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ABSTRACT

A review is made of the computer codes developed in the
U.S. for thermal-hydraulic analysis of nuclear reactors. The
intention of this review is to compare these codes on the
basis of their numerical method and physical models with
particular attention to the two-phase flow and heat transfer
characteristics. A chronology of the most documented codes
such as COBRA and RELAP is given. The features of the recent
codes as RETRAN, TRAC and THERMIT are also reviewed. The
range of application as well as limitations of the various

codes are discussed.
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EPRI: Electric Power Research Institute
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WREM: Water Reactor Evaluation Model
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1. Introduction

Numerous computer codes have been written to calculate
the thermal-hydraulic characteristics of the reactor core and
the primary loop under steady-state and operational transient
conditions as well as hypothetical accidents. New versions of
some of these codes are still to come. The main purposes of
the cohtinuing effort in the development of such computer codes
have been improved computational effectiveness and improved
ability to predict the response of the core and the primary
loop. Therefore, efforts have been continued to incorporate
the recent models and methods of analysis in the areas of both
hydrodynamics and heat transfer in two-phase flow to the extent
that their prediction are reasonably reliable. For example,
such a step by step development has been effected in the various
versions of COBRA and RELAP Computer Programs.

The code users are therefore confronted with the need to
develop criteria to choose the most appropriate version to
handle a specified case. This is a two pronged decision since
it requires not only an evaluation of the models and methods
used in each code but also a comparison between the results and
experimental data to observe how well these data are predicted.

An attempt is made here to address the first step, i.e.,
comparison of the models and methods. To accdmplish this, a
study was made on the physical models and numerical methods
which have been employed in the WOSUB, RETRAN, TRAC and THERMIT
as well as various versions of COBRA and RELAP as listed in

Table 1-1.



Iable l-1

List of reviewed thermal hydraulic codes.

Name of Code

COBRA-I
COBRA-II
COBRA~IIT
COBRA-IIIC
COBRA-IIIP
COBRA-IV-I
COBRA-DF
COBRA-TF
RELAP2
RELAP3
RELAP3B-MOD101
RELAP4
RELAP4-MOD5
RELAP4-MOD6
RELAP4-MOD7
RELAP4-EM
RELAPS
WOSUB
RETRAN
TRAC

THERMIT

Reference Number

1

2

10
11
12
13
14
14
15
16
17
18
19

20
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These codes, especially COBRA and RELAP series, are well
known thermal hydraulic computer codes and have been extensively
used in the nuclear industry. WOSUB and RETRAN introduce a
new treatment for the hydrodynamics modeling. TRAC and THERMIT
have gone further by applying the most advanced existing treat-
ment of the two-phase flow, namely, three-dimensional, two-
fluid, non-equilibrium model.

In the comparison that follows, both the advantages and
drawbacks are noted in each code and ultimately it is attempted
to assess the capability of each code for handling a specified

case.

2. Classification of Nuclear Reactor Thermal-Hydraulic Codes

The existing thermal hydraulic codes may be classified
under several categories as follows:

1) Capability of the system analysis

This contains two different classes of codes; namely,
system component codes and loop codes. Basically, the hot
channel or the fuel behavior codes are system component codes;
however, some of these codes are extended to other situations
far removed from subchannel (one channel) geometry. Integration
of the down comer, jet pumps (in BWR's), bottom flooding, UHI
and the like models into a component codes, makes it .a vessel
code, As distinct from the loop codes which are devised to
analyze the whole primary side including reactor core and the
secondary side, a variety of codes ranging from hot channel to

vessel codes are called system component codes in this report.
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2) Type of two-phase flow modeling

This part deals with the mathematical models used in
thermal hydraulic codes to calculate the characteristics of
the two-phase flow either in the reactor core or in the primary
loop. The two pertinent methods in this respect, namely,
the homogeneous equilibrium model and the two-fluid model fall
in this category.

3) Range of application

Since the capability of each code to handle flow
and fuel rod calculations depends upon the mathematical models
used to represent the physical situations as well as the
numerical methods employed, codes can be classified in these
respects into steady-state, transient and accident analysis
(such as LOCA) codes. Naturally, the more demanding codes
in this respect are ATWS and LOCA codes.

4) Type of application

Codes may also be classified based upon their types,
i.e., Best Estimate (BE) type and Evaluation Model (EM) type.
The latter group are basically devised for the purpose of
licensing.

The type of nuclear reactor for which thermal hydraulic
codes are devised (such as PWR, BWR and LMFBR) may be another
category. A detailed discussion concerning each mentioned

category is presented in the following sections.

2.1 Classification According to System Analysis Capability

2.1.1 Component Codes

Core thermal hydraulic assessments necessitates analysis
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of fluid passing axially along the parallel rod arrays. Such
analysis is difficult to conduct due to the degree of freedom
associated with parallel rod array and the two-phase flow and
heat transfer involved in nuclear reactors. 1In addition,
radial and axial variations of the fuel rod power generation
exacerbates this situation.

Assumptions have been made to simplify the task of model-
ing the hydrodynamics and heat transfer characteristics of
the rod arrays.

(21)used in

Generally, there are three pertinent methods
rod bundle thermal hydraulic analysis of the nuclear reactor
core as well as heat exchangers, namely, (a)-subchannel analysis,
(b)-porosity and distributed resistance approach and finally
(c)-benchmark rod-bundle analysis which uses a boundary fitted
coordinate system,

The first approach is widely used in the subchannel codes
such as COBRA, FLICA, HAMBO and THINC. Whereas the second
approach is employed in THERMIT.

The subchannel approach will be more elaborated upon here,
while a discussion in detail of these three concepts is pre-
sented in Ref 21.

In the subchannel approach, the rod array is considered
to be subdivided into a number of parallel interacting flow
subchannels between the rods. The fluid enthalpy and mass velocity
is then found by solving the field or conservation equations
for the control volume taken around the subchannel.

Although a rod-centered system with subchannel boundaries
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(a) Coolant centered subchannel and
conventional subchannel numbering.

(b) Rod center system with subchannel

boundaries.
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defined by lines of "zero-shear stress" between rods (Fig. 1l-b)
seems to be a well-defined control volumes,* it has become
customary to consider a coolant centered subchannel as a con-
trol volume (Fig. l-a). The number of the above-mentioned
control volumes axially is as many as the number of the channel
length intervals.

Unlike the benchmark rod-bundles approach, the subchannel
approach does not take into account the fine structure of both
velocity and temperature within a subchannel.** In other
words; there are no radial gradients of flow and enthalpy in
the subchannels but only across subchannel boundaries. There-
fore, the flow parameters such as velocity, void fraction,
and temperature are averaved over the subchannel area. Further-
more, the averaged values are assumed to be located at the sub-
channel centroid. The following example elaborates the latter
assumption.(48)

The transverse heat conduction in the fluid passing

through the subchannels shown in Fig. 2-a becomes

q i = kij 11 J [1.a]

o

v

* This model was first introduced in the Italian subchannel,
code (CISE (23). It is especially preferred in modeling the
strict annual two-phase flow condition, due to its resemblance
to the annual geometry.

** An excellent discussion concerning the fine structure of the
flow field within the coolant region is presented in Ref. (24).
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and

where g", k, T and 1 are heat flux, thermal conductivity,
averaged temperature and finally centroid-to-centroid distance
between the adjacent subchannels respectively. Assuming
identical fuel rods, the centroid located averaged subchannel
temperature seems to be a valid assumption for subchannel j.
However, for subchannels i and k, it is expected that the
averaged temperatures are located closer to the gap 1 and

gap m respectively. This is also the case for the temperatures
shown in Fig. 2-b. The centroid located averaged temperature
is a valid assumption for low conductivity coolants and high
P ratios, whereas, it is a dramatic assumption for high

D *
conductivity coolants and tight rod bundles.

* A discussion in detail and a suggested method to correct the
centroid located averaged values are presented in reference 25.
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2.1.2 Loop Codes

Analysis of the whole primary system during transient
conditions and hypothetical accidents such as loss of coolant,
pump failure and nuclear excursions, necessitates modeling the
whdle loop components such as pipes, pressurizer (in PWR's),
pumps, steam generator, jet pumps (in BWR's), valves and reactor
vessel. Also, the effects of the secondary system need to be

considered.

The thermal hydraulic behavior of the reactor core during
the course of a transient is tied to the core nuclear character-
istics through the reactor kinetics. Hence, the reactivity
feedback should be considered in the process of the primary
loop modeling.

The RELAP series of computer programs are the well-known
transient loop codes which have been extensively used in the
nuclear industry. These codes are basically devised to analyze
transients and hypothetical accidents in the nuclear reactor
loop of LWR's and mainly consist of four major parts as follows:

(1) a thermal hydraulic loop part,

(2) a thermal hydraulic core part,

(3) a heat conduction part,

(4) a nuclear part.

In these codes, the primary system is divided into volumes
and junctions. The fluid volumes serve as control volumes,
describe plenums, reactor core, pressurizer, pumps and heat
exchangers. Each connection between volumes may be specified
as a normal junction, a leak or a fill junction. A fill junc-
tion as its name implies, injects water into a well-specified

volume. By definition, volumes specify a region of fluid within
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a given set of fixed boundaries, whereas junctions are the

(10)

common flow areas of connected volumes. Any fluid volumes

may be associated with a heat source or a heat sink,'such as

fuel rods or the secondary side of a heat exchanger, respectively.
While RELAP2 is able to handle only three control volumes

with a fixed set of pipes connecting these volumes, representing

the whole primary loop, RELAP3B and RELAP4 are capable of handling

as many as 75 volumes and 100 junctions or even more, at the

*
expense of more computer core.

2.2 Classification According to Two-Phase Model

2.2.1 Homogeneous Equilibrium Model

Flow characteristics in component and loop codes are cal-
culated through solving the field or conservation equations
written for the well specified control volumes. The basic
assumption made in modeling the two-phase flow is representing
the two-phase by .a pseudo single phase. This method of model-
ing is also known as homogeneous equilibrium model (HEM). The
HEM is extensively used in the thermal hydraulic codes. The
homogeneous assumption implies that the phase velocities are
equal and flow in the same direction, also the phase distribu-
tion is uniform throughout the control volumes. The equilibrium
assumétion requires the phase to be at the same pressure and

temperature.

The one dimensional HEM codes use an approximate set of

-*To do this, only the array sizes in the COMMON blocks should
be increased.
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field or conservation equations for the mixture in conjunc-

tion with the constitutive relations. The differential form

of the conservation equations written for a mixture is as
(26)

follows:

Local mixture continuity equation:

ap 2
m + + (p V)= 0 (1]
-B-E—— _V) m m
Local mixture momentum equations:
—)
Tt pmvm + [3 . P (vmvm)] + V Tm m? = 0

where the product v v gives an array of nine components.
This product can be written as

> > .
Vme = (Vi)m (Vk)m (i,kx =1,2,3,)

The surface stress tensor, Tm , is made up of the pressure

and the normal and the shear stresses

where Tm is the viscous stress tensor and T is a unit tensor.
Local mixture energy equation:

ap
m > > > > > _
. (Um + 1/2 v Vm) + [V pm(Um + 1/2 V_V )V ] =

> > = > > > °
~(Ve (g - [TV] + 03V + O

where am is heat flux, ém is the body heating term and U is
the internal energy.
These balance equations need to be accompanied by the

- -

constitutive equations for T 9y and ém' the equation of

state, and the mixture properties.
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2.2.1.1 Approximation to the field equations -
Component Codes

Approximations which are made in solving the conserva-
tion equations in the component codes using the homogenous
equilibrium model for the two-phase flow will be discussed in
this section.

Basically, none of the existing subchannel codes use
such a generalized three dimensional set of field equations
as are given by Equations 1, 2 and 3. Rather simplifying
assumptions are made in these equations. For example, in
most of the COBRA versions, flow is assumed to have a
predominantly axial direction and all the "lateral" flow is
lumped into one lateral momentum equation. The reason for
such treatment may be justified by considering the none-
orthogonal characteristics of subchannel arrangement (Fig. 3)
which do not allow treatment of the lateral or transverse
momentum equations as rigorously as the axial momentum
equation. It is assumed that the interaction between two
adjacent subchannels in the transverse direction is through
two distinct processes,* namely, diversion cross-flow and
turbulent mixing. Axial turbulent mixing between nodes is

ignored.

