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ABSTRACT

Two models were investigated to predict the power and pressure behavior of three
liquid Uranium fueled reactors (KEWBS, CRAC, and SILENE) during fast power
excursions. Both models use the point reactor kinetics equations to generate
the power and energy distributions in time, and an equilibrium thermodynamic
analysis to generate the pressure, temperature, and volume distributions. The
first model uses equilibrium thermodynamics to generate an equation of state for
bubble formation that is static in bubble radius versus time. The second model
uses mass transport theory to generate an equation of state that is dynamic in
bubble radius. Simulations of the power excursions were run for both models and
the results were compared to the experimental data and to each other. The first
model was analyzed by varying the threshold gas mass fraction and the static
bubble radius verses a range of step reactivity inputs to determine the effect on
peak power and pressure. The second model used a trial and error strategy to
determine the adjustable parameters that best fit the experimental data, then was
also analyzed against the same ranges of step reactivity input. In the comparison,
the dynamic model predicts the power and pressure Versus time traces better than

the static model.



11

CHAPTER 1

INTRODUCTION

This thesis seeks to analyze various one-region, lumped parameter, dynamic com-
puter models to predict experimental results which were obtained from three liquid

solution Uranium-Water reactor experiments:

KEwB5 — Kinetic Experimental Water Boiler Number 5 — An unreflected,
cylindrical, liquid Uranium Sulphate fueled reactor. The power excursion is

generated by a horizontal, air-ejected, pulse control rod.

CrAC — Consequences Radiologiques d’un Accident de Critcité — A set of
French experiments to measure the effects of accidental criticalities. This
is an unreflected, cylindrical, liquid Uranium Nitrate fueled reactor. The

power excursion is generated by pumping liquid fuel into the reactor vessel.

SILENE — A French experimental reactor for studying the effects of accidental
criticalities. This is an unreflected, cylindrical, liquid Uranium Nitrate fu-
eled reactor. The power excursion is generated by a vertical, air-ejected,

pulse control rod.

The same dynamic model, based on physical theories, is used to analyze all three
reactor types. Then, various models are analyzed to determine which physical

characteristics are important and the time scales in which they are significant.

The analysis technique is based on the simulation language DARE/P. The models
are programmed in DARE/P and the peak power and pressure are obtained using
different initial reactivity steps, using various physical submodels, and varying
adjustable parameters. The resulting peak powers and pressures are then com-
pared to the experimental values. A few selected models are chosen and the full

power and pressure time plots are compared to the experimental results. From
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these power and pressure plots, the accuracy and applicability of the model can

be assessed.

The various models are assembled from submodels that describe the physical

processes postulated to be important. These submodels include:

¢ Point reactor kinetics equations to describe the power and energy being gener-

ated by the fissile solutions;

o Equilibrium thermodynamic analysis to describe the transient pressure and tem-

perature in the fuel;

¢ Equilibrium thermodynamics to describe an equation of state for the solution

containing bubbles of radiolytic gas;
e Mass transport to describe a dynamic model for the radiolytic gas formation.
The mathematics of the submodels are explained in Section 3. Details of the

computer implementation of the submodels are explained in the corresponding

Appendices.
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CHAPTER 2

LITERATURE SURVEY

The British, French, and Japanese as wel! as the Americans have done theoretical
and experimental research to generate models and data. A survey of this research

and how it pertains to this thesis is included here.

The French and Americans lead in the generation of physical data. The French
have generated data with the CRAC (Reference [1]) and SILENE (Reference [2]) sets
of experiments. The Americans generated data with the KEWB (Reference [3])
set of experiments. The KEWB experiments were designed to test the safety of
a research reactor. Every model used in this thesis must generally predict the
peak power, peak pressure, power shape, and pressure shape for all three reactor

experiments.

The major theoretical research that pertains to this thesis is the work performed
by Dr. David L. Hetrick at the University of Arizona’s Department of Nuclear
and Energy Engineering. His paper given at the International Topical Meeting
on Safety Margins in Criticality Safety, November 1989 (Reference [4]), gives the
basis to this thesis. The first part of this thesis determines the accuracy of the

model outlined in Dr. Hetrick’s paper over various adjustable parameter ranges.

David Pribyl’s Masters Thesis (Reference [5]) introduces two submodels: momen-
tum dissipation and bubble growth during the power excursion. The momentum
dissipation submodel adds a constant term to the fluid acceleration equation to
dissipate some of the energy as the fluid expands. This submodel is used by
Dr. Hetrick in his paper. The bubble growth submodel was not taken to a point

of inclusion in any published computer model. The second part of this thesis
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expands and implements this bubble growth submodel and tests its applicability
to the problem.

Adrienne Smith’s Masters Thesis (Reference [6]) investigates a moving bubble
front by introducing multiple regions to the problem. The bubble formation is still
instantaneous and has a constant radius in each region, but the energy deposited
in each region is different so a time delay in the bubble formation in each region
occurs. This simulates a moving bubble front. The results of this investigation

did not significantly improve the prediction of the pressure plots.

A. Bickley, D. J. Mather, and P. M. Shaw have created a computer simulation
called CRITEX using bubble transport theory (Reference [7]) to predict the CRAC
power excursions. The models predictsd the general shape of the power excursion,

but makes no attempt to predict the pressure excursions.

R. Kato, T. Naramura. and Y. Senda of the Mitsubishi Atomic Power Industries,
Inc. have created a computer simulation called CREST to simulate the multiple
power excursions in the CRAC experiments. The results of their investigation
were given at the International Topical Meeting on Safety Margins in Criticality
Safety, November 1989 (Reference [8]). This model predicts the general shape of

the power excursions, but makes no attempt to predict the pressure excursions.

The ultimate conclusion of this modeling process is to predict the multiple excur-
sion CRAC experiments along with the other experiments generated to date. It
has not been demonstrated in the literature that a single model has accomplished
this conclusion. This thesis does not attempt to make this conclusion, but only to
advance the knowledge of what physical characteristics are and are not important

to the process.
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CHAPTER 3

MODEL DESCRIPTION

In order for the analysis technique to be used, a physical submodel must be
translated into a mathematical submodel, and then, into a computer submodel.
The computer submodel must then be integrated into the larger system model.

This section describes the mathematical submodels investigated.

The basis for the system model is a one-region, lumped parameter model. All
temperatures and pressures are for the entire system. In the simulation, when
gas bubbles form, they form everywhere instantaneously. This is a simple model
used to determine which physical characteristics are more important than others
for fast reactor power excursions. The major prediction problem is the pressure
transient and volume reactivity feedback. These submodels are the latest attempt

to accurately predict these physical characteristics.

The physical models used to predict the physical characteristics are:

Point Reactor Kinetics Model: This model describes the power and energy

production in the fuel from the nuclear processes.

Equilibrium Thermodynamic Model: This model uses equilibrium thermo-
dynamics (Reference [9]) to describe the relationships between the energy

produced, the temperature, the pressure, and the volume of the fuel.

Equilibrium Radiolytic Bubble Model: This model uses equilibrium ther-

modynamics with a fixed radiolytic gas bubble size.

Mass Transfer Radiolytic Bubble Model: This model uses a mass transfer
by diffusion relationship to describe the growth of gas bubbles in the liquid as

a function of gas density, gas and liquid pressure, and solution temperature.
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Momentum Dissipation Model: This model diminishes fluid energy content
by momentum dissipation. This dissipation may be through the vessel walls

and internals, moving bubbles, and internal fluid friction.

These physical characteristics are simulated by computer submodels with ad-
justable parameters. These adjustable parameters can represent unknown physical
constants or just unknown physical information. The analysis technique discussed
in Section 4 describes the controlling DARE/P logic programming to compare the
peak power and pressure generated by the values of these adjustable parameters

to the experimental peak power and pressure.

3.1 Point Reactor Kinetics Model

The energy and power production generated by this system is strictly due to the
fissile material contained in the reactor. The point reactor kinetics model (Ref-
erence [10]) is used to describe this power and energy production versus time.
A step input of reactivity is used to initiate the model’s power excursion. For
the KEWB5 and SILENE experiments being modeled, the step input is the actual
physical mechanism used. For the CRAC experiments being modeled, the reactiv-
ity input is a fast ramp, but since the excursions were performed without external
sources, they are effectively initiated as random reactivity steps. All of the power
excursions are controlled by reactivity feedbacks. The major reactivity feedback
is produced by volume changes due to voids in and thermal expansion of the fuel.
The model described in this section details the physics and mathematics of the

reactor power, energy deposited, and volumetric reactivity feedback.

The point reactor kinetics model describes the neutron diffusion equation as sep-
arable in space and time. This means that the spatial distribution of the neutrons

(or any reactor property proportional to the neutron density) must be fixed dur-
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ing the time transient. The other major assumptions of this model are that the
reactor be a homogeneous medium or can be represented as such and the neutrons

are considered to have one effective speed or energy.

The limitations of this model include the inability to account for the effects of
local perturbations to the reactor. This may be interpreted in terms of a time lag

that occurs as the local perturbation’s effects propagate throughout the reactor.

For this thesis, it is assumed that the KEWB5, CRAC, and SILENE experiments

conform to these assumptions and limitations. The mathematical model is shown

below:
dn_(p=B) . S~
- ¢ ”+§;:’\'c'+q (3-1)
dC,' _ ﬂ,‘ . .
'E— en"/\tct, z—l,m (3-2)
where,

n = The neutron power;

¢; = The precursor latent power;

t = Time;

p = The reactivity, L‘i‘-l, the fractional change in the neutron reproduction factor;
B = The delayed neutron fraction Y72, B;;

£ = The neutron generation time;

A;i = The decay constant for the specific precursor power;

g = The effective source strength;

m = The total number of precursor groups (not physical precursor atom species).
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For this thesis, the six group precursor model is used. The step input reactivity

and the volume feedback are described in one equation:
p=po—Pe(V—W) (3-3)

where,

po = The step input reactivity;

¢ = The volume feedback reactivity coefficient;

V = The system volume;

Vo = The initial system volume.

The energy deposited in the fuel is the time integral of the power generated by
the fuel. The DARE/P computer package can only accept differential equations,

so the integral power equation is differentiated. The mathematical model for this

is:

B(t) = | “n(t)dt’ (3-4)

aB(t)=d | *n(t')dt! (35)
dE(t)
T n(t) — n(0) (3-6)
where,

E = The energy deposited in the fuel up to time ¢,

Equations 3-1, 3-2, 3-3, and 3-6 define the power and energy model. This model

is the same for all system models that occur in this analysis.
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3.2 Equilibrium Thermodynamic Model

The model outlined in Section 3.1 determines the reactor energy as a function of
time. Using equilibrium thermodynamics, this energy is used to generate the tem-
perature, pressure, and volume as a function of time. The thermodynamic analysis

uses definitions and nomenclature from Reynolds and Perkins (Reference [9]).

The analysis starts from the definition of the internal energy as a function of vol-
ume and temperature: the state postulate. The internal energy is also a function
of the energy generated and the mechanical work done by the fluid: conservation

of energy. The mathematical models are:

dU (8U\ dV _ (3U\ dT

@ (W)T'a? * (’a'T')J? (31

dU  dE _dV

=@ Ta (3-8)
where,

U = The internal energy;

T = The system temperature;

P = The system pressure;

E = The energy deposited in the system;
V = The system volume;

t = Time.

Eliminate %’-{- from both equations, use the definition of the specific heat at con-

stant volume, and solve for %:

dT 1 (dE ouU dv
'd?-a{z‘ [”* (W)J %} , (39)
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where,
¢y = The specific heat at constant volume.

From the Gibbs Equation, a relationship between the internal energy and measur-
able quantities is derived (Reference [9, Equation 8-54, page 265-6]). From this

relationship, Equation 3-9 can be rewritten as:

dT 1 |dFE oP\ dV
@=xla-7(5), %] (310)

From the state postulate for the pressure, and the definitions for the isobaric and
isothermal compressibility, an expression is derived to relate the change in pressure
with respect to the temperature at constant volume and a new equation that
relates the change in pressure with respect to time to the change in temperature

and volume with respect to time:

(QI:)V __&), -2 (3.11)

@ _ 24 (3-12)

where,

B = The isobaric compressibility factor;

k = The isothermal compressibility factor.

Using Equation 3-11, Equation 3-10 is rewritten as:

dT l[dE B dV] (3-13)

At e, |dt kT dt

Equations 3-12 and 3-13 give relationships between the pressure and the temper-

ature with respect to the volume. An equation for the volume and how it changes
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with time is needed. The analysis starts with Newton’s Second Law of Motion

recast with the pressure gradient instead of force in the center of mass coordinate

system:
S d’z
= —pe— -14
P F7p (3-14)
where,

z = The center of mass ordinate;

p = The mass density.

If a linear pressure distribution is assumed along the length of the cylinder, then

the average gauge pressure is:

— 1 rh

P=- /0 P(z)dz (3-15)

— 1 fh z

P=s [ Pra (1 - -};) dz (3-16)

D Pmax

P=22 (3-17)
where,

h = The height of the fluid in the cylinder;

P,.. = The maximum pressure in the system which occurs at the bottom of the

cylinder.

The average pressure gradient is:

— 1 hoP
VP=: [ (3-18)
VP = —Lmaz (3-19)

h
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Eliminate P,,,, between Equations 3-17 and 3-19 and assume that P is the system

gauge pressure Pg:
VP = —-—£ (3-20)

Assume that the center of mass is at the center of the cylinder, then the volume
is equal to two times the height of the center of mass times the cross sectional
area of the cylinder. Take this relationship’s second time derivative, the definition
of mass density, plus Equations 3-14 and 3-20 to get a relationship between the

average system pressure and the second time derivative of the volume:

&PV _ 442 (P~ R)

di? M (3-21)

where,

A = The cylinder’s cross sectional area;
Py = The reference pressure to convert gauge pressure to absolute pressure;
M = The mass of the solution;

It can be shown that P,,.., and therefore ‘f—g, are independant of the pressure

shape as long as the proper constants are used in both equations.

Equations 3-12, 3-13, and 3-21 describe the basic thermodynamic model that
relates the generated power to the system temperature, pressure, and volume.
These equations contain the isobaric and isothermal compressibility factors. An
Equation of State will be needed to describe these factors in conjunction with
radiolytic gas formation (See Sections 3.3 and 3.4). Also, Equation 3-21 has a

momentum dissipation term added which is described in Section 3.5.
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3.3 Equilibrium Thermodynamic Bubble Model

Section 3.2 describes a set of equations that relate pressure, temperature, and
volume. These equations contain physical properties that must be related to the
state of the system: formation of radiolytic gas bubbles. The model described in
this section is a static model in which bubbles form with an average radius and do

not grow or shrink. Section 3.4 describes a model that allows for bubble growth.

This model has two parts: how the isothermal and isobaric compressibility factors
are influenced by the bubble formation, and the time and amount of the bubble

formation.

3.3.1 Isothermal and Isobaric Compressibility Factors

The isothermal and isobaric compressibility factors are influenced by the state of
the reactor. The definitions of these factors are (Reference [9, Equations 4-4 and
4-5, page 92]):

-b(3)

The total system volume is the sum of the volume taken up by the liquid and the
volume taken up by the gas. Let the gas volume be a fraction, f, of the total
volume. Then, the liquid volume is (1 — f) times the total volume. Using these

definitions, Equations 3-22 and 3-23 are rewritten as:
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- I (%% i
p=a-neo+ () (3-21)
0
K= (1 - f)ICo - % (a—‘}/';')T (3-25)
where,

Bo = The isobaric compressibility factor for the liquid.
ko = The isothermal compressibility factor for the liquid;

Vg = The volume of the gas generated.

From Equations 3-24 and 3-25, an expression for the change in the gas volume with
respect to temperature and pressure is needed to evaluate explicit compressibility
factors. This analysis starts with the determination of the pressure inside the
gas bubble. From a force balance on one-half of a free bubble (Reference [11,

Equation 11-3, page 297]), the pressure inside the bubble is:

P,=P+ 2o (3-26)
Th

where,

P; = the pressure inside the bubble;
o = the surface tension;

r, = the bubble radius.

If it is assumed that the gas is a perfect gas, then the perfect gas law relates the
pressure inside the bubble to the equilibrium temperature and the total volume
of the gas. The total volume of the gas is also the total number of bubbles times
the volume of a sphere with radius r, (the assumed shape of the bubble). This

gives:
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1
PV, = NR,T -2 (11%) R (3-27)

where,

N = The number of kilograms of gas;
R, = The gas constant for 2H; + Og;

n = The total number of gas bubbles.

