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A transient code (TFETC) for calculating the temperature
distribution throughout the radial and axial positions of a
thermionic fuel element (TFE) has been successfully developed.
It accommodates the variations of temperatures, thermal power,
electrical power, voltage, and current density throughout the
TFE as a function of time as well‘as the variations of heat
fluxes arising from radiation, conduction, electron cooling,
and collector heating. The thermionic fuel element transient
code (TFETC) is designed to calculate all the above variables
for three different cases namely: 1) Start-up; 2) Loss of flow
accident; and 3) Shut down.

The results show that this design is suitable for space

applications and does not show any deficiency in the



performance. It enhances the safety factor in the case of a
loss of flow accident (LOFA). In LOFA, it has been found that
if the mass flow rate decreases exponentially by a -0.033t,
where t is a reactor transient time in seconds, the fuel
temperature does not exceed the melting point right after the
complete pump failures but rather allows some time, about 34
seconds, before taking an action. If the reactor is not shut
down within 34 seconds, the fuel temperature may Xkeep
increasing until the melting point of the fuel is attained. On
the other hand, the coolant temperature attains its boiling
point, 1057 °K, in the case of a complete pump failure and may
exceed it unless a proper action to trip the reactor is taken.
For 1/2, 1/3, and 1/4 pump failures, the coolant temperatures

are below the boiling point of the coolant.
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A transient code (TFETC) for calculating the temperature
distribution throughout the radial and axial positions of a
thermionic fuel element (TFE) has been successfully developed.
It accommodates the variations of temperatures, thermal power,
electrical power, voltage, and current density throughout the
TFE as a function of time as well‘as the variations of heat
fluxes arising from radiation, conduction, electron cooling,
and collector heating. The thermionic fuel element transient
code (TFETC) is designed to calculate all the above variables
for three different cases namely: 1) Start-up; 2) Loss of flow
accident; and 3) Shut down.

The results show that this design is suitable for space

applications and does not show any deficiency in the



performance. It enhances the safety factor in the case of a
loss of flow accident (LOFA). In LOFA, it has been found that
if the mass flow rate decreases exponentially by a -0.033t,
where t is a reactor transient time in seconds, the fuel
temperature does not exceed the melting point right after the
complete pump failures but rather allows some time, about 34
seconds, before taking an action. If the reactor is not shut
down within 34 seconds, the fuel temperature may Xkeep
increasing until the melting point of the fuel is attained. On
the other hand, the coolant temperature attains its boiling
point, 1057 °K, in the case of a complete pump failure and may
exceed it unless a proper action to trip the reactor is taken.
For 1/2, 1/3, and 1/4 pump failures, the coolant temperatures

are below the boiling point of the coolant.
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Modeling Transient Thermalhydraulic Behavior of a
Thermionic Fuel Element for Nuclear Space Reactors

Chapter 1

Literature Review

1.1 S8pace Reactors

Nuclear power reactors play an important role in every
aspect of today’s technology not only on our planet but in
outer space. For space missions, it has been found that
huclear technology can be useful in providing power for
systems operation in earth orbit, on the moon, on Mars, and in
deep space.

In early 1961 the United States Atomic Energy Commission
initiated the SNAP-10A (Systems for Nuclear Auxiliary Power)
program. It was then developed by Atomic International
Division of North American Aviation, Inc., and the conversion
unit by RCA. SNAP-10A is a 1liquid metal cooled reactor
designed and developed to provide a minimum of 500 watts for
one year in space. The goals were (1) to prove that
thermoelectric reactors are reliable in space, (2) to provide
sufficient data for designing another system of high
performance and excellent integrity, (3) to verify that this
type of reactor can generate power and can be controlled by
remote command from the ground, and (4) to demonstrate safety
criteria for reactors in outer space. The SNAP-10A was
connected to the forward end of an Atlas-Agena rocket (see
Figure 1.1} and the launch took place at 1:24 p.m. on April 3,

1965 from Point Arguello, California on a 700 n.m. (nautical



2
mile) target circular orbit and achieved a 717 n.m. apogee and
699 n.m. perigee. A start command for reactor operation was
given at 5:05 p.m., and the reactor reached criticality at
11:15 p.m.

The SNAP-10A reactor functioned for 43 days before being
permanently shutdown by a voltage regulator malfunction.
Although it remains in a long-lived orbit, portions of the

satellite have begun to break up. [2,8,9,11,12,13,15].
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Figure 1.1, SNAP-10A Nuclear Space Reactor
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Between 1961 and 1971, the U.S. launched a total of 23
spacecraft powered by more than thirty six radiocisotope
thermoelectric generators (RTG’s) and one nuclear reactor,
SNAP-10A. The former USSR has 1launched about 35 nuclear
reactor-powered satellites and several RTG-powered satellites
and is currently considered to be the only nation to use
nuclear satellites in orbits.

Current U.S. space reactor development effort is focused
on the SP-100 reactor, a joint program of the Defense Advanced
Research Projects Agency, the Department of Energy’s Office of
Nuclear Energy, and NASA’s Office of Aeronautics and Space
Technology (2,55]. The SP-100, as shown in Figure 1.2, is a
thermoelectric reactor designed to generate 100 KW of
electricity continuously for seven years. The SP-100 is a fast
spectrum reactor, fuesled with about 190 Kg of uranium nitride
fuel enriched to an éverage of 96% U-235 and cooled by liguid
lithium metal. The reactor core is small (less than 1 m*) [2].

Two types of nuclear power systems were implemented by
the former USSR, "TOPAZ" and "TOPAZ-II“ ([7,52,56]. TOPAZ
depends in its operation on multicell thermionic converters,
while TOPAZ-II depends in its operation on single cell
thermionic converters. The Soviets have sold TOPAZ reactors to
the U.S. The former Soviet Union has moved far ahead of the
U.S. in operational use of space nuclear power. TOPAZ
thermionic reactors, each providing 10 Kw of power, were

launched in 1987 into high orbits of about 800 naut. mi.
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altitude to ensure safe operation. TOPAZ and TOPAZ-II1

operated for six months and one year respectively.
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Figure 1.2 SP-100 reactor deployed configuration
{Source: Jet Propulsion Laboratory)
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Most of nuclear space reactors depend in their operation

on thermionic converters (1] because of the following
advantages listed below:

1. No moving parts connected to the reactor and
modular structure, which gives high reliability
pérformance.

2. High rejection temperatures that allows a
‘reduction in overall size of the power
systen.

3. The conversion of heat to electricity is of
higher efficiency.

4. Quiet operation.

1.2 Thermionic Converter

1.2.1 Historical Introduction:

Thermionic emission phenomenon was first known by Edison
in 1883, according to his patent application " I have
discovered that if a conducting substance is interposed
anywhere in the vacuous space within the globe of an
incandescent electric lamp and said conducting substance is
connected outside the lamp with one terminal, preferably the
positive one of the incandescent conductor, a portion of the
current will, when the lamp is in operation, pass through the
shunt circuit thus formed, which shunt includes a portion of
the vacuous space within the lamp. The current I have found to

be proportional to the degree of incandescence of the
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conductor or candle power of the lamp."(13]. Further studies
were extended by Schlicter in 1915. His efforts were focused
on one type of thermionic converter called a vacuum thermionic
converter. Surprisingly, no further studies had been conducted
in the thermionic area until 1933 when Longmuir achieved
considerable insight in understanding the methodology and
physics of thermionic emission. During these efforts he
constructed several types of thermionic converters. The
progress in this area of research went slowly until 1956 when
Hatsopoulos described two types of thermionic converters in
his doctoral thesis at the Massachusetts Institute of
Technology. However, in 1956 and after, many studies have been
conducted and received more attention than before. In 1956,
Moss [16] published a very good paper on using thermionic
diodes as energy converters. Wilson, also, published a paper
about thermionic phenomenon and converters in 1958. Several
dozens of papers and tenfold times this number of surveys,
digests, proceedings, etc., have been published exclusivelj
from the U.S.A and the former U.S$.5.R. The U.S. and former
U.S.S.R. [62] took different approaches in thermionic reactor
development. By 1973 the U.S. had achieved its thermionic fuel
element lifetime and performance objectives and was planning
to construct a test reactor. The former Soviet Union began
ground testing its low power TOPAZ thermionic reactor in 1970,
and ground-tested eight wversions by 1283. In 1973 the U.S.

discontinued its thermionic reactors program as well as space
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nuclear power program but resumed them again in 1983. In 1987
and 1988 the former Soviet Union announced operation and
testing of two of its 6-KW TOPAZ thermionic reactor systems.
In 1992, the former Soviet Union sold the TOPAZ and TOPAZ-II
reactors to the U.S. Recently, the U.S. has conducted very
good efforts for developing the technology and the operation

of thermionic reactors and converters as well.

1.2.2 Basic Physical Principles:

The thermionic conversion system is a device in which
heat is converted directly to electricity. Thermionic
conversion phenomenon is based on a device called a thermionic
converter (see Figure 1.3) which consists of a metal surface
connected to the heat source and a secondary surface acting as
an electron collector. The emitter emits electrons upon
heating by a heat source and all emitted electrons transfer
through the interelectrode space between the emitter and
collector. Upon reaching the collector surface, which is kept
at a temperature lower than that of the emitter to prevent any
back emission toward the emitter that may affect the output
power and efficiency of the thermionic converter, the
electrons condense and return to the hot electrode wvia the
electrical leads and the electrical load connected hetween the
emitter and the collector. The flow of electrons through the
electrical load is sustained by the temperature difference

between the emitter and the collector [1,4,9-14].
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Modeling Transient Thermalhydraulic Behavior of a
Thermionic Fuel Element for Nuclear Space Reactors

Chapter 1

Literature Review

1.1 S8pace Reactors

Nuclear power reactors play an important role in every
aspect of today’s technology not only on our planet but in
outer space. For space missions, it has been found that
huclear technology can be useful in providing power for
systems operation in earth orbit, on the moon, on Mars, and in
deep space.

In early 1961 the United States Atomic Energy Commission
initiated the SNAP-10A (Systems for Nuclear Auxiliary Power)
program. It was then developed by Atomic International
Division of North American Aviation, Inc., and the conversion
unit by RCA. SNAP-10A is a 1liquid metal cooled reactor
designed and developed to provide a minimum of 500 watts for
one year in space. The goals were (1) to prove that
thermoelectric reactors are reliable in space, (2) to provide
sufficient data for designing another system of high
performance and excellent integrity, (3) to verify that this
type of reactor can generate power and can be controlled by
remote command from the ground, and (4) to demonstrate safety
criteria for reactors in outer space. The SNAP-10A was
connected to the forward end of an Atlas-Agena rocket (see
Figure 1.1} and the launch took place at 1:24 p.m. on April 3,

1965 from Point Arguello, California on a 700 n.m. (nautical
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mile) target circular orbit and achieved a 717 n.m. apogee and
699 n.m. perigee. A start command for reactor operation was
given at 5:05 p.m., and the reactor reached criticality at
11:15 p.m.

The SNAP-10A reactor functioned for 43 days before being
permanently shutdown by a voltage regulator malfunction.
Although it remains in a long-lived orbit, portions of the

satellite have begun to break up. [2,8,9,11,12,13,15].
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Figure 1.1, SNAP-10A Nuclear Space Reactor



3

Between 1961 and 1971, the U.S. launched a total of 23
spacecraft powered by more than thirty six radiocisotope
thermoelectric generators (RTG’s) and one nuclear reactor,
SNAP-10A. The former USSR has 1launched about 35 nuclear
reactor-powered satellites and several RTG-powered satellites
and is currently considered to be the only nation to use
nuclear satellites in orbits.

Current U.S. space reactor development effort is focused
on the SP-100 reactor, a joint program of the Defense Advanced
Research Projects Agency, the Department of Energy’s Office of
Nuclear Energy, and NASA’s Office of Aeronautics and Space
Technology (2,55]. The SP-100, as shown in Figure 1.2, is a
thermoelectric reactor designed to generate 100 KW of
electricity continuously for seven years. The SP-100 is a fast
spectrum reactor, fuesled with about 190 Kg of uranium nitride
fuel enriched to an éverage of 96% U-235 and cooled by liguid
lithium metal. The reactor core is small (less than 1 m*) [2].

Two types of nuclear power systems were implemented by
the former USSR, "TOPAZ" and "TOPAZ-II“ ([7,52,56]. TOPAZ
depends in its operation on multicell thermionic converters,
while TOPAZ-II depends in its operation on single cell
thermionic converters. The Soviets have sold TOPAZ reactors to
the U.S. The former Soviet Union has moved far ahead of the
U.S. in operational use of space nuclear power. TOPAZ
thermionic reactors, each providing 10 Kw of power, were

launched in 1987 into high orbits of about 800 naut. mi.
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altitude to ensure safe operation. TOPAZ and TOPAZ-II1

operated for six months and one year respectively.
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Figure 1.2 SP-100 reactor deployed configuration
{Source: Jet Propulsion Laboratory)
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Most of nuclear space reactors depend in their operation

on thermionic converters (1] because of the following
advantages listed below:

1. No moving parts connected to the reactor and
modular structure, which gives high reliability
pérformance.

2. High rejection temperatures that allows a
‘reduction in overall size of the power
systen.

3. The conversion of heat to electricity is of
higher efficiency.

4. Quiet operation.

1.2 Thermionic Converter

1.2.1 Historical Introduction:

Thermionic emission phenomenon was first known by Edison
in 1883, according to his patent application " I have
discovered that if a conducting substance is interposed
anywhere in the vacuous space within the globe of an
incandescent electric lamp and said conducting substance is
connected outside the lamp with one terminal, preferably the
positive one of the incandescent conductor, a portion of the
current will, when the lamp is in operation, pass through the
shunt circuit thus formed, which shunt includes a portion of
the vacuous space within the lamp. The current I have found to

be proportional to the degree of incandescence of the
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conductor or candle power of the lamp."(13]. Further studies
were extended by Schlicter in 1915. His efforts were focused
on one type of thermionic converter called a vacuum thermionic
converter. Surprisingly, no further studies had been conducted
in the thermionic area until 1933 when Longmuir achieved
considerable insight in understanding the methodology and
physics of thermionic emission. During these efforts he
constructed several types of thermionic converters. The
progress in this area of research went slowly until 1956 when
Hatsopoulos described two types of thermionic converters in
his doctoral thesis at the Massachusetts Institute of
Technology. However, in 1956 and after, many studies have been
conducted and received more attention than before. In 1956,
Moss [16] published a very good paper on using thermionic
diodes as energy converters. Wilson, also, published a paper
about thermionic phenomenon and converters in 1958. Several
dozens of papers and tenfold times this number of surveys,
digests, proceedings, etc., have been published exclusivelj
from the U.S.A and the former U.S$.5.R. The U.S. and former
U.S.S.R. [62] took different approaches in thermionic reactor
development. By 1973 the U.S. had achieved its thermionic fuel
element lifetime and performance objectives and was planning
to construct a test reactor. The former Soviet Union began
ground testing its low power TOPAZ thermionic reactor in 1970,
and ground-tested eight wversions by 1283. In 1973 the U.S.

discontinued its thermionic reactors program as well as space
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nuclear power program but resumed them again in 1983. In 1987
and 1988 the former Soviet Union announced operation and
testing of two of its 6-KW TOPAZ thermionic reactor systems.
In 1992, the former Soviet Union sold the TOPAZ and TOPAZ-II
reactors to the U.S. Recently, the U.S. has conducted very
good efforts for developing the technology and the operation

of thermionic reactors and converters as well.

1.2.2 Basic Physical Principles:

The thermionic conversion system is a device in which
heat is converted directly to electricity. Thermionic
conversion phenomenon is based on a device called a thermionic
converter (see Figure 1.3) which consists of a metal surface
connected to the heat source and a secondary surface acting as
an electron collector. The emitter emits electrons upon
heating by a heat source and all emitted electrons transfer
through the interelectrode space between the emitter and
collector. Upon reaching the collector surface, which is kept
at a temperature lower than that of the emitter to prevent any
back emission toward the emitter that may affect the output
power and efficiency of the thermionic converter, the
electrons condense and return to the hot electrode wvia the
electrical leads and the electrical load connected hetween the
emitter and the collector. The flow of electrons through the
electrical load is sustained by the temperature difference

between the emitter and the collector [1,4,9-14].
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1.2.2.1 Bolid Phenomena: The thermionic properties of

any thermionic converter depend greatly on the
crystallographical distribution of the surface of the emitter
and the collector. The atom is made up of a positively charged
nucleus surrounded by a different number of negatively charged
electrons. The number of orbits and the number of electrons in
each orbit depend actually on the type of the atom and
consequently on the type of material. There are attractive
forces between the nucleus and the surrounding electrons due
to the opposite charges they carry. The valence (free)
electrons are those types of electrons that are located
usually in the outer or the far orbit from the nucleus so that
they are weakly bound to the nucleus and free to move around
inside the metal, while the nearby electrons are tightly bound
to the nucleus. The valence (conduction) electrons are
responsible for the mechanism of heat and electric conduction
in metals. At the surface boundary, a potential energy barrier
exists, since there are no positive ions on one side of the
boundary to give the free electrons equal attractive forces.
The electrons are attracted then by their image forces. The
free electrons need more energy to boil them out of the metal

inte free space [9-14].

1.2.2.2 B8urface Phenomena: The electron leaving a solid
surface experiences a net positive charge inside the metal at

the boundary. The electron needs enerqgy to overcome the
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potential barrier and to be released from the emitter surface.
This needed energy must be equal to the work required to raise
it from the Fermi level, which is the highest energy level
occupied by free electrons at absolute zero temperature (0°K)
at which none of the electrons can escape, to a point outside
the metal. This energy is called the work function of the
metal and varies according to the type of material and some
other factors. The work function can also be defined as the
energy required to overcome the force exerted on the electron
from its image force of positive charge of magnitude e as
shown in Figure 1.4. The work function of a material depends
somewhat on the crystallographic face exposed. The work
function for most materials falls in the range from 1 to 6 ev.

At low temperatures, some electrons possess enough initial
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Figure 1.4 1Image forces exerted on electron
in surface metal {13].
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kinetic energy to exceed the potential barrier of the emitter,
which is equal to the product of the electron charge e and the
work function in volts (e¢p V), and get into the emitter-
collector gap and reach the collector surface, while others do
not. The situation is different at high temperatures due to an
increagse in *the number of electrons that possess enough
kinetic energy to leave the emitter surface.

The rate of electron emission is given by the Richardson-
Dushman equation,

_Awemk? _, -
M Texp2 (-1

where
J = Rate of electrons emitted in amp/cm®
e = Electron charge

m= Mass of electron (9.10909 x 102 gm)

h = Planck’s constant (4.13576 x 10V ev sec)
T = Surface temperature, %K

¢ = Work function, volt

K = Boltzman constant = 8.62 x 10° ev/K

Equation 1.1 can be written as

J=AT2exp%, (1.2)
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where
A = Richardson’s constant
4memk*/h?
= 120 amp/cm’.K

1

The Richardson-Dushman eguation is only valid in a
vacuunm, ' and ih a gas when the electron mean free path (mfp) is
considerably greater than the distance from the emitter to the
potential barrier [25]. The electrodes (emitter and collector)
in a thermionic. converter have different Fermi levels; the
emitter has a low Fermi level whereas the collector has a
relatively high Fermi level. The electron [13] in the emitter
surface needs a larger energy to he lifted out of the emitter
than would a corresponding electron to be lifted out of the
collector. Thus the emitter work function is greater than the
collector work function.

1.2.2.3 Bpace (Gap) Phenomena: There are two phenomena
that better describe the operation of thermionic converters.
The first one is the emission phenomenon which depends mainly
on the emitter-collector materials, properties of the surface,
and crystallographic structure of the surface. The second one
is the transport phenomenon which describes the processes in
which electrons migrate from the emitter and interact in the
emitter/collector space.

In the interelectrode space between the emitter and the
collector, the electrons (charged particles act as a working

fluid in the emitter/collector space) are emitted from the
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refractory metal that possesses a high electron emission rate
(usually tungsten) and condense on the collector surface. The
speed of these electrons is limited in which they take some
time (in terms of nano-seconds) to reach the collector. During
the electrons’ travel, they form a cloud of free negative
electrons called "negative space charge™.

This cloud of electrons will repel electrons emitted
later back toward the emitter unless they have sufficient
initial kinetic energy to overcome the repulsion and reach the
collector surface. There is no doubt that the negative space
charge affects the output current and consequently the
efficiency of the thermionic converter and some precautions
must be taken to suppress the electrostatic effect of this
negative space charge. The classification of thermionic
converters is based mainly on the type of suppression of the
negative charges. Suppression can be achieved by several

methods. These methods are described as follows:

1.2.3 Close-Bpace Vacuum Thermionic Converter:

In a vacuum thermionic converter, heat is supplied to the
emitter surface and some electrons gain energy that raise them
up from Fermi level until they reach the minimum potential or
the emitter work function, ¢; as shown in Figure 1.5. The
electrons still need an extra potential to overcome the space
charge potential barrier so that they may not return to the

enitter surface. The potential required is (Vy; - ¢g) which is
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the potential difference between the top of the potential
barrier [40) and the Fermi level of the emitter. Therefore the
effective emitter (cathode) work function V. is given by

Vg = ¢g + Vg

;

Bmiter Fermi
Level

Figure 1.5 .Potentiél diagram of a vacuum
thermionic converter.
The electron that possesses a potential, equivalent to the
effective work function, overcomes the hump or the potential
peak and is accelerated towards the collector (anode)
surface. Upon reaching the collector surface, the electron
falls down on a potential energy scale by an amount equal to
the work function of the collector surface and releases an

effective collector potential V. and an energy eV, until it
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reaches the collector Fermi level. This energy appears as heat
in the collector surface and is given by

Ve = ¢c + Vg
eV, = e(¢; + V)

It is extremely important that the collector work
function should be smaller than the emitter work function to
allow a net potential difference which can be connected to a
useful load, V, between the emitter/collector surfaces. The
energy loss through electrical leads, V,, as a result of
their electrical resistance should be subtracted from the
useful (electrical) energy before reaching the emitter Fermi
level.

The space between the two electrodes in a vacuunm
thermionic converter is very narrow so that no appreciable
space charge can build up in the evacuated space between them.
It has been found that a spacing of 0.001 cm (10x) or less is
standard for these types of converters (Figure 1.6) as was
confirmed experimentally by Hatsopoulos and Kaye [14] in 1958,
They obtained an estimated 12-13% efficiency at this spacing.

It has been concluded [1] that a close-space wvacuum
converter is not practical and has some disadvantages such as:

1. Difficulty of manufacturing prevents the attainment
of interelectrode gap (spacing) of less than about 10 .

2, No materials have been found to be usable as an
emitter in a vacuum converter because all materials produce

excessive evaporation which is not desirable because it (a)
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limits the useful 1life of the emitter, (b) causes an
electrical short between the emitter and the collector, and
(c) alters the work function of the collector and makes it
approach that of the emitter. All these undesirable effects
can be avoided by intrqduction of a suitable rarefied vapor

such as cesium.

0.001 cm spacing

High

Temp.

Emitter
Heat H?at
Source ' - Sink

Electirijcal
Load

Figure 1.6 Close-space vacuum thermionic converter

1.2.4 Cesium Vapor Thermionic Converter:
The best way to overcome the negative space charge in the
emitter/collector gap is to introduce a rarefied cesium vapor.

The reasons for choosing this kind of vapor are because of 1)
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its low ionization potential (3.89 ev), lower than that of the
emitter, to completely neutralize the cesium atoms which
impinge on the emitter surface and lose their outermost
electrons then evaporate as positive ions, and 2) it is the

most easily ionizable of all the stable gases. (see Figure

1.7).
Emitter Collector
Heat Heat
Source Sink

@ Electron

O Cesium
Reservoir

Figure 1.7 Cesium Thermionic Converter

The cesium atoms will be partially ionized when touching the
hot emitter surface and consequently some ions are formed. The

positive charge of the cesium ions will neutralize the
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negative charge of the electron cloud.

There are two modes for the operation of thermionic
converters. These modes are 1) ignited (ball of fire) mode and
2) unignited mode. In the latter, a cesium atom comes into
contact with a hot surface (contact ionization) if the
ionization potential of the atom is lower than the work
function of the surface. The valence electron of the gas atom
detaches from the atom and attaches instead to the surface
material. If the surface is hot enough, the electron is then
emitted, and an electron ion- pair are produced at the
surface. The plasma (a mixture of positive and negative
charged particles) is maintained entirely by thermionic
emission of positive ions from the emitter. The rate of
production depends mainly upon the cesium vapor pressure,
which in turn depends upon the cesium reservoir temperature.
It has been found that for the most effective rate of
electrical power the emitter temperature must be at least 3.6
times the cesium reservoir temperature [9,33,47]. The motive
diagram for the unignited plasma is shown in PFigure 1.8. In
the unignited mode, at low cesium vapor pressure (10* mm Hg),
the mean free path of electrons in the emitter/collector gap
is larger than the gap itself so the inelastic collisions are
negligible. Also the negative space charge is partially
neutralized, while at high cesium pressure, where the
collisional processes are considered, it is completely

neutralized. This mode of operation is impractical because 1)
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it reguires high emitter surface temperatures (>1900 °K) that
may cause some metallurgical problems and 2) the output power
densities and currents are small.

In the ignited mode as illustrated in Figure 1.9, part
of the electric power generated by the converter [33] is
dissipated internally in the interelectrode gas by collisional
processes. This mode of operation is more efficient than the
unignited mode because of the high power densities output and
efficiencies. The cesium vapor pressure is relatively high (1
mm Hg or higher) and the electron collisions are taken into
consideration. The electron mean free path is much smaller
than the emitter/collector space. The majority of all
thermionic converters in operation today operates in the
ignited mode [13]. The so called ball of fire mode refers to
an external power source, whereas the arc, or ignited, mode
refers to internal heating by the emission current. This mode
of operation can be classified into two regions: one of bright
plasma and the second of dark plasma. In the dark region the
electrons do not possess enough energy to ionize significant
number of cesium atoms but neutralization occurs due to the
ion flow from the bright region which is caused by the
inelastic collisions. Ions produced in this mode are capable
not only of neutralization of cesium vapor, but alsoc of
producing a strong positive space charge. The ideal
performance in the ignited mode can be achieved by firstly

complete reduction of the negative space charge and secondly
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by reduction of the large internal voltage drop. This
reduction as shown in Figure 1.10, is simply to minimize the
product of the cesium  vapor pressure times the

emitter/collector gap.
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Figure 1.9 Motive Diagram (Ignited mode) [15]

1.2.5 The Ideal Thermionic Converter:

The ideal thermionic converter assumes that there is no
negative space charge that may affect the transmission of
electrons from the emitter to the collector. The potential
between the barrier heighte of the electrodes (emitter and
collector) must be continuous [33). The motive diagram for the
ideal diode thermionic converter is illustrated in Figure

1.10. For an electron to move into the interelectrode gap, it
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must experience forces that overcome the potential energy
barrier or the emitter work function ¢. An energy barrier V
+ ¢, must be overcome to allow an electron to move into the
gap and reach the collector surface when the electrode
potential energy difference (output voltage) V is greater than
the contact potential energy difference V= ¢,= ¢.. When V is
less than V,, a barrier ¢, must be overcome. Neglecting
electron emission from the collector, the output current
density of the ideal diode thermionic converter is given by
the Richardson-pDushman equation:

V+¢ c
kT,

J=ATZexp (- ) for V>V, (1.3)

J=AT§exp{--ﬁ.)=_=Js for V<V, (1.4)
kT, x

where J,, is the saturation current density for the emitter
The total heat that must be supplied to the emitter is
dg = q, + q, + qy |
where
d. = J{¢y + 2kTy) = Emitter electron cooling
q, = 0(Ty' - T') = Heat removed by radiation

d, = Heat conducted down the emitter lead
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The optimum ideal performance for the ideal thermionic
converter depends mainly on the optimum choice of thermionic
properties values that allows the attainment of the maximum
possible ideal efficiency {1]. Emitter temperatures between
about (1500 to 2000 °K) define the region of most attractive
operation of ideal thermionic converter. It has been found
that [1] at an.emitter temperature of 2300 K, the output
current density is about 100 amp/cm? which seems attractive
but in reality it is impractical because of the difficulty of
handling high current densities and because of the extreme
difficulty and expense of operating the heat source at very
high temperatures. An ideal current between 5 and 50 amp/cm’
can be achieved in the presence of suitable materials. The
heat radiation flux term, Q;,, reduces the efficiency of the
ideal) thermionic converter at higher temperatures because the
emissivity of refractory metals increases with temperature.
The optimum emissivity value falls in the range (0.1 to 0.2).
The <0.1 emissivity is not maintainable and >0.2 emissivity is
not desirable [1,25]. For the collector work function, ¢, is
restricted to values greater than about 1.5 ev. The collector
temperature should not exceed 1000 °K. At the same time the
collector temperature can not be taken at very low
temperatures because of the need to reject heat at a

reasonable temperature level.
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Figure 1.10 The ideal Motive Diagram of
Thermionic Converter.

1.2.6 Heat Sources:

The emitter in a thermionic reactor needs to be heated in
order to emit electrons into the emitter/collector gap. There
are many kinds of heat sources that may be of use for this
purpose., The choice of the heat source depends mainly on the
type of application, time of operation, space, cost, and
several other factors.

For thermionic converters, there are three kinds of heat
sources to be listed as: 1) Chemical source; 2) Solar source;
and 3) Nuclear source.

1. Chemical source: Fossil fuel can be used but can
not be recommended as a heat source for thermionic reactors

due to the following deficiencies:
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a. Large mass that takes large space which is not
desirable for space applications.

b. Limited life due to the fast rate of burn-up of
the chemical feed stock.

¢. Regular maintenance is always needed to avoid
poiscning converter elements by their
products and corrosion.

d. Ventilation is required to expel the
undesirable smoke into space which may, in turn,
cause some hazards. )

2. Solar source: Solar energy is a very cheap source
of energy and is not life-limited as in the case of chemical
source. Parabolic reflectors are required to concentrate the
heat on the emitter surface. This type of heat sources is not
practical due to its high cost and large size.

3. Nuclear source: Nuclear fuel is the most efficient
source of energy for thermionic reactors for several
considerations:

a. Long life in space due to the long half live of
uranium=-235 (i.e., 7.13 x 10® years). The fuel
burn-up rate is so small because the electrical
power produced in thermionic systems is so small.

b. Low maintenance requirements due to the saféty
precautions for these types of reactors. In the
case of any unexpected failure in the operating

system, the shut down and emergency systems
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overcome the problem.
c. Small size core. The fission of a single uranium-
235 nucleus is accompanied by the release of
about 200 MeV of energy, while the energy
released by a combustion of one carbon-12 atom is
4 ev., Hence, the fission of uranium yields
something like 3 million times as much energy as
the combustion of the same mass of carboﬁ. In
other words, the energy produced by 1 kg of
uraniﬁm is equivalent to the energy produced by
2,700 metric tons of coal[57].
The only disadvantage of a nuclear fuel is the
requirements for heavy masses of shielding to prevent any

radioactive release in gpace.

1.2.7 Efficiency:

The efficiency of a thermionic converter depends on many
factors such as: 1) The temperature of the enmitter and
collector, 2) The cesium reservoir temperature, 3) The type of
materials used as emitter or collector, 4) The suppression of
the negative electron space charge, 5) The pressure of the
cesium vapor, 6) The work function of both the emitter and the
collector, 7) The size of the emitter/collector gap, 8)
emissivity characteristics of the emitter and collector
surfaces, 9) The electrical power output, and finally 10) the

impurities on the emitter and collector surfaces [1]. The
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efficiency can be defined as the electrical power output per
unit area of emitter divided by the emitter heat input per

unit area of emitter.

The power output = (J; - J¢) (Vg - Vo)
where '
J; = Emitter current density (amp/cm?).

Je = Collector current density (amp/cm?).

(Jg = Jc) = Net current flow between emitter and
collector (amp/cm?).
(Vg = V) = Output voltage (volt).

The efficiency of thermionic converter can be given as

n= (Jg-Jg) (Vg-Ve-V,)

1.5
QRAd_',Q kg [QL__%] +QBC‘Q a4 ( )

where

Q™ = Radiation heat flux (watt/cw?).

Q¢ = Emitter electron cooling (watt/cm?).
= J, (eVy + 2KTy)

Q™" = collector electron heating (watt/cm?).
= Jo (eVe + 2kT.)

Q¢ = Heat conduction through cesium and

structural components. (watt/cm?).

V., = Voltage drop across the leads (volt).
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(Q. - Qi/2) = Heat conduction through electrical
leads (watt/cm?).
Q;/2 = One half of the Joulean heat generated
in the leads that transfers back to the

emitter.

The emitter surface temperature is very high with respect
to the collector surface temperature so the current flow
towards the emitter is very small because the back emission of
electrons is very small so that it can be negligible (i.e. J,
= 0) so that the net current is J,. Equation 1.5 can be
rearranged and written as

_ TV

n= 1.6
QR0 240, [0, 28] (1-8)

where
V=VF_-VC-VL
J=Jy

If the voltage drop across the leads is considered small, one
can play with equation (1.6) by variation of many parameters.
For example, if V; = V., that leads to zero efficiency. As V.
is lowered, % increases until, at some point, the collector
begins to back-emit. The efficiency goes through a maximum
[25] at the V. value given by (V. = Vp T;/Tg). At this optimum

value of V; the back emission is
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- Tey’ 1.7
J-( TE) JE ( )

If V. is lowered further, the back emission rapidly increases,

and 7 falls to zero when J. = Jp.

1.2.8 Heat Transfer in the Emitter/collector Gap [1]:
As shown in Figure 1.11, energy is transferred away in
the radial direction from the emitter surface by the following
three modes:
1. Heat conduction rate through the following media:
a. Heat conduction rate, (Q, - Q,/2) through the leads

connected to the emitter and ceollector is:

QL=kL‘j—i (To-T.) (1.8)

where Kk,,s,, and 1, are the thermal conductivity, the
cross-sectional area and the length of the electrical leads

respectively.
1 1
-3 de____z STV, (1.9)

where

Q; = The Joulean heat rate
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V., = The voltage drop across the leads.
b. Heat conduction rate through the cesium vapor. Let
Qc, be the heat conduction rate through the cesium

vapor.

c. Heat conduction rate through the structural
components.

Now, let Q, be the heat conduction rate through the

structural components connected to the emitter.

The total heat conduction rate through the gap is given by:

O3=041+Qs=9 (T—T¢) (1.10)

where g, is the sum of the thermal conductances ¢, of

structural materials connected to the emitter and g, of the

vapor.

2. Thermal radiation rate, Q,

0,=50 & (T4 ~T* ) (1.11)

where o, is the Stephan-Boltzman constant (
watt/cm’-k?) and ¢

= 5.67 x 10
is the net effective thermal emissivity.
3. Electron cooling rate, Qp:

a. The Energy flux associated with electrons

travelling from the emitter to the collector is

Vypay +2kTe

ST g2 (1.22)
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where ¥, is the maximum value of the interelectrode motive.
b. The Energy flux associated with electrons
returning to the emitter through the electrical

load is given by:

_SJEC""EE {(1.13)

" ¢. The energy flux associated with electrons flowing
from the collector to the emitter in the

emitter/collector gap is given by:

(1.14)

d. The energy flux associated with electrons leaving

the emitter through the electrical load is:

STeptE (1.15)

Thus the electron cooling rate, Q; is:

- STge Wiy ~Be+2KTg) ~STcp (Ypay ~pz+25Te)
e

Oz (1.16)
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Figure 1.11 Energy Transfer Modes in a Thermionic Converter

1.3 hermionic Fuel Element (TFE

Thermionic fuel elements are used extensively in nuclear
space reactors for power generation purposes. The heat source
in the TFE is the nuclear fuel. The fuel is completely
enclosed by the emitter material (Figure 1.12), and waste heat
is removed from the collector by fluid convection.

Thermionic fuel elements (TFEs) for incore reactors can
be either multicell or single cell. In the multicell type,
also known as flashlight, all the thermionic cells are grouped

in thermionic fuel elements. In the single cell configuration,
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the thermionic converter is enclosed in the TFE. Single fuel
elements have many advantages:
1. Simulation task is possible due to using an
electrical heater instead of nuclear fuel
for ground base tests before launching to
space.
2. Simplicity of removing gas fission fragments
from fuel elements.
3. Possibility of additional TFEs in a fully
assembled reactor (1].

The various components of a typical TFE include:

a. Void: The void is located at the center and extended
along the axial direction of the TFE. It serves as a vent to
expel the fission gas products which arise from the nuclear
fission process in the nuclear fuel during operation. These
may have an effect on the life span of the TFE. It also
prevents any swelling in the fuel that may arise from trapping
of fission products in the fuel lattice. Densification of fuel
during reactor operation, when the fuel temperature reaches a
maximum, can be prevented due to the existence of the void.
The size of the void is directly proportional to the size and
weight of the fuel.

b. Fuel: The heat source used in the TFE is uranium
dioxide enriched with 95% uranium 235. The nuclear fuel used
in the TFE has the following advantages:

1. High density (advantageous for size reduction of



reactor in space applications).

