellet region.
The gap model was assessed for these conditions by benchmarking against the
BISON ([11]) and FRAPTRAN ([12]) fuel performance codes for conditions of
the CABRI RIA experiments [13].

In addition to the modeling improvements, the fuel rod modeling capability
of CTF has been substantially reorganized and repackaged into a standalone
library that allows it to be used in one of two ways: as a tightly coupled solver in
the CTF transient solution algorithm (i.e., as part of VERA), or as a standalone
component using which the user can explicitly specify boundary conditions and
modeling options [14]. This activity allowed for extensive standalone testing of
the modeling capability; for example, benchmarking was performed against the
BISON fuel performance code for a range of typical LWR operating conditions
to ensure proper functioning of the new models.

3. Numerical solution approach

The governing equations are discretized using a nite volume approach. A
staggered mesh is utilized, whereby the momentum equations are solved in mesh
cells centered on the scalar cell faces. A rst-order upwind di erencing scheme
is used for the advection terms and the approximation of the temporal term is
also rst order. For the momentum equation solution, CTF o ers both subchan-
nel and 3D solution approaches. In the subchannel approach, one momentum
equation is solved for every lateral ow path (gap) in the model, and the ad-
vection of lateral momentum from the orthogonal lateral ow paths is ignored.
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For example, looking back to Eq. (2), and considering the lateral ow direction
is being solved, the y term will represent terms for all lateral directions, and the
z term will be removed, with x representing the axial direction. Therefore, re-
maining in the equation will be lateral advection of lateral momentum and axial
advection of lateral momentum. If the 3D form is used, then the z term would
remain, and there would be advection of lateral momentum in the orthogonal
direction. In all CASL applications, the subchannel formulation is the chosen
solution approach because it is suitable for axially dominant rod-bundle ows.

An implicit continuous Eulerian (ICE) solution method is used to solve the
system of equations, whereby the momentum equations will be solved rst based
on the initial or old timestep solution to produce a \guessed" mass ow rate dis-
tribution. The mass and energy equations will then be used to form a pressure
matrix, which is solved for all control volumes simultaneously. Finally, the pres-
sure matrix solution is used to solve for primitive scalar values and \correct" the
initial mass ow rate distribution so that mass and energy are conserved. After
this step, a series of checks are performed to determine whether the timestep
has passed. These checks are meant to ensure that the independent variables
are not changing by very large amounts that could be destabilizing to the so-
lution and that they are staying within physically realistic boundaries. If this
is not the case, the solution will be reset to the beginning of the timestep, the
timestep size will be reduced, and the timestep will be attempted again.

If the timestep is successful, the species transport is performed using the
updated velocity distribution solution. This process repeats until the transient
is considered nished. Recall that CTF always solves a transient; however, a
feature was added to allow the user to model a steady-state simulation by using
a pseudo-transient. In this approach, checks are performed at the end of each
timestep or at selected points in the transient to determine how much the inde-
pendent values are changing throughout the transient and to determine whether
inlet and outlet mass and energy are balanced. Once these checks satisfy user-
de ned or default stopping criteria, the solution automatically terminates. Fig.
3 shows a ow chart for the solution process. For a steady-state simulation, the
\Transient done™ decision block is replaced by a \Steady-state reached" block.

4. Closure Models

The governing equations presented in Section 2 include several source terms
that must be de ned to complete the uid solution (e.g., solid/ uid shear, solid/
uid heat transfer, etc.). This section presents a high-level overview of the
models that are important to the targeted applications identi ed in Section
1.2. Additionally, several new models were added to CTF to improve on code
accuracy for its intended applications.

4.1. Wall shear and form loss

Pressure loss is calculated by CTF as caused by the following sources: wall
shear, gravitational head, form loss, and the change in ow inertia (accelera-
tion/deceleration). The gravitational and inertial terms are straightforwardly
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Figure 3: Solution steps taken by CTF for solving one timestep of the transient.

captured in the governing equation solution; the former is dependent on uid
density changes and axial position, and the latter is dependent on changes to

uid velocity caused by geometric changes or density changes. The wall shear
and form loss, on the other hand, must be calculated as a source term in the
momentum equation. The form loss is captured using a form loss coe cient, k,
as shown in Eq. (6).

kG?
Pform = 72Dh (6)
Here, G is the mass ux, and Dy, is the hydraulic diameter. The form loss
coe cient, k, is a user-supplied value which dependent on the geometry of the
form loss that is encountered. The wall shear pressure drop is calculated as
described by Wallis [15]:

2
"o Y

h
Here, T is the Darcy friction factor and 2 is a two-phase multiplier, which is
meant to account for the enhanced pressure drop experienced in two-phase ows.
The two-phase multiplier is not discussed further herein because it does not
directly a ect the stated applications of CTF for this particular work. The above
equation provides the pressure drop caused by wall shear on a per-length basis,
which can then be used in the momentum governing equation. The primary
term of consideration when assessing this model is the friction factor, f. CTF
originally provided two Reynolds-dependent correlations for this term shown by

Egs. (8) and (9), both of which are of unknown origin.

12



f = max (1:691Re %43;0:117Re °1%) 8)

f = 0:204Re 92 9)

Because these models were of unknown origin and because neither of the
models considered surface roughness e ects, the Zigrang{Sylvester [16] and
Churchill [17] equations were added as documented in Toptan et al. [18]. The
form of Zigrang is shown in Eq. (10) and Churchill is shown in Eqg. (11):

2
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In these equations, Re is the Reynolds number, is the surface roughness,
and D is the diameter. Note that, regardless of the model employed, CTF always
uses the (fully developed) laminar ow approximation (Eq. 12) for circular pipe

ow, in the event that laminar ow persists.

64
f= Re
As documented in Toptan et al. [18], the new models were veri ed using a
solution veri cation technique that utilizes a Richardson extrapolation to con-
rm that the models converge to a solution at the expected rate. Furthermore,
the Nikuradse single-phase pressure drop experiments ([19] and [20]) were added
to the CTF validation matrix to demonstrate that the models perform well com-
pared to experimental data. A reproduction of these results are shown in Fig. 4.
All four friction factor modeling options are shown on the plot, labeled as 1{4,
which represent Eq. (8), (9), (10), and (11), respectively. As indicated in the
gure, the newer models outperform the legacy friction models (Egs. 8 and 9),
which have a tendency to under-predict the pressure loss data by excluding the
surface roughness term.

(12)

4.2. Wall heat transfer

Because CTF was designed to cover a range of operating conditions that
can be encountered in LWRs, models are included to cover single-phase convec-
tion, subcooled and saturated nucleate boiling, and as post-CHF heat transfer |
including transition boiling, Im boiling, and radiative heat transfer. For this
work and intended CTF applications, only the models that are required up to
and including CHF were required; post-CHF models and radiative heat transfer

13
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Figure 4: Comparison of CTF prediction of single-phase pressure drop in smooth and rough
pipes using the available friction factor models (reproduced from [18]).
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models were not reviewed or modi ed during the work, but their documentation
can be found in the CTF Theory Manual [2].