Since the total number of bubbles and the total mass of the gas is unknown, the
total number of bubbles is eliminated by the volume information, and the total
mass of the gas is eliminated by the perfect gas law. Differentiating this new

equation gives:

doy dV, 26\ dT
(P + 3rb) 7 AP = (P + TJ) £ (3-28)

If dP is set to zero, then the unknown partial derivative in Equation 3-24 is given

as:
1 (ov,\ _1P+%
Vg(aT)P_TP+gT: (3-29)

If dT is set to zero, then the unknown partial derivative in Equation 3-25 is given

as:

1 [0V, 1
7 (#), 7z 0
Therefore, the complete compressibility factors are:

_ fP+2
ﬂ—(l‘f)ﬂo‘i'fp_*_ ab

yra (3-31)

r
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k=(1-—fko+ ﬂf—l’— (3-32)
3ry

Again, the volume fraction is not known in terms of volumes, so it is derived in

terms of the known gas mass fraction. Start with these definitions:

_Y
= (3-33)
N
T = 'Kl- (3-34)
NR,T
‘/y - P+ %z_ (3'35)
V=uvM (3-36)
v, = (1 — ) + v, (3-37)
where,
vs = The specific volume of the solution;
v; = The specific volume of the liquid;
vy = The specific volume of the gas;
z = The ratio of the mass of the gas to the total mass.
Substituting the last four equations into Equation 3-33 gives:
zR,T (3-38)

f= (1 —=z)u(P +2)+ 2R, T

From Equations 3-31, 3-32, and 3-38, a complete model relating the pressure and
temperature to the mass fraction is known. The only unknowns left are the time

and amount of bubble formation.
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3.3.2 Time and Amount of Static Bubble Formation

The CRAC experiments have measured the dissociation rate of H;O per MegaJoule
of energy deposited in the fuel. From this value, the mass fraction of radiolytic
gas is calculated as a function of time. At some point in time, the amount of gas
in solution reaches a critical value and gas bubbles start to form. In this model,
the critical value is a threshold mass fraction. When the amount of gas is below
this threshold, the gas mass fraction is set to zero — no gas bubbles. When the
amount of gas is greater than the threshold, the gas mass fraction is set to the

excess amount above the threshold. The mathematical model is:

GE
Tp = _AT (3-39)
TR=TE — 2T (3-40)
IF (zg < zr) « = 0.0 ELSE ¢ = zp (3-41)

where,

zg = The mass fraction of gas generated;
zp = The excess gas mass fraction;
G = The dissociation rate of H,0;

zr = The threshold mass fraction used to determine the mass of gas needed to

generate bubbles.
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3.4 Mass Transfer Bubble Model

In Section 3.3, a static bubble model was introduced. The bubble radius is either
zero or a fixed positive constant throughout the power excursion. This gives a
physical situation of all the bubbles appearing simultaneously and growing in-
stantaneously to a fixed size. The mass transfer model uses mass diffusion (Refer-
ence [12]) to allow the gas bubbles to grow during the power excursion; however,

the bubble still appear simultaneously and grow in unison.

This model has two parts: the determination of the bubble radius with time, and

the time and amount of bubble formation.

3.4.1 Bubble Radius Determination Model

This analysis starts by assuming that at time ¢y, a gas bubble of radius ro nu-
cleates. This bubble grows in a solution that is supersaturated in gas. Since the
solution is supersaturated, it is assumed that the concentration at the bubble’s
surface is at saturation. If the solution is not moving with respect to the sys-
tem, then Fick’s Second Law of Diffusion can be used as a model basis. The

mathematical model for this is:

O0c DO Oc
3= ('a—) (3-42)

with these initial and boundary conditions:
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c(‘l‘,tN) = Csuper

c(T5,t) = Cout (3-43)

c(o0,t) < o0

where,

¢(r,t) = The concentration distribution at any bubble radius r and any time ¢;
D = The gas diffusivity constant;

Csuper = The supersaturation concentration;

ry = The radius of the gas bubble;

¢sa: = The saturation concentration.

This set of equations has been solved by David Pribyl (Reference [5]). The result-

ing solution and its gradient at the bubble surface for ¢ > ¢y is:

C(T‘, t) = Csuper — rrﬁ(cauper - caat) erfc(_(r——r'g_) (3'44)

2\/D(t - tN)

and,

dc
or

1 -
. = (Cauper - Csat) [m + rb:l (3 45)

The mass flow rate, %’;—‘, of gas into the bubble at the surface is defined as the
bubble surface area times the concentration gradient:
dc

= 4nriD —

or

dm

= (3-46)

Tb

where,
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m = The mass flow.

The mass of gas in the bubble is defined as the density of gas in the bubble times
the volume of the bubble (assumed to be a sphere). Differentiating this with
respect to time gives:

— =A47Tpyry—— + =7T

dt dt '3 %dt (3-47)

where,
py = The density of the gas inside the bubble.

As a model simplification, the bubble density rate of change term is negligible
compared to the bubble radius rate of change term. This has been verified nu-

merically over important ranges of the parameters invloved.

As time increases and at small bubble radii, the square root term in Equation 3-45

can be neglected to give:

ac _ (cauper - caat)
or|,, - Ty (3-48)

Equation 3-46 is set equal to Equation 3-47, and Equation 3-48 is used. The

resulting equation is solved for %’}:

i1 D (=) -
In Equation 3-49, the density and concentration terms must be transformed into
mass fractions. The concentration terms are straight forward: ¢ = p;z. This, how-
ever, leaves the ratio of the liquid to gas densities which is unknown. The analysis
starts with the definition of the specific volume of the solution and Equation 3-38.

Two assumptions are made:
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1
vy=zv,+(l—z)yymyy=— (3-50)
zR,T
= 3-51
f (1 — z)u(P + %)+ zR,T (3-51)
zR,T
N — 3-52
f u(P + ";—: (3-52)
These approximations are valid if z is small. From the perfect gas law:
R,T
v =F _’g_ 'i—: (3-53)
From Equations 3-53 and 3-50, Equation 3-52 is rewritten as:
Fra (3-54)

Pg

Substituting this into Equation 3-49 gives the final equation for this model:

dry Df
dt ~ o (maupcr maat) (3'55)

Equations 3-52, and 3-55 determine the mathematical model for the variable ra-
dius bubble as long as the bubble radii are small, the gas mass fraction is small,

and the time after bubble nucleation is large.

3.4.2 Time and Amount of Dynamic Bubble Formation

The determination of the time of bubble formation is the same as for the static
model described in Section 3.3.2. However, the arbitrary threshold mass fraction

is replaced with the supersaturation mass fraction. This supersaturation mass
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fraction is not quite as arbitrary, and it does define the driving force for bubble
growth. It is set equal to an adjustable parameter times the saturation mass
fraction which is a quanity that can be approximated from the literature (Refer-
ence [5]). From the CRAC and SILENE data, the adjustable parameter could have
a range of 3.5 to 50.0. The excess gas mass fraction available for bubbles is de-
termined from a homogeneous differential equation that reduces to the difference
between the amount of gas generated and the amount needed for supersaturation
for steady state conditions. This allows for a time lag for gas diffusion before it

appears in the bubbles. The mathematical model is:

Zouper = FP X ot (3-56)
GE
TE= 31 (3-57)
d:z:R
F = GMS(:BE — IR — zaupcr) (3'58)
IF (zg < Tsuper) T = 0.0 ELSE « = zp ' (3-59)
where,

FP = An adjustable parameter;
GMS = An adjustable parameter.

3.5 Momentum Dissipation Model

David Pribyl in his Masters Thesis outlined 2 momentum dissipation model (Ref-
erence [5, pages 22-4]). This model is used in this analysis unmodified. The

model analysis starts from the modified Newton’s Second Law of Motion outlined
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in Equation 3-21. When the fluid éxpands, energy is lost to the vessel walls, in-
trafluid friction, etc.... Since the overall model is a lumped-parameter model, an
average rate of momentum loss is subtracted from the fluid momentum. The new
Equation of Motion is:

d?’V _ 4A%(P - P,) _adVv

7P " OE (3-60)

where,

0 = An adjustable parameter.
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CHAPTER 4

PARAMETER SURVEY PROCEDURE

The analysis tool used to evaluate a proposed model is the DARE/P differen-
tial equation computer package (Reference {13]). This package solves first-order
ordinary differential equations with an array of different integration rules. The
package input allows the direct usage of the differential equation format. For this
analysis, the peak power and pressure are calculated, saved, and plotted against
the experimental values. For the static model, these peak values are calculated
over ranges of the model’s adjustable parameters (See Table 1). For the dynamic
model, the adjustable parameters are those that best fit the power and pressure
versus time plots for the fastest available experimental data (See Table 2). From

these plots, the applicability of the proposed model is evaluated.

To achieve these results, a logic block is created for use by DARE/P. This logic
block is the controlling programming for the execution of the simulation. For this
thesis, all data storage is turned off by the CALL STROF command. Loops are
setup to loop over the major analysis parameter. The maximum pressure and
power files are opened. The minor loops are setup. The simulation is reset to
initial conditions with the CALL RESET command. The simulation is run with the
CALL RUN command. The minor loops are closed, the output files are closed, and
the major loop is closed. The program is then exited. For the dynamic model,
the only loops were over the step input reactivity. The DARE/P code to perform
this logic exists in the programs listed in Appendix D.

To find the best fit parameters for the dynamic model, a trial and error strategy
is employed. Using this strategy: The volumetric feedback and the momentum

dissipation terms regulate the peak power and pressure values. The saturation
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mass fraction drives the time of nucleation. The FP factor is a fine adjustment for
the time of nucleation and drives the amount of gas available for bubble formation
and growth. The GMS factor determines the shape of the tail of the pressure plot

after nucleation.



Table 1: Adjustable Parameter Ranges for Static Bubble Model

Adjustable Parameter Units KEWBS CrAC SILENE
Inverse Period sec™! | 273 - 1902 | 200 - 1500 | 150 — 1000
FeedBack Coefficient % 12000 14000 5600
Momentum Dissipation | sec™! 3000 5000 2700
Static Bubble Radius | meters 1.0E-7 - 3.0E- 5
Threshold Mass Fraction — 1.0E-6 - 1.0E- 2

Table 2: Best Fit Adjustable Parameters for Dynamic Bubble Model

Adjustable Parameter | Units | KEWB5 | CRAC | SILENE
Volumetric Feedback % 12370.0 | 10900.0 { 6140.0
Momentum Dissipation | sec™? | 3987.0 | 3200.0 | 2590.0
FP Factor — 16.5 7.5 16.0
GMS Factor sec’' | 25.0 30.0 12.5
Gas Diffusivity sec™? 0.5E-8
Saturation Fraction — 1.0E-5

36
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CHAPTER 5

RESULTS AND CONCLUSIONS

5.1 Results

The major objective of this thesis is to model and simulate the KEwWB5, CRAC, and
SILENE experiments. Two models were analyzed: a static bubble radius model,
and a dynamic bubble radius model. Each of these models use an equilibrium
thermodynamic model to describe the pressure, temperature, and volume of the

system.

The static bubble radius model was analyzed by varying the threshold gas mass
fraction and the static bubble radius versus the step input reactivity after the
reactivity feedback and momentum dissipation parameters were chosen to fit the
fastest available excursion for all three reactor types (Reference [4]). Figures 1
through 6 show how the peak reactor power changes with respect to changing
threshold gas mass fraction and step input reactivity for all the interesting bubble
radii in the KEWB5 reactor. When the bubble radius was expanded beyond the
values shown, the plots did not change. Figures 7 through 12 show the same
information for the peak pressure. As expected, these plots show that when the
step input reactivity gets larger, the peak power and pressure get larger. However,
the peak pressures are generally under-predicted for conditions were there is no
bubble formation before peak pressure, and over-predicted when bubble formation
occurs before peak pressure. For the peak powers, as long as bubble formation
occurs after peak power, the predictions are accurate over the entire investigated
step reactivity range. This pattern is consistent over all three reactor types as

shown by Figures 13 through 36.
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The dynamic bubble radius model was analyzed from the beginning: the best fit
parameters for the fastest available power excursion needed to be found for each
reactor type. After a trial and error strategy, the resulting power and pressure
traces for the reactor types are shown in Figures 37 through 42. These plo{;s
consistently show that the constant reactivity feedback is not strong enough to
match the experimental power data. The pressure traces show that the pressure
can be brought down fast enough to generally match the experimental data, but
does not have the correct shape. The KEWB5 and SILENE models predict the
approximate time for peak pressure, but the CRAC model does not. Using these
best fit parameters, a survey of the peak power and pressure versus the step input
reactivity was generated. Figures 43 through 48 show the results. The peak
powers and pressures were predicted well by the dynamic model, but not any
better than the static model.

5.2 Conclusions and Limitations

From the above results, the first conclusion is to abandon the static bubble radius
model. The pressure traces were predicted better with the dynamic bubble radius
model than with the static bubble radius model. The power traces were about the
same. However, the dynamic bubble radius model only predicts the general shape
and not the exact shape of both traces. It still cannot shut any of the reactors
down fast enough. This might be investigated with a variable reactivity feedback
coefficient. A preliminary analysis using perturbation theory was investigated by
the author, but has not been included in a simulation as of this date. Some kinks
in the KEWB5 and SILENE ascending pressure traces still need to be modeled.
These kinks may be due to the reflected pressure wave from the closed top of the
reactors. The CRAC experiments were performed with an open top and do not

show these kinks. The thermodynamic model used is based on an open top (zero
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gauge pressure) at the reactor fuel surface. The SILENE experiment is using an
ultrasonic transducer system to determine when bubble formation occurs. From
their preliminary results, bubble formation occurs much later than the dynamic
model needs to match the pressure tail shape. If bubble nucleation is delayed
more than it is, then the pressure is brought down too quickly. A mechanism for

this phenomenon is not offered.

The dynamic bubble radius model still needs in-depth investigation into the var-
ious approximations made in the mathematical theory and in the choosing of the
parameters and physical constants. The bubbles are still generated at the same
time and all grow with the same radius. Most of the solution constants are for
water and not water containing very heavy molecules (uranium sulphate or ura-
nium nitrate). The problem is that some of the physical constants simply do not
exist in the literature. These constants could be analyzed for best fit in a manner

resembling the static bubble radius analysis or determined experimentally.

In trying to extend this type of model to slower transients and to multiple ex-
cursions, other mechanisms will have to modeled. However, the limitations of the
lumped-parameter type of model may be reached and a finite difference or finite

element method will need to be used.

In conclusion, the dynamic bubble radius model makes better predictions of the
power and pressure over time and the peak power and pressure over step input
reactivity than the static bubble radius model. Therefore, the dynamic model
should be investigated further and in more detail. The adjustable parameters
and physical constants should be scrutinized, analyzed, or outright replaced with

physically based models.
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Figure 1: Peak Power versus Inverse Period for a Bubble Radius of 1E-7 meters
for the KEWBS5 Reactor
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KEWB: Peak Power versus Inverse Period
Bubble Radius = 1e—6 meters
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Figure 3: Peak Power versus Inverse Period for a Bubble Radius of 1E-6 meters
for the KEWB5 Reactor
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KEWB: Peak Power versus Inverse Period
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KEWB: Peak Press versus Inverse Period
Bubble Radius = 1e~7 meters
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Figure 7: Peak Pressure versus Inverse Period for a Bubble Radius of 1E-7 meters
for the KEWBS Reactor
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KEWB: Peak Press versus Inverse Period
Bubble Radius = 1e—6 meters
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Figure 9: Peak Pressure versus Inverse Period for a Bubble Radius of 1E-6 meters
for the KEWBS Reactor
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for the KEWB5 Reactor
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KEWB: Peak Press versus Inverse Period
Bubble Radius = 1e—~5 meters
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Figure 11: Peak Pressure versus Inverse Period for a Bubble Radius of 1E-5 meters
for the KEWBS Reactor
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Figure 12: Peak Pressure versus Inverse Period for a Bubble Radius of 3E-5 meters
for the KEWBS Reactor
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Figure 13: Peak Power versus Inverse Period for a Bubble Radius of 1E-7 meters
for the CrAC Reactor
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CRAC: Peak Power versus Inverse Period
Bubble Radius = 1e—6 meters
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Figure 15: Peak Power versus Inverse Period for a Bubble Radius of 1E-6 meters
for the CRAC Reactor
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CRAC: Peak Power versus Inverse Period
Bubble Radius = 1e—-5 meters
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Figure 17: Peak Power versus Inverse Period for a Bubble Radius of 1E-5 meters
for the CRAC Reactor
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CRAC: Peak Press versus Inverse Period
Bubble Radius = 1e—7 meters
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Figure 19: Peak Pressure versus Inverse Period for a Bubble Radius of 1E-7 meters
for the CRAC Reactor
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CRAC: Peak Press versus Inverse Period
Bubble Radius = 1e—6 meters
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Figure 21: Peak Pressure versus Inverse Period for a Bubble Radius of 1E-6 meters

for the CRAC Reactor

CRAC: Peak Press versus Inverse Period
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Figure 22: Peak Pressure versus Inverse Period for a Bubble Radius of 3E-6 meters

for the CrAC Reactor
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CRAC: Peak Press versus Inverse Period
Bubble Radius = 1e—5 meters
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Figure 23: Peak Pressure versus Inverse Period for a Bubble Radius of 1E-5 meters
for the CRAC Reactor

CRAC: Peak Press versus Inverse Period
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Figure 24: Peak Pressure versus Inverse Period for a Bubble Radius of 3E-5 meters
for the CRAC Reactor
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SILENE: Peak Power versus Inverse Period
Bubble Radius = {e—~7 meters
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Figure 25: Peak Power versus Inverse Period for a Bubble Radius of 1E-7 meters
for the SILENE Reactor

SILENE: Peak Power versus Inverse Period
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Figure 26: Peak Power versus Inverse Period for a Bubble Radius of 3E-7 meters
for the SILENE Reactor ‘
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SILENE: Peak Power versus Inverse Period
Bubble Radius = 1e—6 meters
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Figure 27: Peak Power versus Inverse Period for a Bubble Radius of 1E-6 meters
for the SILENE Reactor

SILENE: Peak Power versus Inverse Period
Bubble Radius = 3e—6 meters
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Figure 28: Peak Power versus Inverse Period for a Bubble Radius of 3E-6 meters
for the SILENE Reactor



SILENE: Peak Power versus Inverse Period
Bubble Radius = 1e—5 meters
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Figure 29: Peak Power versus Inverse Period for a Bubble Radius of 1E-5 meters
for the SILENE Reactor

SILENE: Peak Power versus Inverse Period
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Figure 30: Peak Power versus Inverse Period for a Bubble Radius of 3E-5 meters
for the SILENE Reactor
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SILENE: Peak Press versus Inverse Period
Bubble Radius = 1e—-7 meters
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Figure 31: Peak Pressure versus Inverse Period for a Bubble Radius of 1E-7 meters
for the SILENE Reactor

SILENE: Peak Press versus Inverse Period
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Figure 32: Peak Pressure versus Inverse Period for a Bubble Radius of 3E-7 meters
for the SILENE Reactor
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SILENE: Peak Press versus Inverse Period
Bubble Radius = 1e—6 meters
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Figure 33: Peak Pressure versus Inverse Period for a Bubble Radius of 1E-6 meters
for the SILENE Reactor

