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SUMMARY

Fuel motion is studied in both one [axial] and two [radial and
axial] dimensions in the pre-disassembly stage of a loss-of-flow acci-
dent in a liquid metal fast breeder reactor. The analysis is based on a
model channel, consisting of an isolated single fuel pin with cladding
and associated subassembly containment structure.

A mathematical model is set up to describe the motion of the seven
materials of interest: 1liquid fuel, liquid steel, solid fuel, solid
steel, vapor fuel, vapor steel and gaseous fission products. The multi-
field approach is used, avoiding the usual lumping of multiple fluids
into a single fluid with average properties. The materials are treated
as distinct fields, each with its own equations of density, momentum and
energy transport. The various fields are linked together via binary ex-
change functions for mass, momentum and energy transfer. These exchange
functions can be manipulated to give any desired degree of linkage be-
tween two fields.

The cylindrical region is zoned into a mesh of fixed cells, and the
differential equations are approximated by finite difference representa-
tions in these cells. The implicitly formulated difference expressions
for density and momentum transport are solved iteratively for the density,
velocity and pressure distributions. The explicit formulation for ener-
gy transport then permits the direct calculation of the internal energy

corresponding to these distributions.



xiii

This numerical scheme has been programmed into the PLOFA computer
code, designed for the efficient solution of multi-field confined flow
problems. Results for a loss-of-flow accident are presented for single
and multi-dimensional calculations. It is observed that an axial analy-
sis is insufficient to predict the phenomena occurring in the initiation
phase. The addition of a radial dimension is found to be vitally neces-

sary for realistic accident modeling.



CHAPTER I

INTRODUCTION

1.1 Objective

Never before has the need for energy been as great as it is today,
and with each passing day the world community becomes increasingly aware
that all sources of power are finite. The breeder reactor, long held
to be a potential cornerstone of U. S. energy supply, has now been down-
graded in the scheme of energy priorities; but to abandon such a viable
energy source without further examination of its drawbacks and seeking
possible solutions, appears wasteful. It is in keeping with the spirit
of scientific inquiry about the safety of the breeder, that this re-
search was undertaken to study the dynamics of fuel motion, contributing
to the continuing refinement of the overall safety effort.

The main factors affecting the reactivity changes in a liquid metal
fast breeder reactor (LMFBR) are control rod motion, the doppler effect
in U238, the voiding and possible re-entry of sodium coclant, and fuel
motion. Fuel motion influences reactivity in several ways. The most
obvious is the effect of dynamic core geometry changes while the fuel
is mobile: any configuration that leads to a more dense fuel distri-
bution adds reactivity. The simplest case of fuel motion in an accident
situation is slumping under the action of gravitational forces, this
occurring usually in fresh fuel. 1In general it is more energetic due

to built up fission gas pressure, or fuel or clad vapor pressure,.



Fuel motion substantially affects the future course of an accident.
A suitable fuel motion model, exchanging information with a concurrent
kinetics model, is thus vitally important to the prediction of the ac-
cident sequence in any safety analysis. Prior computer analysis of
fuel motion has been one dimensional (axial) in nature. This is ap-
propriate only for a limited version of fresh fuel slumping under
gravity. The radial flux distribution would need to be fairly constant
for the assumption of simultaneous radial melting at a given axial loca-
tion. In the usual reactor operational situation there is a distinctly
non-uniform radial temperature distribution in the fuel. This might well
cause centerline melting while substantial portions of the remainder of
the fuel are still solid. One dimensional modeling is unable to treat
this commonplace situation. In addition, the presence of vapors and
fission gas cause radial velocity distributions, and attempting to
neglect this only leads to an erroneous picture of the system's fluid
dynamics.

In vView of the need for a more accurate description of fuel motion,
the objective of this research is to provide a means for the two dimen-
sional (radial and axial) fluid dynamics analysis of fuel motion in an
LMFBR during the pre-disassembly phase of a loss—of-flow accident (LOFA),
and to compare the results of this two dimensional analysis with those
which might be obtained by using only axial calculations. The accident
modeling offers an improvement over prior one dimensional research, not
only by the addition of a new dimension, but also by a multi-field
treatment it avoids the usual lumping of multiple fluids into a single

fluid with average properties.