2. Solidarity and durability at high operational
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Figure 1.12 Thermionic Fuel Element

temperatures( due to the ceramic composition).

3. Low neutron absorption cross section of

34
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oxygen that prolongs the life time of the
fuel.

Excellent chemical and mechanical integrity.

c. BEmitter: The emitter in this design is adjacent to the

fuel so that there is no fuel/emitter gap. Heat is transferred

directly from the fuel to the emitter by the conduction mode.

The emitter is a refractory metal made of tungsten (W)

material that is being used in many thermionic reactors for

the following considerations:

1.

4.

High melting point (3700 °K). This high
temperature is compatible to the fuel
melting point temperature and is of great
importance in case of the loss of flow accident
(LOFA) in which all thermionic parts and
reactor components can be prevented from any
expected damage in case of fuel melt down.
High electron emiésion at higher
temperatures (1900 °K). The higher the
emitter temperature the higher the emission
rate and the higher the reactor efficiency
and the higher the reactor power output.
High work function.

Low emissivity rate that reduces the

transferred heat loss by radiation.

Unfortunately, most of the tungsten isotopes are highly

neutron absorbing materials and are not recommended for use in
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thermionic reactors due to the reduction of the fuel life and
minimization of the reactor efficiency. Fortunately one
isotope (W) is exceptional [47] due its low neutron
absorption advantage. Hence the emitter should be highly
enriched with this isotope. The only disadvantage is the
fabrication cost but it is worthy for the benefits.

d. Emitter/Collector gap: The gap is filled with cesium
vapor that neutralizes the negative charge and eases the
transportation of emitted electrons from the emitter to the
collector. It is considered to be the most important region in
the TFE through which many energy transformations take place.

e. Collector: The collector works as a sink to collect
the emitted electrons from the emitter. The collector material
is made of niobium which has‘a low work function. This work
function is lower than that of the emitter and is kept at low
temperature lower than that of the emitter.

f. Insulator: The insulator sheath is made of Al,0, to
electrically insulate the collector and prevent any current
leakage that may affect the efficiency of the thermionic
converter. Also, the insulator in a thermionic converter
should ke a good heat conductor.

g. Cladding: To prevent any discharge of radiocactive
materials during the reactor operation. The cladding is
usually made of niobium.

h. Coolant: The liquid metal coolant keeps the thermionic

fuel element temperature within safe limits. It flows along
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the outside axial length of the cladding. The coolant used is
eutectic NaK (78% K) which 1) possesses a very high thermal
conductivity to transfer more heat from the contiguous surface
of cladding and 2) has a wide useful range of temperature in
the ligquid phase. The 22% sodium in the cocolant prevents any
corrosion that may arise from any adjacent surface due to the
long operation in space.

i. Liner: The main purp;se of the liner is to retain the
liguid metal coolant from discharging outside the TFE. The
liner is made of stainless steel that withstands the elevated
temperatures. It also protects the ZrH block (moderator) from

the cocolant.
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Chapter 2

Theory

2.1 Introduction

The température distribution throughout a thermionic fuel
element (TFE) is a function of many factors:

1. The location of the node point along the radial
and axial positions in the TFE. There are
different materials which have different thermal
conductivities and specific heat terms.

2. There are some nodes which lie on the interface
between two layers, in this case, any temperature
dependent physical properties terms can be
averaged.

3. The thickness of each layer as well as the number
of regions in each material (see Table 2.1).

A steady state computer code (TFEHX) for calculating the
steady state temperature distribution along the axial and
radial directions has been developed. The TFEHX computer code
is one of the most complete descriptions of a thermionic
system in existence, and the first combined thermionic-
thermal-neutronic code developed in the United States [7].
This code needs to be developed to accommodate the transient
thermalhydraulic behavior of <the TFE. This task was

accomplished using TFETC (Thermionic Fuel Element Transient
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Code} which is a newer version of TFEHX that has been
developed by the author of this thesis. The heat transfer
mechanism varies throughout the TFE according to the physical
properties of materials from region to region. Also the
emitter/collector gap has a great effect on the heat transfer
mechanism as well as the ligquid metal coolant which is
adjacent to the cladding surface. All these modes of heat
transfer need to be taken care of by introducing a suitable

partial differential equation.

Tahle 2.1 Thermionic Fuel Pin Parameters

Outer
Radius

Fission Gas | «—===-
Plenun

Fuel 0.15 0.60 0.45 vo,
Emitter 0.60 0.75 0.15 Tungsten
Gap 0.75 0.80 0.05 Cesium
Vapor
Collector 0.80 0.90 0.10 Niobium
Insulator 0.90 0.95 0.05 Al,0,
Cladding 0.95 1.00 0.05 Niobium
coolant 1.00 1.25 0.25 NakK
(Eutectic)

Stainless
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The unsteady state nonhomogeneous heat conduction partial
differential equation (eguation 2.1) is required and suitable

for solving the temperature distribution along the TFE pin.

V.kir,z, 6)VT{r,z, t)+glr,z, t) =

oT({r, z, t}
where
k = Thermal conductivity of a material in the TFE,
W/m.°K.

C, = Specific heat of a material in the TFE, J/Kg.K.

Density of a material in the TFE, Kg/cm’.

Rate at which heat is generated in the fuel, watt.

Temperature at any point in the TFE, °K.

o 4 a0
]

= Transient time of reactor operation, sec.

Some physical properties such as thermal conductivity,
density, and specific heat are location and time dependent and
need to be determined at various temperatures. For some solid
materials such as fuel, emitter, collector, and insulator the
density has to be constant for each material (i.e., does not
vary with temperature variation) and that is true due to the
fact that thermal expansion for solids is very small. The

exceptional case is for a coolant (NaK) in which the density
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changes at different temperatures. On the other hand, thermal
conductivity and specific heat differ with temperature
variation and should be calculated for all time steps as a

function of temperature.

2.2 TFE configuration

Figure 2.1 shows the top view of the TFE, The detailed
description of all regions of the TFE is presented in chapter
1 of this thesis. The following describes the regions at which
the only effective heat transfer mechanism is conduction.
These regions are:

1. Fuel/fuel interface.

2, Fuel/emitter interface.

3. Collector/insulator interface.
4, Insulator/cladding interface.

The effective heat transfer mechanism in the
cladding/coolant interface is convection. The most important
modes of heat transfer that play an important role in the TFE
operation are the ones that lie in the emitter/collector gap.
The energy is transferred away from the emitter surface to the
collector surface in the positive r-direction by the following
three modes [4]:

1. Thermal conduction of cesium vapor.
2. Thermal radiation between the emitter and the

collector.
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3. Thermionic heat transfer processes which include:
a. Energy transferred away by the emitted
electrons which is greater than that

converted into electricity.
b. Thermal radiation from the ignited cesium

plasma back to the emitter surface.

Collector Central void

Figure 2.1 TFE Configuration
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For the heat conduction flux through cesium vapor across
the emitter/collector gap, a Kitrilakis and Meeker correlation

[5] is used as follows:

0, Cond lvc,.,.,{T‘,:!:,c (%i}_Tc . [2nz, (quzzk-:.) ] 2.2)

d+1.15x10 77— S
Beg
where

T.x = Emitter temperature (K).

T.p, = Collector temperature (°K).

ke, = Thermal conductivity of cesium vapor,
W/em. K.

Pc, = Pressure of cesium vapor at a cesium reservoir
temperature (torr).

r., = Enmitter outside radius, cm.

d = Emitter/collector gap, cm.

The pressure P, is given by the following correlation:

Des=2.45x10° z (2.3)

The thermal radiation term Q* between the emitter and

collector is given by the following equation:
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Zpn-Z,
O™ =08 Fy.c (Tex~Te, ) (277, (—F15=E2) ] (2.4)

where
¢ = Stefan-Boltzman cornst.ant(s.6‘1-'}:10"2 Watts/cm®K*)
€, = Thermal emissivity of the emitter surface.

Fooo =

View factor from the emitter surface to the

collector surface ( F,,, = 1 for the emitter
surface).

The electron cooling energy transfer term Q¢ is

computed using the TECMDL computer code {8] and can be given
by:

KT
Q FF=gg (Vg2 ; )

(2.5)
where
Jz = current density of the emitter surface, amp/cm’.
Vg = Voltage across the emitter surface, volt.
Ty = Emitter temperature, °K.
k =

Boltzman constant = 8.62 x 10° ev/K.
For the thermalhydraulic transient calculations of the
TFE,

the TFETC is modeled to accommodate three different
situations namely:
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1. Start up.
2. Loss of Flow Accident.
3. Shut down.

2.2.1 start up

The reactor thermal power(P,) is assumed to rise

exponentially with time as follows:

Poy=P,,. [1-e-t/"] (2.6)

Py= Thermal power during start up, watt.

P, = Steady state power, watt

rr
i

Transient time for start up, sec.

T = Power rise coefficient, sec.

There are four different cases in which the thermal power
rises until it reaches the steady state value. These values
are:.

1. T = 100 sec.
2. T = 300 sec.
3. T = 600 sec.

4, 1 = 1200 sec.
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2.2.1.1 Helium Heating:

Thermal conductivity of helium is relatively high
compared to cesium so it can be used as a heating element in
the emitter/collector gap to sﬁeed up the heating process. At
a certain temperature, around 900 °K, the helium heating is
stopped and cesium vapor takes place. The temperature at which
the helium heating is stopped is part of the input file of the
TFETC code.

2.2.1.2 Electron cooling:

The electron cooling for the emitter surface is
negligible at low temperatures at the beginning of the start
up process. At certain temperatures (1500-2000 °K), the
electron cooling is effective. The temperature at which the
electron cooling starts is part of the input file of the TFETC

code,
2.2 o8s of Flow Accident OFA

In a loss of flow accident four cases of pump failure are

discussed. These cases are listed below

1. Complete pump failure (1/1).
2. 50% pump failure (1/2).
3. 33% pump failure (1/3).

4. 25% pump failure (1/4).
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The mass flow rate in LOFA behaves according to the

following equation:

m(t)=m,. [A+B.e /"] (2.7)

where
m, = Mass flow rate before LOFA begins.
m(t) = Mass flow rate after LOFA begins.
t = Transient time, sec.
A= 0,0 for 1/1 pump failure.
= 0.50 for 1/2 pump failure.
= 0.67 for 1/3 pump failure.

= 0.75 for 1/4 pump failure.

B=1.0 for 1/1 pump failure.
= 0.50 for 1/2 pump failure.
= 0.33 for 1/3 pump failure.

= 0.25 for 1/4 pump failure.

Different values of rising mass flowrate coefficients,r
are discussed for LOFA. The smaller the 7, the faster the loss
of coolant and vice versa. Three values have been chosen for

describing four different schemes of LOFA
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1. 7T = 30 sec.

2. 7 120 sec.

|5
[ ]

~y
]

600 sec.

The only shut down technique that has been considered is

prompt jump‘acéording to the following egquation:

pm=p,,[iliﬂ;1 et-e/7 (2.8)
_p-

where

P, = Thermal power before shut down.

8 = Total delayed fraction.
p = Negative reactivity insertion,$
T = Reactor period, sec.

Different negative reactivity insertions have been used
for different shut down schemes. The values of T are taken

according to Figure 2.2.

p. = -$011,
i = -$003'
p' = -$o.9'

o = =$3.0
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Pigure 2.2 Reactor period as a function of positive
and negative reactivity for a U-235 fueled

reactor [1].
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Chapter 3

Method of Analysis

3.1 troduction:

This chapter is intended to describe the model used
to calculate the temperature distribution throughout the
radial and axial directions of the thermionic fuel element
(TFE) as a function of time by using a finite difference
method. Most of the heat is transferred, throughout the
TFE's layers, by conduction except at the cladding/coolant
interface. The heat through the emitter/collector gap is
transferred by «conduction, radiation, and electron
cooling. The heat conduction equation in polar cylindrical

coordinates can be written as :

2o+ 55 ++g = oG5 (3.1)

because of the symmetry in the TFE, % can be taken to be

zero. Thus equation 3.1 can be written as :
18,87 , #T ar
)t El+re = pGCoy

Using the Laplacian operator in cylindrical coordinates

yields
k(r,z, )V I(r, 2,0 +g(r,2,) = p(r,z,HCp(r,z2, r)ﬂT(r,z D (3.2)
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The unsteady state heat conduction partial

differential equation for the TFE can also be written as:

Vo {k(r,z, OVT(r, 2,0} + 8(r,2,0 = p(r,2, )Co(r, 2, 2 (3.3)

Integrating the above equation over an arbitrary volume V

gives

§, Ve {kr,z,OVT(r,z,0}dV+ [, &(r,z,0dV =
L p(r,z,0C (1,2, t)@%")dl/

Using the Divergence theorem gives

L {k(r, z,O)VI{(r,z,0)} e nd4 + L g(r,z,0dV =

. J‘v p(r, z, t)CP(?', Z, t);ﬂ%#ldV (3.4)

Now, the TFE is modeled at several discrete mesh
points in the radial (r) and axial (z) directions at time
t. Let V represents the volume of a ring element which is
located at radial mesh point i and axial mesh point j at

time k+1 as shown in Figure 3.1. This ring has a radial

thickness Ar and axial length Az. Let A,,A,,A;, and A, be
the areas of the four outside surfaces of the ring

Equation 3.4 can now be written as follows :
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g ar
kinnjl(Z)1r.m Ay +kijun(E)az.nada+

ki-lrz,f,k(%r)s rnsAds + ki;‘—ln,k(%)tiz-nma!‘f'
T
8ija-2nrArAz =(pCp)iju—5-27riArAz (3.5)

where n;,n,,n;, and n, are the outward normal vectors
to the surfaces 1,2,3, and 4, respectively. The energy
balance on the volume about a mesh point(i,j,k+1) which
is not located on an outer surface of the pin or on the
emitter or collector surfaces is shown in Figure 3.2. The
subscripts on the partial deriYatives are computed at
these surfaces. |

The K;,;/5,3,x Value is the average thermal
conductivity along the surface A, . It is computed at a
temperature which is the average of the two temperatures
Ti,5,k and Ty, 5, k¢

The other thermal conductivity values are calculated
in a similar way. Density and specific heat values vary
with respect to the temperature variations and the
temperature varies in accordance with each time step.

aT(igk Tiider1=T
3= (3.6)

where

Ti,3,k+1 18 the temperature at point (i,],k+1)



ij+1,k+1
[ ] ® *
8T
Ay kunrz.n(?ﬁ)zA?
1 n,
I
a A
LT
i-1,j,k+1 o ..3—' . |-—--T s j+1,jk+1
- 3
Kiingn (a—DaAa | kt1 kmn.i,k(?ﬂ"x"-)l A,

”g4/L _____ =

ﬂ
r
] L ] *

i,j-1,k+1
Figure 3.1 Eneryy balance on a ring volume about
point (i,3,k+1).
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Figure 3.2 Cylindrical ring volume about the mesh
point (i,3,k+1).
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Ty,4,k is the temperature at point (i,j,k)

At is the time increment in seconds

If the point (i,3j,k+1) happens to lie on an interface
between two materials as shown in Figure 3.3, then the
thermal conductivities are computed as before for each of
the two materials; then these two values are averaged to
obtain an effective thermal conductivity for the surface.

From equation 3.5

rcnl = 1
z-nz = 1
I‘.I‘l3 = =]
Z.n4 = =]

3.1.1 Discretization Method
The implicit method [13] is used for solving the

unsteady state heat conduction PDE. The main advantage of
this method is its stability for any time increment. The
temperature in the implicit method is advanced one time
step and a system of linear simultaneous equations has to
be solved at each time step. Thus as many as 100
temperatures should be determined at each time step in
both r and z directions. In other words, each value of i=1l

to i=10 has to be matched with all values of j (i.e., j=1
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to j=10) so that a matrix of 100 x 100 is formed which has

a banded structure of size 10.
Using this fact, and computing the partial
derivatives in equation 3.5 as finite differences, leads

to the following eguation :

T Tigorpn =T,
HIJMI ksl i1 ol TF i k]
k(5= i +kipany(— 75— =z )2

T e =Tizan Tt =Tt
ki (v s ki~ 7 M

guudnritrAz = (pC)ixCESEarArAz (3.7)

Lpey~t

'3.1.2. Boundary Condition
Adiabatic boundary conditions are assumed at the fuel

pin extremities

(Dot =0, (Dt =0 (3.8)
(%f-‘)mrm, =0, (%T)p:rm = AT etad — T coot) (3.9)

3,1.3. Initial Conditions

T(r,z,0) = £(r,2) (3.10)

where f(r,z) is the given forcing function
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AEARARES

Interface between
two dlss1mllar

. l+1,,],k+1

\

Material 2
Thermal

Conductmty / / \ Cunductmty
/ / b k+11 \ \ \
Figure 3.3 A mesh point (i,j,k+1), which lies on

a material interface.

3.1.4. Stabil Calculations:

The implicit method is stable for any At. It is
considered to be more complicated than the explicit method
because for each time step along the radial or axial
directions of a cylinderical mesh point, it assumes that
the Ty i,4,ke1r Ti,g,061 ¢ Tisg,g,0001 ¢ Ti, 30,001 ANA Ty 59 54y
values are unknown, in other words, for each single time

step there are five unknown values for temperature

discretized in each equation.
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Egquation 3.7 can be rearranged to be used in the TFETC

code as follows:
A Az
kinngxGas) i gpn + Kipn s G2 i1t +
Aa T k Aa T :
ki i) Tivgan + KijaniGZ ) i1 01—

A 4 A3
[Kinn; ,k(}'-',?l-r';) + ku+1/2,k(r,2-z;) + ki—llz,i,k(,-,_, 3"'1)

2xr,ArAz
+ k:j—m,k(z,,l-z,) PCRu T = ::,-t,, Ntk

= ~giu2mriArAz — (pCpYi (G i (3.11)

Equation 3.11 is valid for all interior mesh points of the
fuel emitter region. It is not wvalid for the feollowing

mesh points :

1. Those mesh points located at the upper and lower
limits of the pin (i.e., the top and the bottom).

2. Those on the emitter and collector radial
surfaces.

3. Those on the surface of the void region located at
the center of the TFE.

4, Those on the outside radial surface of the

cladding.
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Equations for these points are derived in the following

sections. The stability equation can be derived easily
from equation 3.11. The stability equation enhances the

fact that the implicit method is stable for any time step.

_(pcﬁ)ij,‘f% - 0

A A A A 2nArAz
'["H—!E#(ﬁ“iﬁlﬂk(%ﬁ%“ﬁlﬁk(ﬁ“u—lm(?;__l HPCp)( 5N

(3.12)

All values in the stability equation above are positive.

For the sake of accuracy, At has to be very small so that

the truncation error 0[At+(Ar)2+(Az)2] can be reduced.
3.2.1 Fuel Pellet/Central Vo Interface- of the

The energy balance for the mesh point at this
location is shown in Figure 3.4. The top of the fuel and
the central void surfaces, in the TFE, are assumed to be
adiabatic (i.e., heat flow equals zerc). Therefore, heat
transfer does not occur in the positive r and negative 2
directions. When all these terms are removed from eguation
3.10, the equation for the temperature at this mesh point

results in:

A 4
k3 jmack G ) T2 max e + Kt jmexc12 (GG )T 1 jmax-1 e

A A
~[k3n jmaxi(7=7) + K1 jmac124(GE )
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287y (P27 X2 —Zjomac—

~(PCp)ijmaxa e o) T s

= —gijmaxk 27 1(r2 ~ 71 )(Zjmex — Zjmax-1)

7y (P21 Y Zjomx L a1

_(pcp)ijmax,k o —n )T i jmax k (3.13)

Top surface
of fuel

ki+m,j.k("g_;l.‘)lA1

L), k+1e —
—% 2kt

&ir 104414k
[ ~— A

——
a
K1k ('5%)‘ A4 \’ L n,
z
RS A . T
Fuel /Central Void 4

interface

Figure 3.4 Energy balance for the mesh point
(1,ax.k+1), which is located at the top
of the fuel pin and at the surface of the
central void.



3.2,2 Fuel Pellet/Central Void Interface-TFE Bottom

The energy balance for the mesh point is shown in
Figure 3.5. The bottom of the TFE is assumed to be an

adiabatic surface. Thus the temperature 1) at this
location is:

A A
ks xGm) Do pet + K1304G=) T 241

a1 o) + ke a(Gats) — (pCp)1p (PR MEE T |

T 1

=—gL2nr(r - 1)z —21)

2 - e
(PCp)11x( Lilea) z'))T 11k (3.14)

bl

Other cations on the 1/veid Interface

The energy balance for these points is shown in
Figure 3.6. The equations for the temperatures of these

points are given as follows

A A
k3 i Y2 0 + K pina(G ) Tiga g
+k lJ-lQ,k(zj—zrl )T Li-lj+l ™ [km.hk(rg-rl)

A
+hni() + o .f—liz,k(z,_, =)

2 -1 025125}
=(PCp)rx( )G N4

LN b 7

= ~g1 k271 (r2 — r1)Zj1 ~ 25)

67
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Fuel/Central Void

interface
2,2.k+1
; 1,2,k+1 2,
) A
ki.i+l!2,t(—é%)2A2 fnaZ ZT

—_ r

1. gh —
Biv 1+ 14k ‘\ Bottom
il A s?rfgce

1,1,k+1 ¢ e l e ol pin

kt+m.i.k(g%)l A1 \/

Figure 3.5 Energy balance for the mesh point
{(1,1,k+1), which is located at the bottom

of the pin and at the surface of the
central void. 1

Kjs1nx (%%)z Az’ T, 1

-l
A

|
Fuel/Central Yoid . .
interface ~Lj,k+1% g, l—""’a *2,jk+1
~ i+125.k (a_Dle

\\u- |_b
__l '

z
‘kiJ-ln.k('g_l')‘A‘ n,. A, t

— A

R o)

Figure 3.6 Energy balance for mesh points (1,3j,k+1),
which are on the fuel/void interface, but
which are not at the top or bottom.
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’"‘i("z-f'l)(zm-zj))T

—(PCo)rin(——5, (3.15)

3.2.4 Top Surface of the TFE:

The energy balance for these points is shown in
Figure 3.7. The equations for the temperatures of these

points are given in the following equation:

A A
kinnmack G )T it jmaxier + Kicijmaxi G ) T -1 jmax i)
ks —As__yp Fir1n s (e
z;max—l!l,k(zjw—zjm_,) ijmax—14+1 "[ :+1/2,ymmc,k(rm.-r,.)
k. . _As +k; A
+: z—IIZ;mwc.k(r,_I-r,) zjmm:—lﬂ,k(zjm_,—zym)

207, A1(Z a2 max-1)

~PCp)ipmaci(—— g N ijmaxpert

= =i jmaxk 2N i ANZjmax — Zmax-1)

21!)‘,'.&‘(2 jmax—%, jmux—l)

_(pCP)'Jmk( 11k )Tumax’k ( 3.16 )

3.2.5 Bottom Surface of the TFE:

The mesh points are located at the bottom surface of
the TFE but are not located on any radial boundaries. The

energy balance for these points is shown in Figure 3.8.
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Top surfece of pin

'ki-m.i.k(%B A ki"'m""k(g%) A
. 3 Py _._.*-. A
—— i, ok +1 | i+ 1Sk +1
: . Bij-1/ax l A
/&'—A_ R b ¥
ST
Ajanal3D A A

L
——r i,Jm-l,k"- l

Figure 3.7 Energy balance on mesh points
(1,9ayeX+1l) ,which are located on the top
of the TFE pin, but not on any radial

boundaries.
t
i,2,k+1 —
[ . »
5, Kins (52), %
n, A
A —L—"’/n,l
| |
As\l Eij+ 14k l
i-1,1,k+1
A [ L L L_ _.— l:la —-——5'-. A
ki1nja (g"})aAa Lkt k‘*'”ﬂ-"(F})l A1

Bottom surface of pin

Figure 3.8 Energy balance for mesh points (i,1,k+1),
which are located on the bottom of the
TFE pin away from any radial boundaries.
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The temperature equation is given as:

4 y
ki p(eom ) T 1t + Kizna(Gm) iz et

+in 1,;;(,,i_,.,_l W i1,101 — [Kinin, l,k(rm =

4 4
+eianpGr) + kinn i GES)

~(pCp)ia p (2T 1

feer—lg
=-=Li1 ,k21:r,-Ar(z =2 1)

~(PC ) p(CEEEN T, (3.17)

L oy 2

3.2.6 tter Surface:

As shown in Figure 3.9, energy is transferred away
from the surface of the emitter in the positive
r-direction by different modes fully explained in Chapter

2. The eguation for the temperatures at these points is:
T ki1n 2T,
12 G ) it + kin G5 ) Tim jat
k AT k 22
i ,kG ) i1 — RipmnrGos,)

P A
Heinnp S+ kiminaGES)



22r(r—ri e =)
_(pCP)‘J:k( tﬂll_;kﬁ : )]TIJJHI

= ~giu2nri(ri = i) )@Em — Z7)

2nry(ri—ri 2 Nz —2))
~(PCp)ijal =T

L —li

+Qf;f"d'A1+fo’A1+fo;CA1 (3.18)

. i,j+l,k+11

AE‘\IE ki.i +112.k (%:-), A,

Pr—
ol

| — QA

l—lﬂ,k‘l’l - ! ldgk"'l 4 . th%

Heray, "(g%)aA’i Bomak | ——= Q™A

et L_ _

‘lJ *.Jmai)& 12—»

T

Emttter surface
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Figure 3.9 Energy balance for mesh points (i,3j,k+1),

vhich are located along the emitter
surface.

3.2.7 Emitter surface-Top of e TFE:

As shown in Figure 3.10, the equation for the

temperature at the mesh point i k+1 is

r Imax +

4 Y
ki1 jmaxk (i) T i1 jmaxit + Kijmax-1724 G ) T ijmax-1 41
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A A
~Tirz jmas (G5 + i jrax-12 G )

22 (1 =11 )2 ymax—Efmax—1)

_(PCP) i max.k( ter1—tk )] T; Jmax.k+1

= ~gi jmaxk 27 i(Fi ~ ¥i-1)(Zjmax — Zjmax-1)

Ty (rim? i N jmax =2y max-1)

—(Pcp)i,imax,k Tee1~Ix )T jmax k

Qo Ay + Ofed A1+ 0254, (3.19)

Top of emitter
A

'ki-m.i, aT) Ay iy J ek +1
O—d—-——— P QEEC

I ave
Kmax !

r"—-———.— I 8- g1sak

pEIS

——- QRad A

tl\z
Surface of emitter —,

Figure 3.10 Energy balance for the mesh point
(i, k+1) . which is located at the top
of t e pin and on the emitter surface.
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3.2.B Emitter face-B m of th 1-H

As shown in Figure 3.11, the temperature equation at

the mesh point i,1,k+1 is:

A A
kipn o) Tiapn + ki1 (o) Timn 1401

A A
"[ki,fiﬂ,k(z_z-zz_:) +k i—-lﬂ,l,k(r,-_la—n)

2 R
—(pcp)i,l ( zri{ri—ri N2z Z:))]Ti el

Lier1 =2y

= —g; 1, 27ri(ri = ¥i-1 22 — 21

~(PCp)s A T

L~

+O5T4 4, + O A, + QZC 4, (3.20)

3.2.9 Collector B ace:

The energy balance for the collector surface is shown
in Figure 3.12. The temperature equations for this surface
were derived in a similar way to those for the emitter

surface and are as follows:

As A
kiJ+If2,k(zj+|-zj)Tij-l—l,k+l + ki-t-llzj,k(#;;)T i+ j e+



4 4
+hij1 G Tim1an = Rinnin(Gr=,)

A A
+hipn (G z) + kinaGEs)

288 (rin i {Zp1-24)
~PCo)ip(—— e NTijsn

= —g,-J,k21rr,-ArAz

Inr, ArAz
(LS ITT e Y4172

Ok s - Qf}d'As +0% 4, (3.21)

Emitter surface

r
™ A2 i
nz? ikl.jnﬂ k(az) A2
r T A
A5 a
;c\\: Birng+imi QR A
Cond Al

-—-o—q:L—. Ql

il i,1,k+1
Kiinga (B}I)BAG A A

Bottom of
emitter

Figure 3.11 Energy balance for the mesh point
(i,1,k+1), which is located on the

emitter surface at the bottom of the

pin.
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The oFFH_ _ term differs from the Q.. term in that the

effect of the plasma radiation is added to Q. ", whereas

it is subtracted from Qa,,emc; plasma radiation reduces the

amount of heat removed from the emitter, but it increases

the amount of heat added to the collector.

ij+1,k+1 . T
2 A, —r
kiJ+ln,k(3-B=A3 EM‘
T T e

Uy — | .
QR Ay e o iyjkt]l jom—r o Ji+1jk+1
Qe 4 : Gavin | Kaany, x(ﬁ A

*
_/___J A
A

“Kig1rx ('g{}‘ A‘I \ l

Collector
surface

Figure 3.12 Energy balance for mesh points
(i,3,k+1), which are located on the
collector surface.

3,2.10 Collector Surface-Top of the TFE:

Figure 3.13 shows the heat balance for the mesh point
at the top of the collector surface. The temperature

equation is given as:



A 4
ki jmax (i) Tiv jmaxg + Kijman-12.0 (G ey ) Tijmanc L o

A A
(ki jmaxi G ) + kiymastn G =ms)

27 (ri=7i1 M2 pmax—Zimx—1)
—(PCp)ijmaxi( ,hr:f NT i jmax 1

= —Lijmaxk 2 i(Fi = i1 )(Zjmax = Zjmax-1)

2073 (77 ) WZ jmax—Z max—1)

_(pCP) 'JW( =t )TIJW
‘Qfm 3= Qjmads + O As (3.22)
Top of the
collector

aT
gkl Renn(ar) A
Q CEH Aa 9* m——l- o

ave n,
Rad g
m— +1/4,j-1d .k
Q l({h::vrlcl A3 .
max

-k.,i.m,k(%)‘ml “‘
i

Collector r
surface

Figure 3.13 Energy balance for the mesh point
(i,)payxrK+1), which is located at the
top of the pin and on the collector
surface.
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3.2.11 Collector Burface-Bottom of the TFE:

Figure 3.14 shows the heat balance for the mesh point
at the bottom of the collector surface. The temperature

equation is:

A A
ki xGos) Tint iger + KisnGGE) Tizen

ki1 4 GAL) + ki anaGasy)
~(PCp)in b T,
= —8i1420rAN(z2 — 21)
—(pC>p)s, 1#(2ﬂ;;?f:;z”) Lk

-QlwAs*Qf,'f'AﬁQﬁAs (3.23)

3.2.12 Cladding/Coolant Interface:

The energy balance for the mesh points at the
cladding/coolant interface is shown in Figure 3.15. The

temperature equations are:
t Az
R AT +kimna(Ga=)Timem

e pGE) Tt o + i1 pGED) i1



A
—[hulA1) + FipnaGTs)
Aq
+k;..m;¢($;;) +k fj—ltz,k(m)

"(Pcp)u,k(zm&m)] Tijka1

Vel =tk

= ~gix2mriArAz = (pC )iy M) T i (3.24)

il

Collector —_—
surface r
1 2,k+1 *i+1,2,k+1
8 .
lq.H.,,,k(g’;)eAz
?nz

QCEH A, . n,

ave

vt jrriak |

Cond
Qlcn %_/1# v 0N RN
+ aT '
Kingu(25) A,
A, (o), Bottom

of collector

Figure 3.14 Energy balance for the mesh point
(i,1,k+1), which is located at the bottom
of the TFE and on the collector surface.

79



80
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P -,
r

[ . A‘
Coolant,/cladding
interface

Figure 3.15 Energy balance for mesh points
(Igaxs3,k+1), which are located at the
cl a?ding Jcoolant interface.

3.2.13 Cladding/Coolant Interface-Top of the H

The energy balance on the cladding/coolant interface
at the top of the TFE is shown in Figure 3.16. The

temperature eqguation for this point is as follows:

hjmk(Al)Tfml + kimx-llzjmax,k(F;;f:h_::)T imax-1.jmax k+1

+kimaxjmax—lf2,k(ﬁmj)r jmax/max-1j+1 — [Aymaxp(A1)

A A
Heimax-172max k(7 ) + Kimaxymanc 126G 2m)
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277 max (7 i max " imax—1 Y(Zjmax =Zmax—1)

_(pCP)'mﬂXJW( te1~te )]T:max,pmax,kﬂ

= —gimaxjmaxk(zm'imax(rimax - rimax—l)(zjmm: = Zymax-1 ))

287 ; e P smaax 7 enan-1 )(zjm‘zjm-l)

~(PCp) imancymaxk( Toi—fx Wimaxjmaxk  (3.25)
Top of cladding ‘rz
™

“Kirr (a,—) A, LJoesk+l
.—-.— r_— : Al

Aa,__..--—'—'"l Bivvag-1ax — Qc‘mv A

7 L

* IW,Jm-l k+ lf

Coolant/ cladding
interface

!

Coolant flow

Figure 3.16 Ene::'gyr balance at the mesh point
,k+1}, which is located at the
%mga?coolant interface and at the
top of the TFE.

3.2,14 Cladadi Coola Interface- tom of t TFE:

Figure 3.17 shows the energy balance for the mesh
point at the bottom of the cladding/coolant interface of

the TFE. The temperature equation for this point is:



hia(A)T +k:mmc,3f2,k(zz-z|)T imax 2,1

e imae 12, ) Timan-1,101 — (144 1)

A A
+h imax 324 (esy) + Kimax-12, L6 (G )

2’“’;mu(’zm‘rrm-l Xz2-21)

_(pCP)lml,k( T te—lx )] T; max, 1 k+1

= —Zimax 1 k(277 i max{P imax — Vimax1 (22 — 21))

22 e (P ot~V a1 {E2—21)
‘(Pcp)fmaxl,k(_%—'—;‘f—“m“)f' imax,1 .k (3.26)

Cladding/coolant
interface

Coolant

_\ flow

ij+ 142, k )2A2
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Conv A.
1

irnjrrak | e—Q .

m_‘
DU colff—— _
L,,Lk+1 A
Ki1myx (ar) A,
T z
Bottom of —
cladding r

Figure 3.17 Energy balance at the mesh point
+1,k+1), which is located at the
mﬁalng/coolant interface and at the
bottom of the TFE pin.
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3.3 Coolanpt Transient Convection:

The heat convection subroutine TConvect is used to
solve for the transient convection heat transfer in the

coolant [(12] by using the fully implicit scheme as

follows,
___.iq" = G—a“ -+ [.] 3.27
A 8z P o (3.27)

Applying the discretization method yields

By =hy i g1

oh
2 = = (3.28)
h Ry —hyy
where
h = Enthalpy, J/Kg.

G = Mass flowrate (Kg/sec.)

P = Heated parameter of channel, cm?.

A = Area of channel, cm?.

g"= Heat flux at surface of channel, watt/cmz.

p= Density of the coolant, Kg/cm>.

Plugging equations 3.28 and 3.29 into equation (3.27)
yields:



p g1 —hy e By Pk

M = G——Fgm—+ppg

P

khfﬁ"'qu,k = ( )hJJH'l H-1pn
P

ETw+oedy = (F + 8T et — 22T
3. Btabilit

From eguation 3.30

y 0

Equation 3.31 is true for all At and Az

3.3. Initial conditions
t=0, k=1
Tj,l = Tcoolant

i=1,N

«3.3 Bounda Conditions
z=0, j=1

T1,k = Tintet

(3.30)

(3.31)
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For j=1

Px P Gr , Pt
a1t 361% = (& + 3w

G Pky— p P =
= Ty = [£+ﬁ] E ‘E:Tl,k"'A_c;‘Il,k}

The general equation for transient convection in the

coolant can be written as:

G - P ] G,
Tijpn = [ﬁ"’% l{ﬁf},k"‘;%;qj,k"'ﬁTj-lhl} (3.32)

3.4 Computer Code Implementation:

The spatial temperature distribution within the TFE
is computed through finite volume analysis. The materials
within the TFE [3] are subdivided into a series of small
control volumes upon which an energy balance is performed.
This results in a set of first-order nonhomogeneous
partial differential eguations which have variable
coefficients, and which may be non-linear, depending on
the location of the finite element within the TFE.
Variable coefficients occur due to the temperature
dependence of thermal conductivities, specific heats, and

densities of the TFE materials. Nonlinear terms arise due
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to the heat transfer processes across the

emitter/collector gap (i.e., thermionic emission, thermal
radiation, and conduction through the vapor} and due to
convection to the coclant.

The fully implicit method is used to solve the system
of linear eguations for temperatures at each time step. In
the TFE, as many as 100 temperatures need to be solved at
each time step. a1l temperature coefficients are cast into
a matrix which has a banded structure of 10. The implicit
method is efficient and reliable due to its stability at
any given time step.