SILENE: Peak Press versus Inverse Period
Bubble Radius = 3e—6 meters
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Figure 34: Peak Pressure versus Inverse Period for a Bubble Radius of 3E-6 meters
for the SILENE Reactor
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SILENE: Peak Press versus Inverse Period
Bubble Radius = 1e—5 meters
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Figure 35: Peak Pressure versus Inverse Period for a Bubble Radius of 1E-5 meters
for the SILENE Reactor
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Figure 36: Peak Pressure versus Inverse Period for a Bubble Radius of 3E-5 meters
for the SILENE Reactor
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KEWB: Power versus Time
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Figure 3T: Power versus Time for a 2.246$ Step Reactivity Input for the KEWBS
Reactor
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Figure 38: Pressure versus Time for a 2.2468 Step Reactivity Input for the KEWB5
Reactor
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CRAC: Power versus Time
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Figure 39: Power versus Time for a 2.5878 Step Reactivity Input for the CRAC
Reactor
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Figure 40: Pressure versus Time for a 2.587$ Step Reactivity Input for the CRAC
Reactor
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SILENE: Power versus Time
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Figure 41: Power versus Time for a 2.767$ Step Reactivity Input for the SILENE

Reactor
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Figure 42: Pressure versus Time for a 2.767% Step Reactivity Input for the SILENE

Reactor
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KEWB: Peak Power versus Inverse Period
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Figure 43: Peak Power versus Inverse Period for the Dynamic Bubble Radius

Model for the KEWBS Reactor
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Figure 44: Peak Pressure versus Inverse Period for the Dynamic Bubble Radius

Model for the KEwBS Reactor
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CRAC: Peak Power versus Inverse Period
Dynamic Bubble Model
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Figure 45: Peak Power versus Inverse Period for the Dynamic Bubble Radius
Model for the CRAC Reactor
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Figure 46: Peak Pressure versus Inverse Period for the Dynamic Bubble Radius
Model for the CRAC Reactor
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SILENE: Peak Power versus Inverse Period
Dynamic Bubble Model
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Figure 47: Peak Power versus Inverse Period for the Dynamic Bubble Radius
Model for the SILENE Reactor
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Figure 48: Peak Pressure versus Inverse Period for the Dynamic Bubble Radius
Model for the SILENE Reactor
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APPENDIX A

NEUTRONIC MODEL DETAILS

This Appendix details the computer submodel for the point reactor kinetics sub-
model that generates the power and energy in the system as described in Sec-
tion 3.1. The parameters §3;, A;, and £ are assumed to be constant and reactor
type dependent for this analysis. A step reactivity input is the initiating event in
this analysis. The mathematical model is rewritten from Equations 3-1, 3-2, 3-3
and 3-6 as:

& %(-g - 1)N+§§A,-D,- (A-61)

d—IZ* = %N - MDi, i=1m (A-62)

-g = fﬂﬂ —$(V = Vo) - (A-63)

‘fi_f = N xng (A-64)
where,

N = The relative neutron power = =

D; = The relative precursor latent power = %c:f:,
E = The deposited energy;

np = The initial reactor power;

t = Time;

% = The reactivity;
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% = The initial step reactivity;

% = The delayed neutron fraction over the neutron generation time;
%'- = The relative neutron yield; ‘

A; = The decay constant for the specific precursor power;

¢ = The volume feedback reactivity coefficient;
V = The system volume;
Vo = The initial system volume;

m = The total number of precursor groups (not physical precursor atom species).

From this mathematical model, a DARE/P based computer program is created.
Since DARE/P algebraically sorts the equations, they are in no specific order as
listed here or in the program. The submodel equations are grouped for easy un-
derstanding of the program. Also, for ease of reading and inputing the equations,
some temporary variables are used. The variable names closely match the math-
ematical names except where the FORTRAN V default variable name convention
gets in the way. All mathematical variables that start with an integer specifier
(I-N) have a real specifier as the first letter (A~H, and O-Z). The mathematical

model above reduces to the computer algorithm below:

RFB = PHI * ( V - VO )

R = RO - RFB
Di. = AL1 * ( EN - D1 )
D2. = AL2 * ( EN - D2 )
D3. = AL3 * ( EN - D3 )
D4. = AL4 * ( EN - D4 )
D5. = AL5 * ( EN - D5 )
D6. = AL6 * ( EN - D6 )

SUM = F1%D1 + F2%D2 + F3%D3 + F4%D4 + F5%Db + F6*D6
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EN. = BOL * ((R-1) * EN + SUM )
ENP = ENO * EN
E. = ENP - ENO

This set of equations is contained in the DARE/P programs (See Appendix D).

Table 3 contains the six group precurser model constants. Tables 4 and 5 contain
the constants and initial conditions used in the static and dynamic bubble models.
These constants represent the best fit of peak pressure and power data, and the

pressure and power versus time traces.



Table 3: Six Group Precursor Constants

Group | Decay Constant | Relative Yield
Number sec™!

1 0.0124 0.003

2 0.0305 0.219

3 0.111 0.196

4 0.301 0.395 -

5 1.14 0.115

6 3.01 0.042

Total — 1.000

Table 4: Static Bubble Model Constants and Initial Conditions

Parameter Symbol | Units | KEWB5 | CRAC | SILENE
8 BOL |sec™!| 554 633 | 250
Initial Reactor Volume Vo m® 0.024 | 0.018 | 0.037
Feedback Coefficient PHI | 2 | 12000 | 14000 ] 5600
Initial Power NO MW 0.001
Initial Relative Power N — 1.0
Relative Precurser Power Di — 0.0
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Table 5: Dynamic Bubble Model Constants and Initial Conditions

Parameter Symbol | Units | KEWB5 | CRAC | SILENE
8 BOL |sec™!| 554 633 | 250
Initial Reactor Volume Vo m? 0.024¢ | 0.018 | 0.037
Feedback Coefficient PHI | 2 | 12370 | 10900 | 6140
Initial Power NO Mw 0.001
Initial Relative Power N — 1.0
Relative Precurser Power Di — 0.0
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APPENDIX B

EQUILIBRIUM THERMODYNAMIC MODEL DETAILS

This appendix details the computer submodels for the equilibrium thermodynamic
based submodels for the temperature and pressure relationships to time, the equi-
librium thermodynamic model for radiolytic bubble formation and the resulting
equation of state, and the momentum dissipation term in the equation of state.

The mathematical submodel is:

dl' 1 |dE p_.dV
7{ = .C_u E- - ;TE] (B-65)

dP  BdT 1 dV
HERE W E (B-66)
p=(1-pa+iiia B.67
- )ﬂO + TP+ _gfz ( - )
f
fc=(1-f)ffo+P+§f; (B-68)
zR,T
= B-
f (1 —z)u(P + £) + zR,T (B-69)
PV 442 (P-PR) ,dV
- = 77 — 0= (B-70)
GxFE
TE= "7 (B-71)

TR=TE —IT (B-72)
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IF (zp < zr) £ =0.0 ELSE z =z (B-73)

where,

T = The calculated system lumped parameter temperature;

P = The calculated system lumped parameter absolute pressure;

V = The calculated system liquid and gas mixture volume;

E = The calculated energy deposited in the solution due to nuclear fission;

v; = The specific volume of the liquid;

z = The calculated gas mass fraction;

r, = The radiolytic gas bubble radius;

¢, = The specific heat at constant volume for the solution;

B = The calculated isobaric compressibility factor for the liquid and gas mixture;

k = The calculated isothermal compressibility factor for the liquid and gas mix-

ture;
P, = The atmospheric pressure to convert P to gauge pressure;
Bo = The isobaric compressibility factor for liquid only;
ko = The isothermal compressibility factor for liquid only;
R, = The ideal gas constant for 2H; and Og;
f = The calculated gas volumetric fraction;
o = The surface tension of the solution;
0 = The momentum dissipation parameter;
A = The cross sectional area of the reactor cylinder;
M = The mass of the total volume;

zg = The calculated gas mass fraction generated by nuclear fission;
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z7 = The threshold gas mass fraction to determine when gas bubbles form;
zr = The excess gas mass fraction over the threshold;

G = The mass of gas produced per MegaJoule of energy deposited in the solution.

The isobaric compressibility factor for liquid water varies widely over the tem-
perature range of interest. The treatment for this thesis is to fit a third degree
polymonial to the line that describes the standard relationship between 8, for
water and temperature. It is assumed that the liquid water factors are the same

as the solution factors. The coefficients are listed in Table 6.

From this mathematical model, a DARE/P based computer program is created.

The same naming conventions are used as described in Section A.

The Second Law and Energy equations including the momentum dissipation term

are programmed as follows:

V. = VDOT
VDOT. = 1.0E6 * 4.0 * A *x A * (P-PO) / EM - THETA * VDOT
TABS. = TDOT

TDOT = ( ENP - ENO - (BETA/AK)*TABS*VDOT ) / ( EM*CV )
P. = PDOT

PDOT = ( BETA * TDOT - VDOT/V ) / AK

The Equations of State and bubble nucleation time determination are programmed

as follows:
XE=G *x E/ EM
XR = XE - XT

PROCED X = XE,XT,XR
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IF ( XE .LT. XT ) THEN

X=0.0

ELSE

X = XR

ENDIF

ENDPRO

PA =P + 2.0 *x SIGMA / RB

PB =P + (4.0/3.0) * SIGMA / RB
FA = X * RG * TABS

FB = FA + VL * (1.0-X) * PA

F=FA/FB

TEMP = TABS - 273.15

BETAO = AO + A1*TEMP + A2+«TEMP*TEMP + A3*TEMP*TEMP*TEMP
BETA = 1.0E-6 * BETAO * (1.0-F) + F * PA / ( TABS * PB )
AK = AKO * (1.0-F) + F / PB

These sets of equations are contained in the DARE/P programs (See Appendix D).

Table 6 contains the solution properties. Table 7 contains the equilibrium ther-
modynamic constants and initial conditions needed by the model. Some of these
constants represent a best fit of the peak power and pressure, and the power and

pressure versus time traces.



Table 6: Solution Properties for the Reactor Types

Parameter Symbol | Units | KEWB5 | CRAC | SILENE
Specific Volume VL %:— 8.3E-4 | 8.3E4 | 8.6E-4
Specific Heat CV %1 | 3.6E-3 | 3.6E-3 | 3.4E-3
Total Mass of Solution M kg 29 21 43

Surface Tension SIGMA | #Ps | 75E.8 | 7.5E-8 | 7.5E-8
Gas Constant RG | MEe | 6.89E-3 | 6.89E-3 | 6.89E- 3

Liquid Isothermal Factor | AKO0 T'I!P—a 4.5E- 4

Liquid Isobaric Factor 0 A0 .I—K - 23.10932

Liquid Isobaric Factor 1 Al Txlﬁ 13.15603

Liquid Isobaric Factor 2 A2 Tloc"f - 0.086950906

Liquid Isobaric Factor 3 A3 -;-1;1@ 0.00032788806
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Table 7: Equilibrium Thermodynamic Model Constants and Initial Conditions

Parameter Symbol

Units | KEWBS | CRAC | SILENE

0.07 0.07 0.10
sec™1 | 3000 5000 2700

m® | 0.024 | 0.018 | 0.037
Initial Volume Derivative | VDOT | &2

Reactor Cross Section A

Momentum Dissipation | THETA

Initial Volume Vv

= 0.0
Initial Energy E MJ 1.0E-6
Initial Temperature TABS °K 293.15
Initial Pressure P M Pa 0.1
Gas Generation G %j';i 2.0E-3
Reference Pressure PO MPa 0.1
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APPENDIX C

BUBBLE GROWTH MODEL DETAILS

This appendix details the computer submodels for the mass diffusion based re-
lationships between the radiolytic gas bubble radius and time. The equilibrium
thermodynamic submodels that describe the temperature, pressure, and volume
relationships to time (Equations B-65, B-66 and B-70) are used and are described

in detail in Appendix B. The mass diffusion mathematical model is:

dT‘b ~ Df

'E ~ rb_w(msuper - zaat) t>1in (0’74)
zR,T

N —8 C-75
f w(P + 3—: ( )
vy MY A (C-76)

s 1 P
Zouper = F'P X Tya (C-17)
Tp = % (C-78)
% = GMS(zg — TR — Tsuper) (C-79)
IF (£g < ZTsuper) T = 0.0 ELSE z = zp (C-80)
where,

ry = The dynamic bubble radius;

D = The diffusion coefficient for this process;
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f = The calculated gas volumetric fraction;

z = The calculated gas mass fraction;

Tyuper = The supersaturated gas mass fraction that exists in the liquid;
T4t = The saturation gas mass fraction that exists at ry;

R, = The ideal gas constant for 2H; and Og;

T = The calculated system temperature;

v, = The specific volume for the solution;

vy = The specific volume for the liquid;

P = The calculated system pressure;

o = The surface tension of the solution;

zg = The amount of gas created by nuclear reactions;

zp = The excess gas available to form bubbles;

E = The energy deposited in the solution;

G = The dissociation rate of H,O;

M = The mass of the solution;

FP = An adjustable parameter;

GMS = An adjustable parameter.

From this mathematical model, a DARE/P based computer program is created.

The same naming conventions described in Section A are used here. The mathe-

matical model above reduces to the computer algorithm below:

PA =P + 2.0 * SIGMA / RB
FA = RG * TABS
FB = VL * PA

F=Xx*FA/ *FB
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RB. = STEP * ( D * F ) * (XSUPER-XSAT) / ( RB * X )
XE=G*E/M

XSUPER = FP * XSAT

XR. = STEP * GMS * ( XE - XR - XSUPER )
PROCED STEP,X=XE,XR,XSUPER

IF ( XE .LT. XSUPER ) THEN

X=0.0

STEP = 0.0

ELSE

X = XR

STEP = 1.0

ENDIF

ENDPRO

These sets of equations are contained in the DARE/P programs (See Appendix D).

Table 6 contains the properties of the fuel solutions. Table 7 contains the constants

used in this model except for the momentum dissipation which are listed in Table 2.
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APPENDIX D

PROGRAM LISTINGS

This appendix lists the DARE/P source code for the tasks performed:

Parameter survey for the Reference {4] KEWBS5 model;

Parameter survey for the Reference [4] CRAC model;

Parameter survey for the Reference [4] SILENE model;

o Peak pressure and peak power versus inverse period for the dynamic bubble

growth submodel for the KEWBS model;

Peak pressure and peak power versus inverse period for the dynamic bubble

growth submodel for the CRAC model;

Peak pressure and peak power versus inverse period for the dynamic bubble

growth submodel for the SILENE model.

D.1 KEWBS5 Models

This section contains the DARE/P programs used to evaluate the KEWB5 reactor

for the static and dynamic models:

D.1.1 Static Bubble Model

sestokodokok ok skok ok sk ok stk stk stk stk ok skl ok ko o sk ok ok ok sk sk s kol o ook koo sk ok ok ok ok K
FISSILE SOLUTION CONTAINING GAS (ONE-REGION FEEDBACK)
SYSTEM A EM VL A

¥* % X ¥ *
¥* 3 % % ¥



* CRAC -0.018 21.0 8.3E-4 0.07 *
* S1LENE 0.037 43.0 8.6E-4 0.10 *
o KEWB 5 0.024 29.0 8.3E-4 0.07 *

:****************************************************************

ok 3k ok 2 3k 3 3k 2 2k 3k 2 o 3k 3k 3k 3 3k Ak e 2k e ok e 3 3¢ 2k 3¢ e o 2 e s o ke o e e 3 sk e ok o ke s e sk ke ok ke ke bk sk ok ke ke e ok e e 3k 3k ok ok ok
sk kool ok Kk ok dokokkkk  INTEGRATION RULES

TRkl oo RO Rk kR ook ok ok ok ook
$M11,7,3,1

*
sk 3k ke ok 3k 3¢ ok ok ok ok o o e 2 s o e ok 3k s e e 3 e a5 s s sk e sk e ok 3 3 3k ok 3k e o 3k 3k sk 3 2k 3 o e afe e 3§ 3k ke e e s 3k ok e ak ko o ek K

ok sk ok s oo el sk ko ok ok ok 'ATEMENT
:****************************iﬁ*k*§**1*****§*§***i***************

$L

*
*****************************************************************

TURN OFF STORING ROUTINES
R R 52 LR L T ————————————

CALL STROF

*****************************************************************
SETUP*DATQ CONSTANTS

* 2 2 3 2 3 2 e 3k A 3 e e 3¢ o 2 k3 ¢ e 3 e 2§ ok e 3 ok o ke 3k Ak 2k o 3k 3 e 3 e ok ok A ok 2k o e o ke ak ke ok Ak ¢ ok dke ok sk
IPOW = 99
IPRS = 98
* ISAVE = 1
3 2k 2k 3k 35 ok 3 2k 24 3 2§ 3k 3¢ 3k 3k ¢ ok 3k 2 3¢ 3k o 3k ke 3¢ 3k 2 A 2 2 3 2k b e ke 2 3 ke e ok 3¢ 3k ok vk ok e ok k¢ ke ok vk o ¢ 2 e ok k3 o e 3k e ¢ ok K
* LOOP OVER THE MAGNITUDE OF THE CONSTANT BUBBLE RADIUS
o 2k ok 3 2k 2 ok 2 3 2 3K o A 3 3 3k 3¢ e e 3k A 3 o o 3k 2 4 e e ke 3 o ok 3k e 3 ke o e o 3 3 ¢ ke Sk K A 3K 3 ok 3k ok ok ok ke 3k 3k o dk ok %k
*
DO IRB =7, 5, -1
*
k3 2 2 3k ok 2 2 3 3 ok 3k e sk e 3k e ke e ok ok s8¢ e e e a sk e ke ke o 3k ek ak ak 3 sk ok ok o sk sk ok ok 3k ok sk ok o e Sk e 3k ok o ok ok sk Xk ok 3k Ak
* LDOP OVER THE MANTISSA OF THE CONSTANT BUBLE RADIUS
:**** 3k 2k 3 2k A 3 3¢ e ke 3 2 o 3¢ 3k e 3 3 e ok e o 3¢ 3¢ ek 2k A A ke 2 2 ok vk e ok Ak i ok ok 3 ok Ak o o ok ke ke o ke sk sk o ke ok ok
DO IRB2 = 1, 2
*
k¢ 3 3 o ok ok e 3k ofe ok ok 3 e e e e 3¢ s o ol sk 2 o afe sk s o sk o e ok o ok ok sk ok 2 e e e 2k o sk Sk ke o ok e Ak ok e 2 ok ok ke 3k ke e o ak 3¢ ok ok ok
* DETERMINE ACTUAL BUBBLE RADIUS
:****************************************************************