1.2 Background

It is difficult to find any large-scale industrial operation which
can match the excellent safety record of the nuclear power industry.
This form of energy production has, on the one hand, the potential of
supplying a large part of today's energy requirements, and on the other,
the potential of causing '"significant" environmental damage and loss of
human life. But the term "significant loss of human life'" applied to the
nuclear power industry, refers to a mortality rate far below the normal
rates for other fatalities. For example, the Rasmussen Report(l) pre—
dicts that a fairly serious accident might lead to a total of about
50,000 fatalities from latent cancers over a thirty year period. These
50,000 deaths in an accident which might occur once in a million reactor
years are small compared to the more than 300,000 annual fatalities in
the U. S. from cancers due to other causes. On an average annual basis,
the nuclear figure is several orders of magnitude lower. In a journal

(2)

article discussing common objecticons to nuclear power, the Nobel
laureate, Hans Bethe, estimates the average risk for the entire U. S,
population as two fatalities per year from all types of reactor accidents.
Low mortality rates, of course, do not tell the entire story. The
public's concern about nuclear safety has a geniune basis in some
instances. Responding to this public concern, govermmental regulatory
commission pressure, and its own firm belief that risks to the general
public must be kept as low as possible and much below those associated

with other industries, the nuclear power industry has placed, and will

continue to place, safety as one of the most important factors in its



plans. The U. S. now spends about seventy million dollars annually on
improving reactor safety. Proper design and construction is emphasized
in order to produce an inherently safe and reliable reactor, and protec-
tion systems are provided to ensure that any abnormal condition can be
detected and stopped or safely accommodated.

In spite of designing against any anticipated situation that might

pose a threat to public safety, it is possible that extremely unlikely
or unforeseen circumstances arise that could endanger the public.
Safety analysts must consider what special features would be required to
provide an additional margin of public protection in such cases. Hence,
it is necessary to study the damage that might be caused by a variety of
extremely unlikely situations.

One remote possibility is the hypothetical core disruptive accident
(HCDA), so called because it is not a real accident, but can be hypothe-
sized as occurring with some minute probability. The mechanistic ap-
proach is used in the study of such an accident, i.e. the accident
sequence is analyzed beginning with some initiating event and proceeding
through to a conclusion using a step-by~-step cause and effect relation-
ship. The initiating event is a postulated failure of some part of the
power plant's protection system.

Three(B)

types of accidents, dealing with a wide range of conse-
quences, have received major attention. In the first of these, the
transient overpower accident {(TOP), the reactor fails to scram when re-
activity is added at a fixed rate which is chosen to represent specific

phenomena or faults that could contribute positive reactivity. The

reactivity addition rate might also be selected for evaluating damage by



some unforeseen initiating event. The second type of accident, the un-
protected loss-of-flow accident (LOFA) is initiated by a loss of power of
the coolant pumps. The resulting flow coastdown, coupled with a failure
of the plant's protective system to shut the reactor, develops into an
accident situation. Yet another type of accident is that which might be
caused by the propagation of local fault conditions from fuel-pin to
fuel-pin or subassembly to subassembly.

The accident sequence can be analyzed in four major stages to allow
for the different techniques necessary to study the changing reactor
conditions: initiation, disassembly, damage evaluation and post-accident
heat removal. The accident initiation phase deals with. core neutronics
and thermal behavior up to the point of loss of subassembly integrity.
The prompt critical excursion that is induced at this point leads to the
disassembly stage, in which the rapid heating and vaporization of the
fuel produce high pressures that disassemble the core. The potential
damage the excursion can do to the system is studied in the damage evalu-
ation phase by calculating the rate at which thermal energy released in
the transient is converted to work, this work being in the form of expan-
sion of the core materials or the vaporization and expansion of sodium
coolant interacting with these materials. The final stage of the ac-
cident analysis involves a study of the long term decay heat removal
from the fuel, to determine a terminal configuration which can be perma-
nently cooled.

Proper analysis of the initiation phase is important in assessing
later stage of the accident. The analysis treats phenomena such as

transient thermal-hydraulics, fuel pin mechanics and failure, and



(3)

cladding and fuel motion. A typical sequence in the accident ini-
tiation phase, taking the example of a LOFA without scram for a FFTIF
(Fast Flux Test Facility) type of reactor, begins with a flow coastdown
followed by boiling of the liquid sodium coolant, cladding dryout about
a second later, cladding melting and motion in another two or three
seconds, and finally fuel melting and motion in about two more seconds,

The reactor power strongly influences the timing of events after
boiling initiation. At boiling inception the reactor might operate
around 65-75% of its full power, but cladding motion and relocation out
of the middle core region could add a dollar or two of reactivity and
raise the power (to perhaps twice the nominal power) by the time fuel
motion begins. As the fuel becomes more mobile, slumping in the hottest
channels might lead to an initial power burst peaking at between five and
thirty times the nominal operating power. These initial high intensity
bursts terminate very quickly by a combination of several strong nega-
tive reactivity effects like doppler and axial expansion feedbacks, and
fuel dispersal caused by fission gas and fuel/steel vapor pressures. The
rapid energy generation in the burst (typically of the order of one full
power-second) creates a domino effect, initiating fuel motion in channels
which are near melting. Fuel dispersal eventually causes subassembly
rupture, when sufficiently high pressures and temperatures are reached,
leading into the transition or disassembly stage of the accident.

The reactivity in the transient accident initiation phase is af-
fected by the changing configurations of the density, pressure, velocity
and temperature distributions of the fuel and the material associated

with it. The core configuration of an LMFBR is such that redistribution



of the fuel to a more dense state results in reactivity addition. These
reactivity changes, in turn, govern the fuel motion, and hence, the
future course of the accident. A suitable fuel motion model, exchanging
information with a concurrent kinetics model, is thus vitally necessary
to the prediction of the accident sequence in any LOFA analysis.