Except for the transient specific codes and
subroutines, much of the thermionic-specific internals of
the TFETC are based on TFEHX, a steady state code for
thermionic fuel element which in turn uses CYLCON6 for
modifying the TFE. CYLCON6 is called by TIMPLCIT, a
transient subroutine in the TFETC which solves for the
fully implicit scheme. For solving the linear equation
resulting from discretization of the heat transfer
equation, the user has the option of selecting either a
Gaussian elimination package, which was inherited from
TFEHX, or a sparse linear solver called Y12M. Y12M solves
sparse systems of linear algebraic equations by Gaussian
elimination. The subroutine is a "black box subroutine"
designed to solve efficiently problems which contain only

one system with a single right hand side. For details, see
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the documentation of Y12M is available on the internet by

“anonymous ftp from netlib at research.att.com in the

directory Y12M; login as netlib[17].
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Chapter 4

Results and Analysis

A transient code (TFETC) for calculating the temperature
distribution throughout the radial and axial positions of a
thermionic Ffuel element (TFE}) has been successfully
developed. It accommodates the variations of temperatures,
thermal power, electrical power, voltage, and current density
throughout the TFE as a function of time as well as the
variations of heat fluxes arising from radiation, conduction,
electron cooling, and collector heating. The thermionic fuel
element transient code (TFETC) is designed to calculate all
the above variables for three different cases namely: 1)
Start-up; 2) Loss of flow accident; and 3) Shut down. In this
chapter, the results obtained from the code are presented and
analyzed. The results for the start up case are shown on
Figures 4.1 through 4.11, those for the loss of flow accident
(LOFA) on Figures 4.12 through 4.25, and finally those for

the shut down case are on Figures 4.26 through 4.45.

4.1 Start up:

In Figure 4.1, the fuel temperature increases with time
until it reaches the steady state temperature (2496°%K). Many
factors affect the fuel temperature profile of the TFE. Among

these are a) thermal power rise coefficient, 7, b») helium
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heating, ¢) heat removal, and d) onset of electron cooling
(EC). Values of 100, 300, 600, and 1200 seconds were used for
the power rise coefficient, r. During start up, helium
heating is used to raise the temperature of the collector
surface of the TFE assembly. The emitter temperature Tstop,
at which helium heating stops, is a user supplied input with
a nominal value of 900 “K. Similarly, the emitter temperature,
Tstart, at which electron cooling begins, is a user supplied
input with a nominal value of 1900 °K. When the heat
generation in the fuel is high, i.e. 7=100 sec., the net
effect of electron cooling (EC) (which begins a little later)
is small, hence the little dip in the fuel temperature. For
an appreciably lower power rise (7=1200 sec.), however, the
effect of EC is rather pronounced. Regardless of these
transient effects, the fuel temperature does reach the steady
state value for all 7’s.

The emitter temperature profiles follow a similar
pattern to that of the fuel as shown in Figure 4.2, because
the only heat transfer mode between the emitter and the fuel
surfaces 1is conduction. Notice that all the temperature
fluctuations in the emitter occur around 1900 °K, the EC
temperature set-point.

The coolant temperatures, as shown on Figure 4.3,
increase with time until the steady state temperatﬁre is
reached for all power rise coefficients. The small dips are

due to the nonlinear EC effects.
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As expected, the thermal power (see Figure 4.4)
increases exponentially until it attains the steady state

value (3177 watts) according to the following equation:

P,=P,,. [1-et/)]

where
P, = steady state thermal power
= 3177 watts.
The thermal power may reach the steady state value
either in fast mode or slow mode depending on the power rise
coefficieht, 7. The electric power profile is a function of

emitter electron cooling according to the following equation

(2] =

i QEZT v (4.1)
(Vg2 ez)
where
Q% = Electron cooling, watt/cm!.
v = Output voltage, volts.

Vg = Emitter potential difference, volt.

=
il

Boltzman constant = 8.62 x 107 ev/%K.

e = Electron charge
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It is obvious from equation 4.1 that the electric power, as
shown in Figure 4.5, is directly proportional to the electron
cooling which follows the profile illustrated in Figure 4.8.
The electron cooling heat flux, QF, increases with time
without any fluctuations for fast start up but the situation
is different for slow start up. QF is computed directly by
CYLCON6, while Q°® is computed from

QH = of¢ - J.v

where
J = Current density, watt/cm’.
V = Interelectrode voltage, volt.

Q% is shown on Figure 4.9, while the current density, J and
interelectrode voltage V are shown on Figures 4.10 and 4.11
respectively. The voltage follows the pattern of electrical
power according to the following equation
Pp = I.V

where I = total current input = 490 watts.

Radiation, Q™ and conduction, Q™™ through the emitter
collector gap are shown on Figures 4.6 and 4.7 respectively.
The dip in the curve of radiation heat flux is due to the

nonlinearity in the following equation:

Rad

AR A
Qk k+1l

=0€ F,..(Th k- T5, i) [2mr { 5 k1Y)
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where
0 = Stefan-Boltzman constant(5.67x10"
Watts/cm’k?)
€, = Thermal emissivity of the emitter surface.
¥, .=

View factor from the emitter surface to the

collector surface ( F,., = 1 for the emitter

surface}.

The cesium conductive heat flux, Q*™, profile is affected by
the following equation:

Qk Cond_ kr.‘s { Te.k_ Tc.k) [2n ( Ly -zk-l) ]
- - e 2
d+l.15x10‘5_(£9%k_)- (4.3)
(%4
where
To,k

= Emitter temperature (°K}.

T.x = Collector temperature (°K).
ke = Thermal conductivity of cesium vapor (W/cm.K).
Pes = Pressure of cesium vapor at a cesium reservoir
temperature (torr).
r, = Emitter outside radius.
d

= Emitter/collector gap {(cm).

The TFETC code, for the start up case, works as expected

without showing any deficiency. All temperatures, powers,
fluxes, voltages, and currents behaved in a very consistent
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manner by increasing from zero power until reaching the .
steady state values. The running time of the code in the case
of start up can be summarized as follows:

For a transient time of 1000 seconds and a4t of 0.5
second, on IBM PC486 machine of 33 Mhz with a math
coprocessor, it takes about two hours and forty minutes .
While for a transient time of 9000 seconds, the execution
time is about 23 hours. For at<0.5 second, it takes a longer
time for execution. Thermal power and coolant temperature for
start up are in a good agreement with the results of the

TOPAZ-II simulation {6].

4.2 Loss of Flow Accident (LOFA):

The second set of graphs, Figures 4.12 through 4.25
depict the results for the loss of flow accident (LOFA). The

mass flow rate of the coolant for the LOFA case is modeled as

m(t) =m, [ A + B.e¥ ] (4.4)
where
t = Transient time, sec.

m(t) = Mass flow rate as a function of time, Kg/sec.
m, = Mass flow rate before LOFA begins, Kg/sec.
A,B = Pump failure coefficients. (A+B) =1, B #0

T

I

Mass loss coefficient, sec.
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In Figure 4.12, the mass flow rate for complete pump failure
(A=0.0, B=1.0) decreases quickly or slowly depending on the
mass loss coefficient, 7. In the case of a LOF accident, four
different pump failure cases are studied. After a period of
time (4000 sec.) as shown on Figure 4.13, the mass flow rates
attain the steady state values. The fuel temperature
increases with time during the LOFA. The rate of temperature
rise and final steady state values being governed by the
fraction of pump failure. For complete pump failure (i.e 1/1
pump failure), the fuel temperature increases up to 2497 K
then stops because the code is halted upon reaching the
boiling temperature of the coolant in 34 seconds. If the
reactor is not shut down, the fuel temperature continues to
increase until reaching the melting point of the fuel. Also,
the fuel temperature increases about one degree in a complete
pump failure after 34 seconds. The slow increase in fuel
temperature is due to the existence of the emitter/collector
gap that rejects heat to the coolant. On the other hand, the
fuel temperature rise is directly proportional to the type of
pump failure. For 1/2 pump failure as in Figure 4.14, the
highest attainable steady state fuel temperature is about
2499 °K while for 1/4 pump failure, the highest attainable
steady state fuel temperature is about 2498 °K. This means
that when the heat removal of the coolant is small the fuel
tenmperature, as in the case of 1/2 pump failure, has a high

steady state value but when the heat removal is large, the
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fuel temperature, as in the case of 1/4 pump failure
increases at a slower rate and attains a lower steady state
value. In Figure 4.14, it should be noticed that the TFE
design is reliable and efficient since the highest fuel
temperature does not reach the melting point of the fuel. The
heat removal in the coolant is a function of the mass flow
rate, Figure 4.15 shows the emitter temperature profile for
different pump failures. It has a similar profile as the fuel
temperature because conduction is the only mode ‘of heat
transfer between the emitter and fuel surfaces.

In the case of a complete pump failure, as shown in
Figure 4.16, the time needed for the coolant temperature to
exceed the boiling point, which is 1057 °K, depends on the
mass loss coefficient, 7. In the case with 7=30 seconds, it
takes about 34 seconds to reach the NaK coolant boiling
point. However, it takes about 120 seconds and 580 seconds to
reach the NaK coolant boiling point for mass loss
coefficients of 120 and 600 respectively. The maximum coolant
temperatures, in the case of mass loss coefficient, 7, of 30
seconds, at different pump failures (see Figure 4.17) are

listed below

> 1057 K for 1/1 pump failure.

1017 °K for 1/2 pump failure.

= 987 K for 1/3 pump failure.

R

977 °K for 1/4 pump failure.



98
The coolant temperature may exceed its boiling peoint if an
appropriate action is not taken. The reactor would probably
have a set point to trip the reactor when the coolant exit
temperature got too high. Also, if the coolant temperature
gets high then in a zirconium hydride moderated reactor, like
the ATI or TOPAZ-II designs, the hydrogen will begin to
disassociate from the 2rH, and this will add negative
reactivity, thereby shutting down the reactor.

The thermal power in LOFA keeps constant before tripping
the reactor as shown in Figure 4.18. It starts decreasing
after the reactor is shut down. In the case of 1/1 pump
failure, the mass flowrate decreases quickly and the heat is
accumulated in the collector and emitter surfaces without
being removed. This, in turn, increases the emission of
electrons from the emitter surface that would be significant

according to the following equation:

v
n:(JB_Jc)--i:—Q (4.5)
where
n = Efficiency of thermionic fuel element.

Jz = Emitter current density, watt/cm?.
J. = Collector current density, watt/cnm’.

V = Output voltage, volt.
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20 = Q" () + QFF (1) + O (V)

- 0.08 + 0.85 - 0.0036

0.7664 watt/cm?

The efficiency of the reactor will decrease according to the
above equation. The electrical power drops off to its lowest
value at a complete pump failure while it decreases a little
until reaching the steady state value as in the cases of 1/2,
1/3, 1/4 pump failures, as shown in Figure 4.19. In the case
of 1/2 pump failure, the maximum attainable power value is
315 watt. In the case of 1/3 pump failure, the maximum
attainable power value is 314 watt. In the case of 1/4 pump
failure, the maximum thermal power value is 307 watt.

The decrease of heat fluxes in Q® and @, as shown in
Figures 4.20 and 4.21, is very small so their changes can be
neglected. The decrease in Q* is due to the back emission of
the collector which affects the emissivity properties of the
emitter surface. The electron cooling and collector heating
terms are dependent on temperature variations. When the fuel
temperature rises, the emitter temperature will rise too so
the emission of electrons will increase. This increase in
electron cooling is a function of heat removal which, in
turn, is a function of the mass flowrate. In a complete loss
of flow, the electron cooling increases by 0.8 wattjcm2 in
about 34 seconds (see Figure 4.22) while it does not increase

by more than 0.1 watt/cm’ in the case of loss of half pump
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failure. The electrical current density is a function of

electron cocoling as shown in Figure 4.24.

4.3 Bhut down:

In the case of shut down four types of negative

reactivity insertions are introduced. These reactivities are:

p = - $0.10
p == 5%0.30
p = - $0.90
p == 53.0

The larger the negative reactivity insertion the faster
the shut down of the reactor. The fuel temperature shows the
most decrease for the case of -$3.0 reactivity insertion
without showing any oscillations in the curve (see Figure
4.26), because the heat generation in the fuel drops off
abruptly according to the prompt jump approximation. The
sharp change shown for the -$0.1 and -$0.3 insertions are due
to 1) the change of shut down mode of thermal power from
prompt jump to exponential, and 2) the weak absorption of
thermal neutrons in the case of low negative reactivity
insertions which allows some thermal neutrons, not abéorhed
yet, to generate heat to the fuel and these neutrons will die

out eventually. In large reactivity insertions, most of the
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thermal neutrons are absorbed so that the rest are not able
to induce any significant change in the fuel temperature
behavior.

The emitter temperature follows the same profile as the
fuel temperature except that at low negative reactivity
insertions (i.e., -$0.1), when the heat removal from the
emitter surface will be less than the heat supply just right
after the prompt jump. The coolant temperature drops off to
the coolant inlet temperature of 895 °K. It takes about 700
seconds to reach the inlet temperature in the case of $3.0
negative reactivity insertion and 1500 seconds in the case of
$0.1 insertion. The heat transfer coefficients (p,C,) vary
with time as a function of heat generation to the fuel. The
enthalpy equation is:

dh = ¢, Dt
or - fdh= §cdr
and the transient implicit finite difference equation [7] for

the coolant is given by:

Gr , Px
T =
=l gz Ke

- pk P 5 Gk
e Tt g, T By ) (4:6)

where
C, = Specific heat of coolant, J/Kg.°K.

# = Coolant density, Kg/cm®.
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A = Flow area, cw.

P = Flow perimeter, cm.

G = Mass velocity, Kg/sec.cw’,

g" = Heat flux at coolant channel surface, watt/cw’.

The coolant temperature behaves according to the above
equation. It is noticed that the coclant temperature ié a
function of some fixed and some variable parameters as
follows:

T(az, at, P, A) Fixed Parameters

T{p, Cor G, d") Variable Parameters

Equation 4.6 can be simplified by the following equation:

B- 1
[p, (1) Tj,k+‘?_cg4(£")_’ G (1) Tyy gl (4-7)
fod

Ty, k= GIC(” +pk(”

The thermal power drops off sharply at large negative
reactivity insertions and slower but with the same exponential
pattern at low negative reactivity insertion as in Figure
4.29. The electrical power reaches zero at =-$0.1 insertion
after 150 seconds and reaches zero at -$3.0 insertion after 50
seconds as 1illustrated in Figure 4.30. The zero electrical
power has to do with the emitter temperature set point Tstart.
When the emitter temperature falls below this valué, the
' CYLCON6é subroutine may not be able to converge and provide

results for electrical power, hence, the call to CYLCON6 is
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stopped and the electrical power is set to zero. The radiation
heat flux from the emitter surface follows the behavior of the
emitter temperature. The higher the emitter temperature the
higher the radiation heat flux and vice versa (see Figure
4.31). The conductive heat flux profile of cesium in the
emitter/collector gap follows the same pattern as the emitter
surface temperature as shown in Figure 4.32. The behavior of
electron cooling and collector heating in Figures 4.33 and
4.34 is due to the behavior of the electrical current

according to the following eguation:

Q BB (V42 k:") (4.8)

m"—l
|

Current density of the emitter surface, amp/om?®.
Vy = Voltage across the emitter surface, volt.
Ty = Emitter temperature, °K.

K = Boltzman constant = 8.62 x 10° eV/°K.

The electron cooling (EC) is directly proportional to the
current density as in the above eguation. For the electron
current density, it is stated that the current density
increases at low output voltage values [3,4,5] and decreases
at high output voltage according to the Richardson-Dushman

equation. However, it is noticed in Figure 4.35 that the
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current density, for a large negative reactivity insertion (-
$3.0), increases to 8.5 watt/cm’ in a transient time of about
50 seconds then decreases to its lowest value (zero) due to
zero electrical power. For the lowest negative reactivity
insertion (-$0.1), the highest .attainable value of current
density is 6;29 watt/cm’ after about 150 seconds. The voltage
drop during shut down follows the electrical power profile as

shown in Figure 4.36.

4.4 start up at Different EC temperatures:

The start up of the TFE has been tested at different
electron cooling temperatures of 1500, 1900, and 2000 °K
respectively. The behavior of the temperatures, electrical
power, current density, thermal power, voltage, and heat
fluxes are nearly the same. The fuel, emitter, and coolant
temperatures, in a small portion of the curves, are high at
2000 °K and low at 1500 °K as shown in Figures 4.37, 4.38, and
4.39 respectively. The reascon behind this behavior arises from
the fact that the heat removal by electron cooling at 2000 °K
starts a little bit later than the heat removal by electron
cooling at 1500 °K which allows a small increase in the
temperatures before they attain the steady state temperatures.
The electrical power at 2000 °K starts after 320 secohds of
start up while it starts after 300 seconds in the case of 1900

K and after 240 seconds in the case of 1500 °K. Of course, the
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electrical power depends on the current and in turn the
current depends on the temperature difference between the
emitter surface and the collector [1] surfaces. When the
emitter and collector surface temperatures reach the steady
state value then the electrical power will be stable and will
attain the steady state value. The radiation heat flux (see
Figure 4.41) is higher when the electron cooling starts late
because the emissivity of the emitter surface increases with
teﬁperature increase and reaches its maximum value before the
electron cooling starts. When the electron cooling starts
earlier, however, the emissivity would not reach its maximum
value because the heat removal starts earlier too. Figures
4.42 and 4.43 show that the electron cooling and collector
heating heat fluxes are dependent on the emitter and collector
surfaces respectively. The electron cooling starts earlier at
1500 K and starts increasing until reaching the steady state
value. The current density, as shown in Figure 4.44, is a
function of the emitter and collector surface temperatures
thus it follows the same profile. The voltage drop is a
function of the electrical current and follows the same

behavior.

4.5 The accuracy of the results:

There are two types of errors associated with the results. The

first error is due to the discretization of the implicit
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method [9] and the second one is due to the round-off error of
Gaussian elimination [8]. The error from the implicit method
is considered to be as a function of 1) the time step; 2) ar;
and 3) az, where Ar and A2 are the radial thickness and axial
length in respectively. The error arising from the Gaussian
elimination depends somewhat on different parameters listed
below:

1. Condition number of the matrix, K(A).
2. Size of the matrix.

3. Floating point precision.

4. The inaccuracy in the matrix element.

The exact temperature is given by:

Ty =T oracetM AL, + (AT) 2+ (a2Z) 2] £tEGAUSS (4.9)
Ty =T oyacetM[at,+ (AT) 2+ (aZ) 2] +EGAUSS (4.10)
where

AY = Radial thickness of the TFE, cm.

AZ = Axial thickness of the TFE, cm.

At = Time increment, sec.

T, = Computed temperature for at, at a given

point, °K.
T, = Computed temperature for aAt, at a given

point, °K.
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T.,. = Exact temperature at a given point, °K.

EGAUSS = Error arising from Gaussian.

Constant of the error arising from the

M

implicit method.

M can be determined as follows:

Me_22"T1 (4.11)
at,-at,

where
at, = Time step at T,, sec.
at, = Time step at T,, sec.
at; « at,

Substituting the value of M in equation 4.10 yields

T,=T T,~T

mcti—m[ﬁtz-l-(ﬁr)z"'(AZ)z}:l:EGAUSS (4.12)

The relative bound error associated with Gaussian elimination

is given by the following equation:

HTex ct_Tll 1E)/ 1A}
—2Xack  — <K(A 4.13
iTT <@ 1%/ (4.13)
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where

K(A) = condition of the matrix = |af.[a*].

A = Matrix.
E = Error associated with a matrix A.
Il £ (2n+1)g2* (4.14)
where
g = Growth factor
n = Size of the matrix.
P = Bingry floating point arithmetic.

If K(A) is close to unity, the matrix A is well-conditioned
and if it is large, the matrix A is ill-conditioned. The size
of E in equation 4.13 depends on the precision of the
arithmetic used in the computation. The typical values used in
the TFETC code were as follows:

at = 0.5 sec,

AY 0.125 cm.

Az = 2,54 cm.
The error associated with the discretization of the implicit
method depends mainly on the number of nodes in both axial and
radial directions. It decreases with increasing of the node
points and increases with decreasing of the node points. The
largest error associated with the implicit method is the one

arises from az, so it is advisable to reduce the value of az

to be less than 1.
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Chapter 5

Conclusions and Recommendations

Conclusions:

A computer model has been developed to simulate the
transient temperature distribution of the thermionic fuel
element (TFE) for nuclear space reactors. The transient
computer code TFETC is based on TFEHX, a steady state code
for TFE's.

Presently built into the transient code is the ability
to handle the following scenarios: a) start up for user
prescribed power rise coefficients; b) loss of flow for
different mass loss coefficients and pump failures; and c)
shut down for different negative reactivity insertions and
total delayed neutron fractions for the U0, fuel. The user has
the ability to control the helium heating phase through a
proper choice of the emitter temperature at which helium
heating ends, TSTOP, and likewise for the electron cocling
phase through TSTART, the emitter temperature at the onset of
electron cooling.

Another feature, in the TFETC code, of great importance
is the ability to use more than one solver to solve the
linear systems of algebraic equations.

The TFETC has been tested in the case of accidents such

as loss of flow and has shown good stability and integrity at
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the worst case in which the pump failures are complete. It
allows some time, depending on the mass loss coefficient
which is part of the input file, to scram the reactor safely.
The TFETC model shows that the fuel temperature in a complete
LOFA does reach 2497 °K, after the coolant attains its boiling
peint, in 34 seconds. The fuel temperature may exceed the
fuel melting point after a period of time if no apropriate
actidn to trip the reactor is taken. For 1/2, 1/3, and 1/4
pump failures; thé fuel temperatures attain steady state
values. They never exceed the fuel melting point even if the
reactor is not shut down. Also,rfor the coolant temperature,
the boiling point is exceeded in a complete LOFA while for
1/2, 1/3, and 1/4 pump failures, the maximum attainable

coolant temperatures are: 1017, 987, 977 °K’s respectively.

Recommendations:

The following recommendations for further studies are
proposed:

1. The only gap considered in the thermionic fuel
element is the emitter/collector gap, otherwise all the TFE
regions are stacked next to each other. For further
development of the TFETC code, it is recommended to induce
some gaps between fuel and emitter or collector and insulator
in order to increase the safety margins in the event of an

accident.
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2. The Gauss elimination methods are not the only
technique to solve the unsteady state conduction equations
but rather there are some methods that give accurate and
reliable results. The round off error in the Gaussian
elimination is large. Hence, it will be useful to try the
code with other linear system solvers.

| 3. For more accurate calculations, it is recommended
to choose very small time increments. The smaller the at, the
swallexr the truncation errér of the implicit method.

4. For a large transient time as in the case of a TFE
pin, it is not recommended to use the explicit method due to
its deficiency that allows stability for only very small time
steps and hence requires an immense period of computer time
to study the transient. Other discretization methods can be
studied which allow better control of the accuracy and faster
execution times.

5. It would be desirable to improve the TFE model
which is currently implemented in CYLCON6 to handle transient
effects.

6. It is important to test the code results against
experiments such as the Thermionic System Evaluation Test
(TSET) of the TOPAZ-II system. Also, it is necessary to
compare results with single cell test start experiments.

7. To analyze additional accident scenarios such as
LOFA with reactor start up and reactor shut down.

8. The heat transfer mechanism is completely
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different when the coolant reaches its boiling point, so it
is desirable to develop a methodology to be able to handle
cases in which boiling occurs in the NaK coolant.

8, It is recommended to decrease az, to be less than
1, to reduce the error arising from the implicit method. It
is also advisable to replace the subroutine of the Gauss
elimination with another subroutine which takes care of the
bound error associated with the solution. For example, DGESVX

subroutine.
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SAMPLE INPUT FILE FOR

ADY STATE PROBULEM *%%

895.0.12 0.78 620.0 245.0 245.0 3177.705

2

0.73
0.15
0.60
0.60
0.75
0.80
0.90
0.90
0.95
0.95
1.00
0.20

0.425
0.60
0.60
0.75
0.80
0.90
0.90
0.95
0.95
1.00
1.25
0.00

13 ! fuel
0 ! fuel emitter gap
20 | emitter
70 ! emitter-collector gap
30 ! collector
0 ! collector -insulator gap
80 ! insulator
o ! insulator~cladding gap
30 ! cladding
! coolant channel
25.40 25.40



o de

1

1

1l
2000.0
40.0
0.5

0
900.0
2000.0
100.0
895.0.12 0.78 620.0
2

STARTUP
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SAMPLE INPUT FILE FOR

PROBLEM #&*

245.0 245.0 3177.705

0.73 0.425

0.15 0.60 1 3 ! fuel

0.60 0.60 O ! fuel emitter gap

0.60 0.75 2 0 ! emitter

0.75 0.80 7 0 ! emitter-collector gap
0.80 0,90 3 0 ! collector

0.90 0.90 © ! collector -insulator gap
0.90 0.95 8 0 I insulator

0.95 0.95 0 ! insulator-cladding gap
0.95 1.00 3 0 ! cladding

1.00 1.25 ! coolant channel

0.20 Q.00 25.40 25.40



*** [, 0 S 8§ O

3

1

1
500
10
0.5
0

0.5 0.5 30.
895.0.12 0.78 620.0

2

0.73 0.425
0.15 0.60

0.60 0.60

0.60 0.75

0.75 0.80

0.80 0.90

0.90 0.90

0.90 0.95

0.95 0.95

0.95 1.00

1.00 1.250

WORQUWNINO K
o (= o000

0

(R

SAMPLE INPUT FILE FOR

F FLOW

! fuel

emitter
collector

insulator

cladding

e
oun g fpie b ) S b=

0.20 0.00 25.40 25.40

2207.611 2185.197
2261.743 2237.103
2362.666 2333.887
244%.023 2416.885
2496.643 2462.591
2496.923 2462.867
2449.686 2417.542
2363.191 2334.407
2261.853 2237.203
2222.000 2200.541
895.000 901,026

2131.858
2174.669
2261.168
2335.950
2377.041
2377.311
2336.592
2261.677
2174.740
2144.165
907.582

2049.918 1943.400 1939.525
2080.671 1958.691 1954.265
2152.026 2010.708 2005.680
2214.9%47 2058.707 2053.209
2249.513 2085.177 2079.421
224%9.774 20085.429 2079.673
2215.569 2059.308 2053.810
2152.512 2011.179 2006.151
2080.698 1958.669 1954.236
2058.677 1947,356 1943.316
914.603 921,953 929.398

fuel emitter gap

coolant channel

919, 364
923,913
932,373
941.053
949,393
956.919
963.355
968,705
973,350
982.179
93€.677

PROBLEM

245.0 245.0 3177.705

emitter-collector gap

nsulator-cladding gap

915,027
919.955
928,077
%36.471
944,654
952.191
958 .4804
964.462
969.444
977.829
943.567

ollector -insulator gap

s02.
08,
915,
9222,
930.
937.
.983
951.
957.
964,
949,

944

* k%

619
548
561
963
523
950

458
3geé
311
961

900.716
906.816
913.681
820.958
92B.448
935,980
942.992
945.601
955,675
962.414
955.821

146



*%%k S H U

COoORPMRPFN
L} L] L[]
oo

0.0065
=3.0
895.0.12 0
2

0.73 0.425
0.15 D.60
0.60 0.60
0.60 0.75
0.75 0.80
0.80 0.90
0.90 0.90
0.90 0.95
0.95 0.95
0.95 1.00
1.00 1.25

0.20 0.00
2207.611 2186,157

SAMPLE INPUT FILE FOR

T DOWN PROBLEM &%

.78 620,.0 245.0 245.0 3177.705

13 ! fuel

0 ! fuel emitter gap

20 ! emitter

70 ! emitter-collector gap
30 ! collector

0 ! collector -insulator gap
8 0 ! insulator

0 ! insulator-cladding gap
30 ! cladding

! coolant channel

25.40 25.40
2131.858 2049.918 1943.400 1939.525 919.364 915.027

2261.743 2237.103 2174.662 2080.671 1958.691 1954.265 923.913 919,955
2362.666 2333.887 2261.168 2152.020 2010.708 2005.680 932.373 928.077
2449.023 2416.8985 2335.550 2214.947 2058.707 2053.209 941.053 936.471

2496.643 2462.591

2377.041 2249.513 2085,177 2079.421 949.393 944.654

2496.923 2462.867 2377.311 2249.774 2085.429 2079.673 956,919 952,191
2449.686 2417.542 2336.592 2215.569 2059.308 2053.810 963.355 958.808
2363.191 2334.407 2261.677 2152.512 2011.179 2006,.151 968&.705 964,462
2261.853 2237.203 2174.740 2080.698 1958.669% 1954.236 973.350 965.444

2222.000 2200.541
895.000 901.026

2144.165 2058.677 1947.356 1943.316 982.179 977.829
907.582 914.603 921.953 929.398 936.677 943.%67

902.619%
908.548
915,561
922.963
230,523
937.950
944.983
951,458
957, 386
964, 311
945,961

900.716
906.816
913.681
920,958
928.448
935.880
942.992
945.601
955.675
962.414
955.821

147
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TFETC INPUT DESCRIPTION ( CODE MANUAL )

khkhkAAta® S T EA DY S TATE HRkkddhdked
l A8 Title ( Steady state )
Line 2 J1 must be 4 for steady state
i 3 11 Type of solver (must be 1 or 2)
1. Gaussian Elimination Solver
2. Y12M Solver
Line 4 7F10.0 Tinlet, Mdot, W, Tr, Itop, Ibottom,
PowerTh
W Tinlet : Temperature of the NaK coolant as it
enters the cooclant channel of the TFE
(K).
B Mdot : Mass Flowrate of the NaK coolant
within the TFE coolant channel (Kg/s).
"y : Weight Fraction of Potassium within
the NaK coolant. Range: 0 < W £ 1.0.
Standard value: 0.78 (Eutectic Nak)
" r : Cesium reservoir temperature (K),
Trz0
® Jtop : Current flow at the top connection of
the TFE is defined as the end at which
the coclant exits the TFE coolant
channel ( Amperes ). Range: x> 0.0
® Ihottom: Current flow at the bottom connection
of the TFE is defined as the end at
which the coolant enters the TFE
coolant channel { Amperes ).
Range: = 0.0
® powerTh: For PowerTh 2 0: Total power produced

in the fuel of the TFE (Watts).

For PowerTh ( 0: ABS(PowerTh) =
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Average Volumetric heat generation
rate within the fuel of the TFE
(Watts/cm®) .

Line 5: J2 1If TabFlag = 1, a table of axial power
peaking factors versus axial position
follows.

If TabFlag = 2, the following line
contains coefficients for a correlation
for the axial power peaking

factors versus axial position.

| Other values of TabFlag generate an error
condition.

Line 6:2F10.0 2,G if TabFlag = 2

® 1f TabFlag = 1, then Z and G are entries in a
table of axial power peaking factors.

Z = Axial position of the table
entry (cm). Measured from the
bottom of the TFE.

G = Ratio of the linear heat
generation rate at position Z to
the average linear heat
generation rate in the TFE fuel.

This line is repeated until ¢ ( 0.
OR
A,B if TabFlag = 2.

B 1f TabFlag = 2, then A and B are coefficients in
the following correlation:

G=A+ B * SIN ((Z - Zmin) / (Zmax - Zmin) * Pi)

where G is the ratio of the linear heat
generation rate in the TFE fuel
at axial position Z to the
average linear heat generation
rate.

Zmin is the axial position of the
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bottom of the fueled region
(cm) .

Zmax 1is the axial position of the top
of the fueled region (cm).

Pi = 3.1415926

The following line is repeated for each of the nine
internal regions of the TFE excluding the coolant channel.

2F10.0, 2I5 IR(I), OR(I), MatNum(I), Rmest(I).I =
1 to 9
IR(I): Inside radius of region I(cm). IR(I)

must be greater than or equal to zero;
IR(I} must equal OR(I=1l) for I =1
through 9.

OR(I): Outside radius of region I(cm). OR(I)
must equal IR{I+1l) for I =1 through 9.

MatNum(I): Identification number for the material
in region I. The numbers are currently
defined as follows:

MatNum Material
U0,
nggsten
Niobium
NblZr

Molybdenum

Cesium u

Al,0, H

Rmesh(I): Rmesh(I) equals the number of radial mesh
intervals within region I minus 1. Mesh
points automatically exist at the interior
and exterior surfaces of each region.

Rhenium

W I~ e W N
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( If IR(1) = 0, then the inner most mesh
point occurs at the fuel centerline ).
Specifying Rmest(I) )0 generates additional
mesh points within region I. For instance,
consider Rmesh(1l) = 3. This results in 5 mesh
points ( 4 mesh intervals ) within the fueled
region of the TFE: one on the interior
surface of the fuel, and three equally spaced
radially within the fuel. The interior and
exterior mesh points are shared with the
adjacent regions. For example, if Rmest(7) =
0, the insulator region contains only 2
radial mesh points { 1 radial mesh interval
covering the entire insulator region ) and
the interior mesh point is also the exterior
mesh point of the collector/insulator gap
region, while the exterior mesh point is also
the interior mesh point of the
insulator/cladding gap region.

® The TFE regions (I = 1 to 9) are as
follows:

I Region
1 Fuel ﬂ
2 Fuel/Emitter Gap

“ 3 Emitter

" 4 Enitter/Collector Gap

Collector
Collector/Insulator Gap

Insulator
Insulator/Cladding Gap

Cladding ,

Coolant Channel ﬂ

W The region 2, 6 and 8 are included to allow

r=
ﬂl—*uﬁmqmm
o
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for small gaps to be modeled between the
solid regions of the TFE.

However, it is recommended that the TFE be
modeled with all of the solid regions in
close contact, i.e. with the following
specifications:

OR(1) = IR(2) = OR(2) = IR(3)

OR(5) = IR(6) = OR(6) = IR(7)

OR(7) = IR(8) = OR(8) = IR(9)

2F10.0 IR(10), OR(10)
IR(10):

OR(10):

4F10.0 Ems, Znmin, Zmax,

Ems:

Inside radius of the coolant channel
(cm) . Must equal OR(9).

Outside radius of the coolant
channel (cm)

L

Effective radiative emissivity
between the emitter and collector
surfaces (across the
emitter/collector gap). The heat
transfer Q due to radiation across
the emitter/collector gap is given
by:

Q(2) = Ems * (Temitter(Z)** 4 - Tcollector(z)*+* 4)

where Temitter(2)

Tcollector(2)

Note:

Zmin:

Zmax:

is the emitter surface temperature at

position Z.

is the collector surface temperature
at position Z.

An effective emissivity -~-- "less
than 0.1 is not maintainable, and one
greater than 0.2 is undesirable.¥
Hatscopoulos and Gyftopoulos,
Thermionic Energy Conversion, Vol. 1,
1975, p.83.

The axial position of the bottom of
the fueled region of the TFE (cm).

The axial position of the top of the
fueled region of the TFE (cm).
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L: Total length of the TFE, including
electrode leads.

Note: TFETC does not model heat conduction
away from the TFE via the electrode
leads. Therefore, the value of L must
equal Zmax - Zmin; otherwise an error

condition results.
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TFETC INPUT DESCRIPTION ( CODE MANUAL )

Ahbkhdhbdd S T ART UDP Sedakddddd

Line A Title ( Start up )

Line 2 11 must be 1 for start up

ine 3 T Type of solver
(must be 1 or 2)
1. Gaussian Elimination Solver
2. Y12M Seclver
Line 4 11 Options:

(must be 1 or 2)
1 use default ambient

injtial temperature (
i.e. T = 298 K )

2 a table of T(r,z)
Other values of options generate an error.

Line 5: F10.0 Transient Test Time, sec.

(Transient Time must be
greater than 0 and greater
than Print Time Step)

Line 6: F10.0 Print Time Step, sec.

Line 7: F10.0 delta t, sec.

(must be less than Print
Time Step)

Line 8: F10.0 printout options
(must be 0 or 1)

0 prints everything except the

temperature profile
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throughout the TFE.
1 prints everything
Line 9: F10.0 temperature at which heating by helium is
stopped, K.

(recommended between 700
and 900)

Line 10: F10.0 temperature at which electron cooling
starts, K.
(recommended between 1800
and 1950)

Line 11: F10.0 power rise coefficient, tau, sec.
(must be greater than 0)

Line 12: 7F10.0 will be the same as Line 4 in the
steady state input file

After Line 11, the startup input file follows the same
description of steady state input file starting from Line 4.
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TFETC INPUT DESCRIPTION ( CODE MANUAL )

shhhhahke® L O S S OF PLOW Y Y YY T L

ine 8 Title ( Loss of Flow )
ne 2 1 must be 3 for loss of flow

Line 3 11 Type of solver
{(must be 1 or 2)

1. Gaussian Elimination Solver

2. Y12M Solver

Line 4 11 Options:
(must be 1 or 2)

1. The steady state temperature
distribution is generated by
the TFEHX code.

2. a table of T(r,z) can be used
by the user as a forcing
function.