The CTF heat transfer model uses a partitioning scheme, where heat transfer
caused by the di erent heat transfer mechanisms (e.g., convection, boiling) are
calculated separately and then combined to determine heat transfer to the indi-
vidual phases (i.e., liquid or vapor). The CTF heat transfer model is concerned
with calculating the heat transfer coe cients for each heat transfer mechanism,
which can then be used to calculate the heat ux at the solid/ uid interface.
The total heat ux between a solid and uid interface for pre-CHF conditions
(i.e., no radiative heat transfer or grid droplet breakup e ects) is calculated as
shown in Eg. (13).

“=hTw T)+h(Tw Tsat)+hy(Tw Tv) 13)

In this equation, q¥ is the total surface heat ux, h represents the heat
transfer coe cient (not to be confused with enthalpy, which shares the same
variable name), and T represents the temperature. The subscripts on h (“, b,
and v) represent the heat transfer due to single-phase convection to the liquid,
boiling, and single-phase convection to the vapor, respectively. The subscripts
on T (w, °, sat, and v) represent the temperature of the solid/ uid interface,
bulk liquid, saturation temperature, and vapor temperature, respectively. Note
that the vapor phase heat transfer will be zero unless the adjacent subchannel
becomes liquid de cient, so it can essentially be ignored for pre-CHF conditions.
On the uid side, the energy transfer must be divided between liquid and vapor.
The assumption is made that both the liquid and boiling heat transfer terms
deposit their energy into the liquid phase, and the vapor heat transfer term will
deposit its energy into the vapor phase. Note that the boiling heat transfer term
will result in implicit heat transfer to the vapor phase. This is calculated by rst
determining the amount of boiling that results in vapor generation; a portion of
the generated bubbles will collapse upon leaving the heated surface due to the
liquid being subcooled. Second, by dividing this boiling heat ux by the energy
required to raise liquid enthalpy to the vapor saturation enthalpy (hg h-), the
vapor generation rate due to wall boiling can be determined. Finally, this vapor
generation rate will be used to transfer energy from the liquid phase to vapor
phase. Further details on the implicit heat transfer model can be found in the
CTF Theory Manual [2].

The next step is in de ning the heat transfer coe cients of Eq. (13). The
liquid heat transfer coe cients (h-) will be calculated using the Dittus{Boelter
equation, with the exponent of the Prantdl number (Pr) selected to be 0.4 for
heating applications.

Nu = 0:023Re%8p ro4 (14)

The Nusselt number, Nu, is de ned as h-Dp=k-, where k- is the liquid
thermal conductivity. For the boiling component, the Chen model [21] was
originally the only option. However, a validation study of the Combustion
Engineering (CE) 5 5 bundle tests [22], which are electrically heated rod bundle
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experiments that cover a range of single-phase and boiling conditions, indicated
that the Chen model was signi cantly over-predicting the surface temperature
(under-predicting heat transfer) for subcooled and saturated boiling conditions
at PWR conditions [23]. This nding prompted implementation of the Thom
boiling model [24], which de nes the boiling heat ux as follows:

= ERE 0 g;z&?) (Tw  Tsat)’ (15)

Here, p is the pressure in units of MPa, and the temperature units are

degrees Celsius. By dividing this heat ux by the wall superheat, the boiling

heat transfer coe cient is obtained. If the surface temperature is less than the

local saturation temperature, then no boiling heat transfer will be calculated

by CTF. In addition to the Thom model, the more modern Goren o model was
implemented [25], which de nes a pool boiling heat ux as follows:

() g° "

Ipb = hoF (p )Fw GT%O (16)
In this equation, ho and q¥ are reference heat transfer coe cient (HTC) and
heat ux values de ned by the correlation author, p is the ratio between the
local pressure and critical pressure, and F,, is a wall property factor used to cap-
ture the surface roughness. The F(p ) and n terms are uid property{dependent
terms also de ned by the correlation author. The pool boiling is modi ed to
account for forced convection e ects using the superposition approach de ned

by Steiner and Taborek [26] as follows:

1=3
0" = dic’ + dpp (17

This expression leads to a boiling heat ux that is equivalent to the model
Thom presented in Eq. (15). In addition to implementing these new models for
boiling heat transfer, the criteria for determining the onset of nucleate boiling
(ONB) was also improved by adding the ONB model presented by Basu [27],
which de nes the amount of wall superheat needed for boiling to start as follows:

Py S—— o
— 2 Tsath
Tonb - 7F( ) ghfgkf (18)

The F( ) term is a function to account for the wettability of the surface,
is the surface tension of the uid, g% is the total wall heat ux, 4 is the vapor
saturation density, hgg is the latent heat of vaporization, and k¢ is the liquid
saturation thermal conductivity. The original criterion in CTF for ONB was
simply the wall temperature exceeding the local uid saturation temperature.
This new correlation requires a certain amount of superheating before boiling
begins.

The new boiling models were further validated by Porter ([28]), by compar-
ing against the Westinghouse Advanced Loop Tester (WALT) loop [29], which
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Figure 5: Comparison of CTF and experimental results of the Westinghouse Advanced Loop
Tests when using the boiling models of Chen, Thom, and Goren o in CTF. Di erent symbols
are used to represent the three di erent correlations, whereas the di erent colors represent
the di erent series of tests.

includes surface temperature measurements of boiling conditions at PWR oper-
ating conditions, as well as the Rohsenow tests [30], which also included surface
temperature measurements in boiling conditions, but at atmospheric pressure.
A summary of these results are shown in Fig. 5 (WALT experiments [29]) and
Table 1 (Rohsenow experiments), both of which are reproduced from [28]. The
root-mean-square error (RMSE) statistic is de ned as follows, where N is the
total number of sets of data points being compared, \p" and \m" subscripts
represent the predicted and measured data points, respectively, and x is the
value being compared, which in this case is temperature.

-
1
RMSE = & Ni(pi  Xmi)? (19)

As indicated in the results, the Chen model signi cantly over-predicts the
surface temperature for most conditions. The two series of tests (110a and
110b) that were over-predicted by all models were operated at a lower inlet
temperature than the other tests and result in a clear departure from the general
trend.

4.3. Grid spacer enhancement

The grid spacer enhancement model is a component of the CTF heat trans-
fer model and is important for the modeling of DNB as well as crud growth
behavior. The code originally included the model proposed by Yao et al. [31]
for this purpose, which de nes an axially dependent multiplier on Nu.

Ny B i i
NG, = 1+555 2g 0:132°Dn 1 4+ A2tan e 0°3427Dn (20)
0
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Table 1: Statistical comparison of Rohsenow experimental surface temperature data and CTF
predictions when using each of the three boiling models (Chen, Thom, and Goren 0).