IF ( IRB2 .EQ. 1 ) THEN
RB = 1.0 * ( 10.0 ** (~IRB) )
ELSE
RB = 3.0 * ( 10.0 *x (-IRB) )
. ND IF
ok ok 3 3K e 3k o ok 3 e 2k A 3 2k e 3 2 3k 3k 3¢ 3k 3k 3k A 3k 3 3k 3k 3k e ke 3k e Ak 3k 3k sk 3 3k vk ¢ 3 3 e e e A e ok e e o e 3k 3k 3k 3k 3¢ ok ko o ok ok ok

* OPEN THE POWER AND PRESSURE DATA FILES AND WRITE THE
BUBBLE RADIUS

z****************************************************************
OPEN ( UNIT=IPOW, FILE=’POWER.DAT’, STATUS=’NEW’ )
OPEN ( UNIT=IPRS, FILE=’PRESS.DAT’, STATUS='NEW’ )

:****************************************************************
LOOP OVER THE MAGNITUDES OF THE THRESHOLD MASS FRAC

I****************************************************************
DO IXT = 6, 2, -1

*
3 ke ok ke 3k ok 2k 3k ok 3k ok e 2k ok ok o sk e o sk ke Sk dk ok ok ok ok 3 o o e o e de ok 3k ok o ak ok ke o ok 2k 3k a ok A e ok ok o e oK o o e e ook ok ok ok ok

EA BRI LR E TR TR A E AR F R R X RS R R AR IR
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XT = 1.0 * ( 10.0 ** (-IXT) )

*

a2 2 ok 3k e 3k ok 3k 3k e 3k o 3 2 3k 38 35 e bk 3¢ 2 s s 3 sk 3k 3k e ake e o ok e 3 sk 35 o 3k sk 3k 3 ok o 3 o ok e e ke 3 3 ok e sk e o 3k ok o ok ok ok ok

* LOOP OVER ALL THE INITIAL REACTIV;IY ADDITIONS

:********************************** e 2k S 24 3 3k 3 3 3¢ e 3k e 2 24 e ke e o ¢ 3k ok ok o ok 3k ok ok sk

. DO RO = 1.5, 4.5, 0.5

ok 3k ok ok 3k 2k 3k k 2 2 3 e 24 2 2 sk e 3 sk e sk sk 2 3k o 3je sk o 2 3k e 3k ok 3 sfe ok afe 3 o 3 3k o a3 2k 3 o 3k 3 2 3 e 3k o e 3k ok ko e o o ok ok ok

* WRITE A MESSAGE TO THE OPERATOR

:****************************************************************
WRITE(*,*)’RUN ’, ISAVE, ’ WITH RO, XT, RB = ’,

f RO, XT, RB

2k 2k 2k 2k 2k 3k 3k 3k 3 2 e 2 2 2 3¢ e ¢ e 3k 3je 3k 3 e 3k ok 2 ok Ak ek 3k e e ok ale 3 2 ke ok 2 e 3 2 e 2k 3 ok 3 o 3k 2 e ok ¢ ke o o ok ok o 3k ok ok ok ok

* RUN THE SIMULATION

:****************************************************************

CALE RESET
CALL RUN
WRITE(*,*)’RUN ’, ISAVE, ’ WITH OMEGA = ’, OMEGA

*

koo o ok oo ok ok ok s ok sl ok ok ok ook ok ook oo ok koo skl ok ok o oo ok ke ok sk sk ke e kok ok ok ke ok sk
* INCREMENT THE RUN NUMBER
TrpRRbRkooRoaoR ROk ook ook ok Rk kR ok R ok ook

ISAVE = ISAVE + 1

sk ke b ok sk ok o o oo s oo sk o oo kol o oo o sk e sk s o o o o o ok o sk ok o ook ok ok ks stk o sk ok e ok ok
* WRITE_THE MAXIMUM POWER AND PRESSURE DATA TO THEIR

* RESPECTIVE FILES
POk RO ok ook ook kR Rk Rk ook koo ok ok

WRITE ( IPOW, 200 ) OMEGA, POWMAX
WRITE ( IPRS, 200 ) OMEGA, PREMAX

3

*
sk kel ok o sk s ok ok o o o sk ok e o o o sk ok sk ok ok ok ok ok ke sk ok sk ok sk ook ke ok ok sk sk sk sk o sk o o koK K
* END OF REACTIVITY LOOP
:****************************************************************
* END DO

sk ke ok sk ok ok sk o oo o o ok s e e st ot o o o ook ok ek ook o ok ok ok ok ok oo ok s ok sk stk sk koo sk skok ok ok o KoK K
* WRITE THE DATA TERMINATION VALUES FOR RPLOT PACKAGE
:****************************************************************

WRITE ( IPOW, 200 ) -1.0, -1.0
WRITE ( IPRS, 200 ) -1.0, -1.0

*
ok o ok ok ok ok ok 3¢ 3k 3 ok 2k b ke 3k 3k 2k 2k ok o ok e o 3k 3 e 3 e e ke ¢ 2 ok o o4 ok ke 3k o ak 3 ko ok A o e ok ok Ak ok ok ok o ko e ok ok ok ok ok ok K

* END OF THERSHOLD LOOP
:*5**************************************************************

END DO

*
ok ok o ok ok 3k 3k 3k ok ok b o 3k ok o ok ok o ok sk o ok ak ke e ok s e o e ak o o ok o ak ok o o o e o o ok sk ok ok e ok ok ok ok ak ok sk d ok e o ke ok o ok

* CLOSE THE DATA FILES
***%****Ig*******************************************************

CLOSE 5 UNIT=IPOW g
CLOSE ( UNIT=IPRS

o ok ok 3k 3 ok 3 ok ok ok ok o sk ok ok ok 3k o sk o sk s ke o ok e ok 3k e o ok e ok e e e ok o o o kol ok ok ok e sk s ok sk ke ok ok ok ok ok ok ok ok

ook
END THE BUBBLE LOOPS
ARk kKoK R ok KA K kR KRk ok ok ok sk ok ok ok ok o ek ksl ok o ok ke ko ek o sk o o ke ok ke ok ok

END DO
END DO

sk kb ok ok o ok o o ok ook sk ok sk sk sl ok sk ook sk ook ook ook ook o K ok sk o koo o ok ko sk ok ek o o ke
* FORMAT STATEMENTS

80



:****************************************************************

200 FORMAT ( T1, Gi15.6, ’,’, T25, G15.6 )

*
e o 3 ok 3 o e o e e o e e o o o dk ok 3k ok e Sk a3k e 3k o ok o 2 e a3 o sk o e o e e dle ak o ok o a o 3k ok ok ok s ok ok ok o ke ok e ok ke ke ok ok

soksok kol okl dokkkokkk  OMEGA/RO TABLE BLOCK
B RO ROk R ok

$T
OMEGA,7
273.
544.
815,
1087.
1359.
1630.
, 1802,

*
b 3 3k ok 3 o 3¢ 3k 3 35 o a 3 3¢ ok 2k 2 a3k e ok e 2 a2 sk e ke o o ok ok e 3 ok o 2 e e sl 3 o e e e 3¢ ke e e s o e ke ke ok ok ke e ok o ke e o ok Xk

Aotk ko skok ook loRKokskokokok sokkolokokox - DERTVATIVE BLOCK 1
KRR AR RO KRR E RO IR R Rk

$D1

%*
ok 2 i sk ok 3k e ke 2k o ke o o e ok ke o e e ok sfe 3 S sk o ke sk o s s s e ok ok s ok o e sk ok ak ok e ok ok ke ok o o ok ok o e ke ok sk ke ek ok ok ok ok

* 0
:*gggzg*g*gxgé§£g§***********************************************

aonono ;M=
v % W w v e

P WWNN -]

RFe = PHI*(V-VO)
SUM = F1*D1+4F2*D2+F3*D3+F4%D4+F5*%D5+F6+D6
ENDOT = BOL*((R-1.0)*EN+SUM-RS)
EN. = ENDOT
Di. = AL1* EN-Dig
D2. = AL2x(EN-D2
D3. = AL3% EN-DB;
D4. = AL4*(EN-D4
D5. = ALS5* EN-DS%
D6. = AL6*(EN-D6
ENP = ENO*EN
« E. = ENP
sk sk ok ol s oo o s o sk ko ok o s o o sk ok ok ek ok sk ook ok sk ko ok sk ke ke e ek stk ok sk o ok ok sk ook ke ok ok
:*§£§*§§2 §9¥§“I2"*§§9229I£9¥************************************
XE G E/EM

XR
PROCED X=XE XT
IF (XE LTOXT) THEN

ELS% XR
END IF

ENDPRO

PROCED TAU=X,THETA1,THETA2
IF (X.LE.0.0) THEN

gﬁU = THETA1
TAU = THETA2
END IF
ENDPRO

3 2 ok ok o ok ok 2k ok e o 3¢ sk ok ak a3k o ok a ok ok ke sk e ok o 3 3 ok 3 o o e ok o e o e e o e sk e e o e e sfe e ok e e o ak dk 3k o ok ke ok ke ok ke ke

* EQUATION OF STATE
st kK o K o o o o o o ke ke ok ke ko sk o sk oo sk sk ook ok sk ol oo ok ok ke sk ok sk sk ook ok ke sk sk sk stk ook ok ok ok
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b 3
TABS = TEMP+273.15
PA = P+2.*SIGMA/RB
PB = P+(4 43 .)*SIGMA/RB
FA = X*RG*
FB = FA+VL*(1. O-X)*PA
F = FA/FB
BETAO = 1, 0E—6*(A0+A1*TEMP+A2*TEHP*TEMP+A3*TEMP*TEMP*TEMP)
BETA = BETAO*(i 0-F)+F*PA/ (TABS*PB)
AK = AKO*(1.0-F)+F/PB
PC = BETA/AK

*
3 e 2 2 ok e ok ok ok o o ok ek 2 o e e ae ok ok e 3 3 ok ok o e s s s s k ac s ok o o o o o o e sk e ok ok e e ke o s o sk e o o e ke ok ok ok ok ok ok

* ENERGY AND STATE EQUATIONS
kol okk kRO kok ok ook Rk Rk ok ok ok ok Kok

V.
VDOT.
TEMP,
TDOT

P.
PDOT

vDOT

%b8%6*FP*A*A*(P-PO)/EM-TAU*VDOT

(ggg-ENO-(BETA/AK)*TABS*VDOT)/(EM*CV)
(BETA*TDOT-VDOT/V)/AK

PRESS

-P0
PRBOT = PRESS#*2

24 ke o o ok ¢ o ok 3k 38 e ok 3 ok o 3 ok ok 3k o ak o 3k 3 o ke e 3k sk sk 3k afe sk s ok ke e e e o o e e ke ae o e o sk e ok ke ak e e ok e ok ke ok ok

*
FIND THE PERIOD DUE TO THE INITIAL REACTIVITY
AR KRR KR R R KR K oK o o AR Rk o K o sk kS s ok kst o ke sk ok ok ok ok ook ok

OMEGA = TOMEGA(RO)

3 3k 3k ok 3k e o 2 e 3k 3k ok ak e ok e 3k ok o 3 sk dk ok ok Sk ok e ok 3 e dk sk ok 3 sk e ok ok sk 3 ok ok sk sk s e ok ke ok ke ok ke ke ok sk e ok ok ok ok Xk

* %k
g¥§2*¥¢§£§2¥*£Q¥§§*§§2*§§E§g§§*********************************

PROCED PREMAX=PRBOT
IF_( PREMAX .LT. PRBOT ) THEN
PREMAX = PRBOT
END IF

ENDPRO
PROCED POWMAX=ENP
IF ( POHMAX .LT. ENP ) THEN
POWMAX = ENP

*
*

*
*

(2.2 X 2 R X 2 X T

3k 2k o ke o e 2k o 2 e ok e ok o 3 ok 2 o ok ok ok ke o 3k sk dk o ok e ak 3k 3k 3k e ok o Sk o e 3K o e o dk ok ok e ok ok ok oK e ok ok ok ok ok ol o ok o o ok ok

* RUNTIME DISPLAY C
skeoke ol oK AR S o o oK ok ke ok ok sk skl ksl sk ok sk ksl s sl o ool sk ks o ek ks o ok ok ke o

* DISPLAY P,ENP,PREMAX,POWMAX

Egg**************************************************************
Fokdookokolokkookkokkookokkokkokokk  CONSTANT AND INITIAL CONDITION SECTION
stk ook sk okl ook ok oo ok ok ok s ke ok okl ok sk o oK o o ok ok ook ok ok KK ok ok o sk Kok ook o ok o sk k

*
=
"o
(e}
!
=t
—

nun

I
(4]

QO

ke ok ok 3 o ke o e 3 e ok ok 3k o e 3k o e o e e afe sk ke 3 sk o sk o sk ek afe e ok s e ok ok ak ok ok ok ok e ok e ok ok ok ok ofe o ok ok e ok e e ok o ok ok ke

* COEFFICIENTS IN EQUATION OF STATE
Bkl ook ook ok ok ok ok ok ok

8femn = ;885"
AD = =-23,10932
Al = 13.15603

82



" AKO = 4.5E-4
kb oo ok ook o ok ok e ool o ook o st sl s kol s o ot o s e sl o o o o ok ke s ook ol ool ke ok o ek ok ok e ek o

* INITIAL VALUES FOR THE EQUATIONS OF STATE
:****************************************************************

= 0.1
TEMP = 20. 0
stk oo o oo o o o oo oo o s o Ko s s oo s o s s s s s o s o ok oo kol ol ook ok ook o ook oo ok oo ok

%
TION PROPERTIES
o o o o o R SRoR ok sk ool sl sk ook ok ol ol st sk sk sk koo ok ko o sk ok

*

*02*
HSH
HC3E

% % % 3k %
*

s =

HETA
HETA
CV
PO
G

[o]=l]

A=

*
3k ok 3k ke ok e 2K o o ok o ok e 3 o e ok e e o ok ok ok k ak ke 3 o sk e ok e ke 3k 2k ok sk 3 ok ok o 3 o o o ok ok o ok s ok 3k o o e ok s 3 ke 3 o 3 ok ok

* INITIAL VALUES FOR NUCLEAR DYNAMIC AND POWER EQUATIONS
TRk kR R ROR KRRk R R kKRR KRR KRRk Rk kK

RS _ = 0.0

B.= 0.0

PHI "= 12000.

VOO = 0,024

BOL = 543%5

Eo = iEe

0 =0.001

EN =1.0

AL1 = 0.0124 , F1 = 0.033 , D1 = 0.0

AL2 = 0.0305 , F2 = 0.219 , D2 = 0.0

AL3 = 0.111 , F3 = 0.196 , D3 = 0.0

AL&4 =0.301 , F4 = 0.395 , D4 = 0.0

ALS =1.14 , F5 = 0.115 , D5 = 0.0
. AL6 =3.01 , F6=10.042 , D6 = 0.0
3k ok e s ok e 2 2 ok e ke o o sk ke ke 3¢ 3k ke 3 sk ke ke ok ok o ok 24 3 ok k3 ok sk ok ok ol o 2 afe ok e 3¢ 3k 3k ke s sk ke ok ok o e o e e afe A ok ke A Ak ke ke ke
* INITIAL VALUES FOR MAXIMUM POWER AND PRESSURE CALCULATIONS
:*************** a5 3 e ok ok a5 e 2k ak 3¢ ok ¢ o a2 ¢ ok A ke 2 ok ¢ Ak e e e 2k e 3k o ok 24 3 3 3 4 A e 2 Ak ok e o A e ok ok

POWMAX= 0.0

PREMAX= 0.0

*
END
% e 3k e ok 2 2k o ok 3k e 3k sk sk 2k ok 2k sk 2k 2 3k S sk Sk Ak ok 3k e Ak sk e 3 3k e ok 3 o o ok o o sk ok ko ke sk e sk e 2 ok ok o ok e e ke Ak 3 3k ok ok

sk kol ok okok ok kokokkkokskkkskkoakokkokk  QUTPUT BLOCK
Kook ok ok ook ok ok ook ook ol ook sk ok ok ke ok s ook ok A o o oK K o Ao o oK o K 3K ok oK ok ko ok ko o o ok ook ok

*
* USE ANOTHER PACKAGE BESIDE DARE TOPLOT VALUES UNLESS THERE IS
x SOMEWAY TO PLOT MULTIPLE SAVE FILES AGAINST ONE ANOTHER?