The importance of fuel motion in accident analysis haslcaused it to
receive much attention in recent years. Prominent in this area are the
large scale experimental programs that have been undertaken by the

(4,5)

Argonne National Laboratory and the Hanford Engineering Development

(6)

Laboratory.

Fuel melting laboratory studies at HEDL were conducted to describe
the response to rapid heating of both unirradiated UO2 and mixed oxide
fuel irradiated in EBR-II (Experimental Breeder Reactor). Thermal Tran-
sients were applied to fuel samples in a resistively heated tungsten
tube. The system was designed to allow for continuous gamma radiography
of the sample, as well as pressure and temperature measurements. The
research has centered on fuel material behavior and the determination of
input parameters needed for fuel motion models.

The Fuel Dynamics Program at ANL has included extensive tests on
fresh and irradiated Fast Test Reactor (FTR) fuel in its TREAT System.
Topics of prime importance include prefailure fuel movement, cladding
failure threshold, the nature and location of initial and secondary clad-
ding failure, coolant dynamics, fuel-coolant interactions, and post-
failure fuel motion. The tests have provided valuable and formerly un-
available data for testing and improving accident analysis models.

To compliment the experimental programs, several computer codes have



been written to analyze reactor accidents. Well known in the United
States is the SAS LMFBR Accident Analysis Code System(y) (Current ver-
sion SAS3A) developed at the Argonne National Laboratory. This code
includes models which allow an integral treatment of both transient
overpower and loss-of-flow unprotected accident sequences through fuel
pin disruption and up to the point of subassembly disruption.
Fuel motion in SAS is modeled by the SLUMPY(B) Module. The fuel
motion is initiated following the satisfaction of three criteria.
(i) channel sodium voiding has occurred
(ii) the cladding has melted, and
(iii) a specified fuel temperature is exceeded at a specified radial
node at any axial position or a specified fraction of molten
fuel is reached at any axial node.
The voided channel volume of the initial axial nodes which meet fuel
slumping requirements are assumed filled by radial expansion due to the
pressure of retained fission or fill gas in the fuel or any fission gas
in a central void. The fuel motion analysis considers three regions:
a middle slumped region, an upper falling segment, and a lower stationary

segment. The middle slumped region moves according to area-dependent

one dimensional (axial) compressible Lagrangian hydrodynamics. As more
fuel melts, SLUMPY calculations include the new nodes using conservation
of mass, momentum and energy.

In view of the importance of fuel geometry on reactivity in a Fast
Reactor System, it is necessary to include the reality of radial fuel
motion. The research detailed here studies two dimensioconal fuel motion

in the pre-disassembly stage of a loss-of-flow accident. This allows



more fealistic hydrodynamic modeling by eliminating the need for the
radial uniformity that is inherent in a one dimensional axial calcu-
lation. By virtue of its two dimensional nature, the new modeling
handles situations that cannot be modeled in a one dimensional case.
These include fuel motion within a strong clad, and partial melting of
fuel above a usual "one dimensional slumped region."” In addition, it
yields useful field variable distributions such as the pressure distri-
bution in the growing molten region that begins to develop around the
central axis of the fuel pin in the early stages of the transient,

This pressure distribution can be used to calculate the stresses acting
on the surrounding solid shell, and thus provide data for the formulation
of a mechanical criterion in addition to the present solely thermal
criterion used in initiating motion in one dimensional fuel motion codes.
This improved picture of fuel relocation paves the way for a more ac-
curate spatial reactivity calculation, leading to increased confidence in

the adcident analysis.

1.3 Research Overview

This research analyzes the fluid dynamics in the pre-disassembly
stage of a loss-of-flow accident, paving the way for improved spatial
reactivity calculations, thus enhancing the development of overall safety
codes. The fuel motion analysis is based on model channel consisting
of an isolated single fuel pin with cladding and associated subassembly
containment structure. It is assumed that a calculation performed on
this single pin is representative of all pins in the entire subassembly.

The core of an LMFBR can be mocked up by a number of these channels, with
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each channel representing one or more subassemblies with similar power,
flow and irradiation conditions. Thus a multi-channel time, position and
temperature dependent representation of the accident sequence is possible,
with inter-channel non-coherence. The accident can be analyzed up to the
point of channel disruption, when a switch to a disassembly code must be
made.

Equations of motion and energy transfer have to be formulated to
describe the material motion in a channel. The formulation of these
mathematical equations is entirely dependent on the flow model. This
flow model could be simplified to consist merely of solid and liquid
regions, where the liquid region is assumed to be a single representative
homogeneous fluid. This single liquid concept considerably simplifies
the solution, but is a far cry from the actual phenomenon. It must be
realized that in the course of an accident, the two main materials of
interest (fuel and steel) could be in a solid, liquid or vapor form,
while the third material (fission products) is essentially gaseous.