Model Mean [ C] Standard deviation [ C] RMSE [ C]

Chen 9.5 7.1 11.9
Thom 0.9 3.0 3.1
Goren o 1.1 2.0 2.3

In this equation, z is the downstream distance from the top (downstream
edge) of the spacer grid, is ratio of cross sectional ow area blocked by the
spacer grid to the total cross sectional ow area of the subchannel, A is the
fraction of the projected area of the spacer grid mixing vanes, and is the
angle of the vanes with respect to the ow direction. The term in the second
set of brackets is meant to capture the e ects of mixing vane grids; however,
due to lack of validation against experimental data in the paper that proposed
the model, it is generally disabled in CTF simulations by setting A (an input
value) to zero. The multiplier that results from Eq. (20) is then multiplied
by the single-phase convection component of heat transfer (e.g., the h- term in
Eqg. 13). To ensure that the model was correctly implemented, a code veri cation
test was created that compares the CTF solution to an analytical solution for
successive mesh re nements. The model was for a single channel with constant
speci c heat, single-phase, and speci ed axially uniform heat input, which leads
to a linear temperature rise that can be predicted from the following equation:

MCp(Tiigout  Tiig,in) = Qr: (21)

The terms m, Cp, and Qr represent the mass ow rate, speci ¢ heat capac-
ity at constant pressure, and total heat added to liquid from the heated rod,
respectively. Temperature, T, has subscripts \in" and \out" to represent inlet
and outlet of the test. For the heated rod, the local wall temperature can be
obtained by the solid-liquid interface boundary condition, as follows:

(Tw,z Tliq,z).
Dn '

The terms q¥, Nuo, kiiq, and Dy, represent the constant wall heat ux, the
base Nusselt number, thermal conductivity of the liquid, and hydraulic diameter,
respectively. In the current study, the base Nusselt number, Nup, is set as a
constant of 50, and the enhancement factor can be calculated from Eq. (20). The
rod surface temperature with grid enhancement e ects included is calculated by
multiplying the local heat transfer multiplier by Nup.

The model channel dimensions are set to values consistent with prototypi-
cal PWR subchannel geometry, with a mass source inlet boundary condition of
0:3kgs ! and an outlet pressure of 155bar using the following constant ther-
mophysical properties for water: density of 1000kgm 2, thermal conductivity
of 0:65Wm 1K 1, speci ¢ heat capacity of 4:15kJkg 1K 1, and viscosity of

-

W N U0k|iq (22)
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7 10 *Pas !. The spacer grid with a blockage of 0.2 is located at the center
of the rod. The axial mesh is successively re ned with the coarsest mesh having
a uniform size of 0:3m and the nest mesh a size of 0:006 m.

Figure 6a shows rst-order convergence based on the L, norm of the CTF
predicted and expected wall temperature for a series of successive mesh re ne-
ments. This is the anticipated rate of convergence due to the rst-order upwind
scheme that is utilized. The points represent the error for a CTF simulation
performed at a given mesh resolution. The solid line is a curve t to the data
points whose equation is shown on the plot. Finally, a vertical dashed line,
which represents the average CTF mesh size (7:3cm) used in typical VERA
depletion simulations, is also shown. It can be observed that for this mesh size,
the surface temperature numerical error is about 0:56 K. Figure 6b shows the
comparison between CTF and predicted axial wall temperature pro les. As the

gures indicate, the model prediction, as implemented, leads to good agreement
with the analytical solution and also converges at the expected rate.

Although the Yao model is generally suitable for DNB and CIPS assessment
when properly calibrated to the spacer grid design being employed, it may not
capture the heat transfer detail with suitable delity for CILC analysis, which
is one of the intended VERA applications. This is because the model has no
consideration for azimuthal heat transfer behavior around the circumference of
the rod. CILC is a phenomenon in which crud deposits lead to local hot spots
on the rod surface, which accelerates clad oxidation and thinning, which may
ultimately lead to the fuel rod failing [32]. To address this lack of delity, a
new technique called rod thermal-hydraulic reconstruction (ROTHCON) was
developed to better capture spacer grid heat transfer enhancement for CILC-
modeling applications [33]. In this technique, a multiplier approach is used,
similar to the approach of Yao; however, an azimuthal component is added as
shown by the general form below:

Nu(z z
R

As observed in experimental results and computational uid dynamics (CFD)
simulations of rod bundle geometry with realistic mixing vane{type grids, heat
transfer behavior can vary widely from pin-to-pin [34]. Because of this high de-
gree of variability, an approach was taken whereby CFD simulation data of the
speci ¢ spacer grid design is used to develop heat transfer enhancement shape
functions, which can be calculated from the CFD data as follows:

(23)

0 —(T _
M = e (Tw.cep Thi:crD) 4)
hbare| CTF

Here, subscripts denote whether data are coming from \CFD" or \CTF", T
is temperature, \bare" refers to bare-bundle, and h is HTC. The b subscript
indicates bulk liquid temperature in the subchannel that is adjacent the rod
surface. A surface mesh is de ned for the pin, and a multiplier is calculated for
each node in the mesh. To generate the data, a CFD model must be developed
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Figure 6: Grid spacer cooling enhancement veri cation
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for the entire radial size of the assembly (e.g., 17 17 pins in the lattice); how-
ever, only one representative spacer grid span is required. Though this will be
a computationally expensive model, it need only be run once for a prototypical
PWR condition to generate a library of data, which CTF will then read and
utilize for every occurrence of that speci ¢ spacer grid design. Fig. 7 shows
an example of the e ectiveness when the ROTHCON approach applied . Each
sub gure represents a pin that is basically \unravelled,” so that the x-axis is
the azimuthal location on the pin surface and the y-axis is the axial location on
the pin surface. The axial location covers only one spacer grid span; the spacer
grid is located at the bottom of the gure and leads to an enhancement in the
downstream vicinity. As seen in the gure, the CTF results better match the
CFD-predicted temperature distribution with the application of the map.

Furthermore, a validation study was performed for this approach using the
New Experimental Studies of Thermal-Hydraulics of Rod Bundles (NESTOR)
OMEGA test results [35]. This experimental facility was a full-length 5 5 elec-
trically heated rod bundle, operated at prototypical PWR operating conditions
and included realistic mixing-style spacer grids at prototypical span lengths. A
sliding thermocouple mechanism was employed to obtain a very detailed pin
surface temperature distribution for the center nine pins in the bundle. CTF
was used to predict these data both with and without the ROTHCON approach.
The ROTHCON dataset employed for the analysis was similar in design to the
spacer grid used in the NESTOR facility. Fig. 8 presents the statistics for the
comparison in the form of a histogram. Each bar in the histogram counts the
number of datapoints (regardless of which pin or test case from which they were
obtained) that fall within a certain error range, where error is quanti ed using
the RMSE statistic. There are three datasets in this plot, including (1) the base
data (blue), which uses the Yao-Hochreiter-Leech (YHL) model with a blockage
ratio of 0.5; (2) the ROTHCON dataset in one orientation (green); and (3) the
ROTHCON dataset rotated by 90 degrees from the rst orientation (orange).
Note that the spacer grids in the NESTOR facility were rotated 90 degrees from
the previous (upstream) grid every other spacer grid. Because of the variability
in heat transfer behavior that was previously noted, it is important to use the
correct orientation of the model to capture the heat transfer behavior correctly.
As the results indicate, the rst orientation of the ROTHCON data leads to
signi cantly less overall error when compared to experimental data, whether
the YHL model or the second ROTHCON orientation is used.