The first process, diversion cross-flow is assumed to

exist due to local transverse pressure difference in the

adjacent subchannels. Such a process transfers mass, momentum

*A more general classification is given in Ref. (27) and is
referenced in the model making process of WOSUB (17). Also
see Ref. (47) for basic notation in subchannel analysis.
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and energy with the assumption that the cross flow loses its
sense of direction when it enters a subchanne1(42 Unlike the
HEM versions of COBRA, WOSUB which is essentially devised for
analysis of ATWS in BWRs does not account for diversion

cross flow.

The second process, turbulent mixing is assumed to be
caused by both pressure and flow fluctuation. In this process,
no net mass transfers, only energy and momentum are involved.
This is due to the assumption of the equi-mass model.* The
magnitude of the turbulent mixing term is determined either
by some correlations or by a physical model that includes
empirical constant.

All the COBRA versions account for a single phase
turbulent mixing while the two phase turbulent mixing term was
added in the versions following COBRA~II, since COBRA-I does
not account for this term.

It should be mentioned that forced flow mixing which
is caused by some rod spacing methods such as a wire wrap or
diverter vanes is taken into account, especially in those codes
which are capable of analyzing fluid flow in LMFBRs such as
COBRA-IIIC and COBRA-IV-I. Recently, a wire wrap model has
been added(zs) to COBRA~-III-P which makes it capable of

handling LMFBR flow analysis. v

*The equi-volume model which is based on the change of same
volume of flow is used in the MIXER code. For further detail

see Ref. (22).
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The steady-state versions of COBRA, namely, COBRA-I,
COBRA-II and COBRA-III do not have any model for forced
diversion cross flow.

A more complete form of transverse momentum equation
is employed in COBRA-IIIC, COBRA-IIIP and COBRA-IV-I which
includes the time and space acceleration of the diversion
cross flow.

As a correction to the homogenous flow assumption, a one
dimensional slip flow model which accounts for nonequal
phase velocities, is considered in all the COBRA series up to
and including COBRA-IV-I. A subcooled void calculation is also
added to these codes. However, COBRA-I and the explicit scheme
of COBRA-IV-I (to be described) do not have a subcooled void
option.

In the COBRA codes, the energy equation has been further
simplified by assuming the turbulent mixing and convection
heat transfer as the unique mechanisms for internal energy
exchange. 1In such treatment, it is assumed that(zg)

-- no heat is generated within the fluid,

-- changes in kinetic energy is small,

-- no work against the gravity field.

Neglecting the time change of local pressure, %%, limits
these codes to transients with times that are longer than the
sonic propagation time through the channel.(4)

Unlike the previous versions, the COBRA-IV-I momentum

equations account for the momentum flux term.
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Further simplifications to the axial momentum equation
have been made by neglecting surface tension contribution.
This requires equal phase pressures. This basic assumption
in addition to the assumed equal phase temperatures are the

result of the thermodynamic equilibrium assumption.

2.2.1.2 Approximations to the field equations --
Loop Codes

Assumptions made to solve the field equations in the
loop codes using HEM are discussed here. Except for RELAPS,
which is the latest publicly available version of RELAP series,
the remaining versions use the HEM for their hydrodynamic
modeling. Therefore, a set of conservation equations written
for a mixture (Equations 1, 2, & 3) is applicable for theoreti-
cal considerations. For the practical purposes, approximations
have been made to this generalized set. The RELAP codes,
generally have a lumped parameter structure in which the
spatial effects are integrated over the control volume for the
conservations of mass and energy. For example, the mass

balance in its differential form is

= V. (pV) [4]

I
|
o

Integrating over the control volume

“fjj- %% dt =.fff V- (pV)dr (5]
v v

Now applying the divergence theorem to the right hand side of

Equation ([5], we get:
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Ae oV |20 4 -
pV)ds + J 5E dt = 0 (61

Using Mj as the existing mass in the volume J at
time ti and considering the term —Ei-(psg)i ='Wij which is
equal to the inflow from side "i" into volume J (Fig. 4),

the mass balance reduces to

(7]

d -
aE ™ =

W. .
=1 1J

-3

Similarly, a simplified form of the energy equation
which has been used in RELAP2 and various MOD's of RELAP3 is

as follows:

Q. (81

n
du; ) wW..h,.+
by 1343

aed T oL
where Uj is the internal energy of volume J, hij is the enthalpy
of fluid flowing from side i into volume j and finally Qj is
the heat input to volume j.

The effect of kinetic, potential and frictional energies
are neglected in Equation [8]. However, the RELAP4 energy
equation accounts for kinetic and potential energy changes.

Unlike the mass and energy equations, the momentum equa-
tion is written for a shifted control volume as shown in Fig. 4.
This method minimizes the extrapolation of boundary conditions.
The final form of the momentum equation used in various MOD's

of RELAP3 is as follows:
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1 L. dw, k.W. |W. |

— (=) _ P, - P, + AP_ + J__. Pdz j 33

144gc A 'd—t—l = 1 i+l P Vj —144 - = [9]
J

However, like the energy equation, an improved form of the

momentum equation is implemented in RELAP4 which takes the

form:(30)
dw.
I.-—l=(P+P (P ) -~ F_. - F - F
<_11—§E> [e <—31» <_4u><£§2> fK L fx
< 6 >
Li Li Li
d (vW)
S -1} |
J dF - [K K, A [10]
o
> < g—> < 9 >
dwt

It is assumed that the junction inertia term, Ij 3t in equa-
tion [10] or the corresponding term (Iﬁ —EE-in equation [9]
represents the rate of change of momentum everywhere in the
selected control volume J. (Fig. 5) 1In equation 10, I. is

]
the geometric "inertia" for the flow path and also,

Wj = flow rate in junction J,

Pk = Pressure in volume K,

Pkgj = gravity head contribution for volume K,
F = friction terms,

v = velocity,
A = flow area.
The significance of each term in equation [10] is as follows:
Term 1 represents the rate of change of momentum,
Term 2 and 4 represent the pressure drop between two volumes,
Terms 3 and 5 represent gravity,

Terms 7 and 8 represent the friction and pressure drop
associated with expansion and contraction.

Term 6 represents the fanning friction terms.
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Term 9 represents the momentum flux or spatial acceleration term.
Comparing Equations 9, used in RELAP3, and 10, used in RELAP4,
it is obvious that the major difference is inclusion of the
momentum flux term in Cquation 10. The momentum flux term

for a homogeneous volume becomes

LWk Vi
A A

JL V_W_-W

Although the inclusion of the momentum flux term has
improved the momentum equation, there are some cases in the
loop modeling that the code user has to ignore this term. ( For
example, when the given control volume, J, connects into more than
two control volumes, as illustrated in Fig. 6; where the
double-ended arrows indicate junction). A similar case might be
encountered in the lower plenum modeling when the flow is
highly three dimensional. In such cases, it is quite difficult
to define the control volume boundaries for the momentum balance
at each junction These examples clarify the inability of a
lumped parameter approach to model multidimensional regions.

This is also the case in calculating the friction factor and

heat transfer coefficient which by definition are(48)
du
£ = J ar w4z [11]
\
and
q = -k 4arT |w = h(T -Ty) [12]

dr

where p and u are the viscosity and velocity of the flow and

subscripts w and b represent values evaluated at wall and bulk
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respectively,

It is clear from equations 11 and 12 that the deriva-
tives are evaluated at the channel wall. However, since a
lumped parameter approach doesn't account for velocity and
temperature profile, therefore, the above mentioned derivatives
do not make sense. It is this reason which necessitates an
input specified friction fractor for the codes using this
approach.

The junction inertia term is another term in the
momentum equation (Equations 9 and 10) which becomes rather
ambiguous in modeling the complex geometries. The junction

inertia arises from an approximation in the momentum equation

to the temporal inertia term as follows:(BO)
%2 1 dw aw | %2 dx aw
A & ¥ T Ay - Ta [
X1 Xy »

where xl = center of control volume 1 and X, = center of
control volume 2, and I is the geometric inertia for the

flow path defined as:

_ %2 dx
I —J < -—A—T}—{T [14]
1
The geometric inertia for a homogeneous volume, Fig. 4,
becomes I = a + b , however for complex geometrics,
ZAK 2AL

the inertia term may be determined by using a simplified

assumption. The basic assumption which is introduced in this
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(30)

respect is that the inertia of a junction is composed of
two independent contributions, one from each connecting
volume. For example, Fig. 7 could represent a downcomer
region. If we assume that Junction 1 communicates primarily

with Junction 3, then with respect to the mentioned basic

assumption, the geometric inertia will be:

I] = Ijl + IJ2 + Ij3 [15]
or

I_L1+L2+Ll

3j 2Al A2 2A3

Where Ll is the effective length of both Junctions 1 and 3 and

the effective length of junction 2 is assumed to be 2L2.

Junction number
Flow Path

p
Y
O]
il

©
I
E
|
5
I
|
©

5(30)

Fig. - A Downcomer Representation in RELAP4

A schematic of RELAP4 model of a PWR is presented in
Fig. 8. It illustrates the complexity of accounting for all

volumes and junctions in a LWR plant.
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2.2.2 Improvements on the Homogeneous Equilibrium Model

By retaining more field equations, a more realistic
approach to analysis of severe transients has become possible
in reenct codes. The increased number of field equations enable

a code to analyse transients in which the situation is far

beyond the capability of the rigid assumption of equal phase
velocities and temperatures. 1In this respect, countercurrent
two-phase flow and vapor-liquid phase separation during
small break transients and emergency core coolant delivery
are notable examples.

Since in a non-homogenous flow slip exists between
the two phases, there is a relative motion of one phase
with respect to the other. This relative motion arises
due to density and/or viscosity differences between phases
where usually the less dense phase will flow at a higher
local velocity than the more dense phase, except for the
gravity dominated flow(ls). The general effect of slip is to
lower the void fraction below the homogeneous value.

A

The slip or hold up ratio, s = vg— , should not be
L

confused with the slip velocity Vo, = Vq, - Vg, or drift
velocity, a concept which is used in the drift flux model.
Unlike the one-dimensional HEM, a non-homogeneous,

one dimensional flow calculation for a two-phase flow in

thermodynamic equilibrium, involves the solution of one
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equation of state and five differential equations: -a
mixture energy equation and one continuity and one momentum

equations for each phase as it is done in RELAPS5.

2.2.2.1 Dynamic Slip Model

Simplified assumptions have been made to reduce the
number of conservation equations while retaining the
improvements over HEM codes. This is done in WOSUB and
COBRA-DF by using the concept of diffusion or drift flux
model, and in RETRAN by introducing the dynamic slip
model.

RETRAN computer code is basically developed from the
RELAP series of codes. It is a one-dimensional code which
solves four field equations written for a fluid volume
as follows: Mixture continuity, Momentum, Energy equation,
and time dependent behaviour of the velocity difference,
obtained by subtracting the momentum equations written

for each phase. This additional momentum equation reads:

Vg v Vg ., v Wy PP S N 1 1
ot T Y'g Tox 9, "X ot ) & (5 * 3 p.)
2 g 278 g g

AgL BgL VSL = ( ‘ [16]

where V,p,0,P represent velocity, density, void fraction and
pressure respectively. Also AgL represents the surface area
between vapor and liquid phase per unit volume and BgL

represents the friction coefficient between vapor and liquid
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phases.

In deriving equation (16), the following assumptions

have been made:

1) The wall friction is nearly equal for the two-

phase.

2) The momentum exchange between phases due to

mass exchange is small.

In addition to inclusion equation (16) in RETRAN,
some improvements have been made in the field equations

used in RELAP4, as follows:

1) Additional term in the mixture momentum
equation with respect to the momentum flux. Mixture

momentum flux:

3

s B (g (V) ) +age; (V)]
V2 a.a p,p_ A
2 ) g (S 9l
¢ e -
Additional Term
2) Additional term in energy equation which accounts

for the time rate of change of kinetic energy,

2

9 [pA(-—g—)].

ot
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3) Using a flow regime dependent two-phase flow friction

multiplier.