Other values of options generate an error.

Line 5: F10.0 Transient Test Time, sec.
(Transient Time must be
greater than 0 and greater
than Print Time Step)

Line 6: F10.0 Print Time Step, sec.

Line 7: F10.0 delta t, sec.

(must be less than Print
Time Step)

Line 8: F10.0 printout options
(must be 0 or 1)

0 prints everything except
the temperature profile
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throughout the TFE.
1 prints everything

Line 9: 3F10.0 Loss of mass flowrate coefficients:
A, B, t (v should be in seconds)

((A + B) must equal 1)
m=m(A+ B * exp(-t/1))

1) 1/1 Pump Failure
A= 0'0
B-= 1.0
T > 0.0

2) 1/2 Pump Failur
A=

3) 1/3 Pump Failure

4) 1/4 Pump Failure
A
B
T

VEIN
[ =
L
8]
o

After Line 9, the loss of flow input file follows the same
description of steady state input file starting from Line 4.
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TFETC INPUT DESCRIPTION ( CODE MANUAL )

whkkkhhhhts S HU T DOWN whkhdhidand

Line 1 A 80 Title ( Shut down )
Line 2 TI1 must be 2 for shut down

Li 11 Type of solver
{(must be 1 or 2)

1. Gaussian Elimination Solver
2. Y12M Solver

Line 4 I3 Options:
(must be 1 or 2)

1. The steady state temperature
distribution is generated by
the TFEHX code.

2. a table of T(r,z) can be used
by the user as a forcing
function.

Other values of options generate an error.

Line 5: F10.0 Transient Test Time, sec.
(Transient Time must be
greater than 0 and greater
than Print Time Step)

Line 6: F10.0 Print Time Step, sec.

Line 7: F10.0 delta t, sec.
(must be less than Print
Time Step)

Line 8: F10.0 printout options
(must be 0 or 1)

0 prints everything except
the temperature profile
throughout the TFE.

1 Prints everything
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Line 9: F10.0 Total delayed fraction, P

0.0065 for **y
0.0026 for **u
0.0021 for ?2*pu
0.0203 for 237Th

=T
|

Line 10:F10.0 Negative Reactivity Coefficient
must be less than 0.0, $ unit.

After Line 10, the loss of flow input file follows the same
description of steady state input file starting from Line 4.
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lhtttﬂﬂifiiiﬁtiiiiiii TFETC e o ohe e e she e v v e Ve e el e

##es+ INPUT DATA SUMMARY FOR THE FOLLOWING CASE:
et START UP PROBLEM v
oo e ok ke W dr de e
ek Start Up Problem *+*%¥
Linear Equations solved using Gaussian elimination
Simulation Period, TIME = 20.00 Secs.
Print Time Step, TPRINT = 10.00 Secs,
Time Step Increment, delta t = 0.5000 Secs.
Print Option, ipout = 1.
Stop helium heating at the emitter temperature, Tstop = 500.00.
Start Electron cooling at the emitter temperature, Tstart = 2000.00.
Power-rise coefficient, tau = 0.100E+03,
P{t) = P{0O) * [ 1 -Exp (-t / tau} ]

COOLANT TYPE Helten Scdium=-Potasssium Alloy [NaK}
Potassium composition = 78%

COOLANT MASS FLOW RATE: 0.12 kilograma per second.

TEMPERATURE OF COOLANT AT CHANNEL INLET. 6%5.0 K.

TEMPERATURE OF CESIUM RESERVOIR 620.0 K.
PRESSURE OF CESIUM VAPOR: 5.6 Torr.

EFFECTIVE EMISSIVITY FOR RADIANT HEAT TRANSFER FROM
THE EMITTER SURFACE TO THE COLLECTOR SURFACE: 0.200000

DUTPUT CURRENT FROM THE TOP OF THE TFE: 245.0 Amperes.
OUTPUT CURRENT FROM THE BOTTOM OF THE TFE: 245.0 Amperes

TOTAL THERMAL PGWER PRODUCED IN THE TFE FUEL 3177 7 Watts.
AVERAGE VOLUMETRIC HEAT GENERATION RATE FOR THE TFE FUEL 118.0 Watts.
CORRELATION FOR THE RATIO OF THE HEAT GENERATION RATE

AT POSITION Z TO THE AVERAGE HEAT GENERATION RATE IN

THE TFE FUEL:

Fm= 0.7300+ 0.4250 * SIN((Z-Zmin)/(Zmax-Zmin)*3.14139)
AXIAL PERK-TO-AVERAGE RATIO FOR HEAT GENERATION IS: 1.1543

1***.1‘10************ TFETC 46 de o se e vl e e e v e 9l e de e e e e

*#dud TNPUT DATA SUMMARY FOR THE FOLLOWING CASE:
**¢ S TARTUP RQOGBLEM *~*

*wewd CPOMETRY DATA EDIT &+
wweed PANTAL GEOMETRY *%w++

Inside Qutside Humber of
Region Radius Material Interior
(em) {cm) Mesh Points
fuel 0.150000 0.600000 uo2 3
emittey 0.600000 0.750000 w ]
emitter-collactor gap 0.750000 0.800000 cs 0
collector 0.800000 0.900000 nb i}
insulator 0, 900000 D.950000 alzold [+
cladding 0.950000 1.000000 nb 0
coolant channel 1.000000 1.250000

didkk BYTAL GEOMETRY *%%%+

AXIAL POSITION OF THE UPPER LIMIT FOR
THE FUELED REGION OF THE TFE  0.000000 (cm)
AXIAL POSITION OF THE LOWER LIMIT FOR
THE FUELED REGION OF THE TFE. 25.400000 {cm)
AXIAL EXTENT OF THE FVELED REGION OF THE TFE: 25.400000 {(cm)
TOTAL LENGTH OF THE TFE, INCLUDING ELECTRODE LEADS: 25,400000 (cm)
lﬁiiiiiiﬁiﬂiiiii***ﬁt TFETC drdededrdededr ol e d ol b b b
wwiws RESULTS FOR THE FOLLOWING CASE:
¢ STARTUP RO BLEM kv
TIME = 0.00000000

TEMPERATURE DISTRIBUTION FOR THE FUEL REGIQN =---

t{ 1, 1) = 299.0000000
t( 1, 2) = 299.0000000
t( i, 3) = 298.0000000
t{ 1, 4) = 293.0000000
t( 1, 5) =  2%8.0000000
t( 1, €) = 2%B.0000000
t( 1, 7)) = 298.0000000
t{ 1, 8} =  298,0000000
€ 1, 9) = 296.0000000
t{ 1, 10) = 298.0000000
t{ 2, 1) = 258.0000000
tl 2, 2} = 298.0000000
t{ 2, 3) = 298.0000000
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298.0000000
258. 0000000
2%8.0000000
298.0000000
296.0000000
298.0000000
298, 0000000
298.0000000
298 0000000
298 0000000
298 0000000
298 0000000
298 0000000
258.0000000
298.0000000
298.0000000
296,0000000
298.0000000
298,0000000
298.0000000
298. 0000000
25%8.0000000
296.0000000
296.0000000
298.0000000
298.0000000
298.0000000
288, 0000000
298.,0000000
298.0000000
298.,0000000
298.0000000
298,0000000
298.0000000
298,0000000
298.0000000
298.0000000
298.0000000
298.0000000
298 0000000
298 0000000
298 0000000
298 0000000
298 0000000
258.0000000
298, 0000000
298.,0000000
298.0000000
298.0000000
298.0000000
298.0000000
298.0000000
258.0000000
298.0000000
298.00000600
298.0000000
298.0000000
298.0000000
298.0000000
298.0000000
298.0000000
298,0000000
298, 0000000
298.0000000
298.0000000
288.0000000
298, 0000000
298. 00000600
298.0000000
298.0000000
298.0000000
298.0000000
298, 0000000
298.0000000
298.0000000
298.0000000
298.0000000
298.0000000
298.0000000
258.0000000
258.0000000
298,0000000
298.0000000
298.0000000
298.0000000
298.0000000
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t{ 10, 10} = 298.0000000
tcool{ 1) =  895.0000000
tcool( 2} =  895.0000000
tecool( 3} =  835.0000000
teool( 4} =  895.0000000
feooll 5} - 893.0000000
tcool( 6} =  §95.0000000
teool{ 1) -  §55.0000000
tcool( B) =  8%5.0000000
teocl( 9) = 895.0000000
tcoel{ 10} = 895.0000000
Temperature of coolant at core exit: 895,000 degrees K.
Veltage across bottom of cell: 0.0000000
Voltage across top of cell: 4.0000000
Qutput current = 0.0000000
Qutput electrical power = 0.0000000
Tetal Thermal power = 0.0000000
Z v Qec Jdens
0.00000000 0.00000000 0.00000000 0.00000000
2.82222222 0.00000000 0.0000000D 0. 00000000
5.64444444 D.00000000 0.00000000 0.00000000
8.46666667 0.00000000 0. 00000000 0.00000000
11.28888889 0.00000000 0. 060000000 0.00000000
14.11111111 0.00000000 0.000006G0 0.00000000
16.93333333 0.00000000 0.00000000 0.00000000
19,75555556 0.00000000 9.00000000 0.00000000
22.57777778 0.00000000 0. 00000000 0.00000000
25,40000000 0.00000000 0.00000000 0.00000000
Z EmHeat ColHeat
0.00000000 0.00000000 0.00000000
2.82222222 0.00000000 0. 00000000
5.64444444 0.00000000 0.00000000
8.46666667 0.00000000 0.00000000
11.2888888% 0.00000000 0 000060000
14.11111111 0.00000000 0 00000000
16.93333333 0.00000000 0 00000000
19.75555556 0.00000000 0 00000000
22.577177171718 {.00000000 ¢ ogoogges
25.40000000 0.00000000 0.00000000
Z Qch Qrad QRCsCond
0.00000000 0.00000000 0. 30000000 0. 00000000
2.82222222 0.00000000 0.00000000 6.0000G000
5.64444444 0.00000000 0.00000000 0.00000000
B.46666667 0. 00000600 0.00000000 0.00000000
11.28888809 0.00000000 0. 00000000 4. 00000000
14.11111111 0.00000000 0.00000000 0 00000000
16.93333333 0.00000000 0. 00000000 0 G000G000
19,75555556 0.00000000 0.00000000 0 00000600
22.577771178 0.00000000 0.00000000 0 00000000
25.40000000 0.00000000 0.00000000 0 00000000

LNk ke ke TRPETC ko e e b ko
**¥%% RESULTS FOR THE FOLLOWING CASE:

*** S TARTUP PROBLEM *v¥

TIME = 10.00000000

TEMPERATURE DISTRIBUTION FOR THE FUEL REGION ---

e 1, 1) 302.8718008
£t 1, 2} 304.9487739%
£t 1, 3) 306.0289744

1, 4) 306,7853917

307.185445%8
307.1843456
306.7823554
306.0245954
304.9437831
303.0465792

2, 1) 302.6851613
2, 2} 304.8625008
¢ 3} 305,9377254
+ 4} 306.6858851
, 9] 307,0813961

lad
-
o0
[ 0 T T I I IO IO I I I B B N ]

(s e e e e N ol ol e e e
e i o oy oy "
-

-

-

[+

307.0803280



[NE YAy SY Y SN N
- mewomowow o

- owow o

-

AN N LR AR O e e e e il bl B b e i ) G G G G L G

- M oM M oM ORm oW OW WA W oW e oW oW oW

L cnenin
. v e

hovth
- % o™

WO WD AL LD 0D D 30 DD 00 00 3 0 A0 O wd wd wd )l ) el g

L A N e EER I )

L e e o o i el e ol o e s e o e O e e el o ol o e e Bl el e e el g
ARSI LA RS S S A ML ARG 1518 WA SN SA GG SIS LA LA S G S A LSS LS A AS MGG S PSS L LRI A 1

(o
_—

[

o
~

306.6829409
305.9334594
304.8577151
302.8713899
302,1B843453
304.6326810
305.6944395
306.4205951
306.8039771
306.8029909
306.4178717
305.6905006
304.6283846
302.3549294
301.3532343
304.2518257
305.2917614
305.9814804
306.3447454
306.3438835
305.9790991
305.2883162
304.2485143
301.4856964
300.1233274
303.6894295
304.6972746
305.333197¢%
305.6666669
305.6659676
305.3312647
304.6945012
303.6870040
300.1934887
300.0115130
303.6476278
304.6519975
305.2837096
305.6145047
305.6142110
305.2817920
304.6492483
303.6462754
300.0763484
887.0273947
§93.8633088
893.9128826
893,9132047
B93.9132066
893.9132066
853.9132025
£53,.9126478
£93.8454120
887.0264901
887.5363084
853.9263743
893.9726393
893.9729389
B93.9729408
893.9729407
893.9729369
893.9724191
893.9094610
887.5354542
890.5895308
894.5193399
§94.5403220
894.5404529
B94,.5404537
894.5404537
854.5404520
894.5402253
894,5117879
890.5889527
§91.2092255
B94.6369246
B94.6530197
B94.6531194
B94.6531200
854.6531200
804.6531187
894.6529464
894,6312302
891.2087526
§95,0000000
§95.0000000
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tcoel( 3} =  8$95.0000000

tcocl| 4) = 895.0000000

tcool{ 5) = §95,0000000

tcool[ 6} = 895.0000000

tcool{ 7} = 895.0000060

tecoel( 8) =  895.0000000

tecool( 9) =  895.0000000

teool( 14) = 895.0000000

Temperature of coolant at core exit: 895.000 degrees K,
Voltage across bottom of cell: 0.0000000
Voltage acress top of cell: 0.0000000
Quiput curreant = 0.05000000

Output electrical power = 0. 0000000

Total Thermal power =  302.3986125

H v Qec Jdens
0.00000000 0. 00000000 4.00000000 0 00000000
2.82222222 0.00000000 0.00000000 0 00000000
5.64444444 0.00000000 0.00000000 0.00000000
8.46666667 0.00000000 0.00000000 Q.00000000

11.29888889 0.00000000 Q. 00000000 0.00000000
14.11113111 0. 00000000 0.00000000 0.00000000
16,.93333333 0.00000000 0.00000000 0.00000000
19.75555556 0. 00000000 0.00000000 0.00000000
22.5T7T777118 0.00000000 0.00600000 0.00000000
25,40000000 0.00000000 0.00000000 6.00000000

4 EmHeat ColHeat
0.00C00000 0.00000000 0. 00000060
2.R2222222 0,00000000 0. 00000000
5.64444444 0. 00000000 6.06000000
B.4666666T 0. HH0O0000 0.00000000

11,28888889 0.0G000000 0.00000000
14.11111111 0.00000000 0.00000000
16,93333333 0.00000000 0.000000040
19.75555556 0.00000000 0.00000000
22.87777178 0.00000000 0.00000000
25.40000000 0.00000000 0.00000000

4 Qch Qrad QCsCond
0,00000000 0.00000000 0.00000000 0.000600000
2.82222222 0. 00000000 0.00000000 0.00000000
5.64444444 0.00000000 0.00000000 0.00000000
B.46666667 0.00000000 0.00000000 {.00000000

11.28898889 0.00000000 0.00000000 0.00000000
14.11111111 0.00000000 0.000600000 0.00000000
16.93333333 0.00000000 4. 00000000 0.00000000
19.75555556 0.00000000 4.00000000 0.00000000
22.577771178 0.00000000 0.00000000 0.00000000
25.,40000000 0.00000000 0.00000000 (.00000000

1**********tﬁ!ﬁb!’!—itii TFETC A W o e o o o e Wk b

**%¥* RESULTS FOR THE FOLLOWING CASE:
*** STARTUEP FPROBLEM ¥+
TIME = 20.00000000

TEMPERATURE DISTRIBUTION FOR THE FUEL REGION ==--

t( 1, 1) =  314.3188972
t( 1, 2) = 323.8055061
t{ 1, 3) = 32B,0695175
t{ 1, 4) = 330.8827027
t{ 1, 5 = 332,3510992
tf{ 1, 6} =  332,337283T
€{ 1, 7} = 330.8439274
t{ 1, B} = 328,0099727
t{ 1, 9 = 323.7156140
t{ 1, 10) = 314.8662271
tl 2, 1) = 313,8481635
t{ 2, 2) = 323,5737879
€ &, 3) = 327.8365972
t{ 2, 4} = 330,6305580
t{ 2, 5) = 332.0876954
£( 2, 6) = 332.0741236
t( 2, T =  330.5924504
tt 2, 8) =  327.7779803
Bt 2, 9 =  323,4857544
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314.4124792
312.6150764
322.9732739
327.2312886
329.9751740
331.4030291
331.3900775
329.9387688
327.1150175
322.8300245
313.1308168
310.6686031
322.0224680
326.2736928
328.9383730
230.3197435
330.3077369
328.95045654
326.2212440
321.9478092
311.0827745
307,9729533
320.6966308
324.940729%7
327.4952554

328.98116071

328.8008465
327.4648822
324.8934389
320.6361492
308.2334946
307.7350411
320.6104272
324.84708B28
327.3932048
328.7049117
328.6941956
327.36259555
324.7999906
320.5504811
307.9838412
894.9136469
894.9967241
894.3577590
834.9977702
894.9977703
894.9977703
B94.9977702
B894.9977578
894.9966875
£94,9136327
894,91929%1
894.9965118
894.9978826
894.9978931
894.9978932
894.9978532
494.9978931
494.9978815
894,9968773
894,.9192858
894.9538973
894.9986310
894.9990637
B94.9990683
694.5990684
894.99930684
894 ,.9990683
854.9990632
894.9986157
894.95388597
894,.9606406
894 ,.9989646
894.9992539
894.9992973
9594.9992974
854.9992974
894.9992973
894,9992935
B94.9989531
894,9606341
§95.0000000
855.0000000
835.0000000
895.0000000
895.0000000
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tcool{ 6)
teooll( 7)
teool{ B8)
teool{ 9)
teaol( 10)

Temperature of coolant at core exit:

Voltage across
Voltage across

895.0000000
495.0000000
895.0000000
895.0000000
895.0000000

bottom of cell:

top of cell: 0.0000000

Output current = 0. 00600000

Qutput electrical power =

Total Thermal power = 576.0201923

0. 0000000

895.000 degrees K.

H v Rec Jdens
¢. 00000000 0.00000000 0. 00000000 0.00000000
2.82222222 0. 00030000 0. 00000000 0.00000000
S.64444444 0.00000000 0.00000000 0.000006000
B.46666667 . DO0O00OODD 0. 00000000 0.00000000
11.28888889 0.00000000 0.00000000 0. 00600000
14.11111111 0.00000000 0.00000000 0. 00000000
16.93333333 0.00000000 0.00000000 0.00000000
19.75555556 0.00000Q000 0.00000Q000 0.0Qa00000
22.57777118 1.00000000 0.00000000 0., 000000809
25.40000000 0.00000000 0.00000000 0.006000000
z Enfieat ColHeat
0.000Q0000 0 00000000 0 00000000
2.82222222 0 00000000 0 00000000
5.64444442 0 00000000 0 00000000
B.46666667 0 00000000 0 00000000
11.268858889 0 00000000 0 gopoonoo
14,11111111 0.00000000 0.00000000
16.93333333 0.00000000 . 00000000
1%.75555556 0.00000000 0.00006000
22.5717717778 0.00000000 0.00000000
25.40000000 a. 00000000 0. 00000000
Z Qch Qrad QCaCond
0.00000000 0.00000000 Q.00000000 4.00000000
2.82222222 G. 00000000 0.00000000 0.00000000
5.64444444 0.00000000 0.00000000 .00000000
B.46666667 0.00000000 0.00000000 0.00000000
11.2¢s888889 Q.00000000 0.00000000 0.00000000
14,11131133% 0.00000000 D.00000000 0. 00000000
16.93333333 0.00000000 0.00000000 0.00000000
19.75555556 0.00000000 0.00000000 D0.00000000
22.57T1177178 0.60000000 0. 00000000 0.00000000
25.40000000 0. 00600000 €. 00000040 0.00000000
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1*"&****‘*******“‘* TFETC e e W o b ko e ol ol sk ol b o ol ke

#wwws THPUT DATA SUMMARY FOR THE FOLLOWING CASE:
*»* L 0SS5 OF FLOW PROBLEM **+
el ke e o W
widdd Toss of Flow Problem **+ee
Linear Equation® solved using Gausaian elimination
Simulation Period, TIME = 20.00 Secs.
Print Time Step, TPRINT = 10.00 Secs.
Time Step Increment, delta t = 0.5000 Secs.
Print Option, ipout = 1,
Mazs-loss coefficients, A = 0.5000, B = 0.5000, tau = Q,300E+02.
Mdot(t} = Mdot(0) * [ A + B * Exp{- t / tau ) ]

COOLANT TYPE: Molten Sodium-Potassium Alloy (NaK}
Potassium composition = 78%

COOLANT MASS FLOW RATE: ©.12 kilograms per second.

TEMPERATURE OF COOLANT AT CHANNEL INLET: 895.0 K.

TEMPERATURE OF CESIUM RESERVOIR: 620.D0 K.
PRESSURE OF CESIUM YAPOR: 5 6 Torr

EFFECTIVE EMISSIVITY FOR RADIANT HEAT TRANSFER FROM
THE EMITTER SURFACE TO THE COLLECTOR SURFACE: 0.200000

QUTPUT CURRENT FROM THE TOP OF THE TFE 245 0 Amperes.
QUTPUT CURRENT FROM THE BOTTOM OF THE TFE 245.0 Amperes.

TOTAL THERMAL POWER PRODUCED 1IN JHE TFE FUEL. 3177.7 Watts.
AVERAGE VOLUMETRIC HEAT GENERATION RATE FOR THE TFE #UBL: 118.0 Watts.
CORRELATION FOR THE RATIO OF THE HEAT GENERATION RATE

AT POSITION Z TO THE AVERAGE HEAT GEMERATION RATE IN

THE TFE FUEL:

F= 0.7300+ 0.4250 * SIN{{Z-2min)/(Zmax-Zmin}*3.14159)
AXIAL PEAK~TO-AVERAGE RATIO FOR HEAT GENERATION IS: 1.1543

1*****************‘*# TFETC LA A AR L AR LA 222

*ww%ew THPUT DATA SUMMARY FOR THE FOLLOWING CASE:
*** LOSS OF FLOW PRORLEM w+

seeid GEOMETRY DATA EDIT *wwéw
weedd RADIAL GEOMETRY *www+

Inside Outside Number of

Region Radius Radius Material Interior

{em) {cm) Mesh Points
fuel 0.150000 0.600000 o2 3
emitter 0.600000 0.750000 W 0
emitter~collector gap 0 750000 0.,800000 cs 0
collector 0 800000 9, 500000 nb /]
insulator ¢ 900000 0.9350000 alzol 0
cladding % 950000 1.000000 nb [+]

coplant channel 1 9440000 1.250000

whwdd BYTAL GEOMETRY +%%¥%

AXIAL POSITION OF THE UPPER LIMIT FOR
THE FUELED REGION OF THE TFE: 0.000000 {cm)
AXIAL FOSITION OF THE LOWER LIMIT FOR
THE FUELED REGION OF THE TFE: 25.400000 {cm)
AXIAL EXTENT OF THE FUELED REGION CF THE TFE: 25.400000 (c¢m)
TOTAL LENGTH OF THE TFg, INCLUDING ELECTRODE LEADS: 25.400000 (com)

Temperature of coolant at core exit: 911.2 degrees K.
lsﬁo.oo'attiiﬁi****** TFEHx W W RNk ok de bk bk W
¢esss RESULTS FOR THE FOLLOWING CASE:

¢ LOS8 OF FLOW PROBLEM ies

ITERATION HISTORY -~
Converging the RM3 error to leas than 0.1 K.

Iteration ¢ 1 BRMS errer =  352.3744542 Ave Diff. =  244.0701024
Max. Brror = B36.2653934

Temperature of ¢oolant at <ore exit: 935.1 degrees X.
1*******'4**********& TFEHK Fo U e e e e e ke e e e e e e e e e e ok
*%+w+ RESULTS FOR THE FOLLOWING CASE:
wk* L, OS5 S QF FLOW PROBLEM ke
ITERATION HISTORY =-=-
Converging the RMS error to less than 0.1 K.
Iteration : 2 RMS error = 120.6911636 Ave Diff. = 82.8249888
Max. Error = 262.7163942

Temperature of coolant at core exit: 94%.3 degrees K.
1*****************tt# TFEHK o e e e e e ke ol e ek e e e e W e

**+w% RESULTS FOR THE FOLLOWING CASE:



** L OSS QF FLOW PROBLEM #**
ITERATION HISTORY --

Converging the BMS error to less than 0.1 K.

Iteration : 3 RMS error = 48.0790538 Ave Diff. =
Max. Error = 124.2231601

Temperature of coolant at core exit: 951.7 dagrees K.
1&*********&********* TFEHX LA R LT LA IRl Y R DL

*+x¥+ RESULTS FOR THE FOLLOWING CASE:
**+ L 0SS OF FLOW PROBLEM vr
ITERATION HISTORY —-

Converging the RMS error to less than 0.
15.0890163

Iteration : 4 RMS error = 22.195%0022 Ave Diff. =
Max, Error = 47,70207688

Temperature of coolant at core exit: 954.4 degrees K.
1!'5&#4*%********#*** TFEHX LRI I TR I TT T T

#di+v RESULTS FOR THE FOLLCWING CASE:
*wt LOSS5S OF FLOW PROPLEM v
ITERATION HISTORY --

28.9756862

1K.

Converging the RMS error to less than 0.1 K.

Iteration : 5 RMS error = 10.5703466 Ave Diff. =
Max. Error = 24.5401210

Temperature of coolant at core exit: 955,71 degrees K.
liiit*****i*******i** TFBHX - e e de v e U W

whidd RESULTS FOR THE FPOLLOWING CASE:
ek L OS5 oF FLOW PROEBLEM bl

ITERATION HISTORY ==

6.1852238

Converging the RMS error to less than 0.1 K.

Iteration : 6 RMS error = 5.3631696 Ave Diff, =
Max. Brror = 10.053931%

Temperature of coolant at <ore exit: 956,3 degrees X,
1k ke dede e ek e ke e de e TEEHY ¥ trobrsededraieairar shesdesede o e dr de e i e

wak+r RESULTS FOR THE POLLOWING CASE:
¥** L QS8 OF FLOW PROBLEM ue+
ITERATION HISTORY --

2.8889611

Converging the RMS errser to less than 0.1 K,

Iteration : 7 RMS error = 2.7477195 Ave Diff. =
Max, Erroxr = 5.1710185

Temperature of coclant at core exit: 956.6 degrees K.
1*****0#.*.0’***#16&* TFBHX e ekl kWl

#iickw RESULTS FOR THE FOLLOWING CASE:

#H LOSS OF FLOW PROBLEM o+
ITERATION HISTORY =--

1.158179¢6

Converging the RMS error to less than 0.1 K.

Iteration : 8 BRMS error = 1 4849013 Ave Diff. =
Max. Error = 2 9321308

Temperature of coolant at core exit: 956.8 degrees K.
14********#********** TFEHX i ode O o ol ok ol ol ke e e i o b o ke e
*#wed RESULTS FOR THE FOLLOWING CASE:
**¢ L OSS OF FLOW PROBLEM |+
ITERATION HISTORY ~-

0.4761736

Converging the RMS error to less than 0.1 K.

Iteration : 9 PBMS error = 0.8003439 Ave Diff. =
Max. Error = 1.6387800

Temperature of coolant at core exit: 956.9 degrees K.
lo"wiiiitiitiiiw**tt TFEHX LA AL AL 22T TSR L)

+e++¢ RESULTS FOR THE FOLLOWING CASE:

*** LOSS g F FLOW PROBLEM 4w+
ITERATION HISTORY --

0.1667677

Converging the RMS error to less than 0.1 K.

Iteration : 10 RMS error = 0.4468618 Ave Diff., =
Max, Error = 0.90274483

Temperature of coolant at core exit: 996.9 degraes K.
ek ok ok ek ke ke e o e o e ok o TFEHx e A e e e e o ol e ke e o e W ke e ek

w#+4+ RESULTS FOR THE FOLLOWING CASE:
ek EO S5 S OF FLOW PROBLEM %+
ITERATION HISTORY =--

06.0509478

Converging the RMS error to lesa than 0.1 K.

Iteration : 11 RMS error = 0.2453117 Ave Diff., =
Max. Error = 0.4927094

Temperature of coolant at core exit: 956.9 degrees K.
Jhewawradbdkd bbbk TFEHK e e e e e s sl ok o ke e v ke e e ok e ok

tesww RESULTS FOR THE FOLLOWING CASE:

e+ L OS5 S8 OF FLOW PROBLEM *+~
ITERATION HISTORY --

0.0066867

Converging the RMS error to less than 0.1 K.

Iteration : 12 RMS error = 0.1374013 Awve Diff. =
Max. Error = 0.2662746

-0.0057550
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Temperature of coclant at core exit: 956.9 deqrees K
lt*******i****#***itt TFBHK e o e e e e e e o e o ol ol e ol ol ok o o
“#xwet RESULTS FOR THE POLLOWING CASE:
2w LOSS QF FLOW PROBLEM %
ITERATION HISTORY =--
Converging the RMS error to less thamn 0.1 K,
Iteration : 13 RMS error = 0.0754500 Ave Diff. = =0.0080428
Max., Error = 0.1428042
1***-&******&###*"&&*& T'E'EHK e e O dr e de e e e i e o i o i v e ol o
##vet RESULTS FOR THE POLLOWING CASE:
**»* L OS S OF FLOW PROBLEM bt
TEMPERATURE DISTRIBUTION FOR THE FUEL REGION ---

T{ 1, 1) = 2207.6099799
T{ 1, 2} = 2261.7498155
T{ 1, 3 = 2362.6692432
T 1, 4) = 2445.0244B39
TE 1, §) = 2496.6438504
TC 1, 6) = 2496.5186250
TI 1, 7 = 2449.6735003
T{ 1, 8) = 2363.1763020
T 1, 9} = 2261.8518754
T 1, 10) = 2221.9650827
T{ 2, 1) = 2186,1929268
P 2, 2) = 2237,1053504
T{ 2, 3) = 2333,8847952
T{ 2, 4) = 2416.8802095
T¢( 2, 5) = 2452.5838737
T 2, 6) = 2462.8553788
T( 2, 7y = 2417.5228984
T{ 2, 8) = 2334,3872511
T{ 2, §) = 2237.1977085
T{ 2, 10) = 2200.5031192
T{ 3, 1) = 2131,8455701
T{ 3, 2} = 2174.6616482
T{ 3, 3} = 2261.1536691
T{ 3, 4) = 2335,0307086
T¢C 3, 5) = 2377,0188307
T{ 3, &) = 2377.2839338
T{ 3, T) = 2336.5595171
T{ 3, ) = 2261.6454175
T({ 3, 9) = 2174.7248924
T( 3, 10} = 2144.1203825
T( 4, 1} = 2049.8943113
T[ 4, 2} = 2080.6498301
T{ 4, 3) = 2151.9899401
T¢{ 4, 4) = 2214.9105351
T( 4, 5) = 2249.4727497
T¢ 4, 6) = 2249.7299490
T( 4, 7) = 2215.5219128
T{ 4, 8) = P2152.4669546
T{ 4, 9 = 2080.6711635
T 4, 10) = 2058.8227204
T{ 5, 1] = 1943.3652400
T( 5, 2) = 1958.6571780
T( 5, 3) = 2010.4630404
T{ 5, 4) = 2058.6554004
T{ 5, 5) = 20B5.1206913
T{ 5, 6) = 2085.3690260
T({ 5, 7} = 2058.2461008
T{ 5, 8) = 2011.1211889
T{ 5, 9 = 1958.6304420
T[ 5, 10} = 1947.2927154
T{ 6 1) = 1939.4398721
T( 6, 2] = 1954.2307309
T{ 6, 3] = 2005.6346468
T{ 6, 4) = 2053,1568933
T({ 6, 5] = 207%,3647793
T{ 6, 6 = 2079.6131762
T{ 6, T) = 2053.7478765
T({ 6, 8) = 2006.0928726
T( 6, 9) = 1954.1970618
T{ 6, 10} = 1943.2526925
T( 7, 1} = 919.3693636
TL 7, 2) = 923.9247743
TE 7, 3] = 932.3917029
T( 1, 4] = 941.0796696
T( 7, 5) = 949.4278157
T{ 7, 6) = 956.9612147
T({ 7, T) = 963.4052389
T{ 7, 8) = 968.7628206
T{ 7, 9 = 0973,4131859
T{ 7, 10} = 982,2504182
T{ B, 1) = 915,0295911
T{ 8 2} = 919.9643110
T({ & 3] = 928.0941405
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T B, 4] = 936.495739%4
T{ 8, 5) = 944.6864194
T( 8, 6) = 952.2318028
T{ 8, 7} = 958.8557014
T{ &, 8) = 964,5168861
T( 8, 9) = B865.5054473
T( 8, 10) = 977.8976175
T 9, 1) = 502.62G0325
T[ 9, 2) = 905. 5560904
T{ % 3) = §915.5751364
T( 9, 4) = 922.9840447
T{ 9, 5] = 830.5510512
T{ 9, 6} = 937.9848177
T{ 9%, T} =  945.024673%
T({ 5, 8) = 551.5067375
T( 9 9 = 957.4406258
T({ 9, 10) = 964,3720872
T( 10, 1) = 900,7165965
T( 10, 2) =  906,8230273
T{ 10, 3) = 913,.6950848
T({ 10, 4} = 920.9783348
T( 10, 5) = 9268.4762371
T{ 10, &) = 935,9152%912
{18, T = 943.0341280
T( 10, 8) = %49.6§%3791
T{ 10, 9) = 955.7301540
T( 10, 10) =  962.4743495
Voltage across bottom of cell: 0.6427667
Voltage across top of cell: 0.6465651
Output current =  490.0000000
Qutput electrical power =  315.8862832
Z v Qec Jdens
0.00000000 0.64276668 12.99430163 4.81276691
2.82222222 0.73959046 10.19453024 3.651893715
S.64444444 0.81543279 11.26422623 3.93880029
B.46666657 0.86809799 11.79160175 4.05750062
11.258B80868689 0.8956545?7 12.06399612 4.11770336
14.11111111 0.89685880 12.08239618 4.12389963
16.93333333 0.87147959 11.85322300 4.07907171
19.75555556 0.82030557 11.39452654 3.98658183
22.57717117118 0.74481487 10.47748564 3.75821204
25.40000000 0.64636509 13.8959741% 5,16933972
2 EmHeat ColHeat
0.00000000 14.49810519 12.78456733
2.82222222 8.68565016 T7.62157940
5.64444444 4.81674372 4.12394584
8.46666667 1.97878625 1.5T4B753%8
11.26888889 0.24869437 0.20682254
14.11111111 0.15331479 0.12842295
16.93333333 1.60678297 1.37606431
19.75555556 4.41224414 3.91338449
22.571771T18 B.23791408 7.5584%246
25,40000000 14.53486721 13,59574866
2 Qch Qrad QCaCond
0.00000000 9.90081543 15.23808053 1.07744326
2.82222222 7.49362446 15.71537048 1.08777951
5.64444444 8.05239930 17.49574903 1.13124448
8.46666667 8.26919362 19.26610657 1.17042804
11.28888889 8.37595830 20,28345587 1.18641945
14.11111111 8.38384050 20.26435874 1.18111695
16.93333333 8.29839525 19.20296184 1.14859681
19.75555556 8.12431126 17.37203651 1.09503360
22.5771117178 7.67831344 15.52319973 1.03762210
25,40000000 10.55366016 15.11997007 1.01755208
Total computational time required: 1 wmin., 0.37 sec.
Time spent in Convect/CoolantTemp: O min., 0.00 sec. { 0.0%)
Time spent in CYLCONG6: 1 min., 27.10 sec. (84.3%)
Time spent in Gauas: 0 min., 15.33 sec. (14.8%)

l‘iitblﬁt***i*ttitbﬁ**

wweer RESULTS FOR THE FOLLOWING CASE:
OW PROBLEM

L 085S
TIME =

F FIL
0.00000000

Tc e drdrdrded e ek e e e e ok

hw

TEMPERATURE DISTRIBUTION FOR THE FUEL REGION =---
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2207.6106582
2261.7426054
2362.6664057
2445.0229475
24596.6433830
2496.9234677
2449.6863479
2363.1%142%8
2261.8530039
2221.9998042
2186.1971281
2237.1025284
2333.887393%
2416.8852771
2462.590605%
2462.8674079
2417.5418559
2334.4072952
2237.2029112
2200.5411066
2131.85681104
2174.6690550
2261.1684685
2335.94595908
2377.0411968
2377.3109644
2336.3916177
2261.5765)124
2174.7395541
2144.1652664
2049.9178867
2080,6705441
2152,0199439
2214.9465505
224%,5126048
2249,773%613
2215.5694463
2152.5116847
2080.6980165
2D58.6768568
1943.4002334
1958.6914577
2010.7078927
2058.7072181
2085.1766716
2085.4286152
205%. 3079608
2011.1789302
1958.6693771
1947. 3555271
1939.5292885
1954.2654800
2005.6800497
2053.2093102
2079.4213757
2079.6733825
2053.8103232
2006.1510542
1954.2364049
1943.3159623
919.3642134
923.9127148
932.3725376
941.0528808
949.3930788
956. 9185405
263.3549215
968.7053012
973.3498345
982.1790161
$15.0269657
919.9545935
928.0772959
936.4712201
944.6539122
962.1913380
458.8076000
964.4616232
969.4443033
977.8256091
902.6190560
908.5484778
915.5611828
922.9632337
930.5231087
$37.9496098



£t 9%, 7} = 944.98250
t{ &% #) = 951,45780
t{ % 9) = 957,38570
t{ 9, 10) = 964.31102
t{ 10, 1) = 900.71578
t{ 10, 2) = 906.81553
t{ 10, 3} - 913.68124
t{ 10, &) = 920.95761
t{ 10, 5 = 528.,44837
t( 10, 6) = 935,88023
t{ 10, 7) = 942,99203
t{ 10, 8) = 949,60053
t{ 10, 9) = 955,67530
t{ 10, 10) = 962.41403
tcool( 1) «  §95.00000
tcool{ 2} = 901,56976
tecool{ 3) = 905.10421
teool{ 4) = 915.11166
teool( 5) = 922.45326
teooll 6) =  929.83353
tecol( 7) = 937.16914
teonl( 8) =  944.05723
tecool{ 9) =  950.43849
tcool( 10) =  956.69611

Temperature of coclant a

Mass flow rate = Q.
Voltage across bottom of
Voltage across top of ce
Qutput current =  490.0
Qutput electrical power
Total Thermal power = 3

23
48
64
U]
71
58
66
99
&7
69
28
90
43
k¥
00
53
43
61
33
92
84
19
66
35

t core exit: 956.896 degrees K.