4.4. Critical Heat Flux

The CHF is de ned as the heat ux where surface heat transfer begins to
drop with increasing surface superheating due to diminished wettability of the
surface. If the heat ux is not reduced upon reaching CHF, then the sur-
face temperature will rise rapidly due to the diminished heat transfer at the
surface. The CHF phenomenon under consideration here speci cally refers to
the low-quality, high-pressure conditions found in PWR conditions and is also
sometimes referred to as DNB. A similar phenomenon that occurs in BWR con-
ditions, often referred to as \ Im dryout™ is not considered as part of this work.
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Figure 8: Number of data points falling within selected error ranges when comparing CTF
and NESTOR experimental data. Three spacer grid enhancement models are tested, which
include the Yao model and two di erent orientations of the ROTHCON model. Note that the
WECS5 5/01 dataset (green) is translucent so that the orange and blue datasets can also be
seen.

Calculation of CHF is important in determination of departure from nucleate
boiling ratio (DNBR), which is the ratio of the CHF to the local heat ux, and
is a gure-of-merit (FOM) in DNB analysis. The goal is to ensure that this
value does not drop below unity (in practice, some value slightly larger than 1.0
to account for uncertainty in the model) anywhere in the core during reactor
transients of interest (e.g., steam line break or pump coastdown). If the ratio
does drop below a threshold value, then this indicates that CHF will be reached,
which can lead to fuel failures.
CTF originally included a general-purpose CHF model that considers the
potential CHF regime, which may be pool boiling, forced convection, or annular
Im dryout. For the pool boiling regime (low mass ux and non-annular ow),
the Bjornard and Gri th model [36] is used or the Biasi correlation [37] is used
for forced convection. In the annular regime, the CHF will be encountered due
to dryout of the Im, which is modeled using the Zuber model [38]. Though the
standard CTF model had the aim of being exible by supporting both high- and
low-quality CHF conditions for low and high mass uxes, a model speci cally
developed for the high-quality, high-mass ux conditions of PWR CHF was
desirable. CTF also includes the W-3 CHF correlation [39], which is suitable
for PWR conditions; however, only the base model was included. To improve
on this and qualify CTF for DNB modeling applications, this model needed to
be veri ed/validated, and it was also necessary to implement the Tong factor to
account for non-axial power distributions [40], as well as the cold-wall factor [39],
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which accounts for the presence of unheated surfaces touching the subchannel.
The CHF correlation used by CTF will have the modi ed form shown as
follows:

Oehe
chf, u
oht = (25)

The qOC‘Lf’ » term is the CHF for a uniform axial power (the actual equation
is omitted here for brevity, but it can be found in the CTF Theory Manual
[2]). The F term is the factor proposed by Tong that accounts for the upstream
heating e ects on bubble content in the boundary layer, which reduces the CHF
value; thus, the factor is generally larger than unity. The F factor is proposed
as follows:

C R(: “@exp[ C( z°]dz°
q"()[1 exp( CN]

The lower bound of the de nite integration, 0, refers to the ONB location.
The | refers to the current axial location, where CHF is being calculated and z°
represents the axial distance downstream of where ONB occurred. Therefore,
the factor is the result of an integration from onset of nucleate boiling to the
current axial level, which means it will be set to unity at any location upstream
of the ONB location. The C term is a factor that accounts for ow quality and
mass ux and was proposed to be as follows:

F =

(26)

_ 423 10°[1 xe(N]”®
- Gl72

C @7

In this equation, X, is the equilibrium quality, and G is mass ux in units
of kgm ?s 1. The Tong factor calculation was implemented into CTF using a
semi-analytical approach, which is done by solving the integral analytically for
each rod level assuming the heat ux is constant over that axial level. The ana-
Iytical solutions are summed for each level from 0 to | to form an approximation
of the total integral. To test the implementation, a solution was generated for
a single pin model, which has a diameter of 9:5mm, a surrounding subchannel

ow area of 8:788 10 ®m?, and a length of 3:66 m. The inlet mass ux of the
channel was set to 3500kgm ?s 1, the outlet pressure to 15:5 MPa, the nomi-
nal linear heat rate to 30:0kW m 1, and the inlet enthalpy to 1262:37kJkg 1.
A cosine axial power shape, de ned as q° =2cos( =L(x L=2)), was applied,
where ¢° is the nominal linear heat rate, L is the pin length, and X is the axial
location.

A Python script was written to solve the W-3 CHF correlation and Tong
correction factor for these conditions. The script discretizes the problem axially
into 200 levels and performs an axial sweep of the pin from inlet to outlet,
calculating the axial quality distribution using a simple energy balance. Local
CHF is a function of the quality, mass ux (input value), pressure (assumed
constant equal to the outlet boundary condition), hydraulic diameter (input
value), inlet enthalpy (input value), and local saturation enthalpy (calculated
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Figure 9: Comparison of the Tong factor predicted by CTF and a manually generated solution
for a single pin case with cosine power shape.

for the outlet pressure). The Tong factor is also calculated for each level by
using the SciPy Integrate package to solve Eq. (26). A CTF model was then
created for the same geometry and conditions and was solved to steady state.
The comparison of the CTF and manually computed Tong factors are shown
in Fig. 9. Note that the Tong factor was limited to a minimum value of 1.0
because it is desirable that the CHF calculation be conservative, and a Tong
factor less than 1.0 would make this value less conservative. Fig. 10 shows a
comparison of the manually calculated and CTF-generated CHF distribution
after the Tong factor is applied. Agreement of both the Tong factor and the
CHF distribution is good between both manually and CTF-predicted values.
To test the cold wall factor implementation, the previous test case was ex-
panded to include an unheated pin. Fig. 11 shows the geometry for this test
case. In this case, the subchannel with index 2 is solved via the Python script
after expanding it to consider the cold wall factor also. Note that Pin 1 in the
gure is heated, whereas Pin 2 is not heated. The ow area of Subchannels
2 and 5 are twice as much as the other subchannels, and the mass ow rate
inlet boundary condition is also doubled so that mass ux is the same as before.
The power of Pin 1 is also doubled to keep the axial quality distribution of
Subchannel 2 the same as the previous case. The axial CHF distribution, with
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Figure 10: Comparison of the CHF (with application of the Tong factor) predicted by CTF
and a manually generated solution for a single pin case with cosine power shape.

26



Figure 11: Geometry of the model used to verify the implementation of the Tong cold wall
factor.

both the Tong and cold-wall factors applied, is shown in Fig. 12 as calculated
by both CTF and the Python script. Again, good agreement between CTF and
the manual calculation was observed.

Notably, although the W-3 correlation with the Tong factors is the default
model in CTF, two additional CHF models | the Groeneveld lookup tables ([41])
and the Bowring correlation ([42]) | were also implemented as additional op-
tions, as documented in Jernigan [43].