2.2.2.2 Drift Flux Model

Unlike RETRAN, COBRA-DF which is a vessel code and uses
the drift flux model, employs five field equations to determine
phase enthalpy, density and velocity*. This code is used
exclusively for examination of upper heat injection of water
during a LOCA in a PWR.

Vapor diffusion or drift flux model is another step
toward modeling a non-homogeneous non-equilibrium flow. The
basic concept in this model is to consider the mixture of the
two~-phase as a whole, rather than treating each phase separately.
The DFM is more appropriate for the mixture where dynamics
of two components are closely coupled, however, it is still
adequate where the relatively large axial dimension of the
systems gives sufficient interaction time (26).

In this model in addition to the three field equations

written for the mixture, there is a diffusion

* THOR which is developed at BNL (31) uses the DFM and accounts
for thermal non-equilibrium of the dispersed phase only.
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equation written for the dispersed phase which reads:

ap_a > > > >
—9 9 4+ v. V) =T -V v . 17
T (ozgpg m) g (agpg g]) [17]

> >
where Pg is the phase change mass generation, Vg; and Vm are
J

the drift velocity and mixture velocity respectively.
WOSUB which is a BWR rod bundle computer code uses the
DFM and solves four field equations written for a subchannel

control volume, as follows:
1) continuity equation for mixture

2) continuity equation for vapor. This equation reads:

) 0 -
A s‘E (pgai)i+A 'r;)"'z" (ngg)l - Apgiwi+ pgl qgl [18]
where Jg = vapor flux
qgi= vapor volume flow to subchannel i
Wi = vapor volume generation in subchannel i

per unit volume

Equation [18] indicates the fact that the temporal and
spatial increase in the mass of vapor in subchannel

i is due to vapor generation in the subchannel and
vapor addition from the adjacent subchannels. The
vapor volume generation term, ¥, appears in Egquation
[16] due to using the DFM. This term is part of the
code constitutive package. It is modeled in

WOSUB based on the Bowring's equation which relates
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¥ to the heat flux:

P

h "
¥ =1 XD_-E—_ q [19]
v fg

where T is a coefficient depending upon coolant
condition, Py is the heated perimeter and q" is
heat flux in the fully developed nucleate boiling
region, and A is the flow area. "The effect of
subcooled boiling non-equilibrium condition is

considered in the final form of VY.

3) Mixture axial momentum equation; This is

the only momentum equation considered in the code.
Therefore it is clear that WOSUB is strictly one
dimensional. This may be justified by considering
the fact that the intention of creafing WOSUB,

has been analysing the flow characteristics in
encapsuled PWR bundles as well as BWR bundle
geometry(l7) in which, based on a channelwise
node, the flow is predominately one dimensional.
Nevertheless, the transverse effects are not
totally forgotten. .In fact a natural turbulence
exchange mechanism is considered. Furthermore,
vapor diffusion accounts for the tendency of

diffusion vépor in the higher velocity regions.
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These effects are considered in the momentum

equation which is given by(l7):

5P, 3P 3P 3P 3%z
57~ = (37 0es Y 5P ac t (5P er T TIE
5P
Ler (57 ¢a | [20]

The last two terms stand for the axial momentum
transferred into subchannel i and the turbulent
shear stress, respectively. It is also evident
that these two terms which connect the subchannel
to its neighboring subchannels stem only from
flow and pressure fluctuation and not transverse
pressure difference as was discussed in Section

2.2.1.1.

4) Mixture energy equation which contains the

inflow of enthalpy from adjacent subchannels.

Generally, the dynamic slip model, as it is used in
RETRAN, has advantages over both slip ratio correlations,
as used in most versions of COBRA, and DFM, as used in

WOSUB, as follows(la):

1) The slip correlations are based on steady-
state data whereas the application is for transients.
2) They highly rely on empiricism which may

eliminate many mechanistic effects.
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3) The slip velocity VSL = Vg - VL can only
assume positive values, hence the possibility
of rising liquid and falling vapor cannot be

predicted.

2.2.3 The Two-Fluid Model

The inability of the simplified methods to treat the
multidimensional, non-equilibrium separated and dispersed
flows necessitates a better modeling of the two-phase
flow. Anticipated reactor transients and postulated
accidents like LOCA specially require a more realistic
treatment.

Those cases in which a one-dimensional HEM is not

acceptable are tabulated in Table 2-1.

TaBLE 2-1(32)
CASES WHERE 1~D HEM IS NOT

ACCEPTABLE

Multidimensional Non-Equilibrium Phase
Effects Effects Separation

Downcomer region ECC injection Small breaks
Break flow entrance Subcooled boiling Steam generator
Plena Post-CHF transfer Horizontal pipe flow
Steam separators ECC heat transfer Counter current flow
Steam generators Low-quality blowdown PWR ECC b§pass

Reactor core Reflood quench front BWR CCFL
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The most flexible approach in modeling these cases
is through using a two-fiuid, full non-equilibrium concept,
which is the most sophisticated model employed so far in
treating the two-phase flow.

The derivation of the field equations in their general
tensor form is quite involved. A detailed derivation is
presented in Ref. 33. A short-hand representation for the
two-fluid model is 2V2T or UVUT which stands for unequal
phase velocities and temperatures - whereas 1lV1T or EVET
is used for HEM.

The unknowns and equations in this model are

summarized in Table 2-2.
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bl =2

Two Phase and Single Phase Comparison
with Respect to the Flow
Equations

Case Unknowns Unk T i

Single v 3 Conservation of Mass 1
Phase P 1 " of Momentum 3
Flow T 1 " of Energy 1
p 1 Equation of State 1l
6 6
a(void fra.) 1 Liquid Balance Equ. 1
Gg 3 Vapor " " 1
Two* Gl 3 Liquid Mom. " 3
Phase Py 1l Vapor " " 3
Flow pg 1 . Liquid Energy 1
P 1 Vapor " " 1
Tl 1 Equation of State 2

Tg 1 in Each Phase
12 12

* Table 2-3 gives a more detailed description of various
approaches to modeling the two phase flow.
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The two-fluid concept is employed in the advanced thermal
hydraulic codes such as COBRA-TF, from BNWL, TRAC, KACHINA¥*,
SOLA-FLX, SOLA-DF from LASL and finally THERMIT, which is
developed at MIT under EPRI sponsorship.

TRAC is the state-of-the art primary loop analysis code.
It employs a three-dimensional 2V2T model for the vessel and
a one-dimensional drift flux model for the rest of the primary
loop. The reactivity feedback is accounted for through coupling
the point kinetic equations to the thermal hydraulic model.

The same concept of volume and junction defined for RELAP
series is used in TRAC as well. A cylindrical coordinate
system is used in TRAC for modeling the three-dimensional
reactor vessel. This doesn't satisfy the purpose of a common
reactor core analysis with its square array pattern governed

by the bundle design. THERMIT which is a vessel code, is
basically the cartesian version of TRAC. Hence, the same

field and constitutive equations used in TRAC is employed in
THERMIT as well. A core or a fuel pin analysis in THERMIT
essentially is based on treating a whole bundle cross-section
as one node where the local details have been smeared throughout
the cross-section. Therefore, neither TRAC nor THERMIT account
for a turbulent mixing process. Devising a subchannelwise

version for THERMIT using a coolant centered control volume

* K-FIX and K-TIF are two versions of KACHINA developed at
LASL. The first stands for fully Implicit Exchange numerics
and the second for Two Incompressible Fields.
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has been initiated at MIT. This version will include
a turbulent mixing model.

A summary of the aforementioned two-phase flow models
is present in Table II-3. The notations and a description

for specifications used in this Table are as follows:

a) A partial non-equilibrium model, Tk Tsat'
assumes one phase is at saturation, temperature

of the other (k) phase computed.

b) The notations 1,q,I',M and E stand for viscous
stress, conduction heat transfer, interphase

mass, momentum and energy exchange respectively.

V.-V, V. - J stand for

c) The notations: Vr' G - G

relative velocity, diffusional velocity and the

drift term respectively.

A glance at this table shows clearly that although
the 2V2T moael imposes no restriction on the flow condition
such as velocity or enthalpy, however it contains the
largest number of constitutive equations and it seems that
the empiricism which enters in these equations is introduced

at a more basic level than the less complicated models such

as 1lV1T approach.
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2.3 Classification According to Range of Application

2.3.1 LOCA CODES

The major task of thermal-hydraulic LOCA codes is
analysis of the severe cases that are encountered by the
reactor core or the primary loop during the period of a loss
of coolant accident. The four phases of a LOCA, for a PWR
double ended cold leg break, in order of occurrence are as
follows:

1)*- A blowdown phase which generally lasts for 30 seconds,
with 2200 psia initial pressure, and ends when ECCS starts

to work.

2)- About sixty seconds after break initiation ECC fills the
lower plenum and reaches the bottom of the core (Refill Phase).
3)- The refill phase is followed by a REFLOOD phase which lasts
for about 150 seconds, during which the core is fully flooded
and quenched by the coolant.

4)- Long-term cooling then follows.

It has become customary to call a code a LOCA code even
if it is capable of describing only the first phase of the
four aforementioned phases. At the same time two codes that
are capable of handling the blowdown, may be entirely
different with respect to their type. For example, one can be

a component code whereas the other a loop code. To avoid any

* This step is divided in two periods according to Ref. 31,
namely: a) Adiabatic Liquid Depressurization, b) The Blowdown
Period.
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confusion, a classification is necessary with respect to
the code's application and type, in addition to the
physical models and numerical methods. A usual way to
classify the LOCA codes is by categorizing them into

two groups as follows.

2.3.1.1 Evaluation Model Codes

The first group contains those codes which employ a
conservative basis for their physical models. Such
conservatism is mandated to satisfy the NRC acceptance
criteria. These codes are called the EM-codes for Evaluation
Model. They constitute the WREM package which has the capa-
bility to analyse the postulated LOCA with ECC injection in

. . . . (35
accordance with current commission acceptance crlterla( ).

(36)

The codes which constitute the WREM package are the
existing computer programs which have been modified to comply
with the USNRC criteria. Most of the RELAP series of computer
codes are a LOCA Licensing code such as RELAP4-MOD5 and
RELAP5-MOD7. Whereas RELAP3B-MOD10l is essentially devised
to analyse ATWS and RELAP4-MOD6 and RELAPS5 are not based

on conservative correlations. RELAP4-EM is the only version
of RELAP which is specifically modified to comply with
acceptance criteria. '

The present EM codes comprise an assembly of codes

run sequentially. Each member of the sequence is a stand-
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alone code developed for some special application. With
this respect, RELAP4-EM in conjunction with RELAP4-FLOOD(36)
and TOODEE2(37) constitute the WREM package which perform
the PWR LOCA analysis. Also a combination of RELAP4-EM

and MOXY-EM(38)

constitute the WREM package for a BWR LOCA
analysis. The respected procedure for the above mentioned

analysis are presented in Fig. 8 and 9.

2,3.1.2 Best Estimate Codes

Most of the LOCA codes lay in this category. The
basic physical models used in these codes rely on the best
estimate assessment rather than conservative correlations.
Unlike the EM-codes, the BE-codes are mostly devised as
one large system code consisting of various functions
previously performed via the separated stand-alone codes.
This guarantees the proper compatibility and continuity
between the various calculational phases. As an example,
the multi-purpose loop code TRAC can be used for the analysis
of the whole phases of a LOCA namely, blowdown, refill
and reflood. Unlike the EM-codes which mostly use a homo-
geneous equilibrium model in conjunction with a lumped
parameter approach for their analysis, the best-estimate
codes are much more demanding and the most recent BE-codes

employ the state-of-the-art physical models. Therefore they
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can be used to evaluate the degree of conservatism employed
in the licensing (EM) calculations.

No codes have specifically been devised to handle the ATWS
type of transients. In Table II-4 the causes and consequences

of ATWS transients in both PWR's and BWR's are shown.

3. Two-Phase Heat Transfer Model

The energy balance of the field equations contains
the contribution of the so-called wall heat transfer which
~accounts for the amount of heat transferred into or
éﬁé of the control volume through a combination of convection
and conduction heat transfer. This requires models for the
wall heat transfer.