END
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D.1.2 Dynamic Bubble Model

a3k s s o ok 3k e 3k e ok ok sk ok e ok e 3 o afe ke ke e 3k o afe b ke s s 3k o e ol e o e af ke o S ok s oo e o o o e e o o o e de o e e sk o o ek ok

Aok koK dokok ook okkokokokok — TNTEGR. ULES
R L 1118 S 0L A

%
*$M11

3 s e o e o e ok 3 s o e s o e o 3 s e o o ok e e o afe s e o e af o o o e o e o o o e o o o s o o ok sk e o o o e e e ok ok sk ok ok ke ok ok

skl ok Rk ok Kook 1OGICAL EMENTS SECTION
:*********************************§Ié3***************************

$L
%
e e 2k e e e ke e 2 s 2k 2 2 e 3¢ 2 2 3¢ 3¢ e 3 3 e 3¢ 3¢ 3¢ 3¢ ¢ e 3¢ 24 2 s 2k e 2 3k e e 2k 3k 3 ok ok K 3 3k ¢ 3¢ 3¢ e e 3¢ o o 3¢ 3 e o e 3¢ o ke e 3k

* TURN OFF STORING ROUTINES
FHRRRR R IR RO R ROk oo Rk ok ook ok ok

CALL STROF

3 e o o sk ok ke e e ok o 2 ok o ok ok e ok

skl ok o sk ok ok kool sk ok ok kol ok sk ok sk ok ke ks ool ok o o ok ok ke ok ok sk ok ok sk sk ok ok
* SETUP DATQ CONSIA§I§

Tk bRk kR RO ook ook ok ook ook ok ok ok ok
IPOW = 99
IPRS = 98
ISAVE =1

e 3 ¢ ok 3 o 3k ok ok ok o 3k e o ok ok ok sk e ke o o 3 3k ok 3 o afe e e o o ok e e dk e o ke o s o e e ke o ok o ke o e ok ok ok ok o o ek ok ok ok koK ok

Ee R AR AR R 2 R s

OPEN ( UNIT=IPOW, FILE=’POWER.DAT’, STATUS=’NEW’ )
OPEN ( UNIT=IPRS, FILE=’PRESS.DAT’, STATUS=’NEW’ )

o ———————
* LOOP OVER ALL THE INITIAL REACTIVITY ADDITIONS
:****************************************************************
. DO RO = 1.5, 4.5, 0.5

3 ok ok ke ke ok 2k ke 3 s 3 2k ok ok o ok 3 o ok o sk s 2k o sk ok o o sk o ok s e ok ok o s o ok 3k e ok ke ok ek e o o o ok o Ak e ok e sk ok ok ke ok %k

* RUN THE SIMULATION
BrRkk Rk ORIk Rk ok kR ok ook ok ook ok o ok

"o

Q

X

=

P4
nuwnn
0000

[ololelele]

TNU = 0.
CALL RESET
CALL RUN

WRITE (*,100) ISAVE, RO, OMEGA, POWMAX, TMAXMW, PREMAX,

$ TMAXPR, TNUC

*
***ﬁéﬁzﬁ%ﬁ%*?ﬁg*ﬁﬁﬁ*ﬁﬁﬁ;gﬁ***************************************
£
:*%**************************************************************

ISAVE = ISAVE + 1

sk koo s o o o o ke o ksl ok o kol ook ke sk ok ool ok o ok ok ok oo ok ko s o sk ok o ek ok e ko ok sk o o sk ek ok ok oK
* WRITE THE MAXIMUM POWER AND PRESSURE DATA TO THEIR

¥ v ES
:*****§§§§§gI£*5*52&*********************************************

WRITE ( IPOW, 200 ) OMEGA, POWMAX
WRITE ( IPRS, 200 ) OMEGA, PREMAX

*
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3l 2 afe e a3 ae b e 3 e b e e 3 e e e e o e sk 2 e 2 e e ake e 2 2 e 2 29 e e o 2 20 3¢ e e 3¢ 3k 24 e e 3 sk e 2 e e 2 e e e ¢ A ek e e ok ke

* END OF REACTIVITY LOOP
:**************g*****g*******************************************

END DO

o e e o o o 3 e o ko 3 o 3 ol o 3¢ 2k 3k o 3l 3k o o 3 3k 3 ok o o 3k 3k 3k o ol 3 ok 3k sk ok o ok ke 3k o ok i a3 3k K ok o o ok ok ok ko ok ok ok K

e

WRITE ( IPOW, 200 ) -1.0, -1.0
WRITE ( IPRS, 200 ) -1.0, ~1.0

*
ok 2k 3k 2k 2k 2k ok 2k o8k 2k ok 3 3ok ok 2 sk 34 ok e 2k 3k e o e o e e o e 3k 38 e o o 3k a o a3l 3 o afe 2k ok e s ok e e e dk ok 2k o ok ok o e o ok o ke ok ok

* CLOSE THE DATA FILES
:*****g***********£**********************************************

CLOSE g UNIT=IPOW g
CLOSE ( UNIT=IPRS

*
2k ok 3k 3k ke 2k o 2k ok 3k o 3k 2k ok 3k sk e 3 3k 3k o 2 3 ok 3 3 e ke ke 3 ke 38 ke 3 sk 3k ok sk 3k 3k 3§ o e 3 ok sk 2k e ke o o ok 3k ok ofe 2k 3 e ok ok ke e ok ok ok

* FORMAT STATEMENTS
:****************************************************************

100 FORMAT(’ RUN = ’,I13.3,T12,’ RO = ’,Gi2.5,’ OMG = ’,G12.5,/,
$ Ti2,’ POW = ’,G12.5,’ TMW = ’,G12.5,/,
$ Ti2,’ PRS = ’,G12.5,’ TPR = ’,G12.5,/,

$ T12,’ TN ’, G12.5)
200 FORMAT ( Ti, Gi5.6, ’,’, T25, G15.6 )

*
3 3k ok o 2k o ok ok ok ok o ok s o ek 3k ok ok e ke ae sk ok 3 ok e sk o e s ke o ok ok e ke e o ok e o e ok o ok ok ok ok ok ak ok e ok e ok ok ok ok ok ok ok o ok ok

kR koo ok doksokkkkksokkkokakok  OMEGA/RO TABLE BLOCK
TRk R RO R R kRO Rk ok

$T
OMEGA,7
273.
544.
815.
1087.
1359.
.0, 1630.
4.5, 1902.

%K
o 3k ke s ke ok e ok 3 ok ok e ok ok ok ok e o sk ke ok 3k s ok ok 3k e e o ok ok 3k ok ok sk sk ak ok ok 3 e 3k o o o e ok o ok e ke ok ek ok o ok ek ok ok o %k

s s sk e sk e sk ke okksk sk kokokokokskokkk - DERTIVATIVE BLOCK 1
:****************************************************************

$D1

* .
sfe sk o 3k o ok 5k sk 3k ok ok 58 3k 3k ok ok ok ok 3k 3 5k s 2 3k ok 2k e 3k 3k ok o 3k ok 3 3 3 ok 3k 3k 3k ke e e sk 3k ok ok ke o ok ok o ok ok ok A 3k ko ok ok ok ok

* NEUTRO o]
:*Eg**§*§*2¥§é¥£*************************************************

DWW
oNnonon =

v % v v v w

R = RO_+ BxT - RFB

RFB = PHI * (V-VOB

SUM = F1xD1 + F2#D2 + F3*D3 + F4%D4 + F5*D5 + F6+%D6
ENDOT = BOL * ( (R-1.0)*EN + SUM - RS )
EN. = ENDOT

Di. = AL1*(EN-D1

D2. = AL2*%(EN-D2

D3. = AL3*(EN-D3

D4. = AL4*(EN-D4

D5. = ALS*(EN-D5

D6. = AL6%(EN-D6

ENP = ENO*EN
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E. = ENP - ENO

**********************************************************f******

* GAS AND MOME
sk ok A kK oK o ook o S o o o o oo o o R ok oo sk ok ok ok kol ok ook e ok ok sk ko ool s sl ok o ook ok

XE G*E/EM

= STEP * GMS * ( XE - XR- XSUPER )
SUPER- %
ROCED T UC STEP,X=XE,XSUPER,XR,T

IF (XE.LT.XSUPER) THEN

*

*

****************K;*********************************#*************

* EQUATION OF STATE
Fkkkokook koo ook koo ook okkok ok ook ok ok ok ok ok ok

PA =P + 2.0 *x SIGMA / RB

PB =P + (4.0/3.0) * SIGMA / RB

FA = RG * TABS

FB = VL * PA

F =X * FA / FB

RB. = STEP * ( D * FA ) * ( XSUPER - XSAT ) / ( RB * FB )
TEMP = TABS - 273.15

BETAO = 1.0E-6* A0+A1*TEMP+A2*TEMP*TEMP+A3*TEMP*TEMP*TEMP)
BETA = BETAO * (1.0-F) + F*PA / (TABS*PB)

AK = AKO * (1.0-F) + F / PB

*
ok 3k 2k s 3 ¢ 34 o 2k o 3k ke ok 3k 3k e e 3¢ 2k sk 3 ke 3k e e e s o 3k e 34 s e ok o e 3k ke 2k a3k ok 3 ok e sk ok ok o ok e o o ek ok o ook ok ok ok ok

* ENERGY AND STATE EQUATIONS
Trkkkk koo o R ok ok kR oRkokR ok ok ok ok Aok ook ok

V. = VDOT

¥Rgg. = %D0¥6 * 4.0 * (A*A) * (P-PO) / EM - THETA*VDOT
gDOT' = (DE¥P - ENO - (BETA/AK)*TABS*VDOT ) / ( EM * CV )
PDOT = ( BETA*TDOT - VDOT/V ) / AK

PG =P - PO

PRBOT = 2*PG

o ———
:*§£¥2*¥é§£§2§*29§§§*ﬁgg*ggg**gg*********************************
PROCED TMAXPR,PREMAX=PRBOT,T
IF ( PREMAX PﬁngPRBOT ) THEN

PREMAX =
TMAXPR = T

PROCED TMAXMW,POWMAX=ENP,T
IF ( POWMAX .LT. ENP ) THEN
MA ENP



*
alk 3¢ 3k 3k e o e e ke s sk 3k 3k 3§ 3k sl 3je 3§ 3§ e sl e afe 3k e 34 3 ok 3k e s 3 3 2k e e 3 3 sl e ke 2 sk 3k ke 3¢ A ke ke Ak 3k ok e e ¢k 2 Ak A e e e ok ok

BRSO R 2 A  S—

OMEGA = TOMEGA (RO)
sk ok kol sk el ook ool o ook o o ok ok ok o s sl o o o sl o sk o o o skl ke s ol ook ok sk e s ok sk o oo sk o

* RUNTIME DISPLA
l*******&*¥*99¥¥é§9****************************************

*
: DISPLAY ENP, PRBOT, EXDATA, X

*

*

END
ook o sk 3z 22 2 e o e o afe e o s 2 e s o ke i e ke 2 s e 2 e s o s sk e 3 3 38 ok 3 3 2§ 3k ke e o s 3 o e o a3k o4 e o ae ofe e e ok e ok ok 3k

SRR R SR LA RN,

TMAX = 0.1
NPOINT= 2501
DIMAX = 5.0E-6
DIMIN = 5.0E-8

ok s ok o ok 3k o 3 ok 2k 3k ok o 3k e 3k sk o 2 ok 3 3k ok 3 ke 2k ok o 3 3k ok ok a Sk o e 3k 3K o o 3 o o ok ke ok 2 ok e K ok 3k A sk e ke ok 3k ok ok Ak ok Xk

* COEFFICIENTS AND CONSTANTS IN THE EQUATION OF STATE
FrlokkookiokokckosioooRokk ook ook kok Kok R ook ok ok ook

RG = 6.89E-4
SIGMA = 7,5E-8

AQ = -23.10932

Al = 13.15603

A2 = -8.6950906E~2
A3 = 3.2788806E-4
AKO = 4.5E-4

3 ok e 3k e 3k o 3 ok ok 3K ok 3 e 3 3k 3k o ok 3k 3 ok o 3k ok ak ok 3K ke ak 3k o 3 o a3k of¢ ok 3k 3k a6 ok ok o o ok ok o 3 o o e ok ok ko ak ok ok K ok ok ok %k

* INITIAL VALUES FOR THE EQUATIONS OF STATE
Frkkkkookkokokk kiR kR ok Rk KRRk kKR KRR ROk OR R ook

E%BS = goég g 273.15

VDOT = 0.0

Vv = 0.024

P = 0.1
« XR = 0.0
% SOLUTTON AND REACTOR VESSEL PROPERTIES @i rrriimee
%
:****************************************************************

EM = 29.0

VL = 8.3kE-4

A = 0.07

cvV = 3.6E-3

PO = 0.1

G = 2.0E-3

Vo = 0.024

XSAT = 1.0E-5

D = (0.5E-8

FP = 16.5

GMsS = 356.0

*
3 3k ok ok ok ke ok ok 3 3k ok o ko ok ol e e o sk ok e e sk ok b sk sk o e sk e ok e e e ke ke ke o o e o a3k ok ok o e ok o ke e e ook e ok o o ok %k

* CONSTANTS FOR NUCLEAR DYNAMIC AND POWER EQUATIONS
TrRRkRRbock ok oRo koo ROk ok ook ok ok kR Ak ko R ok ok

PHI = 12370.0
THETA = 3987.0
RS = 0.0

B = 0.0
BOL = 543.5
ENO = 0.001
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AL1 = 0.0124 , F1 = 0.033
AL2 = 0.0305 , F2 = 0.219
AL3 = 0.111 , F3 = 0.196
Al4 = 0.301 , F4 = 0.395
ALS =1.14 , F5 = 0.115
AL6 = 3.01 » F6 = 0.042

*
3k 3k 2k ok ok ke o o ok 2 2 o 2k 2k ok o 3 ae ok 3 3 3 3k 3k o e 2 ae s ofe o e o sk 3k afe e o o o sk ok a3 s e o o 3 ke e o o o e o o e ok ke ook ok ok

* INITIAL VALUES FOR NUCLEAR DYNAMIC AND POWER EQUATIONS
koo Rk KOOk RoRoR oo Rk ROk KRRk Kok

.E-6

o O
SR
[elelelelelel gl
[elelelelolels

*
END
30 o o o o o o ok e ok e o 2k e o 3k 3k 3 ak o 3k ok ek ok e ak e e o e s ok sk 3 3k 3K ok e 3k o ok o e o ok o ok e a3k ake 3 s ok 3 ok ok o e ok ok ok e ok

Aok akok ok R okokokk kRl okok sk okkokokokdkok  OUTPUT  BLOCK
i

*
END
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D.2 CRAC Models

This section contains the DARE/P programs used to evaluate the CRAC reactor

for the static and dynamic models:

D.2.1 Static Bubble Model

Tk kool ok ook ok oKk ok R Rk
: FISSILE SOLUTION CONTAINING GAS (ONE-REGION FEEDBACK) :
X SYSTEM v EM VL A X
* CRAC 0.018 21.0 8.3E-4 07 *
* SILENE 0.037 43.0 8.6E-4 0 *
o KEWB 5 0.024 29.0 8.3E-4 0. 07 *
ek kel ook st ok sk ok ok ok ok stk o sk sk ok ok o ko sl sl sl ok ke sk ok ook ok o ok kol ok ok ok sk ok o sk ok sk ke sk ok

$M11,7,3,1

*****************************************************************

ok sk ok ok o ek sk ok ok kokskokeokkokokokok  1L,OG STAT NT E ON
:****************************;gék*****ggg**§*********************

$L

%*
33k 3 3k e ok o ok 3k ok s dk ok ok ok 3 3k o 3k ok o 3 ok e ok Sk ol ok ke a3 ok s ek 2 e e ok s a ek o sk ok okl e ok e sk sk o 3 ok ok e o ok o ke ok

* GET OMEGA’S
kR KRRk Rk R Rk ok R R R IR KRR KRR IR IR KRR ROk KKK ok

REAL*4 OMEGA(6)
DATA OMEGA / 200.0, 300.0, 500.0, 700.0, 1000.0, 1500.0 /

*****************************************************************

URN OF ING ROU
*********§*§$2§****§**ﬁ*é**************************************

CALL STROF

*
**;E%;*B*****Eﬁg;xﬁ?‘********************************************
%k
:********QTA g***************************************************
IPOW = 99
IPRS = 98
ISAVE = 1

ok 3k e o 3k 3k ok ok ok 3k ok 3 3k ok 3k K ok o oK 3k 3k 3k ak ok o e ko o 3k ok 3 ok 3k o 3k ok ok ok ok sk 3 o e ok ok ok ok ok ok ok ak ok ok ok ok sk ok ok

kK
L00E OVER, THE MAGITUDE OF THE CONSTANT BUBBLE RADIVS s vy

DOIRB=7, 5, -1
etk ok sk ok o ok o ook skl ok ol o sk sk o ok sk ok ok o o ok st ok s ke ok ok o ok ok ok ko o e ok e

£ VR THEJNT TS24 JE, THE, SONSTANT RURRLE. BRI oonsonnons

DO IRB2 = 1, 2
sokoktokokkok sk okokokok ik ok stk ook sk kool ook slok ol skok ok ok stk o ok ok sk ok ok sk sk ok sk sk ok o sk ok ok sk ook o ok ok

%
*

*
*#O ¥
*0O ¥

*
*
*
*
*
*
*
*
*
*
*
*



5*legﬁgiyg*ﬁgzgﬁk*§2§§§§*§§9§g§*********************************
IF ( IRB2 .EQ. 1 ) THEN
RB = 1.0 * ( 10.0 ** (-IRB) )
ELSE

RE = 3.0 * ( 10.0 %* (-IRB
END IF ( (-IRB) )

*
a4 ok e sk ok 3k 3k 3 S 2k 3k 3 2k 3 3k 3k 2 2 3k 25 s 3k 2k 3 3k 3 2 2k 3k ke 3 3 3 2 o s e e 3 2k 2 ok ol afe e e e ok 3k ok e e ok e 2 e ke Ak s ok o ok ok

* OPEg THE 0H§R AND PRESSURE DATA FILES AND WRITE THE

*  BUBBLE EAD Us
TRk RO ROk Rk kR ok K

OPEN ( UNIT=IPOW, FILE=’POWER.DAT’, STATUS=’NEW’ )
N OPEN ( UNIT=IPRS, FILE=’PRESS.DAT’, STATUS=’NEW’ )
Sk KK AR R o oo Aok o ol e oo s ok K o Ko Ak sk ks o ks o s ok ook

* [LOOP OVER THE MAGNITUDES OF THE THRESHOLD MASS FRACTION
:****************************************************************

DO IXT = 6, 2, -1

L3

ok ok ok sk ok 2k 2k dk ok o 2k 35 ok ¢ ok ok 2 o 3 3 ok 2 ok ok ak 3 3 ok s ke 3k k ke ke ok ke k 3k 3k 3k 2§ 3k ke ok bk ok ok ke k e ok ke ok 3 A Ak ke ke o A ok ok