These different phases and components exist in various proportions and
at different temperatures and pressures throughout the channel. The as-
sumption of average properties thus results in a considerable loss of
information.

On the other hand, the various phases and components could be
treated as distinct materials, each with its own density, velocity,
pressure and internal energy. Proper boundary conditions could then be
applied to determine the change in the field variables at an interface.
This method, while aligning itself with the real situation, would be per-

haps impossible to solve because of the substantial mixing of the phases
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and components in the entire channel.

A compromise needs to be reached between the single fluid concept
and the entirely distinct fluids methoed. It is important to preserve com-
ponent and phase distinction, but the impracticability of applying boundary
conditions at interfaces must be realized. Accordingly, distinction be-
tween the various materials is allowed, but the interaction between them
is treated via exchange functions. These exchange functions are based
on the interaction between an essentially discrete medium placed in a
continuous medium. The flexibility afforded by these exchange functions
permits manipulation to achieve any desired degree of linkage between two
materials. The material interface positions cannot be described exactly,
but the proportions of the various materials in any region are known, as
are the distinct field variables,

The seven materials (referred to as fields in the discussion) in the
channel are lqiuid fuel, liquid steel, solid fuel, solid steel, vapor fuel,
vapor steel and gaseous fission products. The equations of motion and
energy transfer for these distinct fields are discussed in the next chapter,
along with the forms of the mass, momentum and energy exchange functionms,

The mathematical model is far too complex to yield a direct analytical
solution; meaningful results can only be achieved by numerical methods.

A numerical scheme must address itself to the problems of choosing a suit-
able mesh to zone the region of interest, locating the field variables in
this mesh, approximating the differential equations of motion and energy
transport by finite difference equations with the desired accuracy, analy-
zing the stability of the difference equations, and formulating an itera-

tive scheme to solve the difference equations. The numerical scheme chosen
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4,100 based on

follows the multi-field approach of Harlow and Amsden,
an extension of the implicit continuous fluid, Eulerian (ICE) technique.

The cylindrical region is zoned into a mesh of fixed cells, and the
finite difference approximations of the equations of density and momentum
transport are iteratively solved in each cell by an implicit treatment of
velocity and pressure. The energy equation is then solved explicitly.
Appropriate boundary conditions are applied at container boundaries and
certain material interfaces, such as between a substantial solid region
and a liquid or a vapor region. Details of the numerical scheme are
presented in Chapter TIII.

This numerical scheme has been programmed for use on the CDC Cyber
70/Model 74 available at the Georgia Institute of Technology. The pro-
gram, written in FORTRAN 4 and named PLOFA, is designed for the efficient
solution of multi-field confined flow problems. A description of PLOFA
along with results for a rather severe accident initiation phase appear
in Chapter IV.

Conclusions are presented in Chapter V, along with recommendations

for future refinement and development of PLOFA.

{11

)
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CHAPTER II
FUEL MOTION MODEL

The problem of interest is the modeling of fuel motion within a
cylindrical channel consisting of an isolated single fuel pin with
cladding and the associated subassembly containment structure. In the
course of a LOFA, the nuclear fuel and steel cladding could be in a
solid, liquid or vapor phase, while the fission products are assumed
always to be in a gaseous form. One is thus faced with an unsteady, multi-
phase, multi-component, two dimensional, confined flow problem in the
presence of nuclear reactions.

The flow analysis of this complex mixture can be approached in
several different ways, depending on the degree of simplification
desired. ©Associated with each simplifying assumption there is naturally
a loss of reality from the actual phenomenon. This model, while ensuring
a satisfactory solution in a reasonable amount of time, dispenses with
the need for complete homogeneity in the flow field, thus avoiding the
necessity of the average densities, velocities and temperatures that
are often used in multi-component flows.

The analysis follows the multi-field approach of Harlow and

(9,10) at Los Alamos. This multi-field approach is an extension

Amsden,
of the implicit, continuous fluid, Eulerian (ICE) technique,(ll), which

by an implicit treatment of the pressure in the numerical scheme, allows

for the analysis of flow speeds ranging from Mach numbers of zero (the
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incompressible limit) to infinity (the hypersonic limit).

The seven distinct fields in the problem are:

Field Phase Component Type of Material

1. liquid fuel liquid fuel almost incompressible
2 liquid steel liquid steel almost incompressible
3 vapor fuel vapor fuel compressible

4, vapor steel vapor steel compressible

5. fission gas vapor gaseous fission compressible

products
6. solid fuel solid fuel incompressible
T solid steel solid steel incompressible

Each field is characterized by its own equations of mass, momentum
and energy transport. An equation of state is also needed to relate the
density to the internal energy and the pressure (if applicable). For
the totally compressible vapor fields, density is affected by both the
internal energy and the pressure. On the other hand, the density of a
less compressible liquid fileld is dominated mostly by its internal
energy, while the density of a solid field is assumed to be independent
of the pressure and is affected only by temperature changes.