120

cell: 0.6427047
1l: 0.6464798
000000

=  315.68%01975
177.7050000

z ¥ Qec Jdens
0.00000000 0.64270471 12.99420332 4.81284388
2.82222222 0.73952756 10.19447559 3.651963%1
S5.64444444 0.81536862 11.26434223 3.93893884
B.46666667 0.86803225 11.79162961 4.05764643

11.268EB889 0.89558633 12.0640415% 4.11782102
14.11111111 D.89678741 12.08230457 4.12396904
16.93333333 0.87140461 11.85295220 4.07907418
19.75555556 0.82022683 11.39399910 3.%8648550
22.57111778 0.74473245 10.476867932 3.75799840
25,40000000 0.64647577 13.89467367 5.16896030

Z EmHeat ColHeat
0.00000000 14.49777300 12.78461813
2.82222222 8.68536675 7.62158438
S.64444444 4.81644251 4.12387927
B.46666667 1.87853834 1.5747579%

11.28898889 0.24858863 0.20674847
14.11111111 0.15340144 0.12850539
16.93333333 1.80703735 1.376399099
19.75555556 4.41255720 3.91401618
22.5771171118 B8.2381576% 7.56931886
25.40000000 14.53427214 13,59664908

Z Qch Qrad QCaCond
0.00000000 9.90096591 15.23808053 1.07744326
2.82222222 7.49374791 15.71537048 1.08777951
5.64444444 B.05265430 17.49574903 1,13124448
8,46666667 B.26946163 19.26610657 1.17042804

11.28888889 6.37617736 20.28345597 1.10841945
14.11111111 8.38398105 20.26435874 1.18111655
16.93333333 8.29842819 19.26286184 1.146859681
19,75555556 8.12417673 17.37203651 1.09503360
22.57171717778 7.6771975%8 15.52319973 1.03762210
25, 40000000 10.55304538 15.11997007 1.01755208

1**‘-*".’.*60**“‘.0. TFBTC
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**w¥* RESULTS FOR THE FOLLOWING CASE:

*** LOS5S OF FLOQ
TIME = 10.00000000

W PROBLEM

LL LS
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TEMPERATURE DISTRIBUTION FOR THE FUEL REGION ---

t{ 1, 1) = 2207.62978

29
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2261.7641721
2362,6880617
2449.0488481
2496.6740644
2496.5572843
2449.7220171
2363.2304574
2261.9027013
2222.0225448
2186.2143660
2237.1206139
2333.5039194
2416.9060295
2462.6173644
2462.8999423
2417.5798142
2334.4526150
2237.,2644789
2200.5666713
2131.8710108
2174.6781620
2281.1724539
2335.959211%
2377.0612400
2377.3448834
2336.6409831
2261.7445637
2174.8402422
2144.2013789
2045.9254129
2080.6649284
2152.0040485
2214.9398358
2249.5276965
2249.8194352
2215.6499137
2152.63312190
2080.8843339
2058.7403573
1943.4031565
1958.€6637339
2010.6631867
2058.6793966
2085.1903829
2085.5023466
2059.4522923
2011.4049191
1959.0177440
1947.479149%
1939.5280559
1954.2365168
2005.6337608
2053.1802724
2079,4348273
2079.7483491
2053,9577586
2006.3824265
1954.5936576
1943.4423966
919.4722115
924.8298080
934.3335273
544.1024127
953.4961673
961.9822995
969.2421922
975.2608102
9680.4302251
989.5514930
915.1332143
820.8723737
930.0429403
939.5302137
948.77158572
957.27146355
964.7189533
971.0451129
976.5581917
985.2621260
$02.17227612
909.4779268
917.5496337
926.0581396
934.6935765
943.1080631
950.9967511
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tecool( 10)

958.1765717
364.6739118
972.0118532
500.8194385
907.7517064
915.6634329
924.0739195
932,6482095
941.0758875
949.0510420
956.3709359
963.0220593
970.1901425
895.0000000
902.6347593
910.1883159
918.2672600
926.7017600
935.2141737
943.4954344
951.2829759
958.4410535
965.6293706

Temperature of

¢coolant at core exit:

965,629 degrees K.

Mass flow rate = 0.103
Voltage across bottom of cell: 0.6429185
Voltage across top of cellt 0.6449749
Output current = 454,0000000
Qutput electrical power = 315.5338830
Total Thermal power = 3177.7050000
z v Qac Jdena
0. 00000000 D.64291049 12,98885151 4.81062783
2.82222222 0.73%977079 10.20727706 3.65700034
S.64dd444d D.81563836 11.28544589 3.94727532
8.46666667 0.86828479 11.81524599 4.06689152
11.20888869 0.89574570 12.08521675 4.1258939%4
14.11111112 0.85675829 12.09609826 4.12866904
16.93333333 0.87108999 11.85549100 4.07924725
19.7555555%6 0.81954413 11.3816249%4 3.9304369%
22.577171171718 0.74362737 10.43377433 3.73960542
25.40000000 0.64497491 13.85338112 5.14996506
2 EmHeat ColHeat
G.00000000 14.49779980 12.78601378
2.82222222 B.6A3LBLLS 1.62714921
5.64444444 4.80880364 4.12555855
8.46666667 1.86859828 1.57119688
11.28888889 0.24311790 0.20301259
14.11111111 0.15887757 0.13374339
16.93333333 1.62602413 1.40046217
1%.75555556 4.44130449 3.963714542
22.51177778 g8.26320266 7.66211558
25.40000000 14.53545285 13.69156969
Z Qch Qrad QCaCond
0.00000000 9.89601033 15.23661496 1.07730135
2.82222222 7.50203502 159.71022427% 1.08683661
h.64444444 8.0658967¢ 17.48567689 1.129270586
8.46666667 §.28402594 19.25199444 1.1674228%
11.2e&8e889 838946499 20.26641525 1 18444564
14.11111111 §.39350072 20.,24542832 1.17627858
16.%3333333 §.30210035 19.18281780 1 14302871
19.75555556 6.11948112 17.35171400 1 08889198
22.5711711178 7.65289841 15.50449963 1 03109522
25.40000000 10.53178281 15.09135130 1.01051432

1***iiﬁ*ﬁilﬂ§*“.ﬁ***'t T!‘ETC LA AL AT TS LR 22 X2

*kwww RESULTE FOR THE FOLLOWING CASE:

*w* LOS5S

F FLOW

TIME = 20.00000000

PROBLEM

e

TEMPERATURE DISTRIBUTION FOR THE FUEL REGION ---

t{ 1, 1} =
t( ll' 2} =

2207.6383214
2261.7421265
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2362.6588720
2445.0385761
2496.6933684
2497,0195192
2449,8388375
2363. 4213240
2262.2112551
2222.1673669
2186.2213254
2237.0905596
2333,68657641
2416.8866620
2462.6346318
2462.9684996
2417.7140760
2334.6743344
2237.6200227
2200.7382163
2131.8735725
2174.6269399
2261.1107292
2335.9213815
2377.0729640
2377.4292534
2336.8197844
2262.0456400
2175.3198320
21444446130
2049.9199520
2080.5796496
2151.9052960
2214.87280%0
224%.5297206
2249,9264560
2215.9956128
2153.0549764
2081.5510899
2059%.1017282
1943.3642160
15958.5313956
2010.5144355
2059.5724956
2085.1771696
2085.6352703
2059.7811099
2011.9798525
1959.9215982
1948.0077430
1939.5087211
1954.1021747
2005.48298%1
2053.0717478
2079.4208803
2079.8820188
2054.2894057
2006.9627433
1955.50659482
1943.9769048
919.5871032
925.9585206
936.5041239
947.3822243
957.925965¢6
967.5616307
975.9265021
982.9699304
9989.0588224
99%.0991141
915.2463400
922.0004452
932.2143452
942.8125886
953.2057394
962.8600849
971.4109915
978.7637224
985.199348¢
994.8282434
902.8243304
510.5826400
9159.6798213
929.2800708
939.0487149
948.5994633
957.56858¢10
965.7904454
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teool| 10)
Temperature of

Mass flow rate
Voltage across
Voltage across
utput current

973.218%328
5B81.4816996
900.9191634
908.8556674
917.8130995
927.2957086
937.0036164
946.56794859
955.6411876
963. 9862458
971.5696672
979.6660120
895. 0000000
903.6649141
912,2331364
921,3938151
930.9535666
240,5974077
949,9752122
958.7897911
966.8859942
975.0037525

coolant at core exit:

- 0.091
bottom of ¢ell: 0.6427620
top of cell: D.6422057

= 4350, 0000000

Qutput electricel power =  314.8171011
Total Thermal power = 3177.7050000

975.004 degrees K.

2z v Dec
0.00000000 0.64276201 12.99809452
2.82222222 0.73963081 10.23212465
5.64444444 N.B154R281 11.31532518
B.46666667 0D 86004489 11.84626533
11.2068BR089 0D 69532345 12,11261159
14.11101111 0 89603864 12.11412424
16.93333333 0 86995761 11.858304M
19.75555556 0 81790157 11.36436099
22.5777717178 0.741409%48 10.37823873
25. 40000000 0.64220575 13.77511295
4 EmHeat ColHeat
0. 00000000 14.49761917 12.768749844
2.82222222 B.67431180 7.62844859
5.64444444 4.79182512 4.,12030308
8.46666667 1.85091109 1.56147227
11.268888889 0.23435304 0.196534217
14.11111131 0.16762173 0.14185401
16.93333333 1.65554048 1.43472696
19,.75555556 §.48632671 4.03182268
22.57T1717T7118 8.30599548 7.76005390
25.40000000 14.54047118 13,81384544
Z Qch Qrad
0.00000000 9.90353754 15.23565582
2.92222222 7.51995396 15.70175082
5.64444444 8.08657457 17.47227288
8.46666667 8. 30530880 19,23527965
11.28888889 8.405912926 20.248342986
14.11111111 8.40874228 20.22804197
16.93333333 8.30967482 19.16764175
19.75555556 B.11600383 17.33960623
22.577711718 1.62416252 15.49730457
25. 40000000 10.49101626 15.06581421

Jdens

4.81446777
3.66692499
3.95931168
4.07923207
4.13647415
4.13529262
4.07908370
3.97157466
3.71464933
5.11377653

QCsCond

1.071716729
1.08335797
1.12692308
1.16400256
1.17%956203
1.17077627
1.13658820
1.08162785
1,02319164
1.00127424
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whdww INPUT DATA SUMMARY FOR THE FOLLOWING CASE:

%% S HUT DOWHN PROBLEM***

o I'T11Z 3

whaes Shutdown Problem ¥+
Linear Equations solved using Gaussian elimination
Simulation Perjod, TIME = 6,00 Secs.
Print Time Step, TPRINT = 3.00 Secs.
Time Step Increment, delta t = 0.5000 Secs.
Print Optien, ipout = 1.
Total delayed neutron fraction, BETA = 0.00650 .
Negative Reactivity insertlon in §, dollar = -3.00.
Reactor pericd, T = B80.00 Secs.
F(t) = P(0) [(1 - BETA * RHO) /({1 - RHO}] * Expl(~ t / Perjod)

COOLANT TYPE: Molten Sodium-Potassium Alloy (Nak)
Potassium composition = 8%

COOLANT MASS FLOW RATE: 0.12 kilograms per second.

TEMPERATURE OF COOLANT AT CHANNE]L INLET: #£95.0 K.

TEMPERATURE OF CESIUM RESERVOIR: 620.0 K,
PRESSURE OF CESIUM VAPOR: 5.6 Torr.

EFFECTIVE EMISSIVITY FOR RADIANT HEAT TRANSFER FROM
THE EMITTER SURFACE TO THE COLLECTOR SURFACE: ©.200000

OUTPUT CURRENT FROM THE TOP OF THE TFE: 245.0 Amperes.
OUTPUT CURRENT FROM THE BOTTOM OF THE TFE: 245.0 Amperes.

TOTAL THERMAL POWER PROGUCED IN THE TFE FUEL: 3177.7 Watts,
AVERAGE VOLUMETRIC HEAT GENERATION RATE FOR THE TFE FUEL: 118.0 Watts.
CORRELATION FOR THE RATIO OF THE HEAT GENERATION RATE

AT POSITION Z TO THE AVERAGE HEAT GENERATION RATE IN

THE TFE FUEL:

F= 0.7300+ 0.4250 * SIN((Z-Zmin)/(2max~-Zmin)*3.1£15%}
AXIAL PEAK-TO-AVERAGE RATIO FOR HEAT GENERATION IS: 1.1543

1..‘.“““*******‘*‘ TFETC LA X2 22 2 A2 21 2 1L bl L L

*eede INPUT DATA SUMMARY FOR THE FOLLOWING CASE:
¥k SHUTDOWNHN PROBLEM**

wkwwd GEOMETRY DATA EDIT *ow++
wkddd RADIAL GEOMETRY #ew++

Inaide Qutside Number of

Region Radius Radius Material Interior

{cm) (cm) Mesh Points
fuel 0.150000 0.600000 uo? 3
emitter 0.600000 0.750060 w [1]
emitter-collector gap 0.750000 0.800000 cs [
collecter 0.800000 0.900000 nb Q
insulator D.300000 0. 9500060 al2eld 4]
cladding 0.950000 1.000000 nb 0

coolant channel 1.000000 1.250000

wdddi AXIAL GEOMETRY wwdi+

AXIAL POSITION OF THE UPPER LIMIT FOR
THE FUELED REGION OF THE TFE: 0.000000 (cm)
AXTAL POSITION OF THE LOWER LIMIT FOR
THE FUELED REGION OF THE TFE: 25.400000 (cm)
AXIAL EXTENT OF THE FUELED REGION OF THE TFE: 25.400000 (cm)
TOTAL LENGTH OF THE TFE, INCLUDING ELECTRODE LEADS: 25.400000 (cm)

Temperatute of coolant at core exit: 911.2 degrees K.
liitti*t**...iﬂﬁi**** TFEHK b2 2 A2 T L L LT I T LTyl
wakd+ RESULTS FOR THE FOLLOWING CASE:
vd* S HUTDOWN PROBLEM ***
ITERATION HISTORY ~--
Converging the RMS grror to less than 0.1 K.
Iteration : 1 RMS error =  352.3744542 Ave Diff. =  244.0701024
Max. Brror = £36.2653934

Temperature of coolant at core exit: 935.1 degrees K.
lttiittititiiiii*&ii* TFEHK e e e drdr i L ) *
wkkkt RESULTS FOR THE FOLLOWING CASE:
**d S HUTDOWHN PROBLEM **
ITERATION HISTORY --
Converging the BMS error to less than 0.1 K.
Iteration : 2 RMS error = 120.6911636 Ave Diff. = 82.8249886
Max. Btror = 262.7163942

Temperature of coolant at core exit: 946.3 degrees K.
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*#4ee¢ RESULTS FOR THE FOLLOWING CASE:
%« S HUTDOWMN BPROBLEM*
ITERATION HISTORY --

Converging the RMS errer to les= than 0.] K.
Iteration : 3 FERMS error = 48.0790538 Ave Diff. = 28.9756862

Max. Error = 124.2231601

Temperature of coolant at core exit: 951.7 degrees K.
10***“‘0.*#**&***“‘ TfBHx Wl ol ol ok o e e e e e

+++e+ RESULTS FOR THE FOLLOWING CASE:
*+ S HUTDOWN PROBLEM *

ITERATION HISTORY --

Converging the RMS error to leas than 0.1 K.
Iteration : 4 RMS error = 22.1990022 Ave Diff. =« 15.0890168

Max. Error =  47.7020788

Temperature of coolant at core exit: 954.4 degrees K.
J o e v s i e s e ool e e e o ol e e o TFEHx e el ol vk o b o e e o o o e ek

*+hie RESULTS FOR THE FOLLOWING CASE:

*v S HUTDOWN PROBLEM **

ITERATION HISTORY --

Converging the RMS error to less than 0.1 XK.
Iteration : 5 RMS errer = 10.5703466 Ave Diff. = 6.1852238

Max, Error =  24.5401210

Temperature of coclant at core exit: 955.7 degrees K.
1*'*#**********&&**** TFEHK L Z 22222 2 2 B T L Xy

wwwwd RESULTS FOR THE FOLLOWING CASE:

** SHUTDOWN PROBYLEM **

ITERATICN HISTORY --

Converging the RMS error to less tham §.1 K.
Iteration : & RMS error = 5.3631696 Ave Diff. = 2.88859611

Max. Brror =  10.053931%

Temperature of coolant at core exit: 956.3 degrees K.
lttttﬁtt*titiiiiiﬁiﬁt TFEHx LAl LA LAl R RS2 22 ] 2 )

teess RESULTS FOR THE FOLLOMING CASE:

¢t SHUTDOWN PROBLEM *e*

ITERATION HISTORY -~

Converging the RMS eryor to less than 0.1 K.
Iteration ¢ 7 BRMS error = 2.7477195 Ave DIff. = 1.1581796

Max. Error = 5.1710185

Temperature of coeolant at core exit: 956.6 degrees K.
liiit**t*tttttii***** T?BHK L2 Al 2l 222 22 L1l Ty

w44+ RESULTS FOR THE POLLOWING CASE:
*** SHUTDOWN PROBLEH *#+

ITERATION HISTORY -~

Converging the RMS error to less than 0.1 K.
Iteration : 8 RM5 error = 1.4849013 Ave Diff. = 0.476179¢

Max. Error = 2.9321308

Temperature of coolant at core exit: 956.8 degrees K.
1'...6"Oii*i‘*i**+*i TFEHX LA LA LA 22 atd 2l

¢eees RESULTS FOR THE FOLLOWING CASE:
tee SHUTDOQWN PROBLEM *

ITBRATION HISTORY ~-

Converging the RMS error to less than 0.1 K.
Tteration : 9 RMS error = 0.8003439 Ave Diff. = 0.1667677

Max. Error = 1.6387800

Temperature of coolant at core exit: 956.9 degrees K.
ltb**iittlﬂﬂﬁffititi* T?EHK LA LA AL LI LTSS e 2

+4#s» RESULTS FOR THE FOLLOWING CASE:

*vd S HUTDOWN PROBEBLERMN *+

ITERATION HISTORY --

Converging the RMS error to less than 0.1 K.
Iteration : 10 RMS error = 0.4468618 Ave Diff. = 0.0509478

Max. Error = 0.9027483

Temperature of coolant at core exit: 556.9 degrees K.
AR S AL ALl A et i il Y] TFEHX vve#rrdddwdtddddddiy

wwkes RESULTS FOR THE FOLLOWING CASE:
**r SHUTDOWN PROGBLEBM ¥

ITERATION HISTORY ==

Converging the RMS error to less thanm 0.1 K.
Iteration : 11 FEMS$ error = 0.2453117 Ave Diff, = 0.0066867

Max. Error = 0,4927094

Temperature of coolant at core exit: 956.5 degrees K.
Jourdedkd kbbb rh bbb d b Trgﬂx L2 2 A2l 222211 2 1 s

*kdededk RESULTS FOR THE FOLLOWING CASE:

wéd S HUTDOWN PROBLEM #«r

ITERATION HISTORY -~

Converging the RMS error to less than 0.1 K.
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Iteration : 12 BRMS error = 0.1374013 Ave Diff. = =0.0057550
Max. Error = 0.2662746

Temperature of coolant at core exit: 956.9% degrees K.
1#&***#**&###*&***‘*0 TE’EHK e e e e ol ol ol ol ol odr ol ol ol e sl ek e e ok
wwews RESULTS FOR THE FOLLOWING CASE:
**+* SHUTDOWN PRGOBLEM ¥
ITERATION HISTORY --—
Converging the BMS error to leas than 0.1 X.
Iteration : 13 BRMS error = 0.0754500 Ave Diff. = =-0.0080428
Max. Error = 0.1428042
1*‘!*&#*****“'.*'**.‘ Trm E2 22 22X X TX YT XX L)
wesdk RESULTS FOR THE POLLOWING CASE:
ikt S HUTDOWN FROBILEM %w
TEMPERATURE DISTRIBUTION FOR THE FUEL REGION ---

T{ 1, 1) = 2207.6099799
T{ 1, 2} = 2261.7498155

T 1, 3) = 2362.6682432
T{ 1, 4) 2449.024483%9
T{ 1, 5) = 2496.6438504
T( 1, 6} = 2496.9186250
1, 1} = 2445.6735003

1, 8) 2363.1763020

; 9) = 2261.8518754

, 10) = 2221.9650827

2, b 2186.1929268

2, 2) = 2237.1053504

2, 3) = 2333.8847952

2, 1) 2416.86802095
2, 3) 2462.5836797
2, 8) 2462.835178¢
2, 1) 2417.522898¢
2, 8 2334.3872511
2, 9 2237.1977085
2, 10) 2200.5034192
L 2131.8455701

2174.6616482
2261.1536691
2335.9307086
2377.0188307
2377.2839338

7) 2336.5595171
8) 226).6454175
9 2174.7248924
. 10) 2144.1203825

2049.8%943113

&, 2) = 2080.6498301
4, 3} = 2151,9899401
4, &) = 2214.5105351
i, 5 2249.4727497
4, ®) 2249.7299490

2215.5219128

21524669546

2080.6711635

& 10) 2058.6227204
5, 1} 1943,3652400
5, 2) 1958.6571780
5 3 2010.6630404
5, 4) 2058.65554004
5 5 2085.1206973
5, 6} 2085, 3690260
5, 1) 2059.2461008
5, 8) 2011.1211889

¢ N 1358.6304420
5, 10 1947,2927154
6, 1) 1939,4898721

1954.2307309
2005.6346468
2053.1568933
2079.3647793
2079.6131762
2053.7478765
2006.082872¢
1954.1970618
1943.2526925
915.3693636
923.9247743
932.3917029
941.0796696
949.4278157
956.9612147
963.4052389
968.7628206
973.4131859
982.2504182

'y
-
-]
—
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el s b e L L e e e e e e b b e L e e L e L L e e e e e e e e L L I e Rk ]
T R A £ . e Ty i o sy P, T S A S S £ o, . e S e A P £, £, P P P Ry g £ S e P i i P P £ S e P P S £ o o s A P i W o S, o o S
[
-
ar
—

181



e R e L L e e e e e e L e e L L e e L e e R L e e e R )
o oy £ o S S Ry o ey Sy Py Py . SR S ey gy ey H

T

Voltage across bottom of cell:
Voltage across top of cell:

w
-~
i
—
T AP ENA RN SR R R R R A AN R NN R RN

10, 10) =

915.029%911
919.9643110
828.0%41405
$36.4957394
944.6864194
952.2318028
958.8557014
964.5168861
969.5054473
977.8976175
902.6200325
908.5560904
915.5751364
922.9840447
930.3510512
$37.9848177
445,0246739
951.5067375
957.4406258
964.3720872
900.7165965
906.8230273
913.6950848
920.97683348
928.4762371
935.9152912
943.0341280
945.6493791
955.7301540
962.4749495

Output current =  490.0000000
Output electrical power =  315.8862832

0.64276867
0.6465651

z v Qec Jdens
0.00000000 0.64276668 12.99430163 4.81276651
2.82222222 0.73959046 10.19453024 31.65185375
S.64444444 0.8154327% 11.26422623 3.93880029
B.46666667 0.86809799 11.79150175 4.05750063

11.28888889 0.89565457 12.06399812 4.11770336
14.11111111 0.69685880 12.08239618 4.12389963
16.93333333 0.8714795% 11.85322300 4.07907171
19.75555556 0.82030557 11.39452654 3.968658183
22.517777178 0.74481487 10.47748564 3.75821204
25.40000000 0.64656509 13.89597476 5.16%33972

2 EmHeat ColHeat
0.00000000 14.49810519 12.78456733
2.82222222 B8.68565016 1.62157940
5.64444444 4,81674372 4.12394584
B.46666667 1.87878625 1.5748753%

11.28888889 0.24869437 0.20682254
14.11111111 0.15331479 0.12842295
16.93333333 1.60678297 1.37606431
19.75555556 4.41224414 3.91338443
22.57777778 §.23791408 7.58845246
25, 40000000 14.53486721 13.59574866

2 Qch Qrad QCsCond
0.00000000 9.90081543 15.23808053 1.07744326
2.82222222 T.49362446 15.71537048 1.0877755)
5.64444444 8.05239930 17.49574903 1.13124448
B.46666667 8.26919362 19,26610657 1.17042804

11.26888889 8.37595830 20.28345587 1.18841945
14.11111111 8.38384050 20.26435874 1.18111695
16.93333333 8,29839525 1%.20266184 1.14859681
19.15555556 B.12431126 17.37203651 1.09503360
22.577171771178 7 67831344 15.52319973 1.03762210
25,40000000 10 55366016 15.11997007 1.01755208

Total computational time required:
Time spent in Convect/CoolantTemp:
Time spent in CYLCONE

Time spemrt in Gauss O min , 15,20 sec.
1..“’0**‘*' W Wb TFETC EA 22 S Ll L T e L LT

wetev RESULTS FOR THE FOLLOWING CASE:

Wl

SHUTDO

WN PROBLEM**+

1 min., 0.47 sec.
¢ min., 0.00 sec.
1 min., 27,17 sec. (84.2%}

{14.7%)

{ 0.0%)
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TIME = 0.00000000
TEMPERATURE DISTRIBUTION FOR THE FUEL REGION ~--

tf 1, 1) = 2207.6106582
tl 1, 2) = 2261.7426054
t{ 1, 3} = 2362.6664057
t{ 1, d) = 2449.0229475
t{ 1, 5} = 2496.6433830
ti 1, 6} = 2496,9234677
t{ 1, 7) = 2449,6053479
t{ 1, 8) = 2363.1914258
t{ 1, 5) = 2261.8530039
ti 1, 10) = 2221,9998042
t{ 2, 1) = 2185.1971281
t{ 2, 2) = 2237.1025284
i 2, 3 = 2333.887393%
t{ &, 4} = 2416.8852771
e ¢ 3) = 2462,.550605%
t{ 2, &) = 2462.86740719
t{ 2, T = 2417.5%418559
t{ 2, 8) = 2334,4072852
t{ 2, 9) = 2237,2025112
t{ 2, 10) = 2200.5411066
t¢{ 3, 1) = 2131.8581104
tf 3, 2) = 2174.6690550
Tl 3, 3) = 2261,1684885
t{ 3, 4) = 2335.9499908
t{ 3, 5) = 2377.0411968
t{ 3, 6) = 2377.3109644
t{ 3, 7) = 2336.5916177
t{ 3, 8) = 2261.6765124
t{ 3, 9) = 2174.7395541
t{ 3, 10) = 2144.1652664
t{ 4, 1) = 2049.9178867
t{ 4, 2] = 2080.6705441
t{ 4, 3} = 2152.0199439
t{ 4, 4) = 2214.9465505
t{ 4, 5) = 2249.5126048
t{ 4, 6€) = 2249.773%613
ty ¢ 1)} = 2215.5654463
tf 4, 8) = 2152,5116847
t{ 4, 9) = 2080.6990165
t{ 4, 10) = 2058.6768568
tf 5, 1) = 1943.4002334
t{ 5. 2) = 1958,6914577
t{ 5, 3) = 2010,7078927
t{ 5, 4) - 20%8,7072181
t{ S5, 5) = 2085.1766716
t{ 5, 6) = 2085,4286152
t{ 5 7} = 2059.3079608
t{ 5, 8) = 2011.1788302
t{ 5, 9 = 1958.6693771
t{ 5, 10) = 1947.3585271
t{ 6, 1) = 1939.5252885
£ &, 2] = 19%4.2654800
t{ 6, 3) = 2005.66800497
t{ 6, 4} = 2053,2093102
t{ 6, 5) = 207%.4213757
t{ &, €) = 2079.6733825
t{ 6 7)) = 2053.8103232
t{ 6, B) = 2006.1510542
tl 6, 9) = 1954,2364049
t{ 6, 10) = 1943.3159623
t{ 7, 1) = 919.3642134
i 7, 2} = 923.9127148
t{ 1, 3} = 932,3725376
el 7, 4) = 941.0528808
t{ 7, 5) = 949.3930788
t{ 7, 6] = 956.9185405
t{ 7, 1) =  963.354921%
t{ 7, 8) = 968,.7053012
t( 7, 8} = 973,3498345
t( 7, 10} = 982.1790161
t{ 8, 1) = 915.0268697
£t 8, 2) = 919.9545535
t{ 8, 3) = 928,077295%
£l 8, 4) = 936.4712201
t{ 8, 5 = 944.6539122
t( 8, 6) = 952.1911380
t{ 8, T} = 953.8076000
t( ©, B} = 964.4616232
€ : N = 969, 4443033
t{ 8, 10} = 977.,8286091
t{ 9 1) = 902.6190560
t{ 9%, 2) = 908.5484778
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t{ 9, 3) = 915.5611828
t{ 9, 4] = 922.9632337
t{ 9, 5 = 930.5231087
tf 9, 6) = 937.9496898
t{ % T = 944.9825023
t( 5, 8) = 951.4578048
t( 9 9) = 957, 3857064
t{ 5, 10) = 9€4.3110205
t{ 10, 1) = 900,7157871
t{ 10, 2) = 906,.8155358
t{ 10, 3} =~ 913,6812466
t{ 10, 4} = 920.9576199
t{ 10, S) = 928.4483757
t{ 10, 6) = 935.80802369
t{ 10, ) = 942,9920328
c{ 10, @) = 949,800539%0
t{ 10, 9} = 955.8753043
t{ 10, 10} = 962.4140332
tcool{ 1) = 895.0000000
tcool{ 2) =  901.5697693
tcaol{ 3) = 906.10425459
tcool{ 4) = 915.1116661
toonll 5) = 922.4532633
tocool| 6) = 529.8935392
toool( 7)) = 537.1691484
tcool( 8) = 944.0572319
teool( 9) =  950.4384966
teool( 10) = 956.8961135
Temperature of coolant at core exit: 956.896 degrees K.
Voltage acroas bottom of cell: 0.6427047
Voltage across top of cell: D.6464798

Output current =  490.0000000
Output electrical power =  315.8501975
Total Thermal power = 3177.7050000

z v Qec Jdens
0.00000000 0.64270471 12.99420332 4.,812843880
2.82222222 0.73952756 10.19447559 3.65196351
S.0d444444 0.81536882 11.26434223 3.93893884
8.46666667 0.86803225 11.79162961 4.05764643

11.28888889 6.89558633 12.06404159 4.11782102
14.11111111 0.89678741 12.08230457 4.12396902
16.93333333 0.87140461 11.85295220 4.07907416
19,75553556 0.82022603 11.39399910 3.98648550
22.57711717178 0.74473245 10.47667932 3.75799840
25. 40000000 0.64647977 13.89467367 §.16896030

kA EmHeat ColHeat

0.,00000000 14.45777300 12.78461813

2.82222222 B8.68536675 7.62158438

5.64444444 4.81644251 4.12387927

B.46666667 1.87853834 1.57475799
11.28888889 0.24858863 0.20674847
14.11111111 0.15340144 0.12850539%
16.93333333 1.60703735 1.37639349
19.75555556 4.4125%720 3.91401618
22.57171711778 8.23815769 1.58931886
25.40000000 14.53427214 13.59664508

4 Qch Qrad QCsCond
0.00000000 9.90096591 15.23808053 1.07744326
v 8222222 T7.4937479% 15.71537048 1.0871179%1
5 64444444 8.06265430 17.49574903 1.13124448
B 46666667 8.26946163 19.26610657 1.17042804

11 20808889 8.31761773% 20.28345587 1,18841945
14 11311111 8.38398105 20.2643584 1.18111655
16.93333333 B8.29842819 19.20286184 1.14859681
19,75565556 8.12417673 17.37203651 1.09503360
225771717178 7.67791598 15.52319973 1.03762210
25.40000000 10.55304538 15.11997007 1.01755208

1************‘******* TF‘ETC LA R A2l R IR Y 2T

*weds RESULTS FOR THE FOLLOWING CASE:
et SHUTDOWN PROBLEBM *++
TIME = 3.00000000

TEMPERATURE DISTRIBUTION FOR THE FUEL REGION ---
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2175.2091168
2224.4941554
2321.5539056
2406.2573295
2453.6435868
2454.5622991
2408.6250986
2324.1860239
2226.0284051
218B8.8%984176
2153.9197566
2199,6888875
2292.4566360
2373.6281585
2418.9759244
2419,8541150
2375.8863134
2294.9454717
2201.1036342
2167.0138313
2100.8278294
2137,3601775
2219.5099%590
2292.0662889
2332.5036905
2333.2754037
2294,0380708
2221.6295496
2138.4733762
2111.7150324
2024.4381794 -
2045.61%3M
2112.3681245
2172.6792992
2206.2624914
2206.8712683
2174.2175042
2113.9377039
2046.3165153
2032.0477657
1934.5739920
1932.1721604
1979,960867483
2025,4303420
2050.9792358
2051.3987602
2026.5290091
1980.8912098
1932.4543528
1938,2045205
193]1,9105523
1928,3%42892
1975,6567174
2020.7490227
2046.0120942
2046.4283126
2021.7787669
19746.5621809
1928.6648864
1935,4357084
919.6834321
922,9062992
$31.34B8388
340.0559262
948,3270923
955, 7868239
962.1640739
967.3831763
971.8382477
982.13576563
915.2734764
919.1136182
927.2221537
535.6381489
943.7602506
951.2288734
957,7717363
963.2889378
968,0846745
$77.70268604
902,.6930868
908.1276375
915.1181665
922.5250416
930.0375575
937.3797742



9, 1N

%9, 8}

9, 9

9, 10)
10, 1)
10, 2)
10, 3)
10, )
10, 5
10, 6]}
10, 7
10, 8]
10, 9}
10, 10}
teool{ 1)
tcool{ 2)
tecol{ 3)
teooll 4)
teooll 5)
teool( 6)
teooll T
tcool{ B)
tcool{ 9}
tocool{ 10}

Lo A L L e I
sy s T e i, i e

ot
_—

Temperature of coolant at core exit:

Voltage across
Voltage across
Qutput currant
Output electric

944.2951952
350.6094306
$56.3519517
963.8994377
900.7660353
906. 4540152
913.2935346
920.5702153
926.0133501
935.3566712
942.3432361
948 7856105
954 6739845
961 9558884
895 0000000
901 5016237
907.8243883
914.64873%7
921.8235578
929.1103884
936.2558890
943.0329490
949.3114083
955.8092844

bottom of cell:
- 490.0000000

al power -  297.7624247

Total Thermal power =  780.1080744

855.809 degrees K.
0.6054920
top of cell: 0.6098648

4 v Qec Jdens
0.00000000 0.60549203 13.97631552 5.24725733
2.82222222 0.70021916 9.58456395 3.47982406
5.64444444 0.77484743 10.77465962 3.81891060
B8.46666667 0.82722199 11.66113025 4.06688624

