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Executive Summary

Coolant-Boiling in Rod Arrays—Two Fluids (COBRA-TF) is a thermal/hydraulic (T/H) simulation code
designed for light water reactor (LWR) vessel analysis. It uses a two-fluid, three-field (i.e. fluid film, fluid
drops, and vapor) modeling approach. Both sub-channel and 3D Cartesian forms of 9 conservation equations
are available for LWR modeling. The code was originally developed by Pacific Northwest Laboratory in 1980
and had been used and modified by several institutions over the last few decades.

COBRA-TF also found use at the Pennsylvania State University (PSU) by the Reactor Dynamics and Fuel
Modeling Group (RDFMG) and has been improved, updated, and subsequently re-branded as CTF. As
part of the improvement process, it was necessary to generate sufficient documentation for the open-source
code which had lacked such material upon being adopted by RDFMG. This document serves mainly as a
theory manual for CTF, detailing the many two-phase heat transfer, drag, and important accident scenario
models contained in the code as well as the numerical solution process utilized. Coding of the models is also
discussed, all with consideration for updates that have been made when transitioning from COBRA-TF to
CTF. Further documentation outside of this manual is also available at RDFMG which focus on code input
deck generation and source code global variable and module listings.
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1. Introduction

Perhaps the most important aspect of the civilian use of nuclear power is ensuring public safety from
radiological releases despite any number of postulated risks to the integrity of nuclear power plant (NPP)
systems. Such insurance is obtained through rigorous testing and re-testing of plant safety systems for any
and all likely accident scenarios that can threaten NPP stability. Accident behavior is best assessed through
a combination of experimental and computational simulations of postulated reactor accident scenarios. With
1988 revisions to Nuclear Regulatory Commission (NRC) safety analysis requirements (10CFR.50.46), great
gains in plant economy as well as safety can be made with the use of computational best-estimate models in
plant design and operation.

COBRA-TF is one such computational tool for assessing NPP behavior. The code, developed originally in
1980 by Pacific Northwest Laboratory under sponsorship of the NRC [1], began as a T/H rod-bundle analysis
code, but has been continually updated and expanded over the past several decades. The code uses a two-
fluid modeling approach with consideration for three separate, independent flow fields; fluid film, vapor, and
liquid droplets. COBRA-TF includes a wide range of T/H models crucial to accurate LWR, safety analysis
including, but not limited to, flow regime dependent two-phase heat transfer, inter-phase heat transfer
and drag, droplet breakup, and quench-front tracking. Due to its full 3D capabilities and extensive array of
reactor T/H modeling capabilities, COBRA-TF has found much use in modeling of LWR rod-bundle transient
analysis and pressurized water reactor (PWR) whole-vessel loss-of-coolant accident (LOCA) analysis.

CTF is an improved version of COBRA-TF developed and maintained by the RDFMG at the PSU. Im-
provements include:

e Transition to FORTRAN 90 source code

Enhanced user-friendliness with improved error checking and free-format input deck

Quality assurance utilizing an extensive validation & verification (V&V) matrix

Turbulent mixing, void drift and direct heating model improvements

Enhanced computational efficiency by implementation of new numerical solution schemes

Better code physical model and user modeling documentation

This document discusses, in detail, the numerical solution and physical phenomena modeling capabilities
of CTF. It is, in essence, a theory manual for the code. The two-fluid modeling approach, associated
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conservation equations and numerical solution process is first discussed in Chapter 2. This is the foundation
for modeling flow — setting up the transport equations for each unique fluid, discretizing them, applying
them to a mesh of the volume, and solving them by a numerical iterative approach.

Setting up the conservation equations is only the first step and they cannot be solved until they are com-
pletely defined. The equations will contain several terms that link similar conservation equations located in
different spatial locations (i.e. mesh cells) due to physical phenomena like void drift and turbulent mixing.
Likewise, they will have terms that link equations in the same spatial location due to inter-phase effects like
phase change and entrainment. These terms are dubbed “closure” terms because they define the remaining
conservation equation terms and allow them to be solved for the independent variables. There are two
general types of these closure terms: field interactions that arise from outside of the mesh cell that a given
conservation equation is defined in or field interactions that arise from within the mesh cell that the given
conservation equation is defined for.

Prior to modeling these micro- and macro-cell interactions, it is necessary to determine the general behavior
of the two-phase flow in the mesh cell being modeled. This is done by using a flow regime map to categorize
the flow behavior into one of several classifications of flow. This allows for accurate determination of the
inter-phase contact area, which is necessary for determination of inter-phase heat transfer and drag, as well
as the correct selection of closure-term models. The CTF flow regime maps and inter-phase area calculation
process are described in Chapter 3.

Chapter 4 then discusses the “macro-interaction” models like wall drag, wall heat transfer, turbulent mixing,
and void drift. Chapter 5 disscusses the “micro-interaction” models like inter-phase mass transfer and inter-
phase drag.

The only remaining unknown parameters at this point are the thermophysical fluid and solid properties.
These properties are available to CTF via intrinsic fluid property data tables and are discussed in Chapters
9 and 10.

With this information and adequete user-provided boundary conditions, CTF is capable of deriving a solution
for fluid behavior; however, it may be desireable to also model the behavior of fuel rods or reactor decay heat
due to their importance in safety analysis. CTF also includes models for heated and unheated conductors,
including nuclear fuel rod models, which are discussed in Chapter 6.

The primary purpose of this manual is the discussion of the theory behind CTF. However, some mention is
also made of the actual source code implementation of the aformentioned models. Additional documentation
outside of this manual are also available for describing instructions for modeling T /H problems using CTF
as well as for providing details on modules and global variables in CTF source code.
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2. Conservation Equations and Numer-
ical Solution

2.1 Introduction

This chapter lays the foundation in describing the CTF flow modeling approach through discussion of the
code conservation equations. The equations are presented in their most basic forms and they are gradually
manipulated into the forms that were used for the creation of COBRA-TF.

A two-fluid model is employed in CTF with consideration for three separate fluid fields — liquid film, liquid
droplets, and vapor. Each of the three fields is modeled with its own set of conservation equations with
the exception being that the liquid and droplet fields are assumed to be in thermal equilibrium and, thus,
they share an energy equation. The sets of conservation equations are formulated either using a Cartesian
coordinate system (3-D solution) or using a simplified sub-channel approach. The user may choose which
approach to use when modeling a system with CTF. The equations are solved simultaneously using the
Semi-Tmplicit Method for Pressure-Linked Equations (SIMPLE).

In this chapter, the general conservation equations of mass, momentum and energy are first presented in
Section 2.2. Assumptions are listed and the equations are reduced where necessary. They are then expanded
out for each field and for each spatial direction.

To be useful in a T/H code environment, the conservation equations must be put into finite-difference form
and then applied and solved over a mesh of finite volumes. The computational mesh structure and discretized
forms of the conservation equations are discussed in Section 2.3. Once the governing conservation equations
are set up for a computational cell mesh of the flow geometry, they must be solved simultaneously using a
numerical approach. The numerical approach is discussed in Section 2.4.
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2.2 Conservation Equations

2.2.1 Introduction

The generalized form of the conservation equations of mass, momentum, and energy are given first with a
description of each term in the equations in Section 2.2.2. After each conservation equation is presented,
assumptions are defined that are used for implementing the equations into CTF. Next, the Cartesian forms
of the CTF conservation equations are shown in Section 2.2.3 and the sub-channel forms of the CTF con-
servation equations are shown in Section 2.2.4.

2.2.2 Generalized Conservation Equations

For a given computational cell, mass, momentum, and energy are conserved. This behavior is captured for
each field using three conservation equations (with the exception of the liquid and droplet fields sharing an
energy equation). This is the heart of the two-fluid model — modeling each phase with its own set of mass,
momentum, and energy equations. The conservation equations, of course, are dependent on one another
and are linked by interaction terms that account for things like mass and heat transfer between phases (e.g.
evaporation/condensation or entrainment/de-entrainment). Each of the conservation equations is presented
and discussed in succession with a description of each term in the equations.

2.2.2.1 Generalized Phasic Mass Conservation Equation

The general mass conservation equation is presented in Equation 2.1.

o N
5 (akpk) + V- (akkak) =L+ MET (2.1)

The k subscript denotes the field under consideration; it can be [ for the liquid film field, v for the vapor
field, or e for the entrained droplet field. On the left-hand side (LHS) of Equation 2.1, the first term is the
change of mass with time and the second term is the advection of the field mass into or out of the volume
(V is the field velocity). On the right-hand side (RHS), the Lj term represents the mass transfer into or out
of phase k — inter-phase mass transfer can occur by either evaporation/condensation or by entrainment/
de-entrainment. The L term is expanded for each field as follows:

Ly =T", (2.22)
Li=—-1—-nT" —8" and (2.2b)
Lo = —nT" + 5" (2.2¢)

The I term represents the volumetric mass transfer due to phase change. Note that the I term is
additive for the vapor field whereas it is subtractive for the liquid and droplet fields — if the sign of I is
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positive, evaporation adds mass to the vapor and subtracts it from the liquid fields (the reverse is true for
condensation). For the liquid and droplet fields, I is multiplied by 1 — n and 7, respectively. The 7 term
represents the fraction of phase change occurring between vapor and entrained droplets. Equation 2.3 shows
the definition of n for the case of evaporation while Equation 2.4 shows the definition of n for the case of
condensation.

o
Nevap = MiN aeIw,Hfg (2.3)
1—a,
Qe
, 2.4
Mecond 1—a, ( )

In Equations 2.3 and 2.4, Q7 is the volumetric heat transfer from the wall to liquid phase and Hy, is
the latent heat of vaporization. The phase change model used for the calculation of I" along with the
entrainment/de-entrainment models are described in Chapter 5.

The final term of the general mass conservation equation is the mass transfer in the mesh cell due to turbulent
mixing and void drift. Advanced turbulence models are not included in CTF and because axially-dominated
sub-channel flow is assumed, a simple turbulent diffusion model is used to calculated turbulent transfer of
axial momentum through sub-channel gaps. Note that turbulent mixing only occurs in the lateral direction.
The turbulent diffusion approximation and void drift models are further discussed in Chapter 4.

2.2.2.2 Generalized Phasic Momentum Conservation Equation

The momentum conservation equation is given in Equation 2.5.

% <Oékpk‘7k) + 8% (O‘kpkukvk) + 8%/ (akpkvk‘?k) + % (Olkpkwk‘?k) (2.5)

= agprg — oy VP + V- [ak (T;j +T§gﬂ +M,CL +M,§+M{

On the LHS, the terms are change of volume momentum with time and advection of momentum. Note that
the LHS terms multiply by the vector velocity V), and so each term will have three components (u;ﬁ—!— o] +
wkE) and result in three separate momentum equations for each of the three directions (if using Cartesian
coordinates). On the RHS, the terms are: gravitational force, pressure force, viscous and turbulent shear
stress, momentum source/sink due to phase change and entrainment, interfacial drag forces, and momentum
transfer due to turbulent mixing. The pressure has no phase dependency because it is assumed to be equal
in all phases and gravity is assumed to be the only body force.

The turbulent shear stress term is actually not modeled in CTF, so it is eliminated in future forms of the
momentum equation. Turbulent mixing is captured using a simple turbulent diffusion approximation.

The viscous stress term can be expanded into wall shear and fluid-fluid shear components, as follows:
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'L _ =
(ae e ) - Twe

V-
V() =7+ V- (aol)
V- (aﬂ'l ) =74+ V- (alafj) (2.8)

The 7/, 7" and 7/ terms are the volumetric wall drag and form losses of the entrained, vapor, and liquid
phases, respectlvely Note that the entrained droplet field is assumed not to contact the wall and, thus, there
is no wall drag; however, the 7/ term does account for form loss effects experienced by the droplet field.
The liquid-liquid viscous shear stresses actually aren’t modeled by CTF and so they are eliminated in future
derivations of the momentum equations.

The M L term is the momentum source/sink due to phase change and entrainment/de-entrainment — it is
expanded as follows:

ME=1"V (2.9a)
MF = -T"(1—-n)V —-8"V (2.9b)
ME = 1"V + 8"V (2.9¢)

The V term is the velocity of the phase that mass is coming from. For example, if evaporation is occurring
from the droplet field then the momentum, I'"/nV,, will leave entrained field and be subtracted from the
droplet field momentum conservation equation. Conversely, that same amount of momentum will enter the
vapor field.

The interfacial drag term, M 4. can simply be expanded for each of the three fields as follows:

ME= -7 — 7" (2.10a)
M =7, (2.10Db)
M2 = 7" (2.10c)

The 7", and 7"/, terms are the volumetric inter-phase drag forces for the vapor-liquid and vapor-droplet
interfaces, respectively. Note that the drag terms are subtractive for the vapor field and additive for the
droplet and liquid fields. This is because the CTF convention is for the vapor phase to move faster than
liquid and droplet phases, which means that interfacial friction would act against the vapor phase, but with
the liquid and droplet phases. If the opposite were true, and the vapor phase were somehow moving slower
than the liquid and droplet phases, the signs of the terms would simply be reversed in CTF. The interfacial
shear is a flow regime-dependent value and its calculation is further discussed in Chapter 5.

The final term of Equation 2.5 is the momentum source due to turbulent mixing and void drift, M I'. Note
that only axial momentum is convected by turbulent mixing and void drift.
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% - vertical
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¥ l.;:'-:' > V — orthogonal

Figure 2.1: Control volume defined in Cartesian coordinates

2.2.2.3 Generalized Phasic Energy Conservation Equation

The generalized energy equation is presented in Equation 2.11.

% (akprhi) +V - <akpkhk‘7k) =-V- [Oék (Qk + ffkr)] + (2.11)

Z. oP
Fkhk + qZ}/k =+ OLkE

The LHS terms are change of phase energy with respect to time and advection of phase energy into or out
of the cell. The RHS terms are: k-phase conduction and turbulence heat flux, energy transfer due to phase-
change, volumetric wall heat transfer, and the pressure work term. It is assumed that there is no volumetric
heat generation occurring in the fluid, radiative heat transfer only occurs between solid surfaces and the
vapor/droplet fields, internal dissipation is negligible, and, once again, pressure is uniform throughout the
phases.

There is actually no modeling of heat conduction in the fluids and so Cjk is zero in CTF. The ¢ term
represents energy exchange by both turbulent mixing and by void drift; however, it is only considered in the
lateral and orthogonal directions.

2.2.3 CTF Expanded Conservation Equations in Cartesian Form

The generalized conservation equations are presented in their expanded form in this section with consideration
for the aforementioned assumptions. Each field conservation equation is explicitly written out. Figure 2.1
shows a control volume defined for the Cartesian geometry|[2].
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2.2.3.1 Mass Continuity Conservation Equation in Cartesian Coordinates

Vapor conservation of mass is shown in Equation 2.12.

a 8 a 6 11’
ar v v a_ vFPvthy a0 vPv Vo a_ vPov Wy :F,N MT 2.12
g7 (0pe) + 5o (@uputi) + g (@upuv) 5 (@upws) = I+ M (2.12)

Liquid conservation of mass is shown in Equation 2.13.

0 0 0 0 "
En (cupr) + p (cuprwr) + ay (aqgprvr) + e (upywy) = =T (1 —n) = 8" + M} (2.13)

Droplet conservation of mass is shown in Equation 2.14.

0 0 0 0 ”
a (aepl) + % (aeplue) + aiy (aeplve) + & (aeplwe) = _an + 8" + MeT (2'14)

2.2.3.2 Momentum Conservation Equation in Cartesian Coordinates

Each field can move in three separate directions in Cartesian coordinates, so there is an z-, y-, and z-
component of each field’s momentum conservation equation. The vapor conservation equation for the z-
direction is given in Equation 2.15.

0 0 0 0
e (qypotiy) + o (Qwpouiytiy) + Fy (o potinvy) + 9z (wpotiywy) (2.15)
nk
oP
= 0y = owpog = T, = T = T AT Y (M ke
k=1

The axial component of momentum can be convected into the mesh cell from any of three directions, which
accounts for the three advection terms on the LHS of Equation 2.15. The three shear terms only include
shear forces acting on the vapor phase in the z-direction. The momentum source from mass transfer, I u,
will have components of phase change from both the droplet and liquid fields and the phase velocity that
multiplies by I’ will be dependent on the direction of phase change (i.e. evaporation or condensation). The
final term accounts for turbulent mixing of axial momentum — it is summed over all transverse connections
to the mesh cell.

The y- and z- components of vapor momentum conservation are shown in Equations 2.16 and 2.17, respec-

tively. Note, there are no gravitational body force terms in the y- and z- component equations and no
turbulent mixing of transverse momentum.
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0 0 0 0 oP
a (avpvvv) + % (avpvvvuv) + aiy (O‘vpvvvvv) + & (avpvvvwv) = —Qy 872/ - T\i//_;,v - Tig,/vl - Tig,/ve +F/NU (216)
oP
ot (e powy) + o (Qw powytty) + aiy (Qw prwyvy) + 92 (wprwywy,) = _ava - Tv/v/z/,v - Ti/z/,/vl - Ti/z/,lve +I"w
(2.17)
The liquid conservation equations are given in Equations 2.18, 2.19, and 2.20.
0 0 0 0
o7 (uprun) + o (cupruw) + a (Quprurr) + == (eupriwn) (2.18)
nk
oP
=20 g L At Y
k=1

0 0 0 0 oP
5 (auprvr) + 32 (aqprvguy) + o (auprvgvy) + % (ayprvywy) = —alﬁ—y -7+l =T (1 =nv (2.19)

0 0 0 0 oP
g (uprw) + P2 (uprwrug) + o (uprwivy) + 2 (uprwiwy) = —og = T T, =T (1 =nw  (2.20)

Note in the liquid momentum equations that the interfacial shear components became additive while the
momentum source due to mass transfer became subtractive.

Equations 2.21-2.23 show the z-, y- and z- components of momentum conservation for the entrained field.

— (« u)Jrg(a uu)Jrg(a uv)Jrg(a UeWe)
ot ePlUe o ePlUecUe 8y ePlUeVe Oz ePlUeWe (221)
nk
aP "
= —Oeg -~ Qepg — 4T =T+ ,; (M,

o0 1o} 0 0 oP
— (eprve) + = (Qeprvetie) + = (Qepiveve) + = (Qepivewe) = —e— — 77+ 77 —T"nv  (2.22)

at 8.’1} 8y az 8 wy,e iy,ve
0 0 0 oP
iy (vepre) + g (epuivetie) & 50 (epuiveve) + 5 (@cpnvette) = —ae g = T T, = I (2.29)
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2.2.3.3 Energy Equation in Cartesian Coordinates

There are only two energy equations required — one for vapor phase and one for the entrained and liquid
fields. Equation 2.24 provides the vapor energy equation in Cartesian coordinates.

0] 0 0 0] 0 0 oP
a4 v 'uhv a_. v vhv v a_ v vhv v a_ v vhv v) = 7 r —ql F///h - vV o,
at (O[ p ) + 813 (O[ p U ) + ay (O[ p v ) + az (OZ p w ) 8yqv,y + 8qu,z + + qu +a at

(2.24)

The ¢! term is the transfer of energy into or out of the mesh cell due to turbulent exchange; it is calculated
using a turbulent diffusion approximation. Enthalpy will be carried into or out of the mesh cell in the
lateral directions only, hence the absence of the z-direction term. The I/} term is the implicit heat transfer
term which accounts for evaporation and condensation effects. The enthalpy in the term will either be the
saturation liquid or vapor enthalpy; however, no subscript has been provided in Equation 2.24 for h because
the implicit heat transfer model is slightly more complicated than it is depicted here, as it takes into account
contributions of mass transfer from subcooled liquid, subcooled vapor, super-heated liquid and super-heated
vapor. The enthalpy carried with I will be dependent on the evaporating and condensing sources. The
implicit heat transfer model is further discussed in greater detail in Chapter 5.

Equation 2.25 presents the liquid energy equation.

0 0 0 0 0
En (a1 + ae)pihy) + 2 (auprhyuy) + 9 (aeprhiue) + o (ayprhyvy) + oy (aepihive) (2.25)

0 0 0 0 oP
7 h 7 . h L) = — T T _F///h " ) —
+ 3, (uprhywy) + % (aeprhiwe) e + 5,4 + Gy + (a1 + ) 5

Equation 2.25 includes six advection terms since both droplet and liquid fields are modeled. However,
turbulent mixing and void drift only causes mixing of the liquid field.

2.2.4 CTF Conservation Equations in Sub-Channel Form

The sub-channel approach is a simplification of the conservation equations that only considers two flow
directions — axial flow and lateral flow. The lateral flow directions are not a set of fixed coordinates; instead,
the term, “lateral flow” covers any orthogonal direction to the vertical axis. Because fixed coordinates are
not defined for the lateral direction in the sub-channel approach, lateral flow has no direction once it leaves
a gap. Lateral flow enters a sub-channel volume through “gaps” between the volume and other adjacent
sub-channel volumes. This is a suitable assumption for the axially-dominated flow of a reactor fuel bundle
because the relatively minuscule lateral flows transfer little momentum across sub-channel mesh cell elements.
The result of this assumption is one less momentum equation for each of the three fields.
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2.2.4.1 Mass Conservation Equations in Sub-Channel Coordinates

The vapor, liquid, and entrained droplet mass conservation equations are presented in Equations 2.26 — 2.28.
The gap velocity is now represented by wyg. The gap mass transfer terms are summed over all the gaps
connecting to the mesh cell.

(9 a nk ; nk »
& (041;,01)) + % (aq)pvuv) + Z (Oéupku)k - F, ! + Z (Mv >k (226)
k=1 k=1
P 9 nk nk
a1 (cupr) + D (cuprwr) + Z (auppwy)y, = —T"(1 —n) — 8" + Z (Ml )k (2.27)
k=1 k=1
9 9 nk nk
ot (cepr) + P (aeprtie) + Z (aeprwe), = —T""n+ 5" + Z (MeT )k (2.28)
k=1 k=1

2.2.4.2 Momentum Conservation Equations in Sub-Channel Coordinates

Momentum equations are needed only for the axial and lateral direction for each field. The axial momentum
equations for vapor, liquid, and entrained droplets are presented in Equations 2.29-2.31. The additional
terms, A, A, and Sy, are the axial cross-sectional area, gap cross-sectional area, and gap width, respectively.
The axial momentum equations have an advection term dedicated to the axial direction and a second
advection term that handles transverse convection of axial momentum from all existing volume gaps. All
gaps that are connected to the axial momentum cell are considered for the transverse advection term in the
axial momentum equation.

nk
9 d
7 (wpotwd) + = (aupotve A) + kz::l (0t oty S),, (229
= —« Aaj — A" A A A—i—l—‘muA—‘,—nZk (MTWA>
v o vPvd W,V i vl ixve 2 ! .
nk
0 9 oP
9 (upruA) + I (upruu A) + Z (pruwS), = *OqA% —apgA—T" A+ 7" A (2.30)
k=1

nk
—T7(1 - n)ud — S"uA + ; (Ml A)k
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nk

a a _ ap " "
5 (aeprucA) + 2 (eprueucA) + kZ:l (aeprucweS), = faeA% —aepgA -1, A+T. A (2.31)
nk
B " A M ”’A
nuA + S"uA + ,; ( . )k

The transverse momentum equations, which are solved for transverse momentum cells (to be later discussed
in Section 2.3), have advection terms for the axial direction and for the direction of the gap that is being
modeled. The transverse directions that are orthogonal to the gap direction are not considered in the sub-
channel approach. Further, gaps cannot convect transverse momentum from and to one another because
they don’t know of each other’s existence. Instead, transverse momentum simply “disappears” when it leaves
a gap and goes into a channel. The lateral advection term in the equations will be convecting zero transverse
momentum into the gap if fluid velocity is going into the gap, whereas it will convect the gap momentum
out of the gap if fluid velocity is going out of the gap.

Lateral momentum equations are shown in Equations 2.32-2.34. Axial velocity can still convect lateral
momentum in and out of the transverse momentum cells because gap cells are aware of other gaps above
and below them. The sub-channel momentum equations are further described after the CTF mesh and
finite-differenced conservation equations are described in Section 2.3.

0 0 0 oP
ot (avpvwv) + 92 (avpvwvwv) + o (avpvwvuv) = _avg - Tvlv/)/(,v - Til):,lvl - 7—i/::,/ve +IM""w (232)

0 0 0 oP
% (aqprwy) + 3 (ayprwywy) + p (uprwiuy) = —g - - o+l =T (1= nw - S"w  (2.33)

oP
(eprwette) = —ce— — 7+ 7" —T"nw+ S"w  (2.34)

0 0
0 (aeplwe) + = (O‘eplwewe) + 0z wx,1 ix,ve

9
ot 0z ox

2.2.4.3 Energy Conservation Equations in Sub-Channel Coordinates

The vapor and liquid energy conservation equations are given in Equations 2.35 and 2.36.

nk nk
0 0 1 oP
& (avpuhv) + % (avpvhvuv) + § (avpvhvwv)k - - g qu + F/I/h + qﬁ,’v + vaiat (235)
k=1 k=1
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nk nk

0 0 0
& (Oélplhl) + % (Oélplhlul) + % (Oéeplhlue) + kZ:l (alplhlwl)k + kZ:l (aeplhlwe)k (2.36)

nk
"’ 6P
- Z q  —T"h+q+ (a+ ae)a
k=1

2.3 Discretized Conservation Equations and Computational Mesh

2.3.1 CTF Flow Volume Meshing Approach

For the aforementioned conservation equations to be of practical use, they must be applied in some way to
the modeling geometry. This is achieved by generating a mesh (grid) of volumes and then setting up the
collection of mass, momentum, and energy equations for each field in each of the mesh cells. Actually, two
meshes are utilized which are staggered from one another. One mesh — further called the scalar mesh —
is used to define the scalar variables (e.g. a, P, h, and fluid properties). The second mesh — further called
the momentum mesh — is used to defined the fluid velocity field. The choice for a staggered mesh comes
down to numerical stability and accuracy issues which are discussed in more detail in Patankar [3].

Technically speaking, there are actually three different meshes; the momentum mesh is comprised of trans-
verse momentum cells and axial momentum cells. This is due to the fact that we solve for both transverse
and axial velocities. Figure 2.2 [4] shows how scalar mesh cells and axial momentum mesh cells overlap.
Note that the scalar mesh cell and the axial momentum mesh cell just above it have the same index identifier
(in the figure and this document, they are differentiated by capital and lowercase letters, but in the actual
CTF source code, the case is the same).

The scalar quantities are defined at the center of the scalar mesh cells and the velocities are defined at the
center of the momentum cells. As a result of this fact and the staggered mesh approach, the axial velocities
will be available at the top and bottom faces of the scalar mesh cell. In a similar fashion, the transverse
velocities will be available on the side faces of the scalar mesh cells because the transverse momentum cells
overlap the scalar mesh cell sides, as shown in Figure 2.3 [4]. Note that in Figure 2.3, the adjacent lower-
and higher-numbered scalar mesh cells are labeled with indices ¢ and jj.

The mesh generation process is handled by CTF after basic model information is provided by the user. That
basic information includes the number of model sections, channels per section, scalar mesh cells per channel,
and channel connection information. A section is a grouping of channels which are all of the same total
length. Sections communicate with one another via mass, energy, and momentum transport, but only in the
axial direction (i.e. there are no gaps between sections). The user defines the number of channels located
within each section and then tells CTF how the channels communicate with channels above or below the
section they reside in (or if they don’t communicate with any channels, be they next to a boundary).

Inside the section, the user declares which sub-channels communicate laterally via gaps, the channel geometry
information, and the number of scalar mesh cells within the channels. It is also possible to have variable
scalar mesh cell lengths in a section, should it be necessary to obtain greater flow field detail in a certain
model location. An example of a model mesh is presented in Figure 2.4 [5].
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Figure 2.2: Scalar mesh cell and axial momentum mesh cell configuration
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Those features are the extent of user-control over the model meshing procedure. With that information,
CTF will make a structured scalar mesh grid and then connect the scalar mesh cells with axial momentum
cells. A transverse momentum cell is created for each scalar cell in channels that are defined to have gaps
— if no gaps are defined, no transverse momentum cells will be created.

Finite-difference forms of the conservation equations which can be solved by numerical method are then
defined for the solution mesh. The discretized forms, like the previous forms, can be in Cartesian or sub-
channel forms, but, as will be shown, actual transverse direction is not important for the mass and energy
equations. The user has the responsibility of choosing which form of the conservation equations should be
used. If the Cartesian form is chosen, it is necessary for the user to enter extra information, such as the
other gaps that each gap faces and which gaps convect momentum in the orthogonal direction.

2.3.2 Finite-Difference Conservation Equations

With the basic flow modeling equations laid out and the flow volume meshing approach understood, we
turn to reforming the conservation equations in finite-difference form. The derivation begins with the mass
conservation equation.

2.3.2.1 Finite-Difference Mass Conservation Equation

We start from the expanded mass conservation equations of Section 2.2.3.1. Equation 2.12 is repeated here,
which is the expanded vapor mass conservation equation in Cartesian coordinates.

2 0 [ 9 S (e
ot (avpv) + Oz (avpvuv) + 8y (avl)vvv) + B (avpvwv) =I'" + ; (Mv )k

First, the volumetric mass creation term is transformed into a total mass creation term by multiplying
through by cell volume.

9 ) 9
= AXAYAZ + — AXAYAZ + — AXAYAZ
o (awpv) + o (Cwpotin) + dy (Qwpyvy) (2.37)
8 nk
_ T
+ 52 (ppowy) AXAYAZ =T + ;; (M),

The partial derivatives are expanded by taking the difference in mass change over time and over the control
volume spatial directions in the specified directions.
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[(avp,U)J - (Oévpv)m AXAYAZ

At
na ~ nb _
’Zl [(avpv)nuv,jAYAZ] ia 41221 [(avpv)nuv,j—lAYAZ] ib
4 fa= ib = AX
AX
nkyyay N nk,y . (238)
[(avpv)”vq,,JAZAX] o T > [(aqu,)”vvJAZAX] k
N kytay =1 y+Ay ky =1 Y AY
AY
nk’z+Az . nk, .
. . [(Ofupv)”%,JAYAX] keins kz . [(avpy)nvv,JAYAX] k. nk
z4+Az = z =
A7 AZ:FJrkZ::l(MUT)k

Starting with the first term on the LHS, the temporal change in mesh cell mass is represented by subtracting
the old time step mass from the new time step mass. The old time step values are represented with an n
superscript.

The next three fractions are the advection terms in the z-, y- and z-directions. The reason we see summation
operators in these terms is because each side of the scalar mesh may have multiple connections to other cells.
The first term subtracts all the scalar cell top face (na) flow rates from all the bottom face (nb) flow rates.
The positive direction for axial flow is defined moving from the cell bottom to cell top. The CTF convention
is that flow moves from bottom to top, hence the given formulation.

A new superscript, 7 appears in the advection terms. This superscript means that the scalar cell from which
the term comes is dependent on the flow direction. For example, if in the axial advection term, w, j_1
is positive then (a,py,)s—1 will be used and mass will be taken from cell J — 1 and deposited into cell J.
However, if u, ;_1 is negative, mass will be removed from cell J and put into cell J —1 and (a,p,)s will be
used.

The second advection term subtracts all the y+ Ay face flow rates from the y face flow rates. The z-direction
advection term is similarly derived. In the next derivation, the actual orthogonal direction is collapsed into
one term since the direction has no impact on the mass conservation equation. Furthermore, the correct
geometry terms are used. Note that in this modification, the removal of the directional dependence in the
advection terms, converts the equation into a form that would be arrived at using the sub-channel approach.

- na } nb }
[(Oévpv)JAt(Oévpv)J] AX‘]AC,‘] + Z [(aupv)nuv,jAm,ia] " Z [(avpv)nuv,jflAm,ib} W (239)
ia =1 b =1
nk B nk
+ Z [(avpv)"wkﬂ,Lk]J AX;=T+ Z (MvT)k + Source
k=1 k=1

Here, the AX/AX, AY/AY, and AZ/AZ terms in the advection terms have been cancelled. The scalar
cell cross-sectional area has replaced the AYAZ term in the temporal term. The gap width, Ly, has been
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substituted for AY in the transverse advection term; L;AX s is the cross-sectional area in the transverse
direction that mass is convected through. As for the axial advection term, AY AZ has been replaced with
the cross-sectional area of the axial momentum cell that carries mass into or out of the scalar mesh cell. The
transverse velocity of the gap under consideration is more simply notated with wy. Finally, a source term
has been added on the RHS.

The liquid and entrained field mass conservation equations are similarly derived. The final results are shown
in Equation 2.40 for liquid and Equation 2.41 for droplets. These equations represent the finite-differenced
form of the mass conservation equations used in CTF which are used for either the Cartesian or sub-channel
modeling approach.

nb na

o — (1) . _
I lpl)JAt( lpl)J]AXJAc,JJF > lup) ™ w1 Amin]yy, — Y [(0ap)™w i Am ia) (2.40)
i =1 ia =1

nk
+ Z [(oqpl)ﬁwk,l] S LeAX ;= —T'(1 —1n) — S+ Source
k=1

nb

(aepr)s — (O‘eply}] A
At AXJA(:,J + inZI [(Otepl) ul,j—lAm,ib] ib (241)

na nk
- Z [(aepl)ﬁuLjAWm} it Z [(aepg)ﬁww} S LeAX ;= —I'n— S + Source

ia =1 k=1

2.3.2.2 Finite-Differenced Momentum Conservation Equation

We begin the finite-differenced momentum equation derivation for the vapor field in the axial direction using
Cartesian form. For this, we return to Equation 2.15, which is restated below for convenience.

0 0 0
= (Qppotiy) + 7= (Qwprlivtiy) + 7= (CwPutipVy) + 2= (O PulipWy)

9
ot Ox dy 0z
"

k
opr Z"
" " " " T
= —Qy o — QyPog — Taxw — Tixl — Tixpve + 1w+ (Mv )k
k=1

Like for the finite-differenced mass conservation equation, the cell volume is multiplied through the equation
and discrete forms of the advection terms are expanded subtracting momentum outflows from inflows. The
advection terms are moved to the RHS so that only the temporal term remains on the left.
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[(avpvuv) (Ol'upv v) ] il fi—n — f—n
Az AXAYAZ = ibz::l [(avpvuv) uv]ibAYAZ — wz::l [(ozvpvuv) uv]mAYAZ
nkby
+ Z [(awpotiy) 0] vy AXAZ
kb, =1 !
nka,
+ Z (Qp potiy) vfj]ka AXNANZ
kay=1 !
nkbytay _
_ Z (v potin) 2] (kb 1 agy AXAZ
kbyay=1
nkayay ~
+ Z [(avpvuv)nvg] (]my+Ay)AXAZ
kaytay=1

nkb,
+ ( Z [(%Pvuu)ﬁwﬂ kbzAXAY

kb.=1
nka.
+ Z (Qppotiy) w:}]kazAXAY>
ka,.=1
nkb. Az

- Z [(cwpo) wy] (b2 DXAY

kbz+Az =1

nkaz4a-z

+ Z [(avpvuv)ﬁw’,}] (kaz+AZ)AXAY

ka.yan.=1
— (@po)} GAXAYAZ — (Pyy1 — Py)ay ;AYAZ — 7y

nkb nka
— Tiwl,j — Tive,j +Tu" + Source, j + Z (Mf)k + Z (Mg)k
kb=1 ka=1
(2.42)

The y- and z-direction advection terms have four terms. Due to the staggered mesh approach, gaps can
bring momentum into the axial momentum cell on each face from the scalar cell above or below. In the
equation, the terms, k, and kyia,, denote the side faces of the mesh cell in the y-direction. Similarly, the
k. and k. A, terms denote the side faces of the mesh cell in the z-direction.

Note that in the advection terms, there are some terms with bars over them. These denote that the value
is a calculated one. For example, in the z-direction advection term, the convecting velocity term has a bar
over it because the velocity is not defined at the axial momentum cell faces, where it is needed. Instead,
the velocities of axial momentum cell j and j — 1 must be averaged (for the lower face velocity). This is
not necessary for the side faces since velocity is defined on the faces. For the pressure term, however, it is
necessary to average scalar cells J and J + 1 void fractions to get the value for momentum cell j.
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The shear terms actually contain an implicit portion. The wall shear is defined as a coefficient times mass
flow rate and the interfacial shear is defined as a coefficient times velocity.

Twz = kuwMAX (2.43)

Tiw = ki zuAX (2.44)

The wall drag model is further described in Chapter 4 and the interfacial drag model is further described
in Chapter 5. It was necessary to present Equations 2.43 and 2.44 for the upcoming numerical solution
discussion.

One final substitution is made in the vapor axial momentum conservation equation — the cell geometry
terms (e.g. AX, AY, and AZ) are replaced with the appropriate CTF geometry terms.
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(@opuin); — (upyin)} & &
[ vPvUy = vivTv ]AX Am = bE: [(avpvuv) uvvJ:IibACJ 2:1 [(Ozvpvuv) Uy J+1:| Ac gt
ib=1 a=
nkb
J - AX
+ Z [(avpvuv) vﬁ]kby 2 JLkby
kby=1
nka, AX
+ Z avpvuv g}kay 2J+1 Lkay
kay=1
nkby+ay)
n,n AX
|2 L)) 0 5 Lt
kby4ny=1
nkaytay

n.n A)(J-i-l
+ Z [(OZU,OUUU) vv](kay+Ay) 2 Lk“y+Ay

ka(ytay=1

nkb

" AX

+ ( Z [(Oévpvuu)anﬂ kb 9 JLk:bz
kb,=1

nka
$ AX;

kaz_l
nkb. Az
n, n
- E: [(awpuus) wv](kbz+AZ) 2 Lkoya.
kb.yn-=1

nka.iaz

~ AX
+ Z [(a”pvuv)nw:}] (kaz+az) 2J+1 Lka.a.

kaz+Az =1

— (@p0); 9AX Ay — (Prar — Pr) &y jAmj — Tw,w,j — Tl
nkb nka
— Tiwe,j + U™ + Source, ; + Z (Mf)k + Z (MUT)]C
kb=1 ka=1
(2.45)

Recall that L is the gap width of the gap under consideration. Some of the AX terms are divided by 2
because of the staggered mesh approach, gaps that cause transverse momentum advection into the axial
momentum cell only do so though half of the side face cross-sectional area.

The axial liquid and entrained momentum equations are similarly derived and are presented in Equations
2.46 and 2.47.
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aipiuy); — (oqpiug)? nb _ na _
[( 1P l)] At( 11 l)]] AXjAm7j — {Z [(alplul)naln]ibAc,J _ Z [(alplul)nu?]mAcJ—&-l}

ib=1 ia=1

nkby,
. AX;
+ Z [(alpluz)nvzn]kby 5 Lib,
kby =1

nkay

+ > [lwpu)™p],, 5 Lra,

kay,=1

nkby+ay
n,n
- E [(alPlUl) Uz](kbywy) 9 Lib, o,
kby4ny=1

nkay+ay

T, m AXJJrl
+ Z [(auprur) ”l](kay+Ay)TLkay+Ay
kay+Ay:1 (2.46)

nkb

Y - AX

(S5 mrorl, 2,
kb,=1

nka

Y . AX i

+ Z [(O‘lplul)nwln];wz 2+ Lkaz>
ka,=1

nkb.ya-

- AX;

- Z [(alplul)nwln] Kbzt Az TLkbz+Az

kbsiaz=1

nkazyaz

~ AX
+ Z [(alplul)nwﬂ kaz4na- 2J+1 Lrassa.

kazya-=1

— (@p)} g9AXjAmj — (Pry1 — Pr) @ jAmj — Tw,ij + Tiwlj

nkb nka
—T'(1 — n)u™ + Source; ; + Z (MlT)k + Z (MZT)k
kb=1 ka=1
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nb na

[(aeplue) At(aeplue) ]AX Am] _ {Z [(aeplue)ﬁﬂg]ibAc,J B Z [(aeplue)ﬁﬂg]wAc,JJrl}

ib=1 ia=1

nka,

AX
+ > [(aeprue) "]kay 2J+1Lkay

kay=1

nkby+ay o AXJ
- Z [(crepruee) Ue](kby+Ay) 9 Ly ay

kbyay=1

nkaytay

i, n AXJ+1
+ Z [(aeplue) UC] (kay+ay) 2 LkaerAy
kay4+ay=1 (247)

nkb

< - AX

=+ ( E [(aeplue)nwgb]kbz D) JLkbz
kb,=1

nka.

AX
+ Z (qeprue)” g]kaz QJHL’%)

ka,=1

nkbz+Az
_ AX
a Z [(aeplue)"wﬂ (kbzgnz) 9 - T Lkbaia

kb.ya-=1

nka Az

n,n AXJ+1
+ Z [(ael)lue) W, } (kasinz) D) LkaerAz
ka.yan.=1
— (@ep1); gAX;Amj — (P — Pr) 07 jAmj — Tw,e,j
nkb nka
+ Tie,; — I'nu™ + Source, j + Z (MeT)k + Z (MeT)k
kb=1 ka=1

With the axial direction covered, we point our attention to the remaining directions. For the y- and z-
directions, the interest is on the transverse momentum cells. Actually, there is no need for a set of equations
for both the y- and z-directions because CTF only solves for one transverse momentum cell (gap) at a time.
It is only important that we distinguish the transverse direction (direction going from ii to jj) versus the
direction orthogonal to that (see Figure 2.3). From here, we denote the transverse direction as the y-direction
and the direction orthogonal to this as the z-direction.

The transverse momentum cells are in the same axial location, J, as adjacent scalar mesh cells and may
have axial momentum cells above, j, and below, ;7 — 1. There may also be multiple connections in the
transverse and orthogonal direction. Note that the axial advection term no longer requires a calculated
convection velocity because the axial velocity is defined at the transverse momentum cell top and bottom
faces. However, the transverse term requires that v is calculated. The vapor, liquid and entrained momentum
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equations are presented in Equations 2.48, 2.49, and 2.50.

A few new parameters are introduced, defined as follows:

e niib — the number of scalar cells below transverse momentum cell & on the 7¢ side that convect
transverse momentum across the bottom face

e njjb — the number of scalar cells below transverse momentum cell £ on the jj side that convect
transverse momentum across the top face

e niia — the number of scalar cells above transverse momentum cell £ on the 47 side that convect
transverse momentum across the bottom face

e njja — the number of scalar cells above transverse momentum cell £ on the jj side that convect
transverse momentum across the top face
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niib A

n, n Jid,j—1

AXjAY,AZy, = Z [(ozvpvvv) u”}iib%
iib=1

[(Qppovn) g — (Qppovn)}]
At

njgb

T Z avpvvu ]ﬂb

Jib=1

A

ita=1
ngja
Jja=1
nky
+4> [(@wpuvo)™0}], AXyLk,

ky=1

nky+ay

CTF Theory

2

Am 1,7

A
+ Z a”p”v“ ]Jja mQJ“>

(2.48)

B Z I:(avpvvv)ﬁ@g} ky Y AXJkaJrAy

kytray=1

nkii,

+ Z [(Oévpv’[)v)ﬁw:}] Kii. AXJ
kit =1

nkjj.

+ > [awppv)wl], . AX, ==

kjj-=1

nkiiz Az

7 Loss
X [lwpov) ], AX TR

2+Az
kitzyn.=1

nkjjz+Az

+ Z [(O‘vpv’l}v)ﬁwg]k AXJM

z+Az 2
kjjz+Az:1

— (Pii = Pjj) o o JAXJAZy — Tip0,0

n
— Tiwl,J — Tiwe,g + 10" + Source, ;
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n i1b
[(Qwpron)y, = (Quprv)i] \ v Ay Az, — S aony Amgig—1
At JRlgRLE = Z [(O‘lplvl) Ul]n‘b 2
11b=1

njjb A
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+ > [(ap)™f], 2
b=1

= ant Amiig | A Aon] Amgjg
- Z [(aprv) uit] ;. 5 T Z [(qupivr) Uz]jjaT

iia=1 Jja=1

nky
+9 > [lwpw)™o], AX;Ly,
ky=1
nkyt+ay
- [y, AXiLes,
ky+Ay:l
nkii, L
_ kii.
+ Z [(Oélplvl)nwln]kiiz AXy 2“
kii,=1
nkjj. L
n..n &
+ Z [(cupro)™wi'], ;. AX 2
kjj.=1
nkii, Az L
~ kii
- Z [(alplvl)nw?]k:iiz+Az AXJTHAZ
kitzpa-=1
nkjj+Az Lk"
_ Jiz+a
+ Z [(alplvl)nwf}kjszrAz AXJ%
kjjztyan==1
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(2.49)
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i
[(aeprve), = (eprve)y] 3 ], i
At AX AYLAZy, = Z [(@eprve) ue]iibT
iib=1
ngjjb
Am,jjj—1
+ Z Oéepl'Ue :Ijjb #
J7b=1
niia
_ Ay i
. (2 (o], it
iia=1
njja
Am,jji
+ Z acprve)” ]Jja 2
Jja=1
nky
+9 D aepwe)™], AXyLy,
ky=1
nkytay
- Z [(aepzve)nﬁg]kyMy AXJka+Ay
kytay=1
nkii, L
+ Z [(aeplve) ]ku AXJ 2”2
kii =1
nkjj, L
kjjz
+ Z aeplve ]kjjz AXJT
kjj.=1
nkiis Az L
. kitzy Az
- Z [(aeplve)nwg]kiiz+Az AXJ%
kiiyn.=1
nkij .4z Ly
+ Z [(aeplUF,)nwg}kjjz.;.Az AXJ%
kjjzta==1

— (P — Pjj) Qg JAXJAZY — Ty e.g + Tive,s — I'no™ + Source,

(2.50)

The sub-channel form of the finite-differenced momentum equations can easily be derived from the Carte-
sian forms by eliminating directional dependence in the transverse directions. The axial vapor momentum
equation is transformed into sub-channel form and shown in Equation 2.51.
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[(cwpoty); ;t(avpvuv)? ] A XA, = {bib: [(cvwputtn) 2 5], Ay — Zl [(owpott) ™ 41, ACJ+1}
ib=1 ta=
" { S wpo)t],, S L
kb=1

+ nzka [(awpors) ™ wy],, AXQJHL’W}

— (@p0)] 9AX; A j — (Pra —ka;Jl) Oy jAm.j ~ Tww.j = Tiwlj

— Tiwe,j + Tu™ + Source, j + ”Zkb (M), + "Zka (M),
o] ka=1

(2.51)

Again, all gap velocities are represented by w. Transverse velocities are summed over all the gaps that connect
to axial momentum cell j, both from above and below. The liquid and entrained sub-channel momentum
conservation equations are shown in Equations 2.52 and 2.53.

n nb na
arpruy); — (aprug)” _ _
[( 1P1 l)] At( 1Pl l)]] AXjAm,j _ {lbgl [(azpzul)"u?]ib Ac,J _ mZZI [(alplul)nuln]m Ac,J+1}

nkb nka
_ AX . AX
+ { E [(Oézpzul)nwﬂ kb TJLkb + E [(Oélpluz)nwln]ka 2J+1 Lka}
kb=1 ka=1

— (@)} gAXjAm,j — (Pry1 — Pr) @ jAmj — Tw,ij + Tiwlj
nkb nka
—I'(1 = n)u™ + Source; ; + Z (MZT)k + Z (MlT)k
kb=1 ka=1
(2.52)

(Oéep Ue )i — (QePrle n nb o na .
[ l )] At( 1 )J] AXjAm,j = {Z [(aeplue) ue]ib ACJ — Z [(O‘eplue) ue]ia Ac,J+1}

ib=1 ia=1

nkb
- AX
+ { Z [(eprue) wl],, 5 L Liw
kb=1 (2.53)

nka

. AX
+ > [(aepue)™w?],, ;HLka}
ka=1

— (@ep)} g9AXjAm j — (Pry1 — Pr) g jAmj — Twe,j
nkb nka

+ Tive,j — I'nu™ + Source j + Z (MeT)k + Z (MZ)k
kb=1 ka=1
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The lateral momentum equation in sub-channel form for vapor is shown in Equation 2.54.

n nb na
[(avpvwv)kAt(aﬂpvwv)k}AXJLkAZk = {Z [(avpvwv)ﬁﬂ/:] ib Ac,J - Z [(Oévpvwv)ﬁag} ia Ac,J-i-l}

ib=1 ia=1
nky
+ Z [(avpvwv)”wﬁ] k, AXJka
k=1
nkyiay
=Y [ at], . AXoLn,..,
kytay=1
-+ (P” — ij) d:},kAXJLk — Tw,v,k — Tiol,k — Tive,k +Tw" 4+ SOUT‘CﬁU’k
(2.54)

The subchannel form of the lateral momentum equation no longer has the z-direction. The y-direction
represents any lateral flow path. The orthogonal transport of transverse momentum has been removed. The
transverse transport of momentum is retained because CTF still knows about gaps behind and in front of
the lateral momentum cell being solved. Note that it is possible that there is no gap in front of or behind
any given gap. In this case, the lateral momentum will accelerate from zero (if no gap behind the current
one) or deccelerate and dissipate (if no gap in front of the gap).

In keeping with the CTF global coordinate system, positive transverse velocity moves from channel i to
channel jj. A positive gap k velocity will convect transverse momentum from channel 7¢ into gap &k and will
convect transverse velocity in gap k out to channel jj. Just like for channel 7 and jj transverse velocities, we
must assume that channel 47 and jj transverse momentums are zero. Therefore, a positive gap k velocity will
convect zero transverse momentum into transverse momentum cell k&, but will convect the gap k transverse
momentum out on the jj side. Conversely, a negative gap k velocity will convect the gap k transverse
momentum out on the ¢ side, but will convect nothing in from the jj side.