The presence of multiple fields is accounted for by equilibrating
the pressures of the compressible materials, and linking all fields by
mass, momentum and energy exchange functions. Boundary conditions in the
usual sense are not applied at the interfaces between different fields,
because the high degree of interpenetration and mixing in this confined
flow problem makes it impossible in practice to keep track of the

material interfaces. A Lagrangian approach is better suited to handle
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interfaces, but keeping the materials distinct in this complex mixture
would require a high degree of resolution and introduce substantial re-
zoning errors.

An Eulerian mesh of fixed cells is chosen, and boundary conditions
applied at the container boundaries, and at the interfaces between a
substantial solid region and a liquid or a vapor region. All other
interfacing is done via the exchange functions. These binary exchange
functions are based on a discrete field in an essentially continuous
material. There is thus some sacrifice of the continuum assumption on
which the equations of motion are based. However, the flexibility
afforded by treating the various materials as distinct fields partially
offsets this lack of resolution. In addition, the exchange functions
can be manipulated to give whatever degree of linkage is desired between

any two fields.

2.1 Fundamental Equations

Each field has density, momentum and internal energy transport

equations which can be described in vector form as

2 4 9 (ow) = s (L
t ~

apy -

5 + Ve(puy) = N - alp + VT + pg + D(u - u) (2)
apI -

5¢ F Velpul) = - pVe(an) + Q + H(T - T) + V*(kaVT)

+ ue + AN (3)
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The equation of state, describing the microscopic properties of each

field is

P = f(p" I)' (Z‘)

The terms in these equations are:

¢ = macroscopic density

=ap
p'= microscopic density

a = volume fraction of that field

u = velocity vector

Q = representative velocity vector for other fields

P = pressure

acceleration due to gravity

w09
]

I = gpecific internal energy

k = thermal conductivity (function of temperature)
T = temperature

T = representative temperature of other fields

W = viscosity (function of temperature).

Included in the transport equations are various source and exchange

functions.

1. S is a source function for the density transport equation, It
generally arises from phase transitions, but can also arise (as
in the case of the fission gas) from nuclear reactions and re-
lease from solid fuel.

2. A+t is the rate of momentum gain by viscous transfer.

3. N is a source function for the momentum transport equation,

arising because of the 5 function in the density equation,
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D is a drag function to account for the drag between various
fields.

Q is a source function for the energy transport equation,
arising from such processes as phase transitions and nuclear
reactions.

H is an exchange function to the mean exchange temperature for
a field.

[315 a dissipative term. It represents the rate of internal
energy production as a result of momentum exchange,

u® is the heat term due to viscous dissipation.

It may be noted here that the density and momentum transport

equations are in conservative form, while the equation for the trans-

port of specific internal energy is not. The energy equation could

have been made conservative by transporting the total energy, rather

than the specific internal energy. But, in fully conservative form,

slight fluctuations of velocity at high speeds could result in large

temperature fluctuations. This does not occur in the internal energy

formulation, compensating for the slight non-conservation of energy.

These fundamental equations of motion and energy transport now

need to be considered in detail for a particular field.

2.2 Density Transport Equation

3

1
ot + r

3 2 _
e (pur) + a2 (ov) = S
Considering field 1, for example, the source function is

= -+ - 8§ -
S) % 831 7 Se1 7 513 7 Siee
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where the notation S for example, denotes the mass per unit time

31’
per unit volume that is changing from field 3 (fuel vapor) to field
1 (liquid fuel).

The source function for the density equation can arise from
phase changes or (in the case of fission gas) by gas release from

solid fuel.

(1) Phase Changes

Phase changes arise only for the fuel and steel components.
The fission products are always assumed to be in a gaseous
form. We need to consider phase changes between (a) vapor
and liquid fields, and (b) liquid and solid fields.

(a) Vapor-Liquid Interchange

(1) If there is substantially more of the liquid phase
then use the following relation(lz)based on kinetic

theory.

3o, o
1, &8 p¥%

e e
Sl+g = rg :; 2TR le :

where 1 indicates the liquid phase

g indicates the vapor phase

o, = evaporation coefficient
e
R = gas constant
p*l = saturation pressure corresponding to the liquid
temperature Tl
r = radius of vapor bubble
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“g = volume fraction of vapor.

30
g. G P

S = c g g
g1 rg][ZWR \[}g

condensation coefficient (normally equal to Gl )

where O
gc e

W

P gas pressure.

g
(ii) If there is substantially more vapor than liquid, use

301 al pk
g N - i ,
g rlJ 2R JTl
30g o
and S = e 1 P

(b) Solid Liquid Interchange

A solid is assumed to melt when its internal energy
exceeds that which is required for melting at that
particular temperature and pressure.

(2) Gas Release from Solid Fuel

The rate of release of fission gas from solid fuel is

dependent on its concentration in the fuel, Thus,

90 _ _
dt W =8,
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where a is a suitably chosen time constant.