During hypothetical LOCA's, nearly all the two-phase
heat transfer regimes are experienced by the coolant in

the core of the NSSS, the steam generators, and the pipe

of the hydraulic loop (see Fig. 11). This interdependence of
the hydrodynamics and the wall heat transfer, as shown in
Fig. 12, is accounted for in the thermal hydraulic LOCA

codes through using a two-phase heat transfer package.

These regimes are elaborated on in a pool boiling curve

drawn for a fixed pressure, and shown in Fig. 13. According

to Fig. 13, the path ABCDEF is obtained in a temperathre
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controlled surface as the temperature is increased. 1In
general, the same path on cooldown process is not followed
in the heat-up process by the boiling mechanics. For
example in a heat flux controlled surface, the path
ABCC'F will be followed in which point c' indicates the
new equilibrium state of the surface at the heat flux
value doype

At steady-state operation conditions, a NSSS fuel
rod is a heat flux-controlled surface with a non-uniform
axial heat flux distribution. 1In this case a reduction
of the heat flux may be traced on the curve of Fig. 13
by the path EC'D E'BA(18),

Unlike the steady-state conditions, during a hypothe-
tical LOCA it is not clear which mechanism prevails, since
the fuel rods of NSSS's may behave as heat flux-controlled

surfaces for some parts of the transient and as temperature

controlled surfaces for other parts of the transient.

3.1 Heat Transfer Regimes and Correlations

The recent thermal hydraulic LOCA codes have increased
their capability of the two-phase heat transfer assessment
by inclusion of more distinct heat transfer regimes and
using more realistic correlations for calculations of the

heat transfer coefficient in each regime.
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As was discussed in section 3.1, a stand-alone LOCA
code is capable of handling only one phase of hypothetical
LOCA's, whereas integrated LOCA codes such as RELAP4-MOD7
and TRAC have the capability of calculating both blowdown
and refill/reflood phases of a LOCA. This capability |
is made possible through inclusion of the unique features
of bottom flooding (in PWR) and top spray (in BWR) of
reflood heat transfer, in the blowdown heat transfer
package. Such features are quench front, rewetting and
liquid entrainment. Also thermal radiation and dispersed
flow f£ilm boiling are specially pronounced in reflood heat
transfer and are treated explicitly in the reflood heat
transfer packages¥*.

The heat transfer package which was used in the early
versions of the RELAP series such as RELAP2, is used
extensively in the thermal hydraulic codes**, This package
is used in various versions of RELAP3 as well as RELAP3B-
MOD10l. Later it was modified by replacing the quality by
void fraction to determine the pre-CHF heat transfer
regimes and by treating the transition boiling explicitly
in which case the heat transfer coefficient is calculated

using the MC DOUNQUCH, MILICH and KING correlation. Also

.

* See REFLUX(BQ) package which is developed at MIT to
analyse the reflood phase of a LOCA.

**This package is essentially adopted from the THETA hot-
channel code.
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the Berenson and Groeneveld correlations were added to
the formerly existing Dougall-Rohsenow correlation in the
film boiling regime. RELAP4-MOD5 and RETRAN use this
modified version and a simplified form of this new
version was implemented in COBRA-IV-I. RELAP4-EM employs
the new version with further modifications to satisfy
the acceptance criteria. For example return to nucleate
boiling is precluded once CHF happens. Also the GE
correlation is added to the CHF correlations as an
option to replace the Barnett correlation for BWR analysis.
There are however several disadvantages associated

with this package(40).

1) There is no CHF scheme to consider CHF
during flow reversal or stagnation, which are
charactieristic of blowdown in large, cold leg

breaks in PWR's.

2) Use of Thom's correlation up to a void
fraction equal to 0.8 which corresponds to a
quality equal to 0.42 at 2250 Psia, which is
above the quality range for which this

correlation was verified.

3) Extensive use of correlations whose data
base rely on tube or annular geometry, while

their application is for rod bundle geometry.
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4) Using the correlations which have a steady-

state data base for transient conditions.
For this reason a heat transfer package called BEEST
developed at MIT to overcome these drawbacks. BEEST(40)
stands for BEst ESTimate heat transfer analysis. It is
based on best estimate assessment rather than conservative
correlations. Several tests of BEEST showed that it is
able to construct the complete boiling curve where
different heat transfer regimes are smoothly connected
(Fig. 14). The heat gransfer selection logic in this
paékage is based on the comparison of the clad surface
temperature with the two distinct temperatures on the
boiling curve, namely the temperature at the minimum

stable film boiling point, T and the temperature at

MSFB’
the critical heat flux point, Tour (Fig. 13). This is
certainly an unambiguous, efficient and valid criterion for
selecting the appropriate heat transfer regime. Once the
regime is identified, the second step is to apply a chosen
correlation for the heat transfer regime selected. The upflow
and downflow heat transfer are treated separately through
using the void fraction. The transition boiling in this

package is treated in a unique way. This treatment is based

[
s . . n U] :
upon an interpolation between the Q MSFB and Q CHF (which

are the heat flux corresponding to the TMSFB and TCHF) with
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respect to the temperature ratio as follows*:

= E Q" .+ (1-E) Q [21]

Qll
TB CHF MSFB

where

2

E = ( ) [22]

Twall ~ Tmsr'/ Tcur ~ TmsrB

In equation (22), E may be interpreted as the fraction
of wall area that is wet. BEEST uses the Biasi correlation
for the CHF calculations. The Biasi correlation is
essentially a dry-out correlation. Therefore it is
appropriate for high flows and qualities where the vapor
is a dominant factor leading to dry-out. For low flows
and qualities the void-CHF correlation developed at MIT
is used. The RELAP heat transfer package which was

discussed earlier uses the Barnett correlation as well as

* This concept was first introduced by W. Kirchner
(see Ref. 41), in the form of a Log-Log interpolation:

Q" T )&
hpp = —F CHE — ( _Tﬂill_ ) where
wall sat CHF

" - "
Log Q"nyp - Log Q"ygpp
Log T - Log T

CHF MSFB .

Kirchner then applied his model in the heat transfer
package of TRAC.
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the modified Barnett and the B&W-2 correlations for

the CHF calculations. In the pre-CHF regimes, the Chen
correlation is used in the subcooled nucleate boiling,
saturated nucleate boiling as well as forced convection
vaporization. This correlation has predicted the

(38) as compared

existing data with reasonable agreement
to the other correlations such as: Dengler-Addams,
Schrock-Grossman, Bennett et al, Sani and finally

Guerrieri - Talty. The Chen correlation is applicable

to flow regimes from slug flow through annular flow.

While its data base is for low pressures(42), in most
applications it is used at elevated pressures. Also,

its dependence on the wall temperature which necessitates
an alternative procedures, makes it less desirable.

The advantages of the BEEST heat transfer package
namely, treating the upflow and downflow separately, using
a once through heat transfer regime selection logic, using
wall temperature as a heat transfer regime selection tool,
using a best estimate assessment and incorporating the new
improvements in heat transfer, has made it acceptable to
the state-of-the-art LOCA codes. THERMIT uses BEEST with
some modifications such as replacement of the void fraction
calculated from DFM by that calculated in THERMIT. TRAC

heat transfer packages is also very similar to BEEST. 1In

fact it can be considered as an improved version of BEEST
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with the following additions:
1) Adding two options to the CHF correlation
namely, the Bowring and the Zuber Pool boiling
correlations.
2) Inclusion of the thermal radiation contribution
in the film boiling regime.
3) Using a horizontal film condensation to

represent the low flow rates.

4) Inclusion of a vertical film condensation
regime.
5) Considering laminar and turbulent flow

correlations in steady-state calculation for

forced convection to two-phase mixture.

A comparison of heat transfer selection logic and
correlations used in different thermal-hydraulic codes is
present in Tables 1.1, 1.2 and 1.3. The notations and

specifications used in these tables are as follows:

1) Thermodynamic quality is represented by

h-h
X = —E;—E—- where h represents enthalpy, whereas
g
w

X represents the true quality X = , where W
[ 4

—J
9

is the mass flow rate.
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2) The notations «, T, Tf, Tsat' P,G represent
the void fraction, wall, fluid and saturated
temperatures, pressure and finally mass flux,

respectively. The dimension of the pressure and
n

mass flux are in terms of "Psia" and "lbm/hr--ft2

respectively.

3) The terms "High" and "Low" flow used in
these tables are in accordance with the flooding

correlation which read
+ mJ = K [23]

where for turbulent flow m is equal to unity and

* *
Jf and Jg are dimensionless velocities:

N

= Jg e [ gD(of-pg)]

Hh %

[24]

*
N| =~

J =J_0p [gD (pf—pg)]

Q
2
[te]

where D is pipe diameter and K is the flow criteria.
For example, in low flow region according to Ref. 40,

this criterion is

x 1 * 1

Jf 2+ Jg 2 <1.36 for upflow

b1 .l 1231
Jg 2 + Jg 2 <3.5 for downflow
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4) The letter x and a in the parentheses in Table 3.2,
in front of the Thom and Schrock-Grossman correlations
imply that an interpolation is made with respect to the
quality and void fraction respectively, i.e. quality or

void fraction weighted heat transfer coefficient.

4. Fuel Rod Model

Temperature excursions of the fuel rod in case of any
transient or accident are a major point of concern in the
reactor safety analysis. A high temperature rise following
severe transients is a threat to the cladding material whose
integrity must be guaranteed in order to prevent any release
of radioactive materials. There are four barriers preventing
the release of radioactive fission gases to the environment
under normal operating conditions namely, the UO2 fuel, the
fuel rod cladding, the reactor primary systems, and finally,
the reactor containment building(40). Accordingly fuel melting,
threatens the first barrier, and clad rupture violates the
second barrier. The ECCS final acceptance criteria requires
that failure of these barriers must be avoided under any
circumstances. This necessitates a realistic fuel rod
modeling, specially for the LOCA codes.

In general a fuel rod model consists of an approagch

to solution of the general three dimensional, time dependent
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Poisson's equation (heat conduction equation)

pc —g-g=§' (K VI) + Q™ [26]

where T,t,p and cp represent the temperature, time,
material density and specific heat respectively. In

this equation K represents the conductivity tensor,

K = Kij' i=1,2,3, j=1,2,3 and Q™ is the heat source
density which represents the amount of heat generated

in the material per unit volume per unit time. Generally
as the cylindrical shape of fuel rod dictates, a cylin-

drical coordinate system is chosen to expand the first

term in the RHS of Equation 26.

4.1 Fuel Region

The expanded form of equation 24 in the fuel region

is:

(g 2T .
(k 57) + Q" [27]

where k in equation 25 is no longer a tensor but a
time dependent scaler. This simplification is made

possible through the valid assumption of homogeneous,
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isotropic solid for uo, and fuel rod cladding material.
The first term in the right hand side of Equation 27 is
considered in the more general form in COBRA-IV-1 as
follows:

(ra—l aT

k =)

r - direction: 1 3—
* 2 a-1 2?dr or

Rr

By assuming a=2, the cylindrical and a=1l, the planar fuel
can be treated.

The total derivative in the left hand side of
Equation 26 is changed to a partial derivative in
Equation 27. This simplification is possible as long
as a stationary solid is treated. This in turn is a
valid assumption since the fuel centerline melting is
to be prohibited by design under any circumstances.

The azimuthal, or O-direction, conduction is ignored
in all the reviewed fuel rod models. This implies an
assumption of infinite circumferential heat conduction.

The axial conduction, Z-direction, is only considered
in COBRA- IV-1 and is ignored in the other codes.

Further simplification to Equation 27 is possible by
assuming that all physical properties are temperature
independent, in addition to the isotropic assumption. This

is done for example in WOSUB. However, the temperature
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dependence of thermal conductivity and heat capacity
is considered in TRAC and THERMIT. The latter uses a
chebyshev polynomial fitted to the MATPRO(43)
expressions which represent fits to experimental data
for fuel and clad material properties. For example a
cubic and a quadratic polynomial is used to fit the
temperature dependence of p, cp and k of the fuel,
respectively.

The Kirchoff's transofrmation is used in COBRA-IV-1
to reduce Equation 27 to a linear partial differential
equation. By using this method the temperature dependence
of k is taken into account.