The liquid and entrained transverse momentum equations are similarly derived and are shown in Equations
2.55 and 2.56.

n nb na
(0% w — (O w, ~ _
[( 101 l)k ( 101 l)k] AXJLkAZk _ {Z [(Oélplwl)nﬂﬂ W Ac,] _ Z [(alplwl)nﬁ?] ia Ac,]+1}

At ib=1 ia=1
nky
+9 ) [(uprwn)™wp'], AX;Lg,
ky=1
nkyray
- Y [(wprwn)wy] byiay DXLk s,
kytay=1
+ (P” — ij) O_é?;kAXJLk — Tw,lk + Tiwl,k — F(l — n)w" + SO’U,TC@Lk

(2.55)
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n nb na
QepiWe), — (QepiWwe — .
[(aepu )kAt( pL )k]AXJLkAZk = {Z [(eprwe)™ag],, Ac.s — Z [(eprwe)™ar], AC,JJ,_l}
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nky
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+ (P — Pjj) Qg AX Ly — Twek + Tiwek — Inw™ + Source,

(2.56)

2.3.2.3 Finite-Differenced Energy Conservation Equations

We first restate the general-expanded vapor energy equation in Cartesian form.

0 0 0 0 o r 0 o " » oP
ar a. v Uy - vPully Uy a_ vPullyWy ) = T 57— a_ I'""h v
at (a’Up’Uh’U) + az (a’l)pvh u ) + 6y (OZ p h‘ v ) + 82’ (Oé P h w ) +ava + azq'u + + qw'u + «Q at

The energy equations are solved for the scalar mesh cells. The equation is multiplied by mesh cell volume,
the temporal term is expanded in time and the advection terms are expanded in their respective spatial
directions.

n nib nia
(@wpoho)s = (@upo) J] § sy nypz 4 {Z [(awpuho)uy], AYAZ = > [(awpoho) ua] AYAZ}

At ib=1 ia=1
nky nkytay
+ Z [(ozvpvhv)"vv]ky AXNAZ — Z [(ocvpvhv)nvv]kﬁm AXAZ
ky=1 Eytay=1
nk. nk.yaz
+9 > lawpoho)™w,], AXAY = 3 [(awpoho) w], AXAY 3 =qf AXAZ
k.=1 kz«l»Az:l
n(p_ pn
4 QuaAXAY +Th+ quo + %(Tt)JAYAZ

(2.57)

The appropriate CTF geometry terms are substituted in Equation 2.58. Also, just like for the mass equations,
the transverse direction, be it the y- or z-direction, is immaterial for the energy equation and so the y- and
z-advection terms are collapsed into one sum about the gaps connected to the scalar mesh cell.
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) Uhy . ) vhy n nib - nia -
[(ayp )JAt(Oz P )J]AXJAC,J + {Z [(awpuh) uv]ib A i1 — Z [(awpuhy) uv]ia Am,j} (2.58)
ib=1 ia=1
nk . nk Ozn(P - Pn)
+ 3 [(wpoho) w ], AX L =y 7 [q7 AXSLi, + Th ot quy + =AY, AZ,
k=1 k=1

The liquid energy equation is presented in Equation 2.59.

[((qr + ae)pihi) s — ((ou + ae) prha)]

AX ;A
At JAe, J
nib nia
+ {Z [(upiha) ™ ws + (cepiha) tie) yy Amj—1 — Y [(cupiha) ws + (aepihu) ue) Am,j} (2.59)
ib=1 ia=1
nk . } nk
+ Z [(alplhl)"wl + (aeplhl)"we]kAXJLk = Z [QZTAXJLkLg
k=1 k=1
(P — P
Th 4 quy + L) VI Ay AZ,

At

Note that Equations 2.58 and 2.59 are applicable for both the Cartesian and sub-channel forms of the
finite-differenced energy equations.

2.4 Numerical Solution

CTF uses a form of the Semi-Implicit Method for Pressure-Linked Equations (SIMPLE) to solve the con-
servation equations that have previously been defined. The steps of the SIMPLE algorithm, taken from
Patankar [3], are:

1. Guess the pressure field, p*.

2. Solve the momentum equations to obtain fluid velocities, u*, v*, and w*.

3. Use the continuity equation to solve for the pressure field correction, p'.

4. Calculate the corrected pressure field, p, by adding p’ to p*.

5. Calculate the corrected velocity field — u, v, and w — using the corrected pressure field.

6. Solve remaining discretized equations that influence the flow field (i.e. energy equation)

7. Treat the corrected pressure, p, as the new guessed pressure, p* and repeat steps 1-6 until convergence
is reached
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Each of these steps is discussed with regards to the CTF solution process, as it differs in some respects. For
Step 1, the user must provide a reference pressure to CTF. It will calculate the pressure field accounting
for hydrostatic forces using this value and use that as the initial guess. CTF performs a solution of the
conservation equations for each time step in the modeled transient — every time step after the first will use
the previous time step calculated pressure field as a guess for the new one.

For Step 2, the transverse momentum equations are solved first and then the axial momentum equations. As
for step 3, Patankar was considering an unheated case where fluid energy was constant; however, for our case,
it is necessary to use both the continuity and energy equations to determine the pressure correction. The
independent scalar cell properties and momentum cell mass flow rates are solved for using the previous time
step values and the effect of the pressure correction. Step 3 forms what is known as the “inner iteration” —it
requires the solution of the pressure correction equations. Since there will be one pressure correction equation
for each scalar cell in the mesh, this can be a very large matrix to solve. CTF is capable of solving this
matrix by direct Gaussian elimination or by using one of the iterative Krylov methods.

With the corrections to the pressure field calculated, the current-iteration pressure field is then determined
in Step 4. Additionally, back-substitution is performed in order to get the current-iteration values for the
other dependent variables (e.g. void and enthalpy). Since the pressure field was changed, the velocities are
updated accordingly in Step 5.

For Step 6, other equations solved by CTF include the interfacial area transport equation for tracking the
interfacial area of the droplet field and possibly fuel rod heat transfer and decay heat equations. Steps
1-6 form one cycle of what is known as an “outer iteration”. CTF has a set of convergence criteria (see
Section 2.4.6) that are checked upon the completion of Step 6. If they are not met, the current iteration is
attempted again, but with a smaller timestep. This is done up to a user-specified number of times for each
outer iteration. If the outer iteration converges, CTF then moves onto the next timestep, repeating Steps
1-6 and marching through time until the simulation is completed.

There are three main steps of this algorithm that will now be described in greater detail: solution of
the momentum equations, solution of the mass and energy equations, and solution of the system pressure
matrix. These steps are not mutually exclusive, as the momentum equations are initially solved and then
later corrected after solution of the pressure matrix, and the derivation of the mass and energy equations
are used for solution of the pressure matrix. However, it is sufficient for our purposes to lead the discussion
in this manner while making note of these matters along the way.

2.4.1 Linearization and Solution of the Momentum Equations

With the momentum Equations, we are interested in solving for the field mass flow rates for the current
time step. In the momentum equations, the new-time mass flow rates appear in the temporal term and the
shear terms. Everywhere else where the mass flow rate is needed (e.g. advection terms), the old-time value
is used.

The solution process is to solve the transverse momentum equations first and the axial momentum equations
second. Whether we use the sub-channel or Cartesian form of the momentum equations, CTF will solve the
liquid, droplet, and vapor transverse momentum equations simultaneously for one gap at a time.

Before covering the solution process for the momentum equations, we will work to reduce the finite-differenced
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transverse momentum equation in Cartesian form. We return to Equation 2.48:
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Immediately, we can collapse the transverse momentum equation into a greatly-reduced form using the actual
CTF source code variables:

o ufold(2,k) — Transverse vapor momentum convected into cell k by axial vapor velocity on the cell
bottom

e ywgm — Transverse vapor momentum convected out of the cell by axial vapor velocity on the cell top

e vwgm(k) — Transverse vapor momentum convected into cell k& by orthogonal vapor velocity
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e wufit — Transverse vapor momentum convected into the cell by transverse vapor velocity on the ii side
of the cell

e vufjj — Transverse vapor momentum convected out of the cell by transverse vapor velocity on the jj
side of the cell

e vgamv — Transverse vapor momentum convected into the cell by phase change

[(O‘“p“’”“)kA*t(o‘“p“””m AX AV, AZy, = {ufold(2, k) — wwgm} + {vufii — vofjj} + {vwgm(k)}

— (P — Pjj) ooy o JAXJAZy — Tw 0,0 — Tiywl,J — Tiwe,J + vgamu
(2.60)

Note here that the source term was absorbed into one of the advection terms and no longer appears. Since
we are solving for mass flow rates, we collapse the apvA terms to r and expand the shear terms.

1y — ] AX (2.61)

At = {ufold(2, k) — uwgm} + {vvfii — vufjj } + {vwgm(k)} — (P — Pjj) ay i ;AX 7 AZy,

— ke AX 7 — kol 5 (Ve — V) AX 7 — kye z(Vy — ve) AX y + vgamu

We convert the new-time velocities to new-time mass flow rates using the averaged, old-time scalar variables.

[mv B mg] AAXJ

At = {ufold(2, k) — vwgmz} + {vufii — vofjj} + {vwgm(k)} + (Pj; — Pii) aq . jAXJAZy

kul T kve T .
— ko, AXy; — : : o AX
oS (avvaXJLk - avvaXJLJ MRy

kvl,x

kve T .
+—" iy AX A+ —2 . AX 7+ vgamu
apAX Ly

acptAX y Ly

(2.62)

Note that we reverse the sign of the pressure term. Next, we arrange the formula so that only the new-time
mass flow rate appears on the LHS.

At
T, = my + AX [ufold (2, k) — uwgm + vufii — vuffj + vwgm(k) + vgamu]
J
2.63)
At At e k (
— |al, JAXAZL| AP —ky AXy — basid - b i
* AXy (@ s AX I AZ] * AX; [ ’ ! 0P AX Ly CupyAX Ly "
At kot 2 i+ At kye,x -
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One further simplification can be made by substituting A for the explicit terms, B for the terms that multiply
by pressure drop, C for terms that multiply by new-time liquid mass flow rate, D for terms that multiply by
new-time vapor mass flow rate, and F for terms that multiply by new-time entrained mass flow rate. This
yields:

1My = Ag + BoAP + Cyring + Doty + Farine (2.64)

The subscript is used to identify the field and “2” was used to stay consistent with the CTF source code
(“1” is for liquid and “3” is for droplets). Similar to the transverse vapor momentum equation, reductions
can be performed for the other fields in both directions. The form of the axial and transverse momentum
equations are the same. The reduced liquid and entrained momentum equations are shown below.

m; = A1 + BlAP + C1ml + D111y (265)

the = A3 + BsAP + Dain, + Esn, (2.66)

Once the A — F terms are defined in CTF, as well as the old-time pressure drop, Equations 2.64 — 2.66 can
be rewritten in matrix form, as follows:

C,—1 D, 0 1 — A, — BiAP
O, Dy—1 By iy $ =14 —Ay— ByAP (2.67)
0 Ds Es—1 The —As — B3AP

It is then a simple matter to solve Equation 2.67 by Gaussian elimination and obtain the tentative mass flow
rates.

2.4.2 Linearization and Solution of Mass and Energy Equations

At this point, the initial pressure field was used to calculate a velocity field. However the pressure field,
which was based on initial conditions or the previous time step information, may be changing and the
calculated velocities may not satisfy the conservation equations of mass and energy. Therefore, in this step,
we determine what adjustments, if any, will need to be made to the independent variables such that the
mass and energy equations are satisfied. Then we can use the newly-calculated pressure field to correct the
initial velocity field calculation.

The continuity and energy equations now form a system of equations that must be solved simultaneously
such that they all equal zero, and mass and energy is conserved, as shown in Equation 2.68.
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Ci(ay, ayhy, (1 — ay)hyy ey Py, Pie1. neonn) = 0 (2.68a)
By (o, ayhy, (1 — )y, e, Py, Pzt neonn) = 0 (2.68b)
Ei(o, aphy, (1 — ay)hy, ey Pyy Pici neonn) = 0 (2.68c¢)
Ce(aw, aphy, (1 = ay)hi, e, Py, Pizi. nconn) =0 (2.68d)
Cy(aw, avhy, (1 = ay)hi, ae, Py, Pizi. nconn) =0 (2.68e)

Note that the equations are not only functions of the mesh cell pressure that the equations are being solved
in (Py), but also the surrounding mesh cells that connect to the cell (P;=1. nconn)- This is why we must do
a simultaneous solution of the pressure across the entire mesh, which is discussed next in Section 2.4.3.

We can write Equation 2.68 more conveniently in vector notation as follows:

fla)y=0 (2.69)

In Equation 2.69, f is vector representing the mass and energy equations, which are functions of the inde-
pendent variables, represented by the & vector. Assuming all conservation equations are satisfied, they will
equal the zero vector. Equation 2.69 can be solved numerically using Newton-Raphson iteration, written in
Equation 2.70.

f(@) = f(Zo) + Df(Zo) (T — 0) (2.70)

—

D f(#) is the rate of change in each of our functions with respect to the variables. This term is known as the
Jacobian. It is multiplied by the change in the variables from one iteration step to the next and added to the
functions of the previous iteration variables to get the next iteration step function values. If we expand out
the Jacobian term for our case, it will be the partial derivative of each conservation equation with respect
to each partial derivative.
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—

Returning to Equation 2.70, it is desirable, to satisfy the mass/energy conservation requirements, for f(&)
to equal zero. Thus, our unknown becomes the amount that each variable must be changed by to achieve
simultaneous solution of the system of equations. We conveniently denote the change in the variables, ¥ — zg,
by AZ and move the terms of Equation 2.70 around to achieve the following.

— —

f'(Z0)6% = — f (o) (2.72)

The Jacobian is calculated by taking the partial derivative of each equation with respect to each variable
and then substituting in the variables from the previous time step (or initial values if on the first time step).
The RHS of Equation 2.72 contains the conservation equations with the previous time step values (or initial
values) used for the variables. If the velocity profile that had been previously calculated by the momentum
equation solution was correct (and in no need of further correction), the RHS side term would be zero.
During a transient, though, it likely will not be zero and, instead, there will be some residual values.

The unknown correction term, AZ, can be solved using Gaussian elimination if there were an equal number
of unknowns and equations. However, by revisiting Equation 2.70, we can see that the matrix will not be
a nxn matrix because of the effect of pressure in the connecting cells and, in turn, there will be a greater
number of unknowns for the current scalar cell. Recall that Equation 2.72 is setup for one scalar mesh cell.
Every cell in the mesh will have its own Jacobian and its own set of residuals. This problem is remedied by
forming and solving the pressure matrix for the mesh.

2.4.3 Solution of the Pressure Matrix

For each scalar cell in the mesh, the Jacobian matrix is reduced by Gaussian forward elimination after
having been formed. The bottom of the reduced matrix will contain the pressure of the current cell and all
connection cells, and will be of the form:

nconn

0Py = a5+ Z (g5’1-5Pi) (273)
i=1

We see differential terms here (i.e. dP;) because we are solving for the change in variables over the time
step. There will be a pressure equation for each scalar mesh cell with the total number of unknown pressures
equaling the total number of scalar mesh cells. This forms the pressure matrix, which may be solved by
direct inversion for small computational meshes, or by Gauss-Siedel iterative technique for large meshes.

The Gauss-Siedel iterative technique involves performing direct inversion over groups of cells that are specified
by the user. The solution starts in one group, performing a direct inversion over all the cells contained within
that group while the cells in other groups that are attached to the current solution group retain their last
iterate pressure. When direct inversion is complete, it starts again for the next group, but this time using
the updated, most-recent iterate value for the previous group (if it is connected to the new solution group).
This manner continues over all the groups.

This essentially reduces large, multi-dimensional problems down to one-dimensional problems having as
many cells as there are solution groups. Furthermore, convergence issues that are typical of problems having

Consortium for Advanced Simulation of LWRs 38 CASL-U-2019-1886-002



g —/\SI_ CTF Theory

cells with large aspect ratios (long, narrow cells) are eliminated if cells with large aspect ratios between them
are placed in the same solution group.

While the direct inversion takes place for cells within the group, the pressure variation in surrounding
group mesh cells are assumed to maintain their last iterate value. The process moves through each group,
updating the bounding cell pressure variations with their last iterate value along the way. This has the effect
of reducing large, multi-dimensional problems down to simpler

The convergence efficiency can also be greatly enhanced with the use of rebalancing. This is the process
of reducing the mesh to a one-dimensional mesh and only solving pressure changes in the axial direction.
Direct inversion is used, but the number of mesh cells are greatly reduced since we are only concerned with
the axial direction. The solution obtained from the rebalancing approach is then used as an initial guess for
each respective axial level, which starts the numerical solution closer to its actual next time step solution.
The rebalancing method is optional and must be specified by the user. If the option is not used, the initial
guess for linear pressure variation at each level is assumed zero.

2.4.4 Back-substitution and Velocity Correction

With the pressure corrections calculated for the mesh, Equation 2.73 can be solved for each scalar mesh cell
to determine its new time step pressure. With the bottom of the reduced Jacobian matrix known in every
scalar cell, back-substitution can be used to calculate the other new time step dependent variables. Their
forms will be:

nconn

S0 = as + f10Ps + Y (9440P) (2.74a)
i=1
S[(1 = aw)hi] = az + esbae + f36Ps + Y (g3.:0P%) (2.74b)
i=1

d(aphy) = as + dad[(1 — ap)ly] + e2dae + fo0Py+ (2.74c¢)

Z (92,:0P;)

i=1

day, = a1 + c18(ayhy) + d16[(1 — o)y + er1dae+ (2.74d)

nconn

f16P; + Z (91,i05%)

i =1

An outer iteration loop is used to ensure the mass and energy equation solution is sufficiently converged
before moving to the next time step. It is possible for the user to adjust the maximum number of outer
iterations that can be taken during a time step via the input file. This outer iteration loop algorithm is
discusseed further in Section . The time step size is constrained by the cfl! (cfl!) criteria as well as the rate
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of the change of the dependent variables to prevent the computation from going unstable, which is discussed
further in Section 2.4.6.

The velocity field is corrected for the newly calculated pressure field using the derivative of velocity with
respect to pressure. It is a linear relationship which can be obtained directly from the momentum equations.

2.4.5 Outer Iteration Loop

As discussed in section above, the objective of the outer iteration is to ensure that the solution of the linearized
equations is sufficiently representative of the nonlinear equations. In other words, the outer iteration loop
ensures that the velocity field is satisfying the mass equation before marching in time. It is possible to
use only one iteration (one solution of mass and energy equations) per timestep (i.e., Implicit Continuous
Eulariean (ICE) method), as shown in Figure ??. In this approach, the code examines the rate of the change
("t — 2™) for the primary dependent variables from one time step to another and adjusts the time step
accordingly to maximize the accuracy and minimize the computer time. The obtained updated velocity
fields will satisfy the mass and energy equations if time step is kept sufficiently small. This method can be
used by setting the maximum allowable outer iterations to one.

By using the outer iteration loop, the algorithm is modified to what is shown in Figure 2.5. The green is
the check of the rate of change for the dependent variables, which is very important for a fast transient to
control the time step. This option is not currently implemented but will be added as part of future work.
The acceptance criteria of the outer iteration that determine when the pressure satisfies the mass equation
or when convergence is established are defined as:

P;L;-Lm _ PZZ&-Lm—l
max P g < €p, (2.75)
i,
mazx (av?jl’m - av?jl’m_l) < €y, (2.76)
max (ae?jl’m - ae?jl’mfl) < €q,, (2.77)
max ((avhv)?jl’m - (avhv)?jl’m%) < €ayhys (2.78)
max ((aehl)?jl’m - (aehl)?jl’mfl) < €ahys (2.79)

where ¢, j designates the subchannel location, n is the time iteration counter, and m is the outer iteration
counter. The primary dependent variables, h,, h;, a,, ae, and p are vapor enthalpy, liquid enthalpy, vapor
void, droplet void, and pressure, resepectively. The acceptance criteria are given as ep = 1079 to 10705,
€0, = €a, = 1072 €41, = €a,n, = 2 BTU/Ibm which corresponds to 1K error in temperature. As shown
in Figure 2.5, the code will step into the outer iteration loop with a guessed velocity field and then solve
for the change in the pressure equations. Then, it will back substitute to obtain the change in the other
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Figure 2.5: CTF Outer iteration flowchart.

dependent variables and evaluate the dependent variable at each outer iteration step, m, to be used for the
next iteration. Within each outer iteration, the code will check for convergence in accordance with criteria
expressed by Eqgs. 2.75-2.79. If all convergence criteria are met, the code will move to the next timestep. If
not, it will attempt another outer iteration. If the convergence criteria are not met by the maximum outer
iteration limit, the code will back up the solution to the old time solution, reduce the time step, and repeat
the iteration.

2.4.6 Convergence Criteria

During the pressure matrix solve, the pressure change from the previous time step is tallied for each cell and
the maximum pressure change in the mesh is compared to a user-supplied tolerance, epso, after the solve. If
the criterion is met, the timestep is completed by performing back-substitution and velocity field correction.
The code then moves on to the next time step.

If the criterion is not met, the code will try the same time step iteration again; however, it will reduce the
time step size by half in an attempt to reduce the time step pressure change. This process will be repeated
up to the maximum number of iterations, oitmaz, provided by the user unless convergence is achieved, in
which case the code will move to the next time step.
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2.4.6.1 Time step Size Control

COBRA-TF will change the time step size to improve computational efficiency. The code takes into account
the Courant limit, pressure change, iteration count, void fraction change, and total error when selecting the
time step size.

The Courant limit specifies time step size considering mesh size and flow velocity, as in Equation 2.80.

AX
At < 'U (2.80)

CTF actually uses the maximum of three different velocities to calculate the Courant limit: new time velocity,
old time velocity, and an extrapolated velocity, using Equation 2.81.

Uextrap =2 Unew - Uold (281)

Each of these velocities is the maximum velocity in the mesh. The maximum of the three velocities and a
lower limit of 1 x 1078 is used for calculating the Courant limit.

The pressure change affects the time step by dividing the current time step size by the maximum pressure
change. Therefore, a large pressure change will result in a small time step and, vice versa, a small pressure
change will result in a large time step.

The time step due to void change is calculated as in Equation 2.82.

0.5

Atyoiq = At, *
void o Aavymam

(2.82)

The old time step is multiplied by 0.5 divided by the maximum void fraction change.

The number of outer and inner iterations in the previous time step affect time step size. If the number of
outer iterations was greater than 5, the ratio of 5 to the number of iterations is multiplied by time step size
— the larger the number of outer iterations was, the smaller the resulting time step will be. If the number
of inner iterations is larger than 70% of the maximum allowed number of inner iterations, the time step size
is multiplied by the ratio of 70% of the maximum allowed number of inner iterations to number of inner
iterations. If neither of these cases are true, the time step size is increased by 5%.

Finally, for the total error limit, if the maximum pressure change in the mesh is greater than 0.1 for the
previous time step, the new time step size is multiplied by the ratio of 0.1 to the maximum previous time
step pressure change.

The minimum time step size resulting from all of these limits is used for the new time step size.
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2.4.6.2 Numerical Stability

Ramps are used throughout the code to ensure numerical stability. For example, closure terms like interfacial
shear and interfacial heat transfer are dependent on flow regime and, thus, require the use of different models.
Ramps are used to ensure that closure terms change gradually even if a model changes from one time step
to the next.

All phasic constitutive variables, such as shear and heat transfer coefficients are ramped to zero as a phase
is depleted in a cell. These ramps are applied over a small range of void fractions, usually less than one
percent.

Smoothing is also performed over time by using logarithmic interpolation between current time step and old
time step values, as shown in Equation 2.83.

y(t + At) = y(t + At)*y(t)' (2.83)

Here, a is some parameter between 0 and 1.0 used to ramp old time step value of y to the new time step
calculated value in an exponential fashion. The value of a in CTF is typically 0.1.

2.4.6.3 Pseudo-steady-state Option

There exists an option in CTF to run a case as pseudo-steady-state. If this option is utilized, the solution
is not true steady-state because the time term still appears in all governing equations. The solution is still
solved as a transient, but at every timestep, CTF will evaluate a set of simulation convergence criteria to
determine if the solution has become steady. Convergence is judged by evaluating five terms:

1. the amount of energy stored in the fluid,
2. the amount of energy stored in the solids,

the amount of mass stored in the system,

- w

the global energy balance, and

5. the global mass balance

Each of these terms is discussed in further detail.

Transient Storage of Energy The stored energy criteria account for energy stored during the given
timestep in the fluids and the solid conductors in the model. Energy storage is calculated as the change in
energy in the system over the previous timestep. This is normalized by dividing through by the total power
input delivered to the system from the rods. The equation for solid energy storage is as follows:

Er d+ Es U
Egolid storage — Qod—f'icgf:: -100 (284)
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Energy stored in the solids is the energy change in the rods and unheated conductors over the current
timestep, normalized by the rod power, Q,.q, and the direct power to the coolant, Qauiq- The energy change
in the solids are divided by the timestep size so that the units (BTU/s) matches the units of the denominator.
The resulting term is multiplied by 100 to convert the units to percent.

The fluid energy storage terms is similarly calculated as follows:

Efuia

——— - 100 2.85
Qrod + CQﬁuid ( )

Eﬂuid storage —

The numerator accounts for the energy change in the fluid over the previous timestep.

To expand on these terms, the energy stored in the fluid, Fgqyuq, is calculated as:

Efuia = {Z6iey [ + ag) hipy — (af + ) B p} | can + (2.86)
A AX

lowwhopo — g hyy | cenl zAit

In other words, it is the current-iteration energy minus the previous- iteration energy (recall that the n
superscript denotes an old-iteration value). This is done for both energy fields (recall that the droplets and
liquid share an energy equation). This difference between iterations is calculated for each scalar cell and all
cell storage terms are summed together to get the total system energy storage. Note that the absolute value
of the liquid-energy storage is taken as well as for the vapor energy storage. It is possible that some cells
may be losing energy during an iteration while others are gaining energy. Without the absolute value, it is
possible for such terms to cancel each other. It is also possible for energy to pass between phases, which
is why individual absolute values are taken for the two individual fields. Using the absolute value terms
prevents a judge of convergence when energy is actually migrating through the system. The difference term
is multiplied by the scalar cell volume and divided by the timestep size to convert the units to energy per
time.

The storage terms for the solids conductors are calculated as follows:

1
Esotia = S5 meen Choen [ Teenn — Ty At (2.87)

The transient storage of energy in a solid is the mass of the solid, My, times its specific heat, Cpcen, times
the change in temperature over the timestep. Again, an absolute value is utilized to prevent opposite energy
changes in different cells from canceling one another.

Global Balance of Energy The global energy balance term accounts for all energy in and out of the
system during the timestep. The equation is written:

Qrod + Qﬂuid + Qinlet — Qoutlet - Qamb .
Qrod + Qﬂuid + Qinlet

FEralance = 100 (2.88)

Consortium for Advanced Simulation of LWRs 44 CASL-U-2019-1886-002



'g —/\SI_ CTF Theory

The energy put into the system includes power deposited into the rods, Q,.q, power deposited into the
coolant, Qgauid, and energy coming in at the inlet of the model, Qinet- The energy leaving the system
includes energy leaving the outlet, Qoutiet, and energy being lost to the environment, Qamp. This term is
normalized to the sum of the energy storage terms and the energy at the inlet. The units of the heat balance
term are percent.

Transient Storage of Mass The mass storage accounts for mass stored in the system during the timestep.
The calculation includes all fluid cells in the mesh. This is written as:

-100 (2.89)

The stored mass is simply the amount of mass stored in all fluid cells, normalized by the mass entering the
system at the inlet. The units of this term are converted to percentage. The mass stored in the coolant is
simply:

33 lowpr — agpil

cells
Miawia = Xeai=1 At

(2.90)

It is the mass in a fluid cell at the current time (summed over all fields) minus the mass in the fluid cell at
the previous iteration. An absolute value wraps each field to prevent a judge of convergence when mass is
migrating between fields or throughout the system.

Global Balance of Mass Like for the energy balance, the mass balance looks at all the mass entering
and leaving the system.

Min et — Mou e
Mbalance = 1;\4 . et 100 (291)
inlet

The term is normalized by the amount of mass entering the system and units are again, converted to percent.

2.5 Residual Formulation and Solution

The numerical methods and solution algorithm in the CTF have remained relatively stagnant since it was
originally introduced. This section outlines the preliminary efforts to update these fundamental aspects of
the code, adding an option based on the residual formulation of the conservation equations as a new solution
method in CTF. This solution method, called CTF-R, is contained within the CTF source code as a solution
option. The current implementation is for single-phase flow.

The residual solution method of CTF (CTF-R) does not have many of the computational simplifications,
mathematical assumptions, and inherent conservatisms that are part of the legacy code. The elimination
of these assumptions will have a drastic impact on the flexibility, accuracy, and pedigree of the code, all of
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which have important benefits. Some of the major improvements and future capabilities of CTF-R are listed
here.

e The implicitness of the solution can be adjusted by using nonlinear iterations and decreasing the
sparseness of the Jacobian. This can include different methods for coupling the solid and fluid equations.
Increased implicitness will allow larger time steps when accuracy allows.

e Conservation equations can easily be added or changed. This will enable the direct quantification
of model form errors, the modeling of next generation reactors, and the use of different two-phase
modeling approaches.

e The possibility to implement a direct steady-state solution by eliminating the temporal terms in the
conservation equations and solving only the steady state terms.

e Ability to numerically construct the Jacobian and solve them in any number of ways. This will allow
the use of options in numerical solvers (more advanced) solution algorithms, built-in parallelization,
etc.) and will enable the coupling of CTF-R to other Jacobian-based codes.

The transition towards more modern methods is an important next step in the evolution of CTF, and it
will ensure that the code is accurate and usable for years to come. The code capabilities will be gradually
increased until it has the same features as the main version. It is incorporated into the existing CTF structure
as a solution option.

The current version of the residual solver is capable of modeling and solving single-phase flows cases.

2.5.1 Derivation of the conservation equations in the residual formulation

This section outlines the derivation of conservation equations and source terms used in CTF-R. This includes
the mass, energy, axial momentum, and lateral momentum equations.

2.5.1.1 Mass Conservation Equation

The conservation of mass equation, or continuity equation, in CTF-R is relatively simple.

9 , Opu | Opw _, (2.92)

ot oz 0z
The independent variables of time and space are represented by ¢, x, and z, where z is in the upward axial
direction, and z is in the lateral direction. The density, mean axial velocity, and mean lateral velocity are
respectively p, u, and w. The first two terms are the rate of change in density and advection in the axial
direction, and the third is lateral transfer.

In the residual solver, the mass equation is discretized as follows:

n n+l _ -n n+1 N, n _n
e S S S W O Ol [ AACAE Sl 3 (2.93)
At Ax '
g9

g
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Here, ¢ indicates the current scalar cell, ¢ — % is the momentum cell below it, and i + % is the momentum
cell above it. The summation is over all gaps g connected to the scalar cell. The gaps are defined such that
lateral velocity w, is from the lower indexed channel g — % to the higher indexed channel g + % The lateral
distance between cells g — % and g + % is Ly. The last time step values are indicated by an n superscript,
and new time values are at n + 1. The dotted quantities are upwinded in space.

[ ul >0
Py = +3 (2.94a)
2 p;hrl, ’U,H_% <0
Pim1, w1 >0
pra =4 s (2.94b)
2 pz i ul*% S 0
pr o, wl >0
Py = { 7 3 i (2.94c)
Porir Yy <0

2.5.1.2 Energy Equation

This section contains a derivation of the energy conservation equation, which is the enthalpy equation used
in CTF-R. Begin with the one-dimensional form of the total energy conservation equation.

opE  OpuFE n OouP
ot ox or

+upg =0 (2.95)

Total energy and enthalpy are defined as E = e+u?/2 and h = e+ P/p. Combining these definitions gives an
equation for total energy in terms of enthalpy: E = h — P/p + u?/2. This is substituted into Equation 2.95
and is then simplified.

Oph OP  0Opuh w? (0p Opu ou ou B
<8t+8x +u pat—i-puax—i-pg =0 (2.96)

ot ot ox 2

Note that the terms in the first set of parentheses correspond with the one-dimensional mass equations
which is zero by definition, and the terms in the second set of parentheses can be manipulated from the
one-dimensional axial momentum equation as —‘g—f = p% + pu% + pg.

Oph  Opuh 0P oP

o T or ot “or

0 (2.97)

This is consistent with the literature, where the conservation of enthalpy appears as % = % [6, 7]. The
spatial derivative of pressure is neglected. It is possible to justify this assumption for a steady-state LWR.

A steady-state version of Equation 2.97 is integrated over the entire reactor.

Alpuh) AP _

2.
i 7 =0 (2.98)
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Table 1: Calculation of neglected terms in enthalpy equation. Operating conditions are taken from [7,
Appendix K] for normal operating LWRs.

Description Symbol Units BWR PWR
Core pressure drop AP M Pa 0.171  0.197
Flow rate per assembly m kg/s 154 89.8

Flow area per assembly A m?2 0.0097 0.0244
Heated fuel height L m 3.588  3.658
Inlet pressure P; M Pa 7.14 15.51
Inlet density Din kg/m3  754.65 740.29
Inlet enthalpy hin kJ/kg 12275 1300.6
Outlet density Pout kg/m? 36.2 660.6
Outlet enthalpy hout kJ/kg  2583.7 1473.3
First term in Eq. 2.98 A(puh) /L MPa/s 598.9 173.4
Second term in Eq. 2.98 aAP/L MPa/s 1.1 1.6

The reactor length is L, and u is an average velocity. The general operating conditions of a typical boiling
water reactor (BWR) and PWR are used in Table 1 to evaluate these terms.

The neglected term is two orders of magnitude smaller than the other term. This is sufficient to demonstrate
that neglecting the pressure gradient term is accurate for a steady-state LWR. It could be non-negligible for
depressurization transients, dense working fluids, very strong frictional forces, strong gravity, or very high
coolant velocities.

In CTF-R, the enthalpy equation is further simplified, where the chain rule is applied to two of the derivatives.

%+h@+h%+ u%_aj:

Por Thgr Thar Truge o =0 (2.99)

Then a mass equation is eliminated, yielding Equation 2.97 without the lateral terms.

oh oh op Opu orP
Por TP TN (a * ax> o (2.100)
oh oh OP
ot TP ar " (2100

An additional consideration is that the mass and momentum equation in Equation 2.96 are only zero when
there are no source terms in the conservation equations. Otherwise, the source terms in those equations
should be carried through this derivation, which is not the case in CTF.

A future exercise will include the pressure gradient term in the energy equation and quantify the model form
error introduced by neglecting it. The development of the residual solver clearly enables an analysis such as
this, where the addition of a term to a conservation equation is trivial. In the regular solver of CTF, this
would require significant source code changes and the recalculation of all analytical terms in the pressure
matrix.
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2.5.1.3 Axial Momentum Equation

The axial momentum conservation equation used in CTF-R is derived from the one-dimensional x-component
of the three-dimensional momentum equations. The first two derivatives are split using the chain rule.

%-&-u
P ot

LD 0P
puax u@:c ox

ap

o (2.102)

—pg=0

The mass flow in an LWR is primarily in the upwards direction; because of this assumption, or source term,
the Equation 2.103 can be simplify to Equation 2.104.

u (0p  Opu ou ou 10P

Rl (T T T i e I 2.1

p<8t+8:ﬂ>+8t+u8x+p€)x (2.103)
Ju Oou 10P

2.5.1.4 Lateral Momentum Equation

The mass flow in an LWR is primarily in the upwards direction, because of this assumption, the CTF
momentum equations are simplified from a full three-dimensional form to a subchannel form. Though this
reduces the number of equations to be solved, the underlying assumptions are not immediately clear. To
resolve this issue, the lateral momentum equation and associated source terms in the mass and energy
equations are derived in this section.

The lateral momentum equation is derived from the three-dimensional momentum conservation equations
with no source terms.

dpu dpu® | dpvu  Opwu|  OP
ot { or oy | oz | oz M (2.1052)
Opv dpwv  Opv?  dpwv]  OP
ot { Oz oy 0z | oy (2.105b)
dpw dpuw  dpvw  dpw?|  OP
at { Oz By o |~ o (2.105¢)

As usual, u, v, and w are defined as the velocity components in the x, y, and z directions. The convective
terms in the second two equations are neglected because u >> v and u >> w.

dpu Opu®>  Opvu  Opwu oP

— =—— - 2.106
ot or | By 9z or P9 (2.1062)
dpv ~ Jpuv oP
—_ = —— 2.106b
ot or dy ( )
opw  dpuw oP
o0 9r 9% (2.106¢)
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Neglecting both dpv?/0y and dpw?/0z physically means that momentum added to any control volume
“loses its direction” after it is convected. Lateral momentum is not convected from above or below a lateral
momentum cell since dpwv/dz and dpwv/dz are negligible.

Now the equations are reformulated in terms of a unit vector parallel to any face of the scalar cell. For now,
the direction of this unit vector is L. Redefined in this way, the y and z momentum equations are redundant.
Velocity in the lateral direction is w, although this is not the same w as above.

opu opu®?  Opwu  Odpwu 0P

ot oz Ay o |~ ox M (2.1072)
opw  Opuw  OP
5t e =3 (2.107b)

The convection term in the = equation is simplified by partially discretizing it. Subscripts that are not noted
are at 1, j, or k.
dpvu n dpwu (PU”)J‘JF% - (Puw)jf (Puv)k+% — (puw), _

_ 3 3 2.1
dy 0z Ay + Az (2.1082)

Opvu  Opwu')

A ( 9y + 52 ) = {(puv)ﬂé — (puv)jfé} Az + [(puw)kJr% - (puw)kfé} Ay (2.108b)
0 0

A < gzu + p;;)u) = (puv)j+% Az— (puv)j_% Az+ (puw)lﬂ_% Ay— (puw)k_% Ay (2.108c¢)

Each of terms on the right side corresponds to a lateral face around the subchannel. This is notated as a
summation over the faces in the CTF nomenclature.

dpvu  Opwu 1 e
SRR _Z%:(pqu)g (2.109)

Here, A is the flow area of the channel, g indicates different gaps, and S is the gap width. Therefore, the
axial and lateral momentum equations can be finalized.

opu  Opu® 1 & 0P

o o T AL )y =gy (2.1102)
opw  Opuw  OP
ot " Tor oL (2.110b)

Note that the neglected terms could be included in the analysis, at which point the lateral momentum
equation is more complicated [8].

dpw  dpw?  Opuw , 0P
o T o T an +%;pwwnksnk7fa—L (2.111)

All gaps that convect momentum towards the current gap are indicated by nk, and S’ is the corresponding
orthogonal gap width.
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The mass and energy source terms for the subchannel formulation are derived from their full three-dimensional
forms. The conservation of mass equation is used as an example here.

% V(o) =0 (2.112a)
9p , Opu, Ipv  Opw

= 2.112b
ot ox dy 0z 0 ( )

Follow the same logic as in Equation 2.108 to derive the mass source term.

Opv | Opw

1
T ZZ(pr)g (2.113)
g

It is also derived in the same way in the conservation of energy equation.

Ophv. | Ophw _ 1 3 (pwhs), (2.114)
g

6y+ 9z A

2.5.2 Residual solution method

CTF-R inherits most of its conservation and discretization choices from the legacy version of the code.
Nonetheless, it is an important exercise to review these choices as understood and implemented in CTF-R
for clarity. As such, this section focuses first on the discretization of the fluid and solid domains in the LWR
core and then on the continuous and discretized conservation equations. All efforts are made to make this
information clear and to be consistent with the source code.

Discretized conservation equations are often organized into a matrix system.

Joxr = —F(x) (2.115)

Here, J is the Jacobian matrix, dz is the array of state variable updates, and F'(x) is the evaluated residual
equations. Here, the update array is defined as the difference in the state variables between consecutive

iterations.
S = "t — ok (2.116)

Each state variable is indicated by x, the new time value is n 4+ 1, and the old time value is n. Each fluid
cell has three residuals which correspond to the mass, energy, and momentum equations. Each solid cell has
a single residual which corresponds to the solid energy equation.

sp = prtt - pn (2.117a)
Sh = h"tt —pn (2.117b)
Su=u"tt — " (2.117¢)
ST =1 — 1" (2.117d)
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The equation of state is incorporated into the other conservation equations, so there is no corresponding
residual in density.

CTF-R infrastructure was designed to use Newton’s method to resolve nonlinearities in the solution, but it
currently only takes a single linear iteration. This is a decent approximation for single-phase flow since it
is not highly nonlinear, but it should be corrected in the future. Using this single-iteration time iteration
scheme, the Jacobian is first evaluated numerically.

I = 6Fj($n) N Fj(m" +€) —Fj(x”)
v, T

= 2.11

Here, F;() indicates the 4t conservation equation, and ¢; is a small perturbation to the i*" state variable.
This numerical construction is beneficial because the physics are seen in the code. The following matrix
provides a schematic of this process, so it is easier to visualize.

r Omasy oOmasy omasy T
agrgél a%:ulel a%%el o '5Pf+11' [—F1 as(z™) ]
» L. L
Bmorlnl ammlnl Bmorlnl . 5}7’71:;1 *Fl,ene (:L’nn)
aP, ohy o0, : ovy —F1 mom (z")
: : : : = : (2.119)
omas; omas; Omas; 5Pin+1 7Fi,mas (In)
doki. gomi goui Shitt —Fj ene(z")
adbu ook 90u, LovpFt ] L =5 mom (27)
L ap, Oh, Fo;

Next, the remaining terms in the conservation equations are evaluated, F'(z™). Then the residual vector is
calculated using a linear algebra library (currently PETSc). Available solvers include SuperLU (direct) and
BiCGStab (iterative). A Jacobi preconditioner is used for the iterative solver.

bx = —J 1F(z™) (2.120)

The new iteration values of the state variables can then be calculated: z"t! = 2™ +dx. After each iteration,
the state variables are updated to the correct time levels, and the process is repeated until convergence.
CTF-R currently uses the same convergence algorithm that is used by the SIMPLE solver (see Section
2.4.6), which sets tolerances on global conservation and the change in state variables from one iteration to
the next.

In CTF-R, each conservation equation F'(z) is coded as an individual function, and the state variables are
stored as a matrix with 2" and 2"*! values. Keeping the data structures in this generalized form and
constructing the Jacobian numerically provides many benefits.
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2.6 Boron Tracking and Precipitation Modeling

2.6.1 Boron Tracking Model

The basic boron tracking algorithm is implemented in CTF such that after calculation of the fluid flow fields
in each node, the boron solute flow rate is calculated at each node boundary. Based on the results of the
solute flow rate, the boron mass and concentration are determined in each node.

The boron tracking model was later implemented in CTF by Ozdemir (2012) [9] with the addition of cross
flow between subchannels. The importance of entrained droplet field boric acid transport was highlighted
in both the Westinghouse Precipitation Modes PRT Report of Kliem et al. (2008) [10] and Tuunanen et al.
(1988) [11], and his group experimental studies of Tuunanen et al. (1994) [12]. Therefore, the boron solute
transient is calculated for both the continuous and entrained droplet fields (Freixa et al., 2007) [13]. The
implemented boron tracking algorithm was verified using analytical and CFD solution, and subsequently
validated using measured data [14] [15].

The boron tracking model performs a solution of the soluble boron conservation equation in order to track
boron motion through the mesh. The advection term of the governing equation can be solved using one
of two options: 1) the first-order upwind differencing scheme and, 2) the second-order modified Godunov
scheme. In addition, the second-order modified Godunov scheme solves the diffusion term of the governing
equation.

The following assumptions are used for the solute tracking model based on an Eularian method:

—_

. Liquid (solvent) properties are not altered by the presence of the solute,

2. Solute is transported only in the liquid phase and at the velocity of the liquid phase,
3. Energy transported by the solute is negligible,
4

. Inertia of the solute is negligible.

According to these assumptions, the solute field is described separately from the rest of the flow fields by a
three-dimensional hyperbolic transport equation.

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-dependent. Beside two-phase continuity, momentum and energy
equations, an additional one-dimensional field equation for the conservation of the solute is included to
identify the boron concentration.

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:

v vp-Opy _ O ()0p
3t+ oxr  Ox Dax 5 (2.121)

where py is the spatial boron density, v, is the particle velocity, D is the physical diffusion coefficient and S
is the source term. The spatial boron density, pp, is defined as:
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Py = afprb = Pm(]- - :v)Cb (2122)

where oy represents the fluid void fraction; py is the fluid density; C is boron concentration; p,, represents
the density of the mixture and x is the quality. The non-linear Burgers equation can be simplified by
neglecting the diffusion coefficient. When applied to boron mass, the equation is written as follows:

apb 1vp~apb'A7
iy U (2.123)

As discussed in the list of assumptions above, it is assumed that the particle velocity, vy, is equal to the fluid
velocity, vy.

2.6.1.1 First Order Accurate Upward Difference Scheme

Equation 2.123 can be rewritten with respect to the boron density term p; and the speed v.

py Py
o tuss =0 (2.124)

Next, Equation 2.124 can be discretized by applying a forward difference in time and a backward difference
in space as:

ot —pps
b,i b,i n n
—a; T E(/}b,i —pyi—1) =0 (2.125)
A Taylor series expansion can be used in order to define p;};‘l and pp,;_; in terms of py; as:
opp\" A2 (p " AP [03pb\"
nJ_rl — . At [ =22 - | — 2.126
pb,z pb,z + ( ot )l + 92 o2 ; + 6 o3 ; ( )
o \" Az (9%p\" Az (0P \"
b1 =pr.— Ar | — — 2.127
pb,z—l pb,z €z < or >Z + 2 o2 ; 6 O3 ; ( )
n+1

. . . . . P,
The expression from Equation 2.126 and Equation 2.127 can be substituted in for the terms, i and

V(P = Phiz1) . . . . . . & .
————— " in Equation 2.125. The relation between numerical scheme and the differential equation—

T
the truncation error—e¢; is:
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n+1 n n n n n
Poi ~Poi U ., [ 9p Apy AL (P Az (9Pp, 9 A o
Ri T Ag b pb’“)] K at) +U<8x 172 o), 72 Laur ), TOBAT)

(2.128)

_ At ?py. ., B vAz  0?py

€t

Since lima;—0az—s0(€:) = 0, the scheme can be defined as consistent. If the higher order terms, (O(At?, Az?))
are neglected, Equation 2.128 can be rewritten as:

ap\" (0" Sw (. vAt) (8"
<3t>i+v(ax>i__v2 <1_A:v)<ax2 i (2.130)

& po "
=-D

where:

vAx VAL
Dyun=—1[1— — 2.131
2 < ox ) (2.131)

From Equation 2.130 it can be concluded that, discretization of the linear convection equation, Equation
2.123, introduces numerical diffusion D,y (numerical viscosity) in its numerical solution, which is defined
in Equation 2.131.

The numerical diffusion term, D, should be positive to obtain a solution damped in time. If Dy,,m
becomes negative, numerical diffusion grows indefinitely in time and the solution becomes unstable. Then,
for the first order upwind scheme stability, it should be had:

0<3-<1 (2.132)

This relation is defined as the Courant limit condition (defined in Equation 2.80), which can be given as the
stability requirement with respect to the ratio between time step (At) and the cell size (Ax). The Courant
limit also controls the other CTF governing equations which similarly use an upwind advection scheme. The
benefit of the upwind differencing numerical scheme is that it provides a positive definite solution which
increases its stability and robustness.

2.6.1.2 Second Order Godunov Scheme

Investigations conducted by Freixa et al. (2007) [13] into the accuracy of the solution methods first concluded
that the upward difference scheme suffers from numerical diffusion due to numerical truncation. It was found
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that the second-order accurate Godunov scheme significantly reduces the numerical diffusion commonly
observed in the upward difference scheme. However, accounting for physical diffusion was still lacking in the
original Godunov solution scheme. Based on finite volume method, it can be taken the volume integral of
Equation 2.123 over the total volume of the cell V' as:

Ips 1 9(pp - vy - A) _
E av+/ (Aax oV =0 (2.133)

Using the divergence theorem, Equation 2.133 can be re-written in a control volume (V') and with a surface
area (A):

Ipy

8V+/ po-vy-0A=0 (2.134)
S B

j-1 i j+l j+2
Figure 2.6: Spatial Notation Used to Demonstrate the Modified Godunov Scheme, by Ozdemir (2012) [9].