2.3 Momentum Transport Equation

In component form the momentum transport equation is

(i) radial direction momentum equation

dpu 1 9 9
e b B (rpuu) + . (puv)

e s el L = +V
Nr a==+D (u = u) &

where u = radial component of velocity
v = axial component of velocity
Vr = radial component of the viscous term.

The various source and exchange functions are

1. Nr is the radial component of the momentum source func-
tion, arising from the S function in the density trans-
port equation.

Taking the liquid fuel (field 1) as an example,

2, D 1is the drag term accounting for the momentum exchange

between the different fields. Again considering field 1,

M ™ Bgp T Ppg T Byy T Bpe i Dy Ty
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and

In general, the binary drag term between fields m and n

is given by(lo)

C. pp!

D mnu
= g—a (6] (“£“+.JL )2 3”m ”n o S “n
2 ] [
m oAy Ta L * un A(rnp m i rmp n)
- = 2 ) 1
Em %P - {'(um - un) + (Vﬁ - Vn) }'2 ’
th g
where r = radius of m  field particles
L radius of nth field particles
CD = coefficient of drag between the mth and nth
mn

fields.
This binary drag formula will not be used to evaluate the
drag between the two liquid fields. Rather, the liquid-
liquid drag term will be set to a very high number to
account for the fact that when these two liquid fields
intermix, they are fairly well tied to each other.
Vr is the radial component of the momentum gain due to
viscous transfer. For a compressible Newtonian fluid

this is readily shown to be

~ 10 \2urdu_2 9 _ 2yr dv
L rar[ or 3% (W -3 5,
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_2pu 2 9 2 ov
2 ¥ 3 5or (ru) + 34 3,
r T r

2 . dv, 3
* a2 G + )1

It must be noted that the mass exchange terms prevent the
reduction of this expression to the standard incompres-
sible form of the viscous term for the essentially
incompressible liquid fields. Hence the compressible
form of the viscous term is used for both the vapor and

liquid fields.

(ii) axial direction momentum equation

dgpv .1 3
~T + of e (rpuv) +

9.

. (pwv)

- fj gl =
N -az- +D (v-wv)+ v, + pg.

The axial momentum source function is of the same form
as its radial counterpart, with the radial velocity
components changed to the corresponding axial velocity
components.

The axial viscosity term for a compressible fluid is

A8 dv , du 3 b dv _ 2 3 (ru)
ar [“r(ar + 82)] + 9z {H[3 9z 3r Oor 1)

M=
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2.4 Internal Energy Transport Equation

%I , 13 5
3t + = By (rpul) + 5;—(pvl)

d 3
-‘Eg;(aur) - Py, (av) +Q

7 13 T
+ H(T - T) + T e (rk @ 31,)

P aT
el el + + .
+ 3a (ka 32) ud N

The various source and exchange functions are

$ is the viscous dissipation term, and for a Newtonian fluid is

given in standard textbooks such as Bird(l3)as

6=2189%+ &2+ Ol &+ 7

) ov,2
3 (o) + 5]

[515 also a dissipative term, representing the rate of internal

energy production as a result of momentum exchange. The total rate

for all fields is

A =i 2 2
B =5 E g Dom [y = w4 (v = v )P
For the mth fieid,

A'__AAs

m m t
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where the Am'a are weighing coefficients such that z A =1,
m
m
H is the energy exchange function between the various fields. For

the example of field 1,

H:
1 Z Hln’
n
n#l
dH T = .
and %1 % EHan
n#l

The different binary energy exchange functions that must be consid-
ered are liquid-vapor, liquid-solid, vapor-solid, liquid~liquid,
vapor-vapor, and solid-solid.
(i) Liquid-vapor:

For low Reynold's number, the energy exchange function for

(14)

liquid droplets in a continuous vapor is shown by Soo "~ “to be

a; 3k
H, = () —B,
gl a 2

g 1,

where subscript g indicates the vapor

subscript 1 indicated the liquid

rl = radius of liquid droplet
kg = thermal conductivity of the gas.
(ii) Liquid-solid:
4ﬂr2 3 h
o e s _ 1ls ,
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where hls = heat transfer coefficient between the
solid particle and the liquid
(the particle is assumed spherical)
N. k
= Nu 1
2r
8
i 1
3 2
NNu 2+ 0.6 NPr NRe
( : ., (15)
the Rantz - Marshall Relationship)
Uy ©
N—lpl
r  k
P 1
- 2 _ 2
N = P1 ,J&ul us) * (vl vs) 2r5
Re

|

(iii) Vapor-solid:

(iv)

This can be treated analogous to the liquid-solid
case, by replacing the liquid parameters by the corres-
ponding vapor parameters.