As for the RELAP series, RELAP2, RELAP3, RELAP3B
and RELAP4 use a simplified lumped model for their heat
conduction calculation. In these codes heat generation
is determined by reactor kinetics routines or by input
specified values for power versus time. The fuel rod
model used in these codes is patterned after the mecdel
used in the HEAT1 code. The final form of the heat
conduction equation is presented in Table 4.1, equation

28. 1In this equation, the average temperature is

defined by (1), N
Z (pV) _(c ) T
- fvpcpTdV _n=1 n p’'nn ‘
- - n
fvpcpdv I%:l(ov)n(cp)n
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where V and N represent the fuel volume and fuel pin
annulus number respectively. Also s in Equation 27 is
the fuel pin surface area.

Equation 27 representes the U-tube as well as once-
through steam generator modeled in RELAP3B-MOD101l.
Naturally Equation 27 does not include any heat source
density term.

Equation 28 reflects the cartesian geometry used
in the RETRAN fuel rod model. Thermal conductivity and
heat source density temporal and spatial dependency are
accounted for.

In Table 4.1, Equation 31, Equation 32 and I'quation
33 represent the COBRA IV-1l, COBRA-III P, WOSUB, TRAC
and THERMIT, one dimensional heat conduction equation.
Thermal source density Q™ in COBRA-IIIC & COBRA-III P

is calculated as follows: The total power is
Q = 7D AZ Q" [35]

where D, AZ and Q" are the fuel rod diameter, the
axial interval and the heat flux respectively. Now

dividing by the fuel volume gives

Q!l\ T~ QII TTDZAZ = Q" 4D [36]
wD D

£
_I_AZ

2
£
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where D, represents the fuel pellet diameter.

The thermal source density in WOSUB is assumed to be
spatially uniform but time dependent, whereas in TRAC and
THERMIT it depends both on position and time. Equation 34
demonstrates the COBRA-IV-I fuel rod model. This equation

is found by using the Kirchoff's transformation.

1 T
6 = k(T)dt [37]
°© Jp

o]

where k0 is the conductivity at reference temperature
Ty Differentiating Equation 37 with respect to r and t
and substituting in Equation 27 we will come up with

Equation 34.

4.2 Fuel-Clad Gap

The fuel-clad gap heat transfer coefficient is implicitly
treated in those models in which clad and the fuel-clad gap,
are lumped together.

This is done for example in the COBRA-IIIC fuel rod
model. However, upon the importance of the fuel-clad gap
resistance to the heat flow, it is treated explicitly in
RELAP3B-MOD101, WOSUB, TRAC and THERMIT. ‘

The gap heat transfer coefficient depends upon the

fission gas product in the gap, the radiation heat
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transfer across the gap as well as the fuel-clad

contact and fuel-clad pressing(zc). These are modeled

in the GAPCON, MATPRO, FRAP-S and FRAP-T codes. 1It's
MATPRO model which is implemented in THERMIT. 1In

this model all the above mentioned factors are considered.
The model used in TRAC ignores the effect of fuel pressing
against the clad, whereas it is correlated in THERMIT in
terms of the fuel contact pressure against the clad.

An effective gap heat transfer coefficient is used
in WOSUB. Although this is not as realistic as the models
used in TRAC and THERMIT, it still allows nodalization in
the clad., COBRA~IIIC and COBRA-IV-1 assume the outer
fuel surface and the inner clad surface are in a single
node. In this case the conduction equation is written
between the fuel and clad exterior surface; The heat

(4)

transfer coefficient used for this purpose is defined as :

where Y, and kc'are the cladding thickness and conductivity

and Hg is the fuel-clad gap conductance.

4.3 Clad Region

v
As mentioned in the previous section 4.2, only

WOSUB, TRAC and THERMIT permit clad nodalization. While
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the clad region is assumed to be heat source free in
WOSUB, a metal-water reaction is considered as a heat
source in that region in the TRAC fuel rod model as
well as RELAP4. This reaction happens at elevated
temperatures, below the cladding material melting

. . . . +
point, between zirconium and steam and is expressed as :

Zr + 2H,0 » Zr02 + 2H2 + Heat [38]
Both TRAC and RELAP4 use the parabolic rate low
of Baker and Just to represent the rate of this reaction

but in a different system of units++. The mathematical

statement of the parabolic rate low reads:

dr -
dt

% _r)eXp-(—g—) [39]
o

where r, Ry» t and T represent the radius at each

moment, the initial clad exterior radius, time and

temperature respectively. In this equation a and b are

constant values. By integrating Equation 39 between the

initial and final radii of a time step, the mass of

zirconium reacted per unit length during the time step

will be found, The amount of heat generated in the clad

is then proportional to this reacted mass, and it will be

considered as the internal heat source in the clad region.

+ This exothermic reaction, results in hydrogen gas which
poses a threat to the fuel rods in case of accidents by
excluding the upper part of the rods to be covered by
the coolant.

++ TRAC and THERMIT are the only thermal hydraulic codes
using the SI units.
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5. Numerical Methods

The mathematical models which were discussed in the
previous sections are solved numerically in the computer
codes, because analytical solutions are impractical.

In the subchannel codes, the axial length of the
reactor core is divided into several intervals which
make each interval the computational control volume.

The set of field equations in a finite difference form in
conjunction with the constitutive equations are solved for
the central volumes. The boundary conditions at the inlet
of the core are, uniform or nonuniform pressure and‘cdélant
densities and enthalpies. The axial and radial heat flux
profile must be specified. The solution is based on
reaching a uniform pressure at the core outlet. Fof this
purpose, a marching technique may be used. 1In a step by
step, or marching technique, the calculation starts from
the bottom of the core for all subchannels and moves upward.
Inlet velocities are first assumed to be known and then
solved alternatively through the external iteration loop.
At each axial node, the cross-flow is guessed which allows
solving the energy equation. A new value for cross-flow is
calculated from pressure drop in each subchannel, which

in turn is calculated from the momentum equation. v
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This internal iteration on cross-flow is continued

until an acceptable pressure balance is reached. By
knowing the heat addition into the axial cell and
calculated cross-flow for the axial cell, the values

of coolant density, velocity, enthalpy, and pressure
can be determined at the exit of each computational
cell. In turn, these values will be used as the
information for the next axial cell. This procedure
continues until the top of the core is reached where
the criterion of uniform exit pressure is checked. If
this criterion is not met, the external iteration loop
which covers the whole channel length must be continued,
using improved guesses of the flow division among the sub-
channels at the inlet. This procedure was employed in
COBRA-~II and HAMBO. The number of external iterations
over the core length depends upon the coupling between
subchannels. If this is weak (e.g. if the cross-flows
are small), a single pass marching solution technique

(22), otherwise a multipass marching solution

is adequate
is necessary. This concept is used in COBRA-IIIC, in
which a pattern of subchannel boundary pressure
differentials for all mesh points is guessed simultaneously
and then the corresponding pattern of cross-flow is

completed using a marching technique up the channel. By

updating the pressure differentials during each external
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iteration loop, the effects of downstream will be
propagated upstream.

The procedure used in COBRA-IIIP is somewhat
different. A new treatment is introduced for the
transverse momentum equation which couples the adjacent
computational cells. This includes the spatially semi-
implicit treatment of the pressure field.+ Using
this method guarantees the diagonal dominance of the
matrices governing the pressure fields(49). The computed
_pressure field is then used in the transverse momentum
equation to determine the cross-flow distribution.
Applying the new concept in COBRA-IIIP has made it capable
of increasing the number of computational subchannels
markedly, i.e. from 15, in COBRA-IIIC, to 625 in

(44)

COBRA-IIIP . Furthermore, it has increased the compu-

tational effectiveness resulting in a shorter running

. ++
time.

By introducing a scalar, value 6, having an arbitrary
value between 0 and 1 the pressure field is written:

(] = 6 [py] + (1-8) [p,_)]

By introducing this concept into transverse momentum

equation, allows the cross-flow distribution to be driven

by any combination of the pressure fields that exist

at the top and the bottom of each plane of computa-

tional cells.
++ )
Unlike COBRA-IIIC, a double precision is used in compu-
tation of pressure field and gradients which is specially
pronounced in cross-flow distribution calculation in the
vicinity of grids. This in turn will increase the
computer running time.
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While the marching technique determines the flow
condition under steady-state situations, in transients
the whole procedure will be repeated for each time
increment, implicitly in both COBRA-IIIC and
COBRA-IIIP. The marching technique is also employed in
WOSUB, where for the sake of numerical stability, a
backward finite difference form is used in space and
time. The lack of transverse equation and cross-flow
is compensated by the concept of recirculation loop
which is based on the assumption that the net volumetric
flow recirculation around closed loops connecting
communicating subchannels is zero(l7).

Simultaneous solutions of the finite difference
form of the field equations written for the previously
defined computational cell, is another solution technique
used in some subchannel codes such as SABRE and COBRA-IV-1.
Since the calculated values will be advanced in each time
step explicitly, this additional option in COBRA-IV-1 be
called the "explicit solution scheme". The following

possibilities are available in COBRA-IV-1 solution

algorithm:

1) Steady-state and transient calculation using

the COBRA-IIIC implicit solution scheme.
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2) Implicit steady-state and explicit transient -

with either a AP or inlet flow boundary condition.

3) Explicit transient calculation based

specified initial values with either a AP or

inlet flow boundary condition and a zero flow

initially.

The addition of the explicit numerical scheme with
a AP boundary condition makes COBRA-IV-1 capable of
handling flow reversal, recirculation and coolant ex-
pulsions as well as severe flow blockage.

These additional capabilities stem from solving a
true boundary value problem rather then dealing with an
initial value problem in the marching type solution
technique.

The additional numerical scheme in conjunction with
the boiling curve package and the improved fuel pin-model
makes COBRA-IV-1l capable of assessing accidents such as
a LOCA, where due to the heat transfer package inability
of analysing reflood, the code capability limits to the
blowdown phase of a LOCA. It should be realized that due
to numerical instabilities and convergence difficulties
which mostly result from discontinuities introducedfby
the physical models, the "explicit scheme" of COBRA-IV-1
uses the strict HEM, i.e., it does not contain the Levy
subcooled boiling model or any slip correlation. Further-

more the lack of computational effectiveness, as
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compared to COBRA-IIIC and IIIP, and using the
reference pressure concept* which excludes any
effect of compressibility and also large heat flux
oscillations observed in prediction of depressuri-

(46) have made COBRA-IV-1 less

zation transients
desirable. Overcoming these deficiencies has been
presumably the motivation of creating COBRA-DF and TF.
As for the loop codes, a fully implicit solution
scheme, temporally, is employed in all the RELAP series
as well as RETRAN. An automatic time step variation
is built in RELAP3B-MOD10l. Using this feature, the
time-step size increases automatically during slowly
varying portions of a transient case of a computer run
and vise versa. Both implicit and explicit solution
schemes are employed in RETRAN.
Unlike the implicit method which is unconditionally
stable, the explicit method is conditionally stable
in which the so-called "courant criterion" must be

respected. This criterion reads:

|u _AT | <1

AX
X or AT < | - | [40]

where U is fluid velocity, AT and AX are time step and

The concept of reference pressure which ignores the sound
wave propagation effects is employed in all the HEM
versions of COBRA as well as WOSUB. This limitation is
circumvented in COBRA-DF by using the ACE method, also
see Ref. [45] in which this method is applied to the
COBRA-IV-1 field equations.
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mesh spacing respectively. It is clear that for
fast transients which involve rapidly changing flow,
very small time steps may be needed to resolve the
flow evaluation. An explicit numerical scheme may
be used for this purpose.

Longer time steps are desirable in calculating
the mild transients, which necessitates using the
implicit numerical scheme. This scheme has not been
used in the three dimensional thermal ﬁydraulic codes,
because, the fully implicit difference egquations are
Qery difficult to solve in more than one space dimension.
A marching solution method may be applied to circumvent
this difficulty, but as it was discussed earlier, no
true boundary value problem can be handled by this
method, only initial value problems in which general
boundary conditions and local flow reversal cannot be
treated.