Based on Figure 2.6, the upward difference discretization of Equation 2.134 gives the following solution with
respect to mass flux G and Gj11:

n ot " "
[y 7" = i) + W(AjHGjH —A;GY)| =0 (2.135)

The above relation gives the first order accurate Godunov scheme. Since the velocity (v) is known in both
old (n) and new (n + 1) time steps, it can be linearly interpolated to generate an approximation based on
time centered velocity (v"*+1/?)) as

1
+1/2 n
v == Q(Ufﬁl +05,541) (2.136)

Then the flux terms G; and G11 in old time domain n are defined as,

Lo 120 nr M +1/2 M
+1= i[v}l’ﬁ/l (b1 Pbjjes) + |U}L,J+/1 (pb,g+1 Py 1)l (2.137)
1 +1/2 L +1/2 L M
7 =3l P+ o) lop g = e (2.138)
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Equation 2.139 and 2.140 represent the boron density in the neighboring cells at their common interface:

n n 1 VAL 4
Priir = Pho + <2A“> (1 a A:vL) o (2.139)

n " 1 VAL S
pb,’jj\ﬁl = Popm T <2A$M> (1 - A:cM> Sm (2.140)

The cell-centered limited gradient, Sy, is defined as:

S =1 +0,wr)®(r,1)Sj11 = (1 + Orwr)®(r, 1) <pb’M_pb’L)

At (2.141)
The cell-centered limited gradient, Sy, provides higher order accuracy in space an time interpolation for
cell edge values of p, with respect to the changes in the neighboring cells from the flux at their common
interface (see Equation 2.139 and 2.140. The superbee non-linear flux limiter of Roe [16], @, is used in order
to prevent flux oscillations between adjacent cells. The effect of the flux limiter is to smooth parts of the
solution near a discontinuity in the solution. The limiter switches to a first order upwind, flux-conserved
advection scheme to prevent numerical instability. The flux limiter is given as,

®(r,1) = max|[0, min(2r, 1), min(r, 2)] (2.142)
where,
o (2.143)
Sj+1
Pb.L — Phx
S; = — : 2.144
Ponr — PhL
Sjp1 = —F—>— 2.145
j+1 ij+1 ( )

The artificial compression term of Yee [17] has been introduced in order to make sure that the solution is
continuous because the number of grid points tends to be relatively small and the scheme introduces spurious
oscillations into the solution, where discontinuities and shocks are present. In the artificial compression term
(1+0rwr), 05, is defined as,

1=

)
Y

(2.146)

and the parameter wy,, is partially defined by the local Courant number.
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Wy, = min(C’T,L, 1— CT,L) (2147)

These modifications make the Godunov method second order accurate. Using the second-order accurate
Godunov solution scheme and introducing a diffusion term to consider physical diffusion, a modified Godunov
solution scheme was devised by Freixa. An additional diffusion term has been defined within the Godunov
solution by replacing the integrated boron field in Equation 2.134

e 9y _
L ot aV—l—A(pb vf Dax) 0A =0 (2.148)

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 When a small particle is suspended in a fluid,
it is subjected to the impact of the gas or liquid molecules. The instantaneous momentum given to the
particle varies randomly and causes the particle to move on an erratic path known as Brownian motion. The
Brownian diffusion coefficient given by Einstein [18] with the added Cunningham correlation factor [19] is

ky-T-C,
D rownian — & _ 2.149
B 6m-p-v-a ( )

where kj, is the Boltzmann constant, T' represents the temperature, p is the fluid density, v is the velocity
and a represents the particle radius. The Cunningham correction factor is defined as a function of A, which
represents the mean free path, and a the particle radius.

A
C. =1+ Z[1.257 4 0.4e110/2] (2.150)
a

Eddy diffusion appears with turbulent phenomena. Turbulence is characterized by the motion of the fluid
particles, which is irregular with respect to both direction and time. Even though the dominant velocity
direction is axial, there can be regions with a direction and modulus different from those of the mean velocity.
The turbulent fluid is imagined to consist of lumps of fluids, or eddies, of different sizes. Eddy diffusion is
slightly different from fluid turbulent diffusion, but in this case, because of the low weight of the particles,
both diffusivity will be essentially equal.

Equation 2.151 was developed by Macian-Juan and Mahaffy [20] based on the dispersion model. The
suggested value for Gy was equal to 1.35.

Dggay = G0UR€7/8 (2.151)

While the range of values of the Brownian coefficient for boron acid particles oscillates between 1076 and
107, the Eddy coefficient has a scale order of 1072 to 10~2, depending on the fluid velocity. Consequently,
Brownian diffusion is removed from the equation. Then, following the similar procedure, Equation 2.139
and, analogously Equation 2.140, is rewritten including the Eddy diffusion coefficient Dg.
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n,L n 1 VAL _
Poj+1 = PoL T KQA% 1- Az, ) PE SL (2.152)
where ¢ is the limited diffusion term:

Az DE'ddy
20,«’ vy,

o, = min( ) (2.153)

2.6.2 Boron Precipitation Model

The boron precipitation model was added to predict the plated out solute concentration in CTF. The
solubility of boron increases with the increase of coolant temperature. Thus, it is essential to take into
account the coolant temperature effect in maximum boron concentration calculations:

1. First the maximum solubility of the boric acid in 100g of water (maximum mass fraction, Mmyqz) is
calculated according to Kim et al.’s correlation [21] as:

My O 2.68 x 108
= | -7 +6.04 2.154
100 ( 2.73.15 + T}y + > ( )
where the conversion parameter v is given as:
P = 3.432 x 10*(\ + 1.80 x 10® x Tjq) (2.155)

A =0.1795 and Tj;4 is the liquid temperature in °C

2. Then, the maximum boron concentration is evaluated based on the amount of liquid mass (my;4) both
in continuous and entrained droplet liquid phases:

My max

_ Mbmaz (2.156)
Miiq + Mp,max

Pbmax =

From Figure 2.7, the Kim et al.’s solubility correlation is derived in a temperature range between 40 —
160°C (313 — 433K) including the effects of buffer agents like tri-sodium phosphate (TPT), which generate
particulate oxide corrosion products and increase the risk of precipitation by chemical reactions with other
dissolved materials [21].

In CTF, if the liquid temperature reaches a value outside the given range, the value at 160°C is used (Figure
2.8). 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 Figure 2.8.
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Figure 2.7: Boric Acid Solubility Correlation w.r.t. 100g water, by Kim (2008) [21]
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Figure 2.8: CTF Maximum Boric Acid Concentration by Kim et al.’s Correlation [21]
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3. Flow Regime Map

3.1 Introduction

The conservation equations that had been described in Chapter 2 contain terms that must be solved for
prior to the conservation equation solution. These terms include the interfacial heat transfer, interfacial
drag, and wall drag terms. However, these terms are dependent on the behavior of the two-phase flow, which
is classified as one of several flow regimes using a flow regime map.

COBRA-TF actually contains two different types of flow regime maps: the “normal wall” map and the
“hot wall” map. The normal wall map is used when the maximum wall surface temperature in the given
computational mesh cell is below the critical heat flux temperature and is thus expected to be fully wetted.
The hot wall map, on the other hand, is selected when the maximum wall surface temperature exceeds the
critical heat flux temperature. Once the flow regime of the mesh cell is correctly identified, the appropriate
models can be chosen for calculation of the closure terms.

Pertaining to the actual source code, the flow regime selection process is performed in the INTFR subroutine.
Furthermore, the flow regime is defined for the momentum cells and not the scalar mesh cells. This is logical
for the interfacial drag and wall drag calculations because those terms are utilized in the axial and transverse
momentum equations only. However, the interfacial heat transfer term should be available in the scalar mesh
cells — while it is calculated for the axial momentum cells, the interfacial heat transfer is calculated for the
scalar mesh cells in the XSCHEM subroutine using linear averaging of values in adjacent axial momentum
cells.

This chapter discusses the flow regime maps in COBRA-TF and the approximations used for calculating the
interfacial area for each recognized flow regime.

3.2 Normal Wall Flow Regimes

3.2.1 Introduction

The normal wall flow regime map is used when the maximum wall surface temperature in the mesh cell is
below the critical heat flux temperature, which is denoted by Equation 3.1.
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T,, = min (705.3 °F, Tcur) (3.1)

The critical heat flux temperature is assumed to be well-approximated by Tcnr = (Tsqt + 75) °F. The upper
limit of 705.3 °F corresponds to the critical temperature of water. If the maximum wall temperature exceeds
the value given by Equation 3.1, a whole new range of flow regimes become possible since the liquid can only
partially wet the wall.

The normal wall flow regime map includes the following flow regimes:

e Small-bubble
o Small-to-large bubble (Slug)
e Churn/turbulent

e Annular/mist

The map is shown graphically, including void fraction values that demarcate the transition points, in Figure
3.1. The selection logic is straightforward, but a check is first made to see if there is a large void fraction
gradient (i.e. Aay, > 0.2) between adjacent axial mesh cells. If yes, the minimum void fraction of the two
cells is used to determine the flow regime. A diagram of the normal wall map flow regime selection logic is
shown in Figure 3.2.

Each of the individual flow regimes of the normal wall map are described in the following sub-sections.
The interfacial area calculation is also described for each flow regime, which is later used in Chapter 5 for
calculation of the interfacial drag and interfacial heat transfer.

Returning to Figure 3.2, the void fraction check is made to ensure that the mesh cell flow regime is consistent
with those around it. It is made between adjacent axial mesh cells as shown below:

Aoy, = ay(i,j + 1) — oy (4, 5) (3.2)

Here, ¢ is the channel index number and j is the axial node index. If the void fraction difference is large (i.e.
|Ac,|> 0.2), a ramp is defined as:

1.0
Fao =min{ |Aa,|—0.2 (3.3)
0.2

This ramp is then used to re-define mesh cell (4,7) void fraction, which is later used for calculation of
interfacial quantities. The void fractions for each of the three fields become:
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Figure 3.1: Normal wall flow regimes recognized by CTF
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Figure 3.2: Normal wall flow regime selection logic
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0 = Faaa(i,§) + 3 (1~ Faa) (i 3) + ouli g + 1) (3.40)
1 = Faaeu(is) + 5 (1~ Faalon(i, ) + el j +1)] (3.40)
e = Faate(i, ) + 51— Faalore(i, )+ clij + 1) (3.4¢)

If the mesh cell (4,5 — 1) is in the annular/mist or a hot wall regime, «, and «; are re-set for subsequent
calculations to the following:

ool j = 1) (3.5a)

Qv = max{ a,, from Equation 3.4

1 = { oy, from Equation 3.4 (3.5b)

If |Aa|> 0.2 and Aa < 0, it is likely that an inverted pool exists and the void fractions used to determine
the flow regime and interfacial terms in cell (i, j) are:

Qy = FAaav(iuj + 1) + %(1 - FAQ)[av<i7j) + Olv(i,j + 1)] (363‘)
01 = Faaou(i, g +1) + 3 (1 = Fan)loa(i, ) + (i, + 1) (3.60)
Qe = FAaO‘e(ivj + 1) + %(1 - FA@)[O‘e(ir.j) + O‘e(i’j + 1)] (36C)

When a large void gradient between two cells is not present, the void fractions at the momentum cell center
are assumed to be equal to the average void fractions in the accompanying continuity cells:

o = 5[au(i9) + i+ 1) (3.7a)
o = glon(i, ) + au(i,  + )] (3.7h)
o, = %[ae(i,j) +ae(iyj+1)] (3.7¢)

With the appropriate void fraction determined, CTF then selects the flow regime. Each of the normal wall
flow regimes are discussed in the following sub-sections.
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3.2.2 Small Bubble Regime

The small bubble flow regime consists of small bubbles dispersed in a continuous liquid. The regime exists
for void fractions ranging from 0.0 to 0.2. The upper range of the flow regime is the point at which small
bubbles begin to coalesce and form larger bubbles. The void fraction of 0.2 was selected based on the work
of several authors.

First, Griffith and Wallis [22] conducted experiments with air-water mixture in tubes with diameter up to
1.0inch and observed that below a void fraction of 0.18 there was no indication of slug formation. Additional
experiments by Griffith and Snyder [23] indicated that the void fraction where the bubbly to slug transition
occurs is in the range of 0.25 to 0.30. Mishima and Ishii [24] recommended a transition from small bubble
to slug at a void fraction of 0.3. Similarly, Radovicich and Moissis [25] postulated that the maximum
void fraction for bubbly flow is attained when the bubble collision frequency becomes very large and they
considered this to be a void fraction of 0.30.

The INTFR subroutine is used to determine the flow regime and flow regime-dependent closure terms. After
selecting the flow regime to be small bubble, the interfacial area is calculated by assuming that the bubbles
are spherical in geometry. The interfacial area is calculated in two ways: one for calculation of interfacial
drag and one for interfacial heat transfer.

Interfacial Area for Interfacial Drag The radius is defined using a critical Weber number of 10.0. This
calculation is performed as follows:

= 0.5Weeiitoge +1-107° (3.8)

—2
Py

The ,,; is a vector, which includes both axial and transverse components of relative velocity between the
liquid and vapor phases. The bubble radius is limited so that it cannot become larger than one-half the cell
hydraulic diameter or 0.02 ft, whichever is smaller. This can be written:

Ty = Du (3.9)

The interfacial area used in the interfacial drag coefficient calculations is then estimated as:

AX
ALSb = 3OéUAxT (310)
b

A, is the momentum cell area.

Interfacial Area for Interfacial Heat Transfer If the liquid is superheated, the bubble diameter is
calculated as:
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Dy = min (2ry, D), where (3.11a)
D =2 L?;T max (a]G;O.OOl)]O'gBS, or (3.11b)
Dp =124 {W] o (3.11c)
Ny is the minimum bubble number density and is defined as:
Ny = — 20 (3.12)

max (o, 0.001)

Ny is in units of number of bubbles per cubic foot. It was formulated in this manner to capture the fact that
coalescence of bubbles occurs as vapor increases in the flow. The model yields a bubble radius of 0.1 inches
at a void fraction of 0.2. The purpose of this model is to provide an interfacial area for the initiation of
flashing.

The interfacial area for interfacial heat transfer coefficient calculations is:

6 max (,,0.001) 4, AX

Ais =
,8b D,

(3.13)

3.2.3 Small-to-Large Bubble Regime

The small-to-large bubble regime exists for void fractions ranging from 0.2-0.5. The upper limit corresponds
to the work of Taitel, Bornea, and Dukler [26]. Their work found that, considering spherical bubbles packed
into a cubic lattice, bubbles begin to touch at a void fraction of 0.52. This was assumed to represent the
upper limit of bubbly flow.

This regime is considered to consist of a combination of small bubbles and large bubbles, as shown in Figure
3.1. Their distribution is determined by assuming that the void fraction of small bubbles stays constant at
0.2, the upper limit for the small bubble flow regime, with the remainder of vapor void existing in the form
of large bubbles. The large bubble size increases with void fraction until its diameter equals the channel size
or 3inches, whichever is less. The large bubbles are also considered to be spherical in shape when calculating
interfacial area.

The small bubble regime calculations, as described in Section 3.2.2, are performed assuming all of the vapor
is in the form of small bubbles and the interfacial area is stored as a temporary variable. Calculations
assuming that all of the vapor is in the form of large bubbles are performed next. The results for the two
different bubble types are then interpolated.

The large bubble radius is first calculated as follows:
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Asp]

= {0.2387 (ozv -1

0.3333
] (3.14)

) A;AX

— Qsp

The large bubble radius is calculated by subtracting the small bubble volume from the total vapor volume
to get the large bubble volume, and then assuming spherical geometry of the large bubbles to calculate large
bubble radius (see Box 1 for more details). The result is compared to the channel hydraulic diameter, the
small bubble radius, and a limiting factor in the following axiom:

0.25ft
T, = max T 0'5*Dh (3.15)
Ty
Tsb

For large bubbles, the interfacial area in a computational cell is equal to the surface area of a single bubbles
times the number of bubbles in the cell. The number of large bubbles in a mesh cell is equal to the total
large bubble volume divided by the single large bubble volume (the two values will clearly be equal if only
one large bubble exists):

Ny = (3.16)

i3
3T

Assuming that all vapor is in the form of large bubbles and multiplying this by the surface area of a single
large bubble, the surface area of the large bubbles is:

ay A AX

Ai,lb = 1 3 47T7°l2b (317)
30
Simplifying this leads to:
AX
Ai,lb = 30[1)14.'177 (318)
Tib
This expression is used in the calculation of large bubble interfacial drag coeflicient.
To prevent a dependence on the adjacent void fraction, «,, of cells (i,7) and (4,7 + 1) is compared:
N min (o, (2, 5), o (2,7 + 1
Qb = CAUE)ECY, ))Ai,lb (3.19)

Ay

With the small bubble interfacial area, calculated in Section 3.2.2 (Equation 3.13), and the large bubble
interfacial area, presented in Equation 3.19, the interfacial area for the small-to-large bubble flow regime is
calculated by interpolation.
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Aisiy = FapAip + (1 — Fap) ATy, (3.20)

Fg, is the ratio of vapor volume in the form of small bubbles to the total volume of vapor in the cell:

Vsp

Fo=

(3.21)

Using the definition of Vg, which was calculated in Equation 3.26 during the large bubble radius derivation
in Box 1, we can expand this to:

Qsp ]
Fop=—"7-— 3.22
® = A= am)an (3.22)

Box 1: Calculation of Large Bubble Radius

The large bubble radius can be calculated from the large bubble volume if we assume spherical geometry:

4 *k
‘/lb = gﬂ"f‘lbg (323)

The total large bubble volume is simply equal to the total volume minus the small bubble volume:
Vio = Vi — Vi (3.24)

We calculate Vg, by considering that the small bubble void, agp, is the small bubble volume divided by the
sum of liquid and small bubble volume.

Vsb
_ 3.25
=V Vi (3.25)
Solving for Vg, we get the following:
asb‘/l
Vep = —— 3.26
sb 1_ ab ( )
For a given momentum mesh cell with cross-sectional area A, and height AX, the liquid volume is:
Vi = A AX (3.27)
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Substituting Equation 3.27 into Equation 3.26, we are left with the small bubble volume in terms of known
variables (since it was assumed that small bubble void was at the upper limit for the small bubble flow
regime, ag, = 0.2):

b A AX
Vep = QsbM Az B4 (3.28)
1— Asp

Substituting this into Equation 3.24 along with the definition of total vapor volume, the large bubble volume
is:

Vi = <av - M) A, AX (3.29)
= QAsp

Assuming that the total large bubble volume is all in a single large bubble, the large bubble radius is
calculated by equating this equation to Equation 3.23 and solving for r}; (result shown in Equation 3.14). If
total large bubble volume is, in fact, spread amongst several large bubbles, the limit presented in Equation
3.15 will act to reduce the large bubble radius.

3.2.4 Churn/Turbulent Flow Regime

The churn/turbulent region exhibits behaivor of large bubble flow, but is more chaotic in nature. In CTF, its
behavior is captured by blending the small-to-large bubble regime and the annular/mist regime characteris-
tics. The beginning of the churn/turbulent regime occurs at a void fraction of 0.5 and exists until a stable
film forms, at which point transition to annular/mist occurs. Establishment of a stable film is dependent on
channel geometry and vapor velocity, but it will occur no lower than a void fraction of 0.8.

The transition from churn/turbulent to annular/mist is determined based on flow conditions and channel
geometry. The void fraction used to demarcate the churn/turublent and annular/mist regimes — referred
to as the critical void fraction — is a constant value of 0.8.

Since the churn/turbulent regime is a mixture of small-to-large bubble flow regime properties and annular/
mist properties, calculations are performed for both flow regimes if a is between a = 0.5 and a = it
Calculations for the interfacial area of the small-to-large bubble regime were presented in Section 3.2.3.
Calculations for interfacial area of the annular/mist regime are presented next in Section 3.2.5.

There is actually no interpolation performed for the interfacial area term in the source code. Instead, the
interfacial drag and heat transfer terms are calculated for the small-to-large bubble and annular/mist regimes
and those terms are then interpolated using the F, interpolation factor, shown below:

a, — 0.5
F = .
“ Qlerit — 0.5 (3 30)
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The term is used for calculating churn/turbulent closure terms, as follows:

Por = F,Pav + (1 — Fa)PSLB (331)

P denotes the term being calculated (i.e. either interfacial drag or interfacial heat transfer) and CT, AM,
and SLB represent the corresponding closure term for the churn/turbulent, annular/mist, and small-to-large
bubble regimes, respectively.

3.2.5 Annular/Mist Flow Regime

The annular/mist flow regime is characterized by a continuous liquid film surrounding a vapor core that
may or may not contain a droplet field. The droplet diameter is calculated using the droplet interfacial area,
which is calculated in the POST3D subroutine using the interfacial area transport equation, later discussed
in Section 3.4. The droplet diameter is also limited, as shown below:

6cre
D; = max Al (3.32)
0.0005 ft

The droplet diameter is later used for calculation of the interfacial drag on the droplet field. It is necessary
to calculate the interfacial area for both the continuous liquid and droplet fields separately and then add
them together. The interfacial area of the droplet field is very simply:

Aig = A ALAX (3.33)

Z’

The interfacial area of the film is calculated by assuming that the vapor core is cylindrical in shape and then
calculating its surface area[27]. The result is:

A 4y/o, + ac AL AX
if =
Dy

(3.34)

To keep the transition between adjacent mesh cells smooth, Equation 3.34 is multiplied by a ramp, as follows:

T (Aa Fac A AX
Aup=]—2 < Qo+ o > . where (3.35a)
’ Qy + Dy,

* . 1—041
@ —mln{ 1= i j+1) (3.35b)
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3.3 Hot Wall Flow Regimes

3.3.1 Introduction

Flow regimes are significantly different from those previously described in Section 3.2 when critical heat
flux (CHF) is exceeded. This occurs in PWRs during accident conditions, like the blowdown phase of a
large-break LOCA. Because departure from nucleate boiling (DNB) occurs, the vapor keeps the liquid from
contacting the heated surfaces. The flow regimes recognized in the hot wall map are:

e Inverted annular flow

Inverted slug flow

Dispersed droplet flow

Falling film flow

Top deluge flow

These flow regimes are depicted graphically in Figure 3.3. The logic for selecting the flow regime is given in
Figure 3.4.

3.3.2 Inverted Annular Flow Regime

This regime consists of an annular film of vapor surrounding a liquid core. It is determined to exist if the
maximum wall temperature exceeds Tcpr, if there is a hot wall regime in the mesh cell above (i.e. (4,5 +1)),
and if the liquid is subcooled.

The interfacial area of the liquid core is calculated assuming that it is cylindrical in shape:

Py
moo_ \/OTZ (3.36)

i, f A,

This can be rewritten in terms of hydraulic diameter as:

o A AAX

U =—"5, (3.37)

The droplet interfacial area is determined by the interfacial area transport equation, later presented in
Section 3.4.

Consortium for Advanced Simulation of LWRs 72 CASL-U-2019-1886-002



BCAS

CTF Theory

Top Deluge

Falling Film

Quench Front Dispersed Droplets

Inverted Slug

Single Phase Liquid

Figure 3.3: CTF hot wall flow regimes
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Figure 3.4: CTF hot wall flow regime selection logic
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3.3.3 Dispersed Droplet Flow Regime

The dispersed droplet field consists of a continuous vapor field containing entrained droplets throughout.
Dispersed droplets can exist in all hot wall flow regimes.

Upon determining to use the hot wall flow regime map, calculations are done to determine droplet en-
trainment and interfacial area in INTFR, since dispersed droplets can exist in all hot wall flow regimes.
The droplet interfacial area is obtained from solution of the interfacial area transport equation, solved in
POST3D, and discussed in Section 3.4. The interfacial area for a mesh cell is:

Asa = AV ALAX (3.38)

3.3.4 Falling Film Regime

The falling film regime is one result of the existence of a top quench front. The regime consists of film flowing
down and vapor flowing up. For it to exist, the mesh cell should be a hot wall flow regime with a normal
wall flow regime above and the void should be greater than 0.8.

The interfacial area for the film is calculated in the same way as in the normal wall regime, annular/mist:

mo 4/1 —

A (3.39)

The droplet interfacial area is, again, determined from the solution of the interfacial area transport equation:

A = AV ANX (3.40)

3.3.5 Top Deluge Flow Regime

The top deluge regime consists of large liquid slugs, with a diameter equal to the channel hydraulic diameter.
It, like the falling film regime, results from the existance of a top quench front (i.e. the mesh cell is in the
hot wall regime with a normal wall regime in the mesh cell above). The regime occurs when void fraction is
below 0.8.

The interfacial area of the slugs is calculated assuming that the slugs are spherical in geometry. The interfacial
area will then be the number of slugs in the volume times the interfacial area of each sphere:

Al = N!"nD? (3.41)

Dy is the diameter of a slug; however, we assume that the slug diameter is equal to the hydraulic diameter.
The number of slugs is calculated by dividing the total liquid volume by the volume of one slug:
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N = Y (3.42)
WD?L
6
Substituting Equation 3.42 into Equation 3.41 yields:
60&[
A s = —AAX (3.43)
El Dh

The interfacial area of the droplet field is, once again, determined by the solution of the interfacial area
transport equation:

Ajg = A gA,AX (3.44)

3.4 Interfacial Area Transport Equation

The interfacial area transport equation tracks the interfacial area of the droplet field throughout the flow
field. The equation is written as:

"

dt

(Ar0.) = Al + AL (3.45)

The terms on the LHS represent the rate of change in interfacial area with respect to time and the efflux
of interfacial area through mesh cell connections. The RHS terms include the generation of interfacial area
due to entrainment and evaporation.

The interfacial area transport equation is performed in POST3D after back-substitution is performed for the
Jacobian matrices. Equation 3.45 is first multiplied through by the cell volume and the efflux term is put
into discrete form:

///

A dV + Z (AT4U.A) = Aip + Air (3.46)

The change in droplet volume due to evaporation is obtained from a mass balance:

=T (3.47)

Ny is the number of drops in the cell, V; is the droplet volume, and 7" is the evaporation rate from droplets,
discussed in Section 2.2.2. The total entrained field volume divided by a single droplet volume gives the
number of droplets:
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N, = 3.48
i = (3.49)
Substituting this into Equation 3.47 and putting the temporal term in discreet form gives:
aVe Vg =V nl
== 3.49
Vy At Pl ( )
Simplifying this gives:
Vi nl'At
< =1 3.50
Va * praeVe (3:50)

We can equate the volume of a sphere to its surface area, as follows:

3
Vi Al ?
v - (2) 6

Substituting Equation 3.51 into Equation 3.50 yields:

%
1
o= AP, <> (3.52)
i,d i,d nL At
1 + prae Ve
or:
2
Vv 3
[— " P18 Ve 3.53
i,d i,d Plach I nFAt ( )

Substituting Equation 3.53 into Equation 3.46 yields the following:

2
. pzach 3 n At
=t () + (e 0

Limits are placed on this final form of the equation when calculating the new time interfacial area:

A"} from Equation 3.54

;,’,d — min max AlOA:)X (3.55)
12, 000cx,
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4. Macro-Mesh Cell Closure Models

4.1 Introduction

The conservation equations that have been discussed in Chapter 2 contain terms that must be defined prior
to a solution of the conservation equations. This chapter discusses those closure terms which affect the
overall mesh cell, dubbed the “macro-mesh cell” closure terms. These closure terms include the wall shear
stress, inter-cell shear (e.g. caused by liquid/vapor interface between cells), wall heat transfer, turbulent
mixing, and void drift. Each of these terms is discussed in the following sections.

4.2 Wall Shear and Form Loss Models

The wall shear model was briefly introduced in Section 2.3.2.2 during the discussion of the finite-differenced
form of the momentum conservation equations. The wall shear term is restated here as a coefficient times
the field mass flow rate.

Twa = kwamAX (2.43)

The wall shear, in CTF, is also visualized as a combination of frictional losses and flow form losses, as follows:

dP dP
wr = | == — AX 4.1
o |: dX)fric " dX)form:| ( )
Combining this equation with Equation 2.43 allows for the definition of the wall drag coeflicient K, ,:
dP 1 dP 1
' dX)fric m " dX)form m ( )

To further this derivation of the wall drag loss coefficient, we define the friction and form pressure loss
components in the following sub-sections.
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4.2.1 Friction Loss Model

PSU RDFMG version of COBRA-TF (CTF) uses a two-phase pressure drop model, based on the work of
Wallis[28], as follows:

2
fric

dX ).~ 2Dpp °©

It must be noted that this is a generalized definition of the frictional pressure gradient and in the following
section, the model specific pressure gradient is discussed in detail. G, is the mass flux of the field of interest
and ¥, is a (phasic) two-phase multiplier which is defined according to two different classes of models:
void-based models (function of the void fraction) and quality-based models (function of quality). Two-phase
multiplier models which are a function of the gas/liquid void fraction, are tightly coupled with the interfacial
drag making an independent assessment/calibration of the wall shear and interfacial drag difficult. This is
ameliorated with a quality based model. Accordingly, two quality based models are implemented in CTF,
which are described in the following sections.

The friction factor f,, is defined using phase Reynolds number Re and surface roughness €. The friction
factor correlations are in Table 2. Note that all correlations, except the Churchill correlation, return the
Darcy friction factor. The Churchill correlation returns the Fanning friction factor, which is four times
smaller than the Darcy friction factor. Since the CTF model uses the Darcy friction factor, the Fanning
friction factor is multiplied by 4.

The phase Reynolds number is based on phasic properties:

_ Dy|Gy]
Pk

Re (4.4)

The subscript, k, represents the phase, and can be either liquid or vapor. Addition of surface roughness
requires a special treatment of calculating the frictional pressure drop when there exists different rod types
in the same subchannel with different surface roughnesses. CTF determines a surface-area-weighted average
surface roughness for the channel.

2 &rbur

4.
P (4.5)

€ieff =

In the equation, the r subscript is a counter over the rod surfaces touching the channel 7. The term, P, ,,
is the wetted perimeter of the rod segment that touches the channel and ¢, is the roughness of that rod
segment. The denominator, P, ;, is the total wetted perimeter of Channel ¢.

It is important to note that the sum of P, , over all rod surfaces touching the channel does not necessarily
equal the total channel wetted perimeter, P, ;. The user is free to set the channel wetted perimeter, P, ;, to
whatever they want, independent of the actual dimensions of the rods touching the channel. This feature is
most commonly used for specifying a wall around a rod bundle without explicitly modeling the solid objects
that make up the wall. In this way, the wall shear effect can be captured without actually modeling the wall.
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The surface roughness is only considered for rod and unheated conductor surfaces. Therefore, in a boundary
channel of a rod bundle with a fuel canister, for example, the wall will always be assumed smooth, regardless
of the roughness of the attached rod.

Additionally, the effect of wall drag in the lateral momentum cell is also considered in gaps that touch a wall.
However, walls that touch gaps are also considered smooth. The following sections go over the two-phase
multiplier models currently available in CTF.

4.2.1.1 Lockhart-Martinelli Model

The Lockhart-Martinelli model is a quality-based two-phase multiplier model and is formulated on two
assumptions; single-phase pressure drop relations can be applied to each phase and the pressure gradients of
the two-phases are equal at any axial position [29]. The two-phase frictional pressure gradient is related to
a single-phase pressure drop gradient assuming each phase flows alone at their actual flow rate. Following
from 4.3 the two-phase pressure drop gradient is defined as follows:

aP\™ _ar\' _, ar\’ _,
M) :M) @:M) P2 (4.6)

fric fric fric

where the single-phase liquid and vapor pressure gradients are defined as follows:

dP)l _ J1 Gh(1—ahe) )

dX fric Dh 2pl .
aP\"_ fo GhTfo (4.8)
dX fric - Dh 2p” .

where Dy, is the channel hydraulic diameter, Zaow is the flow quality, f is the friction factor of the k*" phase,
and Gy, is the mixture/total mass flux. From 4.6, 4.7, and 4.8, the liquid and vapor two-phase multipliers
are obtained as follows:

fre pi 1
q)Q _ JL P 49
! fl Pm (1 - xﬂow)Q ( )

. 1
ﬁ:hﬂlz (4.10)
fv Pm ‘rﬁow

where frp is the two-phase friction factor. Lockhart and Martinelli [30] defined the parameter X as the ratio
of the liquid to vapor frictional pressure gradients as follows:
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dP>1

ax /.. @2

X?= —Lhhe - 2 4.11
dXx fric

Therefore, from its definition, X can be obtained as follows:

0.5 0.5
_ (o) (L) A zhew)
X= (Pl ) <fv) Tflow (412)

Lockhart and Martinelli [30] postulated that the liquid and vapor frictional multipliers can be correlated
uniquely as a function of X. Using data from horizontal adiabatic two-phase flows, Lockhart and Martinelli
[30] graphically represented 4.11 by the following curves:

c C
¢?21+Y+ﬁ (4.13)

P2=1+CX+X? (4.14)

The constant C varies according to different combinations of the phasic flow type (laminar or turbulent) and
the values of C are summarized in [29]. The C value (C=20) corresponding to turbulent liquid-turbulent
vapor flow regime is typically used across all regimes [29]. Finally, using the liquid frictional multiplier
defined in 4.13, and the liquid single-phase pressure gradient defined in 4.7, the two-phase frictional pressure
drop can be obtained from 4.6 or 4.3.

4.2.1.2 Chisholm Model

The Chisholm model is also a quality-based two-phase multiplier model and is derived for evaporating flow. In
the Chisholm model, a simplified set of conservation equations are solved to obtain an analytical expression
for the two-phase pressure drop gradient which was obtained graphically in the Lockhart and Martinelli
model (4.13) [31]. The following parameters are required for the Chisholm model. The pressure gradient as
if the whole mixture flows as liquid or vapor are defined for both phases as follows:

AP\® _ fio G? (4.15)
dX fric B th Pl .
AP\ fuo Gu®

- — 4.16
dX)fric 2dh P ( )

where fi, and fy, are liquid only and vapor only friction factors and are functions of the mixture mass flux.
Defining the physical property coefficient, I" as:
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dP>lO
dX )
I? = ——Lhic 4.17
aP (4.17)
dx

fric

Substituting equations (4.16) and (4.15) into (4.17) leads to:

0.5 f 0.5
SONG

Finally, the Chisholm two-phase flow multiplier expression is given as:

Of, =1+ (T? = 1) (Boow (1 = Tow) + Tfow) (4.19)
where B is defined as:
CT -2
B = 4.2
rz—1 (4.20)

and C is a constant given by:

(@) @6

where U} and U, are the total relative (local) liquid and vapor velocities. It must be noted that the Chisholm
two-phase flow multiplier satisfies the boundary condition at the limits of single-phase liquid x = 0 and
single-phase vapor # = 1. This can be easily verified by substituting the limiting values in 4.19.

4.2.1.3 Wallis Model

The default two-phase multiplier model in CTF is a void-based model which is based on Annular flow theory
[28]. It must be noted that the same expression can be obtained using 4.13 and a void fraction correlation,
from the Lockhart-Martinelli model [29]. The void-based model henceforth known as the "Wallis” model, is
defined as follows:

B, — { 1/cq  for normal wall conditions (4.22)

1/a,,  for hot wall conditions
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Table 2: CTF friction factor correlations.

Original correlation:
s 64.0/Re , laminar
= max
s max(1.691Re”%* 0.117Re”"*) | turbulent
McAdam’s correlation:[32]
64.0/Re , laminar
fuw = max —0.2
0.204Re , turbulent
Zigrang-Sylvester correlation:[33]

s 64.0/Re , laminar
= max
Y (—2.0log (555 + 32L[1.14 — 2log(5 + 2533)])) "2, turbulent
Churchill correlation ®:[34]
fr=20(F)" + gl
where
16

a = (247500 o535 )

h— (3.751:;,?104 )16

User-defined function ®:

s 64.0/Re , laminar
= max
v A+ BRe® | turbulent

%Applies to all three flow regimes; laminar, transition and turbulent.
YA, B and C are user-defined coefficients.
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4.2.2 Form Loss Model

The form pressure drop is defined as follows:

AP K,
— = Ui |U, 4.23
dX ) form o 20X pk‘ k| : ( )

Again, k represents the phase but, in this case, can be either liquid, vapor, or entrained droplets and U is
the field velocity. Note that, while frictional loss is only calculated for liquid and vapor fields, the form loss
is experienced and calculated for all three fields. K is the form loss coefficient which may be user-supplied,
code-calculated, or a combination of both, depending on the modeling circumstances. In INTFR, K, is
either user-supplied or code-calculated.

The flow blockage coefficient, if chosen to be code-modeled, is calculated by the following equation:

Kgria = min (20, 196 Re,0:**) fioss A ock (4.24)

mix

floss is a user-defined pressure loss coefficient multiplier, Ayjoek is the user-defined ratio of blocked area to
flow area, and Rey;x is the liquid/vapor mixture Reynolds number, defined by Equation 4.25.

GrD
Remiy = —— where (4.25a)
Hmix
Hmix = min(uvapon Nliquid)» and (425b)
Hvapor = Ml(l - Oéru)a, where (425C)
. —2.5(y + 0.417)
o + 1
Mliquid = Mva’;, where (4.25d)
b —2.5(u; 4+ 0.44)

Mv‘i’,ul

4.2.3 Simplification of Wall/Form Loss Model

The friction pressure loss term of Equation 4.2 is defined separately in the INTFR subroutine; however,
the form loss term has simplifications made during its formulation. Therefore, Equation 4.2 is reformulated
using the substitution of Equation 4.23:

dP 1 orppUn K, |Uy|
Kype= % —t 4.26
' alX)friC m + 2A X (4.26)
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It is evident that the mass flow rate term, 7, can be canceled with some of the numerator terms in the
form loss term; however a simplification is made in the source code at this point which can be a significant
source of confusion when analyzing the source code. Recall that the wall drag loss coefficient, K, 4, is
multiplied by /mAX in order to represent the wall shear stress (units of force (see Equation 2.43)). We
solve the momentum equations in order to calculate the field mass flow rates, . Returning to Equation
2.42, which is the discretized form of the Cartesian x-momentum equation, there are mass flow rate terms
on both the LHS and RHS of the equation. On the LHS the mass flow term is multiplied by (AXA,)/At,
which is carried over to the RHS during the solution process. As a result, the wall drag loss coefficient, in
the XSCHEM subroutine, is multiplied by At/AX. The cross-sectional area does not appear in XSCHEM
because it is eliminated with the cross-sectional area term that appears in INTFR. Therefore, when further
simplifying Equation 4.26, we take care to move the cross-sectional area back to the LHS, as follows:

wady, = ) % 4.2
whe = I (427)

dP\ A, K, |Ul
fric m 20X

Now, the A, on the LHS of Equation 4.27 will cancel with the A, on the LHS of Equation 2.42, which
is why these A, terms never appear in the INTFR or XSCHEM subroutines and why the wall drag loss
coefficient takes the form of Equation 4.27. To avoid any additional confusion, K, , is multiplied by AX

first in XSCHEM (upon being received from INTFR), and then later multiplied by At/AX (from the LHS
of the discrete form of the momentum equation) during the momentum equation solution.

The above equations were presented with regards for flow in the axial direction, but a wall drag loss coefficient
is also calculated for the transverse direction. In this case, mass flow rates, field velocities and geometry
parameters are with regards to the transverse direction. The phase Reynolds number, for example, is
calculated as shown in Equation 4.28.

Gk (%)

1223

Rej, = (4.28)

The hydraulic diameter was represented in terms of the transverse distance between sub-channels, Ly, and
the wetted wall multiplier, F,,, which is a user-defined parameter that declares the number of wetted walls
in a transverse momentum cell. The F), term also appears in the frictional pressure drop term, as shown in
Equation 4.29, used along with the L, term to represent hydraulic diameter.

Fy furG?
dP) - f kY 2k (4.29)

E fric,k a 4Lgﬁk

With F,, set to zero, no frictional pressure drop will be calculated in the transverse direction. With F,
set to 0.5, frictional pressure drop is calculated for an area equal to AXAZ, which is one side of a lateral
momentum cell.

Pertaining to the form loss coefficient, there is no option to use a code calculated value—the form loss
coefficient in the lateral direction must be user-supplied. A value of 0.5 is recommended for flow across a
single bank of tubes. For gaps that are defined to model more than one physical gap, the number of modeled
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physical gaps should be multiplied by 0.5. The transverse gap loss coefficients are defined on Card Group 3
of the input deck.

In CTF, the liquid phase is assumed to carry all of the wall drag in the normal flow regimes unless void
fraction is very high. The reverse is true for hot wall flow regimes, with the vapor phase carrying all the
wall drag. To accomplish this desired behavior in the code, the frictional pressure drop term of Equation
4.27 is multiplied by multiplication factors, F; (for the liquid phase wall drag loss coefficient) and F, (for the
vapor phase wall drag loss coefficient). The equations for liquid and vapor phase wall drag loss coefficients
are shown in Equation 4.30.

— 4.30
it dX)fI‘lCl Mig ' 20X ( a)
dpP A, K. |Uy|
Kw T, ™ v s Fv 4.30b
m dX)fric,v Myg " 2AX ( )
The terms, F; and F,, are defined as follows:
| (1 —F,y) for normal wall regimes
Fi = { Fipi for hot wall regimes (4.31a)
B Fopy for normal wall regimes
Fo= { (1 - F,,) for hot wall regimes (4.31D)
Fypv and Fip,) are defined as follows:
min { L0
Fypy = max 0.359_9(18?5390 (4.32a)
0.0
min { 10
Fip1 = max 0‘350_1(18?0101 (4.32b)
0.0

Some analysis of Equation 4.32 reveals that, except for very high void fractions over 0.999, Fi,, will be zero.
If the cell is in a normal wall flow regime, F; will be 1, and F,, will be 0, leading to all wall drag being carried
by the liquid phase. Conversely, Fy, will be 1 for all instances except when void fraction is very low (less
than 0.001). If the cell is in a hot wall regime, F, will be 1 and F; will be 0, leading to all wall drag being
carried by the vapor phase.

The calculation of F; and F,, differs slightly for the transverse momentum cell solution. Consideration is
made for the fact that flow can go from a cell having a normal wall flow regime to a cell having a hot wall
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flow regime. If either of the continuity cells that the transverse momentum cell connects to in a hot wall flow
regime, the Fyp,) ramping factor will be used over the Fi,, ramping factor. This is demonstrated in Equation
4.33.

| (1 —=Fy) Dboth cells in normal wall flow regime
Fi = { Fipl at least one cell in hot wall flow regime (4.33a)
o Fypv both cells in normal wall flow regime (4.33b)
Y| (1—Fy) atleast one cell in hot wall flow regime ’

4.3 Inter-cell Drag Models

The inter-cell drag model exists to account for inter-phase drag that may occur between mesh cells should
there be a large void fraction gradient. Typical causes for the existence of inter-cell interfacial drag include
areas where liquid can pool (e.g. upper core tie plate) and channels that contain a vapor jet. CTF will check
for large void fraction gradient interfaces between axially-connected mesh cells (horizontal interface) and
between transversally-connected mesh cells (vertical interface).

The mesh void fraction gradient is checked in the INTFR subroutine to detect interfaces. If one exists,
calculations of the inter-cell interfacial drag is also calculated in INTFR. To illustrate the model, consider
two adjacent cells, a and b. CTF declares an interface to exist when o; > 0.8 and a; < 0.6—the cell void
fractions could be opposite, with cell a having the higher void fraction, but we assume here that cell a is the
vapor side and cell b is the liquid side.

An interface can exit between cells that are laterally connected (vertical interface) or between cells that are
vertically connected (horizontal interface). As an example, refer to Figure 4.1 where the blue cells represent
continuity mesh cells, the red cells represent axial momentum cells, and the green cell represents a transverse
momentum cell. A vertical interface could exist between continuity mesh cells (i4, J) and (57, J) if a,, were
less than 0.6 in one cell and greater than 0.8 in the other—the resulting inter-cell interfacial force would be
applied to the adjacent axial momentum cells. A horizontal interface could exist between continuity mesh
cells (i, J — 1) and (3¢, J) if the correct void fraction gradient existed—the resulting inter-cell interfacial
force would be applied to the adjacent transverse momentum cells.

The important thing to note in this example is that the inter-cell interfaces are defined using the void
fractions of the continuity mesh cells; however, the resulting inter-cell interfacial forces are applied in the
momentum cells. Since the momentum and continuity mesh cells are staggered, we must choose the interface
area carefully (discussed during the “Model as Coded” section).

The drag force equation is used, with the relative velocity between the vapor (a side) and liquid (b side)
being used for the velocity. The interfacial drag coefficient, f;, is set to 0.08 and the average density between
adjacent cells is used. The drag force equation for inter-cell interfacial drag is depicted in Equation 4.34 for
both the vertical and lateral directions.

1
FI,w = ifzﬁv |(Uv7a - Ul,b)| (Uv7a - Ul,b) AI,;E (4343)
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J+1

J-1

AZ

1

Figure 4.1: Example of meshing of two adjacent sub-channels, ii and jj
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1
Fl,z = ifzﬁv |(Wv,a - VVl,b)| (Wv,a - Wl,b) AI,z (434b)

There was no explicit inter-cell interfacial drag term declared in the axial and transverse momentum equations
of Chapter 2. In the source code, the inter-cell terms are summed up for each cell in the current axial level in
INTFR. Consideration is made for which channel contains vapor and which contains liquid and, consequently,
whether the inter-cell interfacial drag force should be added or subtracted from the total for a given cell.
Note that when inter-cell interfacial drag force is added to cell a, the same force must be subtracted from
the connected cell b. These values are then passed to XSCHEM where they are added to the explicit portion
of the momentum equation solutions (see terms A, Ao, and As in Equations 2.64 — 2.66).

Upon finding an inter-cell phase interface, CTF calculates the inter-cell interfacial drag. For a vertical
interface, the interface area used in Equation 4.34 is calculated as follows:

1
AI@ = iLgAX|AOq| (435)

We refer back to Figure 4.1 in discussing this equation. L4 is the gap width (the dimension of the green
transverse momentum cell going in and out of the page) and AX is the gap height. The reason for multiplying
this by 1/2 is because, as previously discussed, the gap inter-phase interface is defined between continuity
mesh cells. However, we add the inter-cell interfacial drag force to the momentum equations, which are
solved for the momentum mesh cells. If, for example, an inter-cell interface exists between (i, J)/(j4, J),
but not between (i3, J + 1)/(jj,J + 1), the axial momentum cells, (i, j) and (jj,j), should only experience
inter-cell interfacial drag from continuity mesh cells (i¢,J)/(jj, J). Likewise, the inter-cell interfacial drag
force between continuity mesh cells (i3, J)/(jJ, J) should be equally distributed between the axial momentum
cells above and below.

The Aq; term of Equation 4.35 represents the difference in liquid void fraction between the adjacent con-
tinuity mesh cells. We multiply by this term because, for an interfacial drag force, we are obviously only
interested in the contact area of vapor and liquid phases. By taking the difference in liquid void fractions,
we are estimating the contact area of the liquid and vapor phases in the adjacent cells.

For the case of a horizontal interface, the interface area is defined as:

1
Arz = 3LgAZ (4.36)

Note the absence of the liquid void fraction gradient term—Iliquid water is assumed to pool at the top or
bottom of the adjacent cells, leading to total liquid/vapor contact across the entire interface.

4.4 Turbulent Mixing and Void Drift

In this section, we will define the source terms in the CTF governing equations that act to capture turbulent
mixing and void drift. The turbulent mixing terms are modeled by a simple diffusion approximation using
mixing length theory. They act only in the lateral directions (i.e. in the gaps of the model) between adjacent
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subchannels. As stated in Todreas and Kazimi[29], the net two-phase turbulent mixing of mass between two
subchannels can be captured using the following relationship:

’ Siq
W5 = fj(/’f = pg)law,; = owi — (ow,j — i )equill (4.37)
()

This is an equal-volume model, meaning that equal volumes of fluid are mixed between adjacent subchannels,

as opposed to mixing equal masses of fluid. In this equation, € and zZTj are the eddy diffusivity and the tur-

bulent mixing length, respectively. These terms result from mixing length theory being used to characterize

turbulent exchange. CTF has models for defining the eddy diffusivity term, which will be discussed near

the end of this section. The s;; term is simply the width of the gap between the adjacent subchannels. To
Sij

simplify our notation going forward, we shall condense the term, e_# into the single variable, VT,

ij

There are two components inside the square brackets of the previous equation. The first, o, ; — ay,
represents the turbulent mixing driving force. By this model, the two-phase turbulent mixing will act to
drive the liquid mass to the higher void channel and the vapor mass to the lower void channel. In reality,
this is indeed the observed trend, but only to a point. A second phenomenon, known as void drift, acts to
drive vapor to the larger area subchannels. This effect is captured with the second term in the brackets,
(0,5 — Qi )equil, Which is known as the equilibrium void distribution. By subtracting this term from the
first, the turbulence will mix the adjacent channel masses to a point of equilibrium, which is a balance of
the two phenomena: turbulent mixing and void drift.

Because CTF uses a segregated flow solution (i.e. vapor and liquid governing equations are individually
solved), it is necessary to separate Equation 4.37 into two components: one for vapor and one for liquid.

Wl?»/ﬂ = _VTPQ [avvj — Qo — (av,j - av,i)equil] (438)
W =VTpslon ;= ani = (0w — o i)equil (4.39)

To simplify the derivation, we choose to further separate the above equations into individual terms for
turbulent mixing and void drift. The vapor turbulent mixing and void drift of mass are show in Equations
4.40 and 4.41, respectively.

’

Wi?,v,TM = _VTpg [av,j - av,i] (440)

WiEvwp = Vgl — aw,i)equil (4.41)
The equations for the liquid are as follows:

’

Wiirm =V prlow; — o] (4.42)
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Wi?,l,VD = _VTPf[(av,j — Qi )equil (4.43)

At this point, we focus on turbulent mixing and void drift separately in the following two sub-sections to
complete the derivation.

4.4.1 Turbulent mixing

Equations 4.40 and 4.42 have presented models for capturing turbulent mixing of vapor and liquid mass
between subchannels, respectively. However, the turbulent mixing will also affect the other two fields in
CTF: non-condensable gas and droplets. To obtain the droplet mass turbulent mixing equation, we perform
some algebraic manipulation on the liquid mass turbulent mixing equation.

WP, = —VTps(1— ) — (1 — ay)] (4.44)

ijl = T

This is equivalent to the following:

Wi ==V prllan; + aey) = (ani + ac,)) (4.45)

We can then separate this into individual equations for the liquid and droplet fields, which are now in terms
of the liquid and droplet void fractions.

Wi ==Vpslar; — au,l (4.46)
Wl?,,e = —VTpslae; —acil (4.47)

Next, we must consider the non-condensable gas. Since the non-condensable gas occupies the same volume
as the vapor, it is derived from the vapor equation similar to how the droplet equation was pulled from
the liquid equation. The details of the derivation are left out and the equation is presented below. One
notable point of departure from the vapor equation is that the vapor density must be substituted by the
non-condensable gas density, which is tracked separately in CTF.

W‘D/ = _VT[pgas,jav,j - pgas,iav,i] (4~48)

j,gas

Note that our model has now been reduced so that field mass—whether it is vapor, liquid, or droplet mass—
will always travel down the field gradient (e.g. vapor mass will move from the high to low vapor void channel,
liquid mass will move from the high to low liquid void channel, and droplet mass will move from the high to
low droplet void channel).