Liquid-Liquid:

The liquid-liquid energy exchange function is set
to a very high value because the substantial intermix-
ing of the two liquid fields brings them thermally close

together.
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(vi)
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Vapor-vapor:

This is also set to a high value because of sub-
stantial mixing between the vapor fields.
Solid-Solid:

When there is substantial solid present, this
exchange function will be in the form of a heat contact
conductance between the two stationary solid fields.

Some fraction of this contact conductance is used between
small solid particles in motion, to account for the de-

creased contact area.

4. Q is a source function for the internal energy transport equation,

arising from phase transitions and nuclear reactions.

Q=20

+
phase

Q

nuclear’

We need to consider two types of phase changes

(i) liquid-vapor

phase

{23,

=8 1. {T.) =8 E. (kD

gl "1 ''g 1z 1 1

(T.)

1 . T
+p ¢ Sl+g hfg 1 Sg+1 hfg ( g)
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- + T
Quinase = Flag [Ig (B + By Wy § 1)}

vap
- S I (r) + v, (T)
g-ﬂ[g(g) Pg Vig ' g
p. “p
i £ 8 T.,) -S . h_ (T)
0. c. +p ¢ [Sl-*g hfg(l) g*l fg g |’
I g P
g
where
Qphase = source function (in the energy equation for the
L liquid) due to a liquid-vapor phase interchange
Qphase = gource function (in the energy equation for the
VER vapor) due to a liquid-vapor phase interchange
Il(Tg) = internal energy of the liquid at the gas saturation
temperature Tg
Ig(Tl) = internal energy of the gas at the liquid saturation
temperature Tl
hfg(Tl) = latent heat of wvaporization at the liquid saturation

temperature Tl
h g(Tg) = latent heat of vaporization at the gas saturation

temperature T

vfg(Tl) = change in specific volume due to evaporation at the
liquid saturation temperature Tl
vfg(Tg) = change in specific volume due to condensation at the

gas saturation temperature Tg.
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In these expressions, the work terms due to phase changes have been as-
signed entirely to the vapor. The heat of vaporization required for the
phase change is drawn from each phase in proportion to its heat capacity
per unit volume of the mixture.

(ii) liquid-solid:

Qphase - ss+l I1 (Ts) - Sl+3 Il (Tl)
liqg
P, C
1 71
- Dl Cl + p5 cs s+1 hls (Ts) - Sl+s hls (Tl)
= - I
Qphase Sl+s Is (Tl) Ss+1 s (T
sol
Pe cs
& S h, (T) -5 h  (T))
ey Cl + Py S s?»1 1s s 1+s 1s 1
where
Il (Ts) = internal energy of the liquid at the melting tempera-
ture of the solid TS
IS (Tl) = internal energy of the solid at the solidification
temperature of the liquid Tl
h. (T ) = latent heat of fusion at temperature T
s s s
hls(Tl) = latent heat of fusion at temperature Tl.

The source term due to nuclear heating, @ , is based on the reacti-

nuclear

vity worth of the fuel in a particular configuration.
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CHAPTER III

NUMERICAL APPROXIMATION

The complex equations of motion and energy transfer are impossible
to solve analytically, necessitating the formulation of a numerical sol-
ution. This requires a numerical scheme which can be programmed for use
on a large computer so as to achieve meaningful results in a reasonable
amount of calculational time.

Analytical methods yield solutions to differential equations at
every point in the domain, while numerical solutions are applicable only
at discrete points. Thus, basic to any numerical scheme is the choice of
a mesh and the location of variables in this mesh. A fixed set of cells
is chosen to zone the region of interest as shown in Figure 1. Each of
these cells is a cylindrical annulus of width d8r and height &z. The
total number of cells will be based on computational time, available com-
puter memory and desired accuracy. Within a cell, the radial velocity
components are indexed on the sides of the cell, the axial velocity
components on the top and bottom, and the scalar variables like density,
pressure and internal energy at the cell center as in Figure 2. This
placement(16)0f field variables is based on its ability to achieve con-
servation without the necessity of involving cells which are not the
immediate neighbors of the calculational cell. The use of distant cells
would add to the complexity of the solution procedure and might intro-

duce considerable error.
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FIGURE 1. Axisymmetric Two Dimensional Computing Mesh
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The equations of motion and energy transfer can now be solved for
each cell by replacing the differential equations with finite difference
approximations, and choosing an iterative scheme to proceed through the
difference equations. However, for this solution to depict a particular
flow situation, the variables must satisfy certain physical constraints
(in the form of boundary conditions) at container boundaries and at
some material interfaces (for example, between a substantial solid region
and a liquid or a vapor region).

The rest of this chapter is devoted to these aspects of the nume-
rical scheme. The finite difference approximations to the equations of
density, momentum and energy transport are presented in Sections 3.1,
3.2 and 3.3. Section 3.4 details the solution procedure for these dif-
ference approximations, the stability analysis is discussed in Section
3.5, and some boundary conditions for the velocity and temperature are

listed in Section 3.6.
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3.1 Density Transport Equation

The differential equation of density transport is given by

_g_‘:g+%_ _g_; (pur) +§_z (bv) _ g,
where p = macroscopic density
= OLD'

p' = microscopic density
¢ = volume fraction of a field
u = radial component of velocity
v = axial component of velocity
S = density source function.