A compromise between the above mentioned techniqués
has been made in THERMIT by using a "semi-implicit"
numerical scheme. As the name implies, both implicit’
and explicit schemes are employed in such a way that by

differencing terms involving sonic propagation implicitly,

| (ufc)ar
X

whereas the liquid and vapor convection are treated

limitations | <1 have been eliminated,’

explicitly.
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Therefore the limitation imposed on the time increment

to satisfy courant criteria (Equation 40) still exists.

default value is usually built in the codes which use a

temporal explicit scheme to exclude the computational

instability.

6.

Summary and Conclusions

6.1 Summary

in each reviewed code and the range of each code application

A summary of the aforementioned methods and models used

are presented in Table 6-1 through 6-5.

A

Some of the terms which are used in these tables are

further explained as follows:

Small breaks (Table 6-1): postulated breaks that

are smaller than about 10% of the double-ended

break in the discharge flow area.

Licensing codes (Table 6-1): notations are in

accordance with the notations defined in Table 6-3.

Homologous model (Table 6-4): described the

centrifugal pumps and specifies relations,
connections head, torque, flow rate, and rotational

speed.
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Table 6-1

Component and Loop Codes Comparisons

TYPE APPLICATION CHARACTERISTICS
Code 0}
Name ﬁ
o»ﬁ + ] : o
sl |els - >y 0] 0
el | U ol2lo| ~ ~ ~ 0 a
wlklg|g|o|o] o o) P Bur )
xlg| |glofoio] <l & m — Q N Y
mjofL|L|al2lH| g+ © H O £ ) ) (i)
mmgomweowummm Lok ! 0 £ ) [
zlz|=i4lo|Mol—Hlolo (8 N > 0 0] ) m JO)
Am @ mniomeim Ok m o s ) Z 8] (o4
Axial | Forward Steady
COBRA I R X 1vlT Laterall March- State
ing
Axial | Forward Steady
COBRA II Xl |X X ivir Lateral| March- State
ing
Axial | Pseudo Steady
COBRA III X)X X 1viT Lateral] Boundary| State
Condi-
tion
Axial | Implicit| Steady
COBRA III-C X| |X X 1vitT Lateral State &
Transient
Semi~-
Axial Implicit{ Steady
COBRA III-P Xl [ X X lvirT Iaﬂaﬁljmnﬁing State
Function| Transient
for
Ccross
flow
Axial | Implicit]{ Steady
COBRA IV-I X| (X (XE X LVSIT | 1ateral| Explicit| State &
Transient
Steady
COBRA-DF X XX 1vDlT State &
Transient
Steady
COBRA-TF X XX 2V2T State &
Transient|
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Table 6-1
Component and Loop Codes Comparisons
(continued)
TYPE APPLICATION CHARACTERISTICS
0}
S
Code E o
Name a3l Bl ° 5, " )
Hln| _|o|lzlo| ~ — - 0 e
nl|lg|s|olo] o 3 ) - o
xlc|l |ojololo| gl—~ © — Q s H
oL |P3lH| S+ ® q 0 £ 0 0] 3
SEEINIGINESe0 B8 8l 2T 3 5 s I
Am|E o mik | Oln m o5 ) Z &) ~
Axial Implicit
WOSUB X X1 X X 1vD1T Lateral Forward ATWS 17
Marching
(1)
THERMIT x|x|x| x| |x[x|x] x 2V2T 3-D |Semi- 20
X,¥,2 Implicit
RELAP2 x|x| x| [x] |x LVLT Lumped 1707504t 9
Parameters
RELAP3 x|x| |x| % [x | 1V1T Lumped ipoq5cit 10
i Parameters
RELAP3B Lumped .
(MOD101) XX X XX 1vlT Parameters Implicit 11
RELAP4 xixl1x (x| x| x 1V1T Lumped p1505¢ 12
| Parameters
rReLap4-eM %) [x|x| (x| |x|x|x!x| x 1V1T Lumped Hpicit 15
Parameters
RELAP4-FLOOD |X Xl |x X 1V1iT Lumped p 150t 36
Parameters
f Lumped ..
RELAP4 (MOD5) X l, X X X X X lvDlT Par ters Tmplicit 13
] :
3 ! Lumped .
RELAP4 (MODG6) X ; XX XX X t X 1vDl1lT | Parameters Implicit 14
i i
No diversion cross flow
In conjunction with TODEE (for PWR) and MOXY (for BWR).
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Table 6-1
Component and Loop Codes Comparisons
(continued)
TYPE APPLICATION CHARACTERISTICS

o

+

o
0»5 ) 3] 0]
Name | 0 v|2[T ~ — (=) [0} o
wlkd|g|Slolo] © o) P o o
&l |ololo(o] Sl M M~ 0 N H
olr[rlalzlH| SiH® H O g ) 0
EEISI01AEIS(80 S8 & 28 o 5 b
Am | m{unjolm|Kis Oln m s v Z s
RELAP4 (MOD7) |x|x|x|x|x| [x|x|x | x | 1vDlT Lumped Implicit 14

Parameters
Semi-
RELAP 5 XX X X 2\/‘I‘kTsat 1-D Implicit 16
RETRAN x|x| x | x {wpsir™ 1-D Implicit 18
Explicit
TODEE Xl X[ X 37
MOXY Xl X X 38
2V2T 3-D Semi-

TRAC-P1 XXX | X DT T . | r, 8, z Implicit 13

1 Dynamic

model from the two-fluid theory
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Table 6-2
Models and Methods Used in Some

CAPABILITY OR MODEL

10

11

Conservation Equation

Homogeneous equilibrium

" model, HEM(1V1T)

One dimensional mass,
momentum, energy equation

Drift flux model

Separate continuity equa-
tion for liquid and vapor

| phases

Separate momentum and
energy equation for liquid
and vapor phases

Turbulent liquid-liquid

- mixing in the subcooled
© region, in energy equation

Turbulent shear stress in

- mixture momentum equation

i Numerical Scheme

. Flow Solution-Steady State:

Marching method (forward
marching)

Pseudo boundary value
method

True boundary value method

New treatment of transverse

momentum equation

CODE NAME
COBRA | COERA J0OPRA |COBRA | CORRA | CORRA !

T | 11 ; TIT | IIIC | ITIP | Tv-1 |WOSUB THERMIT
BNWL | BMWL | BNWL | BNWL| MIT | BNWL| MIT | MIT
1967 | 1970 : 1971 | 1973| 1977! 1976 1978 1979

) ! ]
1 I 4 |
X X ! X X X | X ‘ E
! ' :
| :
X X X X X X X
| :
f 5 X
| | X X
: ! : ;
| | |
! i t
| ! ; | i
! ’ 2 i
T i § X X
: ! | f
| | ‘ |
o
: ' , X
| !
j ‘ |
X : X X
| |
! X X X X
| X |
i |
; !
’ |
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Table 6-2
Models and Methods Used in Some

Thermal Hydraulic Codes
(continued)

CAPABILITY OR MODEL CODE NAME

COBRA 'COBRA |COBRA [COBRA COBRA COBRA
_IIIC IIIP IV-I WOSUB  THERMIT

12

13

14

15

16

17

18

19

20

21

22

23

Fully implicit
Semi-implicit
Explicit, arbitrary flow

field and boundary condi-
tions (ACE method)

Flow Energy Solution:
Spatially explicit

Spatially implicit

Equation of State

Reference pressure
Local Pressure

Superheated steam proper-
ties

Steam table that contains

the derivative of fluid
properties

Transverse Transport

Cross Flow Model:
Pressure resistance only

Transient momentum
equation

Forced diversion cross
flow

' Flow Solution - Transient: I . II é 11T

i

X

X

X

X
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Table 6-2
Model and Methods Used in Some

Thermal Hydraulic Codes

{(continued)
! CAPABILITY OR MODEL CODE NAME
i
' CORRA| COBRA| COBRA|COBRA |CORRA [COBRA |
l T | II | III | ITIC | TITP | Tv-T |"oouB | THERMIT |
|
! 24 | Lateral momentum flux X X .
; |
E 25 ' Two dimensional transverse X g
| . flow i
i : )
| é Turbulent Mixing: %
o |
. 26 | Single phase turbulent X X X X X X X 2
' ; mixing ;
27 | Two phase turbulent X X X X X X
. mixing
28 | Vapor drift on a volume X
, to volume exchange basis
| Accident Analysis
: 293 Severe flow blockage, X X
; coolant expulsion, flow
! reversal
. 30 | Recirculation loop X X X
Single Phase Flow
f 31 | Nonuniform channel X X X X X X X
: friction
- 32 | Laminar and turbulent X X X
‘ friction correction
- 33! Hot wall friction X X X
correction
Two Phase Flow
34 | One-dimensional slip flow X X X X X
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Table 6-2
Model and Methods Used in Some

Thermal Hydraulic Codes
(continued)

CAPABILITY OR MODEL CODE NAME
COORRA 'OOBRA {COBRA jCOBRA |COBRA {COBRA
I 11 IIT | IIIC | IITP {IV-1 WOSUB | THERMIT
35| One-dimensional drift flux - ! X
model (Zuber-Findlay) ‘ ! i
i
' 36| Three-dimensional (x,y,z) | X
! i nonhomogeneous nonthermo- i g
j dynamic equilibrium flow { ! , ;
' ! | i
. 37| Subcooled voids (Levy X i X | x| X X ;
| I Model) f ; ;
' H : ‘ i
+ 381 Vapor generation rate term i X X ;
in subcooled boiling to ? | |
account for thermodynamic ; f : :
nonequilibrium ‘ i ;
= | |
! ' | Heat Transfer : 5 f
© 39| CHF correlation | X X X X X
. | | ;
i 40| Boiling curve package j | X X X i
Heat Transfer Regime :
Selection Tool: :
|
41! Void fraction and CHF ; X !
42! Quality and enthalpy E ! X ‘
43| Local clad surface temp. i X
Heat Conduction-Fluid: !
i ; v
44| Radial conduction X x| x| x| x' x X
45| Axial conduction f ; X | X X
: : i
. !
i i
Fuel Rod Model ! 5
46| Specified axial & radial X X X X X X ; X

heat flux
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Table 6-2

Models and Methods Used in Some

Thermal Hydraulic Codes

(continued)
CAPABILITY OR MODEL CODE NAME
COBRA |CORRA |COBRPA |COBRA | COBRA | COBPA
I II ITI | ITIC | IITIP | IV-I WOSUB | THERMIT
47 | One-dimensional heat con- X X X X
duction equ. (r-direc.)
48 | Two-dimensional heat con- X
duction equ. (r,z-direc.)
49 | Implicit finite difference X X X
solution scheme
50| Collocation method X
51 | Orthogonal collocation X
technique (MWR)
52 | Temperature dependent X X
thermal conductivity
53 | Transient (time dependent) X X
heat source density
54 | Constant fuel-clad gap X X X X
heat transfer coefficient
55 | Thermal radiation and X
interfacial contact in
the gap heat transfer
coefficient
56 | Planar or cylindrical fuel X
57 | Axial fuel =zone X
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Table 6-2

Models and Methods Used in Some

Thermal Hydraulic Codes
(continued)

CAPABILITY OR MODEL

CODE NAME

|
g

. Homogeneous equilibrium

+ Conservation Equations

model, HEM (1V1T)
One-dimensional mass,
momentum, energy equation
Inclusion of K.E.
in energy equation

and P.E.

Consideration of area and
density change in momentum
equation

Dynamic slip model from
the two fluid theory to j
account for nonhomogeneous
flow |

Three dimensional (r,06,2z)
flow for vessel ;

One-dimensional flow with

, drift flux model for the i

! Numerical Scheme

rest of the primary loop !

| Fully implicit solution E

scheme temporally

Factor to modify the fully,

! implicit scheme

10,

11!