4.5. Turbulent mixing

The lateral cross ow that occurs between adjacent subchannels in CTF
occurs via a combination of di erent sources: directed cross ow, turbulent
mixing, and void drift. The directed cross ow is the pressure-driven ow that
arises from the solution of the lateral momentum equations. The turbulent mix-
ing and void drift are e ects captured as a source term in the mass and energy
equations, and they are calculated using the model as presented in Todreas and
Kazimi [44]. The two-phase mass mixing rate, WP, is calculated as follows:

W%D = j#( . vl vii vii ( Vij v;i)equil] (28)

In this equation, and ziTj are the eddy di usivity and the turbulent mixing
length, respectively. The s;; term is the width of the lateral connection, and
the i and j indices represent the two connected channels. Note that the second
void fraction di erence, which has subscript \equil", is the equilibrium void
distribution as de ned by Lahey and Moody [45]. The purpose of this term is
to capture the void drift e ect, which is not signi cant for PWR conditions;
therefore, it is not discussed further. Note that this equation combines the
liquid and vapor mixing. Because of the two- uid model utilized by CTF, this
is actually used as two equations: one for the vapor and one for the liquid, the
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Figure 12: Comparison of the CHF (with application of the Tong factor and cold-wall factor)
predicted by CTF and a manually generated solution for a subchannel touching one heated
and one unheated pin.
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derivation of which is presented in the CTF Theory Manual [2]. Also note that
Eq. (28) presents the mass mixing as a function of the mass gradient between
adjacent subchannels. The mixing rate of momentum and energy are similarly
calculated by replacing the mass gradient by momentum and energy gradients,
respectively.

To ensure that this model functions correctly, a code veri cation test was
designed using an example problem from Todreas and Kazimi Volume |1 [44] as a
starting point. A system of two subchannels with identical hydraulic diameters
that are connected in the lateral direction was created. An inlet ow boundary
condition injecting single-phase liquid at the bottom of both subchannels is
applied. To induce lateral mixing, the inlet enthalpy of one channel is increased
compared to the other. Note that this would normally also cause a change in
density and pressure drop in the two subchannels, which would lead to pressure-
directed cross ow and momentum/mass mixing as well. To isolate the mixing
to energy only so that an analytical solution may be derived, the uid properties
were set to reasonable constant values. The general CTF energy equation solved
for each channel is as follows:

@ @ @ @ _
@(h)+@—x(hu)+@(hv)+@7(hw)— (29)
oP

T 000 000

Gy + n FO0wk et
Note that the terms were dropped from the equation because this is a

single-phase problem. Furthermore, the following assumptions can be made:

1. The case is steady-state, eliminating the transient change in energy and
the pressure work term.
2. The case is unheated, eliminating the mass transfer and wall heat terms,

3. Because the case is set up so there is no lateral directed cross ow (only
lateral energy exchange), only the axial convective term remains.

The simpli ed equation, with x being the axial direction, becomes

= (=g (30)

The density and velocity can be removed from the derivative because they
are constants in the solution. This equation is formulated for each of the two
subchannels in the model as follows. Note that the lateral transport of enthalpy
due to turbulent mixing, q;, is replaced by the form of the model used in CTF,
which is the product of the mixing rate (W}, ,) and the gradient between the
channels (hy  hy), as was previously mentioned.

29



d
M1d7h1 +W] oy h)=0 (31)

d
M2d7h2 Wis,(hy hp)=0 (32)

Each equation is multiplied by the cross sectional area to convert the velocity
to mass ow rate and the volumetric mixing rate to a linear rate. The W/, ,
term represents the mixing rate of energy from Channel 1 to Channel 2. It has
units of kgm 2s ! and is de ned as

W](f ) = S12G: (33)

The term is the turbulent mixing coe cient, which is a user-supplied

value. Physically, it is a nondimensional coe cient that represents the ratio of

the lateral mass ux due to mixing to the axial mass ux. The other terms,

Si12 and G, are the gap width between Channels 1 and 2 and the area-weighted

average mass ux between the two channels. For this case, is set to a value of

0.0035, the gap thickness is based on problem geometry (3 mm), and the mass

ux is based on problem operating conditions.

Returning to Egs. (31) and (32), the enthalpy distribution in the channel

is solved by relating the enthalpy in the two channels at any axial level using
conservation of energy.

mihy + mzhy = mihgin + M2hziin (34)

Because the mass ow rates in the channels are identical, this term cancels

out, and we are left with a relationship between the enthalpy in Channels 1

and 2 and the known inlet enthalpy boundary conditions. This is substituted

into Eq. (31) to develop a rst-order, linear, ordinary di erential equation that
describes the enthalpy pro le in Channel 2:

d 2w/,

7h + 19

dx 2 m
The solution of this equation is

2 Wl0 12
h; m_ (hl;in + h2;in) =0 (35)

1 2W?,
hy, = E(hl;in + hy.in) + Cexp %X : (36)

Using the inlet enthalpy boundary conditions, the value of the constant, C,
is determined. The same process is repeated for the rst channel, leading to
the following nal solutions for enthalpy distribution in the system caused by
turbulent mixing.

1 1 2W? .
h; = E(hl;in + h2:in) E(hz:in hiin)exp ——2%2x 37

1 1
hy, = E(hl;in + ha.in) + E(hz;in hiin)exp ————=x (38)
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Figure 13: Comparison of CTF-predicted liquid enthalpy in channels and the analytical solu-
tion.

The case was run in CTF, and the enthalpy pro le in the two channels was
found to match well with the analytical solution as shown in Fig. 13. To ensure
that the model converges to the correct solution at the expected rst-order
rate, a mesh re nement study was performed by successively re ning the mesh
and calculating the error between the analytical and calculated axial enthalpy
distributions at each mesh re nement. The results of this study are shown in
Fig. 14 by plotting the error at each re nement on a log-log plot. The slope of
the curve in the plot is roughly one, which matches closely with the expected
rate of convergence. This test problem veri es that the turbulent mixing model
functions as intended and, because the form is the same for mass and momentum
terms, provides con dence in those mixing e ects as well.

4.6. Fluid properties

Although it is not actually a closure model, thermophysical uid properties
are needed for closure of the governing equations. For this purpose, a published
set of property tables were utilized. Originally, CTF included a set of data
tables and functions from mixed sources for evaluation of uid properties ([46,
47, 48]). It was decided that a more updated set of uid properties should be
implemented into the code from a single standard. Therefore, the 1997 standard
for properties released by the International Association for the Properties of
Water and Steam was used to implement a new option for uid properties [49].
The properties were implemented as both direct correlation evaluation as well
as a more computationally e cient table lookup approach that tabulates the
data at initialization time and uses multidimensional linear interpolation for
estimating properties.
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Figure 14: Error between CTF and analytical solution for channel energy distribution as a
function of successive mesh re nements.

5. Implementation of Quality Assurance Program

A critical aspect of the development of CTF in CASL was the implemen-
tation of a quality assurance (QA) plan for managing the process for making
changes to the code base. This process is important for ensuring that the code
applications/requirements are well de ned, that the code base is well tested for
its intended applications, and that all code changes are suitably reviewed. The
design of this plan grew over several years of the program, culminating in the
implementation of an nuclear quality assurance (NQA-1){compliant program,
which is documented in the CTF software management plan (SMP) [50]. The
software management strategy can be divided into the following main categories:

source code version control,
testing,
documentation,

problem reporting.