This differential equation can be replaced by a finite difference
approximation which is first order accurate in time, and second order in

space. Thus, for cell i, j we have

1 n+1pj _ pj] 1 n+l j n+l i
Et[ S ror {pur) i+l <our) i-1

2 2
+
n+l n+l ;
1 i-1 _
—1-- <DV> 2 <pV> 2 - Si’
8z i i
where : = radial coordinate index
3 = axial coordinate index
n = time step index

dt = time step.



34

th time step.

All quantities not time indexed are evaluated at the n
The source funection, S, is readily obtained by evaluating, for cell i, j,
the parameters in the S expression of Chapfer G

The difference approximation must deal with convective fluxes of
cell centered quantities, such as pi. This convective flux is the pro-
duct of the normal velocity component and that quantity. Thus the con-
vective flux of density across the right hand face of cell i, j is
(up)i+l. But this flux is based on the concentrations of the specified
quantigi in the two cells (the donor cell and the centered cell) which
form the interface. The properties of both centered and donor-cell are
(9)

combined in the partial donor-cell technique to yield a flux expression

of the form

s . 3 SEYad
<upd i+l T Yikl [ (_;_-*-E)pi + (Zl,_ £l
2 2

where £ depends on the parameters Eo and B0 as

i J ' i
E = (soui+ §t)/6r + BO sign (uifi)'

2 2

The input coefficients Bo and 80 can take on a range of values between 0

and 0.5, assuming that Iumaxlﬁtfﬁr < 1 everywhere. The simplest choice of
2

Bo = Bo = o0 (£= o) leads to a purely space centered flux which is readily

shown(lY)to be numerically unstable unless counteracted by an added dif-

fusion process,
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Selecting 80 = 0.5 and BO = 0 reverts to the standard donor-cell

differencing method where, for example,

j b
<o ) Ay %4 50
1+1 —2‘
2 i .
p if j < 0
i+1 uifl
2

On the other hand, this standard donor-cell differencing is omitted en-
tirely by choosing 80 = 0 and Bo = 0.5 (a fully interpolated donor-cell
form). In the more general case, one chooses both 80 and Bo to be non~
zero which provides some control on truncation errors without the need for
explicit diffusion.

The convective flux terms for the finite difference representation

of the density transport equation are given by

n+l j _ntl J +1
= r, n+l j 1 _ Lt J
2 7 @
where
n+l .,
ntl j . i
E = (Bo uifi 8t)/ér + 60 sign ( uifi)’
2 2
and
+1 n+l j+l
j+1 = 1 n+1 j 1 n¥+l j+1
)5 = vz | GroTar G- T ey |
where
n+l j+1 s j+l)
£ = (BO 4 2 6t)/éz + 90 sign vy 2
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3.2 Momentum Transport Equation

(1) radial direction momentum equation

dPu 1 9 9
Frae + = &2 (rpuu) + e (puv)

s n = el D(u -~ u) + V
r r

or

In this equation,

Nr = radial component of momentum source function

P = pressure

D = drag term

u = representative radial velocity component for other fields.

The radial component of the viscous term, denoted by Vr' is

The differential equation for radial momentum tranmsport can then

be approximated at the point i +'%, j by

1 | ntl ! j 1 j _ j
(DU). 1~ (pu) 1 +r 5y | SPuur>yy «fpumﬁi

8¢
it 147 i+%
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o !
I+ 73
+ — | <puvy> 1 <puv> 1
i+ i
i +
_ (Nr)J . n+laj ) £n+1 i n lpj]/ Sy
it it i+l i
2 2
+ DJ L [n+1_3 . n+l j 1_]+-(V )j 5 ,
] ) -] ]

where all non-time indexed terms are evaluated at the nth time step.

The radial momentum source function (Nr) and the drag term (D) are readily

obtained by evaluating, at the point i + %3 j, the parameters in the Nr

and D expressions of Chapter II. Quantities to be evaluated at points
in between those at which they are indexed in the mesh are obtained by

simple linear interpolation. For example, ui = E(uJ 1 + uj l).

g H3

The convective and viscous terms in the finite difference expres-

sion are calculated as follows.

(1) <Duur>i = U‘l: r, [(% + £) (DU)i 1t (%- = E)(QU)J:
-5 i

ok

where £ (Bo u? o) /6r + 60 sign (ui)

1
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It may be noted here that in a nmonmentum convective flux expression, the
pu termnust not be thought of as a density flux termand eval uated by
anot her convective flux expression. Rather, it is directly obtained from

the Solution of the momentum equation at the previous tine step.

JL sA T . _ .
(i) <pw>¥2 .~ H|+ Y)(pu) 1+ (j- C)(puy'J
e T |+r i+r J
oJ: -J1
JH— —
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