11.28888889 0.85470084 11.94602880 4.13241495
14.11111131 0.85603961 11.57170440 4.14127668
16.93333333 0.63098788 11.74628298 4.09712193
19.7555555¢ 0.780295%8 11.01423062 3.90594247
22.5717777178 0.705986%9 9.86219958 3.58501651
25.40000000 0.60986480 14.83566770 5.59654031

Z EwmHeat ColHeat
0.00000000 14.42058898 12.78828925
2.82221222 %.38173328 7.47337845
5.64444444 4.73827708 4.13186324
8.46666667 1.88148833 1.608129%3

11.268686889 0.25599615 0.21713951
14.11111111 0.14332497 0.12243004
16.93333332 1.56198780 1.36341936
19.735555556 4.28108128 3.86541502
22.8717171717178 7.88786%12 1.31976075
25.,40000000 14.45428255 13,59554922

z Qch Drad QCsCond
0.00000000 10.79914265 15.04593000 1.07132425
2.82222222 T.14792448 15.02346659 1.06741982
5.64444444 7.81558657 16.6304385%1 1.1075581¢6
8.46666667 8.29691251 18.26547716 1.14485593

11.208888889 8.41405029 15.21336909 1.16211976
14.11111111 8.42660754 19.1990%208 1.15496288
16.93333333 8.34162432 18.21457766 1.12341254
1%.75555556 7.96643941 16.52971006 1.07178535%
22.571171771718 7.33122457 14,84062511 1.01767785%
25.40000000 11.42253475 14.91919756 1.01129477

hhdkwkbbbdbbhkhrhhdddd PPETC #FEdted kb bk bbb bbbk

wwied RESULTS FOR THE FOLLOWING CASE:
*v¢ SHUTDOWN PFPROBLEM ¥

TIME = 6.0

0000000

TEMPERATURE DISTRIBUTION FOR THE FUEL REGION ---

t( 1, 1) = 2
t( 1, 2} = 2
ti 1, 3 = 2

137.1537602
178.7763202
270.3424920
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2352.2058158
2398.8105113
2400.4207526
2356.3709744
2275.0686959
2161.5979032
2149.4854712
2117.418210%
2154.7121441
2241.9155523
2320.0963453
2364.55006M4
2366.D542%32
2323.9814644
2246.2862579
2157.2737901
2129.0996137
2069.0376110
2094.89%66270
2171.4240366
2240.6737383
2280.0103435
2281.2625314
2243.8909742
2174,.9459411
2096.8532271
2078,6792651
2000.9933116
2008.384 7474
2069.7767331
2126.4120062
2158.7897204
2159.7142171
2128.757758%
2072.1758999
2009.5969578
2007.6816471
1921.085441%
1502.9221561
1546.3163071
1587.5966110
2011.9647916
2012,5569247
1989.0427574
1947.5315793
1903.4461349
1924,.3583482
1918.6167527
1899.3746759
1942.3047530
1983.1087120
2007.2524160
2007.8376664
1984.5345570
1943.4912502
1899.8799782
1921.7948770
920.2385783
921.7163918
929.4294905
938.0418324
945.9787956
953.167086%
959.3564472
964.0893700
968.6705203
980.8985011
915.7287224
916.1148562
923.5615558
933,8362900
941.6269111
948 .8196982
955.1623723
360.2351176
965.0904933
976.3451849
902.8580353
907.7025904
914.2278019
921. 3640554
928,5614262
935.6157394
942.20880032
948.2706591
953.8761 746
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Temperature of
Voltage across
Voltage across
Output curtent
Qutput electric
Total Thermal p

862,1157834
900.8866062
906.1150878
912.5154417
915.4995424
926.6273554
933.6785544
940.4136359%
946,5380125
952.2604084
960.1015218
895, 0000000
901.4203347
907.3837013
9)3.8438917
920.6952541
927.6682153
934,5241628
941.0033013
947.0140176
553.5389272

coolant at core exit: 953,539 degrees K.

bottom of cell: 0.5582231
top of cell: 0.5635%19

= 49%0.0000000

al power = 274.0446806
OWEE = 7151.3957425

4 v Qec Jdens
0.00000000 0.55822307 14.99565931 5.72925528
2.82222222 0.65062244 9.13030960 3.37249451
5.64444444 0.72343508 9.987883511 3.59903814
8.46666667 0.77550410 11.44195623 4.05955636

11.28888889 0.80303253 11.85489062 4.17155476
14.11111111 0.80453951 11.89502216 4.18592555
16.93333333 0.77974171 11.59297690 4.11436851
19,75555556 0.72952052 10.23862522 3.69467618
22.571777778 0.65720217 9.42946520 3.48799570
25.40000000 0.56359195 15.87532742 6.09624938

z Emteat ColHeat
G.00000000 14.29456808 12.79484983
2.82222222 8.00458752 71.26845157
5.64444444 4.61603461 4.10566820
B.46666667 1.88868670 1.65001363

11.28888889 0.26574308 0.23041701
14.11111111 0.13489302 0.11774609
16.93333333 1.52509930 1.35933496
19.75555556 4.10780373 3.77795644
22.51177778 7.45534498 7.08832947
25,40000000 14.32488978 13.57887468

4 Q<h Qrad QCsCond
0.00000000 11.79745682 14.63163961 1.05785902
2.82222222 6.93608875 14.08628468 1.03882279
5.64444444 7.37616487 15.47006236 1,07511735
B.46666667 8.29375381 16.87667920 1.10846876

11.28888889 8.50499643 17.73199865 1.125010%6
14.11111111 B.52727965 17.72460964 1.11826101
16,93333333 B.38483192 16.84259733 1.08613083
19.75555556 7.54328311 15.37355212 1.04080057
22.57T7T7T717118 T.13714477 13.91962742 0.99108494
25.40000000 12.43953024 14.49800445 0.99904635
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program TFETC

implicit double precision (a=h,o-2)

Thermiconic Fuel Element Tranaient Code {TFETC)

writteb

Parameter (Imax = 10, Jmax = 10)

by :

Integer Prob, Options

double precision

Integer J, TabFlag, ipout, Isolver
)

double precision
double precision
double precision
double precision
double precision
double precision
double precision
double precision

Integer I, Bmesh{9), K2, Hat(h)

Character*8d Tit

Common /Rdata/ Rhound, Rmesh, Mat

Time, Tprint

Abdullah &, Al-Khellewi

L2 A2l E R 2 AL AL R e X AL L L R e e L Ll I S Y YA a a2l ld)

T{Imax, Jmax), msave,Current
Tcoolant {Imax) , 2min,Dec {imax), Jdens(jmax)
Tinlet,dt, Tstop, Tatart, Qch (jmax), QcsCond {jmax)
Rbound (10} ,Ems, Tr, EmHeat (jmax) ,ColHeat {jmax}

QTable{Jmax) ,De,Gl,W, PhiE,Qrad{jmax)

Imax,Itop, Ibottom, powerTh
bout, Din,Q3ave, PowarTabl (2,100}

mdok, A, B, tau

le

Common /Zdata/ 2min, Zmax, K2

Common /QTAB/ QT

able

Common /Input/ T, Ems, PhiE, Itop, Ibottom, Title

Common /CoolProp/ Tinlet, De, Gl, W, Dout, Din, mdot

Common /Steady/ Emheat,ColHeat,Qch,Rrad,QcsCond, Qes, Jdens,

&

Current

Common /PowerData/ Q3ave, PowerTabl, TabFlag

Data Pi/3.1415%2

D0/

«+. read input data for TFETC

ude defaylt ambient conditions for start-up

. Mhhddgdddrdd

-

&

&
&

call input(Prob,Options,Time,Tprint,T,dt,Tsc
tcooclant, powerTh, A, B, tau, ipout, Isolver)

if { Prob .eq. 4

run steady state problem

)} then

o i e e

s Tatact,

print*, * Calculating steady state temperature profile ... *

print*

call tfehx{tcoolant,t,Isolver)

stop
end if

e e v ol ol ok e e ok

if { Prob .eq. 1
if { Options

run start up problem

} then
.eq. 1 ) then

do 10 j=1,imax

do 10 i=1,
T{i,3)

imax
= 258.0d0

Tcoolant (j) = Tinlet

continue
end if

LI LY STl

print*,' Calculating transient temperature profile ... '

print*

call timplcit{l,Time,Tprint,dt,Prob,tcoplant, msave,
Tatop, Tstart,options, pewerTh, A, B, tau,

end if

L2 2

if { Options

ipout, Isclver)

.eq. 1 ) then

run shutown problem or loss of flow problem ++*
if { Prob .eg. 2 .or. Prob .eg. 3) then

¢ use steady state solution a3 forcing function

print*,' Calculating steady atate temperature profile ... *

print*

call tfehx(tcoclant,t,Isclver)

end if
if { prob .eq

. 3} then

c
€ ... if loss of flow, set flow-rate at t=0 to msave
m3ave = mdot

end if

-
-
-
-
-
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print*,' Calculating transient temperature profile ...

print*

call timpleit(T,Time,Tprint,dt,Prob,tcoolant,msave,

n b

end if

stop
end

Tstop, Tstart,options,powerTh, h, B, tau,
ipout, Isolver)

subroutine gdot{tnow,msave,A,B, tau)

double precision Tinlet, De, 61, W, Dout, Din, mdot, tnow, maave
double precision ir(10}, or{10}, A, B, tau, Pi

Common /CoolProp/ Tinlet, De, Gl, W, Dout, Din, mdot

Common /ggdot/ ir, or

Data Pi/3.1415%26D0/

mdot = msave * {A + B*dexp{-tnow/tau) )}
gl = mdot/{or(10)*+*2.0d0-1r{10)**2.040) /pi

returnp
end

subroytine timplcit(t,time,tprint,dt,prob,tcoolant,msave,
&

Tstop, Tecool,option, powerTh, Aa, B, tau,
ipout, Isclver}

implicit double precision (a-h,o-z}

ddkdrdrdrdrd i w e d bbb b kbbb kb d b d b bbb bbb bbb e bl e el e e

-
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This subrostine does transient calculations. *
It is part of the TFETC code. *
Written by : Abdullah S5. Al-Kheliewi {(June 1393)

L

A dededrdedede A dededrde e drdrdede e e de e W ek ok kR ke d bk d b b dr bbbk

parameter { imax = 10, jmax = 10 )
integer prob, N, lcmax, itnow, Isolver

doub

e precision t{imax,imax},time,tprint, mdot

integer j, j2, 33, loff, option, istart, ipeut, iprint

double
double
double
double
double
double
double
double
double
double
double
double
double

precisicn
precision
precision
precisicon
precision
precision
precision
precision
precision
precision
precision
precisien
precisicn

AlImax*imax+l, Imax*imax), X{Imax*jmax)

cl, kecond, r, 2z, rl, z1, msave,Ra,B
r2,z2,t3,23,temp3, h, tl, temnm{jmax} , tau
deltaz,c3,t2,tcoolant {imax), v (jmax),zmin
tinlet,v0,c4,cpl,dt, rhol, tnow, dmaxl, minv
rbound{10}, sig, ems,gapcond, tr,gch (imax)
heffe{jmax}),heffc{imax}, current,qgec{imax}
jdens(jmax) ,gtran,ccp, rho,pi,teaav, tcol (jmax)
gtable{jmax),de,gl,w,phie,emheat (imax)

colheat (§max) , zmax, itop, ibottom,cden_avl,cden_av2
vguess(jmax), teav (jmax),tcav{jmax) ,Tatop, Tecool
dout,din, ThPower, Power
qrad(jmax),qcscond (jmax), tstart, powerTh

integer i, k, il, 12, 13, i4, rmesh(%®), X2, 1%, mat(s)
character*80 title

/GaussMAIN/ A, X, N

/rdata/ rbound, rmesh,mat

/zdata/ zmin,zmax, k2

/qtab/ qtable

finput/ tr, ems, phie, itop, ibottom, title
fcoclprop/ tinlet, de, g1, w, dout, din, mdot
/Steady/ Emheat,ColHeat,Qch,Qrad,QcsCond,Qec, Jdens,
& Current

Data PY /3.1415926D0/

Common
common
common
common
common
common
Common

¢ ... get the stefan-boltzman constant (watts/em*2 k*4) aig
gig = 5.57d-12
N = Imax*jmax

1off =
istart

0
=0

£ ... 3et the in%tial guess value of the interelectrode voltage.

vl = 0

do k=1, jmax
vguess({k) = v0

end do

€ ... lnitialize loop parameters

tatart

= 0.0d0

icmax = idint{ time/dt ) + 1

¢ ... atart major loop for transient calculations
do iltpow = 1,icmax
tnow = dble( float(itnow-1} ) * dt
if (itnow .eq. icmax ) tnow = time
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+e. uUpdate mass-flow-rate and mass-velocity
if ( prob .eq. 3 } then
call gdot(tnow,msave,Aa,B,tau)
end if

. form & table for calculating the heatflux
do k=1, jmax
qtable(t) = kcand({imax, r(imax),t{imax, k]}]
a *(t(imax=-1,k) = tiimax,kllllzlinax! - ri{imax=-1))
if (qtable(k) .lt. 0.d0 ) gtable{k} = 0.d0

end do

.+ 8clve for the axial coolant temperature distribution
¢all tconvect (tnow,db, tcoolant]
¢all coolanttemp(tcoolant)

+.. compute average emmiter and collector temperatures (axial)
l=1
do 19=1,2
11 = i1 + rmesh{i%)
and do
i2 = 1
do i9%=1,3
i2 = 12 + rmesh(i%}
end do
id = i2+1
it =1
do i1%=1,5
it = §4 + rmeshii®)
end do
teaav = 0.d0
do k=1, jmax
temmik) = t(i2, k)
teaav = teaav + temmlk}
teolik) = t{i2+l,}x)
teavik) = t{i1,k)¥*(r{il+1)**2424pr{fi1+1)*x(il)-3*r(i1)**2)/4
teavik) = £{13, k) ¥ {r(i3+1)**242%p(i3+1)*r(13)=3*r{i3)**2)/4
do i=il+l,i2-1
toav{k] = teav(k] + t{i,k)*(r(i+1)**2+2%(i}*
a (z{i+1)=x(i=1))=-c{1-1}**2]/4
end do
do i=jids+},id-}i
tcav(ik) = tcavik) + t{i,R)*{r{i+1)%*2+42*%z(i}*

a (r(isl)=e{i=1)}-c{i=1)**2) /¢

end do

teav{k] - teavi{k) + t{iZz, k)*(S*r(iz)“Z-z‘ICIZI‘:(12-1)
a =r({iz- 1)**

tcav(k) = tcavik) + t(i4,k )*(3*:(14)'*2 2*r{id)*rit4-1)
a =r(14=1)*+*2})

teav(k) = teav(k)ltrtiZ)*‘Z*r(ill'*2)
dt:avtk) = tcav(k}/(r(§4)**2~-2{53])**2)
end do

comgute the axially-averaged emitter temperature at the outer
v surface
teaay = teaav/dble(float{jmax))

¢ompute voltage and current density distribution along the length
+++ of the thermionic converter
cden_avl = fbottom/(pi+*r(i2)+*2*(zmax-zmin)/2)
cden_av2 = itop/(pi*r(i2)+2*(zmax-zmin}/2}

.+« calculate the tranzient cesium reservoir temperature
if ( {Prob .eq. 1 .and. Teaav .1lt., Tecool .and. istart .eg. 0)

.0r. {(Prob .eg. 2 .and. ioff .eq. 1) ) then
.0r. itnow .lt. 2 } then

Ll

call helium{v,qec,qgch, jdens,emheat,colheat)

else

print*, " calling cylcon '

call cylconé(temm, teav,tcol,tcav,tr,phie,r{i3)-£(i2) ,cden_avl,
1 cden_av2, zmax=-2min, 2*:(12),:(12)-:!11) r{id}-r(i3d), jmax,
2 vguess, v, gec, jdans, emheat, calheat)

current = itop+ibottom

do k=1, jmax

vguessa(k) = v{k)

gehik) = geclkl=jdens{k) +v(k}
end do
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if { prob .eq. 1 ) {start =1

if ( minviv) .1lt., 0.0d40 } then
call heliumiv,gec,qgch,jdens, emheat,colhaat)
jioff = 1

end if

end Lf
if ( prob .ne. 1 .and. option .eq. 2) then
call initial{prob,Tstop,Teceol,tr,sig,ems,
& Qrad,Qcscond, t)
and if
Power = ThPower{prob,tau,tnow,powerTh)

++. Write output
if (iprint{tnow,tprint,dt,time,tstart) .eg. 1) then

print *, * Time = ', tnow
%2 = max/2

3=32+1
print 100, tnow,dmaxl{t{},j§2),t{l,53}},teanv,tcoolant {jmax)
100 format (' Time = ', £9.3,' Tfuel = *,f9.3,* Teav = ',f%.3,
& ' Tcoolant = ', £9.3)
call output(tnow, imax,imax, v, gec, jdens, emheat,
1 tcoclant,colheat, gch, grad, gescond,

t, current, prob, Power, ipout)
end if

do 2000 j=1, jmax
do 2000 i=l, imax
i2 = (j=1l)*imax + i
do kwl,N+1
A(k,12) = 0.0d0
end do
i - 1' - 2’ jmx _1 T XTI L LR Y ey eyt by Yy ‘Figu:a 3‘6,
if {(i.eg.l).and.{{j.ne.}).and. (j.ne.jmax))) then
rl = r(i)
I3 = r(i+l)
Iz = (3 + rl}/f2
zl = 2{4)
deltaz = (2(j+1)-z(i-1))/2
tl = (t{i+l,§) + t{i,4))/2
¢3 = kcond{i,c2,t})¥*{r3+
cl = ¢3

rl) f{r3~rl1) *deltaz

J2 = (f~1)*imax + 1 + 1
A(J2,I2) = C3

temp3 = [£3%%2 + 29r1%r3 ~ 3*rle2) /4

23 = z2[§+1)

22 = (23 + zl)/2

tl = (£(i,3+1) + tii,$)3/2

¢) « keond{i,rl,tl1)/{z3-z1)*temp3

ci = cl + ¢3
JZ2 = J*Imax + I
A{J2,12) = C3

23 = z{j-1)
= (z3 + zl)/2

tl = (t(i,9=1) + t(i,3))/2
3 = kcondii.rl.tl)1(21-23)‘t9mp3
cl = gl + &3

JZ2 = (j=2)*Imax + I

A{J2,12) = C3

rhol = rho{i, (rl1+r2)/2)

cpl = cop{i, {rl+r2}/2,t1)

cdé = rhol * cpl * deltaz * temp3/dt

cl = ¢]l + ¢4

A(N+1,12) = ~ gtran{{ri+r2)/2,z1,prob,tau, tnow)
& *deltaz * temp3 - cd * t(i,5)

Af(i2,i2) = - ¢l
go to 2000
endif
if {{i. eq 1) and. {j.eq.1)) then

L] - T I I I e S T T
) (Figure 3.5)

r]l = r(l)

3 = p{i+l}

2 = [r3 + rl}/2

2l = z (4§}

23 = z{j+1}

deltaz = {23-z21)/2

tl = (t{i+l, ) + t{i, 1)

c3 = keond{i,r2,tl)*(rl rl!l(rB-:ll*deltaz



L1

i

cl = 3
J2 = {j=1}*Imax + I+l
A{J2,12) = C3

temp3 = (p3¥%2 = 3¥pléez 4 2%r1%r3) /4
22 = (23 + z1)/2

(t(d,3+1) + t{i,3))/2

3 = kcond{i,rl,tl1}/(23-21) *temp3

cl = ¢l + ¢3

JZ2 = §*Imax + I

A(Jd2,I2) = 3

thol = rho(i,(rl+r2}/2)

cpl = ccpli, (rl+r2)/2,t1)

cd = rhel * cpl * doltaz * temp3/dt

¢l = cl + cd

A(N+1,I2) = - gtran((ri+x2)/2, (z1+22}/2,prob,tay,thow)
* deltaz * temp3 - cd * t{i,])

[
-
n

A{i2,i2) = - ¢l
go to 2000

end if

if ((i.eq.l).and.{j.eq.jmax}]) then N
i=1and § = jymax bbbl - (Figure 3.4)
r{i)

r{i+l}

{£3 + rl1)/2

2(j)

z3 = 2(j-1}

deltaz = {z1-z3)/2

tl = {t{i+d, §) + €(i,3))/2

c3 = kcond(i,r2,tl)*(r3+rl) f{r3-rl)*deltaz

cl = ¢3

J2 = (j-1)*Imax + I+l

A(J2,1I2) = C3

2]
(=]
LI 2 |

N
Py
[}

tempS = (r3¥¥? = 34rled2 4+ 2%rl1%r3) 4
= (23 + z1)/f2

{t{i,§=1} + t(i,j}})/2

c3 = kcond(l.rl,tl)/{zl-zal'temp3

cl = ¢l + c3

Jé = {j=2)*Imax + I

A(JZ,I2) = 23

ly
[y
L}

thol = rho(f, (rl+c2)/2)

¢pl = ccpli, (rl+r2)/2,1t1)

¢4 = rhol * ¢pl * deltaz * templ/dt

cl = cl + ¢4

A(N+1,1I2) = = gtran((rl+r2)/2, (z1428)/2,prob,tau, tnow)
* deltaz * temp3d - c4 * t(i,}}

A(12,12) = - &l
go to 2000

end if

Collector Surface, § = 2, imax =1 *&vvdbdddddidirdrs (Figure 3,12)
if g(r(i% ?q rhound(S)] .and. ((j na.1).and.{}.ne,jmax}]} then

rl=r

£3 = r{isl)

r2 = {r3 + ri}/2

zl = z{])

deltaz = (z(j+l)-z{j=1))/2

tl = (L(i+1,3) + £(i,1))/2

ci - kccndtl,rz tiy*(e3+4r1) /{r3=-rl) *deltaz

cl = ¢3

J2 = (j-1)*Imax + I+1

A(J2,12) = C3

tempd = (r3*w2 4 2+r1*r3 - 3epiee?) /4
23 = z(]+1)
z2 = {z3 + z1}/2

tl = {(eid,3+0) + ©(d,9))
c3 - kcond(i,:l t1) /(23 ~zl)*temp3
cl = cl + ¢3

J2 = J*Imax + I
A(32,12) = c3

z3 = z{j-1})
z2 = (23 + z1)/2
tl = {t{i,4-1) + t{i,3))/2

[~} kcond(i,rl t1)/(z1-23) *temp3
cl = ¢l + £3
J2 = (}=2)*Imax + I
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A(Je,12) = C3

tl = t{i-1,§)-t{i,q)
t2 = dmaxl{ tl, 1.0d0 )
if { tl1 .le. 0.0d0 ) then
heffc{j} = gch(j)*2*r(i-1)*deltaz
else
heffc(j) = {(gchly)
+ sigvems* ((t(i=1,§))%*4~(t[1,3})**4)*r{i-1)/x({{)
+ gapcond{t(i-l,3),t(i,}},Tatop, Tecool, Prob,tr,
' I(i)=x(i=1j)))*2*r(i=-1)*deltaz/t2
end if
Cl « Cl + HeffC(4)
J2 = (§-1)*Imax + I-1
AlJ2,1I2) = HeffC(3)

rhol = rho{i,(ri+r2)/2)

£l = {£(1,3-1) + (i, J)1/2

cpl = cep({, (£1+r2}/2,t1)

¢4 = rhol * ¢pl * deltaz * temp3/dt

cl =cl + cd

A[N+1,12) = - (gtran{(rl+r2)/2,2z1,Prob,tau,tnow} +
colheat({))*deltaz * temp3 - cd * t{i,j}

A{iz,i2) = - ¢l
go to 2000

end if

COllectat Su:face’ j - 1 [Z3ITTII TR SR 2022220 L A2 2 2t d) (Figu!e 3.1‘]
if ({r{i).eq.rbound(5)}.and.{(j.eq.1}) then
rl r(i)

£l = e(i+1)

rz = {r3 + rl)/f2

zl = z(j}

z3 = z(j+1}

deltaz = [z3-z1}/2

tl = {t{i+1,3} + t{i,9)/2

ci - tgond(i,rZ.tli'tr3+:1)/!r3-:1)‘de1taz
cl = ¢

J2 = (j=1)*Imax + I+l

A{J2,I2) = C3

tempd = (p3**2 ~ 3*rlvéz + 2%rl1*r3) /4
z2 = (23 + zl)/2

tl = (t{i,3+1) + £{i,§)1/2

c3 = kcond{i,rl,tl}/(23-21) *temp3

el » cl + ¢3

J2 = j*Imax + 1

A(F2,12) = C3

tl = t{i-1,3}-t{i, 4§}

t2 = dmaxl{ tl, 1.0dD )

if ( tl .le. 0.040 ) then
heffc(j) = gchij)*2*r(i-1)*deltaz

else
heffc(§) = (gchij)
+ sigrems* ((t(1-1,§) ) ¥4~ {t{i, )} **4)*r(t=1) /(1)
+ gapcond(t[(i-1,3},t({i,]),Tatop, Tecool,Prob,tr,
c{i)=p{i-13})*2%r(i~1)*deltaz/t2

end 1f

Cl = C1 + HeffC(j)

J2 = (j=1)*Imax + I-1

A[J2,12) = HeffC(y)

rhol = rho(i, (rl+r2)/2)

tl = (i, j+l) + t(i,3))f2

cpl = copll, irl+sr2) f2,t1)

cd = rhol + cpl * 2 * deltaz + tempi/fdt

€l = cl + ¢4

A(N+1,72) = ~ {gtran{{el+r2)/2,z1,Prob,tau,tnow) +
colheat(j)) *deltaz * tempd - ¢4 * t{i,])

Aliz,i2} = - ¢l
go teo 2000

end if

Collector Surface and j = jmax *¥waddsddsssswrasasss  [Figure 3.13)
1f ((ri{i).eqg.rbound(53}).and. (j.eq.jmax)] then

rl = (i)

3 = rli+l)

r2 = {r3 + rl)/z

zl = z(j}

23 = 2(j=1)

deltaz « (zl-z3)/2
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c3

= {t{i+d, ) + (i, 90 /2
¢3 = kcond{i,zr2. tll*lz3+:l)/(r3-r1l*de1taz

JZ = {j-1)*Imax + I+1

A{J2,1I2) = C3

temp3 = ([3%*2 = 3Ivplwdl 4 2wplepd) /4
22 = (23 + z1)/2

tl =(t(i, -1}

+ (i, §1)/2

¢3 = keond(i,rl,tl)/(21-23) *temp3

¢l = ¢l + c3

J2 = (j-2)*Imax + 1

A{J2,I2) = C3
tl = t{i-1,3)

=t (i, j})

£2 = dmaxl{ tl, 1.0d0 )}
if ( t1 .le. 0.0d0 } then

heffc{j}
else
heffe(j} =

= gchi{j)*2*r{i~1)*deltaz
{gch(])

+ sigrems* ({t(i-1,9))**4={C(i, ) )**4)*r(i=1) /(1)
+ gapcond{til-1, jJ,t(i,j),Tatop,Tocool Frob,tr,
r(i)-r(i~1]))'Z'Iii-li*deltazlt2

end if

€l = C1 + HeffCl])
J2 = {j=1)*Imax + I-1
A(J2,12) = HeffC{}}

rhel = rho(i, (rl+r2)/2)

tl ={t{i, }-1)

+ t{i,§))/2

epl = ccp(i, (r1+r2)/2,t1)
¢ = rhol * cpl * 2 * deltaz * temp3/dt

¢l = ¢l + c4

A(N+1,I2) = -~ (gtran((rl+r2}/2,zl1,Prob,tau,tnow) +
colheat ()} *deltaz * temp3d - cd * t{i,¥)

Afi2,1i2) = - ¢l

go to 2000
end if

Emitter Surface, § = 2, jmax =1 *werwdddddrdirdbrdrer
if ({r(i).eq.rbound(4]).and. {{}.ne.1).and. (j.ne.jmax})} then

{t{i=1,3) + tii,N)rs2
keond{i,r2,t1)*(r3+rl)/(ri-r3)*deltaz

rl = r(i)

zl = z{j)

deltaz = (z{j+1)=-z(j-1}}/2
r3 = r{i-1)

r2 = {r3 + rl1}/2

tl =

cl =

cl = ¢3

J2 = (j~1)*Imax + I-1
A(J2,12) = C3

temp3 = (3rplav? - p3eed - 2orlerd) 4

z3 = 2({j+1)
22 = (23 + z1

V/2

tl = (t(i,3+1) + tii,3))/2

c3 = kcond(i,
cl =cl +¢c3

rl.tli/(zB-zl)*tempS

JZ2 = J*Imax + I
A{J2,12) = C3

z3 = z2{j-1)
z2 = {23 + z1

1/2

tl = {t{i,j-1) + ti{i i)
¢3 = kcond{i,rl,tl)/( zl-zsz*temps

cl = cl + ¢3

= ({=2)*Imax + I
A(J2 I2) = C3

tl = t(i,9)-t

(1+1, )

t2 = dmaxl( tl, 1.0d0 )

0.0d0 } then
- ch!j)*Z*r(i}‘deltaz

if ( £l .le.
heffetj)
grad(j} = 0.0d0
gescond(

else

3} = 0.0d0

heffe(j) = (qec(j)

+ sigrems* {(C{i,§)]1**4 « (L{i+l,4))1**4)

+ gapcond(t(i,3},t{i+},4),Tatop, Tecocl, Frob,tr,
r{i+l}=r{i}}}*2*r{i}*deltaz/t2

grad(])

= sigrtema*({t{i,§))**4 - (t(i+1,9))**d}

(Figure 3.9)

gcacond(j) = gapcond{t(i,j),t(i+l,3),Tatop, Tecool,Prob,

end if

tr,ri{i+l)-r(i}))
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Cl = C1 + HeffE(J)
J2 = (j=1)*Imax + I+1
A{J2,12) = HeffE({)

rhol = rhotl, (rl+r2) f2)

tl o= (t(i,j-1) + t{i,j1)/2

cpl = cep(i, [rl+r2)/2,t1}

cd = rhol * cpl * deitaz * temp3/dt

cl = ¢l + cd

A(N+1,12) = - (gtran(i{rl+x2)/2,z1,prob,tau,tnow)
+emheat (j))* deltaz * temp3 - c4 * £(i,9)

A{iz,i2) = - ¢l
go to 2000

end if

Emitter Surface, j I I L e S e L e S L) {Figure 3.11})
if ((e(i).eq.rbound{4}}.and.{j.eq.1}} then

rl = p(1)

2zl = z(j)

z3 = z(j+1)

deltaz = (z3-zl}/2

r3 = p{ji-1)

ré = {r3 + r1y/f2

tl = (tii-1,3) + ti,3))/2

€3 = kecond({i,r2,t1)*{r3+rl)/(rl-r3)v*deltaz

¢l = ¢3

J2 = (4-1)*Imax + I-1

A{JZ,12) = C3

templ = (3*r1%42 = p3i¥+ 4+ 2%rl1*ri)f4
z2 = (23 + zl}/f2

tl = [t{i,3+1} + t{i.3}}/2

c3 = keond(i,rl,tl)/{23-z1)*temp3

cl = ¢l + ¢c3

J2 = j*Imax + I

A{J2,12) = C3

tl = t(itj]'t(i+111)
t2 = dmaxli( tl, 1.0d0 )
if ( tl .le. 0.040 ) then
heffe(j) = gqec{j)*2*r(i)*deltaz
grad{j) = 0.0d0
gescord(}) = 0.0d0
else
heffe{y) = (qgec(])
+ aig'e-a'( (5, 30)%%4 — (t{i+l,3)) 4}
+ gapcondi{t(i,j),t(i+1,9),Tstop, Tecool, Prob,tr,
fil+l)-r(i)))*2*r(i)~deltaz/t2
qrad(y) = sigems¥|{t{i, JI}**4 - (t{i+1,]))**4)
gescond(f) = gapcond{t{i,3)}, t{i+1,9), Tatop,Tecool Prob,
tr,r(1+1)-:(ih
end if
Cl = Cl + HeffE({}
J2 = {j=1)*Imax + I+1
R{J2,12) = HeffE{y)

thal = rholi, {rl+r2)/2)

tl = (t(i,4+1) + t(i,3))/2

cpl = ccp(i,trl+r2)/2 tl)

¢4 = rhol * ¢pl * 2 * deltaz * temp3/dt

cl = ¢l + cd

A{N+1,32) = - {gtran{{rl+c2}/2,{21+22)/2,prob,tau, tnow)
+emheat{j))*deltaz * temp3 - cd * t{i,J)

Ali2,12) = « €1
go ta 2000

end 1if

Emitter Surface, i = qmax ArEEEEbhdkdRd R R R s d e {Figure 3.10Y
if {(r(i).eq.rbound{4)).and.{j.eqg.jmax}) then
rl = r{i}
zl = z(j)
z3 = z(}-1)
deltaz = (z1=-23)/2
I3 = r{i=i)
r2 = {r3 + rl)/2?
£l = (tidi-1,3) + tid, 50
el = kcond{i,x2,t1)*{r3 rl)/lrl-r3}*de1taz
cl = c3
= (§=1)*Imax + I-1
A[JZ 12) = €3

tempd = [3+pl¥*Z -~ p3%v2 4+ 2+rivrd) /M4
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22 = (23 + z1} /2

= (t{i,3~-1) + ti(i,3}}
c3 = keond(i,rl,tl) / (zl
cl = ¢l + ¢3
J2 = (j=2)*Imax + I
AI2,12) - (3

tl = t{i,jy-t(i+l,3)

t2 w dmaxl( tl, 1.040 )

1f { tl .le. 0.0d0 ) then
heffe(j} = gec(j)*2+r(i)*deltaz
qrad({i} = 0.0d0
gescond(j) = 0.0d0

zBJ*temp3

else
heffe(4) = (gec(j)
+ algvems* ((t(i,J)} ¥4 = (L{i+l,3))**4}
+ gapcond(t(i,3),t(i+1,3},Tstop, Teccol, Frob,tr,

cii+l)=r(i)))*2*r(i]} *deltaz/t2

qrad(j) = sigrems*{{t{i,J))**4 - (L({i+1,j))**4}

gescond(j) = gapcond{t{i,j),t{i+l,)),Tatop, Tecool,Prok,

tr,e{i+1)=-r(i))
end if
Cl = C1 + HeffE(])
J& = (j~1)*Imax + I+l
A(J2,12) = HeffE(})

thol = rholl, (rl+r2)/2)

1 = (t{i,3-1) + tii,9)}/2

cpl = cep({, (r1+r2)/2,t1)

¢d = rhol * cpl * 2 * deltaz * temp3/dt
cl =cl + c4

A(N+1,12) = - (gtran((rl+r2)/2,{z1+22)/2,prob,tau, tnow)
+emheat (§)}*deltaz * temp3d - <4 * t{i,])

A{i2,i2) = - ¢l
go to 2000

end if

if {({(i.ne.l}.and.(i.ne.imax)).and.{j.eq.1)) then

1 =1 and § = 2, imax =1 wEekwiduwderesdevevernnernids (Piagurg 3.8)

rl
I3
2
zl
z3 = z[}+]1)

deltaz = (z3-zl)/2

tl = (E{i+1,3) + tii,§)) 72

ci - kgond(i,rz (1) *(x3+r1) flr3-r1) *deltaz
c - L

J2 = (j=1)*Imax + I+l

A‘erlz) = C3

rre
n
(7]
+
"
pud
Lol
~
~

r3 = r(i-1}

r2 = {r3 + rlj/2

tl = (e{i-1,3) + t{i,3))/2

€3 = kcond{i,r2,tl)*(r3+rl)/(rl-r3)*deltaz
c1 = ¢l + ¢3

(j=1)*Imax + I-1
A(J2 I2) = C3

r2 = pli+l}

temp3 = (r2%%3 -~ p3%%2 4 Jeplé(r2-r3)) /4
22 = (23 + z1}/2

1 o= {B{i,§+1) + tii,§))/2

¢3 = keond(i, rl,tl)f{z3=-z1)*temp3

cl = ¢l + 3

J2 = j*Imax + I

A(J2,I2) = (3

thol = rho{i,rl)

cpl = cepii, rl,tl)

cd = rhol * cpl * deltaz * temp3/dt

cl = ¢l + ¢4

A(N+1,12) = = gtran(rl, (zl+z2)/2,prob,tau,tnow}
* deltaz * temp3d - od * t[i,j}

Af12,12) = = ¢l
go to 2000

end if

if {{{i.ne.1).and.{i.ne.imax)).and. {j.eq.jmax}} then

i= jmax and 1 = 2, fmax -1 Fdwwddesideddiussedsesrts

rl = r(i)
rd = r{i+l}

{Figure 3.7}
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2 = (53 + rl)/2

2z = z(§)

23 = 2{j=1)

deltaz = (z1-23)/2

tl = (£(i+1,9) + t(1,5))/2

c3 = keond(i,x2, tl)*(:3+rl)l{:3-z1)*dﬂltaz
cl = &3

J2 = (J=1}*Imax + I+1

A{J2,I2) = C3

3 = r{i-1)

2 = {r3 + rl)/2

tl = (£{i-1,3) + t(i,§))/2

c3 = tcond(i,:z tl]*(:3+rlil¢:1-r3)*deltaz
cl = cl + ¢3

JZ = (§=1)*Imax + I-1
A{J2,I2) = C3

2 = rii+l}

temp3 = (r2%*2 = p3**2 4 2¥r)¥(r2-r3}) /4
z2 = {z3 + zl1}/2

£l = (t(i'j-I, + t(l,j,)f?