Up to this point, we have used the assumption that the phase densities are equal to the saturation densities,
which are also constant through space. This assumption is not made in CTF; phase density is not necessarily
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equal to saturation density and it is also allowed to vary from cell-to-cell. Therefore, we replace the saturation
densities with the true, space-dependant liquid and vapor densities in the vapor, liquid, and droplet turbulent
mixing equation.

Wiy ==V pu i — puiow,] (4.49)
W5 ==V pro05 = pricu] (4.50)
W/]De = —VTlprjcej = pricee.i] (4.51)

This completes the derivation of the 4 field turbulent mixing equations for mass; however, we can also
mix energy and momentum. Rather than repeat the previous lengthy derivation, we note the transported
quantities for turbulent mixing of energy and momentum and then present the final forms of the energy and
momentum turbulent mixing equations, which conveniently have the same form as the mass equations. The
transported quantity for the energy equation is ph and the transported quantity for the momentum equation
is pV. Note that we do not have turbulent mixing of non-condensable energy or momentum, so no equation
is provided for the field. The energy turbulent mixing source terms are as follows:

Wiy ==VTpujowiho; = poiow,iho.i] (4.52)
Wit = =V prjan it — prica i) (4.53)
Wilf/e = —VTprjae,ihi; — price,ihu,i] (4.54)

The momentum mixing equations are derived using the mass flowrate term in CTF. By dividing this by the
cell cross-flow area, we obtain aypy Vi, which is the momentum of Phase k.

My, Moy

Wil = VIt - = (4.55)
J T
, ruy
] T
4 me i mez
Wie =-VT[=t = =) (4.57)
j %

The previous derivation of the source terms was done for the sake of completeness. In reality, CTF makes
certain simplifying assumptions and does not include all source terms in all cases. There are two possible
scenarios in a simulation: (1) the flow regime is single-phase, small bubble, slug flow, or churn-turbulent,
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or (2) the flow regime is annular-mist or mist. In Case 1, there is no turbulent mixing in the droplet field,
since there will not be a significant amount of droplets in such flow regimes. In Case 2, there is no turbulent
mixing in the liquid field, since it will only exist as a thin film or not at all.

4.4.2 Void Drift

We begin from the void drift equations for vapor and liquid mass, which were presented as Equations 4.41
and 4.43. Note that there is no void drift impact on the droplets; however, there will be an impact on the
non-condensable gas, which exists in the vapor space. For all void drift equations, it is necessary to define
the equilibrium void distribution term, (o, ; — v ;)equil- T0 obtain a definition of this term, we begin with
Lahey’s derivation of the equilibrium density distribution[35]:

(7 = (F7oans = ~(o1 = 22 222 (G = G (4.59)

In this equation, the equilibrium density distribution is posed as a function of the equilibrium mass flux
distribution. It is a suitable approximation to use the actual mass flux distribution, (G; — G;), in place of
the equilibrium mass flux distribution, (G; — G;)equii. The angle bracket operators in this equation represent
an area-weighted average of the term in the brackets; these brackets can be omitted since the control volume
discretization approach of CTF will lead to an averaged, uniform value for each term in each mesh cell.
The “ave” subscripts mean that the term (G and «) is the area-weighted average between the adjacent
subchannels under consideration.

It is important to note that both the density and mass flux given here is that of the two-phase mixture.
To get Lahey’s equation in terms of the equilibrium void distribution, we begin by putting the two-phase
mixture density in terms of void and saturation density and also expanding the average void and mass flux
terms.

(pr(1 = awi) + pgarwi — pr(l = awj) = PgQu,j)equil = (4.59)
O Ay + o jA;

— — : ; G — G,

(py mmﬁﬁm@&+@&m&+&ﬂ i)

At this point, we make a simplifying assumption that the adjacent subchannel areas, A; and A;, are equal,
thus eliminating them from the equation. Furthermore, it can be shown that the left-hand-side expression
can be reduced as follows:

Ay g + Qy 5

e (G- G) (4.60)

= (pr = pg)(aw,i = vy j)equit = —(pf — pg)

This can be further reduced to eliminate the difference between saturation densities. Additionally, a scaling
factor, K,, is added to account for geometry differences of different models.
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Gi— G,

— 4.61
Gi-f—Gj ( 6)

(i = wj)equil = Ka(aw,i + o j)

The scaling factor is typically taken to be 1.4 [29], but it is made accessible via the CTF input deck so the
user may adjust the value. We now substitute this derivation back into the void drift mass equations. In
the process, we also substitute the saturation densities for actual space-dependent liquid and vapor density.

/ G, —G;
W3 ,vp=V" {Ka(ﬂv,i%,i + Pv,jav,j)G__FGJ} (4.62)

T J

' G, —G;
Wi?l,VD =-v7 [Ka(/)l,iau,i + Pl,jav,j)M] (4.63)

i J

Note that the direction of the void drift term is opposite for vapor and liquid. The non-condensable gas
mass void drift is formed by replacing vapor density with non-condensable gas density.

’ G _ G
WZD as = VT |:Ka as,iQu,i T as,j O ZJ:| 4.64
j.gas,V D (Pg Qi T Pgas,j J) Gi+ G, ( )

This completes the derivation of the CTF void drift mass source terms. The void drift energy and momentum
terms are derived similar to what was done for the turbulent-mixing terms. Equations 4.65 and 4.66 show
the vapor and liquid energy mixing by void drift, respectively. No energy mixing takes place in the non-
condensable gas or droplet fields by void drift.

/ G;—G,
Wi, vp=V" [Ka(Pv,iav,ihm + ﬂv,jamhm)GﬂrGﬂ (4.65)
/ G, —Gj
Wz‘?,l,VD =-v7 [Ka(/’l,iav,ihl,i + Pl,jav,jhl,j)cm_G;] (4.66)
Finally, Equations 4.67 and 4.68 show the vapor and liquid momentum mixing by void drift.
/ G, —Gj
vp=V" [Ka(Pv,i%,i’Uv,i + p”’ja”’jv”’j)cm-Gﬂ (4.67)
, G — G
Wilivp=-V" {Ka(m,i%wz,i + Pl,jav,jvz,j)GZ_JrGJ} (4.68)
i J
In CTF, mass flow rate is the solved term, so these equations are modified into the following form:
, o o G — G
WM p = VT | Ko (B, 4 D g, 2L 4.69
ij,v,VD |: <Au,ia s + Av,ja 5] Gz +GJ ( )
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M’ T m“ 7

Wiivp = -V | Ko(—=ay,; + Qy j
l a v,1 v,

R A Al,j TG+ G;

(4.70)

Similar to the turbulent-mixing terms, the void drift source terms are not applied in all cases. If the flow
regime is annular mist or mist, all void drift terms are left out of the CTF governing equations.

4.4.3 Mixing Coefficient

We now return to the definition of the mixing term, which has previously been condensed into the term, V7.

Siq
vt = eZ—T{ (4.71)
iJ

As previously noted, s;; is the gap width, which will be available in CTF from user input. The remainder
of the term, €/ zg; needs to be defined. To do this, we choose to start from the mixing parameter, 5, which
is defined as follows:

Transverse Mass Flux

= 4.72
p Axial Mass Flux (4.72)
Symbolically, this becomes:
WH /s,
1] )
= 4.73
f= (1.73)

Here, WZ-I]TI " is the turbulent transverse mixing rate from Channel i to j. It is divided by the gap width to
convert it to mass flux. The G term is the area-weighted axial mass flux between the adjacent subchannels.
The area-averaged axial mass flux is used because this is the definition of the mixing parameter; if we were
to use the Channel ¢ axial mass flux instead, the mixing Stanton number would be formed. The transverse

mixing rate will have both molecular and turbulent components. It is defined as shown below:

’ 1 €
ij i

This mixing term is actually defined for mixing of energy, but we make the assumption that energy, mass, and
momentum are mixed at equal rates, which is a valid assumption for LWR conditions, where the turbulent
Prandtl number will be close to unity. The first term in the brackets represents the molecular component
of mixing. We neglect this term in CTF because the turbulent effects will dominate the mixing due to the
relatively high mass flow rates found in LWRs. Making this simplification allows us to reduce this equation
to the following:
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’ €EPS;4
Wl = —+ (4.75)

Substituting the definition of the lateral mixing mass flux back into Equation 4.73.

8= (E/Zg;)gsij/sij (4.76)

We can then reformulate this to solve for ¢/ zg

BG
== 477
> (4.77)

H‘ a

N
o
<

At this point, we also make the assumption that the density, p, that was used to define the kinematic
viscosity, should be the area-average of the two adjacent subchannels under consideration. Now the mixing
velocity, €/ zg, can be fully defined if a value for g is provided. This can either be provided by user input or
calculated via the internal Rogers & Rosehart correlation[36]. This will be discussed momentarily; however,
in CTF, we will also need to know mixing term for two-phase flow, which will be higher than the single-phase
value. This is done by introducing a multiplier term, O, which is defined as follows:

o _ (/) (1 _ Pg) (4.78)

(e/ Ziq;)sp Pl

We can multiply this by the single-phase term to get the two-phase value.

€ B8G
<ZT> ©=06 o (4.79)
Sp

ij

€ BG
‘)l —eo 4.80
() z )

We make note of the fact that both G and p should be calculated with consideration that the fluid is actually
a two-phase mixture. We may now proceed to providing defintions for © and g, which will fully close the
turbulent mixing and void drift source terms.

The Beus correlation[37] provides definition for ©. The author demonstrated that the behavior of this
multiplier is highly dependent on the flow regime. The multiplier was found to increase linearly with respect
to flow quality up until the flow regime changed from slug to annular. As the flow quality continued to
increase, the multiplier decreased in a hyperbolic fashion after that point. This behavior is shown graphically
in Figure 4.2. Equations representing this behavior are shown below.
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Quality, X
Xy Xy -1 y
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Region A Region B
Figure 4.2: Behavior of the Beus two-phase mixing parameter
©=1+(0y —1) <x> if @ < 2 (4.81a)
M

©=1+(0y 1) (W) , ifa >y (4.81b)

Tr — X

Note that in Figure 4.2, the value of © for zero flow quality is 1.0. This will reduce the e/ zg term to its
single-phase quantity. Therefore, it is suitable to always apply the © multiplier to the calculated single-phase
mixing parameter, (3.

The quality is denoted by x, the quality at the slug-annular transition point is denoted by xs, and the
value of the two-phase mixing coefficient at the transition point is denoted by ©j,;. The equation capturing
the hyperbolic nature of the two-phase mixing coefficient contains another term, xg, which is simply the
asymptote to which the hyperbola converges. The flow quality is defined as follows in CTF:
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P L R (4.82)

ml + me + mv

The flow quality is calculated for the two adjacent sub-channels and then averaged to one value using area
weighting. The quality at the slug-annular transition point is determined using Wallis’s model [28].

4 — Dy]/?
0.-4[ps(ps — pg)gDhl 106

ar = b (4.83)
(”J") 0.6
Pg

The value of ©,; was determined to be 5 by Faya [38]; however, CTF allows for the user to input their own
value for ©);. The value for the vertical asymptote, g, is given as a function of Reynolds number.

xo = xps ReOMT (4.84)

One modification was made to the Beus correlation; the calculation of the asymptote value was modified to
decrease the steep slope of the resulting hyperbola and improve numerical stability. The calculation of the
asymptote instead becomes:

xo = 0.752 5 Re® 047 (4.85)

The mixing parameter, 3, can be specified using a flow-dependent correlation developed by Rogers & Rose-
hart[36]. The correlation produces a single-phase mixing coefficient, as follows:

_ —0.1 Dy, o Dy, .
ﬁsp = 0.5\Re 1+ ﬁ Td, if Dh,i < Dh,j (4863)
r Dy 1.57 D, -
Bsp = 0.5ARe™ "1 |1+ ( D:{) Dhi’ if Dp,j < D (4.86b)
5] Tro

The mixing coefficient is calculated for adjacent sub-channels, ¢ and j. The Reynolds number is calculated
using the sub-channel with the smaller hydraulic diameter, D;. If Re is zero, the single-phase mixing
coefficient, S, is set to zero. The coeflicient, A, is calculated as follows:

6\ 146
A=0. S 4.
0 0058< Dmd> (4.87)
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5. Micro-Mesh Cell Closure Models

5.1 Interfacial Drag Models

The shear force present between different fields (vapor/droplets or vapor/liquid) is needed during the mo-
mentum equation solution. The interfacial drag force is calculated using the drag force equation.

1
FD = ipUQCDA (51)

In CTF, the interfacial drag force, 7;, is defined as a coefficient times the relative velocity between the phases.
For interfacial drag between liquid and vapor in the axial direction:

Tiwl = kvl,val,wAXj (52)

The momentum cell height, AX}, is required for calculating total drag force because the CTF source code
defines the interfacial drag coefficient on a per unit length basis. This differs in form from the drag force
equation in that the squared velocity was split apart into an explicit velocity term times an implicit velocity
term. The implicit relative axial velocity between phases, U, 4, is solved during the momentum equation
solution. The explicit velocity term, which is available using old time step information, is absorbed into
the interfacial drag force coeflicient, k,; ., along with the old time step density, interfacial area, and drag
coefficient, Cp.

Both the drag coefficient, C'p, and the interfacial area, A, of Equation 5.1, will be highly dependent on
the nature of the flow (i.e. flow regime) and, therefore, CTF includes different models for calculating these
terms depending on the determined flow regime. Chapter 3 has already presented the manner by which CTF
determines the flow regime and also how the interfacial area for that flow regime is calculated.

The following sections present the flow regime-specific calculation of the drag coefficient term needed for
calculation of the interfacial drag force. Interfacial drag calculations are performed in the INTFR subroutine.
Calculations are performed for the axial momentum cells and then transverse momentum cells. Consideration
is made for both flow directions in discussing the flow regime-specific interfacial drag models that follow.
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5.1.1 Small Bubble Regime

The small bubble regime is characterized by uniformly dispersed vapor bubbles in a continuous liquid media.
Being small, the geometry of the bubbles can be assumed as spherical. The small bubble regime is entirely
composed of a uniform distribution of small bubbles; however, bubbles — small and large — can be found
in other flow regimes, such as large bubble and churn-turbulent flow. The following interfacial drag models
may also be applicable for the aforementioned flow regimes.

The interfacial drag coefficient is defined for the axial momentum cell as follows:
_ 1CppiUnAp s

k’ul,m — 2A7X] (53)

It is the projected area of the bubbles, A, s, that is used in determining the drag force, and not the interfacial
area. However, the interfacial area is related to the projected area for spherical geometry.

Ai s
Ap oy = 4b (5.4)
The interfacial drag coefficient calculation appears in the CTF code as:
1Cppi|Uy, — Ul]A; s
koo = < Dpl 1| Ai sb (5.5)

8 AX;

It can be calculated for the lateral direction by using the lateral velocity instead of axial along with the
appropriate terms for the transverse momentum cell.

[ 1 Cppi| Wy — Wil Ai se
vhe T g AZx

(5.6)

The interfacial area is calculated for the transverse momentum cell like for the axial momentum cells — the
interfacial area was described by Equation 3.10 and is repeated here.

AX
Ai gy = 3 Ay — (3.10)
Ty

Substituting the gap cross-sectional area for axial momentum cell cross-sectional area produces the transverse
momentum cell small bubble interfacial area. Substituting this result into Equation 5.6 leads to the form of
the transverse drag force coefficient correlation used in CTF.

[ 3 Covpr|wn|(1 — o) LyAZg

oo = g - (5.7)

Consortium for Advanced Simulation of LWRs 100 CASL-U-2019-1886-002



g —/\SI_ CTF Theory

As discussed by Ishii [39] and Ishii and Chawla [40], the bubble drag coefficient is dependent on the bubble
Reynolds number as well as the regime (i.e. viscous regime, distorted particle regime, cap bubble regime, or
Newton’s regime). In the viscous region, bubbles behave like solid spheres. As Reynolds number increases
and the flow enters the distorted particle region, the bubbles become distorted and exhibit irregular motion.
As Reynolds increases further, still, the bubbles become spherical-cap shaped and the bubble drag coefficient
becomes constant.

Viscous Region For the viscous region, Ishii [39] assumed that a particle in a multi-particle system has
the same functional form as that of a single particle in an infinite media. The bubble drag coefficient is
defined as:

24 0.75
=— (1. ARe}" .
Cps Reb( 0+ 0.1Rey ") (5.8)

The bubble Reynolds number is defined as:

9 _
Rey — prl‘uvl| (59)
Hmb
Three terms are further defined. First, the velocity is the relative vector velocity between phases.
Uy = (w:l)Q + U%z (5.10)

Take note that u,; is defined for the axial momentum cell whereas w,; is defined for the transverse momentum
cell which is staggered from the axial momentum cell location. Therefore, the transverse velocity at the axial
location, j, must be calculated by averaging the transverse velocities above (J 4 1) and below (J).

wyy; = 10.5(wy, g + wv7j+1) —0.5(wy, 7+ wi,g4+1)] (5.11)

Secondly, the mixture viscosity must be appropriately calculated for the assumption that the particle in the
multi-particle system behaves as a single particle in an infinite media. In a multi-particle system, a particle
experiences greater resistance than in a single-particle system because the particle must deform not only the
fluid, but also neighboring particles, too. Ishii [39] defined this as:

o s (e +0.44)
Ly = pu(1 — o) (10 + 1) (5.12)

Third, and finally, the bubble radius is required for calculation of the bubble Reynolds number. The bubble
radius was already defined in Chapter 3 by Equation 3.8. It is assumed to depend on a Weber number
criterion, with the Weber number, We, equal to 10. It is repeated here for convenience.
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_ 0.5Weypog.

3.8
pu, (38)

Ty

The bubble radius is limited in the code to a maximum size of one half of the hydraulic diameter or 0.02 ft,
whichever is smaller. When considering the transverse momentum cell, the bubble radius is calculated for
the two channels that the gap connects to and the maximum bubble radius of the two channels, ¢ and jj, is
chosen for the transverse momentum cell. The transverse momentum cell bubble radius is further limited to
be the minimum of the aforementioned bubble radius or half of the true gap width, which is the input gap
width divided by the physical number of gaps, i.e.

1L
Tp,t = Min |:Tb,max; 2Ng} (5.13)
g9

The transverse momentum cell is prevented from being zero by setting it to either half the true gap width
or 0.02 ft, whichever is smaller, should it be found to be zero.

Distorted Particle Region Like for the viscous region, it is assumed that a single particle behaves as a
particle in an infinite media. It is also assumed that churn-turbulent flow will exist when in the distorted
particle region. The bubble drag coefficient is given as:

2
Cpy = %NuReg(l —)? (5.14)

Where:

N, = ol (5.15)

{pla \/ (mopu)g}

In the churn-turbulent regime, a particle tends to move in the wake caused by other particles, so the drift
velocity is used in the calculation of bubble Reynolds number.

N

_ 2ropi|t

Re,
b [tm

(5.16)

The drift velocity, @, ;, is defined as (1 — ay)|@y|. Again, the vector velocity is used as was defined for the
viscous region. The mixture velocity is defined as follows:

Hm = U—Milav) (5.17)
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Cap Bubble Region The drag coefficient for the cap bubble region is simply:

Cpy = 2(1 —ay)? (5.18)

The bubble drag coefficient is calculated by each of the aforementioned means. The viscous regime drag
coefficient is used if it is larger than the distorted particle regime drag coefficient. If the distorted particle
regime drag coefficient is larger than the viscous regime drag coefficient, but smaller than the cap bubble
regime drag coefficient, the distorted particle regime drag coefficient is used. Otherwise, if the distorted
particle regime drag coefficient is larger than the other two drag coefficients, the cap bubble regime drag
coefficient is used.

It should be noted that, in the source code, both the vector and the axial relative liquid-vapor velocities
are limited to a maximum value of 1.4ft/s. This is to prevent the interfacial drag forces from growing to
exceedingly large values, which is possible due to the large interfacial area in the small bubble regime.

5.1.2 Slug Regime

The slug regime is characterized by a mixture of small and large bubbles. The small bubble drag coefficient
calculations that were presented in the previous section are used for the slug regime, too. The small bubbles
are primarily in the viscous regime while large bubbles may be in Newton’s regime. Bubbles in the slug
regime move relative to the average volumetric flux. Therefore, the small bubble drag coeflicient is modified
by using the drift velocity instead of simply the relative phase velocity.

Cpy = Cpp(1 — a)?) (5.19)

For spheres in the Newton regime, the drag coefficient becomes independent of the Reynolds number and,
instead, becomes a constant of 0.45. The large bubbles also move relative to the average volumetric flux,
such that the large bubble drag coefficient is calculated as:

Cppy = 0.45(1 — a)? (5.20)

The maximum of the viscous regime and Newton regime drag coefficients is taken for calculating the drag
force coefficient. The axial drag force coefficient is calculated using Equation 5.3. The limits on relative
velocity still apply for the large bubble regime. The drag for the slug regime is obtained by interpolating
between the small and large bubble drag coefficients using the ratio of small bubble volume to total vapor
volume, Fyp, as follows:

k'ul,a: = kvl,x,stsb + kvl,x,lb(l - Fsb) (521)

F, was defined in Section 3.2.3, but is repeated below.
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QgpQ]
Fgp=—7—— 3.22
sb (1 — asp)ay ( )

5.1.3 Dispersed Droplet Flow Regime

The dispersed droplet flow regime is characterized by uniformly dispersed droplets in a continuous vapor
media. The regime can exist in for normal or hot wall conditions. There may or may not be a continuous
liquid field present.

For both hot and normal wall conditions, the droplet drag is calculated considering that the droplet behaves
like a single particle in an infinite media, much like has been done for the small bubble regime. The model
is based on the work of Ishii [39]. The drag coefficient is calculated as:

1 A
kve,w = chdp'u‘uve| . (522)

Zid
AX

Uy 1s the velocity difference between the vapor and droplet fields. The projected area of the droplets, A, 4,
is given by:

3o A AX
=

Aia

(5.23)

For normal wall conditions, the droplet can exist in either the viscous or Newton regime. For the viscous
regime, the droplet drag coefficient is calculated similar to how it was for small bubbles using Equation
5.8. The exception, is that the Reynolds number of the droplet is used instead of bubble Reynolds number.
Droplet Reynolds number is calculated as follows:

_ D apyiiye

Rey (5.24)

J7.

The droplet diameter is calculated using the droplet field interfacial area, as shown in Equation 3.32. The
mixture viscosity, i, is calculated similar to that of mixture viscosity for small bubble flow.

9 5/” + 04;“/1)
I = oy Qly Hi T o (5.25)

For the case that the droplet is in the Newton regime, the drag coefficient is held constant at 0.45. The
maximum of the viscous regime and Newton regime drag coefficients is used for the normal wall mist regime
droplet drag.

For the case of the hot wall regime, the viscous regime droplet drag coefficient correlation takes on a slightly
different form.
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24
Cpg = Ten (1+0.15Rey%7) (5.26)

The droplet Reynolds number is also calculated differently, using the vapor viscosity in place of the mixture
viscosity.

o devﬁve

Reg (5.27)

My

The droplet drag coefficient for hot wall conditions, like for normal wall conditions, is calculated as the
maximum of the Newton regime value (0.45) and the viscous regime value. For the transverse momentum
cells, the drag coefficient is assumed to be characterized by the Newton regime and, therefore, the drag
coefficient is 0.45. The lateral droplet drag force coefficient is:

aeLgAZ

(5.28)
Td

kwe,» = g * 0.45p, |w, — we|

5.1.4 Annular/Mist Regime

The annular mist regime consists of a continuous liquid film that is spread across the solid surfaces in the
cell and a suspension of uniformly distributed droplets throughout the vapor core. The drag force coefficient
is calculated for both the liquid and droplet fields separately. The droplet field calculations are identical to
those of the previous section.

The form of the film drag force coefficient is as follows:

= — 7 — '2
kvl,z 2f1pv|uv Ul|AX (5 9)

The drag on the film is calculated using the interfacial area instead of the projected area, as was done for
bubble and droplet fields. Furthermore, the friction factor is used in place of the drag coefficient. The
interfacial area of the film can be determined considering a cylindrical geometry.

Air = PyvVa, + aAX (5.30)
=4/a, + aeAxAD—X
h

For lateral flow, the physical number of gaps, Ny, is considered.

Ai. = Nyva, + acAXAZ (5.31)
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The interfacial friction factor is dependent on the nature of the film, be it stable or unstable. An unstable
film will have large waves, which increase pressure drop and cause a higher friction factor. The stable film
friction factor correlation was obtained from Wallis [28]. The unstable film friction factor was obtained from
the work of Henstock and Hanratty [41].

The Wallis annular flow interfacial friction correlation is:

fiw = 0.005(1 + 75(1 — ) (5.32)

The Henstock and Hanratty correlation for unstable film is:

Fiu = 14 (1 + 1400F {1 — exp (W)D (5.33)

The single-phase friction factor, fs, is calculated using one quarter of the CTF rod friction factor model
result for the vapor Reynolds number.

1
fo=7 [0.204Re,; ] (5.34)
The terms, F' and G,, are defined as follows:

0.4

[(0.707Re;"®)%® + (0.0379Re} )] 1y [y
= ReD? w\ o >:35)
p1gDp,
G, = T (5.36)

The friction factor of the film is selected as the maximum of the unstable film friction factor and five times
the stable film friction factor. The factor of 5 was obtained from observed differences between stable and
unstable film pressure drop characteristics [42].

fif = max [5fiw7 fzu] (537)

For the lateral direction, only stable film is considered and the film friction factor is calculated as the number
of physical gaps, Ny, times the Wallis correlation shown in Equation 5.32.

5.1.5 Churn/Turbulent Flow Regime

The churn/turbulent regime is considered to be a transition region between slug and annular-mist. The
interfacial drag coefficient is interpolated between the interfacial drag coefficients calculated for the slug and
annular-mist flow regime values.
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kvl,z = ctk'ul,am + (1 - Fct)kvl,s (538)
The interpolation factor is defined as:
Fy— vt (5.39)
Qlerit — Qp

The slug-to-churn/turbulent transition void fraction, o, is 0.5. The churn/turbulent-to-annular/mist void
fraction, g, is 0.8.

The lateral direction interfacial drag for the churn/turbulent region is calculated in the same way as the
axial direction.

5.1.6 Inverted Annular Flow Regime

The inverted annular flow regime is a hot wall regime. It is characterized by a liquid core surrounded by a
vapor film. CTF only considers the inverted annular film regime for transverse momentum cells and not axial
momentum cells. Actually, it is the only hot wall flow regime that is considered for transverse momentum
cells — no other flow regimes are considered if a hot wall exists in a transverse momentum cell.

The interfacial drag is comprised of two components: drag on the interface between the vapor film and liquid
core, and drag on bubbles inside of the vapor core. The film drag is calculated in the same manner as was
done for annular/mist flow film, except that only stable film is considered using the Wallis correlation [28].
The Wallis correlation was shown in Equation 5.32 — note that the correlation is multiplied by a factor of
5 as it was for the annular/mist flow regime. Further, it is also multiplied by the physical number of gaps,
Ny.

The bubble drag is calculated assuming that the bubbles are in the Newton regime as was done for the slug
regime. The drag correlation is repeated below:

Cpp = 0.45(1 — a,)? (5.20)

5.1.7 Falling Film Regime

The falling film regime is the result of the core being re-flooded from the top. Above the quench front, a
stable film forms on the solid surfaces. The film behaves similar to that of the annular/mist flow regime
except that the film is always assumed to be stable. Therefore, only the Wallis [28] friction factor correlation
is used for determining the interfacial friction coefficient, repeated here:

fiw = 0.005(1 + 75(1 — o)) (5.32)
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The friction coefficient is not multiplied by a factor of 5 as it was for the annular/mist flow regime since the
film is assumed stable. The falling film flow regime is not considered for transverse momentum cells. The
interfacial drag force coefficient is calculated as:

A
kot = fuwpoltw — il 5~ (5.40)

The interfacial area is used, as was done for the annular/mist regime. In fact, the interfacial area calculation
is the same, which can be found in Chapter 3. To account for film dryout, a ramp is multiplied by the
interfacial drag force coefficient.

R = max [0.001, min (1.0, 0.(())%” (5.41)

Dispersed droplets can also exist in the vapor core. The interfacial drag is calculated as was discussed in
Section 5.1.3 for the hot wall case.

5.1.8 Top Deluge Flow Regime

The deluge regime consists of large liquid chunks falling down through the channels. It can be a result of
upper plenum injection during accident conditions. It exists for hot wall conditions and void fractions less
than 0.8.

The interfacial drag is modeled considering droplets in the viscous or Newton regime. The viscous regime

drag coefficient is calculated similarly as was done for the small bubble regime in Equation 5.8; however,
with the vapor phase Reynolds number used instead of bubble Reynolds number.

Cp

= o [1.0 4+ 0.1Re) ™| (5.42)

The Reynolds number for the vapor phase is calculated as:

D
Re, = GeDn (5.43)
I
Where,
My
G, Ll 5.44
- (5.41)

The Newton regime drag coefficient is a constant of 0.45. The maximum of the viscous regime and Newton
regime drag coefficients is used in calculating the interfacial drag force coefficient for the top deluge regime.
The interfacial drag force coefficient is calculated as:
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1 A;
kvl = ichU|uU — ul|4AX (545)

The interfacial area is converted to projected area in this case and, since the liquid void is high, the droplets
are treated as continuous liquid and the liquid velocity is used instead of the droplet velocity.

For vapor void below 0.6, the top deluge interfacial drag dominates; however, as vapor void increases above
that, the falling film drag effects begin to make an impact. A linear ramp is used between 0.6 and 0.8 for
the top deluge and falling film drag force coefficients.

5.2 Interfacial Heat Transfer Models

The interfacial heat transfer coefficients are used for determination of the implicit vapor generation rate (or
condensation rate) and, in turn, the transfer of enthalpy from one phase to another. The interfacial heat
transfer can be thought of as going from the phase to the interface or vice versa. Interfacial heat transfer
coefficients are calculated for both field interfaces (i.e. droplet/vapor and liquid/vapor) and for four different
possible scenarios:

1. Subcooled Liquid
2. Superheated Liquid
3. Subcooled Vapor

4. Superheated Vapor

For example, if a subcooled liquid is present, regardless of what the vapor temperature is, a subcooled liquid
heat transfer coefficient will be calculated. Heat transfer is from the interface to the liquid and condensation is
the result (the magnitude of the condensation is dependent on the difference between interface and subcooled
liquid temperature). All four interfacial heat transfer coeflicients are calculated for both field interfaces in
INTFR. CTF then later checks, in XSCHEM, whether the fluid is subcooled or superheated — appropriate
terms are then zeroed.

The resulting interfacial heat transfer coefficients for both field interfaces are combined (i.e. subcooled liquid/
vapor interfacial heat transfer is added to subcooled droplet/vapor interfacial heat transfer, superheated
liquid /vapor interfacial heat transfer is added to superheated droplet/vapor interfacial heat transfer, etc.).

The interfacial heat transfer terms are used to calculate the rate of phase change in the continuity/energy
conservation equation solution in XSCHEM. The calculated mass transfer rate is then also used in the
momentum equation solution to calculate momentum transfer by phase change in the next time step. Since
the terms are defined for the momentum equation, but are used in the continuity/energy equation solution,
adjacent momentum cell values are averaged to find the continuity mesh cell value located between the two.
The mass transfer rate, I, is calculated as shown in Equation 5.46.
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Ring sh1
Feva S = —————h—-h
pstl (hg *hf)Cp,Z‘ 1=yl
hin ,shv
Fevap,shv = (h — ;L;)C ‘hv - hgl
g p,v
hin
Fcond,scl = (h _ ;L’;C)IC . ‘hl - hf|
g b,
hint scv
Fcon scv — ’ hv —h 5.46
d, (hg _hf>cp’l‘ gl ( )

Subcooled liquids and vapors lead to condensation and superheated fluids lead to evaporation. The hy and
hg terms are the saturation enthalpies of liquid and vapor, the h; and h, terms are the liquid and vapor
enthalpies (which may be less than or greater than the saturation enthalpies depending on if the fluid is
superheated or subcooled), and Cp; and C, , are the specific heats of liquid and vapor.

Two out of the four terms in Equation 5.46 will be zero because a fluid cannot be both superheated and
subcooled. The mass transfer rates are additionally multiplied by ramps for code stability. The total mass
transfer is simply found by subtracting condensation terms from evaporation terms, as shown in Equation
5.47.

Fnet = [Fevap,shl + Fevap,shv] - [Fcond,scl + Fcond,scv] (547)

The total phase change contributes to the continuity equation residuals. When mass changes phases, it also
takes phase enthalpy along with it (i.e. evaporation cools a superheated liquid, while condensation will warm
a subcooled liquid). Energy exchange by phase mass transfer is calculated as shown in Equation 5.48.

FnetH = [Fevap7sh1 - Fcond7scl] hf + [Fevap,shv - FCond,scv] hg (548)

The interfacial heat transfer coefficients — h; sni, Riscl; Rishyv, and h; sy — will be dependent on the flow
regime as will be the interfacial area for heat transfer. Models for calculating the interfacial heat transfer
coefficients are discussed in the following sections. The interfacial area for heat transfer was previously
discussed in Chapter 3. The INTFR subroutine calculates both interfacial heat transfer coefficients and
interfacial heat transfer area and returns the product of the two to the XSCHEM subroutine.

5.2.1 Small Bubble Flow Regime

Superheated Vapor The interfacial heat transfer coefficient for a superheated vapor is assumed to be a
constant in CTF.

hi,shv = 2.78BTU/ft2-sc04°FAIL' (549)
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Superheated Liquid The interfacial heat transfer coefficient for a superheated liquid is calculated con-
sidering two effects; conduction and convection. Convection is calculated using a correlation by Rowe [43].

k
hisshl.cony = ﬁi (2.0 +0.74Rel? PrV/ 3) (5.50)

The bubble Reynolds number is found as follows:

i, D
R@b _ Pily Ly
i

(5.51)

The velocity utilized is the vector sum of axial and transverse components of relative (i.e. relative between
vapor and liquid) velocities.

The conduction component of interfacial heat transfer is defined using the Jakob number:

k
hi,shl,cond = F);Jafy where (5523)
pvhfg

The maximum of the convective and conduction heat transfer coefficients is used for the interfacial heat
transfer of a superheated liquid. The effect of nucleation at heated surfaces is added to this term.

hism = hismAi + hab Apw (5.53)
Where:
3 7 Dy 08
hup, = - max (8.0,0.023(’"““’) Pr?'4> (5.54)
Dy i

The mixture viscosity was defined by Equation 5.12. The heat transfer area for nucleate boiling is simply
the heated perimeter times cell height.

Subcooled Vapor The subcooled vapor interfacial heat transfer coefficient is set to a constant value, as
was done for the superheated vapor.

hi,scv = 2.78 BTU/ftQ-scc-OFAi (555)
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Subcooled Liquid The subcooled liquid interfacial heat transfer coefficient is calculated as follows [44]:

k
hisa = 1.1284, Ffa’m p1CpiA; (5.56)
b

5.2.2 Slug Regime

The slug regime is a combination of small and large bubbles. The small bubble interfacial heat transfer
coefficient models were shown in the previous section. The following models are for large bubbles. The
previously defined ramping factor, Fy,, (see Section 3.2.3) is used to perform a linear interpolation between
interfacial heat transfer coefficients for each of superheated liquid, superheated vapor, subcooled liquid, and
subcooled vapor. The calculation of Fy, is repeated:

Qgp(]
Fygp—= sl 3.22
b (1 — asp)ay ( )

The slug regime interfacial heat transfer coefficients are calculated as follows:

hisn = Faphisnisb + (1 — Fsp) R shiib (5.57a)
hi shv = Fsplisiv,sb + (1 — Fsp) hi shv,ib (5.57b)
hisct = Fophisct,sb + (1 — Fsp)hisclin (5.57c)
hisev = Piscv.ib (5.57d)

Large Bubble Superheated Liquid A constant value is assumed for the superheated liquid interfacial
heat transfer coefficient.

hi,shl = 278.0 BTU/ftQ-sec»oF (558)

Large Bubble Superheated Vapor The interfacial heat transfer coefficient for superheated vapor is
calculated using the correlation of Lee and Ryley[45].

ke
T B (2.0 + 0.74Re"5 Pr0?%) 4, (5.59)

Large Bubble Subcooled Liquid The same correlation that was used for the small bubble regime is
used for the large bubble regime in calculating the subcooled liquid interfacial heat transfer coefficient.
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[k
hi,scl =1.1284 ﬁfﬁmplc JAi (556)
b

Large Bubble Subcooled Vapor The interfacial heat transfer coefficient for subcooled vapor is cal-
culated using the Lee and Ryley correlation (see Equation 5.59 that was used for the superheated vapor
interfacial heat transfer coefficient.

5.2.3 Dispersed Droplet Flow Regime

Superheated Liquid In the case of normal wall conditions, the superheated liquid interfacial heat transfer
coeflicient is set equal to the value calculated for the subcooled liquid heat transfer coefficient. For the case
of hot wall conditions, the interfacial heat transfer coefficient is set to a constant value.

hi,shl,hw = 278 BTU/ftQ-sec-oFAi’d (560)

Superheated Vapor For normal wall conditions, a correlation in the same form as the Lee-Ryley correla-
tion (see Equation 5.59) is used to calculate the droplet interfacial heat transfer coefficient. This correlation
is by Frossling[46] and has a change in the coefficient leading Re. Furthermore, the correlation is divided by
a modification factor defined by Yuen and Chen[47].

2= (2.0 4 0.55Re™* Pro-%%) 4,
F,

yc

hishy = (5.61)

Note that the vapor conductivity is used and it is evaluated at the film temperature, which is the average
of the heated surface temperature and the bulk vapor temperature. The Yuen and Chen factor is defined
below:

hy — hg

Fye=10+0.5
hfg

(5.62)

Subcooled Liquid The same correlation is used for hot and normal wall conditions. This value is adopted
for the superheated liquid interfacial heat transfer coefficient in normal wall conditions. This correlation is
derived by muliplying the Anderson correlation [48] by 2.7.

k
hise = 8.88-L A, 4 (5.63)
Ry
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Subcooled Vapor In the case of normal wall conditions, the subcooled vapor interfacial heat transfer
coefficient takes on the value of the normal wall superheated vapor interfacial heat transfer coefficient, which
was obtained using the modified Lee-Ryley correlation (by Frossling). For hot wall conditions, a constant
value is used.

hi,scv,hw =2.78 BTU/ftz-sec-oF (564)

5.2.4 Annular/Mist Flow Regime

The annular /mist regime consists of a liquid film and a suspended droplet field. The interfacial heat transfer
coefficients for the droplet field were discussed in the previous section. The normal wall models apply for
the annular/mist flow regime. The droplet and film interfacial heat transfer coefficients are simply added
together for each of the four cases (superheated liquid, superheated vapor, subcooled liquid, and subcooled
vapor).

Superheated Liquid There are three possible expressions for the superheated liquid. The first evaluation
is between a constant value of 278 BTU/2.sec.°F or the conduction through the film. The minimum value of
these two expressions is taken. The third is the Colburn analogy[49] for heat transfer from a film using the
Hughmark[50, 51] correlation for the film friction factor. The maximum of the Colburn analogy and the
result of the first evaluation is taken. This is denoted mathematically as follows.

hi s = max[h; shi colburn, Min(278 BTU/tt2.sec-°F, R shl cond )] (5.65)

The conduction heat transfer term is defined using the saturated liquid conductivity, k¢, and the film
thickness, 9;.

2k
hi7sh17cond = TlwaAX (566)

The Colburn analogy[49] is:

Bi shi.cotburn = finp1Cp.t|tior| Pr= 23 A; ¢ fui (5.67)

The Hughmark[51] friction factor correlation is defined:

frn = 3.850Re2/3,if Re; < 1000 (5.68a)

fim = 0.5402Re™ %38 if Re; >= 1000 (5.68b)

In CTF, however, the leading coefficient for the case of Re; < 1000 is cut in half.
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frn = 1.925Re™2/3 ) if Re; < 1000 (5.69)

Returning to Equation 5.67, the result is multiplied by the interfacial area of the film, A; ¢, as well as a
multiplication factor, which is designed to ramp the interfacial heat transfer to zero as the liquid film drys
out. The factor begins to decrease from 1.0 as the liquid void drops below 0.01.

fai = max[0.0, min(1.0,111.1(ay — 0.001))] (5.70)

Superheated Vapor The Colburn analogy[49] is used for calculating the superheated vapor interfacial
heat transfer coefficient. However, different from the case of superheated liquid, the friction factor is de-
termined using the method of Wallis[28] (stable film) or Hanratty[41] (unstable film). The vapor density is
used, the vector relative velocity is used, the vapor specific heat capacity at the film temperature is used,
and no multiplication factor is necessary for the case of dryout.

hi,shv = fipvcp,ﬁlmﬁvlPT_Z/SAi,ﬁlm (571)

The Wallis and Hanratty correlations were previously shown in Equations 5.32 and 5.33, respectively. The
film temperature is defined as the average of the heated surface wall temperature and the bulk vapor tem-
perature.

Subcooled Liquid The subcooled liquid interfacial heat transfer coefficient is calculated using he same
for of the Colburn analogy[49] that was utilized for superheated liquid.

Subcooled Vapor The subcooled vapor interfacial heat transfer coefficient is calculated using the form
of the Colburn analogy[49] that was used for the case of superheated vapor.

5.2.5 Churn-Turbulent Flow Regime

The churn-turbulent flow regime is a combination of the annular/mist and slug flow regimes. An interpolation
factor was defined previously in Equation 5.39, which is repeated below.

Qy — Qg

F= (5.39)

Qlerit — Qp

The interfacial heat transfer coefficients calculated for the slug and annular/mist flow regimes are used to
calculate the churn-turbulent interfacial heat transfer coefficients.
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hishv = Fethishv.am + (1 — Fer)Rishv.s (5.72a)
hisn = Ferhisniam + (1 — Fee)Pishis (5.72b)
hisev = Fethisev.am + (1 — Fep)hi sev,s (5.72c)
hisa = Ferhiscam + (1 — Fep)hisals (5.72d)

5.2.6 Falling Film and Deludge Flow Regimes

The interfacial heat transfer coefficients of the falling film and deludge flow regimes are calculated in the
same way. Interfacial heat transfer coefficients are calculated for the film and droplet fields and then added
together as was done for the annular/mist regime. However, in this case the hot wall models are used for
the dispersed droplet regime. The film interfacial heat transfer coefficients are discussed below.

Superheated Liquid The interfacial heat transfer coefficient for superheated liquid is a constant value.
hisn = 27.8 BTU/gt2 sec.°F (5.73)

Superheated Vapor The superheated vapor interfacial heat transfer coefficient is calculated by the same
approach as was done for the droplet superheated vapor interfacial heat transfer coefficient in the case of
hot wall conditions. The modified Lee-Ryley correlation is repeated here:

£ (2.0 +0.55Rey° Pro) 4;

R shy = 5.61
,sh ch ( )
Where the Yuen and Chen factor, Fy., is given as follows:
hy —h
Fye=10+05-" g (5.62)
fg

Additionally, there is consideration for the effect of a housing quench front boundary. If a housing quench
front boundary exists and Re < 25200, the Nusselt number is calculated as follows:

Nugp, = max [10,0.0797 Red 67" pr0-333] (5.74)

For Re > 25200:

Nugp, = 0.023Re%8 Pri-4 (5.75)
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The single phase vapor heat transfer coefficient is then:

L

D Nugp, (5.76)

hspv =

The interfacial heat transfer coefficient for superheated vapor is modified by adding the contribution of the
wet film on the quenched housing.

hishv = R shy + hspy P, cAX min[l1, 0.5 + X ] (5.77)

The wetted perimeter of the housing (unheated conductor) is given by P, .. The fraction of the conductor
which is quenched, X, is considered in the last term.

Subcooled Liquid For subcooled liquid, the interfacial heat transfer is given by:

k
hisa = 17.77=L A, (5.78)
Dy,

Subcooled Vapor The subcooled vapor interfacial heat transfer coefficient is assumed to be a constant
value.

hi,scv =2.78 BTU/ftQ-sec-oF (579)

5.2.7 Inverted Annular Flow Regime

The inverted annular film flow regime is only considered for transverse momentum cells. Interfacial heat
transfer coefficients are not calculated for transverse momentum cells — only axial momentum cells. There-
fore, no interfacial heat transfer models are discussed here.

5.3 Entrainment and De-Entrainment Models

5.3.1 Introduction

The physical processes of entrainment and de-entrainment must be modeled to account for interaction
between the continuous liquid and droplet fields. Four scenarios are considered in CTF when modeling
droplet sources:

1. Entrainment from liquid film
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2. Entrainment during bottom reflood
3. Entrainment during top down reflood

4. Spacer grid droplet breakup

The first three cases involve mass leaving the liquid field and entering the droplet field, but by different
processes. The fourth case doesn’t add droplets by entrainment from the liquid field, but instead accounts
for the increase in droplets and droplet surface area due to droplets breaking up on spacer grids — an effect
that is important to core cooling during accident where core dryout occurs.

Mass can also move from the droplet field to liquid field by the process of de-entrainment. Four scenarios
are considered when modeling de-entrainment:

1. De-entrainment in film flow

2. De-entrainment in crossflow

3. De-entrainment due to area changes
4

. De-entrainment at solid surfaces and liquid pools

5.3.2 Liquid Film Entrainment/De-entrainment

Entrainment Two cases are considered when calculating the entrainment rate in the annular/mist flow
regime: entrainment in co-current flow and entrainment in counter-current flow. The phenomenon responsi-
ble for entrainment from film is the same for the two cases. Waves on the film surface will grow as a result of
hydrodynamic and surface tension forces. When the pressure differential over the wave exceeds the surface
tension due to the amplitude of the wave growing large, the wave will break and liquid will be entrained.
The wave behavior, and entrainment rate, will differ, however, depending on if the flow is co-current — low
amplitude roll waves with droplets being sheared off of the wave crest [50] — or counter-current — abrupt,
large-amplitude waves.

CTF will check if the flow is counter-current by checking for negative liquid mass flow rate and positive
vapor mass flow rate in the momentum cell below the current one. If in counter-current flow, the maximum
of the co-current and counter current entrainment rates is taken. For either case, the entrainment rate is
limited to the smaller of two values: the calculated entrainment rate, or a function of the maximum flow in
the cell:

SE = min[SE, (Fse + 00504lplA1)] (580)

The maximum flow is calculated by considering the total liquid lateral flow — all gap liquid flow into the
cell plus any boundary condition injection flows — and the axial liquid flow rate.

I This section presents the entrainment/de-entrainment models used currently in COBRA-TF, but improvements have been
made to these models in the past, which is documented in Ha, Jeong, and Sim[52].
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Counter-Current Flow For counter-current flow, it is assumed that anything in excess of the critical
liquid flow rate is sheared off into the droplet field.

SE,countcr =y — ml,crit (581)

Expanding,

SE,coutner = (al - al,crit) pl|Ul|Az (582)

The critical liquid void fraction is calculated from the critical vapor void fraction:

Q| crit = 1- Qlcrit (583)

The critical vapor void fraction is determined from a force balance between opposing forces acting on the
wave — the pressure gradient over the wave crest and the surface tension.

Oerit = 1—2—— — (5.84)
pq)leDh

A modified relative velocity is used in calculating the critical void. The maximum of the relative vapor-liquid
vector velocity and a modified axial relative velocity is used.

— 170&1

ﬁvl = max U’L)17 (U%j_l — Ul7j_1)m (585)

Co-Current Flow Whalley, Hewitt, and Hutchinson[53] correlated entrainment data for air-water mix-
tures as a function of interfacial shear stress, 7;, surface tension, ¢, and a roughness factor acting as the
length scale, kg, using the dimensionless group

T
— kD 5.86
Sy (5.86)

This was modified by Wurtz[54] by multiplying by the dimensionless velocity in order to correlate data for
both air-water and steam-water mixtures, according to

ksTi ﬁvﬂl
Sw == ? (587)

This form was later used by Paleev and Filippovich[55] to correlate air-water data. Wurtz used this di-

mensionless group to obtain the following relationship which is used in CTF for co-current entrainment
rate:
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ks iﬁv
Sp = [0.411bm 172 5] | =T P AK. (5.88)
The roughness parameter is given by
ks = 0.576 + 6623 ft =162 — 3.56 x 10° ft725% + 1.5767 x 10° ft~35%. (5.89)

The interfacial shear is calculating using the interfacial friction factor for the film, f;, which was discussed
in Section 5.1.4:

7 = fipo U2, (5.90)

De-Entrainment De-entrainment in film flow is due to the random turbulent motions of the droplets
that cause some of them to impact the film and be absorbed. The de-entrainment rate is calculated using
the correlation of Cousins[56], which uses a droplet concentration gradient diffusion model. The form of the
correlation is

Spe = kgCP,AX, (5.91)
The droplet concentration, C [Ibm ft=3], is a function of the droplet mass and vapor/droplet volume:

0= 2P (5.92)
Qe + iy

The mass transfer coeflicient, kg, was correlated by Whalley[57] as a function of surface tension given by

3.0492 x 101245-3054
ko = max { 12.49150-8968 (5.93)

with ko in ft s=! and ¢ in 1bf ft=2.

Other terms in the correlation include wetted perimeter, P,,, and cell height, AX.

5.3.3 Bottom Reflood Entrainment

Entrainment The bottom reflood process involves the quenching of fuel rods that existed in a hot wall
flow regime. Film boiling occurs and, as the rods cool, transition boiling and, finally, nucleate boiling take
place. These processes cause a large vapor generation rate and a corresponding high vapor velocity which
causes a large amount of droplet entrainment. The actual entrainment mechanisms can be a result of liquid
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core breakup due to surface instabilities in the case of subcooled liquid or due to bubbles breaking through
the liquid core surface in the case of saturated liquid. The model used in CTF is based on the work of
Kataoka, Ishii, and Mishima[58], which considers droplet entrainment caused by vapor bubbling through
liquid pools.