* DETERMINE THE ACTUAL THRESHOLD MASS FRACTION

:****************************************************************

. XT = 1.0 * ( 10.0 ** (~IXT) )

ak 3k 3 ok 5k 2 2k sk 28 ok 3k 2 24 53¢ 3 a3 o8¢ 35 2k 3k 3k s 3k 24 3 3k ke 24 3k 3k A e 2§ 2§ e e 2 3 o e 3k e ke ok ke 3 3 3k 3 o 2 e e ok ¢ ok e o ok 3 e ke K 3k

* LOOP OVER ALL THE PERIODS

:****************************************************************

N DO IOMEGA = 1, 6, 1

sk 3k ok ok ok ok 2k ok sk ok 3¢ 3 ok 53¢ 2k ok ok 2k o 356 o 3k 3¢ 2k ok s 3k ok 24 ok 2 ok Sk e o 3k 3k e 2k A e sk 3 23 3k 3 ke 3 ok 2K ke 3 o A o ok e 3 Aok ok ok ok kK

* WRITE A MESSAGE TO THE OPERATOR

:****************************************************************
WRITE(*,*)’RUN ’, ISAVE, ’ WITH OMEGA, XT, RB = 7,

i OMEGA (IOMEGA), XT, RB

e ok ol ok 2 3k dlk 2k 5k e 3k 3¢ 3¢ 35 3k 2k 5 2k 3k bk 3k 35 3 2 Ak 3k ok 3¢ e ak e 2k 2§ 3 Ak Ak 2 2k 2 ol sk s e ak 3k e ok ke Sk 2 ¢ e ke o 3¢ ke ok ok A ok ok ok ok sk

* RUN THE SIMULATION

:****************************************************************

OM = OMEGA(IOMEGA)

CALL RESET

CALL RUN

WRITE(*,*)’RUN ’, ISAVE, ’ WITH RO = ’, RO

*
ok s o sk ok ok ok sk 3k ok ok o ok 2k 38k 3k ok bk 3 3k 3k ok o 2k 3k 2 ok s 3 e 3k 3 3k e ok ok e A 3k ok 2k ok ok ke ok A Sk ok o ok 3 ke ok e ok o dk ok 3k o o ok 3k Kk

* INCREM HE RUN NUMBER
:*5*****5&2*1****************************************************

ISAVE = ISAVE + 1

o p————
* WRITE THE MAXIMUM POWER AND PRESSURE DATA TO THEIR

* T F S
:***§§§§§$*¥¥§**$%§**********************************************

WRITE ( IPOW, 200 ) OMEGA(IOMEGA), POWMAX
WRITE ( IPRS, 200 ) OMEGA(IOMEGA), PREMAX

o she ok o ke s b e e ok s e o ok e 3 ok 3 ok ok o ok ok ok ok ok sk ok ok s s dk ke ok ok ke ol ok ok ok ok sk ke e sk e ok ak ok ok o o ok ok ok ok

*k
opP
Egg*gg*ggﬁige*kg***********************************************

END DO

*
*

E N 2 X X X3
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3k 3 3k 2 o ok 3k ok o e 2 3k o e 2 2k 3 e e 2 3k 3 e e e s s ¢ e ke s e o e sl e e s o s Sk 2k s e e e 3 sk ke ke ae o ol e s ke ok ke ke e e o ek ok

ARSI PR LR R PR R—

WRITE ( IPOW, 200 ) -1.0, -1.0
WRITE ( IPRS, 200 ) -1.0, -1.0

*
ok e ke o 2 ok 2k 2 o e e 2 o e e e o ok o e e ke o o e s s ok e ke sk ke 3 ol o sk o s ok ok 3 o ok ok ok sk o ok ok ok o o ok sk e ok ke ok ok ok ok ok ok ok

* END OF THERSHOLD LOOP
FRRRkickokk ROk Rk kRO R ROk KR KoKk

END DO

*
e e ok 2 ok o 3k e e ke e e o o e 3 2 o ok Aok 3k o o ke s e o o e s ke s s o ek de o s e s o 3 o e a o s ol e s o e e e ok o s se e o ook e

* CLOSE THE DATA F;LES
FRRRRRROORORR RO R R ok kR ko ok Kook ok Kok ok ok

CLOSE 5 UNIT=IPOW g
CLOSE ( UNIT=IPRS

*
e 3 3k ok 3 ok e ok ok o o 2k o 3 dk ok ok o 3 ok o Sk o e o e e 2k e s ok ke 3 o ok 2 ok o 3 s ok ak 2k e e ok e o o 3k ok ok ok 3k e ok e ok e ke ok ok ok K

* END THE BUBBLE LOOPS
AR KRR KRR AR KRR R KRR KR KOO IR OR KRR KRR R Rk ook

END DO
END DD

e 2k 3k 3k o 3k 3k o o e e ok o ok e ok o ok e e e o sk o ok ok dk ak sk ok o ok ok ok ok Sk ke ok ook ak ak sk o ke s ke o S ok dk ok ok sk o ok ok sk ok ok

* FORMAT STATEMENTS
ok ok ok Rk Rk ook KRR ROk OR KRR R R K

200 FORMAT ( T1, Gi5.6, ’,’, T25, G15.6 )

*
ok 3k 2k 3 sk 3 3 ok sk 3k s 3k ke ok sk sk ke 3k 2k sk 3 e ok sk 3k ok ok 3k 3 3k 3 sk 3k ek 3k sk 3k e ke 2 2k e o8 sk sk sk ok sk 3 3k ke 3k ek sk e 3¢ ok ke ok ak ok ok

sokokokskokokkk ok ok skolokdok ok ok kokkokk - OMEGA/RO TABLE BLOCK
Pk ROk oOR R RO R R RO ook ook k

TOMEGA, 6
200.0, 1.
300.0, 1.473
500.0, 1.
700.0, 2.106

1000.0, 2.580

1500.0, 3.371

*
ke ok 3 3k e ok e e e ke o ke 2 2k 2k e 2 3k ok sk 3k e ok 3k sk 3k 3k 3K ok ok ok ok ke ke ok ke ok ok dkk ke ok ok sk ok ok ok ok Sk sk ok 3k ke ok bk o sk ok ok ok K ok K

scokekok ok okokkokojokkskokkokkokskokokoloksok - DERIVATIVE BLOCK 1
:****************************************************************

$D1

*
3 ok 3 ok e e ok e ok ak k ok ok sk sk ok oK k dk a3k ok sk k e e sfe sk 3k ok s ok Sk sk e s 3 sk o e ok ok ok o e ok 3 ok ok ok o ok ok ok ok ok ok ok ok o ok ok ok ok

* IC
:*§EEI§9§*QX¥Q¥**§***********************************************

R=RO+B*T~RFB
RFB=PHI*(V-V0)
SUM=F1*D1+F2*D2+F3*D3+F4*D4+F5*D5+F6*D6
E§DOT=88L*((R-1.0)*EN+SUM-RS)

.=END
D1.=AL1%(EN-D1
D2.=AL2%(EN-D2
D3.=AL3*(EN-D3
D4 .=AL4*(EN-D4
DS .=AL5*(EN-D5
D6.=AL6*(EN-D6
ENP=ENO*EN
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E.=
* GAS PRODUCTION
XE=G*E/EM

XR=XE-XT
PROGED X=XE,XT
IF, (XE LT.XT) THEN

ELSE

END IF

ENDPRQ

PROCED TAU=X,THETA1,THETA2
IF (X.LE.O. 0) THEN
EAg-THET Al

TAU=THETA2
END IF

ENDPRO
* EQUATION OF STATE
TABS=TEMP+273. 15
PA=P+2.0000000000%SIGMA/RB
PB=P+1. 3333333333*SIGMA/RB
FA=X*RG %
FB=FA+VL*(1.0-X)*PA
F=FA/FB
BETAO=1.0E-6% (AO+A1*TEMP+A2+TEMP*TEMP+A3*TEMP*TEMP*TEMP)
BETA=BETAO* (1.0-F)+F*PA/ (TABS*PB)
AK=AKO*(1.0-F)+F/PB
PC=BETA/AK
* E§ERGY0%ND STATE EQUATIONS

.=VD
VDOT.=1.0E6*FP*A*A* (P-P0) /EM-TAU*VDOT
TEMP.=TDOT

TDOTB(ENP ENO- (BETA/AK) *TABS*VDOT) / (EM*CV)

PDOT-(BETA*TDOT-VDUT/V)/AK
PRESS=P-PQ
PRBOT=PRESS*2

2 ok e ok 3 o 2k ok ke o e ok ok e o e o o e o ke ok sk sk ok e i e ke ok e 3k ok ke ok e ok ok d ok ke e o sk ak o ke o 3 ok 3k ok ok ok ok ok oK ok ke ok ke ok

*
FIND THE INITIAL REACTIVITY DUE TO THE PERIOD
o5 ok 3 2k ok ok k 3 e 3k 3k 3 3k e e 2 2k 3 3k 3k 3k 2k 2k 2 2 3k 2 2k e ok 3k ok 3k Ak 3k e e 3k sk e ok 3 3 ok 3k ke ke ke ke sk ke 3 ke ke sk k ok 3k ke ke 3k

*
*

RO = TOMEGA(OM)

3k 3 o ok e e o o e o 3 s ok a3k ke ok e s e 3 o e ok sk 3 o 3k ok ok s o 3¢ s e sk 2 e e ok e o sk ek ok e ok ok A ok ok e ok ok ok ok ok ok

%k
g£§2*Eé¥£¥H¥*£9¥§§*é§2*§§E§g§§*********************************

PROCED PREMAX=PRBOT
IF ( PREMAX .LT. PRBOT ) THEN
ENPR%%AX PRBOT

%

L2 2 R T BN X L X L3

%

ENDPRO
PROCED PDHMA =ENP
IF (P OWMAX .LT. ENP ) THEN
PDWMAX ENP

ENDPRO

ok o 3 2 ok 3k ok 2k ok e ak o S ok e ok ok 3k ok e a ok e ok e dk o 3¢ 3k ok 36 3k e b ok ¢ o e e o ok ke ok e e A ak ok e o o ok ke ok ok ok ok

*k
Y
*RggzIME D£§§LA **gggégg****************************************

*
\D DISPLAY P,ENP,PREMAX,POWMAX
TMAX=0.1

*

1 % %% %%
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g IN EQUATION OF STATE

NPOINT=2501
DTMAX=5 .Q0E-6
DTMIN=5 .0OF~
* COEFFICIENT

*

N PROPERTIES
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D.2.2 Dynamic Bubble Model

e 3k 3k e 2 ok e 2 e o o e o e 3k o 2 ae o e 3k 8 e 3k ke e ke s ake e s 3 s sk o e s e s dle e s ok sk s o s ok afe s ofe e s e ok ok ae e e ok ok ok K

TR ke INTEGRATION RULES
FRERRRRRR ROk AT IO BUEES s mmmmmtond b

$M11
*

3¢ ok ok e 3 o e ok o 3 o 3 o s s e ok s 2 s e ok e o e 3 afk a6 abe ak e o 3 ok o o sk 3 e sk e e 2 afe e o 3 o o e ool s 3 e ok o a3 ok o ok ok ok

sk ok ok Rk ok ok LOGICAL STATEMENTS SECTION
:********************************* 1*****************************

$L
*

*****************************************************************

* GET OMEGA’S
Bk fooRREoRo oo ook Rk R oRoR ok

REAL*4 OMEGA(6)
DATA OMEGA / 200.0, 300.0, 500.0, 700.0, 1000.0, 1500.0 /

*
ok o 3k o e ok 2k o ok ak o 3 3k 3k o a3 o e o 3k sk s e a3k s e e S e 3 e o S 2 S sk s o e sk ak Sk o 3 o s ke e ke o o sk ok ok o ok ok o e ok ok ok ok

* TURN OFF STORING ROUTINES
FRsoR kORI R Rk Rk oRoR R Rk K Rk

CALL STROF

*****************************************************************
SETUP DATA COESTANTS

:*********** Rk ook R ko sk ok sk okl skl sk sk sk e ik ok st o ke ksl skl sk ok sk ok ok
IPOW = 99
IPRS = 98
* ISAVE =1
skl ko ok sk ke kol s sk ok koo kol ol o kol sk ke sl s ks ok ksl sk ok sk s sk ks sk ok ke ke
* OPEN THE POWER AND PRESS RE DATA FILES
Bkl Rk OO O OO R ook oo Rk kR R Kok
OPEN ( UNIT=IPOW, FILE=’POWER.DAT’, STATUS=’NEW’ )
N OPEN ( UNIT=IPRS, FILE=’PRESS.DAT’, STATUS=’NEW’ )
stk ke kol sk kst ook ol o sk okl e ol sk ol ook koo ke s ok ok ksl ok etk sk kol sk o ok sk ok ok ok ok ok
* LOOP OVER ALL THE INVERSE PERIODS
TRkl RO OO ook ook ok ok Rk ok ook
" DO IOMEGA =1, 6, 1
sk ek ook koo ok ksl ek oo ok ksl ok ko sl st st ket e oo sk ok sk sk kol s ke ok sk stk ok o ok ok ok ek
* RUN THE SIMULATION
OO OO oo ook ok ok ook ok ok ko ok
PREMAX = 0.0
POWMAX = 0.0
TMAXMW = 0.0
TMAXPR = 0.0
cC =20.0
= OMEGA (IOMEGA)

OM

CALL RESET
CALL RUN

WRITE (*,100) ISAVE, RO, OM, POWMAX, TMAXMW, PREMAX,

$ TMAXPR, TNUC

:********** o 3k 38 s o o ok 3k o 3 3¢ 3 3 3k 3 3k 3k 28 ok ok e ke ke o ke e ke o o8 3 e 3k o o ok e o e o o ok ok e ok e o ok ke ok ok
:*;gggggggz**§§*§H§*§g¥§§§***************************************
: ISAVE = ISAVE + 1
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ke kbl ool o oo o ol ok ool o o ok ok ol o oo ok o ol o ol ko o o ok ok o ook ool ook o ok o koo oo oo o ook
* WRITE THE MAXIMUM POWER AND PRESSURE DATA TO THEIR

* RBRESPECTIVE FILES
:***************i************************************************

WRITE ( IPOW, 200 ) OMEGA(IOMEGA), POWMAX
WRITE ( IPRS, 200 ) OMEGA(IOMEGA), PREMAX

*

**EEB*S;*;ﬁﬁﬁﬁ;ﬁ*;ﬁﬁ**s**aa;******#******************************

*

:*******************;g** e 3k 25 ok 3 2 o s 3 2k e ke 3k e e 3 e ol sk ok e 3k ke ol ok ok ok ok ke ek e 3ok e ok e ek ok

* END DO

% WRITE THE DATA. TERMINATION VALUES.FOR RPLOT PACKAGE. o reemrrsss

*

:**************** ***********xﬁ%*********************************
WRITE ( IPOW, 200 ) -1.0, -1.0

N WRITE ( IPRS, 200 ) -1.0, -1.0

ok o 2 e ok 3 o s 3k 3k o 3k 3k 3k o s e ke 2k sk 3k ok 3¢ 3k e e ks sk ok 3k 3 3 ok 3§ 3k ok ok ok 3k ok 3k b 3§ 3k 3 3 3k 2kl a3k a3k ok 3k ok 3k o ok 3K ok ok ok

* CLOSE THE DATA FILES

:****************************************************************

CLOSE E UNIT=IPOW 3
CLOSE ( UNIT=IPRS

e o ke 2 2k o ok e s ok o 8 3 3k o ok e 3 ke o sk s e e 3 ok ok o s 3k e ok o e sk e 2 o sk s sk sk 3k ok ok ok sk sk ak ke ok 3k o ok s ok o e sk sk ok ok

* FORMAT STATEMENTS
Rk KRR Rk KRR ROk IR KIOR R KRRk ok KRk Kok ok

100 FORMAT(’ RUN = ’,I3.3,T12,’ RO = ’,G12.5,’ OMG = ’,G12.5,/,
$ T12,’ POW = ’,G12.5,’ TMW = ’,G12.5,/,
$ T12,’ PRS = ’,G12.5,’ TPR = ’,G12.5,/,

$ T12,’ TN ’, G12.5)
200 FORMAT ( Ti, Gi15.6, ’,’, T25, G15.6 )

*
e o ok 2k 3k ok 3 ok a3k o 3 2k 3 3k ok o s sk 3k s ke e ok a3k 3k 3k sk 3k o o sk 3 3 3 3k 3 ok 2§ 3k a3k 3k ok 3 2 ok 3 3 3 e ke e ok o e e ke ke sk ok ok o

sokdoRkok ok okl ok dokkoksk ok kokokokokkk  OMEGA/RO TABLE BLOCK
PRk R R R KRR KR ORI R R ROk Rk ok ok

TOMEGA,6
200.0, 1.314
300.0, 1.473
500.0, 1.790
700.0, 2.106

1000.0, 2.580

1500.0, 3.371

*
e ke o e 3 3k 2 ok ke s s 2 o 38 ok ok 3 s o e e o 2k ok e e s ok e o ke e sk e e a8 o sk 3k ke b ok e sk e ak ol sk 3 3k s Sk ok o 3k ok 3k ok o o ok ok

sokokolok Kook kokokkokksk kol okokkok ok DERIVATIVE BLOCK 1
i

$D1

*
3 o 3 ok o oK e 3 ok ke 2k e o a2 3k ok ke e o sk s o 3 sk ke sk ak Sk ke ok e a o 3 ok 3k o o dk o e o ok e ke ok o ok ok ok ke ok ok o dk ok ok o ok e o o

* NEUTRON DYNAMIC
:*******g*g****£*§***********************************************

R = RO _+ BxT - RFB

RFB = PHI * (V-V0)

SUM = F1xD1 + F2%D2 + F3#D3 + F4%*D4 + F5%D5 + F6*D6
ENDOT = BOL * ( (R-1.0)*EN + SUM - RS )