¢3 = kcond{i,rl,tl)/{zl-z3)*temp3

¢l = ¢l + ¢3

JZ2 = (j=2)*Imax + I

A(J2,12) = C3

rhal = rho(i,rl)

cpl = cepli,rl,tl)

cd{ = rhog * cpl * deltaz * temp3/dt

cl =cl + cd

A(N+1,I2) = - gtran(rl,z2,prob,tau,tnow) *deltaz * temp3

- ed ¢ £{i,])
A(i2,12) = =~ g1
ge to 2000
endif
if {{i.eq.imax).and.{{}.ne.1).and. (j.ne. jmax))) then
i= imax, §J = 2, jmax =1 ¢eves *%*% (Figure 3.15)
rl = r{i}
2l = z{

b1l
deltaz = (z{j+1l}=2(j-1})/2
t2 = tcoclant())
¢3 = h(t2)*rl*deltaz*2

¢l = 3

A(N+1,I2) = =C3*T2

3 = rii-1)

r2 = (3 + rl)/f2

£l = (t(i-1,3) + t(i,3)}1/2

cl = kcondli r2, tl)*{r3+:1}/(r1-r3)*daltaz
¢l = ¢l + 3

J2 = (j-1)*Imax + I-1

A{JZ,I2}) = C3

temp3 = (3%*rl*+2 = p3+*2 « 2eplepdy /4
z(j+1})

22 = {z3 + zl}/f2

tl = (t{i,3+41) + t{i,1)}/2

€3 = kcond{i,rl,t1}/(z3=z1)*temp3

cl = cl + ¢3

JZ2 = j*Imax + I

A{J2,12) = C3

N
w
]

23 = z(§=-1}

22 = (23 + zl) /2

tl = (t(d,3-1) + t{4,9)) /2

¢3 = keend(1l,xl,t1)/(z1~23) *temp3
cl = cl + ¢3

J2 = (j=2)1*Imax + I

A(J2,12) = C3

rhol = rho{i,r2)

cpl = cepli,r2,tl)

¢d = rhol * cpl ¥ deltaz * templd/dt

€l = ¢l + c4

A(N+1,12} = A[N+1,12} - gtran(r2,zl,prob,tau,tnow)
* deltaz * temp3 - o4 * £{i,5)

A{i2,i2) = - cl
go to 2000

endif
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if (ii.eq. imax).and (}.eq.1}} then
i = imax' j - A e e sk e o e e e o S e e ol o O e e e e e e e e e e e el ‘Figure 3_17,

rl = p(i)

zl = 2§}

23 = z{j+1}

deltaz = (z3-z1) /2

t]l = ¢{i,})

t? = teoolant(y)

¢3 = h{t2)*rl*deltaz*z

cl = ¢3

A(N+1,I2) = - c3 * t2

I3 = r(i-1)

2 = {r3 + xrl)/2

tl = (e{i=-1,3) + £(1,3))/2

c3 = kcond(l,r2,tl)*{£3+21)/(r1-c3} *deltaz
cl = ¢l + ¢3

J2 = (§-1)*Imax + I-1

h(J2,I2) = C3

Lemp3 = (3*rl**Z - rI¥¥2 4 2¥ri*c3) /4

22 = {z3 + z1}/2
tl = (t(i, 4+1) + (4,172
ci= kcond(i,:l,tl)l(z3-zll*temp3
¢l = ¢l + 3
J2 = y*Imax + I
A(JZ2,12) = C3

rholt = rho(i,el)

cpl = ccp(i,ri, tl)

c4 = rhel ¥ cpl * deltaz * temp3d/dt
cl = cl + ¢i

A(N+1,I2) = A(N+1,12}) - gtran{r2,z22,prob,tau,tnow)
¥ deltaz * temp3 - cd * £(i,j)

Af12,12) = ~ ¢l
go to 2000

endif

if {{i.eq.imax).and. (j eg.jmax)) then

i = imax, § = jmax ke

rl = rii)

2l = z(§)

z3 = z(§-1)

deltaz = (z1-z3)/2

tl = £(i,9)

t2 = tcoolant(j)

c3 = h({t2)*rl*deltaz+*2
cl = 3

A(N+1,12) » = 3 * t2

rd = r{i=1}
r2 = (r3 + rl1)/2
tl = jtii-1,3) + i, 972

a2 e {Figure 3.16)

c3 - kcond(1.£2.t13*trs+:1)!!:1-r3)*deltaz

cl = ¢l + e3
J2 = (§-1)*Imax + I-1
AfJ2,I12) = C3

tgmpS = [3+pl**Z - p3%e2 4 2erlvrd}/4

[z3 + zl1)/2
Bl o= [(t{i,.4=1} + £(i,{11/2
¢} = kcond[i,rl,tl)/(zl =z3)*temp3
¢l = ¢l + ¢3
J2 = [{§=2)*Imax + I
A{J2,I2) = C3

rthol = rhe{i,r2)

cpl = cepii,rz, tl)
cd = rhol * cPl * deltaz * temp3/fdt
el = ¢l »

A(N+l, IZ) =- AlN+1.IZ) - gtran{rZ,22,prob,tau, tnow}
* deltaz * temp3 - cé * t(i,])

A{i2,i2} = - ¢l
go to 2000

endif

rl = r{i)

£3 = r{i+l)

r2 = (3 + rl)/2

zl = z(§)

deltaz = (z{j+l)~z(j-1))/2

all other pointa LAA L LA LLE T LYY L L L 2T Ty I e aogungtl Lt 1 Lo Y Ty {figure 3‘1)
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tl = (t(i+1,§) + t(i, 41172
c3 = kcond(i,rz tl!*lr3+r1)i(r3-r1}'deltaz
cl -

lj L)*Imax + I+l
A(Jz 12) = C3

3 = r{i=-1)

r2 = {r3 + rl)j2

tl = (t{i-1,3) + t{i, §)}/2

c3 = kcond(i,r2,t1)*(r3+rl)f{rl-ri3)*deltaz
cl =-cl + ¢l

{3=1) *Imax + I-1
AtJ? I2) = C3

r2 = pr{i+l)

temp3 = (xz-*z - [3%wE 4 2erlv(r2-r3)) /4
z3 = z(j+1}

z2 (23 + zl) /2

tl = (tii,j+1) + t(i,§)1/2

c3 kcond{i,rl,tl}/{z3-21) *tempd
cl = 2l + &3

Jz = $*Imax + I

A({J2,12) = C3

z3 = z(j-1)
z2 = (23 + 21} /2
tl = (t{i,3=1) + t{i,j)}/2
c3d = keond(i,rl,tl)/{21=-23)“temp3
c1 =cl + c3
= (j-2)*Imax + I
A{JE.IZ} - (3

rhol = rhof{i, rl)

¢pl = copli,ri,tl)

cd = rhaol * cpl * deltaz * temp3/dt

¢l = sl + ¢4

A(N+1,12) = - gtran{rl,zl,prob,tau,tnow) *deltaz * temp3
-cd v eii, R

Af{iz,12) = - ¢l
continue

if { Isolver .eg. 1 ) then
Call Gauss

else
Call 5Gauss

end if

do i=1, imax
do i=1, imax
I2 = (4~1)*Imax + I
if { prob .eg. 1 ) then
T{I,3} = (T(I,Jh+X(I2}}/2.0
else
T{I,j) = X{I2}
end if
end do
end do
do i=1,N
X{i) = 0.0d0
do 3=1,N
A(i,§) = 0.0d0
end do
AN+1,i) = 0.040
end do

and do

return
end

double precision function gtranir,z,prob,tau,tnow)
parampetgr ( eps = 1,1d-16 }

double precision r, z, ¢, tau, tnow, beta, period, dollar, de
integer prob

common /prompt/ beta, period, dollar

$f { tau .le, 1.1d-16 } then
de = 0.0dD

else
de = dexp(-tnow/tau)

end if

if startup problem, increase the heat generation exponentially
if { prob .eg. 1 } then
gtran = g{r,z} * { 1.0d0 - de )
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. if shutdown problem, decrease the heat generation te zete
elseif { prob .eg. 2) then
if { tau .me. 0.040 )} then
... sxponetial ahutdown
gtran = g{r,z) * de
alse
... prompt jump shutdown
if ¢ tnow .gt. 0.0d0 } then
gtran = g(r,z}) * {1.0-dollar*beta)/(1.0-dollar)
& + dexpi~ tnow/pericd)
else
gtran = g{r,2}
end if
end if
elae
gtran = gir,z)
end if
return
end

double precision function ThPower (prob, tau, tnow, powetrTh)
parameter { eps = 1,14d-16 }

double precision tauw, tnow, beta, perlod, dollat, powerTh, de
integer prob

common /prompt/ beta, period, dollar

if ( tau .le. 1.1d~16 ) then
de = 0.040

alae
de = dexp(-tnow/tau)

end 1f

if startup problem, increase the thermal power exponantially
if { prob .eq. 1 ) then
Thpower = powerTh * { 1.0d0 ~ de )

if shutdown problem, decrease the thermal power to zero
elaeif { prob .eq. 2) then
if ( tav .ne. 0.0d0 } then
+.. exponetial shutdown
Thpower = poweITh * de
¢lae
« .« prompt jump shutdown
if ( tnow .gt. 0.0d0 ) then
Thpower = powerTh * (1,0-dollar*beta)/(l.0-dollar)

& * dexp(~ tnow/period)
else
Thpower = powerTh
end if
end if
else
Thpower = powerTh
end if
return
end

integer funetion iprint(tnow,tprint,dt,time,tstart)
double precision tpow, tprint, dt, time, tol, tastart, dminl’
double precision a, b

iprint = 0
if (trow .eqg. tstart .or. tnow .eq. time} then

iprint = 1

return

end if
tol = dminl({dt,1.0d-5)
a = dmod{tnow,tprint)
b = tnow/tprint
if{a .le. tol .and. idint(b) .ge. 1) then

lprint = 1

end if

return

end

double precision function minv(v)
parameter ( jmax = 10 )
double precizion v(jmax)

minv = v(1)
do =2, jmax

miny = dminl (minv,v{j}}
end do



return

end

subroutine {nput{prob,options,time,tprint,ffun,dt,
& Tstop,Tatart, teoolant, powerTh,
] A, B, tau,ipout,Iscvlver)

integer numofmats, j
parameter {numofmats = 8, imax = 10, jmax = 10)

double precision tinlet, mdot, w, tr, itop, ibottom, powerth

double precision pwrtabl{2,100),ir(10),cr{10),ens,phil {numofmats}.
double precision zmin,zmax,l,phie,z,g,trl,pca,rbound({10),pi,Tatop
double precision de, gi, d2, dl, fuelvol, giave, totmesh, paratio

integer rmesh(9),mat{5),k2
integer prob, options, ilpout,Isclver

double precision time, tprint, ffuplimax,jmax),.dt,Tstart
double precision bets, periocd, dollaz, Tcoolant{jmax)

double precision tau, A, B, rperiod

integer tabflag, mataum({9), meshpt{9), i, taklen
character*80 title

character*2l regname{10)

character*5 matname(numofmats)

logical deckerror

common /input/ tr, ema, phie, itop, ibottom, title

common /rdata/ rbound, rmesh,mat

common /zdata/ zmin, zmax, k2

common /powerdata/ g3ave, pwrtabl, tabflag
Common /ggdot/ ir, or

commen /prompt/ beta, period, dollar

common fcoolprop/ tinlet, de, gl, w, d2, dl, mdot \

data matname/'wsaZ ','w ,'nb Y, Ymblzr', 'mo
a ‘os v, 'alZodY/
data phi0/0.0d0,4.9dC,6*0.0d0/
data regnsme/'fuel

Tam@p

data pi/3.141552640/

open (7, file='tfetc.inp', statuss*old*)
cpen (8, file='tfetc.out')

deckerror=.falas.
Read (7,10) Title
Read {7,*) Prob
if (Preb .lt. 1 .or, Prob .gt. & .or. mod{Prob,1)
Write(8,9010) ‘Invalid problem specification.®
Write(8,5120) 'Prob",1,2,3,4
DeckError = ,True.
end if
Read (7,*) Isolver
if (Isvlver .ne¢. 1 .and. Isolver .ne. 2) then
Write(8,9010) 'Invalid Isclver specification.'
Write(8,9020) 'Isclver',l1,2
DeckBrror = .True.
end if
if (Prob .ne. 4) then
Read (7,*) Options
if [Options .ne. 1 .and. Option® .ne. 2} then

Write(8,9010) *Invalid Options specification.’

Write(8,9020) *Cptions‘,l,2
DeckError = ,True.
end if
Read (7,*) Time
Read (7,*) Tprint
Read (7,*) dt
Read (7,*) ipout
if {dt .gt. Tprint .or. Tprint .gt. Time

.of. Time .le. 0.0 .or. dt .gt. 1.0d0) then
Write(8,9010}) ' Invalid Timing Specificatien.'
Write(8,9%290) 'DT',Tprint,1,0d0, "Tprint',Time, *Time’,d.0d0

DeckError = ,True.
end if
if ( ipout .ne. 0 .and. ipout .ne. 1 )} then
Write(8,9010) * Invalid Print Option.®
Write{d,9020) “IBPOUT',P,1
DeckBrror = ,True.
end if
end if
if { prob .eq. 3 ) then
Read(7,*) A, B, tau

', "fuel-enitter gap

.ne. 0) then

‘emitter ' 'emitter-collector gap ',
‘collector ', '‘collector-insulator gap®,
‘insulator ', 'insulator-cladding gap °*,
'cladding *, '¢oolant channel Wi

if (A .1t. 0.0d0 .or. B .le. 0.0d0 .or. A+B .ne. 1.0d0) then

Write{8,9010} ' Invalid mass-loss coefficients '
Write(B,9280) * A *,0.0d0," B ',0.040," A+B ',1.0d0

DeckError = .True.
end if
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*
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c ..

c**i’

end if
if { prob .eq. 2 } then
++. prompt jump case
... read the total delayed neutron fractien
Read{7,*) beta
.+». read the reactivity insertion in dollars
Read(7,*) dollar
if { dollar .ge. 0.0d0 ) then
Write (8,9010) ' Invalid reactivity insertion '
Write{8,9220) 'Rho (§}',0.0d0
DeckError = .True.
end if
-+. read the reactor period in seconds
Read(7,*) period
if (period .le, 8.0dl) then
Write (8,9010) ' Invalid reactor peried °'
Write(8,9040) 'Period®.,8.0d1
DeckError =~ ,True.
end {f
... caleulate reactor period
period = rpericd{dellar}
print*,' period = *, pericd
and if
if { prob .egq. 1 ) then
Read (7T,*) Tstop
Read (7,*) Tstart
if { Tatop .ge. Tatart | then
Write(3,5010}

& ‘Invalid temperatures to stop helium heating'
Write(8,9¢10) ' and begin electron cooling. *
Write(8,9130) T=top, Tatart
DeckError = .True.

end if
Read(7,*} tau
if (tau .le. 0.040) then
Write(8,9010) * Invalid power-rise coefficient *
Write(8,9040) "tau*,0.040
DeckError = .True.
end if
end if
Read (7,*} Tinlet, Mdot, W, Tr, Itop, lbottom, PowerTh
?egd {7,*} TabFlag
if (TabFlag.EQ.1l) then
I=Is}

Read (7,*) £, &
1f (5.GE.0.0DD) then
PwrTabl(l,I) = 2
PwrTabl{?,I) =G
Goto §
else
Tablen «
end if
alseif (TabFlag.EQ.2) then
1Read {7,*) PwrTabl(1l,1), PwrTabli{2,l)
alse
Write(8,9010) *Invalid heat generation table flag.'
Write{8,9020) *TabFlag®,1,2
DeckError = ,True.
end if
Do T I=1, 8
7 Read (7,*) IR(I), OR(I), MatNum(I}, MeahPt(I)
Read (7,*) IR(10), OR(10)
Read (7,*) Ems, Imin, Zmax, L

5

. read forcing function
if {options .eq. 2] then
Do & j=1,JImax
Read (7,*) (Ffun{f,j), i=l,Imax)

6 Continue

end if

. read inltial ¢oolant temperature profile
if { {prob .eq. 2 .or. prob .eq. 3 } .and. options .eq. 2 ) then
dR:;d(?,*} (Teoolant (3}, j=1, jmax}
an

Echoe input data to output flle +ve+

Write(8,100)

Write(8,10) Title

Write(g,9260) * !

if {Brob .eq. 1) then
Write(8,9260) *Start Up Problem®

elzeif {Prob .eq. 2) then
Write(B,9260) 'Shutdown Problem*
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elseif {Prob .eq. 3} then

Write(8,9260) 'Loss of Flow Problem'
elseif {Prob .eq. 4) then

Write(8,9260) 'Steady State Problem'
end if
if (Isclver .eq. 1 ) then

Write(8,9310)

se
Write(8,9320)
end 1f
if {Preb .ne. 4) then
Write(8,9180) Time
Write(8,9140) Tprint
Write(B, 9150} £t
Write(8,9300) ipout
end if )
if (Prob .eq. 1) then
Write(8,9160) Tstop
Write($,9170) Tstart
Write(8,9190) tau
end if
if {Prob .eq. 2) then
Write(B,9230) beta
Write(B, 9240} dollar
Write(8,9250) peried
end if
if (Prob .eq. 3} then
Write(§,9210) A,B,tau
end 1f
if ({W.GT.0.0D0).AND, (W.LT.1.000}) then
Write(8,120) INT{W+100.0D0}
elseif (W.EQ.D.DDD) then
Write([B,130)
elzeif (W.EQ.1.0D0) then
Write(8,140)
elae
Write(6,5010)

el

*Invalid potassium weight fraction in NaX coclant.'

Write{8,69030) 'W', 0.0, 1.0
DeckError«.True.
end if
if (Mdot.GT.0.0D0} then
Write(§,210) Mdot
else
Write(8,9010) *Invalid coclant fiow rate.'
Write(8,9040) *Mdot', 0.0D0
DeckError=,Trite,
end if
if (Tinlet,GE.0.0D)} then
Write(H8,310) Tinlet
elae
Write(6,5010) 'Invalid coolant inlet temperature.®
Write(8,9040) 'Tinlet’, 0.0DD
DeckError=.True,
end if
if (Tr.GE,0.0DOY then
Write(8,410) Tr
Pes = 2.4508/50RT(Tr) *EXP(~8510,0D0/Tr)
Write(B, 420} Pca
else
Pcs = -Tp
Trl = 600,000
Tr = =8910D0/L0G (Pcs*SQRT{Trl) /2.45D8)
if {(ABS{Tr-Trl).GE.1.9D0-5) then
Trl = Tr
Goto B
end if
Write(B,420) Pcs
end if
if (Ems.GE.0.0DO) then
Write({8,1010) Ems
4lse

Write(8,9010) ' Invalid effective emitter to collector®,

" emissivity'
Write(s,9050) "Ems', 0.0D0
DeckBrroxr = .True.

end 1if
if (Itop.GE.0.0DO) then
Write(8,510) Itop
alse

Write{8,9010) ‘Invalid output current at the top of the pin,®

Write(8,9040) 'Itop', 0.0D0
DeckError=.True.
end if
1f (ibottom.GE.0.0D0) then
Write(&,610) Ibottom
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C ..

else
Write(B,9010) 'Invalid output current at the bottom of the',
1 in'l

Write{8,9040) 'Ibottom', 0.0D0
beckError=.True.
end if
if (PowerTh.GE.D.ODO) then
Write(B,710) PowerTh
else
PowerTh = -PowerTh* {Zmax-Zmin}*Pi* (OR{1)**2~IR(1)++2)
Write{8, 710} PowerTh
end if
FuelVol = Pi¥*iQR(1}**2,0D0~IR({1)**2.0D0) *(Zmax~Zmin)
Qlave = Powerth/fuelVol
Write(H,720} Q3ave
if {TabFlag.EQ 1} then
Write(s,810)
Do 9 I=1, Tablen
] 2 Write{B 820) PwrTabl(l,I}, PwrTabl(Z,I)
else
Write(8,830) PwrTabl(l,61), PwrTabl(z, 1)
PAratio = (PwrTabl(l,1)+PwrTabl{2,1})/(PwrTabl{}, 1} +
a 2.0D0*PwrTabl{2,1) /Pi)
PwrTabl(l,1) = PwrTabl(1,1)/PAratio
PwrTabl{2,1) = PwrTabl(2,1)/PAtatioc
Write(8,835) PAratio
end if
Write(8,100)
Write(8,10) Title
Write(8,910)
TotMesh = 1
Do 70 I=1,9
if {MatNum{I)}.NE.O} then
Write{B,520) RegNams(I), IR(I), OR(I),
a HatName (MatNum(I)), MeshPt(I)
end if
if (IR{I).GT.OR(I)) then
Write(8,9010) '"Invalid geometry data.'
Write(8,9060) RegName(I}
DeckError = .True.
end if
if (I1.GT.1l) then
if (IR{I}.NE.OR{I-1}} then
Write(8,9010) *Invalid geometry dats.®
Write{8,9010) ReqName{I)j, RegName(I-1)
DeckError = .True.
end if
end LI
if (I.EQ.3) then
PhiE = PhiO(MatNum(I})
if (PhiE.EQ.0.0D0) then

Write(8,9010) 'Invalid emitter material specification’

Write{8, 9080) MatName(MatNum(I))
DeckError = .True.
end if
end if
if {IR{I).NE.OR{I)) MeshPt{I) = MeshPt(I) + 1
TotMesh = TotMesh + MeshPt(I)
70 Continue
if (TotMesah.ME.Imax} then
Write(g,9010) "Invalid mesh point specificatioen.’
Write(8,95050) Imax
DeckError = .Truye.
end if
Write(8,930) RegName(10), IR(10}, OR{10)
Write(8,1110) 2min, 2Zmax, Zmax-Imin, L
if {ABS(Zmax-Imin).GT.L} then
Write(8,9010) *Invalid geometry data.'
Write(8,9100}
DeckError = .True.
end if
if ({Zmax=-Zmin).LE.0.0D0} then
Write(8,9%010) "Invalid geometry data.'
Write(s,9105)
DeckError = .True.
end if

if (Prob .1t. 4 .and. Opticns .egq. 2) then
Write(8,9010) ‘Forcing Function: Temperature Diatribution for
Gthe Transient Case’
Do 11 =1, Jmax
Write(8,80) (Ffun{i,j), i=I, Imax)
11 Continue
end if

. Write initial coolant temperature profile
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if ( (prob .eg. 2 .or. prob .eq. 3 | .and. optioms .eq. 2 1 them KHMEL 7/5/03

Write(s,9010) ' Initial coolant temperature profile ' KHEL 7/5/93
wﬁte(s.sm {Teoolant (), j=1, jmax} KHEL 7/5/9%3
end

if {DeckError) then
Write(8,9110)
Stop
end if

10 Format (ABOQ)

20 Format [(TF10.0)

30 Format (I2)

40 Format (ZFl0.0}

50 Format (2F10.0,21I5}
55 Format (2F10.0}

60 Format (4F10.0)

80 format (10F10.0)

100 Format (*1',20("*'},"' TEETC ',20{'*'}/
a v wewwd TNPUT DATA SUMMARY FOR THE FOLLOWING CASE:")
110 Format (/)
120 Format (/' COOLANT TYPE: Molten Sodium~Potassium Alloy (NakK)'/,
a 15X, *Potassium composition =*,1I3,°'%")
130 Format (/' COOLANT TYPE Molten Potassium')
140 Format (/' COOLANT TYPE Molten Sodium')
210 Format {' COOLANT MASS FLOW RATE:',F7.2,* kilograms per second.”)
310 Format (' TEMPERATURE OF COOLANT AT CHAMMEL INLET:',F7.1,"' K.')
410 Format (/' TEMPERATURE OF CESIUM RESERVOIR:',F7.1,' K.")
420 Format (' PRESSURE OF CESIUM VAPOR:’,F7.1,' Torr.')
510 Format (/* OUTPUT CURRENT FROM THE TOP OF THE TFE: °',F7.1,
a ' Amperes ')
610 Format (' OUTPUT CURRENT FROM THE BOTTOM OF THE TFE:',F7.1,
a ' Amperes '}
710 Format (/' TOTAL THERMAL POWER PRODUCED IN THE TFE FUEL:*,F7.1,
a ' Watts ')
720 Format (' AVERAGE VOLUMETRIC HEAT GENERATION RATE FOR THE TFE',
a ' FUEL:',F7.1,"' Watts.’)
810 Format (//' AXIAL POWER PROFILE TABLE N
a //54,'R is the ratio of the volumetric heat generation rate'/
b BX, 'at point 2 to the averege volumetric heat generation'/
¢ 8X,'rate for the TFE fuel.'//
d 8X,'2 is measured from the ends of the emitter and collector'
@ B8X, "leads at the end of the TFE where the coolant enters.'//
g 6X,'2 (em) ", 8X, "R'/2(5%,.8('=-")) /)
820 Format {6X,F5.1,7X,F6E.3)
830 Format (' CORRELATION FOR THE RATIO OF THE HEAT GENERATION RATE'/
a 10X, * AT POSITION Z TO THE AVERAGE HEAT GENERRTION RATE IN '/
b 10X, * THE TFE FUEL:*//10X,'F = *,F10.4,'+',F1G.4,
c * * SIN{(2-Zmin) /{2max~Zmin)} *3.14159)'/)
835 Format (' AXIAL PEAK-TO-AVERAGE RATIO FOR HEAT GENERATION IS:°',

a F1.49)
910 Format (/' ****+¢ GEOMETRY DATA EDIT *¥wwwt/
a ' *+vé+ RADTAL GEOMETRY *wwe'//

a 30X, 'Inside’, 3%, 'Outaide’, 17X, *Number of'/
b 9%, 'Regicn’, 15X, "Radius=?',9X, "Radius’,5X, "Material’, SX,
¢ ‘Interior'f31X,"{cm)*,11X,*(cm)',18X, "Hesh Points’/1X,
d 23('=*],4K, 100"} ,5K,10( =), 4%,8( =), 3%,11(*-*))
920 Format ({A23,4X%,F10.6,5%,F10.6,8X,A5,5%,13)
930 Format (AZ3,4X,F10.6,5X,F10.6)
1010 Format (/' EFFECTIVE EMISSIVITY FOR RADIANT HEAT TRANSFER FROM'/
a 10X, ' THE EMITTER SURFACE TO THE COLLECTOR SURFACE:',F10.6!%
1110 Format (/° *w*&+ AYTRL GEOMETRY w#we+t//
* AXIAL POSITION OF THE UPPER LIMIT FOR'/10K'THE FULLED®
* REGION OF THE TPE:',FI0 6," {cm)'/' AXIAL POSITION OF'
' THE LOWER LIMIT FOR'/10X*THE FUELED REGION OF THE TFE:"
F10.6," {(cm)"/' AXIAL EXTENT OF THE FUELED REGION OF THE'
' TFE:',Fl10.8,"' lem) */* TOTAL LENGTH OF THE TFE,*
' INCLUDING ELECTRODE LEADS *,F10.6,' {(cm)')

9010 Format [* *¥*¥% ¥ REE, T *iwdw v)

3020 Format {10X,A23,*' muat be elther*,I2,' or',I2,'.")

9030 Format 710X%X,323,' should be between',F5.2,' and',F5.2,
a ', inclusive.')

9040 Format (10X,A23,' should be greater than',F5.2,".")

9050 Format (10X,A23,' should be greater than or egual to',F5.2,'.")

9060 Format (10X, 'The inmide radius for the *,A23,' region must bhe',
a ' less', 10K, than the outside radius.')

9070 Format {10X, ‘The inside radius for the *,A23,' region musat be’,
a ' equal'/10X,' to the outside radius of the ',AZ3,' region.’)

9080 Format (10X,'No bare work function data is available for the *
a ‘'material’/i0X,A23,'. Please add the necessary data to the *
b 'Phi0 DATA'/10X,' statement in the Input subroutine.')

9050 Format {10X, *There must be a total of*,I13,' interlor and'
a ' ipterfaclal mesh points.')

9100 Format (10X%,'L should be greater than or equal to Zmax ~ Zmin.'})

P OO0
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9105 Format (10X, *Zmax should be greater than Zmin.'}

9110 Format (//* *%+++  EXECUTION HALTED DUE TCO ERRORS IN THE®,

' INPUT DECK *****'//)

a
9120 Format (10X,A23,* must be one of ',I12,1X,12,1X,12,1%,72,".
9130 Format (10X, *Tatop = ',F7.2,' must be less than Tstart =
9140 Format (10X,' Print Time Step, TPRINT = ',FT.Z,' Seca.')
9150 Format (10X,' Time Step Increament, delta t = ', F10.4,' Secs.’)

')

LELLY)

KHEL
KHEL
KHEL
KHEL

9160 Format (1ox,' Stop helium heating at the emitter temperature, Tst'KHEL
&

‘op = *,F1.2,'.")

KHEL

9170 Format :1ox ' Start Electron cooling at the emitter temperature, 'KHEL
&

,"Tatart = ' F7.2,

95180 Format {1ox ' Simulation Period, TIHE = ', F7.2,' Secs.'}
9190 Format (10X, Power-rise coefficient, tnu - ',DS.S,','I,' X

& 1)
+3200 Format (10X, Power-loss coefficient, PLOSS = ',FT.t,‘.=)

"P(t) = #(0) * [ 1 -Exp (~t/tau) ] *

10%,

KHEL
KHEL
KHEL
KHEL
KHEL

9210 Format (10X,' Mass-loss coefficlents, A = ' F7.4,%, %, " B = * F7.4,KHEL

& L, tauw = . D5.3,%.4/,10K, ' Mdot{t) = Mdoti{0) * |
&

'"A+ B Y Exp(-t /ftaul) ] ')
5220 Format (10X, A23,' should be less than ',F5.2,'.")

9230 Format (10X%,' Total delayed neutron fraction, BETA = ',F9.5,°

9240 Format zlox,- Negativa Reactivity insertion in $, dollar =

9250 Format :10x,' Reactor perecid, T = ',F7.2," Secs.',/,10%,

£ ' Pty = P(O) [(1 - BETA * BHO) /(1 - RHO)] * EXp{~ t / Period]

9260 Format (' *++vw v a30,"' *+éss 1)

9280 Format (10¥%,AS,’* should be greate: than or equal to',F7.2,',',/

,AS,' should be greater than',F? 2,%,',/
' should be egual te',F? 2,'.")

§ A5

9290 Format (10X,A&,' should be less than or equal ta',F7.2,',%,F7.2,/
& +A6,"' shoyld be le=s than or equal to',F7.2,°,°*
‘ 1

+AE,' should be greater than*,FT 2,
9300 Format (10X,' Print Optien, ipout = *,I1,' ')

KH
')} KHEL

*KHEL

KHEL
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') KHEL
*,F7.2,KHEL
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€f26/93
626/93
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9310 Pormat (10X,' Linear Equations solved using Gaussian elimination’)KHEL

9320 Format (10X,' Linear Equations s¢lved using Y12M Sparse solver'}

D] = 2,000*IR(10)

D2 = 2.0D0*0R([10}

De = D2-D1

Gl = Mdot/(OR(10)*+2.000-IR{10}*+2.0D0) fEL
Po 2010 I = 1,10

2010 Rboynd (1) = IR(I)
Do 2020 I-1,5
2020 Rmesh(I) = MeshPt(I)

Do 2030 I=1,9,2
2030 Mat (INT((I+1)/2)) = MatNum(I)

Return
end

double precision function rperiocd(dollar)

implicit double precision {(a-h,o-2)

double precision dollar, result, periocd (14}, rhe(ld), x
data period /700.0, 400.0, 280.0, 200.0, 180.0, 125.0,
& 90.0, $0.0, 80.0, 80.0, 80.0, 80.0,
data rho 7 0.02, b.04, o0.06, 0,08, 0.10, 0.20,
é

93.0,
80.0 /
0.40,

0.60, 1.00, 10.0, 100.0, 200.0, 300.0, €00.0 /

x = - dollar
call intrpl(8,14,rho,period,l,x,result)
period = result

return

end

doukle precision Function ceplI,R2, T)
il Units = JfXg.X *+

Integer 1,Rmesh{%),M(5)

double precisinn R Rbound {10}, Temp, R2
double precision T, cepl

Comman /Rdata/ Rbound, Rmesh, K

if (R2.LT.Rbound{l)) then
**+ Void ( assumed to be air )
Temp = 1.00488d3
Goto 10O
endif
if (RZ.EQ.Rbound(l)) then
*++ YoidfPellet boundary
Temp = (1.00488d3 + cepliT,M{1})}/2
Goto 100
endif
if (tRz.GT.Rhound(I)).AND.(RZ.LT‘Rhound£2l)b then
Temp = ccpl(T,M({l1))
*id Fuel pellet
Goto 100
endif
if (R2.EQ.Rbound(2)) then

KHEL

1/1/93
6/26/93
/1793
7/1/93
/1793
T/7/93
147733
1/7/93
/1/93
7/19/93
7/19/93
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wkd Ppel Pellet outer surface
Does a gap exist betwsen the fuezl and the emmiter? wo+
if {Rbound{2).NE.Rbound(3)} then
el e Ga
Temp = (1.00488d3*[R{I+1}-R{I}) +
cepl (T, M{1})*(R{I}=-R{I-1}))
/{R(I+1}-R{I-1))

(-4

else
Wk No G
Temp = (ccpl(T M{Z))*(R{I+D)=R(I}) +
cepl (T, H(l!)*(R(I)-REI-l))}
FIRII+)=R(I-1)}

Ty

endif

Gate 100

endif

if (({Rbound{2) .NE.Rbound{3)).AND. {{RZ.GT.Rbound{2})
a LAND. (R2.LT.Rbound(3)))) then
¥ Gap

Temp = 1.00488d3
Gote 100

endif

if {(R2.EQ.Rbound{3)).AND, (Rbound{2) .NE.Rbound(3))) then

oh
Temp = €CCpl(T,H(2))*(R(I+1)-R{I)J + 1.00488d3* (R(I)-R{I-1) 1)

a R{I+1}-R{I-1}}
ol Bmltte: inner surface
Goto 100
endif
if ((R2.GT.Rbound(3)).AND.{R2.LT.Rbound(4))) then
Temp = ccpl(T,M(2]}}
w4+ Emitter
Goto 100
endif
if {R2.EQ.Rbhound{4})} then
*++ Emjtter outer surface (Cs vapor used in gap)
Temp = {1.3%D-3*(R{I+1)=-R{I)) + ccpl(T,M{2]))*{R{I}~-R(I-1}))})
a /(R{I+1)=R(I~=1)}
Goto 100
endif
if {(R2.GT.Rbound(4)).AND. (RZ.LT.Rbound{5))} then
“+* Gap {Cesium vapor)
Temp = 1.9D=3
Goto 100
endif
if (R2.EQ.Rbound(5)) then
w** Collector inner surface
Temp = {ccpl(T,M{3})*{R{I+1}~R{I})) + 1.9D=3*{R{I)-R{I-1}}}
a /{R[I+1)~R{I-1))
Goto 100
endif
if ((R2.GT.Rbound({5)).AND. (RZ.LT.Rbound(6))) then
wet Collector
Temp = ccpi(T,M({3))
Goto 100
endif
if (R2.EQ.Rbound(6)) then
*¥* Collector outer surface
Does a gap exist between the collector and the insulator?
if (Rbound(6).NE.Rbound(7)) then
**% Gap
Temp = {1.00488d3*(R{I+1)-R{I}} +

a ccpl{T,M{3)) *{RII}-R{I-1)))
a FR{I+1)-R{I~1})
else
e No Gap
Temp = (ccpl(T,M{4))*({R{I+1)~R(I}) +
a cepl {T,M{3}} *{R{I)=R{I-1}))
a /{R{I+1}~R{I-1))
endif
Goto 100
endif
if 1(Rboundié) .NE.Rbound(7)).AND. ((R2.GT.Rbound(5)}
a +AND. (R2.LT.Rbound(7))}} then
whE Gap
Tenp = 1.00488d3
Goto 100
endif

if {(R2.EQ.Rbound(7)).AND, (Rbound{&} .NE.Rbound(7))} then
v Tmasulator inner surface
Temp = (cocpl(T,M{4))*(R{I+1}-R{I)] + 1.0D-2*(R(I1)-R{I-1)})
a / (R{I+1}=R{I~1})

if ((R2.GT.Rbound(T}).AND.{RZ.LT.Rbound{8))) then
*** Insulator
Temp = ¢ccopl(T,Mi(4})
Goto 100