2
SE = (O{U U(Z:It) ’n.’lq, (594)

The actual form used in CTF is:

U 2
Sp = 1.5min [2.5,( v ) 1 T (5.95)
Ucrit

The critical velocity, Ueit, is the vapor velocity required to lift a droplet with radius defined by the critical
Weber criterion against the pull of gravity. It is defined as follows:

4 1/4 27\ /4
Usrit, = ( Wed) <ng2 P ) (5.96)

The Weber number, Wey, is taken to be 2.0 as a result of reflood experiments in the FLECHT tests.
The droplet drag is taken to be 0.45. The density difference, Ap, is the difference between the liquid and
vapor density. The droplet flow rate entering the cell is subtracted from the entrainment rate. It is further
multiplied by a factor to account for low liquid void fractions.

Sg = max|0, Sg — 1] min[l, 5] (5.97)

De-Entrainment De-entrainment is not considered for the case of bottom reflood.

5.4 Top Down Reflood Entrainment/De-Entrainment

Entrainment Top down reflood occurs due to upper plenum injection during accident conditions. After
the core has dried out and hot wall conditions exist, the core may be quenched from coolant injection that
falls from above the core. Two mechanisms for entrainment are compared for this case. The first mechanism
involves film falling faster than the downward moving quench front. If liquid moves lower than the quench
front into hot wall regions, the liquid will quickly sputter, breaking up into droplets. The second mechanism
of entrainment is caused by entrainment off of the film surface due to upward flowing vapor. The counter-
current flow entrainment model that was used for the annular/mist regime (Section 5.3.2) is used for the
second mechanism.

For the first mechanism, we can assume that all film that falls to the quench front and isn’t vaporized, is
entrained. This can be written as follows:
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Sp = —m — T, (5.98)

The mass flow rate of the liquid film that reaches the quench front is 7; and the vapor generation rate at
the quench front is I';. The vapor generation rate is simply the old time step vapor generation rate for the
cell in which the quench front resides. The mass flow rate is the old time step liquid mass flow rate into the
cell in which the quench front resides. The liquid mass flow rate will be negative in CTF since the film is
falling, hence the preceding negative in the above equation.

The second mechanism uses Equation 5.82 from Section 5.3.2, repeated below:

SE,coutner = (al - al,crit) pl|Ul|Az (582)

Substituting the definition of the critical void fraction leads to the following equation:

20 .
Sp=ar— —"= | i (5.99)
thUle

The maximum of the two entrainment model results is taken as the entrainment rate for the falling film.
Some additional considerations are then made. If the void fraction is less than 0.8, the deludge flow regime
is considered. If void fraction is less than 0.6, the entrainment rate is zeroed. If void fraction is between 0.6
and 0.8, a ramp is used to alter the falling film entrainment rate — the rate is ramped between 0 % for void
fractions of 0.6 and 100 % for void fractions of 0.8. The ramp function is:

Sramp = max[0.0, min(5(ca, — 0.6),1.0)] (5.100)

For void fractions greater than 0.8, an additional consideration is made where the maximum of the falling
film entrainment rate and the liquid mass flow rate is taken for the entrainment rate:

Sp = max[0.0, Sg, —my] (5.101)

De-Entrainment The de-entrainment in the top down reflood region is assumed to be caused by random
turbulent motions of the drops, which causes drops to impact the film and be absorbed. The same model
that was used for the annular/film region is used here. The model of Cousins[56] is repeated:

Spr = ko ACP,AX (5.91)

Definition of the equation terms can be found in Section 5.3.2. One modification is made to Equation 5.91 to
account for the quench front. Only droplets impacting the film are de-entrained, so it is necessary to know
the fraction of the cell which is quenched to determine the de-entrainment rate. This fraction is multiplied
by the Cousins model.
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Spe = keACP,AXF, (5.102)

The fraction of the cell that is quenched, Fy, is calculated:

b X Xy

; A% (5.103)

The top of the momentum cell — the global location of the boundary between adjacent continuity mesh cells
— is X} and the code-calculated quench front global location is X,r. The difference of these values is the
length of the quenched portion, which is divided by the momentum cell height to get the quenched fraction
of the heater rods.

5.4.1 Crossflow De-Entrainment

The crossflow de-entrainment is modeled by considering flow across tube banks. De-entrainment is calculated
for each gap connecting to a channel using a rod-bundle de-entrainment efficiency term, npg.

1 .
Spe = 5ﬂDE|me,Z| (5.104)

The rod bundle de-entrainment efficiency term is user-input. The lateral droplet mass flow rate through the
gap, 1,z is used. The de-entrainment rate is calculated for each gap connecting to a channel and a total
de-entrainment rate is calculated by summing the individual gap contributions together.

5.4.2 De-Entrainment in Area Changes

Droplets will de-entrain if they move through a change in flow area, forming a film on the surface. This
effect is most prominent during accident conditions when entrained droplets flow through the upper core tie
plate. Droplets will de-entrain when moving through the plate and form a film which will provide the initial
liquid for the top quench front. De-entrainment is captured by simply using the ratio of the areas.

A A
Spr = max[0.0,7, ;1] (1 — =L ) + max[0.0, —rn, ;] (1 — == (5.105)
P AJ ) AJ

The equation has two components to account for the possibility that entrained flow is moving in the top
down direction — one of the components will be zero. The ratio between momentum cell and continuity
mesh cell area is taken. Due to the staggered mesh approach, the momentum cell will lie on the top boundary
of the continuity mesh cell with the same level index.
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5.4.3 De-Entrainment at Solid Surfaces

It is assumed that droplets that move normal to a solid surface are de-entrained on the surface. Furthermore,
droplets that flow into a bubbly flow regime are also assumed to be de-entrained. This is handled in CTF by
checking if a mass flow boundary condition was chosen for the momentum cell above or below the continuity
mesh cell. A mass flow boundary condition would imply that there is a solid surface from which the injection
is occurring. If a mass flow boundary condition is in the momentum cell above, the entrainment rate is:

Spe = max([0.0, Sp g cousins Me,j—1] (5.106)

The model of Cousins[56] is used for comparison against the entrained droplet flow rate. The model is
in the same form as was used for the top down reflood de-entrainment rate calculation. For a mass flow
rate boundary condition below the continuity mesh cell, the negative of the droplet mass flow rate in the
momentum cell above is used.

Spe = maX[O.O, SDE,COuSiIlSy _me,j] (5107)

Consideration is made for de-entrainment in the wet film on quenched unheated conductors, should they
exist. One third of the droplets are de-entrained on a quenched housing, as follows:

1 e
S X, Py AX 2L

5.108
3 Qe + ( )

SpE,n =

The fraction of the conductor which is quenched is X, and the wetted perimeter of the housing is P, .. The
quenched housing de-entrainment rate is added to the solid surface de-entrainment rate.

Spe = Spe + SpE.n (5.109)

5.4.4 Spacer Grid Droplet Breakup Model

Dispersed droplets in the flow field can be shattered as they impact spacer grids. Experiments performed by
the Central Electricity Generating Board of the United Kingdom[59], the University of New York at Stony
Brook[60], and Westinghouse/Carnegie-Mellon University[61] show that this breakup phenomenon can be
significant. It is important to capture this phenomenon because the resulting field of smaller droplets evapo-
rates more easily than larger droplets, which reduces vapor superheat and improves rod heat transfer during
accident conditions. To capture this phenomenon, droplet breakup due to the spacer grid is determined and
the increase in small droplet interfacial area is calculated, which is added to the interfacial area source term
in the interfacial area transport equation (see Section 3.4).

The spacer grid droplet breakup model can be found in the GRID subroutine. Calculations are only per-
formed if less than 99 % of the grid height is quenched. The goal of the grid droplet breakup model is to
provide the interfacial area transport equation with information on the rate of small droplet creation and
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the small droplet diameter such that the effect on droplet interfacial area can be determined. CTF actu-
ally considers two stages of breakup: the breakup of large droplets into small droplets and the breakup of
small droplets into micro droplets. In the end, however, the small droplet and micro droplet number fluxes
(breakup rate) and diameters are merged into one set of information for a single small droplet field.

The large droplet field breakup is considered first. The number of droplets in the flow field that break on
the grid strap are calculated as a function of the grid blockage ratio and the droplet flow rate.

. A(L’ 1Ail)8 .
mdb—77<A’g T >me (5.110)

The leading factor, n, is a breakup efficiency factor — it is estimated to be 0.6. The area blockage ratio is
the sum of the grid strap blockage ratio and half of the grid spring flow blockage ratio. With the droplet
breakup rate, it is necessary to then calculate the new droplet diameter so that the interfacial area source
may be calculated. Droplet breakup data taken from Wachters ([62] and [63]) and Takeuchi[64] was used
to characterize the Sauter mean diameter of shattered droplets as a function of initial droplet diameter and
original droplet Weber number. The correlation of the data can be seen in Figure 5.1.

The correlation for the diameter of the shattered droplets is:

D;
ﬁd = 6.167 WeJ? (5.111)

%

At low droplet Weber numbers, Equation 5.111 will return shattered droplet diameters that are close to
the incident droplet diameter. Such droplets, having large diameters, should not be considered in the small
droplet field. Therefore, for Wey < 30.9 , the calculated large droplet breakup is not considered to enter the
small droplet field. Instead, the code checks for small droplet breakup into micro droplets. For Wey > 250, all
large droplets that shatter (calculated by Equation 5.110) are considered to enter the small droplet field and
the small droplet field number flux is calculated accordingly. For 30.9 < Wey < 250, a linear interpolation
is performed between zero large droplets breaking up into small droplets and the full value calculated by
Equation 5.110. The ramping factor that is multiplied by the droplet breakup rate is:

Weq — 30.9
= 112
R 250 — 30.9 (5 )
A similar check is done for the small droplet field breakup. If the small droplet Weber number is less than
30.9, no small droplets are considered to breakup into micro-droplets. If, however, Wey > 30.9, then the
small droplets break on the spacer at the full droplet breakup rate. The logic for this approach is best
summarized in a flowchart, shown in Figure 5.2.

In Figure 5.2, nsd is the droplet number flux — it is the number of droplets entering a droplet field per
unit time due to shattering from larger droplets. The shattered droplet diameter is represented with the dsd
term. The droplet number flux and shattered droplet diameter are initialized to 0 and 1- 1078, respectively.

The large, incident, droplet Weber number is calculated first. If it is smaller than 30.9, then the small droplet
number flux stays at zero since any large droplets that do shatter are shattered into large droplets which
remain in the large droplet field. Otherwise, the small droplet mass flow rate is calculated by Equation
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Figure 5.1: Ratio of shattered droplet diameter to incident droplet diameter dependence on droplet Weber
number
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Figure 5.2: Flowchart for the spacer grid droplet breakup model found in the GRID subroutine
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5.110. The droplet number flux is then calculated using the mass flow rate from the large to small droplet
field and the mass of a single small droplet.

nsd = — 4 (5.113)

Md single

The single drop mass is calculated from the shattered droplet Sauter mean diameter of a droplet, obtained
from Equation 5.111, which is used to calculate the droplet volume. The droplet volume is multiplied by the
liquid density to obtain the droplet mass.

Mg

= — 5.114
1/67Td§dpl ( )

nsd

For Wey < 250, a ramping factor is calculated by Equation 5.112 and multiplied by the small droplet number
flux to reduce the number of shattered droplets that enter the small droplet field.

This process is repeated for the small droplet field. It is important to note here that the shattered droplet
number flux is defined on a per channel basis. Therefore, the shattered droplet number flux includes droplets
that were shattered not only by the current grid being analyzed, but also the upstream grid (if one exists)
that caused droplet shattering. Even if the large droplet Weber number was smaller than 30.9 and no large
droplets shattered on the current grid entered the small droplet field, there may still be small droplets that
shatter into micro droplets due to shattering from upstream grids.

After the small to micro droplet shattering rate is determined, the small and micro droplet number flux and
diameters are combined into a single set of values. This is done for the shattered droplet number flux by
first adding the small and micro droplet field mass flow rates. Second, Equation 5.114 is used to calculate
the number flux for the combined small and micro droplet field, but using the Sauter mean diameter of the
combined fields.

The Sauter mean diameter of the combined fields is calculated by a mass flow rate averaging process. The
small droplet mass flow rate is divided by the small droplet diameter and, likewise, the micro droplet mass
flow rate is divided by the micro droplet diameter. These terms are added and divided into the total small
droplet and micro droplet mass flow rate to get the Sauter mean diameter of the combined fields. This is
shown below.

msmall + mmicro

Msmall Mmicro

dsd,combined = (5 1 15)

dsmall dmicro
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6. Heated and Unheated Conductor Mod-
els

6.1 Introduction

Thus far, emphasis has been placed on modeling of the flow field using conservation equations and associated
models for conservation equation closure terms. CTF also contains a capability for modeling solid components
such as fuel rods, electric heaters, and unheated conductors. This chapter discusses these models.

A flowchart for the general solution of conductor temperature profiles is shown in Figure 6.1—the flow of
source code subroutines is presented. Subroutine HEAT is called at the end of PREP3D, which means that
the heated /unheated conductor temperature profiles are solved prior to the new time flow field. Subroutine
QFRONT locates the quench front (if one exists) and performs re-noding of the rod to make for a more
accurate quench front solution. The code loops over all channels and all axial levels and calls BOILING
and HCOOL. The BOILING subroutine calculates the CHF point and HCOOL calculates the heat transfer
coefficient for the conductor. Subroutine RADIANT calculates radiation heat transfer, if selected by the
user and TEMP calculates the temperature profile throughout the conductor.

The models used for tracking the quench front were discussed in Section 7.12.3, but the re-meshing of
conductors was not discussed—re-meshing is discussed in this chapter. The location of the CHF point and
the calculation of the CHF temperature will be discussed in Section 7.7 and, specifically, Sub-section 7.7.
Wall convective heat transfer models will be discussed in Section 7. Radiative heat transfer models have
been discussed in Section 7.11. This leaves determination of the heat transfer through the conductor and
the resulting temperature profile (subroutine TEMP), which is discussed further in this chapter.

There are two general types of conductor models included in CTF: one for rods and one for generic conductors.
The rod models can be used for modeling solid or hollow heater rods and also nuclear fuel rods (models are
included for gap conductance, fuel rod deformation, and heat generation accounting for nuclear reactions as
well as metal-water reaction in cladding). Rods can be active or passive (i.e. heated or unheated) and they
may exceed the CHF temperature and, thus, require the CHF models. Generic conductors, however, are
always considered passive and have no internal heat sources. Furthermore, they need not be of cylindrical
geometry and it is assumed that they always remain below the CHF temperature and therefore never require
the use of the CHF models.

The common feature of the different conductor type models is the conduction equation—it is discussed first
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Figure 6.1: Flowchart for heated and unheated conductor temperature solution
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in the following section. After this, the conductor re-meshing package is discussed, which is used to refine
or collapse the mesh used for the conductors depending on the location of the quench front. These are the
only models that are used for modeling generic conductors or solid or hollow heater rods. Nuclear fuel rods,
however, require special considerations which are discussed in the final section, Section 6.4.

6.2 Conduction Equation

6.2.1 Formulation of the General Conduction Equation

CTF includes capabilities for modeling fuel rods, electric heater tubes, and walls using a finite-difference form
of the heat conduction equation which is formulated using the heat balance approach[65]. This approach
breaks the conductor into control volumes with nodes being located at the control volume centers or surfaces.

An example of this meshing approach is shown for a cylindrical geometry in Figures 6.2 and 6.3. Figure 6.2
shows both side and top views of a meshed nuclear fuel rod. The rod is divided into 4 axial levels, with j
being the index for axial level. Each axial level of the rod will be meshed into both radial and azimuthal
segments. Figure 6.3 provides a closer look at the internal meshing of the fuel rod for a single axial level.

The rod is divided into 4 azimuthal segments, labeled using k. The orange and green boxes highlight two
of the azimuthal segments, &k = 1 and £ = 2. Note that an azimuthal segment will be created for each
rod/channel connection. If a pin-centered subchannel approach were employed, where each rod connects to
only one channel, there would be only one azimuthal segment in the rod. Also note that azimuthal segments
will be indexed in CTF according to the indexing of channels and rods, so the labeling presented in Figure
6.3 is for example only.

Figure 6.3 additionally gives an example of the radial meshing of the fuel rod. The fuel pellet is represented
in red, the gap is white, the clad is blue, and the optional Crud layer is grey. The fuel pellet is divided
into three mesh cells. The clad is divided into two regions and the Crud layer is represented using only one
region. For a nuclear fuel rod, the radial meshing (number of mesh cells) of the fuel pellet can be controlled
by the user via input; however, the number of regions for other areas (gap, clad, and Crud) are controlled
by CTF.

Attention is now given to the node locations. Nodes inside the fuel pellet will always be in the center of
the mesh cell volume for internal mesh cells. The fuel pellet surface mesh cell, however, will have its node
on the surface of the fuel pellet. The two clad mesh cells will have their nodes on the opposite surfaces of
the clad. Likewise, the Crud layer will have its node on the fuel rod surface. Shifting the node locations
from mesh-cell center to surface allows for CTF to define a temperature at needed locations (i.e. fuel pellet
surface, clad inside and outside surfaces, and fuel rod surface).

A non-nuclear cylindrical geometry will be discretized similarly. The primary differences will be that: (1)
the user may divide the rod into any number of regions and (2) each region may have any number of nodes.
Unheated conductors, or “slabs”, have a plate-like geometry. The ¢ index counts nodes across the wall
thickness, j in the axial direction, and k indices count along the wall width in the lateral direction. Meshing
the geometry using this control volume heat balance approach allows for:

e unequal mesh spacing
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Figure 6.2: General CTF meshing approach for nuclear fuel rod
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Figure 6.3: A closer look at CTF internal meshing of nuclear fuel rod
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temperature dependent material properties

space dependent material properties

e changes in internal resistance to heat transfer (e.g. gaps)

changes in internal heat generation.
The general conduction equation for a solid mesh cell is shown in Equation 6.1.

d

2 e v = 7{ e QrdA + / Q"av — 7( Q.dA 6.1)
dt Jy A v A

The LHS term is the transient term, with p being material density, C,, being material specific heat, T" being
the material temperature, and ¢ being the timestep size of the solid conduction equation solution. On the
RHS, the first term is a surface integral over the solid mesh cell that accounts for energy conduction in axial,
azimuthal, and radial directions. The n is the unit vector orthogonal to the surface, k is the current surface,
and A is the surface area of the solid mesh cell. The second term represents volumetric generation of energy
due to fission or electrical heating with Q"' being the volumetric energy generation rate and V being the cell
volume.

The third, and final, term of the equation is the convective heat transfer at the cell surface which transports
energy from the solid to surrounding fluid or vice versa. Note that only mesh cells exposed to the coolant
will have this final term. Furthermore, only mesh cells having some heating source will have the volumetric
energy generation term. For a nuclear fuel rod, energy generation can include the heat generation due to
fission in the pellet as well as heat generation in the clad due to zirconium-water reaction. Energy generation
in solid and hollow electric heater rods comes from electrical heating. Rod heat rates may be dependent on
radial and axial location in the rods and are input by user. For unheated conductors, the energy generation
term remains absent.

Note that the mass of the control volume (i.e. pV') is always evaluated at the cold-state properties. This is
due to the fact that the nodal locations are fixed once they are defined in CTF while, in reality, they may
move due to thermal expansion. If pV were allowed to change with temperature without allowing the control
volume dimensions to also change, a mass imbalance would occur.

The CTF rod solution algorithm works by looping over each rod, then each axial level of the rod, then each
azimuthal segment at that level. For a single segment, CTF then loops over each radial node and sets up
the terms that will form the equation for that node. At the end of each radial node loop, the system of
equations will be solved by Gaussian elimination. Therefore, the rod conduction solution is implicit in only
the radial direction; azimuthal and axial conduction terms are added to the conduction equations explicitly.

In the CTF solution, the thermal conduction term, @, will be expanded for each surface of the current cell
being setup. Each conduction term will take on the form shown in Equation 6.2, where a represents the
mesh cell being solved and b represents a connected mesh cell.

Qa—>b = kab (Tb - Ta) (62)
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Both T, and T, will be unknowns if Cells a and b are connected in the radial direction. If either cell is
connected in the axial or azimuthal direction, the temperature of that cell will be explicitly given from a
previous time step. The average thermal conductivity between Cell a and b will be some combination of
the individual thermal conductivities of the two cells, k, and k. This averaged thermal conductivity is
defined using the concept of thermal resistances as shown in Equation 6.3, where Rq—boundary is the thermal
resistance from the node of Cell a to the boundary between Cells a and b and Rpoundary—s is the thermal
resistance from the boundary to the node of Cell b.

1
kap = (6.3)
Ra%boundary + Rboundary%b

The thermal resistances can be defined for cells connected by a varying surface area (e.g. cylindrical mesh
cells connected in the radial direction) or a constant surface area (e.g. rectangular mesh cells or cylindrical
mesh cells connected in the axial or azimuthal directions). An example of a system of thermal resistances
for a cylindrical geometry is shown in Figure 6.4.

In this example, the fuel rod is broken into 6 mesh cell volumes, each with a node, labeled as N1-N6, that
is either at the mesh cell center or surface. There are, as a result, 8 thermal resistances, labeled as R1-R8.
Note that cells having a node at their center will have two thermal resistances; one to communicate with each
cell boundary. Since the Crud layer has only one node at its outside surface, it requires only one thermal
resistance.

The formulation for the above thermal resistances (radial direction) will be that of a cylindrical geometry
as shown in Equation 6.4.

(6.4)

Here, r, and r; are the outside and inside radii of the cylindrical mesh cell, k is the thermal conductivity,
and L is the axial height of the cell. Figure 6.5 shows an example of the resistance in the axial direction for
a nuclear fuel rod. Since heat transfer in the axial and azimuthal directions is through a constant area, A,
the resistance is linear and is defined as shown in Equation 6.5.

R=— (6.5)

The fact that azimuthal and axial conduction and the convective boundary term are all explicit in the solid
governing equation means that some controls are needed to keep the solution stable. Additionally, the CTF
solid modeling capabilities include some features for capturing behavior of nuclear fuel rods, such as changes
in gap conductance due to rod geometry changes, and changes in fuel pellet conductivity due to cracking and
sintering. These matters are discussed in the following sections along with the concept of thermal resistances.
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Figure 6.4: CTF model for fuel rods as a thermal resistance network
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Figure 6.5: Example of resistance in the axial direction for nuclear fuel rod
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6.2.2 Conductor and Flow Field Boundary

The conductors modeled by CTF must contact the fluid field at some, if not all, of their surfaces. Any
conductor surface that doesn’t join a fluid mesh cell either contacts another conductor, transfers heat to some
outside environment, or is assigned an adiabatic boundary condition and transfers no heat. The conductors
are coupled to the flow field solution by three possible conditions in CTF: convective heat transfer to the
fluid, heat transfer due to droplet impingement and vaporization, and radiative heat transfer to the fluid
and other bodies around the conductor. A heat flux is calculated for each of these effects and it is added to
the conduction equation for surface cells that contact the fluid. If the conductor surface does not exchange
heat with the fluid field, CTF has an option for the user to prescribe a heat transfer coefficient and sink
temperature for modeling heat loss to some external environment.

The calculation of heat transfer coefficients based on heat transfer regime will be discussed in Section 7. The
radiative heat transfer modeling has been discussed in Section 7.11. It is important here to also discuss the
general approach for applying these terms in calculating heat flux and the special consideration that must be
made for the nucleate boiling regime. This is discussed in Section 6.2.2.1. The third vector for heat transfer
between rod and fluid, droplet impingement heat transfer at flow blockages, is discussed in Section 6.2.2.2.

6.2.2.1 Convective Heat Transfer

Since the fluid may be two-phase, the heat flux is a sum of heat transfer to liquid and vapor phases.

qH = H, (Ts - Tln) + H, (Ts - Tm?) (6'6)

Heat transfer coefficients for the liquid and vapor phases are represented by H; and H,. The conduction
equation solution is performed prior to the flow-field solution for any given timestep. Therefore, the conductor
cell temperature, T, is the current time-step surface temperature of the conductor while the liquid and vapor
fluid temperatures are obtained from the old timestep (hence the n superscript). Section 7 discusses the wall
heat transfer models and calculation of the H; and H,, heat transfer coefficients for all heat transfer regimes
modeled by CTF.

Before Equation 6.6 can be added to the conduction equation, special consideration must be made for the
heat flux to the liquid phase. For the case of nucleate boiling, there is a strong dependency between wall
surface temperature and heat flux. Therefore, the wall heat transfer and surface temperature are coupled
implicitly in a non-iterative manner by considering the linearized derivative of the heat transfer coefficient
with respect to wall temperature when calculating the heat flux to be used as the wall boundary condition.
The liquid heat flux becomes:

0H,;
0T

o= Hy(Ts—T7) + ( ) (T, T2) (17— 17) (6.7)

In this manner, the change in the heat transfer coefficient from the previous timestep is considered in
calculating the new surface temperature. This modified heat flux is added to the conduction equation.
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6.2.2.2 Droplet Impingement Heat Transfer

The droplet impingement heat transfer model is for a special scenario where accident conditions cause the
localized swelling of fuel cladding. As cladding swells into the flow channel, the cladding of different rods
can meet and cause a blockage of the flow. Droplets that are entrained in the vapor flow can impact the
swollen cladding. When the droplets impact and then vaporize, the heat transfer between the rods and the
coolant is improved. A model has been developed by Kendell and Rohsenow[66] to capture this effect and it
has been implemented into CTF. This heat transfer effect is only applied for flow blockages caused by rod
swelling in the local vicinity of the blockage; outside of this region, no droplet impingement heat transfer is
felt by the rods.

Photographs taken of droplets impinging on an unquenched flat plate, heated above the Leidenfrost point,
undergo a process of deformation, flattening, and reformulation[62][63]. The Kendell/Rohsenow model pre-
dicts this type of droplet behavior and the resulting evaporation efficiency. The droplets are viewed as
cylindrical in shape and as they impact, the radius grows such that the droplet morphs into a large-radius,
thin sheet of liquid. The predicted heat transfer efficiency due to droplet evaporation is then used in CTF
to calculate the heat transfer between the rod and fluid. The heat transfer due to droplet evaporation is:

Q = GehygeA, (6.8)

Gl is the mass flux of droplets in the blocked flow channel (k8/m?s), hy4 is the latent heat of vaporization, e is
the droplet evaporation efficiency (provided by the Kendell/Rohsenow model), and A, is the projected area
normal to the flow. The user supplies the surface area of the rod portions that constitute the blockage along
with the angle of the blockage with respect to the flow direction. This angle is used by CTF to determine the
droplet velocity perpendicular to the rod surface. The Kendell/Rohsenow model for droplet heat transfer
efficiency is given as follows:

1/2 1/2
Pov R) 1/8 |:52kv(Tw _Ts):|
=2.6( — — | We - 6.9
‘ <pl> (D b h’fg (vach) ( )

fohy —1/4
0.225——2719 4 1.5}
|: 62kv (Tw - Ts)

The droplet Weber number, We,, is defined using the initial inertia of a spherical drop perpendicular to the
wall.

We, = —2 6.10
p

The velocity of the droplet, V), is the perpendicular velocity of the droplet with respect to the rod surface.
The Weber number, in CTF, is set to a minimum of 30. The R term of Equation 6.9 is the average drop
extension radius over the impact period and it is calculated as follows:

Rmax +0.43D

R= 5 (6.11)
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Rpax is the maximum extension radius. This term is derived by equating the initial kinetic energy of the
drop to the surface tension energy in the drop when it has come to complete rest in its new, flat-sheet form.
This leads to the following equality.

R? 2 4 1 —1.225
% =3 (1 + 1;;;) cos? 3 { arecos T (6.12)
1+ )

A special consideration is required here owing to the fact that the droplets are assumed to be a cylindrical
geometry in the Kendell/Rohsenow model whereas the droplet Weber number is for a spherical droplet.
Before deformation, the surface tension energies of a drop and cylinder are not equal if the volumes are equal
and an initial amount of kinetic energy is required to account for this difference. Therefore, Equation 6.12
is only applicable for droplet Weber numbers greater than 1.74. For values less than this, it is assumed that
Riax = 0.43D, which is then consistent with Equations 6.11 and 6.9.

Finally, the f2 term in Equation 6.9 is used to account for the nonlinear temperature profile in the vapor
film between the droplet and the wall.

1

2 = —
140,301

(6.13)

6.2.3 Explicit Term Stability Criterion

Since there are explicit terms in the heat conduction equation (if azimuthal or axial conduction are consid-
ered), there is also a stability criterion used in CTF. At the beginning of the conduction equation solution,
the time step for the conduction equation is either set equal to or less than the flow solution time step. The
user is responsible for providing CTF with a ratio that will be used to calculate the conduction equation
time step with respect to the flow solution time step.

If axial or azimuthal conduction are modeled, CTF will calculate a maximum allowable timestep size for the
heat conduction equation for each cell. The smallest of all the allowable timestep sizes for a single conductor
(rod or wall) will be the limiting timestep size for the conduction equation for that particular conductor.
For example, the limiting timestep, dtexp, is set equal to the initial heat conduction timestep when analysis
starts on a conductor (it is re-initialized every time analysis moves to a new conductor). Then, if axial and
azimuthal conduction are modeled, dtexp will be calculated for each cell after the explicit terms (axial and
azimuthal conduction into or out of the current cell) are calculated. The stability criterion is basically a
reformulation of the conduction equation written only for the axial and azimuthal conduction terms. The
axial and azimuthal heat conduction from all adjacent cells is limited to the energy change in the current
cell by solving for the time step. Specifically, the criterion is written as:

(Mcp)(iyjyk)

At =
Kij—1.0) + Kigrre + K je-1) + K gk

(6.14)
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This is the maximum allowable time step size for the given cell based on heat conduction from or to the
adjacent cells. The limiting timestep for the entire conductor is found by taking the minimum of the At for
all the cells in the conductor. Prior to the implicit solution, the initial heat conduction timestep is compared
to the minimum of the maximum allowable timesteps for all the cells. If the heat conduction timestep is
greater than the smallest maximum allowable timestep, the heat conduction timestep is reduced by half
or more. The reduction in the timestep size is dependent on the degree by which the conduction timestep
exceeds the smallest maximum allowable timestep. This is done numerically in CTF by dividing the heat
conduction timestep, dht, by the smallest maximum allowable timestep, dtexp. The conduction heat transfer
timestep is then divided by one plus the integer portion of this result. Numerically, this is written as follows:

dht— W (6.15)

1—|—INT( dhi )

dtexp

Here, the INT function returns the integer portion of the division. Therefore, if dht is at all greater than
dtexp, it will at least be reduced by half. If dht is twice as large than dtexp, it will be reduced by a third, and
so on. Clearly, it is necessary to use integer division so that the resulting number of conduction equation
timesteps will fit into a single flow-field time step (i.e. at the end of conduction equation and flow-field
equation solutions, the conductor and flow-field will be at the same time in the transient).

6.3 Conductor Re-Meshing

In a reactor core, during accident conditions, the special case of core re-wetting may occur. In this case, the
liquid coolant that is introduced by safety injection systems re-fills the core and causes a quench front to
form. At this quench front, where liquid coolant re-covers the once vapor-blanketed fuel rods and conductors,
there are steep gradients in conductor/fluid heat flux and conductor temperatures. The behavior of the entire
boiling curve — nucleate boiling, critical heat flux, transition boiling, and film boiling — may be experienced
by the conductor/fluid interface in a relatively small locality. If this behavior is all captured by one, large
conductor mesh cell as a single, averaged heat flux, the temperature through the conductor will not be
correctly resolved. This is not only non-physical, but will also result in stepwise cell-by-cell quenching and
will produce flow oscillations that will prevent the correct hydrodynamic solution from being obtained.

To remedy this problem, the capability to re-mesh the conductor in this vicinity has been implemented into
CTF. Superimposing a finer mesh into the once coarse mesh of the quench front region allows the conductor
temperature profile to be correctly resolved. The heat flux is solved for each refined conductor cell. The
heat flux is then integrated over the refined cells to obtain the correct cell-averaged value to be applied to
the adjacent fluid continuity mesh cell.

The initial meshing procedure in CTF for conductors is to create an axial conductor mesh cell for each
adjacent axial fluid continuity mesh cell. An example is shown in Figure 6.6.

The conductor temperature and heat flux is calculated at the mesh cell center, shown in Figure 6.6 by black
dots, just as the fluid pressure, enthalpy, and void fraction is solved at the cell centers. The axial length
of the conductor and fluid cells are the same and the axial nodal locations of the conductor and fluid cells
match up after initial meshing. The exception is for the top and bottom of the conductor where an extra
conductor node is inserted. For the bottom conductor mesh cells, the cell height is 25% of the adjacent
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Figure 6.6: Example of how a conductor is meshed based on adjoining fluid mesh

fluid cell height — the cell height of the conductor mesh cell directly above the bottom cell is 75%. In this
manner, the top boundary of the second conductor mesh cell still meets with the boundary of the adjacent
fluid mesh cell. Also, the second node is still at the same axial location as the adjacent fluid node. The
meshing is performed in the same manner for the top conductor mesh cell.

When it is determined that re-meshing is necessary due to later-discussed criteria, a node is simply inserted
halfway between pre-existing axial conductor nodes. This is shown in Figure 6.7 for the case of the first and
second axial conductor cells which are 25% and 75% the height of the adjacent fluid cell, respectively.

When a cell is inserted, it is necessary to assign a temperature to that node. This must be done using an
energy balance to ensure that energy is conserved in the conductor. This is shown as follows:

AX AX
Cpl (T1 7T])T+ CPQ (T2 7T[)T =0 (616)
T, = (CpT)1 + (CpT)2
(Cpy + Cpy)

The subscripts 1 and 2 represent the original first and second cell values and the subscript I represents the
new inserted cell value. The benefit of the re-meshing procedure in CTF is that, not only does the code
watch for zones that must be refined due to heat flux and temperature excursions, but it also watches for
zones that can be coarsened when the quench front passes to other regions. If the mesh in a region has been
refined, merging criteria will also be evaluated for that region to see when it is acceptable to coalesce the
mesh cells back to form a coarser mesh. If the quench front no longer exists in a region that was refined, the

Consortium for Advanced Simulation of LWRs 142 CASL-U-2019-1886-002



'g —/\SI_ CTF Theory

. °
————— °
® ®

Before Refinement After Refinement

Figure 6.7: Example of conductor mesh cell refinement for the first and second cells of a conductor

mesh will eventually return to the original mesh that existed prior to refinement. This provides a benefit in
computational resources.

The QFRONT subroutine is responsible for determining if a conductor cell should be split or if an already-
split cell should be coalesced. The QFRONT subroutine is called at the beginning of the HEAT subroutine
prior to the determination of the heat transfer regime and associated heat transfer coefficients. QFRONT
is called if there are any conductors being modeled by CTF. The QFRONT routine loops over all the rods
in the model. For each rod, it then loops over each axial level of fluid cells adjacent the rod. For each axial
fluid cell level, the routine loops over each conductor cell that is located within the bounds of the bottom
and top of the adjacent fluid cell axial level (recall from Figures 6.6 and 6.7 that the boundaries of fluid cells
always meet with conductor cell boundaries and that multiple conductor cells may exist for a single adjacent
fluid cell). Finally, for each axial level of conductor cells in the rod, the routine loops over each surface of
the rod.

It is within this loop that the routine checks criteria to determine whether to re-mesh or not. In this way,
every surface cell of the rod is checked and axial re-meshing is performed when needed. QFRONT will then
call the MOVE subroutine to perform the actual re-meshing process if it is deemed necessary for any surface
in a given axial level of conductor cells. The criteria used to determine whether to split or merge refined
cells are discussed in the following section.

6.3.1 Re-Meshing Criteria

The decision on whether a conductor cell should be split, coalesced with its neighbor cells, or left alone is a
rather complicated one in CTF. Put most basically, the decision whether to re-mesh or not will be based on:

e Axial temperature gradient

e Local behavior of the heat transfer regimes
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e Pre-quench heat transfer differences in the axial direction

To best describe this procedure in as much detail as possible, it’s best to start by presenting a flowchart of
the decision process in all of its complexity. Next, we describe each step of the procedure, discussing the
meaning of the terms and the condition that is evaluated. The procedure is roughly broken into two sections:
assessing whether to coalesce the mesh and assessing whether to split (refine) the mesh. The flowchart blocks
have been given unique identification numbers to make referencing them in text easier. Figure 6.8 presents
the CTF procedure for deciding what to do with a conductor cell.

Before discussing the criteria, it is first important to make note that, for the case of mesh refinement, we
are really interested in two conductor nodes. If certain criteria are not met (e.g. temperature and heat flux
differences between those two conductor nodes are too high), the two cells will be split into three by inserting
a node between them. When we consider whether to coalesce a cell (i.e. eliminate it), we are interested in
three conductor nodes. If certain criteria are met (e.g. temperature differences between the first and third
cells are not too high), the second conductor mesh cell may be eliminated and absorbed back into mesh cells
1 and 3.

Coalescence Criteria Starting with Block 100, the first step is to check whether AX, the conductor mesh
cell axial height, is less than the user-specified minimum allowable conductor node size, A X ,i,. The mesh
cell will not be split any further if this is the case. Likewise, if the total number of axial heat conductor nodes
in a rod exceeds the limit of 72 (Block 101), the conductor node will not be further split. Furthermore, the
mesh cell will not be further split if the heat transfer regime (imode) is either single-phase vapor or single-
phase liquid (Block 103). If any of these three blocks evaluate to true, CTF will check if the mesh cell should
be coalesced or left alone.

Block 500 asks the question, is the conductor mesh cell (jr!) communicating with the same fluid cell that
it was before re-meshing was performed (jf or jf ;)7 If it is, then that means that the conductor mesh cell
is the same as the original configuration and that no coalescence is needed; the mesh cell is left alone. If
not, Block 501 checks if the last axial conductor node in the rod, nhin, has been reached. If so, the analysis
moves on to the next conductor. The current conductor is completed and no further checks are made on
whether any conductor mesh cell in the current conductor should be split, merged, or left alone.

Following from this point (Block 502), a mesh cell will be coalesced into the conductor cells above and
below if: (1) the heat transfer regime is either subcooled boiling or nucleate boiling and (2) if the resulting
temperature difference between axial cells after merging takes place is small enough. For the first point, it’s
important to note that the ¢mode definition of Block 502 differs from that of Blocks 102, 103, and 300. In
Block 502, imode is the minimum of the heat transfer regime indices of conductor mesh cells 1 and 3 as
opposed to mesh cells 1 and 2.

As for Block 600, we define the meaning of the terms present. During this re-meshing process, we are really
analyzing three conductor nodes: mesh cell 2 would be the inserted node (if re-meshing previously took
place), mesh cell 1 would be the cell below the inserted node, and mesh cell 3 would be the cell above the
inserted node. If the inserted node is coalesced, mesh cells 1 and 3 grow and take its place. So ATj is
defined in such a way that it captures the amount of temperature change over these three conductor cells.
In equation form:

ATy = [To — Ta| + |T> — T3] (6.17)
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Figure 6.8: CTF procedure for determining whether conductor cells should be split, merged, or left alone
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ATy is the minimum temperature difference between conductor cells which will allow for their merging.
This value is defined as a function of the rod surface temperature factor, 75, chs.

1
ATin = dtmult [2 + §T3,7chf * 15] (6.18)

dtmult is a multiplication factor that is set to 1 unless we are dealing with the top-most conductor cell
that connects to the current fluid cell under analysis. In that case, the multiplier is set to 0.5 in order
to cut the minimum temperature difference for coalescence in half. The criterion becomes more stringent
because the conductor cells communicate with more than one fluid mesh cell in this case. T, cht is a factor
between 0 and 1 that captures how close to CHF the surface temperature is (surface temperatures close to
the CHF temperature will produce a value near or equal to zero and surface temperatures far from the CHF
temperature will produce values near or equal to 1). The factor is calculated by choosing the highest surface
temperature, T, of the three conductor cells under analysis. Then, the following calculation is performed:

. Tont — Ty
Tw = 0, 17 o
,chf = IMax ( i [ max (Tens — Ty, 5) ] ) o

If the surface temperature is close to CHF, the allowable axial temperature difference will, correspondingly,
also need to be small. However, for surface temperatures much smaller than CHF temperature, larger axial
temperature differences are allowable. Barring a failure of Block 600 to be satisfied, there are still other
means by which the inserted cell could be coalesced.

As shown in Block 601, having too large of a difference in heat flux requires the inserted cell to be left
alone. If the difference in heat flux, AQ3, in the region of the three conductor cells being analyzed is greater
than 25,000 BTU/f2.hr, the conductor is not coalesced, but left alone. AQs is defined as AT; was defined in
Equation 6.17 in order to capture the changes in heat flux over all three of the conductor cells.

If the heat flux change in the three cells is small enough, Block 602 will be evaluated. If the heat transfer
regime is either film boiling or dispersed flow boiling, it is necessary to keep the inserted node. Note again,
that the definition of imode in Block 602 differs from all the other imode definitions in that it is the maximum
of the indices of all three conductor nodes. So any of three conductor nodes may be in the transition or film
boiling regime for the inserted cell to be left alone. Otherwise, there is one last criterion to check in Block
603. If the temperature change across the three conductor cells is less than 60 °F, the inserted cell can be
coalesced, but if not, it must be left alone.

There is one remaining section of this portion of the flowchart that was neglected. Block 502 evaluated the
heat transfer regime. If the heat transfer regime was either nucleate boiling or saturated boiling, evaluation
of Block 600 commenced. However, if the regime isn’t nucleate boiling or saturated boiling, CTF checks if
the temperature difference in the three conductor cells is less than 25°F (Block 503). If this is true, then
the inserted cell can be coalesced and if not, it must be left alone. This criterion is tightened to 12.4°F if
the conductor cells communicate with more than one fluid mesh cell.

This portion of the flowchart discussed to this point covers all the criteria evaluated to determine if it is
possible to coalesce the inserted cell. It is outlined in the grey section of Figure 6.8.
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Splitting Criteria To cover the remainder of the flowchart, we direct our attention to Block 103, having
just established that the heat transfer regime is not single-phase vapor or liquid. At this point, imode was
defined as the minimum of the heat transfer regime numbers for conductor mesh cells 1 and 2. So if Block 103
evaluates to false, both conductor cells are experiencing some sort of film boiling. CTF checks if the surface
temperature of both mesh cells 1 and 2 exceed 1250 °F. If they do, the inserted cell should be considered for
coalescence. If one of these wall temperatures are less than this limit, the temperature difference between
cells 1 and 2 are compared to the maximum allowable temperature difference. If this value is exceeded, then
another cell must be inserted between the two in order to further refine the mesh. Otherwise, the inserted
cell may be considered for coalescence. The maximum allowable temperature difference between cells is
calculated as follows:

ATax = 25°F + dtwall = 150°F, where (6.20a)
1 . Tw - Tmin
dtwa” = 5 (1 + min |:1, max (0, M)]) (620b)

What this ends up boiling down to is that the higher the surface temperature in the film boiling regime, the
larger the maximum allowable temperature difference will be.

Returning to Block 103, if the heat transfer regime is nucleate boiling or transition boiling, Block 300 is
evaluated. If the heat transfer regime is transition boiling in one of the conductor cells, then the conductor
cell temperature difference will be compared to the maximum allowable temperature difference (previously
defined). Otherwise, the conductor cell temperature difference will still be compared to the maximum
allowable temperature difference, but the heat flux difference between the two cells will also be limited. If
the heat flux difference is greater than 50,000 BTU/g2.hr, the mesh will be further refined.

Otherwise Block 202 is evaluated, where the mesh cell 1 and 2 temperature difference is compared to an
upper limit of 150 °F. If that doesn’t result in a mesh cell refinement, then a final criterion is checked. Block
203 re-defines the imode term to represent the heat transfer regime of the other conductor mesh cell. In
other words, Block 203 asks if both conductor mesh cells are experiencing transition boiling. If they are, the
mesh is refined and, if not, the mesh can be considered for coalescence.

6.4 Nuclear Fuel Rod Models

6.4.1 Introduction

It’s important to predict the fuel centerline temperature in the reactor core accurately in terms of safe
operation of the reactor core and its integrity below the fuel material melting point. CTF includes a package
of special models for simulating the heat transfer behavior in nuclear fuel rods. The nuclear fuel rod model
is suited specifically for UO2/MOX fuel and Zircaloy cladding. Fill gases composed of helium, xenon, argon,
krypton, hydrogen, and nitrogen are accommodated. Material properties, like conductivity and specific heat,
of the aforementioned metals and gases were taken from the MATPRO-11 handbook[67].

For a nuclear fuel rod with ceramic fuel pellets encased in a Zircaloy cladding, three regions are considered
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to be modeled:

1. The metal cladding with the Zircaloy cladding properties (Section 6.2)

2. The gap between the cladding and the fuel pellet. Thin gap approximation such that convection heat
transfer can be neglected, therefore, conduction through the fill gas and radiative heat transfer between
the pellet and cladding are modeled (Sections 6.4.3.1 and 6.4.3.3).

3. The fuel pellet. Under thermal treatments, the fuel pellets can expand/contract and may lead possible
contacts between the pellet and cladding (Section 6.4.3.2). The change in fuel pellet dimensions has
an effect on the gap size, attendantly, the gap heat transfer (Section 6.4.2).

A flowchart of the TEMP subroutine is given in Figure 6.9 with other subroutines called in. Firstly, conduc-
tivity and specific heat of the fuel pellet and cladding are determined by CTF before any subroutine calls.
The fuel pellet conductivity is modified to account for cracking, if the fuel degradation model is chosen by
the user and if cracking has occurred. After this, the GAPHTC array is called to obtain the gap heat transfer
coefficient, accounting for radiative and conduction heat transfer. This subroutine calls the DEFORM sub-
routine to determine the new gap thickness and pellet and clad stresses. The GTHCON subroutine is called
to calculate the actual gas conductivity, then, the heat transfer coefficient for the gap region by the GAPHTC
subroutine. Following, the QOXIDE subroutine is called to account for the heat addition to cladding due
to Zirconium/water reaction. Lastly, the GAUSS subroutine solves the set of conduction equations for the
radial control volumes at a given axial location using Gaussian elimination and backwards substitution.

temp
deform
gaphtc
gthcon
goxide
gauss

Figure 6.9: Flowchart of subroutine calls in the TEMP routine
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The following sections discuss this modeling process in detail. Determination of the gap thickness accounting
for thermal expansion and pellet cracking is achieved with the fuel deformation model (Section 6.4.2). After
this, the dynamic gap conductance model is discussed. There are three components of gap conductance: con-
duction through the gas (Section 6.4.3.1), radiative heat transfer (Section 6.4.3.3), and conduction through
the pellet/clad interface (if contact exists) (Section 6.4.3.2). Finally, it has been mentioned that CTF also
models heat generation in the cladding due to possible Zirconium-water reaction (Section 6.4.4).

6.4.2 Fuel Deformation Model

The fuel deformation model is encountered after the conductivity and specific heat material properties are
defined for the pellet and cladding. Temperature driven expansion/contraction drives fuel rod deformation.
Thermal expansion can directly cause fuel pellet and cladding geometry changes. Thermal expansion of the
fuel pellet could also indirectly cause cladding deformation through mechanical stresses if the pellet and
cladding come in contact (i.e. the expanding pellet could push on the cladding). The fuel pellet may also
crack due to thermal expansion, which will cause relocation of the fuel inside the rod. This will, in turn,
cause a change in fuel pellet conductivity as well as fuel pellet geometry. The fuel deformation model is used
in two different places in CTF: the cracking effect on fuel pellet conductivity is considered in the TEMP
subroutine, and the cracking and thermal/mechanical expansion effects on gap thickness are considered in
the DEFORM subroutine. These are discussed in the following two sections.

Fuel Pellet Cracking and Sintering Effect on Conductivity When the fuel pellet expands and cracks,
the conductivity is reduced due to the lower conductivity rod fill gas replacing the fuel pellet material in the
cracks. An example of a cracked fuel pellet is shown in Figure 6.10.

Figure 6.10: Illustration of fuel pellet cracking

The method for accounting for fuel thermal conductivity degradation was taken from the FRACAS-I me-
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chanics model[68]. The conductivity is changed by multiplication by a conductivity factor, R.

Kot = RKa, (6.21)

The new, cracked fuel thermal conductivity, Keg, is obtained by multiplying the conductivity factor by the
uncracked fuel thermal conductivity, Ki,,. The conductivity factor is a function of the gas conductivity and
the volume available for cracking, which is given by

k
R=1-03m 'Cy [1 -1 } (6.22)
klab

The term Ci represents the volume that is available for cracking. It is the initial gap thickness, §p, divided
by 0.8:10~%. Since cracked fuel will never fully solidify when compressed, C,. will never be less than 0.25.
The gas mixture conductivity, kg, is determined in the GTHCON subroutine and is discussed in Section
6.4.3.1. The uncracked fuel pellet conductivity, ki.p, is obtained from the UO2/MOX thermal conductivity
correlation (see Section 10.1).

Crack healing is assumed to occur as the fuel temperature approaches the sintering temperature for UOs.
The conductivity factor, R, is set to 1 when the fuel temperature exceeds 4304 °F, which is nine-tenths of
the UO; sintering temperature.

Fuel Pellet and Cladding Expansion Effects on Gap Thickness CTF accounts for thermal expansion
of the fuel pellet and thermal/mechanical expansion of the fuel rod cladding in order to dynamically model
the fuel rod gap thickness. Fuel pellet changes due to burnup-dependent quantities, such as swelling and
densification, are not modeled. For an open gap (i.e. no pellet/clad contact), mechanical stress may be
imposed on the cladding due to an imbalance between rod fill gas pressure and system operating pressure.
For a closed gap, where the pellet and clad are in contact, expansion of the fuel pellet may impose a
mechanical stress on the cladding. Other stresses and strains due to bending forces and creep deformation
are ignored.