The software management plan uses the Git version control system for track-
ing and managing changes to the code. All of the CTF source code, documen-
tation, and tests are included in the Git repository. Making changes to the code
requires the following:

1. a uniquely identi ed ticket in the VERA issue tracking system, which
documents the changes to be made,

2. that the developer making the changes has completed required developer
training activities identi ed in the SMP,
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3. actual source code changes are submitted as a merge request, which must
then be independently reviewed by at least one other quali ed CTF de-
veloper before being merged into the code baseline, and

4. new features or defect xes must be accompanied by the addition of suit-
able automated tests to the code testing matrix.

Prior to merge request acceptance, the set of changes must also pass a com-
prehensive set of automated tests. Code tests can be divided into the following
general categories:

Unit tests
Integration tests
Veri cation tests
Validation tests

PobdPE

Unit tests are tests on a speci ¢ part, or \unit" of the code. For example,
this may involve calling a speci ¢ function of the code and ensuring that the
function returns the expected answer for a certain set of input conditions. In-
tegration tests ensure that the code, as a whole, works together. In general,
integration tests check for success by comparing the code output to a reference
output le, which is stored in the code repository. These type of tests ensure
that the code does not regress as future changes are made to the code base;
thus, they are often referred to as \regression' tests. Veri cation tests can be
divided into code veri cation and solution veri cation tests, where the former is
concerned with ensuring that the code converges to the correct answer, and the
latter is concerned with ensuring that the code converges for an intended ap-
plication. Substantial work has been done on developing a comprehensive code
and solution veri cation matrix that covers the intended applications of CTF,
which is documented in Salko et al. ([51] and Porter et al. ([52]). These pa-
pers also presented several veri cation studies on new closure models that were
implemented into CTF. Finally, validation testing is concerned with assessing
the degree to which the code results match experimental data. The validation
matrix has been gradually built up over the course of the program to cover the
physical phenomena modeling capabilities of CTF that support its intended ap-
plications. Both the veri cation and validation testing of CTF is documented
in the CTF Validation and Veri cation Matrix [53].

To satisfy QA program documentation requirements, the following docu-
ments have been generated for CTF:

CTF Theory Manual: Description of equations solved, models, and nu-
merical solution method [2]

CTF User’s Manual: Description of code input and output les and in-
structions for using the code [54]

CTF Validation and Veri cation Manual: Assessment of the code for in-
tended applications [53]
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CTF Software Management Plan: Description of the QA program in place
for managing the code, documentation, tests, software changes, and cor-
rective actions [50]

CTF Requirements, Test Plan, and Test Report: Detailed description of
low-level code requirements, the process for testing the code, and descrip-
tion of the test results for the latest release version [55]

The nal element of the QA plan is the problem reporting process, which
exists to ensure a formal process is in place for reporting code defects to the
community of users. A graded system is in place that sets requirements for how
defects are reported depending on the severity of the error and whether the code
version in question is released or not. If an issue is found by a user, then that
user may report the issue to the VERA User Group, which will result in the
issue being reviewed to determine whether an error exists. Whether an error
is found by a user or developer, the error will be tracked in the VERA issue
tracking system, and the error will be corrected according to a schedule that is
dependent on the identi ed severity of the error.

6. Integration into VERA

CTF was originally developed as a \standalone" code | meaning it was de-
signed to execute from start-to- nish, take input from its own custom-developed
input le, and write output to its own custom-developed output le. A goal of
the CASL program was to be able to run CTF as the T/H component of the
VERA software, meaning it would be tightly coupled to other physics code pack-
ages, driven by an external solver, read from a common input le (common to
all physics packages in the VERA simulation), and write to a common output

le.

A rst step in achieving this goal was to modularize the CTF source code so
that di erent activities could be executed outside of the normal sequence. For
example, the code was reorganized so that the process of initializing the code
(i.e., reading input, allocating data, and setting initial conditions) can be done
via a subroutine call without actually performing any solution. Furthermore,
the process of performing a steady-state solution was packaged into a separate
call, the process of writing results to the output le was packaged into a separate
call, and so on. To make it easier for the driver code in VERA to interface with
CTF, the \CTF Coupling Interface" was developed. This interface, which can
be called from Fortran and C/C++ applications, allows the caller to perform
separate operations with CTF, such as initializing the model from an input e,
setting boundary conditions, performing a steady-state solution, solving a stated
timestep, or writing output data. After CTF completes the instructed task, it
simply waits for further instruction from the driver code, and the latest solution
persists in memory. This design allows the driver code to perform a depletion
simulation, for example, by passing power distribution information to CTF,

34



Fuel/Cool Temp, Cool Density

Figure 15: Data transfers performed for the three-way coupling between MPACT, CTF, and
MAMBA

having CTF perform the T/H solution, and passing T/H solution information
for the neutronics solver.

This coupling interface has been used to couple CTF to several applications
in the VERA framework. An example of the three-way coupling between the
MPACT neutronics code and the MAMBA chemistry code is shown in Fig. 15.
If a depletion were being performed that did not require consideration of crud
growth behavior, only the MPACT and CTF components would be used, along
with their associated data transfers. As the gure indicates, the primary data
passed from CTF to MAMBA includes fuel and uid temperatures, heat ux,
coolant pressure, and turbulent kinetic energy (TKE) near the fuel surface.
Only the primary data transfers between CTF and MPACT are shown in the

gure; the actual coupling includes several additional data transfers, including
pin burnup, intra-pin radial power/temperature/burnup distribution [9], clad
and moderator direct energy deposition [10], and inlet radial nonuniform ow
and temperature distribution. Because CTF must be solved several times for the
same depletion step or timestep while MPACT and CTF are iterating, additional
controls are also exposed for saving solution checkpoints and rewinding the
solution.

The VERA common input le is a human-readable text format le that
uses map-based input to de ne pin-resolved LWR geometry for depletion and
transient simulations [56]. A common input le for all VERA applications to
share was an early goal of CASL, recognizing that this would simplify creating
a model and reduce user error related to creating a consistent geometry for the
di erent but coupled VERA applications. To enable CTF to create its model
from this input le format, a preprocessor capability called \XmI2CTF" was
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Figure 16: Screenshot of VERAView visualization of the pin power distribution in a four-loop
PWR simulated by VERA.

developed, which converts the VERA input le to a native CTF input le.
Speci cally, this utility de nes all subchannels, fuel rods, guide tubes, spacer
grids, and subchannel connections in the model based on the VERA input.

The VERA common output le is written using Hierarchical Data Format
5 (HDF5) [57], which is a portable data model, software library, and le format.
Asigni cante ortin the CASL program was the development of the VERAView
software, which is a lightweight Python-based graphical application that can
visualize the core geometry solution data and also produce useful space- and
time-dependent graphs and data reductions [58]. A screenshot of a VERAView
window for a four-loop PWR power distribution is shown in Fig. 16. The top-
left plot shows a contour of the radial core power distribution, the lower-left
plot shows the internal radial pin power distribution in a selected assembly and
axial location, the top-right gure shows the axial power distribution in an axial
slice of the core, and the lower-right gure shows the axial power distribution
in a selected pin in the core.