EN. = ENDOT

Di. = AL1%(EN-D1)
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D2. = AL2%(EN-D2
D3. = AL3%(EN-D3
D4. = AL4*(EN-D4
D5. = ALS5*(EN-D5
D6 AL6*(EN-D6

e
.
HH Y

ENS*EVeno

*
3 ok ok 3 ke e ok e o ok ok o e o ok ke sk e e ol e 3¢ s e e 2 3 o e s s e o s e o e ok 2 s b ok ok o o o ok o ok e ol o ok e o o ok ok o o ok ok ok

GAS AND MOMENTUM PRODU

:************************I;**************************************

E =Gx*E/EM
= STEP * GMS * ( XE - XR- XSUPER )

XSA
gROCED TN C STEP X-XE XSUPER,XR,T

F ( XE .LT. XSUPER ) THEN
éTEP°=°o 0

ELSE
F %Nggzp TLT. 0.5 ) THEN
END IF
STEP = 1.0

END IF

ENDPRO

e e e e e ok 2 ok 2K ok e e 2 3 ke ok e ok o 3 ok e ok o ek ol ak o e e o s e s ke sk e ke o sk dk o e o e ok o e ok 3k sk e e sk 3k o ok o ok ok ok o ok

*

EQUATION OF STATE

:****************************************************************

PA =P + 2.0 *x SIGMA / RB

PB =P + (4.0/3.0) * SIGMA / RB

FA = RG * TABS

FB = VL * PA

F =X *x FA / FB

RB. = STEP * ( D * FA ) * ( XSUPER - XSAT ) / ( RB * FB )
TEMP = TABS - 273.15

BETAO = 1.0E-6%(A0+A1*TEMP+A2*TEMP*TEMP+A3*TEMP*TEMP*TEMP)
BETA = BETAO * (1.0-F) + F¥PA / (TABS*PB)

AKO * (1.0-F) + F / PB

*
e 2k 2k o ok 3k o ok ok ok oK o 3k 3k ok ok 3k e o ok sk ke ok ok ok 3k e s ok s e sk ok ok o e sk e ok ok sk ok ok e ke s sk sk sk ke ok o ok sk ok o ok ok ok ok

*

ENERGY AND STATE EQUATIONS

:****************************************************************

V. = VDOT

VDOT. = 1.0E6 * 4.0 * (A*A) * (P-PO) / EM - THETA*VDOT
%sg% 5 %E%¥P - ENO - (BETA/AK)*TABS*VDOT ) / ( EM * CV )
ggOT = é EETA*TDDT - VDOT/V ) / AK

PRBOT = 2*PG

e ok o 2k o 2k o o e 3k 3 o ok ok s o S e afe 3k ok e sk o ke s 35 e ke o e ae e ke o sk ak o o ok e 3k o o ok ok o ok ak ok ok ok sk 3k ok ko

* ok kK
n
glEQ*IEE*%Q§£¥2¥*EQ¥E§*¢§;*g**§§g§*****************************

PROCED TMAXPR,PREMAX=PRBOT,T
IF ( PREMAX .LT. PRBOT ) THEN
PREMAX = PRBOT

=
B
21



PROCED TMAXMW,POWMAX=ENP,T
IF ( POWMAX .LT. ENP ) THEN
POWMAX = %NP
END IF
ENDPRO

3 ok 3 3 s 3 ok ok 3 e 2 o ok 3 e a o o 3 3 ok ok o s s e afe e e s 3k 2 e e e sk 3 sl e s ok o e e o o 3 ke ke s e ol e ake o e o ke ook ke o oe ofe

AR SR R R B SR e R

RO = TOMEGA(OM)

*
3 ke 3 o ok 2k 3k 2k 3k ke e 3k o e 2k 3 o e e e 2 3 3 e e o o e sk e s s e ke o o b s e o e e s e o ol e e o 3ok ok o o ke o o ok e ok ok ke

* RUNTIME DISPLAX gOMMAND
A A A AR A A A o TR o 3ok ook ook sk skl st oo o ksl o skl ok koo ok ook sk ok ok ko

*
: DISPLAY ENP, PRBOT, EXDATA, X
Egg**************************************************************
RN ARG RN AR AR
TMAX = 0.1
NPOINT=

*
o e 2 2 3 3K 3 ¢ ¢ 3 3 3 e o e ok ok 3 ok o 3k ok e ok e 3 ok e e ok ok 2k sk ak afe e 3 ok ak o ke e o e sk ke sk ok ok o e e sk ok o ak 3k ke o sk ke ok ok ok

* COEFFICIENTS AND CONSTANTS IN THE EQUATION OF STATE
Rkkokolkok kR Rk KRR R KRR RIORIR IR IR IR IR KRR R R Kk

RG = 6.89E-4
SIGMA = 7.bE-8

AQ = =-23.10932

Al = 13.15603

A2 = -8,6950906E-2
A3 = 3.2788806E-4
AKO = 4.bE-4

%k
e e 2 2 3¢ ok 2 o o o 3 ok e o o e o e 3k ok o e e 3¢ ok e e o sk ok ok ok ok e e ok sk ak o 3k o 2k ok o e sk s ok e e o e o sk ok o ok ke ok s o o ok ok ok

* INITIAL VALUES FOR THE EQUATIONS OF STATE
:****************************************************************

TABS = 20.0 + 273.15

RB = 5,0E-8

VDOT = 0.0

Vv = 0.018

P = 0.1
* XR = 0.0
****************EK*;B;*ﬁE;g*****6;E*;****************************
*
:*§2£2I£9§*ﬁ§2*§**9********gk*gg***ﬁ*ig**************************

EM = 21.0

VL = 8.3E-4

A = 0.07

CcvV = 3.6E-3

PO = 0.1

G = 2.0E-3

Vo = 0.018

XSAT = 1E-6

D = 0.5E-8

FP =7.5

GMS = 30.0

*
4 ok ke ke 3k ok e ok ok ok sk ok sk sk ke sk ok ke sk ok 3k e e 3 A ok ke e ok ok e 3¢ 3 Ak 3¢ 3 3 3 A A 3K ok K A o ¢ Ak oK o o ok ok ok kK bk ko ke ok o ak ok Xk

* CONSTANTS FOR NUCLEAR DYNAMIC AND POWER EQUATIONS
sk ok dokok skl kolok dokok dokok dokokokakokokok ok ok sk skl ok s kol o sokok stk sk ok sk ok o ok ok ok sk ook sk ok okok ok ok
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EEEva

L
0
1
AL2
AL3
AL4

ALS
AL6

WO OOOOMOO

* w v v e

0.033
0.219
0.196
0.395
0.115
0.042

- .
3 a2k o 3 o 2 e o 3 ok 2 o ok e e e 3§ ok o 3 2 ok o e s s o afe e e e o afe o e 3 o ke s 3 2 a e e e abe s e e s 2 e e a3 o e o o o 3 o s ok

* INITIAL VALUES FOR NUCLEAR DYNAMIC AND POWER EQUATIONS
Rkl ook OOk R ORIk Rk kR Rk Rk kR kKo

PHI
EHETA

:m:ccmmsg
RUIRWN-

*
END
*

OOO0OOOR -

10900.0
32

OCNDOE&*DN

00,0
-6

3ok 2k 3k 2 ok 3 2 3 e e o 3 ke e Ak o e 3 ok ok ok 3 e o e 3 o e o e e ok e e e ke o 3 2 ok ok 2k s o sk sk sk e ok 3k 2k e e ok e ok e o sk ke ok ke ok ok

Aokl kKK kKoK oloRokKkk ok kokkokokkokk  OUTPUT  BLOCK
Fhkkkkkkkokobolkiobk kool R KR KRR R ook kok ook ok ok

*
END
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D.3 SILENE Models

This section contains the DARE/P programs used to evaluate the SILENE reactor

for the static and dynamic models:

D.3.1 Static Bubble Model

ook ok ooRRRR AR ORE KRR KRR KRR KRR
: FISSILE SOLUTION CONTAINING GAS (ONE-REGION FEEDBACK) X
o SYSTEM \ EM VL A X
* CRAC 0.018 21.0 8.3E-4 0. 07 *
* SILENE 0.037 43.0 8.6E-4 0. *
* KEWB 5 0.024 29.0 8.3E-4 0. 07 o
koo R KRR KRR KRR R KR KRR IR R KR KRRk
*$M11,7,3,1

o 3 2 s e ok 2 e e e e e o e o 2 ok ok ok ak o 3 s ok s ke 3k ok e o e ok e s o e ok Sk sk ok ak o 3 ok o ak o o 2 ok e o 3k e ke ke o ke ak ke 3k ek ok ok

sokokokokok ki sk Kok kokdkokkokakokokk  LOGICA S SEC
********************************k*§$§$§¥§§$***E*IE***************

$L

*****************************************************************

* GET OMEGA’S
Rk R R ok kok kR ok ko ok kR ok Kok Rk ok KRRk R

REAL*4 OMEGA(7)
DATA OMEGA / 150.0, 200.0, 300.0, 500.0, 700.0, 1000.0 /

*
okt ok ol AR oRoR oK oK sk o ok ok ol ok s R R ok kol s s kel ki s ok ol skl o el sk sk s sk sk s sk ke ok ke ok ko
* TURN OFF STORING ROUTINES

Rk kR ROk kKRR ok Kok koR R RO K
CALL STROF

3 ok ok o 3 ok 3 2 e o 3 3k o 3¢ 3k o 2k o o ak ak e o e e o e o ek o o 3 s e 3 o e o o ake o 3 ok e e ook e ok e o sl e ke ok ok ok o ke ok ok

*
SETU&*Q&I&*QQESTA§$§*******************************************

IPOW = 99
IPRS = 98
ISAVE = 1

*

st sfesokok o ook ok ook stk ok kst o ok sk ol o ook sk ksl sk ol ok ook o ok sk ok ko ok s ek ok sk sk ok ok o
* LOOP OVER THE MAGNITUDE OF THE CONSTANT BUBBLE RADIUS

ok o 3¢ ok 35 3k 2k 3¢ 3 3 3 ok ok Ak ok ok Ak X 3 ok K o oK ok 3 2k 2 o ok 3 3k 3k 3 3k 3K A a3 ok ok 3 ok 3 e ok ok e ok e ke 3k b e ok ok ok ke ok ok ok ok ok 3k
DO IRB = 7, 5, -1

ok 2k sk 3 ok ok o o 3k e ok e ok ok o ok ok ok

sk kool ok ok ok ok ok
* LOOP OVER THE MANTISSA OF THE CON§TANT §g§§%§*§§2£g§***********
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**sE%g;ﬁ?ﬁE*xa**x**;ﬁ;;i;*;xs************************************
*
:*************zg*&***********;g§*********************************

IF ( IRB2 .EQ. 1 ) THEN

RB = 1.0 * ( 10.0 *x (-IRB) )
ELSE

RB = 3.0 * ( 10.0 *x (-IRB) )
END IF

*
3 e 2k 2k o 2 3k e ok o ae ok ok o e ok ok ol o e e 3 o o o sk 2 3k sl ok e e ks 3 3 e s s s b e sk e ol ke ke o o s e e e ke ke ke e ok ke ke o ok ok e

* OPEN THE POWER AND PRESSURE DATA FILES AND WRITE THE
* BUBBLE _RADIUS
Rk kR kRO ORIk R KOk KR ok

OPEN ( UNIT=IPOW, FILE=’POWER.DAT’, STATUS=’NEW’ )
OPEN ( UNIT=IPRS, FILE=’PRESS.DAT’, STATUS=’NEW’ )

******6****************E*****************B*********é%;**********
R T SN TIRER AL, THE, THRESHOLD JA32 ERACTIM sononn

DO IXT =6, 2, -1

sk o sfe oo sk o sk o ok ko s bk sk e sk ol s ool o ok ok ol s sk ok ok ok s s ok s e sk ke ek ok ek ok ok sk ok ok oK
DETERMINE THE ACTUAL THRESHOLD MASS FRACTION
AR A Ao He o oo o o o K oK o ook KK Aok o R o ok oK K oK oK ok ok ek ok ok s o sk s o ok s ok o ok ok ke

XT = 1.0 * ( 10.0 *x (-IXT) )
ok oo ok sk o o ok bk stk ok ook o ok o koo ook ok ok ks s s e s s ke ok sk sk koo oo e s ok ook ke koK oK oK

*
OP QOVER THE PERIODS
*g******ﬁkk**************************************************

DO IOMEGA =1, 7, 1

*

WL %
*#0 ¥

sk ke ko o kol oo st o oo ok o ook ook o s ok ok ok sk ok ok ok sk o ko sk ool s sk sk ok kel ok sk ook ook o s skl e ok ok ke ke ok
WRITE A MESSAGE TO THE OPERATOR
AR o o oK o o o o ks s s oo o R K S KK s o o ok o oo s sk ek o ke ks o oo o sk ok o ook ke ok ok koK K

WRITE(*,*)’RUN °>, ISAVE, ’ WITH OMEGA, XT, RB = °’,
OMEGA (IOMEGA), XT, RB

ok o 3K e o e 3k ok 3k ok 3k e o S ok ofe sk ak sk ok ok 3k 3k o e ok sk s ok e sk ok o ok ok e sk ok 3k sk ke ke ok ok ok ok sk ke ak ok ake ok sk ok ok 3k ok ok ok ok ok

*%
RUN THE SIMULATION
koK o Ao Ao ok ok ofe oK A oK S o o ook o ks sk o ok ook ok kool oo o sk ok ok ks sl slok o o o o o ok sk sk ok oK ok oK

%*

*:***69 ¥ %% WX *:*** L 2 kX B L T X 2

OM = OMEGA(IOMEGA)

CALL RESET

CALL RUN

WRITE(*,*)’RUN °, ISAVE, ’ WITH RO = ’, RO

*
o o 2 e ke ok 3 A 3k o ok 3 3 ok ok ok e ok ke 2 ok ok 3 o ok ke s sk sk o s o ok ke e ok sk sk ke sk sk ok ok sk sk ok sk ok e e ok e sk s ook sk sk s ke ok sk sk ok ok

* INCREMENT RUN NUMBER
:****&******Igg**************************************************

ISAVE = ISAVE + 1

* .
e e 2 ok o ok 3 e e 3k ok 3k dk ok ok 3k 3k 3k o o ak ok e dk ok Sk 3k ok sk ok o e ok e ok o ok s o o o sk 3k ok ek sfe ok o s ok ok ok o 3 e ok 3 ok ok ok ok ok o ok

* WRITE THE MAXIMUM POWER AND PRESSURE DATA TO THEIR

* SPECTIVE FILES
I***&E*****%*E*g*************************************************

WRITE ( IPOW, 200 ) OMEGA(IOMEGA), POWMAX
WRITE ( IPRS, 200 ) OMEGA(IOMEGA), PREMAX

%
e ok e ok o ok ek e e 3 e 3K o e e ke 2 ok e e e e ok e e e o ok ok ok Sk o o ok ok ok ok ok ok ok e e ke ke o e ke o ke ok e ok o ok o ok ok ok sk ok ke ok ok

* END OF PERIOD LOOP
**5*9*****5*¥*2**************************************************
*

END DO
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*
3k o ok ok 3 s S 3 sk ks sk e e sk e 3 s 3k e ke ke 2 e e S ke e e 3 ke e 2k e 2 3 e 2k 24 e 3 35 35 2k 3¢ s 2 e 3 2 3 e o 3 3 o ok o 3 o ok ok ok

S

WRITE ( IPOW, 200 ) -1.0, -1.0
WRITE ( IPRS, 200 ) -1.0, -1.0

3

okl stk ok kool ok ool e okl ko ook koo ol s o o s o ks ok skl o bl ook ook ok ok
* END OF THERSHOLD LOOP
:****************************************************************
* END DO
*****************************************************************
* CLOSE THE DATA FILES

BB ook ook Jolk ok Kok ook

CLOSE E UNIT=IPOW g
CLOSE ( UNIT=IPRS

3k sk ke e 2 o 2k ok o o o sk e sk o e s e e s o e s o ok o 3 o ok e ok o df e i afe o sk sfe e ae o sk ok e ok o s ok o sk ok Sk ok e dk 3k sk ok Ak 3k ok ok o ok

U
**E **Igg*g*QE%E*%Q**§*******************************************

END DO
END DO

2k 2k sk ok 3k 3k e ok e o e e ok e 2 e o o 3k de o e ok ok ke o 3 o e e ok ok e 3 3¢ o e ak e ok 3k ke o o e s o 3k o e ok ke o ok ok e ok s ok ok ok ok ok ok

* FORMAT STATEMENT
****************§*§**********************************************

200 FORMAT ( T1, G15.6, ’,’, T25, G15.6 )

*
o o ok e 3k k3 3k 2 24 3k 2§ e ae 3je 3k 2k e 3 3k aje 3k e A 3§ o vk 3k ake 3 ok 3¢ e 2k sk sk ok vk 3k ok 3¢ 3 sk 2k 2k ok e e o a sk e sk ok sk ke ¢ o ok ke ok ok 3k ak ok

sokoliokok sk sksiokkokokokokokdkokokkokkokk  OMEGA/RO TABLE BLOCK
Fhikbbkbbob Rk kRO ROk Rk Kok

*

% %%

TOMEGA,7
100.0, 1.396
150.0, 1.597
200.0, 1.798
300.0, 2.199
500.0, 2.999
700.0, 3.799

1000.0, 5.000

*
ak ke e 3k ok 3k ok 3 ok 3¢ ¢ 3k sk 3k 3k 2k 3 ok 3K 26 3k ok 3 ok ok 3 2k ke 3k o o ke 3 3k 2k 3k 3 ok sk e e 3k 2 2 ke ok ok o 3k 3k 3k 3 o e ok sk ook ok ok ok Ak ok ok

sk skok ok ok ok s sk ok sk ok ok sk koo skokokokokk - DERIVATIVE BLOCK 1
:****************************************************************