The phenomena affecting the gap thickness include: pellet thermal expansion (Ary,) fuers clad thermal
expansion (Arp) .40 fuel relocation due to cracking (Ary.e;) Fuel and clad elastic expansion (Are;), 4 Each of
these phenomena are further described. The components of the dynamic gap thickness, §, can be summarized
into a single equation as:

5 = 50 - (Arth)fuel + (ATth)clad =+ (Arel)clad - (Arrel)fuel (623)

Fuel and Clad Thermal Expansion The fuel pellet radial and axial thermal expansion are calculated
using the temperature-dependent fuel pellet thermal strain given by Equations 6.24 and 6.25. The strain
is multiplied by the radial thickness of the control volume to calculate radial expansion (Aryy) Fuel and by
the axial height of the control volume to calculate axial expansion (Al,) Fuel For the axial expansion, the
temperature used is the average temperature for the axial level under analysis, obtained by volume averaging
of the radial control volume temperatures. Thermal expansion is calculated for each control volume and then
the total pellet expansion is calculated simply by summing the expansion of all control volumes in the pellet.
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In the following equations, NFUEL and NDX represent the total number of radial nodes in the fuel and total
number of axial nodes in the fuel, respectively.

(Arn) e = Zitt v, (Tig)Ar; (6.24)

(Alth)fuel = E;\IElXGUOQ (@)AX] (625)

The cladding expansion is similarly calculated; however, separate strain correlations exist for the axial and
radial directions for Zircaloy (Section 10.2). Furthermore, only one control volume is used in the radial
direction for the cladding, so radial expansion only needs to multiply by the clad mean radius, 7.

(ATth) jaqg = €r (TJ) 7 (6.26)

The averaged cladding temperature at the given axial level is used. Axial expansion of the clad considers all
axial nodes, NDX, in the clad.

(Alin) o = Zj5 ez (T)) AX; (6.27)

Fuel Pellet Relocation The fuel pellet geometry changes due to thermal expansion. The fuel pellet may
also crack, causing it to creep further into the pellet/clad gap and even contact the clad. The relocation
model to account for this cracking-induced movement of the fuel pellet is the FRACAS-I mechanics model[68].
The amount of pellet relocation in an open gap was expressed as a function of cold-state rod geometry by
Coleman[69].

(ATrel) gye) = 00 — 0.0057¢ (6.28)

Dimensions are in ft, dy is the as-fabricated fuel/clad gap size, and rs is the cold-state radius of the fuel
pellet. Ar is the amount by which the fuel pellet radius changes, which will remain constant so long as the
gap remains open (i.e. no pellet/clad contact). The gap is considered to be closed when the gap thickness
decreases to less than 1.8 (or user provided value for factor_gapcriterion) times the sum of the clad and pellet
surface roughness. If the gap is closed, fuel relocation is modified to be large enough to keep the gap closed
— fuel relocation will not cause mechanical expansion of the cladding. This is written in CTF as:

(Arrel)fuel = max [0, 6 — 1.8(Efue1 -+ €clad) -+ (Arrel)fuel} (629)

Here, €fye1 and €caq represent the pellet and clad surface roughness, in ft, respectively. The expression
ensures that the amount of pellet relocation due to cracking is no bigger than the gap thickness.
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Cladding Elastic Deformation The cause of cladding elastic deformation depends on the state of the
gap. If the gap is open, cladding stresses will be caused by a differential in fill gas pressure and reactor
system pressure. If the gap is closed, cladding stresses will be caused by fuel pellet thermal expansion. For
both cases, the cladding is assumed sufficiently thin that stress, strain, and temperature can be considered
uniform throughout the cladding thickness.

The concept, for either an open or closed gap, is to calculate the clad stress and, using Hook’s Law, obtain
the radial displacement of the cladding. The hoop stress oy and axial stress oz that exist in the cladding
—both are functions of the cladding inside and outside pressure— are defined as:

sz - oPo
oy = % (6.30)

2 2
wr; Py — mri P,

"0 1) o0

Oy =

The i and o subscripts represent the inner and outer faces of the cladding and the cladding thickness, t.,
accounts for changes in cladding dimensions due to expansion. With the hoop and axial stresses calculated,
it’s possible to use Hook’s Law to convert these values to cladding displacement using Young’s modulus and
the shear modulus (see Section 10.2).

Ar 1

€ = —F = E (0'9 — l/O'Z) (632)
Al 1

z=T=% (07 —voy) (6.33)

The radial deformation of the cladding can simply be calculated by multiplying the mean cladding radius,
7, by hoop strain.

(Arel) a4 = €oT (6.34)

cla

The axial deformation is calculated by summing the axial expansion of each control volume in the axial
direction.

(Ala)

cad = S ez AKX, (6.35)
The distinction between cladding deformation caused by an open gap and a closed gap lies in the cladding
interior pressure used to calculate the cladding stresses in Equations 6.30 and 6.31. For an open gap, the
fill gas pressure, Py, is substituted for F;. The fill gas pressure is from the previous time step since fill gas
pressure is calculated at the end of the deformation model. It is calculated using a static lumped pressure
model similar to those in FRAP and GAPCON. The pressure is assumed uniform throughout the fuel pin
with constant fission gas inventory.
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MR
P, = 5 5 . . (6.36)
Vo NDX (T“ B rf") ry (Tf" B rf)
— + YT A |t
Tp + j=1 ™ J Tg + j_‘v + TF
J
Terms are defined as follows:
M = gram-moles of gas in the fuel rod
R = universal gas constant (6.1313 ft:1bf/g.mole-K)

Vo gas plenum volume (ft3) with expansion effects included
T, = gas plenum temperature (°K) (defined as the outlet fluid
temperature plus 10 °K)
AX,; = computational cell height at axial level j (ft)

rei = cladding inside radius (ft) including expansion effects

rfo = fuel outside radius (ft) including thermal expansion and
relocation effects

ry = fuel outside radius (ft) considering thermal expansion only

r, = radius of the central void in the fuel (ft) (given by user
input)

T, = gas gap temperature (°K)

T, = temperature of the fuel central void (°K)

Ty = average fuel pellet temperature (°K)

For the closed gap scenario, the interface pressure, Py, is used as the inner clad surface pressure in Equations
6.30 and 6.31. The interface pressure is caused by radial displacement of the fuel due to thermal expansion
which, in turn, causes radial displacement of the cladding. The cladding radial displacement is a combination
of fuel rod thermal expansion, relocation, and cladding thermal expansion. Cladding radial displacement is
defined as:

Arclaa = 1.8 (€fuel + €clad) — 60 + (ATth) el — (ATth)1aq T (ATrel) el (6.37)

The first term on the RHS defines the closed gap width accounting for the surface roughness of the cladding
and fuel. Followed by this term are the cold-state gap width, fuel thermal expansion, cladding thermal
expansion, and fuel relocation due to cracking. This amount of cladding displacement can be substituted
into the hoop strain equation (Equation 6.32) which is the function of the hoop stress oy and axial stress
0z. The stress terms are functions of the interior pressure, P; which is actually the interface pressure, Pipt.
Consequently, a single equation can be formed for interface pressure as:

ArgaaFt. (7‘2 - TZQ) To (Tg - Tz2) — ’/‘gtcV

]Dint =

(6.38)

7lri (r2 —r2) —rit.v] O (r2 —r?) —ritw

Note that cladding dimensions do not take into account any previously calculated elastic and thermal ex-
pansion.
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6.4.3 Dynamic Gap Conductance Model

The gap conductance (or total conductance across the gap) is defined in the dynamic gap conductance model
as

anp = ans + Heontact + Hrad (639)

in which the conduction in the gap is composed of three components; conduction through the fill gas Hgqs,
solid-solid contact conductance Hg.j;4, and radiative heat transfer in the gap H,qq. It is assumed that the
gap between the fuel rod and the cladding is thin enough such that there is no convection heat transfer
caused by the gas, therefore, conduction heat transfer will be dominant heat transfer.

6.4.3.1 Conduction Through the Fill Gas in the Gap

Conduction heat transfer through the fill gas will exist whether the gap is open or closed due to fuel expansion,
but the calculation of heat conduction in the fill gas in a closed gap is slightly different than for that of an
open gap. The model used for calculating gap fill gas heat conduction was taken from GAPCON-2, which
was based on a linear regression analysis of Ross-Stoude data by Lanning and Hann[70]. For either case, the
heat conduction is defined as the gas mixture conductivity divided by the gap thickness.

k as
Hyos = 22 (6.40)

The gap thickness, however, takes account for the fact that the temperature gradient in the fill gas is not a
linear one. Instead, there is a jump in temperature near the pellet and clad surface due to incomplete thermal
mixing of the gas molecules in that localized region. This concept is illustrated in Figure 6.11. To account
for this discontinuity, a temperature jump distance is added to the physical gap thickness. Accounting for
the temperature jump distances, g; and go, the heat conduction is defined as:

s
H,.s = g2 6.41
& ty 4+ 1.845 (g1 + g2) (6.41)

where the gas conductivity is given in units of BTU/hrft-F and the physical gap thickness, t,, and jump
distance units are in ft.

For a closed gap, there are still regions of fill gas where conduction takes place due to the surface roughness
of the pellet and clad. A gap is considered closed when the gap thickness is less than 1.8 times the sum of
the surface roughnesses. The gap thickness for a closed gap is taken as half of this value times a modification
factor that takes into account the contact pressure between cladding and gap, which was previously defined
in Section 6.4.2. The jump distances in the gap are still considered. Equation 6.40, for a closed gap, is
written:

k
H,.. = £38 6.42
8 1.8(C(Ri+ Ra) + (g1 + g2)) —4.2-1077 (6.42)

The surface roughness of fuel and clad are given by R; and Rs in ft. For numerical stability, a lower limit
of 1.107% is imposed for the denominator. The dimensionless modification factor that account for interface
pressure, Py, is given as C' in the above equation. It is defined as:

C =1.98exp —8.8-107° Py (6.43)
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Figure 6.11: Illustration of the temperature jump near fuel pellet and clad surfaces in a fuel rod gap
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For both the open and closed gap models, it is necessary to define the gap gas conductivity and the surface
temperature jump distances, which appear in the above heat conduction equations.

Fill Gas Thermal Conductivity The thermal conductivity for a mixture of gases is calculated consider-
ing the individual gas conductivities (see Section 10.3) as well as their molecular weights and mole fractions.
The gas mixture thermal conductivity (BTU/nr-f-F) is

ks
N
X,
L+ Wit

Jj=1
i#]

_ vN
kgas = 221

(6.44)

ij — Pij .

(M; + M;)?
2
k; M;
1/2
M;
23/2(1+ ﬁj)

where the summations are performed over all gases in the mixture, where NV is the total number of gases
(maximum of 6). X and M are the mole fraction and molecular weights of gases, respectively.

Pij =

Temperature Jump Distance The temperature jump distance is calculated from the GAPCON-2 mod-
ification of the Lloyd model[71], and used in CTF as:

k ras T as
(g1 + g2) = 2.0358 - 107° 822V "85 (6.45)
N aiff
28

TV

where kg, is fill gas thermal conductivity (BTU/hr - £t - ), Ty,s is mean gas gap temperature (°K) and Pygs
is the fill gas pressure (psia). f;, a; and M; are the mole fraction, the accommodation coefficient and the
molecular weight of gas j, respectively.

The summation in the denominator is performed over all individual fill gases in the rod (total of 6). There
is a temperature dependent accommodation factor for each gas. Ullman[72] made measurements for helium
and xenon on UQO, and curve fits were made to these data for use in GAPCON-2. These curve fits were

implemented into CTF, and are given below:
age = 0.425 — 2.3 -107*T>
e L (6.46)
axe = 0.749 —2.5- 10" " To g

and the linear interpolation is simply applied for the other gases that have molecular weights between those
of helium and xenon as:

aXe — GHe GXe — OHe
L= IXe Gl o — 4K~ dlle 6.47
% g it (“H 128 ) (6.47)
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This was found to correlate with the data of Thomas[73] with reasonable accuracy.

6.4.3.2 Conduction in the Gap due to Pellet/Clad Contact

The solid contact conduction term will only be nonzero if the clad and pellet are found to be in contact.
When contact exists, the Mikic/Todreas model[74][75] is used to predict associated heat transfer.

5k, P \" Ry
Hsolid = ( ) ( > (648)
H A
\/ B} +R2\ 12 f

The interface pressure, Py, was discussed as part of the fuel deformation model (Section 6.4.2). The Meyer
hardness of Zircaloy, Hz, is defined as a temperature dependent correlation in Section 10.2. The roughness
parameters, Ry and R., should be entered in units of inches. The conductivity at the interface is a function
of fuel and cladding conductivities, defined as:

_ 2ksk.
kf + ke

(6.49)

The nondimensionalized interface pressure, Py,:/Hz, has an exponent, n, associated with it. The exponent
is selected based on the value of the nondimensionalized interface pressure as:

_{ 0.5 for Puy/Hz < 0.0001

1.0 for Py/Hz > 0.01 (6.50)

and for values of 0.001 < P.,/Hz < 0.01, the entire expression, (Pnt/Hz)", is held to a constant of 0.01.

The final expression of Equation 6.48 is the dimensionless ratio of mean fuel surface roughness to fuel wave
length, R¢/Af. This expression is estimated in GAPCON-2 by the equation:

R
A—f — exp[0.5285 In(Ry — 5.738)] (6.51)
f

It’s important to note, here, that the fuel surface roughness in the expression must be entered in microinches.

6.4.3.3 Radiative Heat Transfer in the Gap

The radiation heat transfer in the gap is defined as the radiation heat flux divided by the gap temperature
gradient.

q//
Ty —T.

Hypg = (6.52)

Subscripts f and ¢ stand for “fuel” and “cladding”. The radiant heat flux is determined from the Stefan-
Boltzmann equation.
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4 _
¢ =0sB T (6.53)
TS T A
€f A, \e.—1

Temperature is provided in units of Rankine. The Stefan-Boltzmann constant, ogg, is 1.714-1079 BTU/hr.f¢2.R4.
Uranium dioxide and Zircaloy emissivities are given in Sections 10.1 and 10.2.

6.4.4 Metal/Water Reaction

For nuclear fuel rods with a zirconium-based cladding, there can be an exothermic reaction between the
zirconium and water or steam at high temperatures.

2H>0 + Zr — 2Hy + ZrO9 + 140500 Cal/mole Zr (654)

According to work done by Cathcart and Pawel[76], the oxidation rate of zirconium at temperatures above
1000 °C follows a parabolic rate law.

aw —-B

The terms are:

W = total oxygen consumed (k&/m?)

A = 16.8k&*/m*s

B = activation energy, 39940 cal/gm.mole
R = gas constant, 1.987 cal/gm.mole-°K

T = temperature (°K)

In CTF, we are interested in two things: the thickness of the oxide layer and the heat generation in the
cladding due to oxidation. Equation 6.55 tells us of the amount of oxygen consumed by the cladding in units
of mass per time. By dividing this equation by the density of zirconium, we can obtain the change in the
oxide layer thickness over time.

dr A -B

The oxide layer thickness is expressed here as 7. To determine the change in oxide layer thickness over a
single time step, we integrate this equation over the time step size and from the old time step oxide layer
thickness to the new time oxide layer thickness.

Consortium for Advanced Simulation of LWRs 158 CASL-U-2019-1886-002



ECAS

CTF Theory

T A -B At
/7_0 TdT = ﬁ exp <M> /; dt (657)

This leads to:

1,45 A -B
3 (77 —15) = P exp (RT) At (6.58)
24 —
2 2
T —2exp<RT>At+TO

The oxide layer radius is defined as the distance from the fuel centerline to the inner surface of the oxide
layer in CTF, so this thickness is subtracted from the outer radius of the fuel rod to obtain the new oxide
layer radius. In CTF, R is absorbed into B in the exp function, leading to a coefficient of 20070 °K. Using
a zirconium density of 691.8ke/m? for the operating temperature and pressure leads to a leading coefficient
of 7.02- 1075 m*/s. The energy generated in the cladding is the second item of interest. This is calculated by
multiplying the energy caused by oxidation by the amount of zirconium oxidized in a timestep.

1%
Go = Qexy (6.59)

The energy generation, g,, is a rate term in units of J/s. The energy released by oxidation, @, is 4.044 -
10% J/m?3. Expanding out the volume term, V, leads to:

2 2
(Toxide,old - roxide,new) AX
At

s
do = Qe (6.60)

The AX term is the axial height of the conductor mesh cell.
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7. Heat Transfer Models

7.1 Introduction

Aside from wall drag and form losses, solid components in the flow field may also contribute in another way
to the formulation of the flow field conservation equations—energy transfer from heated objects. At this
point in time, it is unimportant whether energy is coming from electrically heated rods or actual nuclear fuel
rods. Instead, we are only interested in the heat transfer coefficient (h) of the liquid-solid interface and the
temperatures of the solid surface (T),) and the liquid in contact with the solid surface (Tr). As seen in Eq.
7.1, this information allows for the calculation of the heat input into the liquid, or numerically speaking,
into the continuity mesh cell neighboring the heated solid surface.

q" = MTy —Tr) (7.1)

The solid surface temperature, T,,, will be available from the conduction equation solution. The fluid
temperature, T, will be available from the conservation equation solution (discussed in Chapter 2). The
calculation of the heat transfer coefficient is discussed in this section. Sections 7.3 through 7.10 discuss
the modeling of convective heat transfer for all heat transfer regimes modeled by CTF. Section 7.11 covers
radiative heat transfer, and Section 7.12 covers grid heat transfer and the grid re-wet model.

The heat transfer coefficient is highly dependent on the behavior of the flow and is calculated from cor-
relation. Different models are used for each heat transfer “region.” Heat transfer regions are depicted in
Figure 7.4, which presents the boiling curve. Moving from left to right in the figure, heat flux begins to
increase dramatically when a certain temperature difference between the heated surface and adjacent fluid is
reached. This corresponds to the beginning of boiling and the increased heat removal that accompanies the
phenomenon. Heat removal continues to rise with increased wall temperature until the vapor phase begins
to blanket the heated surface and prevent further increase in heat removal—an occurrence known as DNB
or CHF.

From this point, increased temperature causes growth of the vapor blanket and further reduction in the heat
flux. The heat flux bottoms out at the minimum film boiling point (71, ), at which point the heated surface
is completely blanketed in vapor, and the liquid phase is suspended above that blanket. From this point,
further increasing the surface temperature causes increased radiative heat transfer through the vapor film,
which resumes the increase in heat flux with respect to surface temperature.
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CTF recognizes the following heat transfer regimes:

1. Single-phase liquid convection (SPL)
2. Single-phase vapor convection (SPV)
Subcooled nucleate boiling (SCB)

-~ w

Saturated nucleate boiling (NB)
Transition boiling (TRAN)

Inverted annular film boiling (IAFB)
Dispersed droplet film boiling (IADF)

® N o

Dispersed droplet deposition heat transfer (DFFB)

CTF selects the appropriate heat transfer regime after evaluating several criteria. If the heated surface
temperature is less than Teyp plus 0.1 °F, then a pre-CHF heat transfer regime will be selected (i.e., single-
phase liquid convection, subcooled nucleate boiling, or saturated nucleate boiling). When the heat transfer
regime is pre-CHF, the heat transfer can occur via single-phase convection, subcooled boiling, or saturated
boiling. There are two different approaches in CTF to determine when subcooled nucleate boiling begins.
In the first approach, if the heated surface temperature is greater than or equal to either 0.1 °F above the
local saturation temperature and the bulk liquid enthalpy is less than bulk liquid saturation enthalpy, then
subcooled boiling will exist. This is referred to as the non-onset of nucleate boiling (ONB) approach. In the
second approach, a ONB temperature is calculated, and if the local surface temperature is above this value
and bulk liquid enthalpy is below bulk liquid saturation enthalpy, then subcooled boiling commences. This
second approach is referred to as the ONB approach. When the bulk liquid enthalpy temperature is above
bulk liquid saturation enthalpy, nucleate boiling exists. Note that the single-phase vapor convection regime
will be selected if the void fraction is above 0.999, regardless of the heated surface temperature (see Section
7.3).

On the other hand, if the heated surface temperature is greater than or equal to 0.1 °F above the critical heat
flux temperature, then one of the post-CHF heat transfer regimes will be selected (i.e., transition boiling,
inverted annular film boiling, dispersed droplet film boiling, or dispersed droplet deposition heat transfer).
A further distinction is made by selecting the transition boiling regime if the heated wall temperature is less
than the minimum film boiling temperature, and one of the other post-CHF regimes is selected if the heated
wall temperature is larger than the minimum film boiling temperature. An overview of the heat transfer
region selection algorithm in CTF is depicted in Figure 7.1

Prior to determining the heat transfer regime in the manner described above, it is necessary to first define
the necessary criteria: the CHF temperature, T¢,, and the minimum film boiling temperature Ti,;,. The
definitions of these criteria are discussed below.

7.1.1 Minimum Film Boiling Temperature

The minimum film boiling temperature is the temperature at which a stable film forms on the heated surface.
It separates the transition boiling region—where liquid intermittently contacts the heated surface— from the
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Figure 7.1: CTF selection algorithm for the heat transfer regime
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film boiling region—where the surface is too hot to ever allow liquid to contact. For unheated conductors,
this temperature is set to a constant value of 900 °F. For heated structures, the minimum film boiling
temperature is set to a minimum value of 900 °F for void fractions less than 0.8 and to a minimum value of
700 °F for void fractions equal to or greater than 0.8. The minimum film boiling temperature may be much
higher, though, and is evaluated using two different methods.

First, Tinin is calculated assuming it equals the wall temperature that results in an instantaneous contact
temperature equal to the homogeneous nucleation temperature. The homogeneous nucleation temperature
for water is a function of pressure.

Thn = 705.44 — 4.722 x 1072 (Peyiy — P) + 2.3907 x 107°(Peyiy — P)? — 5.8193 x 1072 (Puyyy — P)?  (7.2)

The critical pressure of water is 3203.6 psi. The homogeneous nucleation temperature is given in units
of Fahrenheit. The effect of wall surface thermal properties is included by using a contact temperature
correction.

(kyCy)i '
Tmin,hn = Thn + (Thn - ﬂ) |: (73)
(FpCp)uw
The second method is by using Henry’s modification of the Berenson correlation [77].
0.6
(kpcp)l ]1/2 [ Hyg }
Tinhenry = I5 +0.42(Tp — T, { , 7.4
ey b ( o l){ (kpcp)w CPW(TB Tsat) ( )
where
H B 2/3 ) 1/2 i 1/3
Ty — Ty 4 012770 e {Q(Pf pg)} { gco } [ [ } . (7.5)
kv L (pf+ pg) 9(py = pg) 9(py = pg)

To summarize, the minimum film boiling temperature for heated surfaces is selected using the following
criteria:

1158
min max{ Tmin,hn
Tmin,henry (76)
900 if o, < 0.8
700 if o, >= 0.8

Tin = max

7.1.2 Calculation of T,

The CHF temperature is calculated iteratively as the intersection of the nucleate boiling heat flux and CHF
using the user-selected models. The algorithm is summarized visually in the flowchart in Figure 7.2. The
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first step is setting minimum and maximum boundaries for Tcns. These minimum and maximum boundaries
are 0.01 °F over the liquid saturation temperature for the minimum boundary and the maximum of 75°F
over the saturation temperature or the critical temperature of water (705.3 °F) for the maximum boundary.

The code then checks to see if the calculated CHF exceeds either of the boundaries. If yes, then the CHF
and Tyue values are set to the boundary that is exceeded. If not, then the iterative process to find the actual
Tens begins. The process is to take the midpoint between T, and Tiax, use that to calculate heat flux at
that temperature using the nucleate boiling correlation (i.e., Chen[78] or Thom|[79]), and then compare that
heat flux to the critical heat flux that was previously calculated. If ¢} ¢ is less than ¢/} (the nucleate boiling
heat flux), then the new minimum temperature becomes the current Toys temperature. If ¢} ¢ is larger than
¢/, then the new maximum temperature becomes Tipy.

This effectively cuts the range of temperatures in half, and the next iteration commences using the new
midpoint temperature. This process continues until ¢/, matches ¢/} ; to within a relative error of 0.01. The
temperature that led to the correct ¢/, value is returned as the temperature at CHF.

An example of this process is shown in Figure 7.3.

7.2 Wall Heat Transfer Closure Term

This section discusses how the heat transfer model is used to couple the solid and fluid energy equations and
how it leads to mass transfer in the fluid mass equations. Closure terms are passed to the energy equations—
wall heat transfer to the liquid phase is passed to the liquid energy equation, and wall heat transfer to the
vapor phase is passed to the vapor energy equation. The two closure terms are calculated as follows:

Quv = hyAw (T — Ty) (7.7a)

le = hlAw(Tw - T‘l) (77b)

The h; and h, terms are calculated from the liquid and vapor boiling regime heat transfer coefficients to
ensure numerical stability. Additionally, the h; term is actually comprised of two different components:
sensible heat transfer between the wall, and liquid and latent heat transfer resulting from vaporization of
the liquid.

First, the h, term is calculated from the vapor heat transfer coefficient, h.,,, as follows:

By = [Fyhus)? [max{ fg }0'8] . (7.8)

hr is the old time-step vapor heat transfer coefficient. The new time vapor heat transfer coefficient is
weighted to the old time value to ensure a slower transition and numerical stability. h,,, is the wall-to-vapor
heat transfer coefficient, which is the boiling regime-dependent heat transfer coefficient (the calculation of
which is further discussed later in this section). F, is a damping factor which diminishes the vapor heat
transfer coefficient if the vapor phase is depleted. It is calculated as follows:
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Figure 7.2: CTF algorithm for determining the temperature at CHF
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Iteration 1 q"chf
________________ |
| Tmin Tmax |
I
- | 4
| Tchf* |
| Q"(Tchf¥) |
O
g”(Tchf*)>q’chf... make Tmax=Tchf*
Iteration 2
________________ |
| Tmin Tmax |
I
- IR |
| Tchf* |
| Q"(Tchf*) |
| _ _ _ _ _ L _ _ _ _ _ _ _ _ _ _
q”(Tchf*)<qg’chf... make Tmin=Tchf*
Iteration 2
________________ |
: Tmin Tmax |
| < | |
Tchf* |
| Q"(Tchf*)
I
| _ _ _ _ 1 _ _ _ _ _ _ _ _ __
q”(Tchf*)>q’chf... make Tmax=Tchf*
Error is small enough, set

Tchf=1/2(Tmin+Tmax)

Figure 7.3: A simple example of how Tcyr is iteratively calculated
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1.0 if ay, >=10.05

— @, —0.01
By = max{ %-061 if o, < 0.05 (7.9)

Second, the liquid heat transfer coefficient also multiplies by a damping factor and is weighted to the old
time value.

By = [Fy (ot + hup)]"2 {Inax{ " }]0'8 (7.10)

The two components of the liquid heat transfer coefficient, h,,; and h.yp, are summed together in Eq. 7.10.
The damping factor, Fj, is defined as follows:

1.0 . if ay < 0.999
_ 0.9999— v,y
b= max{ 0-8089 , if a, > 0.999 (7.11)

The sensible and latent heat transfer coefficients, h,,; and hyp, of Eq. 7.10 are boiling regime—dependent
and are further discussed in the following subsections. The h; term of Eq. 7.10 is marked with an asterisk
because it is further modified to aid in numerical stability.

In the event of nucleate boiling, the heat flux is highly dependent on surface temperature, T,,. During the
conduction equation solution, the surface temperature is highly dependent on the heat flux. Explicitly using
the old time step heat flux to calculate the new time step wall temperature can lead to an oscillation in
the calculation of T, throughout the transient. Therefore, when in the nucleate boiling regime, the wall
temperature and heat flux calculations are implicitly coupled. To ensure that the solution is noniterative,
the change of the heat transfer coefficient is used with respect to T,, when calculating h;.

dh

hi = hj + (m) (T — T (7.12)

The linearized derivative of the heat transfer coefficient with respect to wall temperature is calculated as:

dhnb
: dT,,
ddTh =max{ hi (7.13)
v (Tw —T)
0.0

dhuy, /dT is defined using the subcooled boiling/nucleate boiling correlation and is further discussed in section
7.6. With the h; and h, terms completely defined, the heat flux to each phase can be calculated.

The information presented above can be used to determine the ratio of latent heat transfer to total heat
transfer. This ratio will be useful later for determining the vapor generation caused by subcooled boiling.
This ratio is simply defined as follows:
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hwb (Tw - Tsat)

Fr =
r hwl(Tw - T‘l) + hwb(Tw - Tsat)

(7.14)

Multiplying this ratio by the total liquid heat transfer rate yields the heat transfer due to subcooled boiling.

Qp = FrAy(Tw —Th) (7.15)

This term is also damped for numerical stability.

0.05 max(0, Q}) + 0.95Q7

Qp = max min{ Qui (7.16)
0.0

Recall that Q,,; was defined in Eq. 7.7.

7.3 Single-Phase Vapor Convection

The flow is assumed to be in the single-phase vapor regime when the void fraction is greater than 0.999.
In that case, three correlations are used to determine the heat transfer coefficient. These are the Dittus-
Boelter correlation [80], the Wong and Hochreiter correlation for turbulent forced convection [81], and a
constant Nusselt number value for laminar forced convection. To ensure a seamless transition between the
heat transfer coefficients predicted by different models, the maximum of the three correlations is selected if
CTF determines that the boiling regime is single-phase vapor.

hwU,DB
huw = max hwv,WH (7 17)

hwv,lam

First, the simplest model of the three is discussed. The heat transfer coefficient is determined assuming a
constant Nusselt number of 10.

L

hwv am = 10
B! Dy,

(7.18)

k., is the conductivity of vapor, and Dy, is the hydraulic diameter of the channel.

The Dittus-Boelter correlation was originally developed for turbulent flow in smooth tubes inside of automo-
bile radiators, but has found use for many turbulent flow modeling scenarios. The heat transfer coefficient
is calculated as follows:

k
o DB = 0.023D—';Re°-8pr”. (7.19)
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For heating, n = 0.4, and for cooling, n = 0.3. The fluid properties are evaluated at the mean film
temperature.

The Wong and Hochreiter correlation was developed by applying a linear regression fit to experimental data
obtained from rod bundle heat transfer tests performed on a 17 x 17 array of rods. The correlation is as
follows:

ky
huwv, Wi = 0.07907D—hReO‘6774Pr2'333 (7.20)

Grid impact on heat transfer, if grids are present in the flow field, is modeled by multiplying the heat transfer
coefficient by a grid effect factor, as follows:

hwv - gridhwv (721)

7.4 Single-Phase Liquid Heat Transfer

The flow is in the single-phase liquid heat transfer regime if the liquid void fraction, ay, is greater than 0.001,
and if no other heat transfer regimes are determined to exist. Single-phase liquid heat transfer coefficients
are calculated for the case of laminar flow using a model recommended by Sparrow et al.. [82] (Eq. 7.22)
and for the case of turbulent flow using Dittus-Boelter [80] (Eq. 7.19, with liquid properties used instead of
vapor properties). The maximum of these two calculations is taken as the liquid single-phase heat transfer
coeflicient.

ky
oot tomn = T.86—-. 7.92
1 Dy (7.22)

If the liquid void fraction is below 0.001, then the flow will be considered deficient of liquid and the single-
phase vapor heat transfer coefficient, as calculated in Section 7.3, will be used, and h,,; will be set to zero.

7.5 Subcooled Nucleate Boiling

The subcooled nucleate boiling regime is encountered when small bubbles begin to form on the heated
surface. Liquid near the heated wall must achieve a certain amount of superheat for vapor to form; however,
in subcooled nucleate boiling, the bulk fluid temperature will be lower than the saturation temperature.
Since the bulk fluid temperature is not high enough to support the existence of void, bubbles that form
at the wall will generally condense soon after they form, resultsing in the existence of a very small void
fraction. In the later stages of subcooled nucleate boiling, as the bulk temperature increases, bubbles may
grow and detach from the wall, where they then later condense in the liquid. The bulk fluid temperature
is still too low to support the bubbles’ existence; however, this later region of subcooled nucleate boiling
can have significant amounts of void in the flow. There are two approaches used in CTF to trigger the wall
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boiling model. In the first approach, bubbles are assumed to nucleate on the heated surface as soon as the
heated surface temperature exceeds the local fluid saturation temperature, and a near-wall condensation
model is used to limit the amount of vapor generated. In the second approach, a model is used to determine
the temperature at which the boiling begins. The nucleate boiling heat transfer correlations and the vapor
generation fraction for the first approach is discussed. This is followed by the second approach, in which
the onset of nucleate boiling (ONB) model is described, along with the associated heat transfer correlations,
followed by the calculation of the vapor generation fraction.

7.5.1 Approach 1: Non-ONB model

In this approach, there are three processes in the two-phase regime under consideration that affect heat
transfer from the wall to the liquid:

1. Forced convection to the liquid
2. Vapor generation at the wall

3. Condensation of bubbles at the wall

CTF calculates the heat transfer coefficient in the subcooled nucleate boiling region using one of three cor-
relations: the Chen correlation[78] (Section 7.5.3), the Thom correlation[79] (Section 7.5.4), or the Gorenflo
model (Section 7.5.5). The user is responsible for choosing the correlation to use (see the User’s Manual[5]).
The convective and pool boiling heat transfer components are both considered in the original Chen and
Thom publications. The condensation heat transfer effect was not considered in the references, but instead,
it is added in after the fact in the code.

Near-Wall Condensation Heat Transfer The near-wall condensation heat transfer is the last important
term in the subcooled nucleate boiling regime. One of the subcooled nucleate boiling correlations will provide
the overall heat transfer from the wall to the fluid, but in the subcooled boiling region, not all generated
vapor will stay as vapor—much will inevitably condense back into liquid since the temperature of the bulk
fluid is not high enough to support the existence of vapor. In reality, this is returning energy to the liquid
phase through latent heat transfer. The condensation heat flux is needed to determine the ratio of latent
heat to sensible heat transfer from the wall to the fluid.

The correlation of Hancox-Nicoll[83] is used to calculate the condensation heat flux, which gives the heat
flux at the point where bubbles generated in the near-wall region collapse and recondense back to liquid.

The condensation heat flux, ¢/, ,, is thus equal to the heat flux into the liquid considering the condensation
of all near-wall bubbles, ¢{/, by using the Hancox-Nicoll correlation, as follows:

C G D 0.662
q:;ondzqf;nzo.4( pf“f)( th) (T — T) (7.23)
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Vapor generation Fraction For the latent and sensible heat transfer coefficients to the liquid, the fraction
of heat that results in net vapor generation must be calculated. The heat flux predicted by Hancox-Nicoll is
the total heat dissipation ability in the subcooled boiling region, which may be in excess of the actual wall
heat flux. The single-phase heat flux (calculated from Dittus-Boelter) is subtracted from this term to get the
excess heat removal ability in the subcooled boiling region. This term is then subtracted from the nucleate
boiling heat flux predicted by the subcooled boiling model. This represents the heat flux that results in
vapor generation in the subcooled boiling region. This is divided by the total heat flux to determine the
vapor generation fraction.

hnb (Tw - Tsat) - q// d

Fr = con 7.24

gam hnb (Tw - Tsat) ( )

The vapor that does escape the vapor layer near the wall will be replaced with subcooled liquid from the

bulk. The wall layer will heat up this subcooled liquid before it can be boiled, so this will reduce further the
ability of vapor generation. A model was proposed by Rouhani to capture this effect.

heg

_ 7.25
hfg-i-(hf—hz)% (7.25)

€r

This term is multiplied by Equation 7.24 if the heat transfer regime is subcooled boiling. In bulk boiling,
the heat flux to vapor is left unperturbed because the bulk coolant is now saturated.

7.5.2 Approach 2: Using an ONB model

In the heat transfer in this two-phase regime, there are three processes which will affect heat transfer from
the wall to the liquid:

1. Forced convection to the liquid
2. Vapor generation at the wall

3. Bubble detachment enthalpy

CTF can use the same three boiling heat transfer models available in the first approach. In this approach,
it is recommended that the user selects the Gorenflo correlation. Instead of a near-wall condensation model,
a bubble detachment enthalpy is calculated. All the sub models are discussed in the following paragraphs.

Onset of Nucleate Boiling Model The ONB model implemented in CTF is the model by Basu et al.

[84] wherein the available cavity diameter, D., is proportional to a cavity diameter, D2, corresponding to

the tangency condition and a wettability parameter, F(¢). The available cavity size is given as follows:

D, = DF(¢) (7.26)
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D¢, is obtained from a minimum superheat condition and is given as follows:

Tsask
DS = 80T sat it (7.27)
pghngW

Where ¢y, is the wall heat flux. Assuming the nucleating cavity size is smaller than the thermal boundary
layer thickness, the wall superheat at ONB is obtained from the Clausius-Clapeyron equation, with the
excess pressure calculated from the Young-Laplace equation for a spherical bubble. The wall superheat at
ONB is given as follows:

4EUT‘sat
ATonp = ——— 7.28
"~ Depghs (7.28)

The empirically obtained wettability parameter is a function of the fluid-surface contact angle, ¢ and given
as follows:

F(6) = 1— eap [— (38%)3 05 (g’gﬂ (7.29)

Where the contact angle, ¢, for the combination of water and stainless-steel is 38 degrees [85]. This value is
currently hard-coded in CTF. Combining the four Equations (7.26), (7.27), (7.28), (7.29), the wall superheat
at ONB can be expressed as follows:

AT, = \/i O'Tsatq\/;(;

F(9)\| pghigks

(7.30)

Equation 7.30 is an implicit equation as the wall superheat is related to the wall heat flux. An explicit
relationship can be obtained by first defining the wall heat flux as follows:

q‘/;(/ = hg (Tonb - Tl) (731)

Substituting Equation (7.31) in Equation (7.30), a quadratic equation is obtained. Solving the quadratic
equation and ignoring the negative root, the minimum wall temperature for boiling incipience can be obtained
as follows:

Tonb = Tsat +0.5 |:ATsat,onb + \/ATsat,oan + 4fACZ—‘sat,onbA/Tsub (732)

Where ATy, is the local liquid subcooling. Finally, ATy,y, is defined as follows:
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2hfcgﬂat

ATatonb = 75—
sat,o F(d,)QPghfgk’f

(7.33)

Bubble detachment enthalpy The bubble detachment enthalpy is calculated based on the model of
Saha-Zuber [86]. In this model, the balance between evaporation at the wall and near-wall condensation
is estimated using a similarity parameter, which is a function of the mass flux. At low mass fluxes, the
near-wall condensation will be governed by thermal diffusion. Therefore, a constant Nusselt number of 455.0
is used as the similarity parameter. At high mass fluxes, where fluid advection is dominant, a constant
Stanton number is the similarity parameter. The boundary between the regions is determined using the
local Peclet number (product of Reynolds and Prandtl number). Both of these regions can be combined to
a single equation to calculate the enthalpy of detachment of the vapor bubble, h,, as follows:

(g DrCpy)

hcr = hf —
f (ki.pe.st)

(7.34)

Where “pe” is the Peclet number and “st” is the Stanton number with a fixed value of 0.0065. The Peclet
number is determined as follows:

(7.35)

GiDy C
pe = max <7e4, d hpfuf)

py o ki

Finally, the fraction of vapor generation is determined based on the mechanistic model of Lahey [87]. The
vapor generation fraction is calculated by estimating the excess liquid enthalpy over the critical liquid
enthalpy as a proportion of excess saturated liquid enthalpy to the critical enthalpy, given as follows:

E=——-= .
gam (hf _ hcr) (7 36)

Similar to the first approach, the pumping factor proposed by Rouhani is taken into account. Therefore, the

effective vapor generation fraction is obtained by multiplying Fg,,, with 7.25 in the subcooled boiling region.

7.5.3 Chen Correlation

The Chen correlation calculates separately the heat transfer coefficients due to forced convection and vapor
generation and adds them together. This may be summarized in equation form as:

hchen = hfc + hnb (737)

Where the subscripts “fc” and “nb” stand for “forced convection” and “nucleate boiling”, respectively. The
nucleate boiling term is calculated using a Forster-Zuber type of pool boiling equation [88].
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The forced convection heat transfer coefficient is calculated by means of a modified Dittus-Boelter type
correlation, presented by Chen as follows:

k
hfc = 0-023Fchen (Dl> RelO'SPT,OA (738)
h

The Fepen factor is used to account for the difference between two-phase and single-phase Reynolds number.
Therefore, it will be equal to 1 in the subcooled boiling heat transfer regime and the Dittus-Boelter equation
will remain un-modified. The Finen factor will be discussed later in the section on saturated boiling heat
transfer (Section 7.6) where it will vary from 1. Additionally, the subcooled liquid properties will be used to
determine the Reynolds number, Prandtl number, and liquid conductivity in the Dittus-Boelter equation.

The second component to the Chen model (Equation 7.37) is the nucleate boiling heat transfer coefficient.
This is modeled by a Forster-Zuber [88] type of pool boiling equation. However, modification is made to
account for the fact that the correlation is modeling forced convection boiling instead of pool boiling. The
difference stems from the difference in boundary layer size between pool boiling and convective boiling. It
can be shown that the product of growth rate and bubble radius is constant for a given superheat. The fluid
temperature varies across the boundary layer, but because the pool boiling boundary layer is large compared
to the bubble diameter, the superheat around the bubble can be assumed uniform. This is not true of the
temperature around bubbles in forced convective boiling where the boundary layer is small and temperature
gradients are steep. Therefore, Chen presented a suppression factor, Schen to account for this effect in the
nucleate boiling heat transfer coefficient term. The nucleate boiling heat transfer correlation is as follows:

}0.-79 (045 5049 40.25

f f f c . .

UO‘SM(}'%HP‘%PO‘M (T — Tf)0 “P(Tw) = P(Tear)™™ (7.39)
g Py

B, = 0.00122Schen (

The boiling suppression factor, Schen is a function of the two-phase Reynolds number.

[1+0.12Rebd*] ™ if Reag < 325

Sehen = 4 [1 +042Re3¥] ™ if 325 < Reas < 50.9 (7.40)
0.1 Rese > 50.9

The two-phase Reynolds number is calculated using the Chen Reynolds number factor; however, recall that
Fipen will be 1 for the subcooled nucleate boiling region.

Reas = (107 *)Re F525 (7.41)

chen

Returning to the calculation of the nucleate boiling heat transfer coefficient (Equation 7.39), the terms P(Ty,)
and P(Tya.t) represent the pressure at the wall temperature and the pressure at the saturation temperature.
The difference between these pressures is approximated as follows:
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5.4042 H;
P(T,) — P(Tsat)) = | ———"6__| (T\y — Tiat)*, wh 7.42
(P(T) = P(T) = | 2 20 ] (0 T, where (1.42)
1.0306 0.0020632
A= + max{0.0, (T — Tsat) — 5.0}

(logy P)O'ON (logyg P)1'087

Before completing the calculation of the necessary heat transfer coefficients, recall that during the overall
discussion of the wall heat transfer closure term in Section 7.2 we made mention of the fact that, for the
nucleate boiling regions, the heated surface temperature, T,,, and the wall heat transfer term were implicitly
coupled by using the linearized derivative of heat transfer coefficient with respect to surface temperature.
The derivative of heat transfer coefficient with respect to T, is calculated from the nucleate boiling heat
transfer coefficient, presented in Equation 7.39.

dhchen hy
d;le =[0.24 + 0.75{chent + chen2}] T_7‘>Tt+ (7.43)
0.001547 .
thhen In(Ty — Tsat) %f (T — Teat) > 5 , where
0.0 if (T — Tuat) <5

1.0306

chenl :W and
0.0020632

chen2 =—————— max{0.0, (T, — Twat) — 5.0}

(log, PO

7.5.4 Thom Correlation

Unlike Chen, the Thom correlation assumes that forced convection is negligible compared to nucleate boiling
in this heat transfer regime. The boiling heat transfer coefficient was calculated using experimental data
leading to forced convection and subcooled nucleate boiling in the test facility. With measured rod-surface
temperatures, rod heat fluxes, and fluid temperatures, it was possible to develop a relationship between heat
flux and rod surface temperature superheat (ATt = Twan — Tsat). By considering the noted dependence of
AT, on pressure, pressure was also included in the correlation. The Thom correlation, for heat flux due to
subcooled boiling was derived as follows:

2P
exp (5qa
ng - 7(212260) AT‘szat (744)

The derivative of the heat transfer coefficient with respect to rod surface temperature must also be determined
for Thom, as it is for Chen, in order to do the implicit coupling between the rod heat flux to the fluid and
rod temperature. This was calculated using a numerical approximation with a step size of 1 F as follows:

dHTC . ng(ATsat + 1) . ng(ATsat)
dTy  max(1-1076, AT)+1 max(1-10-% AT)

(7.45)

The temperature difference in the denominators will be Tyan — Tiiq for subcooled nucleated boiling.
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7.5.5 Gorenflo Correlation

In CTF, the Gorenflo model employs the pool boiling correlation of Gorenflo and Kenning [89]. The Gorenflo
model is based on a reduced heat transfer coefficient proportional to a reference state heat transfer coefficient,
and factors representing the influence of the wall heat flux, reduced pressure (ratio of system pressure to
critical pressure), and wall properties. The effect of fluid properties are represented in the correlation by the
reduced pressure factor and the reference heat transfer coefficient. The heat transfer coefficient is given as
follows:

1 n
h = hoF(p*)Fy <Z”> (7.46)

o

Where h,, is the reference heat transfer coefficient, F'(p*) is the influence of the reduced pressure where p* is
the reduced pressure, Fy, is the influence of wall properties, and the wall heat flux factor is defined in terms
of the reference heat flux, ¢/, where n is a function of the reduced pressure. The reference state is chosen
for fully developed nucleate boiling in industrial applications as follows: ¢, = 20 kW/m? and the reduced
reference pressure, p'o* = 0.1. The reference state for the heater is defined as a copper cylinder with a mean
surface roughness height, R, = 0.4 um. The surface roughness factor, Fy, is set to unity in the code. The
reference heat transfer coefficient for water, obtained experimentally at the reduced reference pressure is
5600 W/m?K. The expressions for n and F(p*), obtained through fitting experimental data for water, are
given as follows:

n(p*) = 0.9 — 0.3p*%1° (7.47)
* 0.27 *2 0.68p**
An explicit expression for the pool boiling boiling heat flux can be obtained as follows:
hoF(p*) (T — Taat) \ /7™
;J/b — < (p )q(//n t)> (7.49)

The superposition of the forced convective component and the pool boiling heat flux to obtain the flow
boiling heat flux is calculated based on the power-law or flow additive approach. A detailed review of the
approach is covered in Steiner and Taborek [90]. In CTF, an exponent of 3 is used, as proposed by Steiner
and Taborek [90], wherein, the flow boiling heat flux is the cubic root of the superposition of the single-phase
forced convective heat flux (cubed) and the pool boiling heat flux (cubed). This approach is as follows:

1/3
iy = (B, + h3,) (7.50)

This approach is modified to superposition heat fluxes, as it is applied for both subcooled and saturated
boiling heat transfer regimes. Additionally, there is a sharp rise in the nucleate boiling heat flux when it is
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suddenly triggered at the onset of nucleate boiling. To smooth the transition, the approach of [91] is used.
Based on this approach, the pool boiling heat flux using Tonp is subtracted from the pool boiling heat flux
using the current surface temperature. This results in the boiling heat flux addition being zero at Toxp and
growing as Ty, becomes superheated. Therefore, the total nucleate boiling heat flux is given as follows:

”)3)(1/3) (7.51)

3
Qo s = (qﬁ + (ng — Gy

Where q; is the pool boiling heat flux at the point of boiling initiation. gp; is calculated by using the wall
temperature at the onset of nucleate boiling, in 7.49. In order to calculate the net heat flux available for
vapor generation, the contribution of the forced convective heat transfer would have to be subtracted. As it
is difficult to isolate the contribution of the forced convective heat flux from 7.51, a simple approximation is
used as follows:

ng = ng,t - qéé (7.52)

Finally, the heat transfer coefficient can be obtained by dividing 7.52 by Tian — Tiiq. The derivative of the
heat transfer coefficient with respect to rod surface temperature is similar to the approach used in Thom
because an analytical derivative of 7.52 is messy. Therefore, a numerical approximation of the derivative
with a step size of 1F is used, similar to 7.45. The temperature difference in the denominators will be
Twan — Thiq for subcooled nucleated boiling.

7.5.6 Calculation of Heat Transfer Coefficient Terms

With the main heat transfer phenomenon discussed and defined, it is now possible to calculate the three
heat transfer coefficients—n.,;, hwp, and hy,—that will be needed in the CTF coupling between rods and
coolant.

First, the wall heat transfer to vapor will be set to zero in CTF unless the void fraction is larger than 0.999.
If a, is greater than 0.999 then the vapor heat transfer coefficient is calculated as in Section 7.3 and the
liquid heat transfer coefficients are set to zero.

The vapor generation fraction calculated for both the approaches can lead us to the calculation of the latent
heat transfer to the liquid. We simply multiply the total boiling heat transfer term by the fraction of heat
transfer that results in stable vapor production. It must be noted that if the Thom correlation is used
with the second approach, the forced convective heat flux is subtracted from the nucleate boiling heat flux
predicted by 7.44, to obtain the effective boiling heat transfer heat flux.

qub,scb = Fgamng (7.53)

Since we are concerned with the heat transfer coefficient, we divide through by (T3, — Tyat)-

hwb,scb = Fgamhnb (754)
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The energy that condenses out of the vapor phase is added to the sensible heat transfer term alongside the
single-phase heat transfer term.

q'::)l,scb = qgs + (1 - Fgam)qullb (755)

Once again, we divide this through by the temperature difference to obtain the heat transfer coefficient—this
time the temperature difference is T,, — 1.