A nal hurdle to implementing CTF into VERA required reducing the run
time substantially. As the model size is scaled up to core-scale | which in-
cludes tens of thousands of pins and subchannels | the walltime and memory
requirements for performing a single, steady-state T/H solution will increase
to the point where it is not feasible to run a multiphysics simulation, which
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requires dozens of depletion points, which in-turn require many iterations be-
tween the di erent physics packages. To address this, the code was parallelized
using a domain decomposition, distributed-memory approach using the Message
Passing Interface (MPI) standard [59], which targets high performance comput-
ing (HPC) systems. Over the years, this parallelization strategy was improved
by reducing communication overhead, allowing more exible domain decompo-
sition strategies that can scale to a larger number of processors, as well as by
utilizing di erent matrix solvers. Current scaling results were generated with
a recent version of CTF using the Idaho National Laboratory (INL) HPC sys-
tem, Sawtooth, using the CASL benchmark test known as \Problem 7", which
is a four-loop quarter-symmetry PWR pin resolution model. The model con-
tains roughly 14,000 channels, 14,000 pins, and 49 axial level, which makes for
roughly 700,000 uid volumes. Because this is a standalone CTF simulation,
the power distribution was uniform.

Figure 17 presents a stacked line plot of walltime for each major code section
compared against processor count. The sum of the colored regions will provide
the total walltime of the simulation. Note that the CTF decomposition strategy
works by dividing the problem using a fuel assembly as the parallel domain basis.
The user may use 1, 4, 9, or 16 processors per assembly. For this problem, this
leads to 56, 193, 457, or 772 total processors. The 16 processor case is hot shown
in the results because the communication overhead becomes signi cant enough
that no further improvement in runtime is observed. It can be observed from the

gure that the speedup is less substantial when moving from 4 to 9 processors per
assembly. The default decomposition used in a VERA simulation is 9 processors
per assembly. Note that whereas the improvement in runtime from 193 to
457 processors is nominal (17%), a typical VERA simulation uses 500{1,000
processors for the neutronics solve, making the additional cores needed to reach
457 essentially \free" processors. Another way to look at the data is with the pie
chart in Fig. 18, which shows the percentage of time spent in each section of the
code when using the 9 processor per assembly option. As this gure indicates,
any future performance improvement e orts should be directed at optimizing
the pressure matrix solution section. A key takeaway of these results is that
total CTF walltime has been reduced to roughly three minutes per steady-state
solution, which is reasonable for CASL applications.

7. Applications

In the previous sections, it is shown that both experimental data and analyt-
ical solutions were used for the veri cation and validation of both existing and
newly implemented CTF models. A thorough overview of these assessments can
be found in the CTF Veri cation and Validation Manual [53]. Several coupled
applications of CTF in VERA occurred during CASL as well, which are brie y
summarized here.

In one study, VERA was used to perform a coupled multiphysics simulation
of the limiting point in a PWR main steam line break (MSLB) transient [60]
for both low- and high- ow conditions. The MSLB transient is a design basis
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Figure 17: Scaling of the CTF solution of the CASL quarter symmetric four-loop PWR
benchmark problem (Problem 7). Separate sections of the CTF solution are stacked in the
plot, so that the sum of the sections is the total walltime for the case.

Figure 18: Breakdown of walltime spent in each of the major sections of the CTF solution
when using 9 processors per assembly to solve the CASL quarter-symmetric four-loop PWR
benchmark problem (Problem 7).
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Figure 19: Core mass ux distribution for the low- ow MSLB simulation performed with
VERA (reproduced from Kucukboyaci [61]).

accident that postulates that there is a break in the secondary coolant system,
which causes a rapid cooling of the a ected primary side coolant loops. This
causes a reactivity insertion in the core region a ected by that primary loop.
As an added conservatism, the most reactive rod bank is assumed to be stuck in
the fully withdrawn position during the transient. The FOM for this transient
is the DNBR, with the goal being that this value stays above the threshold value
that indicates that no rods experience CHF, which can lead to cladding failure.

This study used the RETRAN-02 system code to perform the system-side
solution and to determine the limiting point in the minutes-long transient. A
CFD solution using STAR-CCM+ was used to estimate a non-uniform inlet and
mass ow rate distribution based on those conditions, which were used to set
the inlet boundary conditions in CTF. Steady-state simulations were performed
using VERA for both a low- ow (natural circulation conditions assuming the
pumps are not running) and high- ow (pumps running) conditions to determine
the core-wide minimum departure from nucleate boiling ratio (MDNBR). This
MSLB study demonstrated that there is a thermal siphoning e ect around the
hot assembly with strong cross ows, which is more pronounced for the natural
circulation case (Fig. 19). The study found that the high ow case is ulti-
mately the more limiting case in terms of DNBR due to the higher core power
conditions; however, both scenarios were found to be below the CHF limit.

In preparation to use CTF for prediction of T/H conditions in fast RIA
transients, CTF was used to model the burst experiments performed at the
Nuclear Safety Research Reactor (NSRR) in Japan [62]. In these tests [63],
high-burnup PWR fuel segments (burnup between 40 and 50 GWd/MTU) taken
from two di erent commercial reactors were inserted into the NSRR, which was
then pulsed to simulate an RIA transient. Seven fuel segments were tested.
Although all test cases experienced DNB, only two fuel rods failed, and it was
observed that the burnup-dependent condition of the cladding (e.g., stress, oxide
thickness, irradiation damage) was likely the cause. It was shown in this work
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Figure 20: Core radial power distribution for AP1000 ¢ hot full power REA transient simu-
lation performed with VERA (reproduced from Kucukboyaci ([64]).

that CTF was able to successfully model the fast transient of these tests and
also successfully predicted DNB occurrence for all cases.

Another study used VERA for the simulation of a reactivity ejection accident
(REA) in the Westinghouse AP1000 ¢ core [64]. In this work, a ve-second
coupled transient was run at both hot-zero and hot-full power conditions. The
core was rst depleted to end-of-cycle using the VERA depletion capability.
Then, the transient was simulated by ejecting the control rod that was previously
identi ed as most limiting. The core power distribution is shown in Fig. 20.
The case was run in two con gurations: one using the standard pin-resolved
CTF T/H feedback and a second using MPACT internal TH solver, which is a
coarse mesh (nodal) T/H feedback model that solves four independent channels
per assembly. The power response of the limiting rod is shown in Fig. 21.

The peak power of the CTF case is reduced due to local thermal feedback
e ects helping to mitigate the neutronic response. An important FOM in this
REA transient is the DNBR. Fig. 22 shows the MDNBR value in the core
throughout the transient as well as the equilibrium quality at that associated
location. As the gure indicates, the value does dip below 1.0, indicating that
post-CHF heat transfer is encountered for a brief period in the transient until
the core trip reduced power.

In addition to depletion, DNB, and RIA analysis, CTF also formed an in-
tegral part of the VERA crud analysis capability, which includes both CIPS
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Figure 21: Core average percent power and ejected rod position during hot full power rod
ejection transient (reproduced from Kucukboyaci ([64])).