Automatic time step
variation i

Explicit scheme

RELAP 2

RELAP 3

RELAP 3B

RELAP 4

TRAC-P1

1968

INEL
1970

INEL
1976

INEL
1973

1978

X

X
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Table 6-2

Models and Methods Used in Some

Thermal Hydraulic Codes

(continued)
1 CAPABILITY OR MODEL CODE NAME
1
i , REIAP 2 [RELAP 3 |RELAP 3B |RELAP 4 ' TRAC-P1
| Equation of State
|
| 12 | Local Pressure X X X X X
i
© 13 | Steam table that contains X X
; the derivative of fluid
; properties
i
: 14 | Extension of the steam X
table above the critical
‘ pressure
i
‘ Physical Model
Pump Characteristics:
15 | Homologous pump X X X
16 { Only one pump coastdown X X
curve
17 Independent tripping on X X
the independent signals
i 18 | Pump is at a junction X X
19 | Pump is in a volume X X X
; 20 | Consideration of inertial X X
‘ effect
+ 21 | Consideration of friction- X X
i al torque
22 | Consideration of bearing X
i and windage torque
. 23 | Option for two phase pump X X
24 | Motor torque option, pump
stop option, & dimension-
less head ratio difference
data in two phase pump
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Table 6-2

Models and Methods Used in Some

Thermal Hydraulic Codes
(continued)

CAPABILITY OR MODEL

b ———

CODE NAME

Choked Flow:

! Moody's two-phase choked
- flow model

Henry-Fauske and extended
Henry-Fauske

. Sonic choking

;Heat Exchanger:

' Non-conduction model

~ (input specified secondary
. temperature & a constant
effective heat transfer
coefficient)

Time dependent heat
exchanger (Input specified
table of normalized power
versus time)

Time dependent secondary
| temperature

§U—tube steam generator (one
{ dimension heat conduction
equation)

Once through steam
~generator

| .
iSingle Phase Friction
! Factor:
i
]

Laminar friction factor

Turbulent friction factor

. Input specified friction
" factor

RELAP 3B

RELAP 4

TRAC-P1 |
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Table 6-2
Model and Methods Used in Some
Thermal Hydraulic Codes

(continued)
CAPABILITY OR MODEL CODE NAME ’
i RELAP 2 | RELAP 3 !RELAP 3B| RELAP 4 TRAC-P1 -
Two Phase Frictional
Multipliers: ;
36| Modified Baroczy correla- X X
tion
37| New correlation based on X
modified Baroczy
. 38| Beattie correlation using
Bennet flow regime map
39| CISE model X
40 | Annular flow model X
41| Chisholm model X
42 | Homogeneous correlation X
43 | Armand model X
Bubble Rise Model:
44 | Linear approximation for A X | X X
the density of bubbles 3
versus height
Heat Transfer Package:
45| Correlations for pre and X X X X X
post CHF
46 | Ability to construct X X
boiling curve
47 | Treatment of transition X X
boiling explicitly
48 | Condensation calculation X
49| Reflood heat transfer X
package
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Table 6-2
Model and Methods Used in Some

Thermal Hydraulic Codes
(continued)

CAPABILITY OR MODEL

CODE NAME

" Heat Transfer Regime

50
51

52 |

Selection Tool:
Quality and CHF
Void fraction and CHF

Local clad surface temp.

- Fuel Rod Model:

53

54

55 |

Lumped approach

One-~dimensional heat
conduction equation

Variable gap size during

. a transient

56

57

58

59

60

61

Thermal radiation and

interfacial contact in the!

gap heat transfer
coefficient

Fuel-clad gap heat trans-
fer coefficient burn up
dependent

Thermal conductivity
temperature dependent

Exothermic metal-water
reaction considered as a
heat source in the
cladding material
Explicit numerical scheme

Implicit numerical scheme

RELAP 2

RELAP 3

RELAP 3B

RELAP 4

TRAC-P1

!
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6.2 Conclusions

A study was made of a number of well-known thermal
hydraulic codes. This study attempted to cover both models
and methods used in these codes summarizing their basic
elements in various tables. The following results are

drawn:

6.2.1 Component Code

The COBRA series as well as WOSUB and THERMIT fall
in this category. As for the COBRA codes, the steady-state
versions namely COBRA-I, II, III are certainly obsolete by
now and are not suggested for further considerations.
COBRA-IIIC and its MIT version COBRA-IIIC/MIT*, which
utilize the HEM model of two-phase flow, can be used for
both normal operation and transient conditions. The great
flexibility of COBRA-IIIC/MIT to simulate core regions,
bundles and subchannels at the same time, makes it more
desirable to use. An alternative marching solution using
implicit numerical scheme, which converges on the cross-flow
is used in this code. The fuel rod model in conjunction with
Pre~CHF heat transfer correlations make it a fast running
code for steady-state as well as mild transients. On the
other hand COBRA-IIIP/MIT is capable of handling a larger
number of computational subchannels with considerable‘computa—

tional effectiveness, since it deals with the diagonally

*The major difference between these two codes is that the
latter uses a dynamic data management subroutine which allows
the dimensions of the principal arrays as well as the total
computer storage requirement to be a function of the
problem size.
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dominant pressure matrix. However it should be realized
that these codes, COBRA-IIIC/MIT and IIIP/MIT, are not
devised for the purpose of accident analysis such as a
LOCA. In fact neither the physical models nor the numerical
methods have such capability. For example, lack of a heat
transfer package and use of the marching solution technique
do not allow any extreme flow as well as reliable fuel rod
temperature calculations. A step toward the analysis of
severe transients and/or accidents is taken in COBRA-IV-I
in which more realistic physical models, with respect to
the 2-D fuel rod model and heat transfer package, are
implemented. More importantly, a field equation solution
technique, explicit solution, is employed in addition to
the COBRA-IIIC implicit type solution scheme. It is

the simultaneous set of differential equations using
explicit solution technique which makes COBRA-IV~I capable
of handling severe flow blockages, flow reversal, coolant
expulsions and other extreme flow situations. Also, the
field equations solution usihg ACE technique allows
specifying a AP boundary condition which relaxes the
impractical specification of inlet flow boundary condition

in severe transients such as blowdown.
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Despite these advantages, it should be recalled that
several disadvantages are associated with this code which

are as follows:
1) It relies extensively on the HEM,
2) Computational ineffectiveness,
3) The time change of local pressure is ignored,
4) Subcooled void is excluded in the explicit scheme.

A more realistic two-phase flow model that relaxes
the assumption of the HEM is used in the newer versions
of COBRA namely, COBRA-DF and TF, still under development.
Except for the highlights of the models used in these codes
that are presented in the summary tables, there is
little additional information available on these codes
for the time being.

Since analysis of the BWR normal operation and
transient conditions is more demanding with respect to the
two-phase flow modeling, the recent efforts in the BWR
models have been focused on using more realistic assumptions
with regard to vapor-liquid momentum exchange, or phase

distribution as for example the WOSUB code.
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Unfortunately, the marching type solution
technique, simplifying assumptions such as the reference
pressure concept and lack of a complete boiling curve
package, in the current WOSUB version, put a limit on
its application. For example, no reliable blowdown
calculations can be performed with WOSUB in its present
form. Furthermore, WOSUB is not supposed to be used
for very fast transients.

It is now clear that extreme flow situations which
are a point of concern in severe transients can only
be evaluated by using more physically accurate field
equations. The two-fluid concept provides the potential
for increased accuracy in modeling the two-phase flow.
By implementing this concept in the most recent codes,
such as THERMIT, a number of limitations imposed on the
flow characteristics are relaxed. Now the motion of
two~-phase in different directions, having different
temperatures, velocity and pressure can be realistically
analysed in three dimensions. The best estimate heat
transfer package, BEEST, and an improved fuel rod model,
specially with respect to the material temperature
dependent and fuel-clad gap modeling, which are included
in THERMIT, provide a reliable fuel rod temperature

calculation and DNBR prediction. A semi-implicit numerical
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method is used to circumvent the instabilities
associated with the explicit numerical scheme.

In spite of the above mentioned advantages, it
should be remembered (see section 1.3) that the need
for mathematical models representing physical phenomena
increases with the degree of sophistication of the two-
phase flow modeling. Furthermore, the difficulty with
the general two-fluid approach is that the exchange
processes coupling the phases are currently not thoroughly
understood[zo]. As a result, despite the possible
shortcoming of the HEM, it is not evident that a
homogeneous equilibrium model is incapable of predicting
adequately some parameters of interest such as vapor
flow rate and fuel-clad temperature. Furthermore, in
some flow regimes HEM gives surprisingly good results.
Therefore, as a final conclusion, for normal operation
and mild transients, COBRA-IIIC/MIT and COBRA-IIIP/MIT
are still the best available tools. Several shortcomings
of these codes such as the fuel-rod model and lack of
a heat transfer package and the like may be overcomed
by implementing the state-of-the-art models used in the
sophisticated codes such as THERMIT. Severe transients
and accident analysis are certainly advised to be analysed
by THERMIT. Upon the completion of a subchannelwise

version with coolant centered control volume, THERMIT will
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be the first three dimensional non-homogeneous fully
thermodynamic non-equilibrium subchannel code for the

nuclear reactor core thermal hydraulic analysis.

6.2.2 Loop Codes

The RELAP series as well as RETRAN and TRAC fall
in this category. The old versions of RELAP such as
RELAP2, and most of the RELAP3 versions are obsolete
and need not be further considered. RELAP3B-MOD10l is
the only updated version which uses several options for
heat exchanger and steam-generator modeling, not even
used in TRAC. This version is specially devised for
the ATWS analysis. It uses a combination of o0ld models
of RELAP3 such as heat transfer package, and new models
introduced in RELAP4, such as homologous pump, in
addition to several unique features such as variable
gap size during a transient and heat exchanger modeling.
In light of the detailed information about RELAP4/MOD6
and MOD7 and RELAPS5, the available highlights of loop
modeling are presented in the related tables. From
these tables it is clear that the major step toward the
non-homogeneous non-equilibrium modeling of the primary
loop is taken in the model making process of RELAPS.

Such effort is also done in RETRAN through introducing
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the unique feature, DSM, "dynamic slip model". RETRAN

is specially devised to analyse the reflood phase of

a LOCA. The state-of-the-art of the loop codes however
is TRAC which is capable of handling all the phases of

a hypothetical LOCA.

As a result the following codes are suggested for
the transient loop calculations. First, RELAP3B-101
which is a one-dimensional, HEM code and it may be
used for ATWS transients. Second, RETRAN which uses
1-D, DSM and improved physical models, third, TRAC which

uses 1-D, DFM for the loop calculations, and realistic

physical models.
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APPENDIX 1

In the following, the assumptions which have been made
in derivation of the continuity equation in the COBRA codes

are discussed.

The mass balance for liquid is given by:

IQJ

sg [(1-a)p 1 + V ° [(1-a)p, V] = -T (1)

ct

Mass balance for vapor follows
a . g p—
sellopy)] + V' [{ap Vy)] =T (2)

where I 1is the phase change rate. Now using a pseudo

single phase concept by assuming:

o = (l-a)p, + ap, )

- > >
pvV = (l-a)p,V, + apy,Vy

and adding terms (1) and (2) we will come up with

-5

2 [1-a)p, + (apy)] + V' [(1-a)p ¥, + ap ¥, = 0 (4)

[«

Now using the "averaged values" introduced in (3) in the .
equation (4), we will come up with the single phase mass

balance
9

(@) + V- (eV) = 0 o (5)

Equation (5) in a more involved form becomes:
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lm

(pdxdydz) + %;(pvaxdz)dx + %y(pﬁdxdz)dy +

(s34

ot (6)
0 )
EE(deXdy)dz =0

where the element of volume, dn dy dz, represents the control

volume used. dz

oV _dydz+ é_(pvxdydz)dx
z \. e

oxX
/I‘* Y
% dx

dy T
Fig (1)

—t—

Now in equation (6) by eliminating dz we'll have:
9 (Faxdy) + L (pVaxdy) + S (fVaxdy) + L (FWaydx)= 0 (7)
ot 0z oy X -

In equation (7) if we assume that the control volume shown
in Fig. (1) has only an infinitesimal height, dz, and its
cross section normal to the z-axis "finite" instead of

"infinitesimal" (i.e., dxdy - A , we will come up with:

d_

Bt(pA) + EE(QVA) + §§(DVA) + §§WDVA) =0 (8)
and by substituting pVA = m we have:
5 - 3 5 5,
Fp(PA) + 55 (m) + me) + §§(m)— 0 (9)

A "subchannel control volume" concept used in COBRA

assumes a finite cross section normal to the z-axis which
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has the same area, A, equal to the physical subchannel size,

and an infinitesimal height, dz.‘r
) d ,
uppen [
face
Wi, = w!.,
ij ji
— [w*.] = lbm/hr-ft
Y +J
fuel
rod t

Fig (2)

In Fig. (3), w*.,. represents the "cross flow" concept. Mass

ij
balance written for ccntrol volume shown in Fig. (3) becomes:

d % - = -3
pVA + EE(DVA)dZ + w ijdz pVA = dt(pAdZ)

d

d * 3 -_
t(pA) + a;(pVA) + w i3 0 m = pVA (10)

Q

Comparing equation (10), used in HEM versions of COBRA, with
the pseudo single phase continuity equation, equation (9), we
conclude that the cross flow term w*ij represents the two

dimensional form of mass flow rate per unit length, i.e.,

3_ 3_ ‘— *
(ax + 5 )m w 13 (11)
Flow Blockage:

This phenomena is only considered in COBRA-IV-I. None

of the remaining HEM versions of COBRA account for this

1'This infinitesimal length becomes the axial interval between

the selected axial mesh points in the finite difference
solution technique.
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feature. Therefore in these versions, i.e. COBRA III and

COBRA III-C and ..., equation (10) is simplified by assuming
dA _

9 _
ot 0
dap - d -
A'GT*'Q%EE(HI)"‘W*.J—O
aPi 3mi N
— — = - *
A 3¢t % L w*ss (12)

where the subscript i represents the subchannel under
consideration.