Tw - Tsat

hwl,scb = hfc + (1 - Fgam)hnb Tw — Tl

(7.56)

7.6 Saturated Nucleate Boiling

In the saturated nucleate boiling regime, the bulk fluid has reached the saturation temperature. The heat
transfer mechanisms still include forced convection and nucleate boiling, but the near-wall condensation term
is no longer of issue like it was in the subcooled nucleate boiling region.

The correlations from the subcooled boiling regime are extended and used in the saturated boiling regime
as well. The Chen correlation was actually derived from saturated boiling data while Thom was developed
for subcooled nucleate boiling data, though it is common to extend Thom’s use to saturated boiling[92].
Since Chen was developed from low-pressure data (i.e., 1000 psi compared to the pressure of 750-2000 psi for
Thom), it has been observed to under-perform Thom for test conditions that reflect those of prototypical
PWRs]92].

Chen Correlation The forced convection component is revisited. The Dittus-Boelter type equation is
still used (re-stated here for convenience).

k
hie = 0.023Fpen (f> R pr04
Dy,

However, the conductivity, Reynolds number, and Prandtl number are calculated with consideration that a
two-phase fluid exists instead of a single phase one. Additionally, the forced convection term, Fipen, is no
longer restricted to a value of 1.0 as it was in the case of subcooled nucleate boiling.

Note that the conductivity is that of a saturated liquid. Accounting for the fact that the fluid is two-phase,
Re; is calculated as:

_ GiDy,
wy

Re, (7.57)

The Fephen factor is a function of the Martinelli factor, xrr.
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1.0 if x7p <0.1

Feten = { 2.34(xpp +0.213)0736 i yon > 0.1

(7.58)

The Martinelli parameter is the square root of the ratio of liquid friction pressure drop to vapor friction

preSSU.I“e drOp.
2 fric

X = dj v
dz fric

Equation 7.59 can be re-written in terms of the phase viscosities and densities and quality. The inverse of
the Martinelli parameter becomes:

x 0.9 pf 0.5 ,LL 0.1
-1 _ Fr ~g
Xrr = (1 - x) (pg> (uf) (7.60)

In the code, this value is limited to a maximum value of 100.

(7.59)

Xrr = minfxz, 100] (7.61)
The quality, z, is calculated as:
Gy
e]
T = max my h—hy (7.62)
htg
0.0

The mixture enthalpy, h, is a density weighted enthalpy. It is calculated as follows:

aypuhy + (i + ac)pihu

}_L =
Py + (al + ae)pl

(7.63)

The boiling heat transfer coeflicient is still calculated using the modified Foster-Zuber model that was shown
in Equation 7.39. However, the two-phase Reynolds number is calculated differently—it is multiplied by the
Finen factor to account for the increase caused by boiling.

Reas = 107 * Re; FL2 (7.64)

chen

This is used in the calculation of the boiling suppression factor, Schen, in Equation 7.40.
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Finally, the derivative of the heat transfer coefficient with respect to temperature is calculated as it was for
the subcooled nucleate boiling regime.

Thom Correlation The Thom correlation is completely unmodified from its form in the subcooled nu-
cleate boiling regime with Equation 7.44.

Like for the subcooled boiling region, dHTC/dT is calculated; however, the denominator of the numer-
ical approximation, AT, will be defined as Twan — Tt (the wall temperature minus the liquid saturation
temperature).

Gorenflo Correlation The Gorenflo correlation, similar to the Thom correlation is completely unmodified
from its form in the subcooled nucleate boiling regime with Equation 7.52.

Like for the subcooled boiling region, dHTC/dT is calculated; with the denominator of the numerical
approximation, AT, defined as Twan — 1t.

Calculation of Heat Transfer Coefficient Terms Calculation of the heat transfer coefficient terms is
simplified without the need for consideration of the near-wall condensation term, when the first approach
is used or bubble detachment enthalpy for the second approach. Additionally, the pumping factor is unity
and therefore, the effective vapor generation multiplier (fraction of boiling heat transfer that results in
vapor production) calculated by both the approaches is unity for saturated boiling. The latent heat transfer
coeflicient sums the forced convection and nucleate boiling terms.

hwb = hfc + hanB (765)

Note that, a ramp, Fp, is added in the code to ensure a smooth decrease in the boiling term as dryout
occurs.

416.7(c; — 0.0001)

r (7.66)

Fp —min{

The sensible heat transfer coefficient, h,;, is calculated as it would be for single-phase liquid—by choosing
the maximum of the heat transfer coefficients predicted by the laminar flow model (Equation 7.22) or by the
turbulent, Dittus-Boelter model (Equation 7.19).

The heat transfer coefficient to vapor, h,., is calculated as it was for the subcooled nucleate boiling region.

It is zero unless void is above 0.999, in which case it is calculated as it was for single-phase vapor in Section
7.3
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Figure 7.4: Boiling Curve

7.7 Departure from Nucleate Boiling (DNB)

DNB is the point at the top of the boiling curve, shown in Figure 7.4. It is the point where vapor blanketing
of the heated surface begins to decrease heat transfer from the surface to fluid with increasing temperature.

Operating the rod in post-CHF heat transfer regimes can lead to high temperatures and subsequent rod
failure.

The calculation of DNB is required to properly assign the heat transfer regime in CTF. The determination
of the heat transfer regime is made by comparing the local heat flux to the CHF. CHF is the heat flux at
which DNB occurs. In practice, CTF actually determines a temperature at which CHF occurs (Tens) and
then compares the local rod surface temperature to that value; if the local temperature is above Tgy¢, the

heat transfer regime changes to a post-CHF heat transfer regime. Otherwise, the heat transfer regime will
be pre-CHF.

Calculating the CHF is the first step in this process. The local value of CHF is calculated using one of
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many available models in CTF. After CHF is calculated, T¢ns is determined using an iterative process that
is described in Section 7.1.2.

7.7.1 No Model

It is possible to use no model. In this case, the code will skip the CHF calculation and assume that the heat
transfer regime is always pre-CHF. This feature should only be used when the user is certain CHF will not
be encountered. If the user is sure of this, some savings can be made in computational time.

7.7.2 Biasi Model

An overview of the CHF calculation algorithm for the Biasi model is shown in Figure 7.5. The standard
model consists of considering three possible CHF scenarios:

1. Pool boiling
2. Forced convective boiling

3. Annular film dryout

If the mesh cell was labeled as having a hot wall in the INTFR subroutine, then CHF is calculated for
the annular film dryout region. If the mesh cell does not contain a hot wall, the void fraction is checked
because the boiling regime could still be in annular film dryout. If o, > 0.9, the annular film dryout CHF is
calculated and if a,, > 0.99, the annular film dryout CHF is multiplied by a ramping factor to reduce CHF
down to 20 % of its calculated value as «; approaches 0.005.

If a, was less than 0.9, then CHF is calculated for the forced-convection boiling regime. If the mass flux is
less than 308/cm?.s, then the CHF is ramped to CHF for the pool boiling scenario—the maximum of either
the forced-convection CHF or the annular film dryout CHF multiplied by a ramping factor to account for
low liquid void is chosen.

Whether forced-convection or pool boiling is selected, a check is made for void over 0.85 and, if so, the CHF
is ramped towards annular film dryout CHF as shown in Equation 7.67. The heat flux, ¢” in Equation 7.67
could be either pool boiling CHF or forced-convection CHF depending on the flow conditions.

f(dXp,q") =20[¢" (cw — 0.1) 4+ ¢Xp(0.15 — )] (7.67)

For any of the three scenarios, the CHF is ramped towards the single phase vapor heat transfer coefficient
times a AT of 50 °F if a, is greater than 0.99. The ramp is as follows:

Ry = min[1.0,100(1 — o)) (7.68)

With the overview of the CHF selection algorithm complete, we point our attention to defining the actual
CHF models employed.
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Figure 7.5: Flow chart for the CHF selection algorithm
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Pool Boiling The pool boiling critical heat flux is given by modification of the Zuber et al. equation [93],
as recommended by Bjornard and Griffith [94]. The Zuber equation is shown in Equation 7.69.

™
@ln = 0901 = o) 2 oy lge90 (0 = po)] ™ (7.69)

The constant recommended by Zuber, 0.97/24, is not used in CTF. The data presented by Zuber showed
a range in the value of the leading constant going from 0.10 to 0.24 (compared to the recommended value
of 0.1178). For CTF, the average of this range was taken (0.17) and it was multiplied by 0.9, which is a
multiplication factor for vertical rod geometry recommended by Lienhard and Dhir [95]. This leads to a
leading coefficient of 0.15.

e = 0.15(1 — o) HigpO [9:90 (p — pg)]”*° Rs (7.70)

The ramping factor, Rg, ranges between 0.2 and 1.0, with the magnitude increasing as liquid void decreases.
It is defined as:

Rs = max[0.2, (1 — )] (7.71)

Equation 7.70 is compared against the critical heat flux calculated with the forced convective boiling model,
which is discussed in the following section. The maximum of Equation 7.70 and 7.74 is used for the pool
boiling critical heat flux.

Forced Convection Boiling The forced convection critical heat flux is given by the Biasi correlation.
CTF uses the modified form of the Biasi correlation given by Sardh and Becker [96], which differs slightly
from the original formulation given by Biasi [97]. The correlation consists of equations for low-quality and
high-quality flow.

dffy = 8,761,800 - G/° [1L468F(P)G~Y/° — o] D" (7.72a)
4lly = 47,701,900 - H(P)(1 — ) Dy " G0 (7.72b)

Where,
q" = critical heat flux (BTU/hr-ft2)
G = mass flux (g/cmZ-seC)

| 06 ifDy<10cm
"3 04 ifD,>1.0cm

The functions, F(P) and H(P), are functions of pressure in bars and are calculated as follows:
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F(P) = 0.7249 + 0.099P exp (—0.032P) (7.73a)

H(P) = —1.159 + 0.149P exp (—0.019P) + 8.99P (10 + P?) ™" (7.73b)

The critical heat flux is then calculated as the maximum of ¢{;, g5, or a fixed value of 90,000 BTU/hr-£2.

/1 q}/)/1
denf,fc = Max Gp2 (7.74)

90, 000 BTU/nr-£2

Annular Film Dryout In this region, DNB occurs due to the film drying out, which is a complex function
of several variables. Though critical heat flux in the annular film dryout region is not limited by correlation,
the critical heat flux is calculated using the Zuber equation, which was also used for pool boiling. The form
used for the annular film dryout region is shown in Equation 7.75.

e = 0.15(1 — o) Hyy p0 [geg0 (pg — pg)]*° (7.75)

If the mesh cell is not in a hot wall flow regime and the void fraction is greater than 0.99, Equation 7.75 will
be multiplied by a ramping factor to reduce CHF as liquid disappears.

Ry = max][0.2,200(cy — 0.005)] (7.76)

7.7.3 W-3 Correlation

The W-3 correlation, developed by Tong ([98],[99]) is the most widely used correlation for evaluating DNB
in PWRs [100]. The critical heat flux is determined by use of the following equation:

q//
w3,Dheated s

eated”™ ={(2.022 — 0.0004302p) + (0.1722 — 0.0000984p) (7.77)

G
exp|(18.177 — 0.004129p) x| }[(0.1484 — 1.596x,. + 0-1729$e|33e|)ﬁ+

1.037](1.157 — 0.8692:.)[0.2664 + 0.8357 exp(—3.151Dpeatea)]
[0.8258 + 0.000794(h ;s — hyy)]

Where,
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qéég’Dheate 4u = critical heat flux based on heated diameter [BTU/nr-ft?]

p = pressure [psial
e = local steam thermodynamic quality
Dhieqted = heated hydraulic diameter [in] =
hin = inlet enthalpy [BTU/lbm]

G = mass flux [Ibm/nr.1t2)

The W-3 correlation is applicable to the following range of operating conditions:

p = 800 to 2300 psia

G
W =1.0to 5.01bm/hr~ft2
Dheated =0.2 to 0.7in
z. = —0.15 to 0.15

L =10 to 144in

Note that the original form of the W-3 correlation developed by Tong used the hydraulic diameter in place of
the heated hydraulic diameter in Equation 7.77. However, Tong developed a cold wall factor to account for
the effect of unheated surfaces. Consider two separate heated channels with the same hydraulic conditions
(including the same wetted perimeter) and the same total heat added per unit length; if one of these
channels is connected only to heated surfaces but the other channel is connected to a combination of heated
and unheated surfaces, the latter channel is expected to have a lower CHF value because there is less total
liquid flow adjacent to the heated surfaces and therefore less ability to remove heat from the wall.

The cold wall factor provided by Tong is given by:

1
qw3,cold wall,u

- =1.0 — Ru[13.76 — 1.372¢" 787« (7.78)
qW37Dheatedvu
G | _0.0535 P \o0.14
4'732(W) 0.0619(W)

— 8.509(Dheated) 0]

where:

Dy,
Dheated

Ru=1

In CTF, the cold wall factor calculation is always enabled when using the W-3 correlation, and this factor
is used in conjunction with the form of Equation 7.77 using the heated hydraulic diameter, as prescribed by
Tong.
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Equation 7.78 gives the CHF for uniform axial heat flux profiles; however, the W-3 model also includes a
factor for handling non-uniform axial heat flux profiles, known as the Tong F-factor. The factor is applied
as shown below in order to provide a CHF for non-uniformly heated rods.

"
9w3,cold wall
" _ 4w3,cold wall,u
qchf,cold wall,nu — # (779)

The uniform CHF, calculated by Equation 7.77, is represented by qéég),u and the CHF for non-uniformly
heated rods is represented by g3 ,,,- The Tong F-factor is meant to capture the memory effect of the flow
in CHF conditions. The boundary layer energy and bubble content affects the occurrence of CHF in both
PWRs and BWRs. In the PWR, the boundary layer carries bubbles that result in a local peak of void
near the wall, with a thin liquid film coating the wall. As energy and heat flux increases, the film may
evaporate, which triggers CHF. In the BWR, the flow regime is typically annular, with a vapor core in the
channel center and a liquid film coating the wall. Again, the film may dry out as heat flux increases and
liquid subcooling decreases, resulting in CHF that depends on the local quality, mass flux, and pressure. In
addition to the local effect, for BWRs the power shape and heated length affect CHF incipience as well due
to the hydrodynamic interaction between the vapor core, liquid film, and wall boiling along the length of the
channel. The CHF occurrence, therefore, is dependent on the upstream conditions that dictate local energy
and void content of the flow as well as phase interactions at high quality.

Tong used a theoretical basis to develop the F-Factor by analyzing a control volume over the boundary layer.
His assessment takes upstream heating into account, resulting in an integration from the axial location where
boiling starts to the current location being analyzed. This relationship is shown in Equation 7.80.

_ Cfé q" (") exp([-C * (I — 2')] d2’

F
q" « 11 —exp(—C % 1)]

(7.80)

Note that the lower bound of the definite integration, 0, is referring to the ONB location. The [ refers to the
current axial location where CHF is being calculated. The Tong factor calculation has been implemented
into CTF using a semi-analytical approach. This is done by solving the integral analytically for each rod
level, assuming the heat flux is constant over that axial level. This is consistent with the control volume
approach of CTF; all rod properties are constant for a discrete axial level. The analytical solutions are
summed for each level from 0 to ! to form an approximation of the total integral. In equation form, this
looks as follows:

»/

() [exp(=C () — 20 +1/2))) — exp(~C(=() — 2(j — 1/2)))

¢"(J1)(1 — exp(=Cz(J1)))

(7.81)

The j term is a counter over the discrete axial levels in the integration. Jong is the axial level where ONB
has occured and J; is the current axial level being analyzed in the code. The heat flux, ¢”(j), is constant
for each axial level, j. The term in square brackets is the analytical solution of the definite integral for the
given level, j. We substitute the axial location at the top, z(j + 1/2), and bottom, z(j — 1/2), of the axial
level, j. Other terms include the axial location at the center of the current cell, z(J;), and the heat flux at
the current axial level, ¢”(.J;).

The C term is a factor that accounts for flow quality and mass flux (defined in Equation 7.82).
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(10 — xDNB)4-31

O = 015 oo ams

(7.82)

G is the local mass flux near the rod surface, which is in units of Ibm/hr-ft? and x is the equilibrium quality
adjacent the surface. The C factor has units of in~!, which is converted to ft = before being used in Equation
7.80. Note that, in a subcooled flow, C will be large and F' will, in turn, be close to 1.0, which means the
local CHF will be determined by the local CHF predicted by the W-3 correlation. In flows with a high
quality content, C' will be small, F' large, and local CHF will be determined largely by upstream flow effects.

Note that the Tong F factor is calculated for each rod surface and level. This is different from the W-3
calculated CHF value given by Equation 7.77, which is calculated for each fluid cell in the mesh. The Tong
F factor is then applied to the adjacent fluid-cell CHF, so that a CHF value is obtained for each rod surface
and level. Also note that the Tong F-factor is not calculated for surfaces where boiling is not occurring; the
F-factor is simply assigned a value of 1.0 in this case. Therefore, rods with no boiling along the axial length
will be assigned an F-factor of 1.0 everywhere and will simply retain the uniform CHF value obtained from
Equation 7.77. The Tong F-factor is calculated automatically when the W-3 CHF correlation is selected; it
is skipped when the W-3 correlation is not selected.

7.7.4 Bowring Correlation

Developed by R.W. Bowring [101], the Bowring CHF correlation was developed for circular ducts under
a wide range of pressures and mass-fluxes. His correlation is based on experimental data from uniformly
heated tubes. With a known subcooling, pressure, mass flux and tube length, Bowring would increase the
heating rate to each tube until DNB is achieved at the exit. The Bowring correlation is then applicable to
the following range of operating conditions:

p = 34 to 2,750 psi

G = 0.1 to 13.7Mlb/py.1;?
Dy =0.08 to 1.76in

L =6.0 to 144.0in

In his original paper, R.W. Bowring presents the equation for the CHF in the form:

i _ A= BAhsubin

= 7.83
qchf C+1L ( )

Where Ahgyp in is the subcooling at the inlet, and L is the length at which CHF occurs. The remaining
portions of the correlation can be described as follows using traditional British units:

2.317 (hy,B) Fy
1+ 3.092F,D,°G

(7.84)
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B=—"" 7.85
1 (7.85)
104.4F3DG
_ 7.86
14 0.347F,Gn (7.86)
n=2.0-0.5pg (7.87)
pr = 0.001p (7.88)
And the pressure dependent constants are:
For pr < 1psi,
18.942
~ pp P exp[20.89 (1 —pgr)| +0.917
F = Tor7 (7.89a)
1.309F,
Fy = 7.89b
27 pL3T6exp[2.444 (1 — pg)] + 0.309 (7.89b)
17.023
P02 oxp [16.658 (1 — pr)] + 0.667
Fy = 7.89
3 1.667 (7.89¢)
Fy = F3pk%* (7.89d)
For pr > 1psi,
Fy = pp"?%® exp [0.648 (1 — pr)] (7.90a)
P
F = 7.90b
2 R B exp [0.245 (1 — pr)] (7.90b)
Fy = p%219 (7.90c)
F, = F3pk% (7.90d)

The form given in Equation 7.83 is restrictive in that it requires knowledge of where the CHF occurs. A
modified form can be obtained though by first algebraically manipulating Equation 7.83:

A—B (¢4 L — Ahgupin
iy = A7 B ~ Do) 7o)
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Because Bowring’s experiment was performed for uniformly heated tubes, an expression for the equilibrium
quality can be developed from an energy balance:

nw r - Ahsub,in

7.92
? Bhfg hfg ( )

z(2) = ¢

Where ¢/ is the local heat flux at the axial location z. The critical equilibrium quality corresponding to the
CHF can then be developed as follows:

L
xe,crithfg = qgth - Ahsub,in (793)

Substituting Equation 7.93 into Equation 7.91 and treating the critical equilibrium quality as the local
equilibrium quality yields the final result for the modified Bowring CHF:

A — Bhfoxe
dhe = 5 (7.94)

The above expression is independent of the CHF location, and yields the critical heat flux corresponding to
any local equilibrium quality. This form is encoded into CTF for the Bowring correlation.

7.7.5 Groeneveld Look-up Tables

Developed by D. C. Groeneveld et al [102] from available experimental data in 8 mm tubes, the Groeneveld
CHF look-up tables are simply a collection of tabulated values for the CHF as a function of equilibrium
quality, pressure and mass flux. The resulting Groeneveld CHF can be expressed as follows:

8
ehe = LUt H K; (7.95)
i=1

Where ¢{'i;r is the interpolated CHF from the look-up tables. The Groeneveld look-up tables are applicable
in the following range of operating conditions:

p = 0.1 to 21 MPa

G = 0.0 to 8,000 ke/s.m?
ze = —0.51t0 0.9
Dy, =0.003 to 0.025m

The look-up tables are stored in CTF as a 15 x 21 x 23 array in pressure, mass-flux and equilibrium quality.
The interpolation scheme begins by reducing the large array to a 2 x 2 x 2 array that bounds the current
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state point. This resulting 2 x 2 x 2 array is then linearly interpolated in pressure, then in mass-flux, and
finally in equilibrium quality, resulting in a final interpolated value for ¢f';p. This can be seen in detail in
the CTF Validation and Verification Manual [103].

In the case that CTF calculates a parameter that is out-of-bounds in the Groeneveld look-up tables, the
value will be reset to the boundary. For instance, if the value x. = —0.7 was passed to the Groeneveld
function in CTF, it would be reset to x. = —0.5 (the lowest boundary) and the calculation would proceed.
This makes the encoded Groeneveld function in CTF particularly difficult to break.

The Groeneveld look-up table values are accompanied by eight available form or “K” factors [104] [105] which
adjust the interpolated CHF value for various bundle or subchannel effects. The first available K-factor scales
the look-up table CHF as determined from 8 mm tubes to a generic tube (or hydraulic) diameter:

1/2

0.008

k=4 (%5) 7 for 0.003 < Dy < 0.025m (7.96)
0.57 for Dy >0.025m

The second K-factor scales bundle effects for subchannel considerations. This K-factor would be applied to
a bundle averaged solution in order to reconstruct subchannel effects:

, 1. 26 z®
K5 = min [1, (2 + Dmd> exp (— 5 ) (7.97a)
§ = Pitch — Dyoq (7.97b)

The next applied K-factor describes the perturbation in the CHF from enhanced mixing due to spacer grids:

0.1L4y

Ks=1+ Aexp— o) (7.98a)
h
0.2
A= 15 (kposs) <1O%O) (7.98D)

Where Ly, is the distance upstream from the spacer grid, and k.5 is the spacer grid loss coefficient. The
so called “heated length” K-factor is described as follows, for L/Dy, > 5:

K=o | (22 @] 880

Zepf
OCHEM — (799b
zepy + (1 —zc) pg )
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Where ag g is the void fraction as defined in the homogeneous equilibrium model. The value is initialized
as zero in CTF, and only calculated for non-negative x.. Finally, the axial heat flux distribution K-factor
scales the CHF for non-uniform heating:

. <
Ks = { 1.0 for x2.<0 (7.100)

q"(z)/dspa for x>0

Where ¢%; 4 is the boiling length averaged heat flux. This final K-factor is similar in purpose to the W-3
correlation’s Tong factor. Unlike factors K; through Ky, which are fluid cell properties, the K5 factor is a
rod-surface dependent property.

The next K-factor accompanying the Groeneveld look-up table scales the effect of the local radial power for
radially non-uniform bundle power:

] 10 for z.<0
Ke = { 0" (2)avg/q" (2)maz  for x>0 (7.101)

Similar to K5, this K-factor would be used to reconstruct local pin power effects from a bundle averaged
calculation. The seventh K-factor shows the effect on CHF from varying flow orientation, specifically due to
cross-flow:

T 0.5
Kr=1—exp|— (;) (7.102a)
1—2.\> frLG?
T, = c 7.102b
' ( -« ) 9Dnpy (pg — pg) a0 ( )

Where fr, is the friction factor of the channel, and « is the void fraction. The final K-factor determines the
effect of low vertical flow or reflood on the CHF:

Kg=1.0 for G < —400 kg/s-m2
Linear interpolation between ¢} (7.103a)
from | G | and value predicted from '
ILuT = UuT,6=00.—0 (1 —ampm)C1 for  —400 < G < 0k8/s.m?
1.0 for agpm <0.8
Cy = 0.84+0.2p7/pg (7.103b)

for aggym > 0.8

agpm + (L —anem)pr/pg

Where G = 0, 2, = 0 refers to a pool boiling situation.

Currently, only K7, K, and K5 are encoded into CTF. K is not currently considered as individual subchannel
geometry is already being accounted for [105]. Likewise, K¢ and K7 are not considered because cross-flow
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and non-uniform radial heating is already being accounted for. The spacer grid k-factor, K3, is not being
used because the Yao, Hochreiter, and Leech correlation [106] is already accounting for enhanced mixing and
heat transfer upstream of spacer grids. The Ky factor is also not considered at this time.

7.8 Transition Boiling

The transition boiling heat flux is considered to be a combination of four different heat transfer effects.
There is convective heat transfer to the single-phase vapor, boiling heat transfer to the liquid, radiation heat
transfer to the liquid, and radiation heat transfer to the vapor. This is summarized in equation form:

iy = Qoo + Loy + G + Gt (7.104)

The single-phase vapor convection, ¢/ , is calculated as was described previously in Section 7.3. Any heat
transfer to liquid in contact with the heated surface results in boiling of the liquid—the fraction of liquid
that contacts the surface experiences a heat flux equal to the critical heat flux, calculated in Section 7.7.

q’:,l/]b = qu::/hf * Rdryout (7105)

The fraction of liquid in contact with the wall was given by Bjornard and Griffith [94] as a function of
wall temperature, minimum film boiling temperature, and critical heat flux temperature. The wall fraction
correlation provided good agreement with data given by Groenveld and Fung[107] and McCreery et al. [108].

T — Tonin \°
F, = w min 7.106

<Tchf - Tmin) ( )
The ramp, Raryout, was added to diminish the boiling heat flux as the liquid phase is depleted. It is defined
as follows:

1.0
-_ 0.0 (7.107)
400(oy — 0.0025)

Rdryout = min

The boiling heat transfer coeflicient, is then calculated as:

qllb
Py = Fiop —1wb 1
b o (7.108)

Where Fg, is the subcooled boiling modification factor, which is defined in Equation 7.109 (repeated below
for convenience). The subcooled boiling modification factor is a ramp that prevents sharp discontinuities in
vapor generation as the liquid subcooling becomes small.
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1.0
g
max {  lgg+(hy—h)5h (7.109)
0.01

Ficp, = min

This ramp may prevent a portion of liquid from turning to vapor in the code. The heat flux entering the
liquid is conserved by adding the portion that doesn’t turn to vapor to the liquid heat transfer coefficient.

"
Qb

hawt = hat + (1 — Fscb)m

(7.110)

The radiative heat transfer to liquid and vapor is discussed separately in Section 7.11 due to its importance
to all post-CHF heat transfer regimes. The heat transfer coefficients resulting from radiative heat transfer
are simply added to the respective phase heat transfer coefficients already calculated.

hwv = hwv + hrwv 5 and (71113)

hwl = hwl + hrwl (7111]3)

7.9 Inverted Annular Film Boiling

The inverted annular film boiling heat transfer coefficients are calculated if void is between 0.4 and 0.95
and if the inverted annular film boiling heat flux is greater than the dispersed flow film boiling heat flux.
Therefore, the dispersed flow film boiling is calculated first in the CTF source in order to compare to the
inverted annular film boiling heat flux.

The inverted annular film boiling heat flux is calculated with use of the modified Bromley correlation [109].

1/4
rom A Dh/f"g (Tw - Tsat)
The critical wavelength, A, is give as:
gcO
A=2m, | ——— (7.113)
9(ps = pg)

The heat flux in the inverted annular film boiling regime can then be obtained by multiplying the heat
transfer coefficient by the wall superheat.

q{),rom = hbrom(Tw — Tsat) (7.114)

Consortium for Advanced Simulation of LWRs 194 CASL-U-2019-1886-002



g —/\SI_ CTF Theory

The inverted annular film boiling heat flux needs to be compared to the dispersed flow film boiling heat flux.
The maximum one will define the heat transfer regime—if q&'ﬁb (plus heat flux caused by droplets impinging
on the heated surface) is larger, the regime will be dispersed flow film boiling and if ¢;;5 (plus heat flux
caused by liquid boiling on the surface) is larger, the regime will be inverted annular film boiling.

If it is found that the inverted annular film boiling heat flux is larger than the dispersed flow film boiling
heat flux, the inverted annular film boiling heat flux calculations continue. First, because the Bromley
correlation, Equation 7.112, was obtained from experimental observation, it includes all of the heat transfer
effects; however, we need to separate those effects for the calculation of the individual heat transfer coefficient
terms. Therefore, we begin by subtracting off the vapor heat transfer terms (both forced convection and
radiation heat transfer).

q1/1,1l = q]lo/rom - hspv(Tw - Tv) - humr (Tw - Tv) (7115)

To prevent the liquid heat flux from being negative, the maximum of ¢/, or 0.0 is chosen. The heat flux is
then partitioned into liquid and vapor components. If the vapor is not superheated, then the liquid heat
flux, gy, is equal to ¢, from Equation 7.115 and the vapor heat flux, gy, is zero. For the event that the
vapor is superheated, the effects vapor void fraction and amount of superheat are taken into account using
a multiplier.

@ = (1= Fiap)diy (7.116a)

4y = Fiap iy (7.116b)
Where,

T, —T,

Fiap = 111la | ———
T “ Tw_Tsat

(7.117)

If the void is below 0.4, then the regime is determined to be completely inverted annular film boiling. The
boiling heat transfer coefficient is calculated from the liquid heat flux calculated above and the modified
annular film boiling heat flux.

1 1
Qiq T i

hwp =
wb Tw_Tf

(7.118)

qy, is the modified annular film boiling heat flux. To derive it, we start from Equation 7.75, which was
presented in the section on CHF (Section 7.7). The modified Zuber equation is restated here for convenience:

e = 0.15(1 — o) HegpO*[9.90 (pg — pg)]*>° (7.75)
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Since only a very small portion of the liquid will be in contact with the heated surface, the modified Zuber
equation is multiplied by the liquid void fraction, «;, and by a liquid contact effectiveness multiplier, €yet,
which was defined by Ganic and Rohsenow [110].

Tw\’
Ewet = €XP [1 — (Tf) (7.119)
Thus, ¢}, of Equation 7.118 is:
ip = Qe Ewet (7.120)

The vapor heat transfer coefficient is calculated as the sum of the single-phase vapor heat transfer coefficient
(derived in Section 7.3), the radiation heat transfer coefficient to vapor (derived in Section 7.11), and the
vapor heat flux obtained from the Bromley correlation.

1
qvap

hwv = hs v hrwv T
pv T + T, —T,

(7.121)

The liquid heat transfer coefficient, h,,;, only includes the effect of wall to droplet radiative heat transfer,
which is discussed in Section 7.11.

If the void fraction was found to be above 0.4, the heat flux is ramped between that of inverted annular film
boiling heat flux and that of dispersed flow film boiling heat flux. First, the ramp is defined:

0.95 — ay

7.122
0.5 ( )

Riqar =

Note that at a void fraction of 0.4, the ramp will be slightly larger than 1 and as it grows to 0.95, the
ramp will shrink to zero. The boiling heat transfer coefficient, h,, is calculated as the maximum of either
the dispersed flow film boiling heat transfer that results from droplets impinging on the heated surface or
the annular film boiling heat flux of the inverted annular film boiling region. The former, qge’ afp OF de-
entrainment boiling heat flux, is calculated in Section 7.10 on dispersed flow film boiling. The latter, g;;, is
presented in Equation 7.120. The boiling heat transfer coefficient is calculated as follows:

e dffb 4,
hry = ——— Rigdf 7.123
o T T T T, T (7123)

The liquid portion of the Bromley correlation is then added to the result of this equation.

i
huwp = hoyy, + Riadf%
w

7.124
- Tsat ( )
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The vapor heat transfer coefficient is calculated as the sum of the single-phase vapor heat transfer coefficient
(derived in Section 7.3), the radiation heat transfer coefficient to vapor (derived in Section 7.11), and the
vapor heat flux obtained from the Bromley correlation.

1
qvap

h/um = hspv + hrum + Riadfﬁ
w v

(7.125)

Similar to before, the liquid heat transfer coefficient, h,,;, only includes effects of liquid radiative heat transfer,
which is calculated in Section 7.11.

7.10 Dispersed Flow Film Boiling

The dispersed flow film boiling heat transfer regime will be selected when the wall temperature is above the
CHF temperature and the minimum film boiling temperature and when the void fraction is above 0.95. The
dispersed flow film boiling heat transfer regime can also be selected if void is below 0.95 if the dispersed flow
film boiling heat flux is greater than the inverted annular film boiling heat flux. As was discussed in Section
7.9, the heat flux will be linearly interpolated between the inverted annular film boiling and dispersed flow
film boiling regimes if the void is between 0.4 and 0.95.

The dispersed flow film boiling heat transfer term is a combination of convective heat transfer to vapor, ra-
diative heat transfer to vapor, radiative heat transfer to liquid (droplets), and boiling heat transfer occurring
from the collision of droplets with the heated rods. The vapor convective heat transfer term was calculated
in Section 7.3 and the radiative heat transfer terms are calculated in Section 7.11. The boiling heat transfer
term is calculated as a maximum of the CHF term and a droplet de-entrainment heat flux term.

@y = max[qens, 4 (7.126)

The de-entrainment boiling heat flux is calculated using a de-entrainment coefficient which is multiplied by
total droplet mass flux and the latent heat of vaporization.

e = htgCacGe (7.127)

Both axial and transverse components of velocity are included in the droplet mass flux term, G, which has
units of Pm/hr.ft2. Like for the inverted annular film boiling heat transfer, the boiling heat transfer coefficient
is calculated considering that only a fraction of droplets contact the heated surface due to the high wall
superheat. The same wall-wetting fraction that was used for inverted annular film boiling is used here,

repeated below:
1 W)’
€wet = €xp |1 — |
te e Ty

The boiling heat transfer coefficient is then calculated as follows:

(7.119)
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qgeewet
hypp = =——— 12
v Tw - Tsat (7 8)

7.11 Radiative Heat Transfer

The radiative heat transfer models used in CTF were developed by Sun, Gonzalez, and Tien [111]. The basis
is that the wall, liquid, vapor, and droplets can all be treated as single nodes between which radiative heat
transfer takes place so long as the flow is assumed to be optically thin. The heat transfer between bodies
can be modeled using a gray body factor, F', in conjunction with the temperature gradient between bodies
(T, is the wall temperature and Ty, is the temperature of the body that radiative heat transfer flows to).

¢ = F(T} ~T3) (7.129)

The heat transfer coefficients for the radiative heat transfer can then be defined. Since the temperature,
emissivity, and surface area differs for different bodies (i.e. drops, liquid core, vapor), the different fields will
have different gray body factors and temperatures.

T - T4
h,rwv = Fwyﬁ (71303:)
w Lo
T - T
Rywe = Flye —2—53 7.130b
.71, ( )
T -T2
hrwl = le juj) %at (7130(3)
w — 41

The gray body factors are defined as a function of the Stefan-Boltzman constant, o, the emissivity of the
surfaces of interest, and the surface areas of the bodies of interest. Variables, Ry, Ry, and R3 are introduced
to simplify the upcoming presentation of the gray body factors. The variables are later defined. The gray
body factors are calculated as follows:

Fop = 131
! R, Ry
Osb
Rs Rs
Fye =ming |1 7 + Ry (7.131b)
le
Foy s (7.131c)
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The Stefan-Boltzman constant is 1.713 x 1072 BTU/pr.f2.°r4. A simplification is made for the liquid gray
body factor. The only instance of radiation from the wall to the liquid is when inverted annular film flow
exists—in this case, radiative heat transfer takes place between the wall and the column of water in the
sub-channel center. For this case, the liquid emissivity, €;, is assumed to be 1.0, the wall emissivity, €, is
assumed to be 0.7, and the vapor void is assumed to be 0.65. The ratio of the wall to liquid surface area can
be reduced to a function of liquid void fraction if we consider concentric cylinder geometry:

A, D 1
=Zh o — (7.132)

A D va

Making these substitutions, the liquid grey body factor becomes a constant of 7.71 x 1071, To define the
vapor and droplet grey body factors, we define the R variables:

_ 1
Ry P (7.133a)
1—¢€
Ry = —— ¢ 7.133b
2 €e(1 — €pee) ( )
1 1—¢€w
Rs = Tp—— + - (7.133c¢)

The droplet and vapor emissivities are a function of the beam length and droplet and vapor absorption
coefficients.
€e = 1 — exp(—0.85ae, Lp) (7.134a)
€y = 1 — exp(—0.85a,4 Lp) (7.134b)

The beam length is assumed equal to the hydraulic diameter, Dj. The droplet absorption coefficient is a
function of droplet surface area and absorption efficiency, Psig.

Ceq = \I/Nde (7.135)

The droplet diameter is Dy and the number of droplets is Ng. The absorption efficiency, ¥4, has a value of
0.74 for drops having diameters between 0.004 and 0.08in. The number of droplets can be expressed as a
function of void fraction.

6(1 — )

N =
d 7TD3

(7.136)

The droplet absorption coefficient can then be reduced:
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(1 —ay)

ea = 1.11
Qe Dy

(7.137)

The vapor absorption coefficient is a function of absolute fluid pressure, P, and vapor temperature.

1000 \2 1000 \*
56( —) —03( —— 7.138
(Tv+460) <Tv+460> ] ( )

The droplet and vapor emissivities are constrained to values between 0.001 and 0.75.

P
Qyq =

14.7

. 0.75
€. = max Innl{ 1 — exp(—0.850. Dj,) (7.139a)
0.001
i 0.75
€, = max 1 — exp(—0.850, Dp,) (7.139b)
0.001

7.12 Grid Re-Wet Model

During accident conditions, where there is high vapor content in the flow and rod cooling is poor, the presence
of spacer grids can lead to improved fuel rod cooling. The reason being that, since grids have no internal
heat source, they will be the first to quench—impinging droplet will be likely to form a film. The presence of
a film on the grids will lead to grid cooling as well as de-superheating of the vapor that flows past the grids.
The de-superheated vapor will improve fuel rod cooling downstream. Furthermore, radiative heat transfer
from the rods to the grids and radiative heat transfer from the vapor to the grids will be increased.

When grids are quenched, there will be a dry region and a wet region. The heat transfer to the grid will
depend on whether the region is wet or dry. Heat balances are performed for each region of the grid, which
are described in the following sections. The grid quench front model is also described, which will depend
on the evaporation rate of the grid film as well as the availability of water from impinging droplets. The
grid quench front calculations are performed after the heat balances—the initial grid quench front location
is supplied by user input.

7.12.1 Dry Region Heat Balance

The heat balance in the dry region includes the radiative heat transfer to the grid from the fuel rods and
vapor, the convective heat flux from the grid to the vapor, and the heat flux from the grid due to droplets
impinging on its surface. This is summarized in equation form.
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oT P,
ngp,gE = Ii (q;/ad - q(I:/onv - qgcht) (7140)

This equation is solved for the change in grid temperature from the previous time step. The specific heat,
Cp.g, and the density, py, are the material properties of the grid. The wetted perimeter and cross-sectional
area of the grid strap are characterized by P, and A., respectively. The cross-sectional area of the grid strap
is defined in terms of the grid strap thickness, ¢4, by the following expression:

1
A, = itng (7.141)
Equation 7.140 can be reduced:
"noo_on o
ATg — At qraf 9conv Qdcht (7142)

5tgPgridCp grid

This leaves the three heat flux terms to be calculated.

Radiative Heat Flux For simplicity, it is assumed that the rod is completely enclosed by the grid, as
shown in Figure 7.6. The rod diameter is given by D; and the grid diameter (physically, the grid pitch) is
given by Ds.

For determining the radiant heat flux to the grid, the model of Figure 7.6 is broken up into a representative
heat transfer resistance network, which includes heat transfer from rod to vapor, rod to grid, and vapor to
grid. It is shown in Figure 7.7.

The resistance network has terms—B; and Bs—representing the black body radiosity of the rod and grid
respectively. The heat flux to the rod can be expressed as:

Bl - O'T4
" 1
= "2 7.143
q1 Ry, ( )

The Stefan-Boltzmann constant—o—is 0.1714-10~8 BTU/nr—f2.r*. The surface area of the rod is given by A;.
The radiative heat transfer to the rod is also expressed in terms of the radiative heat transfer contributions
from the grid and vapor.

q,,: Bl—Bg UT34—B2
! A2R21 A2R23

(7.144)
The radiative heat transfer to the grid can similarly be defined as:

By —0T} Bi—By; oT{—B,

" 2 3

= = + 7.145
& A2R22 A2R21 A2R23 ( )
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2:Grid »

Figure 7.6: Model of rod and grid for calculating radiative heat transfer to grid
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Figure 7.7: Grid-to-rod radiative heat transfer resistance network
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To solve for the radiative heat transfer to the rod and the grid, it is necessary to use Equations 7.143 and
7.144 to solve for the black body radiosity of the grid in terms of black body radiosity of the rod. This
expression can then be substituted into Equation 7.145 in order to solve for the rod black body radiosity.
The grid spacer black body radiosity is first obtained by manipulating Equations 7.143 and 7.144.

Bl—O'T14 UT§—31

By = -
2 AlRll A1R13

A1Ry2 + By (7.146)

This expression is substituted into Equation 7.145, which is solved for B;. This leads to a sizeable expression
that is reduced using four coefficients.

. 010'T14 +CQO'T24 -‘1-6'30’52—51

B, c (7.147)
The coefficients are:
Cl = D(Alng)(A1R13) (7148&)
C2 = (A1 R11) (A1 R13)(A2Ra1) (A2 Ro3) (7.148b)
C3 = (A1R11)[(A1R13)(A2R21)(A2R22) + (Alng)D} (7148(3)

Cy = (A1R11)(A1R13) (A2 Ro1)[(A2Ra3 + AaRos)] + (A1 Ri12)[(A1R13)D + (A1 R11)D]  (7.148d)

D = (A2R21)(A2R23) =+ (AQRQQ)(A2R23 =+ A2R21) (71488)

The rod black body radiosity is a function of grid, rod, and vapor temperature, surface area, and radiative
heat transfer resistance and can be solved. This expression can be substituted into Equation 7.146 to define
the grid black body radiosity as well. The black body radiosities can then be substituted back into Equations
7.143 and 7.145 to obtain the rod and grid radiative heat fluxes, respectively. But first, it is necessary to
define the radiative heat transfer resistances, which are functions of surface emissivity and surface area.

Riy="1 Aj; (7.149a)
Rio A=) (7.149b)
Rap — A;;Q (7.149¢)
Roy = Ris (7.149d)
Ry3 = A11€3 (7.149¢)
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(7.149f)

The resistances are in units of ft72. The emissivity of the rod and grid—e; and es—are both assumed to
be 0.9. The emissivity of the vapor is calculated using the Plank mean absorption coefficient as reported by
Sparrow[112].

€5 = 1.0 — exp[— A, PLy,) (7.150)

The pressure is represented by P and the mean beam length by L,,. The mean beam length is a constant
value of 6.9083-1072 ft. The vapor absorption coefficient (units of (psi — ft)~1) is defined using the Plank
mean absorption coefficient:

A, = 2.146 exp [—0.344523221 — (2.96092004 - 10~* — 0.444073925 - 10~°T,,) T.,] (7.151)

Also necessary for the calculation of the heat transfer resistance is the rod-to-grid view factor—Fjo—which
is the fraction of the radiation leaving the rod that is intercepted by the grid. Due to the modeling of the
grid shown in Figure 7.6, the rod-to-grid view factor will be 1. Other view factors are provided below:

Fii=0 (7.152a)
Fio=1 (7.152b)
D,

Fo1 = — .152

2= ], (7.152c¢)
D,

Foo=1—— 7.152d

n=1-2 (7.1524)

Equation 7.145 is solved to determine radiative heat transfer to the grid, which is later substituted into
Equation 7.142 as the first heat transfer term.

Grid Convective Heat Transfer The heat transfer from the grid is defined as follows:

qélonv = hrod(Tg - Tv) (7.153)

The heat transfer coefficient used is the same heat transfer coefficient that was calculated for the rod-to-
vapor in the HEAT subroutine. The grid temperature in the dry region, T,, and the vapor temperature, T,
are used. The grid is located at the top of the continuity mesh cell, so the upper-most fine-mesh node heat
transfer coefficient is used. The old time step grid temperature is used explicitly.
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Droplet Impingement Heat Transfer There is a final heat transfer term which results from droplets
impacting the dry portion of the grid. As the droplets vaporize, they remove heat from the grid. The
heat transfer due to de-entrainment is assumed equal to the de-entrainment rate times the latent heat of
vaporization and an efficiency factor that defines the number of droplets that evaporate.

qgcht = Sdehfgn (7 154)

Droplets are considered to impact the grid due to turbulent interchange causing lateral migration of grids.
Therefore, a lateral deposition rate must be calculated. This is done using a coefficient times the droplet
axial mass flux.

Sde = CdeGe (7155)

The deposition coefficient is defined by Paik[113].

po f
=0.102y [ =—— 1
Cye = 0.10 Dnopy (7.156)

The droplet evaporation factor, n, is defined using the old time grid temperature and liquid saturation
temperature (absolute values in units of Rankine).

T 2
= 1— (2
=i (1)

This final heat flux calculated by Equation 7.154 is substituted into the dry region heat balance—Equation
7.142—and the dry region grid temperature is calculated.

(7.157)

7.12.2 Wet Region Heat Balance

The wet region heat fluxes are calculated similar to the dry region, but for a different purpose than deter-
mining the grid temperature. The grid temperature is assumed to be equal to the saturation temperature
in the wet region since the grid is quenched. The purpose of the heat flux calculations is to determine the
evaporation rate of the film that quenches the grid. This information is compared to the droplet deposition
rate to determine whether the quench front will advance or recede. Droplet impingement in the wet region
does not cause heat transfer from the grid, but instead causes the quenching film to grow.

The heat balance is calculated using the radiative and convective components:

4 = (Geonv,w + @radw) PuoLat (7.158)
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The product of the wetted perimeter, P,,, and the length of the quenched portion of the grid, Ly, gives the
surface area of the wetted region of the grid.

Radiative Heat Transfer The wet region radiative heat transfer from the fuel rods is similar to the
radiative heat transfer calculation done in the dry region. The black body radiosity of the rod is first
repeated:

. 010'T14 +CQO'T24 —|—C’3O’T§1
= Ch

By (7.147)

Since the grid temperature is equal to the saturation temperature, the black body radiosity is modified as
follows:

010'T14 + CQO'T;} + C’g(‘)’jg1
Bl,w = C
4

(7.159)

The emissivity of the liquid film is assumed equal to the grid emissivity calculated for the dry region. The
radiative heat transfer is calculated as follows:

4
1 BQ—O'Tf

fadw = — 15— 7.160
Grad Ay Ros ( )

Convective Heat Transfer The convective heat flux is defined as:

= ha(T, — Ty) (7.161)

"
9eonv,w

The convective heat transfer coefficient is calculated in INTFR. The Nusselt number is calculated as follows:

Nu = max [10,0.0797Re) "™ Pr)3%%] | if Re, <= 25,200 (7.162a)

Nu = 0.023Re%8Pro* i Re, > 25,200 (7.162b)

The convective heat transfer coefficient is calculated from the film conductivity, the wetted grid surface area,
and a two-phase enhancement factor.

he = TL NuA (7.163)
Dy,

The two phase enhancement factor is calculated as follows:
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750D -
T = min [10, \/1 + % min(1, (““u%“) (7.164)

Cy is the droplet drag coefficient and Dy is the droplet diameter. The friction coefficient is calculated as
follows:

0.158
_ 1
f max[100, Re,]-2? (7.165)

7.12.3 Grid Quench Front Model

The grid quench front model tracks the fraction of the grid that is wetted. The wet region heat balance
from the previous section is used to determine whether the quench front grows or recedes. This is done by
comparing the evaporation rate (due to radiative and convective heat transfer into the grid film) with the
droplet deposition heat transfer rate. The droplet deposition rate is the droplet flow rate times the blockage
area times a de-entrainment efficiency factor.

Thge = Ge (Ag + A7 (7.166)

The droplet mass flux is given by G, and the grid and spring cross sectional areas—A, and A,—are summed
to obtain the total grid blockage area. The final term, 7, is used to account for the fact that all of the droplets
deposited on the grid will not be available for film advancement. This is because some of the film will be
blown off of the grid due to sputtering at the quench front. This factor is similar to the de-entrainment
factor used in the dry grid region for droplet impingement heat transfer.

7 = max [0.025,exp (1 — <%>2>] (7.167)

The heat transfer due to droplet deposition is as follows:

qdcht = mdehfg (7168)

This value is compared to the evaporation heat transfer calculated for the wet region in the previous section.
If the difference between the de-entrainment heat transfer and evaporation heat transfer is positive, then
there is more droplet deposition than what is evaporating away. Conversely, a negative value will lead to
more evaporation than deposition, and the quench front will recede. The quench front velocity is calculated
to determine how the quench front progresses on the grid. For a net deposition of droplets in the film
(advancement of the quench front), the quench front velocity is calculated using the two-region analytical
conduction solution of Yamanouchi[114]. The quench front velocity is limited by conduction from the dry to
wet regions of the grid.
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-1

1/2 2 1/2
PgCp.g g Ty =Ty
= [Lope (O 14229—-w) 1 1
Ya 2 (hwkg) {( MR- (7.169)

The terms are as follows:

Pyg Grid density
Cp,g Grid specific heat

kg Grid conductivity

6 Grid strap half thickness

hw  Heat transfer coefficient of the wet region

T,  Minimum film boiling temperature (T + 234 °F)

This velocity is limited using the wet region heat transfer. The heat transfer at the quench front should be
at its maximum. The heat transfer coefficient is limited using the critical heat flux defined by Zuber [93],
given by Eq. 7.69.