Figure 22: Core-wide MDNBR during the AP1000 ¢ hot full power transient simulation
performed with VERA as predicted by CTF (reproduced from Kucukboyaci [64].)
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and CILC. As previously discussed, the ROTHCON capability was added to
support modeling of the CILC phenomenon, which involves localized deposition
of crud (i.e., at a particular axial location on a fuel pin in a grid span and at
a particular azimuthal location on the pin). These localized crud deposits can
cause accelerated clad oxidation, which can ultimately lead to failure. Modeling
of this phenomenon requires the prediction of crud growth rate from MAMBA,
as well as local boundary conditions (fuel pin surface temperature, heat ux,
and steaming rate) from MPACT and CTF. To demonstrate the CILC modeling
capability, a simulation of Seabrook Cycle 5 was performed using VERA [65].
Seabrook is a four-loop PWR that experienced CILC-related fuel failures during
Cycle 5, which was operated between 1995 and 1997.

To demonstrate the impact of using ROTHCON over the traditional YHL
grid spacer heat transfer enhancement model, the case was run with the two
di erent heat transfer modeling approaches, as well as three di erent re nements
of the pin surface coupling mesh (coupling between CTF and MAMBA) when
using ROTHCON. Table 2 (reproduced from [65]) presents the results of this
analysis. The results show that enabling the YHL grid spacer heat transfer
enhancement model substantially reduces the total amount of crud growth in
the core because it acts to suppress total steaming by improving single-phase
heat transfer e ects. However, the ROTHCON feature ] which is based on
more detailed CFD data generated from simulations of the actual spacer grid
design used in the core ] leads to further increased heat transfer and reduced
total crud and boron growth in the core. On the other hand, maximum crud
and oxide thickness experienced in the core is increased over the YHL model
because localized hot spots on the pin surface are better resolved. The increased
crud and oxide thicknesses may point to an increased CILC risk for this core
over the baseline model. Furthermore, it is worth noting that the signi cant
di erences in total crud growth may also point to a need to improve on the
grid heat transfer model used for CIPS analysis, possibly by recalibrating the
coe cients in the YHL model to CFD data. Figure 23, also reproduced from
Salko [65], presents the di erence between the ROTHCON 4 4 and YHL results
for maximum azimuthal oxide thickness for Assembly C-11, which is an assembly
that experienced CILC failures.

It can be observed that ROTHCON tends to predict larger oxide thicknesses,
with some pins experiencing up to 21 micron di erences. Because the pin heat
transfer behavior can vary considerably from one pin to another (due to spacer
grid geometry di erences), the oxide thickness can also vary substantially. The
pin-to-pin heat transfer behavior variation is captured by the ROTHCON ap-
proach but not by YHL model. To give an indication of the level of variation
in crud and oxide thickness that can occur on a single rod alone, Fig. 24 shows
a visualization of crud and oxide thickness for a single rod axial level. In this

gure, the light and dark grey regions represent the clad, and the orange center
circle represents the fuel pellet region (regions as depicted in the gure are not
to scale). The light gray represents the oxide thickness and the orange bars
in the outer ring represent the crud thickness. Because the T/H data is being
reconstructed, it is possible to perform crud and oxide growth solutions at many
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Table 2: Summary of solution parameters for Seabrook Cycle 5 using di erent grid heat
transfer enhancement methods.

Grid Core crud Core boron Max crud Max oxide
method  mass [kg] mass [kg] [ m] [ m]
None 85.6 2.00 115.2 33.6
YHL 55.8 1.16 112.6 31.3
11 37.8 0.53 115.2 35.3
2 2 41.3 0.67 123.0 37.0
4 4 42.8 0.74 130.1 39.5

Figure 23: Prediction of maximum oxide thickness in Seabrook Cycle 5 assembly using ROTH-
CON with a4 4 re nement minus the Yao{Hochreiter{Leech model.

azimuthal locations on the fuel rod.

8. Conclusion

This paper summarizes and highlights the major achievements during the
CASL program that led to the development of the CTF subchannel T/H code for
applications in multiphysics modeling and simulation of industry-relevant PWR
challenge problems. This work developed CTF from a research capability into
a production level piece of software that is managed as part of the NQA-1 soft-
ware program that was developed by CASL for the maintenance of the VERA
software. High-level requirements stemming from the CASL-identi ed challenge
problems drove the development of CTF; intended applications included steady-
state simulation of PWR conditions (depletion analysis), o -normal PWR con-
ditions that require DNB analysis, use in CIPS and CILC analysis, and predic-
tion of T/H conditions in fast transients that are present during RIA analysis.
These requirements prompted a thorough review and further development of
many parts of the code, including the heat transfer model, wall shear and form
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Figure 24: Visualization of crud and oxide growth on the surface of a fuel pin when using the
ROTHCON feature. The center orange circle represents the fuel pellet, whereas the combined
dark and light gray regions represent the clad (the pellet and clad are not to scale). The light
gray region of the clad represents the oxide growth into the cladding surface. The orange bars
on top of the clad represent the thickness of the crud (also not to scale). For this particular
simulation, an 8 8 re nement of the pin surface mesh was employed. Because each pin faces
four subchannels, this leads to a total of 32 azimuthal sectors where an individual MAMBA
and clad oxidation solution is performed.

loss models, CHF models, spacer grid heat transfer enhancement models, and
prediction of fuel rod temperatures and fuel rod gap closure behavior.

The development and implementation of the software quality assurance plan
was of paramount importance because it ultimately instills con dence in the re-
leased software product by ensuring that the source code is strictly controlled,
that requirements are well de ned, that changes are planned, tracked, and in-
dependently reviewed, and that all required functionality is adequately tested.
The testing plan that was implemented is a multifaceted approach. Code- and
solution-veri cation tests are used to ensure that the governing equations and
closure models both converge to the correct solution as well as for the intended
application. Validation tests compare predicted results against measurements
made in a wide array of experiments that represent intended code applications,
thus ensuring that closure models are adequate for intended applications. Fi-
nally, automated unit and integration regression tests are implemented so that
the code can be quickly tested when any source code changes are made, thus
preventing regression of supported capabilities.

The review of closure models and solver capabilities that support the in-
tended code applications have led to implementation of new models for pre-
diction of wall shear, wall heat transfer, rod temperature distribution, CHF,
spacer grid heat transfer e ects, and turbulent mixing. The implementation of
the extensive validation matrix has demonstrated various improvements to the
accuracy of CTF predictions.
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The development of an extensive coupling interface has allowed for the inte-
gration of CTF into the VERA software and so that it may be used for thermal
feedback in neutronics steady state and transient simulations as well as for set-
ting boundary conditions in crud simulations. As a result, CTF has served as
the T/H and fuel temperature solution workhorse package in VERA and has
been utilized for many of the CASL applications of VERA.

Moving forward, CTF continues to be used for the T/H and fuel temperature
solution in VERA applications. In future endeavors, CTF is being further devel-
oped for improved modeling of two-phase ow in BWR conditions as part of a
project supporting extension of VERA to BWRs ([66], [67]). Work is also being
performed to support coupling of CTF to system solvers [68] so that VERA is
better positioned for modeling of transients such as loss of ow and MSLB.
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