$D1

:****************************************************************
:*Qggzﬁgg*gxgégl*************************************************
R=RO+B*T-RFB
RFB=PHI*(V-V0)
SUM=F1*D1+F2*D2+4F3*D3+F4*D4+F5*DS+F6*D6
%DD%EBD%*((R- .0) *EN+SUM-RS)

D1.=AL1*(EN-D1
D2.=AL2*(EN-D2
D3.=AL3%(EN-D3
D4.=AL4*(EN-D4
D5 .=AL5* (EN-D5
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D6 .=AL6* (EN-D6)
ENP=ENO*EN

E.=ENP
* GAS PRODUCTION
XE=G*E/EM

PROGED YAXE,XT
IF_(XE.LT.XT) THEN

ELgE
X=XR

ENDPRO
PROCED TAU=X,THETA1,THETA2

IF (X.LE.O. 0) THEN
TAU=THETA1

ELSE
TAU=THETA2
END IF

ENDPROD
* EQUATION OF STATE

TABS=TEMP+273. 15

PA=P+2.0000000000*SIGMA/RB

PB=P+1.3333333333*SIGMA/RB

FA=X*RG*TABS

FB=FA+VL*(1.0-X)*PA

=FA/FB

BETAO=1.0E-6% (A0+A1*TEMP+A2*TEMP*TEMP+A3*TEMP*TEMP*TEMP)

BETA=BETAO0*(1.0-F)+F*PA/ (TABS*PB)

AK-AKO* 1 0-F)+F/PB

PC=BETA
* ENERGYUAND STATE EQUATIONS

=VDOT
VDOT.=VDDOT
vDDOT=1. OES*FP*A*A*(P P0) /EM-TAU*VDOT

TEMP.=TDOT
EDOTB(ENP-ENO (BETA/AK) *TABS*VDOT) / (EM*CV)
PDOT-(BETA*TDOT-VDOT/V)/AK

P-P
PRBOT=PRESS*2

%*
*****************************************************************

* FIND THE INITIAL REACTIVITY DUE TO THE PERIOD
ek o MK Aok e o o o 6 o S ook o o ok sk S o Ak ok ok o ook ok ok kK sk o ok o o o ok s ke e kol ke sl ook ook o ok ke ok

RO = TOMEGA (OM)
e ok o oo o sk ok ok ko ok ook ok koK ok o ook ok ok ok Aok oo ok o s ok sk sk ok ok o ok s sk ok sk sk e ok ek

* AXIMUM SU
**§$§2*¥**l****59¥§§*ﬁ¥2*§§§**§§*********************************

PROCED PREMAX=PRBO
IF_(_PREMAX LT PRBOT ) THEN
REMAX = PRBO

END IF

ENDPR
PROCED POWMAX=ENP
IF DHMAXEN%T ENP ) THEN

* ¥

¥*

*B****************************************
o 3 3ok o ko o o o ok ke ok o o o o ke e e o ak o ok ok ok o ok ok ok ok e e ook o sk ok ok
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S IN EQUATION OF STATE

T0521..

DISPLAY P,ENP,PREMAX,POWMAX
N PROPERTIES

OO0OO000O0
000000
nunnnu
123“56
[a]afalayala)
L L )
NOOWNN
MDD i
ONHMN O
CO000O0
nnaunnu
HANOP O
o 20 F2o Fxy f2o F2y

| & A & A an

oF WD

ONO v

et N v O P vt

COOM—=HO

HOoOOOO-Mm

nnannu

_GMO__I__L: __01.23456

PTVSEVAF.

o3 o3 o =] 1]
<L <L L <L L <

END

END
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D.3.2 Dynamic Bubblé Model

o b e e 2 o e bk o ke ke o 2 o s e o 2 ok o ke ok ok ok o 3k ae o ok e ke 2 e o o e s ke ok ok 3 e ok e o e e s ok o e e e o ok oKk e ok ook e ook ok

e ook oo e ok sl o ook ol ook ok ok e e o ok o ek ATION RUL
**************************¥§I§§§*********************************

$M11

*****************************************************************

Aok Aok sk ok ol sk o ek ook Aok GICAL STATEMENTS SE
e **I**&**I TN W SECTION s s skatetm

$L
*
**ag******zf;****************************************************
%

****************************************************************
REAL*4 OMEGA(6)
DATA OMEGA / 150.0, 200.0, 300.0, 500.0, 700.0, 1000.0 /

*****************************************************************

TURN O G _ROUTI
:*******gg*§$9§£§*******§§§**************************************

CALL STROF

*****************************************************************
SETUP DATA CONSTANTS

************ ke ok R R Ao sk sk skok s ok ok Rtk sk oK ko sk e ok skl sk skok sk skl ok ok ook sk ok
IPOW = 99
IPRS = 98
ISAVE = 1

:****************************************************************
THE POWER AND PRESSURE DATA FI

i*gggg***********************************************************
OPEN ( UNIT=IPOW, FILE=’POWER.DAT’, STATUS=’NEW’ )
OPEN ( UNIT=IPRS, FILE=’PRESS.DAT’, STATUS=’NEW’ )

*
% e 3k e 3 ok 3k 2k 3k ok 2k 2 o ok 3 3 2 3k e ke 3k e 2 3k e 3 2k 3 A 3k 3k e ke e e ek o 3k ok 3 A 3k o ok o o sk o ak a3 ok 3k e ke o e ok ok ok ok Ak ok K

:*%992******é%k*zgg*égxgggg*gggl92§******************************

DO IOMEGA =1, 6, 1

*
e ok ok 3 e 3k o ok 3k ok 3 ok ok sk ok ok sk ok ok ok sk ok 3 sk afe e o 3ok o ok sk ok e o ok e sk o K o ke o o 3k o ok dke ok ok ok o o e e o ke ok o ke ok ke ok ok

UN LATIO
:*&***I§§*§£¥g*****§*********************************************

3
nunmwun

0 OMEGA (IOMEGA)

CALL RESET

CALL RUN

WRITE (*,100) ISAVE, RO, OM, POWMAX, TMAXMW, PREMAX,
TMAXPR, TNUC

;********************;*****************************************
C NUM
*g*gggggz Igg*g*******gg***************************************

ISAVE = ISAVE + 1

*
*

*  HKF AAXAD
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*****************************************************************
* WRITE T POHER AND PRESSURE DATA TO THEIR

* RESPECTI¥ ;
ok iok kR RO ORRR ook ook ook Rk KR Kok ROk ok ok ok

WRITE ( IPOW, 200 ) OMEGA(IOMEGA), POWMAX
WRITE ( IPRS, 200 ) OMEGA(IOMEGA), PREMAX

*
e 3k o aje 3k e ok 3k 2 sk 3 3¢ 3¢ sk 3 3 2 2 s o 2k 3 3 e sk ke ale s e e afe s e ok 3k afe ke ake ke 3k e 3 sk afe 3 3k 3k o e 3 3k afe 3je 3k 2k 3 ke 3¢ 3k o ok oK ok 3k ok

NVERSE PERI
:********E***********QB*Q****************************************
END DO
*ok ool o o s o o oo o koo ok oo ok oo o o s o o ko ool o s sk o s ok ok ke sk s oo ke koo ok
* ‘OR_RPLOT PACKAGE
e M AOR o Rk oK o AR OR o o K oK Sk oK AR AR A RRR R KK ok ok ok ok ok ok ok

sk koK ok sekok
HRITE THE DATA TERMINAIION VALUES
Ak ok K KoK xKk
WRITE ( IPOW, 200 ) -1.0, -1.

. WRITE ( IPRS, 200 ) -1.0, -1.0
sl ook stk o ol sl ook o ko sl ok s o ke sk s sk ok s sk ok ol e ko s ok ke kol sk ok ko sk ok kel ok s ok o ke ok sk o o o ok

* CLOSE THE DATA FILES
Bk RO ROROR kORI KRR KRRk

CLOSE E UNIT=IPOW ;

. CLOSE ( UNIT=IPRS

o 3 2 3 2k 3 ok 3 3k ke 2 ke ok 3k 3¢ 3k 3k e s ¢ e 3 2 3k 3 3¢ 3k 3§ e ok 2k k35 e 3k 3k ok 3¢ 3 2k 3k e 25 A 24 3k 3k k2 3k 3¢ e A ok 2k 3k 3¢ e o ok e e ok Ak Ak
* FORMAT STATEMENTS
:****************************************************************
100 FORMAT(’ RUN = ’,I3.3,T12,’ RO = ’,G12.5,’ OMG = ’,G12.5,/,
$ T12,’ POW = ’,G12.5,’ TMW = ’,G12.5,/,
$ T12,’ PRS = ’,G12.5,’ TPR = ’,G12.5,/,
$ T12,’ TN = ', G12.5)

200 FORMAT ( T1, Gi15.6, ’,’, T25, G15.6 )

*****************************************************************

seokoksokokok ok KRk Kok Rk Rk okkkkx  OMEGA/RO TABLE BLOCK
i

TOMEGA,7
100.0, 1.396
150.0, 1.597
200.0, 1.798
300.0, 2.199
500.0, 2.999
700.0, 3.799

1000.0, 5.000

3
34 ok o o o e o ok 3k 3k o 3 3 e o e a e e e e 3 2k o e o o e dk o dk sk ok ak e e ok e ok ok dk ok ok e ok sk o e e o ek ok ak ok o o e ok ok ok o ok ok

sokokokkkokok dolokkookokkokoksokkokkkkkx - DERIVATIVE BLOCK 1
FRERRR R R R R R R KRR R R RRR ROk Rk R kK

$D1

*
o 3k ok 2k 3k 2 3 ok e o ok 3 ok o o o 3 ok sk e 2 3 e ok ek o ok a6 de s e o e ke o e ae e s Sk e o e ak ok ok ok ok o ok o o ok ok akok Kok ok ok ok ok

* RON
:*EEEI****R¥§é§£g§***********************************************

RO + B*T -
PHI * (v-vo

Fi*D1 + F2xD2 + F3%D3 + F4%D4 + F5%D5 + F6*D6
EEBu? ( (R-1.0)*EN + SUM - RS )

R
RFB
SUM
ENDOT
EN.
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Di. = AL1%x(EN-D1
D2. = AL2*(EN-D2
D3. = AL3*(EN-D3
D4. = AL4*(EN-D4
DS. = ALS5*(EN-D5
D6. = AL6%(EN-D6
ENP = ENO*EN

E. = ENP - ENO

****************************************************************

GAS_AND MOMENTUM PRODUCTION
stk KRk R R KA R R R Rk 3k K sk ol sk ok ook ok ok ok sk kel ook sk st ko ok ok ko ok

XE =G *E / EM
XR. = STEP * GMS * ( XE - XR- XSUPER )
XSUPER= FE * ﬁSAT
PROCED STEP,TNUC,X=XE,XSUPER,XR,T
IF (XE.LT.XSUPER) THEN

= 0.0
ELSETEP = 0.0
X = XR
IF ( STEP .LT. 0.5 ) THEN
TNUC = T
END IF
STEP = 1.0
END IF
ENDPRO

o 2 ok ke 2k ok 3 3k 3 o e a o 3 ok ok ok ok 3 ok S 3 e e e sk o o e ok o o e s ke o s e sk ok 2 ok A e o e ok o s ok ke o ok e e ok ke e e ok o ke ok ok

* EQUATION OF STATE
Frkioookkoobiookiookbk ook kR Ok Kok ok K Kok ook

% 3% 3% % ¥

PA =P + 2,0 * SIGMA / RB

PB =P + (4.0/3.0) * SIGMA / RB

FA = RG * TABS

FB = VL % _PA

F =X * FA / FB

RB. = STEP * (D * FA ) * ( XSUPER - XSAT ) / ( RB * FB )
TEMP = TABS - 273.15

BETAO = 1.0E-6%(A0+A1*TEMP+A2*TEMP*TEMP+A3*TEMP*TEMP*TEMP)
BETA = BETAO * (1.0-F) + F*PA / (TABS*PB)

AK AKO * (1.0-F) + F/ PB

*
2k 2k ok ok 3k 2k 25 3k 2k 3k 3k ¢ 2 3k 2k 3k 3K ok 3k 3 ok 36 4 ok 9k 3k e 3 3k 24 3k 3k e 3k e e 3k 2k o ok e 2 a3k ok ok e sk ok ok ok e 3k 3k ok ok ks 3k ok ok ok ok

* ENERGY AND STATE EQUATIONS
:****************************************************************

V. = VDOT
ggg. = %-,58%6 * 4,0 * (AxA) * (P-P0) / EM - THETA*VDOT
'lgoor' = (Dgg\lgp - ENO - (BETA/AK)*TABS*VDOT ) / ( EM * CV )
PDOT = ( BETA*TDOT - VDOT/V ) / AK
PG =P - PO
. PRBOT = 2%PG
ke 3k sk 3k ok 3 e 3 3 3¢ 3k ok e 2k ¢ ok 3k ke 24 2k 3k e 3 ok e o 3k 2 e e 28 3k ke e 2k 2 e 2 o 3 3k e ¢ ke 3k A o sk 2k s 3 o ¢ o sk 3k 3k ok 3¢ 3k ok e ok ok
z*g{EB*%ﬁ§£¥2§*£QEE§*¢§2*£§§§§E§E********************************

PROCED TMAXPR,PREMAX=PRBOT,T
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ENDPRO
PROCED TMAXMW,POWMAX=ENP,T
IF ( POWMAX .LT. ENP ) THEN
POWMAX = ENP

TMAXMW = T
END IF N
ENDPRO
2l 25 3§ 2 2 2 2§ 3k 3 2 3¢ sk ke 3k 25c 2§¢ 2 2k 2 2§ 3¢ e e 2 24 ok ok A 3 3¢ ok ok e 2 2 afe 2 e 2k 3 ok A e 3¢ 3 ade a3k ke afe s afe o e 2 ok ale e e 3¢ ake ok e ok Kk
§*§£§B*I§E*EElI%ék*§§é9$£¥£I¥*QE§*IQ*IEE*¥§¥§§§§*£§§$92**********
RO = TOMEGA(OM)

ok ke o 3 o ko 2 ke ae e 2 afe e af o e 2 ke 2 ok e 3k o a3 o 2 o 3 o afe e afe ke 2 ol ae o e o o 2 o 3 3 e ok e ok o o ok e o e e ok o ke ak ok

*
UNTIME D AY COMMAND
*&********£§gk**************************************************

DISPLAY ENP, PRBOT, EXDATA, X

*

¥* % % % * ¥ %

END
3k 3 ok ke sk ok a2k e a3 3 o ke 2k ke s 3k ok 2 ok e ok o ac o ok e ok e 3 o 3K o sk sk ok ok ke o okl 3k ok K ke 2k e e ok e ok o ok o e ok ke o o ok ok ok ok

sakokolok ook okkokokkokokkokokk  CONSTANT AND INITIAL CONDITION SECTION
Frkkiokkiokkiook ok kook RO RO RO RO R KR ROk

TMAX = 0.1
NPOINT= 2501
DTMAX = 5.0E-6
DTMIN = 5.0E-8

ok o ok ok ok ok sk 3 ok 2k 3 3 3 3 3 afe s 3 2k 32 3k 3 o 2 8 3§ 3 o e o 3k o 2K S s e 3 S o 2k sk ok e ok sk A o o A 3k 3 ok 3k ok 3K e e ok ok 3K ok o ok

* COEFFICIENTS AND CONSTANTS IN THE EQUATION OF STATE
Tkl koo koo ORIk oo ok ok Kokkok

RG = 6.89E-4
SIGMA = 7.5E-8

AQ = -23,10932

Al = 13.15603

A2 = =-8,6950906E~
A3 = 3.2788806E-4
AKO = 4 BE-

*
o o 2 e o ok e ok e ok e ke o ke o ok e o ok 2 s 3¢ ok o ok ok ke ok ke sk o e 3K o s o o 3 o 3k ok 3k ok ok o e e e e ok ok ok ok ok e o sk ok ok ke ok koK ok

* INITIAL VALUES FOR THE EQUATIONS OF STATE
FrkckRR R R R ROk IRk ROk o kR OOk OR R KRR K

TABS = 20.0 273.15
VDOT = 0.0

v = 0.037

P = 0.1

XA =0,

*
3 ok o ok e sk ae o 3k 3k o ok 3k ke sk o o ok sk o o o ok e e o ok ok e ok o o sk 3k ok o Sk e o o 3k ok o e ke ak o ok ok ok ok e ok ok ke ok ok ok ok

£ EALAR AR R R o st

- EM = 43.0
VL = 8.6E-4
A = 0.10
CvV = 3.4E-3
PO = 0.1
G = 2.0E=3
Vo = 0.037
FP = 16.0
GMS = 12.5
XSAT = 1.0E-5
D = 0.5E-8

o —————
* CONSTANTS FOR NUCLEAR DYNAMIC AND POWER EQUATIONS
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:************************************************#***************

RS = 0.0
= 0.0

B =280
ENG = 0.001

i =0.0124 ,
AL2 = 0.0305 ,
AL3 = 0.111 ,
AL4 = 0.301 ,
ALS =1.14
AL6 = 3.01

*
a0 e 2k 2 3k e 3k 24 o 3 3k ke ke 3 2 ke ake afe 3k 3 s 3 3 s e o 3 3k e afe 3je o ke e 3 e 5k afe afe 2k 3k 3 afe 3k 3k ke 3l ok e s ke 3k 3§ 3k 3k 3k ok 3k ok 3k ok ok ok 2k 3k

* INITIAL VALUES FOR NUCLEAR DYNAMIC AND POWER EQUATIONS
Tk ROk IRk Rk Ok KRR Kok kKRR KRk

PHI = 6140.8

EHETA

N
("4
(Yol
1O
[

UCRSUCRJE
CYOUPR LN

OOOOOO M-
[elelelelelale)c,

*
END
*

ok o ok R SRR o oK KoK oK ok o Ao 3 ok kol ok ook ok ko ok e ke sl ok e e ok ok sk 3ok ok ok ok o oK
Aok sk ko kKo oklololok s okkokkokokokkkk  QUTPUT . BLOCK
TRkl kORI R R OOk oK RO Rk K

*
END
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