By = bt (7.170)
T, —T;

A second limit is placed on the quench front velocity to account for the fact that a limited amount of water
is available for advancing the quench front. The net de-entrainment rate is as follows:

! Vo) Py
mQF,nct = Tde — (qmdw +}(f:onv> = (7171)
g

The energy removed at the quench front cannot exceed the liquid availability times the latent heat of
vaporization. The energy removed by quenching is a function of the velocity of the quench front. The limit
can be imposed as follows:

mQF,nethfg >= (pCpAz)quf(Tg — Tf). (7.172)
This limits the quench front velocity to:

mQF,nethfg
(PCpAz)g(Ty — T)

Vo <= (7.173)

If this limit is substituted into Eq. 7.169, then the Yamanouchi quench front velocity equation, the maximum
value of the wet region heat transfer coefficient, can be determined.

. 2
B <= (0 [ PQEneth
4k9 Pg(s(Tg - Tf)

(2%’_;;”) + 1)2 - 1] (7.174)
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The wet region heat transfer is limited to the values calculated by Eqs. 7.170 and 7.174. The wet region
heat transfer is further limited to a maximum value of 1 - 1076 BTU/pr.42F.

If the net deposition rate is a negative value, and the quench front is receding, then the quench front velocity

is calculated in a more straightforward manner.

7;nQF‘,ncthfg
Vo — 7.175
" = oGy (T, — T7) (7.175)

The quench front location is calculated at each time step using the time step size and velocity of the quench
front.

Lot = Lot + Vg At (7.176)
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8. Spacer Grid Models

8.1 Grid Heat Transfer Enhancement

Spacer grids are used in nuclear reactors to maintain the rod-bundle geometry through the normal operation
of the reactor. The presence of these grids is known to impact the flow due to their non-negligible thickness
that causes acceleration/deceleration of the flow, creation of secondary flows, and disruption of the boundary
layer. One of the most important effects of the grid spacers to be able to model is the effect that these flow
redistributions have on rod-to-fluid heat transfer.

Yao, Hochreiter, and Leech [106] have studied this effect for egg-crate and honeycomb-style spacer grids
and proposed correlations for the effect of the grids on the Nusselt number. Their work focused on heat
transfer effects both upstream and downstream of the spacer for both mixing and non-mixing vane grid
styles. Noting the analogy between pressure-drop effects and heat-transfer effects, and using experimental
heat-transfer enhancement data from a collection of grid styles and different flow conditions, the authors have
proposed the following exponentially decaying correlation for heat-transfer enhancement effects experienced
downstream of the grid:

Nu 9 x
Nuo = 145556 exp [70.135} (8.1)

The heat transfer enhancement is a function of €, which is the blockage ratio of the grid (Apiocked/Abare)
as well as the downstream, non-dimensional distance from the end of the spacer grid (z/D). The non-
dimensional distance from the end of the spacer grid is calculated by dividing the absolute distance from
the end of the grid by the hydraulic diameter of the test section (bare region). This correlation applies to
single-phase flow (liquid or vapor) for non-mixing vane grid designs.

The authors have additionally suggested a means for capturing the swirling effect of vanes on the flow when
mixing-vane grid styles are to be modeled. The presence of mixing vanes has been observed to cause swirling
of the fluid, leading to increased local velocities and fluid mixing which, in turn, leads to increased heat
transfer. The authors proposed a simple model taking into account the fraction of the projected area of the
vanes as seen by the flow, A, the angle of the vanes, ®, and again, the downstream distance from the end of
the grid, z/D.
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N .

% — [1+ A2 tan?(®) exp [~0.0342/D]] > (8.2)
NUO

Since data from real mixing vane grids were not available, the authors used in-tube gas-flow experimental
data to develop the correlation. Because of this, the mixing-vane component of the correlation is not typically
utilized.

Regardless, for maximum user-flexibility, the model has been implemented into CTF in its full form, but
with the coefficients replaced with user-input variables, a, b, ¢, and d, as shown in Equation 8.3.

Nu

Nag = [1 + a€e? exp [b%“ [1 + A? tan?(®) exp [C%Hd (8.3)

In this way, the user is free to set d to 0.0, thus disabling the mixing-vane component of the correlation.

The authors also determined the upstream heat transfer effects of the grid to be linearly dependent on
distance from the grid; however, that contribution of the grid to heat transfer has not been included in CTF.
In activating the model, the user has the option to turn the model on for only single-phase vapor, or both
single-phase liquid and single phase-vapor. If used for both phases, and two-phase conditions persist, an
equal heat transfer enhancement factor will be multiplied by the rod heat transfer coefficient of each of the
phases.
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9. Fluid Properties

CTF is capable of calculating thermal conductivity, specific heat, viscosity, surface tension, and enthalpy for
water. Three conditions of water may exist that require separate attention: subcooled liquid, superheated
vapor, and saturated mixtures of both phases. These cases are separately covered in the following three
sections.

9.1 Original Water Properties

CTF’s original steam tables, utilized when IPROPS = 0, are a mixture of several sources. They are the
default option when running CTF. Their complete origins are somewhat unknown, but most property
evaluations have been traced to existing documentation. This uncertainty prompted the inclusion of newer,
more documented steam tables which could be verified by sources.

9.1.1 Saturated Liquid and Vapor

Saturated liquid and vapor enthalpies are calculated as a function of pressure based on expressions developed
for EPRI [115]. Other state properties, including density, saturation temperature, thermal conductivity,
viscosity, specific heat, and surface tension are interpolated from lookup tables that are indexed by the
saturated liquid enthalpy. Both the correlations used for determining saturation enthalpies as well as the
other state property lookup tables provide close agreement with the ASME Steam Tables [116] and the
NBS/NRC Steam Tables [117].

Saturation enthalpies are calculated in BTU/ibm as a function of pressure in psia. Liquid and vapor saturation
enthalpies are calculated in the SAT subroutine. The polynomial expression for saturated liquid enthalpy is:

Hy(Paat) = 52 _, Ay In(Paay)]" ™", for Paay < 2529.9 psia (9.1a)

Hy(Poa) = £0_1 A, [(3208.2 — J!Dsat)o-‘“}”’1 . for 2529.9 psia <= Pay < 3208.0 psia (9.1b)

The constants for the polynomial expansion, A4,,, are given in Table 3.
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Table 3: Polynomial expansion constant for the saturated liquid enthalpy correlation

BN
3

0.1 <= P < 898.7

Pressure
898.7 <= P < 2529.9

2529.9 <= P < 3208

© 00 3O Uk Wi+

0.6970887859-1072
0.3337529994-10 72
0.2318240735-1071
0.1840599513-107°
-0.5245502294-10~2
0.2878007027-102
0.1753652324-10~2
-0.4334859620-103
0.3325699282-10~*

0.8408618802-106
0.3637413208-1016
-0.4634506669-101°
0.1130306339-1016
-0.4350217298-1013
-0.3898988188-10
0.6697399434-1013
-0.4730726377-1012
0.1265125057-10"1

0.9060030436-1073
0.1426813520-1072
0.1522233257-1011
-0.6973992961-1019
0.1743091663-10°
-0.2319717696-10~1
0.1694019149-102
-0.6454771710-10~4
0.1003003098-10~°

The polynomial expression for vapor saturated enthalpy is given as follows:

Hg(Psat) = Ei:an [ln(Psat)]n_l + E?L:GB" [ln(Psat)}n—H)’ )

Hg(Psat) = E?z:an [ln(Psat)]n ! )

for 0.1 psia <= Psyy < 1467.6 psia (9.2a)

for 1467.6 psia <= Py, < 2586.0 psia

Hgy(Puat) = S5_ By, [(3208.2 — Psat)o"“]"_l . for 2586.0 psia <= Pyay < 3208.0 psia

The polynomial expansion constants, B,,, are provided in Table 4.

Table 4: Polynomial expansion constant for the saturated vapor enthalpy correlation

S5
3

0.1 <= P < 1467.6

Pressure
1467.6 <= P < 2586.0

2586.0 <= P < 3208

© 00 O Ui Wi+

0.1105836875-10+4
0.1436943768-1012
0.8018288621-101°
0.1617232913-10!
-0.1501147505-10~2
-0.1237675562-10*
0.3004773304-10~°
-0.2062390734-10~6
0.0

0.5918671729-106
-0.2559433320-101
0.3032474387-10+°
0.4109051958-10*1
0.3475066877-101°
-0.3026047262-1019
-0.1022018012-1012
0.1591215116-10**
-0.6768383759-10!

0.9059978254-1013
0.5561957539-1071
0.3434189609-107!
-0.6406390628-101°
0.5918579484-10~*
-0.2725378570-10~2
0.5006336938-10~*
0.0

0.0

The lookup table for other state properties include 90 entries of each property. Property data are shown in

Table 5.
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g CTF Theory
9.1.2 Superheated Vapor
9.1.2.1 Enthalpy

Enthalpy is calculated in the HGAS subroutine. It is calculated as a function of pressure and temperature
using the expression developed by Keenan and Keys [118]. Pressure is provided in atmospheres and Equation
9.3 gives enthalpy in units of J/g.

F F: F
H, = 0.43 {0.10129 (FoP + 71P2 + ZBP‘l + 11321313) + Fl] (9.3)
The F' coefficients are defined as:
0
Fi = 5 (Byr), for k= 0,1,3,12 (9.4)
T
where: 7 = the inverse of the temperature (°K), 1/T

By, = coefficients

The By, coefficients are defined as:

By = 1.89 — 2641.627 - 10308707 (9.5)
B = Bj (82.5467% — 1.6246 - 10°7°) (9.6)
By = Bj (0.218287% — 1.2697 - 10°7°) (9.7)
Biy = —Bj® (3.635 - 10 *7'* — 6.768 - 10%47°%) (9.8)
The F! term of Equation 9.3 is defined as:
) T 47.8365
F' = 2502.36 + / (1.472 + 0.00075566T + > dr (9.9)
273.16 T
9.1.2.2 Density
Superheated vapor density is calculated in HGAS. The specific volume is first calculated.
T
v = 4555047 + Bo + | (Bor)* G1P + (Bor)" GaP* — (Bor)™ Ggpﬂ T (9.10)

where: T = temperature (°K)
P = pressure (atm)
By = coefficient is defined as it was for enthalpy in Equation 9.5
7 = the inverse of the temperature (°K), 1/T

CASL-U-2019-1886-002 217 Consortium for Advanced Simulation of LWRs



CTF Theory g —/\SI_

The G terms are defined as follows:

Gy = 82.5467 — 1.6246 - 10°72 (9.11)
Go = 0.21828 — 1.2697 - 10°72 (9.12)
Gz =3.635-10"* — 6.768 - 1054724 (9.13)
The density is calculated as follows:
62.428
p= (9.14)
14

where: v = specific volume (¢m"3/g)
p = density (1bm/f;~3)

9.1.2.3 Temperature

Superheated vapor temperature is calculated in the TGAS subroutine. It is calculated directly from enthalpy
and pressure by the method outlined by Wagner and Kruse [119] in the Industrial Standard TAPWS-IF97.
One of three possible correlations is used to calculated temperature depending on what region the pressure
falls in. The pressure regions are Regions 2a, 2b, and 2c. The division between Regions 2a and 2b is 4 MPa.
The division between Regions 2b and 2c is calculated by the following equation:

Pap, threshold = 10 (905.843 — 0.679558h0em + 0.000128090A2 ) (9.15)

where: hyorm = normalized enthalpy to 2000 kJ/kg prior to inputting it into the above equation.

For Region 2a, the temperature is then calculated as follows:

T =53 01 () P2 (hporm — 2.1)71® (9.16)
where: huorm = normalized enthalpy to 2000 kJ/kg prior to inputting it into the above equation
Poorm = normalized pressure to 10 bar

ni,l1,j1 = the coefficients are given in Table 6

The Region 2b temperature calculation is performed as follows:

T =52 15 (1) (Poorm — 2)2@ (hyorm — 2.6)72 9.17
=1

where: ng,ls, jo = the coefficients are given in Table 7
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The Region 2c¢ temperature calculation is performed as follows:

where: ng,l3, j3 = the coefficients are given in Table 8

3 13(1) (Paorm + 25)2® (hyorm — 1.8)73(0) (9.18)

Table 6: Coefficients for the temperature calculation in Region 2a

CASL-U-2019-1886-002

A

L

.
—

0.108990-10104
0.849517-10103
-0.107817-10103
0.331537-10102
-0.742320-10101
0.117650-10102
0.184457-10101
-0.417927-10101
0.624782.10101
-0.173446-10192
-0.200582-10193
0.271961-10193
-0.455113-10103
0.309197-10104
0.252266-10106
-0.617074-10792
-0.310780-10100
0.116709-10102
0.128128.10109
-0.985549-10109
0.282245-10110
-0.359490-10110
0.172273-10110
-0.135513-10105
0.128487-10108
0.138657-10101
0.235988.10106
-0.131052-10108
0.739998.10+04
-0.551967-10106
0.371541-10197
0.191277-1010°
-0.415352-10106
-0.624599-10102

[\V]
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Table 7: Coefficients for the temperature calculation in Region 2b

n2

Iy

Jo

0.148950-10104
0.743078-10103
-0.977083-10102
0.247425-10101
-0.632813-10100
0.113860-10101
-0.478119-10100
0.852081-107°2
0.937471-10190
0.335931.10101
0.338094-10101
0.168445.10100
0.738757-10100
-0.471287-10100
0.150203-10100
-0.217641-10~92
-0.218108-10~91
-0.108298-10100
-0.463333-10~91
0.712804-10~%4
0.110328-10793
0.189552.10793
0.308915-107°2
0.135555-107°2
0.286402-10~96
-0.107799-10~%4
-0.764627-107%4
0.140524-10~%4
-0.310838-107%4
-0.103027-1079
0.282173-10796
0.127049-10~%
0.738034-107°7
-0.110301-107°7
-0.814564-10~13
-0.251805-10~10
-0.175652-10~17
0.869342.10~ 14

OQ O IO TNUUU B R R R R WWWWNONONNNDFRE R R EFERFRERFRERFRRFREFOODOODOODOOOOO
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Table 8: Coefficients for the temperature calculation in Region 2c

CASL-U-2019-1886-002

n3

-0.323684-10113
0.732634-10113
0.358251-10+12

-0.583401-10112

-0.107831-10*11
0.208255-10+11
0.610748-10106
0.859777-10106

-0.257457-1079°
0.310811-10105
0.120823-10104
0.482198-10193
0.379660-10101

-0.108430-10192

-0.453642-10~01
0.145591-10~12
0.112616-10~11

-0.178050-10~19
0.123246-10-96

-0.116069-1079°
0.278464-10~04

-0.592700-10793
0.129186-10792

I3 | J3
-7 0
-7 4
-6 0
-6 2
-5 0
-5 2
-2 0
-2 1
-1 0
-1 2
0 0
0 1
1 4
1 8
2 4
6 0
6 1
6 4
6 | 10
6 | 12
6 | 16
6 | 20
6 | 22
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9.1.2.4 Specific Heat

The specific heat is calculated as a function of the superheated vapor temperature and pressure. It is
calculated by the method outlined by Wagner and Kruse [119] in the Industrial Standard TAPWS-IF97.
Pressure is normalized to 10 bar. Temperature is first normalized by 1/540 K, as follows:

540
Thorm = —+ 1
. (9.19)

where: T = temperature (°K)

The specific heat is calculated in units of kJ/kg°k as follows:

Cp = _RHQOTI?OYII] (Pyo + 'Yr) (920)
where: Rp,0 = 0.461526, the specific gas constant for water

~o is defined as follows:

Yo = B9_1n0(i)jo(i) (jo (i) — 1)TI9)~2 (9.21)

where: ng, jo = terms are given in Table 9

v, is defined as follows:

Y = S8 e ()P jr (1) (r(i) — 1)(Thorm — 0.5)7 02 (9.22)

orm.

where: nr,ir, jr = coefficient terms are given in Table 10

9.1.2.5 Thermal Conductivity

The thermal conductivity of vapor is calculated in the TRANSP subroutine as a function of temperature
and density. It is calculated using equations given in the ASME Steam Tables [116]. The expression for
thermal conductivity is given as:

2
ky = ki + [103.51 + 0.41987 — 2.771 - 10~°T?] p,, + 2.1482 - 1014% (9.23)

with
kp =17.6 +5.87-1072T + 1.04 - 1074T% — 4.51 - 107873 (9.24)
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Table 9: Coefficients for the calculation of ~q

no | Jo

-9.6927686500217 | 0
10.086655968018 | 1
-0.0056087911283020 | -5
0.071452738081455 | -4
-0.40710498223928 | -3
1.4240819171444 | -2
-4.3839511319450 | -1
-0.28408632460772 | 2
0.021268463753307 | 3

where: k,, k1 = thermal conductivity (W/m-K)
pv = density (8/cm®)
T = temperature (°C)

9.1.2.6 Viscosity

Viscosity, like thermal conductivity is determined in the TRANSP subroutine using equations given by the
ASME Steam Tables[116].

[ 1 — p(1858 — 5.97), if T < 340°C (0.25)
Fo = pq + 353p + 676.5p2 + 102.1p%, if T > 365 °C :
with
fn = 0.407T + 80.4 (9.26)

where: p, = density (8/cm?)
T = temperature (°C)

For temperatures between 340 °C and 365 °C, the viscosity is linearly interpolated between values given by
the two components of Equation 9.25. Viscosity is given in units of micropoise by Equation 9.25.

9.1.3 Subcooled Liquid

Subcooled liquid properties are found as a function of liquid enthalpy using the saturated liquid properties
that have been given in Table 5. Dependence on pressure is neglected since it is very small for subcooled
liquids. Density is the only term not obtained from Table 5. Specific volume is obtained using the following
equation:

v =exp [S_ (B3 Coxi; P71 H) ™' (9.27)
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Table 10: Coefficients for the calculation of ~;,

nr

<.
3

.
<

-0.177 317 424 732 13-10792
-0.178 348 622 923 58-10~ 91
-0.459 960 136 963 65-10°1
-0.575 812 590 834 32.10~91
-0.503 252 787 279 30-1001
-0.330 326 416 702 03-1094
-0.189 489 875 163 15-10793
-0.393 927 772 433 55-10702
-0.437 972 956 505 73-10°1
-0.266 745 479 140 87-107%4
0.204 817 376 923 09-10~°7
0.438 706 672 844 35-10~%6
-0.322 766 772 385 70-107%*
-0.150 339 245 421 48-10792
-0.406 682 535 626 49-10~91
-0.788 473 095 593 67-10799
0.127 907 178 522 85-10~°7
0.482 253 727 185 07-10~%
0.229 220 763 376 61-10~%
-0.167 147 664 510 61-10~10
-0.211 714 723 213 55-107°2
-0.238 957 419 341 04-10102
-0.590 595 643 242 70-10~17
-0.126 218 088 991 01-10~9°
-0.389 468 424 357 39-10~91
0.112 562 113 604 59-10~10
-0.823 113 408 979 98-10101
0.198 097 128 020 88-10~°7
0.104 069 652 101 74-10~18
-0.102 347 470 959 29.10~ 12
-0.100 181 793 795 11-10~98
-0.808 829 086 469 85-1010
0.106 830 318 794 09-10190
-0.336 622 505 741 71-10100
0.891 858 453 554 21-10~24
0.306 293 168 762 32-10~12
-0.420 024 676 982 08-10~9°
-0.590 560 296 856 39-10~2°
0.378 269 476 134 57-10~%
-0.127 686 089 346 81-10 4
0.730 876 105 950 61-10~28
0.554 147 153 507 78-10~16
-0.943 697 072 412 10-1079

w w
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where: Ccx;j = the coefficient based on the indices ¢ and j from Table 11

The Prandt]l number for subcooled water is calculated as follows:

C
P’I“l = ad it

b (9.28)

Table 11: Subcooled water density constants, Ccoxij

i= 1 2 3

j=1 | -0.413450-10'°  0.13252:10~*  0.15812-10~5
j=2 | -0.594281075  0.63377-10~7  -0.39974-10°
j=3 | 0.15681-10"%  -0.40711-10-'° 0.25401-10~'2

4 5

,ﬂ..

-0.21959-107%  0.21683-10~ !
0.69391-10~'2  -0.36159-10~15
-0.52372-1071°  0.32503-10~ 18

.
I
W DN =

9.2 TAPWS Water Properties

The International Association for the Properties of Water and Steam (IAPWS) defines a consistent set of
correlations to calculate the properties of water and steam that has been integrated into the code as an
alternative to the above calculations. The correlations in TAPWS-IF97 [120] break up the fluid domain into
several distinct regions with pressures reaching up to 100 MPa and temperatures up to 1073 K for specific
enthalpy, specific volume, and specific heat capacity.

Region 1 can be considered as a subcooled liquid. Region 2 can be considered as a superheated vapor. Region
3 can be considered as a supercritcal fluid. Region 5 can be considered as an extreme superheated vapor add-
on. The correlations for enthalpy, specific heat, and specific volume for regions 1, 2,and 5 are based off of the
derivatives for the correlation of the dimensionless Gibbs free energy as a function of dimensionless pressure
and temperature. Region 3 instead calculates these values based off of the derivatives for the correlations
of the dimensionless Helmholtz free energy as a function of dimensionless density and temperature. The
TAPWS correlations for thermal conductivity [121], dynamic viscosity [122], and surface tension [123] are
not based on dimensionless free energy.

9.3 Molten salt properties

Thermophysical properties for LiF-BeFy (FLiBe) liquid salt are available in CTF. The properties are based
on a mixture of 67 molar percent LiF and 33 molar percent BeF5. The implemented correlations are shown
in Table 12.
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Figure 9.1: TAPWS-IF97 Fluid Regions

The liquid enthalpy relationship is defined using the assumption that the enthalpy is equal to zero at the
melting temperature:

h = cp(T = Trner) (9.29)

Standard convention would dictate that the internal energy, not the enthalpy, be set to zero at the melting
temperature. The enthalpy at the melting temperature would then be calculated using the general formula:

h=u+p/p (9.30)

Eq. 9.29 effectively ignores the contribution of the p/p term to avoid introducing a pressure dependence
into the enthalpy-temperature relationship, which (like the other correlations given in Table 12) is otherwise
independent of pressure. The effect of this simplification is negligible, especially at the relatively low pressures
typical of molten salt applications. Furthermore, only the change in enthalpy along a flow channel is of real
interest, so the selection of a reference enthalpy value is only a matter of convention.

Note that CTF requires property values to be available for both the liquid and vapor phases of the working
fluid; therefore, dummy values were used for the “vapor” phase of the molten salt fluid. However, the molten
salt properties are intended for use only in the subcooled liquid regime, as the vapor properties are not
physically realistic.

Table 12: FLiBe Salt Thermophysical Properties [124]

Quantity Equation Units Uncertainty
Melting Point (Tynert) 731.15 Tineir in [°K] unknown
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Boiling Point (Tpes1) 1673.15 Thoir in [°K] unknown
Density (p) —0.4884T + 2413. T in [°K] +0.05%
p in [kg/m?] +0.05%
Dynamic Viscosity (u) (1.16 - 104)e375/T | T in [°K] +20%
p in [Pa-s] +20%
Thermal Conductivity (k) 0.00057" 4 0.63 T in [°K] +15%
k in [W/m-K] +15%
Specific Heat (c,) 2.416 ¢p in [kJ/ke-K] +2%
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10. Solid Properites

The primary purpose of this chapter is to provide a complete list of thermophysical solid properties available
to CTF. Section 10.1 provides properties of LWR oxide fuels, Section 10.2 provides properties of fuel clad
materials, and Section 10.3 provides properties used for fuel rod fill gases. The material properties correla-
tions for the nuclear fuel rod are mostly included from recent versions of MATPRO nuclear material library
handbook.

10.1 Fuel Pellet Material Properties

The properties are temperature dependent, so they were implemented into CTF as state functions, with a
conversion from SI to English units made. The user may model other fuel types using materials besides UO4
and Zircaloy by giving CTF the thermal conductivity and specific heat as a function of material temperature
in lookup tables.

10.1.1 Fuel Emissivity

The UO2 emissivity €0, , used for calculating the radiative heat transfer between clad and gap. The spectral
emissivity from [125], is given by
€vo, = 0.78557 + 1.5263 - 107°T (10.1)

where: T = fuel temperature (°K)

Figure 10.1 shows the spectral emissivity of UOs fuel as a function of temperature with the hemispherical
spectral data of Held and Wilder (1969) [126], the emissivity data of Cabannes (1967) [127], and Claudson
(1958) [128].

10.1.2 Fuel Specific Heat Capacity

The specific heat capacity is needed for temperature calculations in transient calculations due to the calcu-
lated stored energy/enthalpy being calculated via the specific heat capacity. The specific heat of UOq from
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Figure 10.1: UO; fuel emissivity.
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MATPRO-11 [129] is calculated as:

Cp— K16% exp (0/T) S exp
T2 (exp (§/T) — 1)° 2  RT?

where: Cp = specific heat capacity of UOq fuel (/kg-°K)
T = the temperature °K
OM = the oxygen to metal ratio, which is taken to be 2
R = 8.3143 J/mol—K
# = the Einstein temperature

(10.2)

Table 13: Empirical coefficients in Equation 10.2

Fuel Kl KQ K3 0 ED
type | (VkeoK) | (Ykek) | (Irex) | (°K) (J/mot)
U0, 296.7 2.43-1072 | 8.745-107 | 535.285 | 1.577-10°

Figure 10.2 shows the fuel specific heat of UOs fuel as a function of temperature.

10.1.3 Fuel Thermal Conductivity
Uranium Dioxide

The cold-state density of UOy density is 684.86 om/g3. The thermal conductivity of UO5 is calculated in
three different ways as:

e MATPRO correlation [130], with an expected operating range of 500-3000°K, is only function of
temperature. The thermal conductivity is given in units of BTU/nr--F by:

2335

e W |
464 + Toi’ 038)

KU02 = C{ max (

+7.027-10 3 exp (1.867 - 1073 - T> }
“ ) (10.3)

o= 1-8-(1-TD)
T 1-005-8
B=258—(58-10"") Toc
where: To = the temperature (°C)

TD = the theoretical density (-)
C, B = the empirical coefficients

This model is set to CTFE’s default fuel thermal conductivity model. Figure 10.3 shows the thermal
conductivity of UOy as a function of temperature.
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Figure 10.2: UOQO; fuel specific heat.
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Figure 10.3: MATPRO-11 model for the thermal conductivity of 95% TD UQ,.
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e Modified NFI correlation [131], the thermal conductivity (W/m-K) for the unirradiated 95% TD
UO,, fuel is represented as the summation of a lattice vibration (phonon) term Kpponon and electronic
(electron hole pair effect) term Kejectronic-

KU02,95 = Kphonon + Keectronic
Kphonon = 1/(0.0452 + 0.000246Tx + 0.00187Bu + 1.1599Gad
+ [1.0 — 0.9 exp(—0.04Bu)]0.038h Bu’-?%)

3.50 - 10° 16361 (10.4)
Kelectronic - T exp | —
K K
6380.0
hzl/{1.0+396.0exp <— )}
Tk

where: Tk = the temperature (°K)
Bu = the burnup in MWD/x,u
Gad = is the gadolinia content in wt.%
h = the empirical function

The model is valid over

300 <T(K) < 3000

0 <Bu < 62MWd /kgU
092 <TD <097

0 <Gad < 10wt.%

Figure 10.4 shows the thermal conductivity of 95% TD UO, as a function of temperature, burnup and
gadolinia content.

e Halden correlation [132], the thermal conductivity (W/m-K) for the unirradiated 95% TD UO, fuel
is estimated as:

Kv0,,905 = Kphonon + Kelectronic
Kphonon = 1/(0.1148 + 1.1599Gad + 1.1599f, + 4 - 10~* Buyo,
+2.475 - 107*[1.0 — 0.00333 Buyo,]T,) (10.5)
Keeetronic = 1.32 - 1072 exp(0.00188T¢)
T, = min(1650.0, T¢)

where: T = the temperature (°C)
Bu = the burnup in MWD/xeu
Buyo, = Bu/1.1366, the burnup in MWd/kgu
OM = oxygen-to-metal ratio (i.e., represents the deviation from stoichiometry, 2)
Gad = is the gadolinia content in wt.%
h = the empirical function
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Figure 10.4: Modified NFI model for the thermal conductivity of 95% TD UQ,.

Consortium for Advanced Simulation of LWRs 234 CASL-U-2019-1886-002



SBCASI

CTF Theory

The model is valid over

300 <T(K) < 3000

0 <Bu < 62MWd/kgU
0.92 <TD < 0.97

0 <Gad < 10wt.%

Figure 10.5 shows the thermal conductivity of 95% TD UQO, as a function of temperature, burnup and
the gadolinia content.

T T T

| | —e— Bu=0.0,Gad=0.0

g_ ~e- Bu=0.0,Gad=0.05
; ; —=— Bu=30.0,Gad=0.0

|- = - Bu=30.0,Gad=0.05]

—a— Bu=60.0,Gad=0.0

|- &- Bu=60.0,Gad=0.05 ||

10 :

K95 (W/m-K)

1 | | | !
500 1000 1500 2000 2500 3000
Temperature (K)

Figure 10.5: Halden model for the thermal conductivity of 95% TD UQs..

The thermal conductivity model is adjusted for as fabricated fuel density using Lucuta’s recommendation
for spherical-shaped pores [133, 134, 132].

1.0789TD
Kyo, = Kuo,,95 ( )

10.6
1.0+05 (1.0 - TD) (106)
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MOX

The thermal conductivity is represented as the summation of a lattice vibration (phonon) term Kpponon and
an electronic (electron hole pair effect) term Kejectronic. For unirradiated 95% TD MOX fuel, the thermal
conductivity Kprox,95 is calculated by using three models, which are:

e The Duriez/Modified NFI correlation is developed combining the Duriez stoichiometry-dependent
correlation and modified NFI correlation that includes the burnup degradation effects. For 95% TD
MOX fuel, the thermal conductivity is given in units of W/m-k by

KMOX,95 = Kphonon + Kelectronic
Kphonon = 1/(aonr + conr T + 0.00187Bu + 1.1599Gad

+ [1.0 — 0.9 exp(—0.04Bu)]0.038h Bu’-2%)

X _L50-10° (13520
electronic — TIZ( Xp TK (107)
—6380.0
h= 1/{1.0 1 396.0 exp <) }
Tk

aonm = 2.850M + 0.035
conm = (2.86 — 7.150M) 1.0 - 1074

where: aopnr, boar, h = the empirical coefficients

OM = oxygen-to-metal ratio

Bu = the burnup (MWD/keU)

Tk = the temperature in (°K)
Gad = the gadolinia content (wt.%)

Figure 10.6 shows the thermal conductivity of 95% TD MOX as a function of temperature, burnup
and the gadolinia content.

e Halden correlation [132], the thermal conductivity for 95% TD MOX fuel is calculated as given
in Equation 10.5 except Kpponon term that is multiplied by 0.92 to account for reduction in thermal
conductivity due to the presence of mixed oxides and the K¢jectronic term remains unchanged.

KMOX,95 = 0~92Kphonon + Kclectronic (108)

The model is valid over
300 <T'(K) < 3000
0 <Bu < 62MWd /kgU
0.92 <TD <0.97
0 <plutonia content < Twt.%
plutonia particle size < 2um

Figure 10.7 shows the thermal conductivity of 95% TD MOX as a function of temperature, burnup
and the gadolinia content.
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Figure 10.6: Duriez/Modified NFI model for the thermal conductivity of 95% TD MOX.
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Figure 10.7: Halden model for the thermal conductivity of 95% TD MOX.
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e Amaya correlation [135], provides a dependency on plutonium concentration by applying corrections
for the UO5 thermal conductivity. CTF uses MATPRO model to compute unirradiated UOs thermal
conductivity. The MOX thermal conductivity (W/m-K) is given by:

Kyox,05 = Hu0s 95 '
’ Do,puexp(D1,puT)y (10.9)

arctan(\/Doypu exp(D1,puT)yKu0,,95)

where: Kyo, 95 = the unirradiated UOs thermal conductivity (W/m-K)
T = the temperature (°K)
Y = the plutonium concentration (wt.%)

Dy py, D1,py = the empirical coefficients

The empirical coefficients;

Do_pu = 0.209m-W /K

10.10
Dy p, =1.09-102 K1 ( )
CTF uses MATPRO model for the thermal conductivity of 95% TD UQ,. This model will be adapted
to use any UOs thermal conductivity in CTF. The MATPRO model is set for simplicity. Figure
10.8 shows the thermal conductivity of 95% TD MOX as a function of temperature, burnup and the
gadolinia content.

The thermal conductivity of 100% TD is obtained by multiplying by the density correction factor to be
representative of the material of interest. The thermal conductivity of MOX fuel is obtained in a similar
way of UOq as:

(10.11)

1.0789T D
Kyox = Kmox,os ( )

1.0+05 (1.0 - TD)

10.1.4 Fuel Melting Temperature

The fuel melting temperature is used to calculate the temperature of the liquid phase (solidus) and the
last solid phase (liquidus) of UO2 and MOX fuels as a function of burnup, gadolina content and plutonia
content [129, 125].

Tstaus = 3113.15 — 5.41395X p,, + 7.46839 - 10 * X3,

L (10.12)
Thiqdus = 3113.15 — 3.21860X p,, + 1.448518 - 102X 2,

where: ' = fuel local temperature (°K)
Xp,, = the content of plutonia [wt.%]
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Figure 10.8: Amaya model for the thermal conductivity of 95% TD MOX.
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The melting temperature is calculated as:

e for Xp, =0:
T, = 3113.15— 5.0 - 104 Bu (10.13)
e for Xp, # O:
T, = —5.0-10"*Bu
m sldus , (1014)
AT’m = /—Tliqdus - Tsldus —-5.0-107"Bu
e for Gd-doped urania:
Ty = 3115 — 4.8XGa,0, (10.15)
where: Bu = fuel burnup [MWd/MTU]
X¢d,0, = the concentration of gadolinia [wt.%]
Tsidus = solidus temperature [K]
Tiigaus = liquidus temperature [K]
T = fuel melting temperature [K]
AT,, = temperature range between the solidus and liquidus [K]

Figure 10.9 shows the solidus and liquidus boundaries of the melting temperature of UOs and MOX as well
as the calculated fuel melting temperature.

10.1.5 Fuel Thermal Expansion

The FTHEXP subroutine to calculate the fuel thermal expansion is used in CTF [129, 125]. Linear strain
caused by fuel thermal expansion (equal to zero at 300K) is given in a generic form of

AL
(L) = KlT — KQ + K3 exXp (—ED/]CT) (1016)

e During melting, an expansion equal to a linear strain of 0.043 occurs.

e For the fuel is partially molten:

AL AL
(L) - <L)Tm + 0043 . Rmolten (1017)
e For the entirely molten fuel:
AL AL
(L> = (L> +0.043 +3.5-107° [T — (T}, + AT)] (10.18)
T
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Figure 10.9: Solidus and liquidus boundaries of the melting temperature (top) and melting temperature
(bottom).
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where: (AL/L)p = thermal expansion of solid fuel with T' = T;, [-]

Ep = energy of formation of a defect [J]

k = Boltzmann’s constant [1.38-10723 J/K]

Rinoiten = fraction of the molten fuel [-] (solid 0.0; molten 1.0)
T = temperature [K]

T = fuel melting temperature [K]

CTF Theory

The empirical constants for UOy and PuQOs to be used in Equation 10.16 are tabulated in Table 14.

Table 14: The empirical constants for UOy and PuOy (See Equation 10.16)

MATPRO | FRAP
Constant U0, U0, PuO,
K [K™1 1.0-107° 9.80-107¢ | 9.0-10°6
Ks [-] 3.0-1073 2.61-10=3 | 2.7.1073
Ks [-] 4.0-1072 3.16-107% | 7.0-1072
Ep [J] 6.9-10720 | 1.32.1071° | 7.0-102°

Figure 10.10 and 10.11 show the linear strain caused by the thermal expansion of UOs and PuQOs fuels,
respectively, as a function of fuel temperature.

10.2 Cladding Material Properties

10.2.1 Cladding Thermal Conductivity

The cold-state density of Zircaloy is 409 1bm/f3. The thermal conductivity of Zr2/4 is calculated using model
from MATPRO-11 [129] as follows:

Kz =17.5140.0209T — 1.45-107°T% 4 7.67 - 10~ °T* (10.19)
where: Kz = thermal conductivity (W/m-K)
T = fuel temperature (°K)
Thermal conductivity of zircaloy, Kz (W/m-K) from FRAPCON [125] is given as:
K, — 7.51 4 0.02097 — 1.45- 107572 4+ 7.67 - 107973 for T < 2098°K (10.20)
Z- 36 for T >2098°K '

Thermal conductivity of zircaloy, Kz (W/m-K) from IAEA report [136] is given as:
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Figure 10.10: UOs fuel thermal expansion.
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Figure 10.11: PuOs fuel thermal expansion.
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Kz =12.767 — 5.4348 - 10~ T + 8.9818 - 10672 (10.21)

Add table for experimental data here !!

Figure 10.12 shows the thermal conductivity of zircaloy as a function of temperature.
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Figure 10.12: Thermal conductivity of zircaloy.

10.2.2 Cladding Oxide Thermal Condutivity

The cold-state density of ZrOs is 4091Pm/s3 and the specific heat capacity of ZrOs is set to 0.0785. The
thermal conductivity, Kz,0, (W/m-K) as a function of temperature T (°K) from [129, 125] is given as:

Kz,0, =196 —2.41-107*T +6.43-10" 7T — 1.95 - 107073 (10.22)

where: Kz,0, = thermal conductivity (W/m-K)
T = fuel temperature (°K)
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Figure 10.13 shows the thermal conductivity of ZrOs as a function of temperature.
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Figure 10.13: Thermal conductivity of ZrOs.

10.2.3 Cladding Specific Heat

The specific heat of Zircaloy is obtained from a lookup table taken from MATPRO-11 (Revision 1)[67], shown
in Table 15. Figure 10.14 shows the tabulated data of cladding specific heat as a function of temperature
with a-phase data of Brooks and Stansbury (1966) [137] and S-phase data of Deem and Eldridge (1967)
[138] and Coughlin and King (1950) [139]. The data of cladding specific heat are applicable for Zircaloy-2,
Zircaloy-4, ZIRLO, Optimized ZIRLO, and M5.
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Figure 10.14: Cladding specific heat capacity.

Table 15: Lookup table for calculating the specific heat of Zircaloy

T(°K) Cp (Y/xe-K) Source

300 281 Brooks and Stansbury [137]
400 302

640 331

1090 375

1093 502 Deem and Eldridge [138]
1113 590

1133 615

1153 719

1173 816

1193 770

1213 619

1233 469

1248 356

2098 356 Coughlin and King [139]
2099 356
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10.2.4 Cladding Surface Emissivity

The emissivity of the zirconium cladding with thin oxide coatings was taken from the ZOEMIS subroutine
of MATPRO-11 (Revision 2)[129], which is given as:

{ 0.325 4+ 0.1246 - 10d for d < 3.882106

0.808642 — 50d for d > 3.88210° (10.23)

€z1 =

)

where: d = the oxide thickness (m)
T = the maximum cladding temperature (°K)

When the maximum cladding temperature exceeds 1500°K, the emissivity is assumed to be greater than
0.325. Equation 10.23 relates the emissivity ez o (unitless) above 1500°K to €z 1 and T (°K) as:

[1500 — T])

10.24
300 (10-24)

€z,2 = €7,1 €XP (

Figure 10.15 shows the cladding spectral emissivity of zirconium as a function of temperature and oxide
thickness.

10.2.5 Cladding Meyer Hardness

For the case when the gap closes due to fuel pellet expansion, there will be fuel/cladding contact. In this
case, it is necessary to know the hardness of the cladding for determining the heat transfer due to pellet/clad
contact. Meyer hardness as a function of temperature, T' (°K), Hz (N/m?) is implemented to CTF from the
CMHARD subroutine of MATPRO-11 manual [129], and given as:

Hz = exp (26.03 — 0.026397 + 4.3502 - 107°T° — 2.5621 - 10~ 57°) (10.25)

where: T = temperature (°K)

Figure 10.16 shows the cladding Meyer hardness as a function of temperature with the data of Peggs and
Godin (1975) [140].

10.2.6 Cladding Thermal Expansion

For determining the cladding deformation due to thermal expansion, it’s important to know the cladding
strain and stress. The cladding strain is calculated in axial and radial directions.

For the a-phase runs with temperatures between 300 °K and 1073 °K:
€Z.axial = 4.44-107°T —1.24- 107
€z radial = 6.72-107°7 —2.07-1073 (10.26)
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Figure 10.15: Zirconium cladding emissivity (Equation 10.23).
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Figure 10.16: Meyer hardness of cladding.
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and for the S-phase with temperatures between 1273 °K and the melting point:
€Z,axial = 9.7-107°7 - 1.1- 1072

foen! 6 5 (10.27)

€7 radial = 9.7-107°T —9.45 - 10~

where: T = temperature (°K)

Very little data are available for the a-phase to S-phase transition zone, which exists for temperatures from
1073 °K to 1273 °K. A lookup table was entered into CTF for this range, the data being taken from Scott’s
data[141] as presented in MATPRO-11 (Revision 1)[67]. Axial and radial strain data for Zircaloy are given in
Table 16. Figure 10.17 shows the cladding axial and radial thermal expansion as a function of temperature.

0.025 | Thflermall Expansion (-)

0.020} a-phase -phase

0.015
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0.000

|

| — Axial; AL/L,
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1

—0.005

0 500 1000 1500 2000 2500 3000 3500
T (K)

Figure 10.17: Cladding axial and radial thermal expansion.

10.2.7 Cladding Elastic Modulus and Shear Modulus

Stress in the cladding is calculated using Young’s modulus. The shear modulus for Zircaloy is calculated as
in the CELMOD and CSHEAR subroutines of MATPRO-11. Effects are oxidation (K1), cold work (K3),
and fast neutron fluence (K3) are neglected.
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Table 16: Zircaloy axial strain data for the a-phase to S-phase transition zone

CASL-U-2019-1886-002

T (OK) €7 axial (ft/ft)103 €7 radial (ft/ft)103
1073.15 3.52774 5.1395
1083.15 3.53 5.22
1093.15 3.50 5.25
1103.95 3.46 5.28
1113.15 3.41 5.28
1123.15 3.33 5.24
1133.15 3.21 5.22
1143.15 3.07 5.15
1153.15 2.80 5.08
1163.15 2.50 4.90
1173.15 2.00 4.70
1183.15 1.50 4.45
1193.15 1.30 4.10
1203.15 1.16 3.50
1213.15 1.13 3.13
1223.15 1.10 2.97
1233.15 1.11 2.92
1243.15 1.13 2.87
1253.15 1.20 2.86
1263.15 1.30 2.88
1273.15 1.40 2.90
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For the a-phase wtih T' < 1093 °K:

E; =1.088 - 10" — 5.475 - 10T

10.28
Gz =4.04-10'° —2.168- 10T ( )

and for the S-phase with T' > 1239 °K:

E; =9.21-10* —4.05-10°T

10.29
Gz =3.48-10"" -~ 1.66 - 10"T (10-29)
where: T' = temperature (°K)

Ez = Young’s modulus (Pa)

Gz = shear modulus (Pa)

Linear interpolation is used for calculating £z and Gz in the a-phase to S-phase transition region. Poisson’s
ratio is obtained as follows:

where: v = Poissons’s ratio (unitless)
E = Young’s modulus (Pa)
G = shear modulus (Pa)

Figure 10.18 shows the cladding elastic moduli for the isotropic material as a function of temperature.

10.3 Gas Properties

CTF includes capabilities of modeling several non-condensable gases in the simulation, including: air, argon,
helium, hydrogen, krypton, nitrogen, oxygen, and xenon. This necessitates including means of calculating
gas properties for different system conditions. Non-condensable gases are modeled by the user providing
information on the gases present in the system, their concentrations, and the reference enthalpy of the gas
mixture. CTF includes specific heat and gas constant data for the gases to enable the calculation of gas
mixture enthalpy and density.

10.3.1 Gas Conductivity

Properties are available for 6 different types of nuclear fuel rod fill gases. The gas conductivity as well as
the gas molecular weight (M;) is needed for determination of the mixture gas conductivity. The fill gas
conductivity (BTU/nr-fe-F) is given by

K =axTl, (10.31)

where: K = thermal conductivity (BTU/hr-ft-F)
a, b = the empirical coefficients
T = temperature (°R)
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Figure 10.18: Cladding elastic moduli for isotropic material.
Table 17: Fill gas conductivity relations
Gas a b M;
1 Helium 1.314-10~%  0.668 4.003
2  Xenon  1.395-107°  0.872 131.3
3 Argon 1.31-1073 0.701  39.944
4 Krypton 1.588-107° 0.92331  83.8
5 Hydrogen 5.834-10"% 0.8213  2.016
6 Nitrogen 7.35-1075 0.846 28.8
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The temperature dependent conductivities and gas molecular weights are given in Table 17.

Figure 10.19 shows the fill gas thermal conductivity as a function of temperature for helium, xenon, argon,
krypton, hydrogen and nitrogen.
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Figure 10.19: Fill gas thermal conductivity.

10.3.2 Molecular Weight

The molecular weight of the gases supported by CTF are given in Table 18.

10.3.3 Gas Specific Heat

Specific heat is determined in the GASP subroutine. The specific heat for the gas mixture is calculated by
summing the specific heats of individual constituent gases times their mass fraction.

Consortium for Advanced Simulation of LWRs 256 CASL-U-2019-1886-002



g —/\SI_ CTF Theory

Table 18: Molecular weights and specific gas constants of gases used in CTF

Molecular Specific Gas Constant

Gas Weight (Pst/°R(1bm/ft?)
Air 28.96 53.34
Argon 39.94 38.66
Helium 4.003 386.0
Hydrogen 2.016 766.4
Krypton 83.70 18.459
Nitrogen 28.016 55.15
Oxygen 32.0 48.28
Xenon 131.3 11.767
Cp = 221 mf ;Cp; (10.32)

where: mf = the mass fraction of the gas

The mass fraction of the gas is found by dividing the gas molecular weight by the total molecular weight of
the gas mixture.

a; mw;

= —rae—————— 10.33
mf; Y :gl‘ ; ; ( )
where: «; = the fraction of the individual gas in the mixture

mw,; = the molecular weight of the gas

The specific heats of the individual gases are found by correlation. For air, the correlation to be used depends
on the gas temperature. Note that the gas mixture temperature is considered to be in thermoequilibrium
with the vapor temperature and, thus, they are equal in CTF. The air specific heat, in units of BTU/ibm°F,
is:

O, = 0.244388 — 4.20419 - 107°T +9.61128 - 107372 — 1.16383 - 10~ 173, for T <= 600 °K10.34a)

Op,i, = 0.208831 + 7.71027 - 107°T — 8.56726 - 10272 — 4.75772 - 10~ 273, for T > 600 °K (10.34b)

Argon specific heat is set to a constant of 0.12428 BTU/ibm°F. Helium specific heat is set to a constant of
1.2404 BTU/1bm°F. The hydrogen specific heat is temperature dependent.

Cpy = 1.46910 + 1.60057 - 10727 — 4.44048 - 107°T? 4 4.21220 - 107373, for T <= 400 °K (10.35a)

Cpy = 3.56903 — 4.8959 - 10747 + 6.22549 - 10772 — 1.19686 - 101973, for T > 400°K  (10.35b)
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The krypton specific heat is set to 0 BTU/ibm°F. Nitrogen specific heat is temperature dependent.

Cpy = 0.259934 — 8.42119 - 107°T + 1.72117 - 10~ "T? — 6.7294 - 10~ T3 for T <= 775 °K(10.36a)

Cpx = 0.201678 4 1.08013 - 10747 — 3.32212 - 107572 + 2.45228 - 10~ 273, for T > 775 °K (10.36b)
The oxygen specific heat is temperature dependent.

Cpo = 0.222081 — 7.6923 - 107°T + 2.78765 - 10~ T2 — 1.70107 - 107073, for T <= 760 °K(10.37a)

Cpo = 0.1771 + 1.49509 - 10™* — 8.4494 - 107372 4 1.83236 - 10~ 1173, for T > 760 °K (10.37b)

The xenon specific heat is set to 0 BTU/Ibm°F.

Figure 10.20 shows the specific heat of air, nitrogen, hydrogen and oxygen as a function of temperature.

10.3.4 Gas Density

The gas mixture density is found using the ideal gas law.

o P
Prix = R i (T + 459.6)

(10.38)

where: T = the temperature (°F)
R = the gas constant (Psi/°R(ibm/ft?))

The gas constant for a mixture is calculated by summing the products of individual gas mass fractions and
their individual gas constants.

Ruix = 227 mf R, (10.39)

The individual specific gas constants were given in Table 18. Units were in pounds per square foot (psf) in
the table, so those values are converted to psi before being used to calculate density. Gas mixture density is
calculated in various locations of the source code as it is needed.

10.3.5 Gas Enthalpy

The enthalpy of the gas mixture is calculated using the specific heat of the mixture. The temperature change
from the reference temperature, Tief, is multiplied by Cp and added to the reference enthalpy, hyef.
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Figure 10.20: Specific heat of air, nitrogen, hydrogen and oxygen.
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Huix = Cprie (To = T7) + Hyet (10.40)

If the solution is in the middle of a transient, the previous time step temperature and enthalpy is used in
place of the reference values.
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