Rewriting again equation (11):

- da ,— N
i k¥4 * =
A b+ dz( V)A + jzlwij 0 (11)

Q.AIQJ
t

where in this equation, the averaged values are emphasized by
using a (-) sign. This in fact follows using an integral

form of mass equation which reads

o [t + [ p(¥ - R)da =0 (12)

where T, s and v represent volume, surface and velocity
respectively.
Define the volume and surface averaged values for

density and mass flux:

5 = =1
p = <<p>> = prdT
(13)
- _ _;L_ - >
pV = <pV> = & [sp (v - w)dA
where V = deT and A = fsdA . Also one bracket show area

averaged and two bracket shows a volume averaged value.
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Evaluating equation (12) for the control volume shown in

Fig. 2 we have

3

- — = . _
v ot P+ pVA,upper face pVAllower face + (§Wij)Az 0 (14)
where Iw¥, = 1 [ .. p(V:R)dA and V = A-Az

Ry Az “side *

J faces (15)

If Az becomes small, in limit we will have equation (11).
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APPENDIX 2

The details of the correlations introduced in Tables

3-1 to 3-3 are presented here.

l. Pre-CHF Heat Transfer Correlations

===

The heat transfer correlations used in the pre-CHF

heat transfer regimes are as follows:

Dittus—Bolter(A-l) correlation:

h=0.023(—2 - (2 - &y

H h
" Data Base:
GD
Re = ETE greater than 10,000
CpLl

Pr = T 0.7 to 100

L

e greater than 50

h
Sieder-Tate(A—z) correlation:
GD;, 0.8 CnHt 0.4 k 0.14
h = 0.023(—8) - (RS - (k-1
u k Dy Uy,

Data Base:

As for Dittus-Boelter correlation.
Thom correlation ®™3).

__P 1
- 1260 2
Tw = Tsat + 0.072 e Qw ‘

Data Base:

Vertical upflow of water
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Round tube: 0.5-in. diameter, 60-in. length

Annulus: 0.7-in. ID, 0.9-in. OD, 12-in. length
Pressure: 750 to 2000 Psia. »
Mass flux:  0.77 x 10° to 2.80 x 10% lbm/hr-£t?
Heat flux:  to 0.5 x 10° Btu/hr-ft?

(A*4):

Schrock-Grossman correlation

pV(l-%)D, 10.8 ¢y 0.4 0.75
h 1 .
_—_—ﬁ—_——] (—%—) [2.5(3—) ](B—)

h = 0.023[
tt h

where the inverse of the Martinelli-Lockhart-Nelson Parameter

for turbulent flow is

1 ( x_%o_g (SEE)O.S(EE)O.I
Xt 1-x Pgs 1

Data Base:

Water in round tubes

Diameter: 0.1162 to 0.4317 in.

Length: 14 to 50 in.

Pressure: 42 to 505 Psia

Mass flux: 0.175 x 106 to 3.28 x 106 lbm/hr-ft2
6 2

Heat flux: 0.06 x 10° to 1.45 x 10° Btu/hr-ft

Exit quality: 0.05 to 0.57

Chen* correlation‘?™>);
Q = hNCB(Tw = Tgat) * B (Ty = Te(2))
where
h, = F(0.023)k°'6G°'8(1-x)°'8cp°'4u‘°f4D;°'2

*The values of F and S factors should be found from the
corresponding graphs (see Ref. 42 of this report). However,
the relations given for them here are the curve fitting which

are derived by Butterworth. More details are presented in
Ref. 40 of this report.
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and
ko.79cpo.4splo.49gco._2s
Pns = 81000122 S5 g g 0.24 0. 74
' fg g
where
1 x1 <1.0
F = -1 0.736 Ef R
2.35(X; + 0.213) Xy > 0.1

where Xtt is the same parameter as introduced in the

Schrock-Grossman correlation. The value of S is as

follows:
y v1.14.-1 ] '
[1 + 0.12(RTP) ] ; RTP < 32.5
_ v ,0.78.-1 '
S =|[1 + 0.42(RTP) ] ; 32.5 < RTP < 70
. '
0.1 H RTP > 70

where R%P is the effective two-phase Reynolds number

G(1-x)D

R, =

h .1.25 -4
TP U F

(10 7)

Data Base:

See Ref. 42 of this report.

2. CHF Correlations

The critical heat flux correlations named in Table

are as follows:

Babcock and Wilcox (B&W- correlation:

1.155 - O.407(Dh)

Qcur ~ g A[(o.37ozx108)(0.59137x106c;)B
(12.71) (3.054x10°G)

- 0.15208 hfg- G]
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where

A = 0.71186 + (2.0729 x 10°%) - (P - 1000)

and

B = 0.834 + (6.8479 x 10“4) .

(P - 2000)

Data Base:

Vertical upflow of water in rod bundles

Heated equivalent diameter of subchannels: 0.20 to 0.50 in.
Heated length: 72 in.

Pressure: 2000 to 2400 Psia

Mass flux: 0.75 x 106 to 4.0 x 106 lbm/hr-ft

2
Thermodynamic quality: =-0.03 to 0.20
Uniform axial flux distribution.

3) (A7)

Westinghouse (W- correlation:

Q = {[2.02 - 0.430(0.001P)] + [0.172 - 0.000]P

CHF
exp[18.2x - 0.00413P-x]}(1.16 - 0.87x)

[(0.148 - 1.6x + 0.173x|x|) (G/10%) + 1.04]
[0.266 + 0.836 exp(—3.15Dh)]

[0.826 + 0.0008(h__, - h.)]10° .
sa 1

t
Data Base:

Diameter: 0.2 to 0.7 in.
Length: 10 to 144 in.
Pressure: 1000 to 2400 Psia

6

Mass flux: 1 x 10~ to 5 x lO6 lbm/hr—ft2

Quality: less than 0.15
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Barnett Correlation(A_s):

A(hfg/649) + B(hls-h.)

6 i
C -2

Qcpr = 10

where

0 -6,0.192 6

67.45Dh'08(Gx10 ) {1—0.744exp[—0.5120hy(cx10'

1.261 )

h

. 1.415 -6.0.212
Dhy (Gx10 )

A )11

6,-.0817

B=1.85 "D (Gx10~

C 185

For Annuli the heated and wetted equivalent diameters,

D, and Dhy’ are given by

h
Dhy = (DS - DI)
and
_ 2 2
by = (Ds Dy )/DI

where Dy is the diameter of the shroud and D, is the
diameter of the inner rod.

Data Base:

Vertical upflow of water in annuli geometry

Diameter of inner rod: 0.375 to 3.798 in.

Diameter of shroud: 0.551 to 4.006 in.

Heated length: 24.0 to 108.0 in.

Mass flux (9 x 107°%): 0.140 to 6.20 lbm/hr-ft?
Inlet subcooling: 0 to 412 Btu/lbm

Inlet Pressure: 1000 Psia '

Uniform axial heat flux.
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Biasi correlation(A—g):

The critical heat flux is given as the higher of the
two values from the following equations.
For the low quality region

3

_1.883 x 10° f(p)
Qcur n .1/6 =176 - %
D G G
hy

For the high quality region

_1.78 x 10°8(P)

QCHF - on G0’6 (1-x)
hy

where
n=0.4 for D > 1 cm

hy —
n= 0.6 for D <1 cm

hy —
f(p) = 0.7249 + 0.099P exp(-0.032P)
s(p) = 1.155 + 0.149P exp(0.019p) + =°%0F

10+P

Data Base:

Diameter: 0.3 to 3.75 cm
Length: 20 to 600 cm
Pressure: 2.7 to 140 bar
Mass flux: 10 to 600 g/cmz—s
Quality: l/(l+ol/pg) to 1

VOID-CHF correlation(A—lo):

-1 0 25

L .5 _.,0.
QCHF = (1-a)0.97(24) hfgpg [ggcc(ol Dg)]

Data Base:

See Ref. A-10.
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3. Post-CHF Heat Transfer Correlations

The transition boiling, film boiling region and thermal

radiation heat transfer coefficients introduced in Table 3-3

are as follows:

McDonough-Milich and King correlation

(A-11)

a)

b)

As used in RELAP

Q = Qogp = BIT~Ty cpp)

where h is dependent on Pressure as follows:

B S
2000 979.2
1200 1180.8

800 1501.2

Data Base:

Vertical upflow of water in round tubes

Diameter: 0.152 in.
Length: 12.5 in.
Mass flux: 0.2 x 10% to 1.4 x 10° 1bm/ft2-hr

Wall temperature: less than 1030°F
Pressure: 800, 1200 and 2000 Psia
As used in RETRAN

For pressure greater than 1200 Psia,

_ _ ) P-1200
h = hly500 = Bly200 = Blagoo’ Cgo0
and for P < 1200 Psia, ¢

1200-P
h = hlyy00 * (Blgge = Nly200) 700
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Bjornard-Griffith correlation(A’lz);

h - QT-B.

TW—Tl

where

Qp g, = € Qgp + (1 -€)Qugpp

where

= - _ 2

£ = [(TW TMSFB)/(TCHF TMSFB)]

Data Base (see Ref. A-12).
Dougall-Rohsenow correlation(A_l3)

p
h=0.02302%) L) 412 8p_ 104 (kg

The physical properties are evaluated at saturation
conditions. If n < 0.0, the term [;%(l—x)+x] is

taken equal to 1.0 which causes the correlation reduces
to the Dittus Boelter correlation.

Data Base:

See Ref. A-13 .

Groeneveld 5.7 correlation A 14),
k GD ol -
h = 0.052 s2[=Lx + —I(1-x)10-088p 1-06,-1.06

and the modified Groenveld 5.7 correlations is given by

k G’De'x 0.688

h=0.052 =2 [—% P

1.06,-1.06
) Y

h ugudfm Tw

where
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1 0 4

Yy =1 - O.l(plp; - 1) '4(1-x)0'

Data Base
Diameter: 0.06 ~ 0.25 in.

Pressure: 500 - 1400 Psia

Mass flux: 6 x 10° - 3 x 10%® 1bm/hr-ft?
Quality: 0.1 - 0.9
Heat flux: 1.4 x lO5 - 7x lO5 Btu/hr—ft2

Radiation heat transfer coefficient
4

— - 4 -
] h = oF(Tw Tl )/(Tw Tl)
where
1
F =
I,L_,
€ a

€ = emissivity of the wall, and

o = absorptivity of the coolant
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NOMENCLATURE FOR APPENDIX 2

specific heat

heated equivalent diameter

wetted equivalent diameter

heat transfer coefficient

heat of vaporization

thermal conductivity (evaluated at bulk temp. of coolant)
length

pressure

surface heat flux

saturation temperature

wall temperature

quality

density of the liquid phase
density of the vapor phase
density of saturated liquid
density of saturated vapor
surface tension

viscosity

viscosity of the liquid phase

viscosity of the vapor phase



A-1:

A-2:

A-3:

A-4:

A-6:

A-10:

A-11:

A-12:
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