209
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endif
if (RZ.EQ.Rbound(8)) then

* *++ Tpsulator ouvter surface

*ww Does a gap exist between the insulator and the clad? **+
if (Rbound(8).NE.Rbound{9]] then

” o A

Temp = {1.00488d3*(R{I+1)=-R(I}} +
ccpl (T, M{4) ) *(R{I)=-R(I~1))}}
FIR{I+1)=R{I~1}}
else

* “ee No Gap
Temp = (ccpl(T M{S))*(R(I+1}-R{I}} +
cepl (T, M{4))* (R(I}=R(I-1}}}
I(R(I+1)'R!I-1))

endif
Goto 100
endif
if (({Rbound(8).NE,Rbound(9}}.AND. {{R2.GT.Rbound(8})
a JAND, (R2,LT.Rbound{9}}}) then
- drdrir Ga
Temp = 1,00486d3
Goto 100
endif
1f ({R2.EQ.Rbound{9}).AND. (Rbound(8) .NE.Rbound(9}}} then
**% Clad inner surface
Temp = (ccpl(T,H(ﬂ)*(R(I+1|-R{I)) + 1.004868d3*(R{I)}=R{I~1})))
a J({R{I+1)~R(I~-1})
Goto 100
endif
4f {{R2.GT.Rbound({9)) -AND. (R2.1LT.Rbound{10})) then
i Clad
Temp = <cpl(T,M({5))
Goto 100
endif
if (RZ2.EQ.Rbound(10)) then
* **+ Clad outer surface
" o Clad
Temp = copl{T,M{5))
Goto 100
endif

100 ccp = Temp

return
and

double precisicn ?Unction ccpl{T,ML)
ok Units = J/Kg.K

Integer M1

double precision Cpdata(8), MOcp(il), MOtm(1l}, Recp(l0)
double precision Retm{1l0), Alcp(?), Altm{7}, wep, nep
double precision kl, k2, k3, theta, ed, y, Re, fop, T1
double precisien T

* Specific Heat J/Kg.K
- Material #1 = yO2 0.23d3

* Material #2 = W 1,33584d2

- Material #3 = Nb 2,72155d2

* Material #4 = NbilZr

hd Material #5 = Mo 2.55407d2

* Material #6 = Re 1.3817142

* Haterial §7 - Cs 2.1772442

d Material #8 = A1203 8.374d2

»

Data Cpdata/
2.3d2 s 1.33984d2, 2.72155d2,
0 ' 2.55407d2, 1.38171d2,
2.17724d2, 8.374d2/

LPLE Y o

Data ki, k2, k3/296.7, 2.43d=-2, 8.745d7/
Data theta,ed, Rc,y/335.285, 1.577d%, §.3143, 2.0/
Data MOcp/l41.0, 224.0, 251.0, 261.0, 275.0, 285.0, 295.0,

& 308.0, 330.0, 280.0, 459.0/
Data MOtm/100.0, 200.0, 300.0, 400.0, 600.0, B0O.Q, loco.Q,
& 1200.0, 1500.0, 2000.0, 2500.0/

Data Recp/97.0, 127.0, 136.0, 139.0, 145,0, 151.0, 156.0, 16z.0,
E 171.0, 186.0/

Data Retm/100.0, 200.0, 300.0, 400.0, 600.0, 800.0, 1000.0,
& 1200.0, 1500.0, 2000.0/
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Data Alcp/778.782, 929,514, 1025.815, 1109555, 1172.36,
1256.100, 1306.344/

Data Altm/293.15, 373.15, 473.15, 573.15, 773.1%,
1173,15, "15973.15/

fcp(Tl] = k1 * theta * theta * dexp(theta/Tl) /
{ T1*T1 * { dexpi{theta/T1) - 1.0 )**2.0} + k2 *+ T1 +
l {y*k3 *ad/ (2.0 *Rc * Tl * T1) } * dexp(-ed/Rc/T1}

wep(Tl) = 135.76 * (1.0d40 - 4805.0d0/T1/T1) + 9.1159d-3 * T1 +
[ Z.3134d=9 ¥ (T1*v3.0)

nep(Tl) = ( 6.43d-2 + 0.772766d-5 * T1 + 0.234774d-8 * T1 * T1 )
& * 4187.0d0

if ( Ml .eq. 1 ) then
P 147
&cpl = fep(T)
return
else if ( Ml .eq. 2 } then
cepl = wep(T)
return
else if ( Ml .eg. 3 ) then
* +-+ Hb
ccpl = ncp(T)
return
¢lse if ( M1 .e2q. 4 ) then
* +++ NblZr
ccpl = Cpdata(d)
return
else if ( M1 .eg. 5 ) then
call intrpl($,1l,Motm,Mocp,1,T,ccpl)
return
else if { Ml .ey. 6 ) then
call intrpl(8,10,Retm, Recp,1,T,ccpl)
return
else if { M1 .eq. 7 } then
A ]
ccpl = Cpdata(7}
return
else 1f { Ml .aq. 6 ] then
... Al203

. call intrpl(e,7,Altm,Alep,1,T,ccpl)
else
write(8,100) *Invalid material’
100 format [10x, T4+t a22, Tever)
stop
end if

Leturn

end

double precision Function rho(I,R2)
ek Units = Kgfem*3 #wv

Integer I,Rmesh(9),M(5)
deuble precision R, Rbound(10), Temp, RZ, Rhdata(8)
Commen /fRdata/ Rbound, Rmesh,M

* Density Kg/em"3

- Material #1 = UO2 1.0984=-2

* Material #2 = W 19.3d=-3

* Materizl #3 = Nb 8.57d=3

* Material #4 = NblZr

* Material 45 = Mo 10.24d-3

* Material 46 = Re 20.d-3

* Material 47 = Cs 1.%d-3

: Haterial 48 = A1203 3.6264d-3

Data Rhdata/1.098d~2, 19.3d-3 , 8.57d-3,

2 0.d0 » 10.2d-3 , 20.0d-3,
3 1,9d-3 , 3.62644d-3/

if (R2.LT.Rbound(1}] then
*** Yoid { assumed to be air )
Temp = 1,293d-6
Goto 100
endif
if (R2.EQ.Rbound(l)] then
**+ Yoid/Pellet boundary
Temp = {1.293d-6 + Rhdata(M{1)))/2
Gota 100
endif
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if {{R2.GT.Rbound{l)).AND, (R2.LT.Rbound{2))) then
Temp = Rhdata(M{l))
“+d Fuel pellet
Gote 100
endif
if (RZ.EQ.Pbound(2)) then
*++ Fuel Pellet outer surface
Does a gap exist between the fuel and the emmiter? *++
if (Rbound{2) .NE.Rbound(3)) then
-
Temp = (1.293D-6*(R{I+1)-R{I}) +
Fhdata(M(1)}*(R{1}-R{I-1}})
F{R(I+1)-R({I-1}}

o

olse
i+ No Gap
Temp = (Rhdata(M({2}}*{R{I+1)=-R(I)) +
Rhdata{M{1}}*{R{I)~R(I-1))}
/{R{I+1)~R(I-1))

oo

endif
Goto 100
endif
if {(Rbound(2).NE.Rbound(3)).AND. {{R2.GT,Rbound{2)}
a +AND. (RZ2.LT.Rbound(3)))) then
**¥ Gap
Temp = 1.,293d-6
Goto 100
endif
{f ((R2.EQ.Rbound(3)) -AND. (Rbound{2} .NE.Rbound (3})) then

212

Temp = {(Rhdata(M{2)}*(R{I+1}-R(I}) + 1.2930-6*(R{I}-R{I-1}))

a /{R{I+1)-R{I-1))
+*+ Emjtter inner surface
Goto 100
endif
if ((R2.GT.Rbound(3)) .AND. (R2.LT.Rbound(4)}} then
Temp = Rhdata(M({2))
et Emitter
Gote 100
endif
if {R2.EQ.Rbound(4)} then
“*+ Emjtter outer surface (Cs vapor used in gap)
Temp = {1,8%D=-3*({R({I+1)=-R(I}} + Rhdata{M(2))*(R(I})~R(I-1)}}
a /{R{I+1)-R(I~1)}
Goto 100
endif
if {({RZ2 GT.Rbound{4)).AND. (RZ.LT.Rbound(5))) then
**+ Gap (Cesjum vapor)
Temp = 1.3%D-3
Gorte i00
endif
if (R2.EQ.Rbound(5)) then
*** Cnllector jnner surface
Temp = {Rhdata{M{3))*(R{I+1}=-R{I)) + L1.9D=3*{R(I})=R{I=1}}}
a /{R{I+1)~R{I-1))
Goto 100
endif
if ({R2.GT.Rbound(5}}.AND.(R2.LT.Rbound(6}}} then
*+* (Cgllector
Temp = Rhdata(M({3))
Goto 100
endif
if {RZ2.EQ.Rbound(6)) then
**% Collector outer surface
foes a gap exist between the collector and the insulator?
if (Rbound{&}.NE.Rbound({7}} then
LAl Gap
Temp = (1.293d=6*(R{I+1)-R{I}} +
Rhdata {M{3})*(R{I})-R{I=-1)}}
J{R{I+1)=R({I-1))

**+ No Gap
Temp = (Rhdata(M(d))*(R{I+1}=R(I}) +
Rhdata (M({3}}*{R{I)-R{I-1}))
/{R{I+1}-R{I-1)}

else

o~ o

endif
Goto 100
endif
if {{Fbound{6) .NE.Rbound{?}).AND. { (R2.6T.Rbound{5&}}
a AND, (R2.LT.Rbound(7)))) then
L2 2] Ga
Temp = 1.293D=%
Goto 100
endif
tf ({R2.EQ.Rbound(7}}.AND. (Rbound(6) .NE.Rbound(7))) then
*++ Tpsulator inner surface
Temp = {Rhdata{M{4)}*{R{I+1}-R{I}} + 1.0D=-2*(R{I)-R{I-1)))
a F{R({I+1)-R{I=1))

el e
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Goto 100
endif
if {((R2,GT.Rbound(?)).AND.(R2.LT.Rbound{$))) then
* *++ Tnsulator
Temp = Rhdata(Mi4))
Goto 100
endif
if (R2.EQ.Rbound(8)) then
* *+k Insulator outer surface
bl Does a gap exist between the insulator and the clad? *++
if (Rbound{8).NE.Rbound{9)}} then
- ek Ga
Temp = (1.293D=-56*{R{I+1)-R{I)) +
Rhdata(M{4))*(R{I)=R{I~1))}
J{R({I+1)-R{I-1))
alse

* *+h No Gap
Temp = (Rhdata(M({5})*{R{I+1}~R{I}} +
Rhdata (M{4))*{R{I]=R{I-1}})
SR(I+1)~R{I-1}}

o

endif
Goto 100
endif
if ({Rbound{H).NE.Rhound(9}).AND. ( (R2.GT.Rbound{8)})
a .AND. {RZ,LT.Rbound(3))})} then
- *¥4 Cap
Temp = 1,293D-6
Goto 100
endif
if ({R2.EQ.Rbound(9)).AND, (Rbound(8) .NE.Rbound(9))} then
w*% Clad inner surface
Temp = (Rhdata{M{5}}*{R{I+1)=-R{I}) + 1.293D-6*{R(I}=R(I-1)))
a J{R{I+1)-R{I-1))
Goto 100
endif
if {(R2.GT.Rbound(%}}.AND. (RZ.LT.Rbound(10}}) then
«*+ Clad
Temp = Rhdata(M(5)}
Gote 100
endif
if {R2.EQ.Rbound{10))} then
- *++ lad outer surface
- ey clad
Temp = Rhdate(M{5})
Goto 100
endif

100 rhe = Temp

end
subroutine output(time,imax,3jmax, v, gec, jdens, emheat,
teoolant, colheat, gch, qrad, gescond,
2 t, current, prob, ThPower, lpout)
implicit double precisien (a=-h,o-z)

LA A L LBl L A A Rl E R bl eyl bl e LI L A R s s i ey

* L]
* Write the results to the file tfshx.out *
- W

el ddk kA dr ke de e e e dr kWA T R bk bR d bbb dd b d i

double precision tr, itep, ibottom, tcoolant(jmax)

double precision ems, phie, v{imax), z, gec(jmax), jdens{jmax}
double precision emheat({jmax), colheat({jmax), gch{jmax}, current
double precision grad{jimax), gcscond(jmax}, time, t{imax,jmax)
double precision Tinlet, De, Gl, W, Dout, Din, mdot, ThPower
integer i, 9§, prob, ipout

character*80 title

common /finput/ tr, ems, phie, itop, ibottom, title

common /coolprop/ timlet, de, gl, w, dout, din, mdot

write{8,1300)
write(B,1400) title
write(8,1500) time
if ( ipout .eg. 1 ) then
write(8,1600)
<
¢... output temp. distribution for fuel
do i=1,imax
do j=1, jmax
write(8,200) 1,3, t(i,3}
end do
end do
200 format (® t{',i3,',",1i3,") = ', £f13.7)
do §=1, jmax
write(8,1200) j,tcoolant(j)
end do
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end if
write(f,1700) tcoolant{jmax)
if { prob .eg. 3 } then
write(B8,15800) mdot
end if
write(8,300) v(l),v({jmax)
writelﬂ,400| cyrrent, v(l)‘ihottuu+v(jmax:*itap
300 fn:matt' Voltage across hottom of cell. ', F13.7/
' Voltage across top of cell: LELLTY
400 fornat(' Cutput current = *,F13.7/' Output electrical power = ',
a F13.7)
write(B,450) ThPower
450 format(' Total Thermal power = ', F13.7)
write(8,500)
500 format(llax,'z'ilsx,'V',l&x,'qec',lﬁx.'Jdena'13,31151'-').5x),
A 15("=*)/}
do 600 j=1,imax
Write(8,700) {3}, V{il, Qec(})), Jdens(j}
600 continue
700 format{X,3(F15.8,3X),F15.&)

write(5,800)
800 format{//8X,'2',17X, 'EmHeat’,13X, *ColHeat /X, 2(15("-"),5X),
A 15('-%) /)

do 900 j=1,jmax
write(8,1000) z(j), emheat(j), colheat{j)
900 continue
1000 format(X,2{F15.8,5%),F15.8)
write{8,1100)
1100 formac(//8X,"2',18X, "Qch’, 16X, *Qrad®, 15X, 'QCaCond ' /
A X, 3{15{'~-"),5X),15("~*}/)
do 1200 j=1,jmax
write(8,700) Z£(j), Qch{j), Qradij), QCsCond(y)
1200 continue

1300 format ('17,20(***},' TFETC ',20('*")/
a ¢ wwdes RESULTS FOR THE FOLLOWING CASE:')
1400 format (A80)
1500 format ( * TIME = *,f15.8,/}
1600 format (' TEMPERATURE DISTRIBUTION FOR THE FUEL REGION -=--'/)
1900 Format (/' Temperature of coolant at core exit: *,Fi0.3,
a ' degrees K.*})
1600 Format (/* Mass flow rate = ', F10.3 )
1900 Format (' tcool{*,13,*} = ',F13.7)

:egurn

en

subroutine helium(v,qec,qch,jdens,emheat,colheat)
parameter ( jmax = 10 )

implicit double precision {a-h,o-2)

double precision v(jimax],gec(imax)

double precision jdens{jmax),emheat(imax),colhieat (imax)
double precision gch(imax)

integer i

do i=1,jmax
gec (i}
vi{i)
jdens (i}
emheat (1)
colheat (1)
gch (1)

end do

return
end

double precision Function GapCond{Te,Tc,Tatop,Tstart,Preb,Tr,D)

integer Proeb
double precision Te,Tc,Tstop,Tr,Trl,D,FPas,K,Heond, Tatart
external Hcond

if { Pzxob .eq. 1 .and. Te .le. Tatop ) then
* +«- helium heating phase
Tel = (Te+Tc)/2.0d0
K = Hecond(Trl)
GapCond = K*{Te-Tc)/D

hd if ( GapCond .lt. 0.0d0 )} GapCond = 0.0d0
else
K = 5.5D-5
* .++ @lectron-cocling phase

if ( Te .lt. Tstart ) then
Trl = Te * Tr/Tstart
¢lse



Trl = Tr
end if
Pcs = 2,45D+8 * exp(-8910.00/Trl} /SQRT(Tzl}
GapCond = K+ (Te~Tc) /(D + 1.150-5*{Te-Tc) /Bcs)
if { GapCond ,1t. 0.0d0 ) GapCond = 0.0dD
end if

End
double precision function HCond(T)
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Calculate the thermal conductivity of helium as a function of
temperature T, in Kelvin Deta 1s taken frem "Introduction te

Heat Tranfer™, by F. P. Incropera and D. P. DeWitt,
Table R.4 page 683, :

Units are in W/om.K

double precision k(22), templ(22), result, T

data temp / 100.040, 120.040, 140.0d0, 160.0d40, 180.040,
220.0d0, 240.0d40, 260.0d40, 280.0d0, 300.0d0,
400.0d0, 450.0d40, 500.0d40, €00.0d0, 650.0d0,

750.0d0, 800,0d0, 3%00.0d40,1000.0d0 /

data k  / 13.040, 81.940, 90.7d0, 99.2d0, 107.2d0,
c 123.1d0, 130.040, 137.0d0, 145.0d0, 1%2.0d0,
c 187.0d0, 204.0d0, 220.0d40, 252.0d0, 264.0d0,
&

291.040, 304.0d40, 330.0d0, 35¢.040 f

call intrpli{f,22, temp,k,l,T,result})
HCond = resylt * 1.0d-5

return
end
Subroutine TConvect{tnow,dt,tfcool)
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Subroutine TConvect

*
- e *
+*

6/10/1993

Computes the temperature of the coolant within -
cylindrical flow channels by solving the transien *
partial differential equation for temperature rise*
through the core ( equation 6.8.6 in Elements of
Nuclear Reactor Design, J. Weisman ed., Kreiger *
Publishing Company, 1983, with CpdT substituted +
for dh.) An explicit finite difference scheme is *
solve the partial differential eguation. *
This treatment Allows the temperature dependences *
of the ceoolant properties to be included in the *
analysis. The ocutput for this module is the axial+*

temperature profile of the coolant within the bl
flow channel, *
*
-
b el e dr e dr e e e e e e ok ok ko b R A b

implicit double precision (a-h,o-z)

parameter { N = 500 , 4jmax = 10 )

double precisiaen T, Toeld, Tinlet, h, 2, mdot
double precision T, Tinlet, h, 2z, mdot,tfcool (imax)

TR LR L L L L L L L R S L T L TR R R R e R L L L A Lt L L L g )

20D. 040,
350.0d0,
700.0d0,

115.14d0,
170.040,
278.0d0,

double precision Cp, HeatFlux, Rbound{10), zcool(imax}, heool
double precision De, G, W, CoolThl{2000,2), Zmax, Zmin, DZ, D1
double precision tnow, dt, rhonak, duml, dum2, dum3, dumd, dum$

double precision TOLD(N}, HF(N), dtl

Integer i, j, Kmax, M

Integer Emesh{9), Mat(5)

Common /CoolProp/ Tinlet, De, G, W, D2, D1, mdot
Common /TTAR/ ConlThl

Common /Zdata/ Zmin, Zmax, Kmax

Common /Rdata/ Bbound, Rmesh, Mat

external rhonak

dtl = 0.5
1f ( dv 1t. dtl )} dtl = dt/10.040
Kmax = 10

h = (Zmax-2min)/{N-1}
CoelTbl(1,1) = Zmin
CoolTbl (1,2} = Tinlet

W
W
W
L]
*
*
L
*
*
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hcool = (Zmax-Zmin)/(Imax-1)
do $=1,%max

zeool(3) = (j-1)*hcool + Imin
end do

if ( tnow .1lt. dt ) then
do y=1,N
z = (j-1}*k + 2Zmin
CoolTBl{j,1) = 2z
end do
call imtrpl(8,jmax,zcool,tfcocl,R,CoolTBl(1,1),Co0lTh](1,2})
end if

do j=1,n
z = (j=1}*h + Emin
HE{]) = HeatFlux{z)

end do
M = jdint{ dt/dtl )
do i=1,M
do j=1,N
TOLD(}) = CoslThbl(j,2)
‘end do
do 100 =2, N
duml = HE(§)
dum2 = Cp(TOLD{j}.W}
dum3 = FhoMak (TOLD{}},W)
dum{ = dum3i/dtl
dum$ = G/h
T = { 4.0%*duyml/dum2/De + dumd*TOLD{{) + dum5*CoolTbl (4-1,2}) )
a / { dum4 + dumb )}

CoolThl{j,2) = T
100 Continue
end do

End

double precision Function RhoNaK(T,W)
L LIS L LET T L2 e Ty eyl Ly v i e L L LT L T Y
. Uses correlations from the Sodium-NaK Engineering *
* Handbook [O. Foust, #d.; vol, 1 pp. 16-1?] ta return +
* the value of the density of the NaK-78 coolant for *
* a given temperature T and potassium weight fraction W
- for the coolant {e.g. eutectic NaK-78 has W=T8%.) *
* Only aingle phase coclants are modeled. If the *
* temperature of the ¢oclant is higher than the boiling
* point of NaK at the given sodium-potassium composition,*
* this routine reports the error and halts the program. *
o -
L3 -
- W
[ ] L]

Units srxe in kilogram/em”3

(LI 23 22222 2122 Rt S22 D Rl XX 2y anang L et A E L L R T

double precision T, BoilingPt, W

BoilingPt = {({756.5=-881.4)*W + 881.4) + 273.1
If (T.GT BoiliongPt} then
c Write(*,100) T, INT(W*100)
Write(8,100) T, INT(W*100)

RhoNak = 9.4971d-4 = 2.473d=7 * T

100 Format{' The temperature T=',F7.1,' deg:ees K is higher than */
a * the boiling point for MakK-',I3,//
b ' Execution terminated in RhoNak.'//)
End
Subroutine TFEHX(Tcoolant,t,Isolver)

c Implicit NONE
Integer Imax, Kmax, N, J, TabFlag, lsolver KHEL 7/18/93
Parameter (Imax = [0, Kmax = 10}
Real*8 T(Imax,Kmax), Cl, Kcond, R, 2, Temp, R1, Il
c Real*8 DeltaT
Real*® R2, Z2, R3, 23, Templ, G, H, T1, Temm{kKmax), Tcol (Kmax}
Real*® Deltal, C3, T2, Tcoolant({Kmax}, ErrSqrd. V(Kmax}, Zmin
Real*f A(Imax*Kmax+l,Imax*Kmax), X{Imax*Kmax), Tinlet, VO
Real*8 Rbound{10}, Sig, Ems, QGapCond, Tr, Qch(Kmax}, mdot KHEL 4/26/93
Real*B HeffE(Kmax), HeffC({Kmax), Current, Qec({Kmax}, Jdens{Kmax)
Real*8 QTable{Kmax), De, GI, W, Pi, PhiE, Emleat {Kmax)
Real*B ColHeat(Kmax), Imax, Itop, Ikbottom, Cden_savl, Cden_av2
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Real*8 Vguesa{Kmax), Tel, TcD, TeAv(Kmax), TcAv{Kmax}

Real*8 Dout, Din, Q3ave, Error, PewerTabl{Z,100}, Seconds
Real*8 Qrad{Kmax),QCaCond(Kmax),MaxError, Timer{3}, TotalTime
Integer I, K, IC, Il, I2, I3, I4, J2, Rmeshi{9), K2, I3, Mat(5)
Character*ll Start,S5tepl, Stepz,Stop

Character*8d Title

Common /GausaMAIN/ A, X, N

Common /Rdata/ Rbound,Rmesh,Mat

Common /Zdata/ Zmin, fmax, K2

Common /QTAB/ QTable

Common /Input/ Tr, Ems, FhiE, Itop, Ibottom, Title

Common /CoolProp/ Tinlet, De, Gl, W, Dout, Din, mdot

Common /Steady/ Emheat,ColHeat,Qch,Qrad,QcaCond, Qec, Jdens,

[ Current

Common fPowerbData/ Q3ave, PowerTabl, TabFlag
Data Pi/3 14159%26p0/

Call TIME (Start)
Do 10 1=1,3
Timer{I}=0

Tel = 19500D0
Te0 = 880DD
Sig = 5.67D=12
V0 = 0,60D0

N = Imax*Kmax
IC = 1

Do 100 K=1, Kmax
Temp = Tinlet
Do 100 I=1, Imax
If (R{1}.ED.Rbound{5)) then
TII,K) = Tcb
El=elf (R{I).GT.Rbound(5)) then
T(I,K) = {(2.0D0)*{Rbound{10)-R{I})

a / {Rbound (10) =Rbound (5} )} + Temp

100
10t
102

a
108

107
108

11e
120

125

128

130

140

Else
T(I,K) = Ted
EndIf
Continue
Do 101 K=l1, Kmax
Yguass (K} = V0

Do 105 K=1,Kmax
QTablelK) « Keond(Imax,R{Imax),T(Imax,K)}
*{T(Imax=1,X) = T(Imax,K}}/(R{Imax} - R({Imax-1)}
Continue

Write(*,107}

Call TIME({Stepl)

Call Convect

Call CoolantTemp{Tcoolant)

Write(*,108)

Call TIME(Step2)

Format{"' Entering Convect/CoolantTemp...,..")
Format(' .......Leaving Convect/CoolantTemp')

Timer (1) = Timer{l) + Seconds(Stepl) - Seconds(Stepl)

Il =1
Do 120 I9-1,2
J1 = Il + Rmesh(I9%)
I2 = 1
Do 12% 19%=1,3
I2 = I2 + Rmesh (1%}
I3 = 1241
I4d = }
Do 128 19=1,5
I4 = I4 + Rmesh({I9)
Do 150 K=l, Kmax
Temm (K) = T(I2,K)
TeollK) « T(I2+1,K)
TeAv{K) = T(I1,K)*(R{I1+1)**242*R{TI1+1}*R{IL)~3I*R{T1)*+2) /4
TcAv(K) = T(I3, K)*(R(I3+1)**242*R{I3+1)*R{I3)~I*R{II)**2)/4
Do 130 I=I1+1,I2-1
TeAv (K} = TeAv(K) + T{I,K)*{R{I+1)**2+2*R(I)}*
{R{I+1)=R{I~1)})=R(I=1)**2} /4
Continue
Do 140 T=I3+1,I4-1
TeAviK) = TeaviK) + T{I,K)*(R[I+1)**2+2*R{I)*
(R{I+1)=R{I=-1}}=R{I-1)**2} /4
Continue

TeAv{K) ~ TeAv(K) + T(IZ, K}*(3*R{I2)**2=-2*R{I2)*R(I2~1}
=R{I2~1}**2} /4

TcAv(K} = TcAv({K} + T(I4,K}*{3I*R{I4)**2=-2*R{T4)*R(I4~1)
~R{I4=1)**¢2) /4

TeAv(K) = Tehv(K)/{R{I2}**2-R{I1)**2)
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150

180

250

TcAv(K) = TcAv(K)/(R(I4)**2=-R{I3}*+*2)
Continue
Cden _avl = Ibottom/(Pi*R(I2)*2*{Zmax-Zmin)/2)
Cden_av2 = Itop/(Pi*R{I2)*2*{Zmax-Zmin}/2}

Weite(*,154)
Call TIME(Stepl)

Call Cylcon6 {Temm, TeAv,Tcol,Tcav, Tr, PhitE, R{I3)~RI12),Cden_avl,

1 Cden_av2, Zmax’Zmin.Z*R(I2) R(IZ)-R(II) Rtqu—Rt13l.Khax.
2 Vguess, V, Qec, Jdens, EmHeat, Colﬂeat]

Call TIME(Step?)

Write(*,155)

154 Format{' Entering CYLCOM6..... "y

155 Format ("'
Timer{2) = Timer{Z) + Seconds(Step2) - Seconds(Stepl)

+eeesLoaving CYLCONG'}

Current = Itop+Ibottom
Do 180 K=1,Kmax
Voguess (K} = V(K)
Geh (KY = Qec{K)=Jdens{K) *¥{K)

Do 2005 K=1, Kmax

Do 2000 I-1, Imax
IZ = (K=1}*Imax + I
Do 250 J=1,Imax*¥max+l

I=1

A{J,12) = 0.0DODD

Continue
I =1, K= 2, Kmax =1 #&es
If ((I.EDR.1).AND. ((X.NE. 1).AND {K.NE.Kmax}}] Then

Rl = R(D)

R3 = R{I+1)

R? = (R3 + R1)/2

21 = Z(K)

DeltaZ = (Z(K+l)- z(K-l}llz

T1 = (T(I+1,K} + T{I,K)}/

€3 - Kgond!l, ,111*c33+n1)/(ns-nla-na1taz
cl =¢

J2 = (K-1)*Imax + I+l

A{J2z,12}) = C3

Temp3 = (R3I**2 + 2*RI*R3 ~ 3I*RI**2) /4
Z(K+1}

{23 + Z1)/2

(T(I,K+1) + T{I,K))/2

Kgond(! R, Tl)/(xs-xl)*Temp3

cl +

K*Imax + I

A(Jz 12} = C3

Z3 = Z{K-1)
Z2 = {23 + Z1) /2
Tl = {T{I,XK=-1) + T{I, Kj)/2
C3 = Kcond(I R1,T1)/(21-23) *Temp3
Cl =-Cl +
- lK—Z)*Imax + 1
hlﬂz Izy = C3

Allmax*Kmax+l,I2} = ~ Gl{R1+R2)/2,21)*DeltaZ * Tempd
Goto 1000

-1
(SR
lllll

Endif

[

1f {(g EQ111 -AND. {K.EQ.1)] Then
Rl = R{I)
R3 = R(I+1)
R2 = {R? + R1}/2
Z1 = Z(X)
23 = Z(K+1)

DeltaZ = (23-21)/2

Tl = (T(I+1,K) + T(I,K}}/2

gi - Hgond(I.R2.T1)‘[R3+R1}/{R3-R1]*Deltaz
=-C

J2 = (K=1)*Imax + I+1

A(J2,12) = C3

Temp3 = (R3**2 -~ 3vRI1**2 4+ 2*R1*R3)/4
= (23 + Z1}/2

= (T{I,K+1) + T{I K}}/2

Cia= ggond(I,Rl,TI)I(ZS-ZI)'Tenps

- +C

= K*Imax + I

A(JZ 12} = C3
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A(Imax*Kmax+1,I2) = - G{(R1+R2]/2, (21+22)/2)*Deltal

a * Temp3
Goto 1000

EndIf

If {(I.EQ.1).AND. {(K.EQ.Kmax)) Then

bl I =1 and K = Kmax ****

Rl = R{I}

Bl = B{I+1})

R2 = (R3 + R1)/2

Zl = Z2(K)

23 = Z(K-1)

Deltal = (Z1-23)/2

T1 = (T{I+1,K) + T(I,K)}/2

C3 = Keond(I,R2Z,T1)*(R3+R1}/{R3-R1)*Deltal

Cl =C3

J2 = (K=1)*Imax + I+l

A(J2,I12} = C3

Templ = (R3I**2 - 3I*R1++2 + 2*R1*R3)/4
(23 + 21)/2
(T{I,K-1) + T{I,X))/2
Keond (I, R1,T1)/(21-23) *Temp3
Cl + C3

= (K-2)*Imax + I
A(Jz 12) = C3

2113
WA
L O ]

A(Imax*Xmax+1l,I2) = = G{{R1+R2}/2, (21+22)/2)*Deltal
* Temp3
Goto 1000
EndIf

W o ol oy o ol o ol o e el start nf append‘d text [ TE AR R RN R R 222 1
bl Collector surface, K= 2, Kmax =1 ****
If (é?(I) EQ Rbound {5} } .AND. {{K NE 1) AND.{K.NE.Kmax))) Then

R} = Ril&1)

R2 = {R2? + RL}/2

Il = EZ{K)

DeltaZ = (2{K+1)-Z(X-1})/2

Tl = (T(I+1,K) + T(I,K)}/2

gf - ggond(I.R2,T1)‘IR3+R1)J(R3—R1)‘Deltaz

J2 = (K=1)*Imax + I+l

AlJ2,I2) = C3

Temp3 = (R3**2 + 2*R1*R3 - 3*R1*+2)/4
Z3 = Z{K+1})

Z2 = (Z3 + Z1)/2

Tl = [T{I,K+1) + T(1,K))/2

€3 = Keond{I,RL,Tl]/{Z3-21)*Tenp3

Cl =Cl + C3

J2 = K*Imax + I

A(J2,I2) = C3

Z(K=1)

(23 + 21)/2

[T{I,K=-1} + T(1,K}}/2

Kcond (I,R1,T1)/(21-Z3) *Temp3
Cl1=-C1l+cC3

[K=2)*Imax + 1

A{J2,12) = C3

ogOOHP
N G R
] LI

HeffC{K) = (Qch(K)

b + Sig*Ems* (({T({I-1,K)}**4-(T(I,K))¥**d}*R({I-1}/R{I}
< + DGapCond (T (I-1,X),T(I,K),Tr,RII)-R{I-1}))
d *2*R(I~-1)*DeltaZ/(T(I-1,K)}-T{I,K}}

Cl = Cl + HeffC(K)

JZ2 = (K=1)*Imax + I-1

A{J2,12} = HeffC(K)

A{Imax*Kmax+1,I2] « =(G({{RI+R2)/2,21)+ColHeat(K)}}
a *DeltaZ*Temp3

Goto 1000

EndIf
A Collector surface, K = 1 weew
If (lRtI!.??inoundﬁH.AND-lK.EQ.lH Then

R3 = R(I+]1)

R2 = {R3 + R1)/2

g1 = Z{K)

Z3 = Z(K+1)
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DeltaZ = (23-Z1}/2

Tl = (T{I+1,K) + T(I,K}}/2

C3 = Kcond(I,R2,T1)}*{R3+R1) /{R3=R1) *DaltaZ
Cl = C3

JZ = (K~1)*Imax + I+l

A{J2,12) = C3

Temp3 = (R3**2 - 3¥R1*+2 + 2*R1*R3)/4
(23 + Z1) /2
(T{I,K+1) + T(I,K}}/2
Keond (I,R1,T1)/(23~E21) *Terp3
Cl4C3

= K*Imax + I
A(JZ IZ) = C3

HeffC(K) = (Qch(K)
+ Sig*Ems* ((T(I-1,X))**4=({T(I,K}}**4)*R(I-1)/R{T)
+ OGapCond (T(I-1,K),T({I,K},Tr, R{I)-R({I-1)))
*2*R(I-1)*Deltals(T{1-1,K}-T(1,K})
Cl « €1 + HeffC(K)
J2 = (K-1)*Imax + I-1
A{JZ,12) = HefECIK)
A{Imax*Kmax+1,I2) = ={G({R1+R2)/2,21)+ColHeat (K))
a *DeltaZ*Temp3

Goto 1000

EndIf

)
w
101

("R 2 - 4

hid Collector surface and K = Kmax *+++
If (é?(llé?g.nbound(5)).AHD.(K.EQ.KMaxJJ Then
- )

R3 = R{I+1)

R? = (R3 + R1)/2

Z1 = 2{K)

23 = Z(K=1)

Deital = (21-Z3)/2

T = {T{I+1,K) + TI{I,K})/2

gi =- KgondlI,Rz,Tl)*(R3+R1)/(R3-R1)*Deltaz
= C

JZ2 = (K=1)*Imax + I+l

AfJ2,I2) = C3

TempS = (R3**2 - 3*R1++z + 2+R1*R3) /4
(23 + 21) /2

(TLI,K=1} + T(I,K)1/2

KcundlI R1,T1)/(21-23) *Temp3

Cl +

(K—Z)*Imax + 1

A(J2,1I2) = C3

HeffC(K) = (Qch(K)

+ Sig*Ems* ((T(I-1,K))**4~([T{I,K})**4)*R({I-1)/R(I)
+ QGapCond (T(I~-1,K),T(I,K},Tr,R{I)-R{I~1)))
*2*R{I-1) *Pelta/ (T(I-1,K)-T{I, X))

€l = Cl + HeffC(¥)

J2 = (K=1)*Imax + I-1

A(J2,12) = HeffC(K)

o0 o

A(Imax*Kmax+1l,I2) = =(G{(R1+R2}/2,Z1)+ColHeat (X))
a *DeltalZ*Temp3
Goto 1600

EndIf

e Emitter surface, K = 2, Kmax =1 #++¢
If (é?(l) BQ RhOund(i}} AND. {{K.NE.1) .AND. (K.NE.Kmax})) Then
« R(I

21 - ZIK]

Deltaz = [Z(K+1)-Z(K-1}}/2
R{I-1)
[R3 + R1}/2
{T(I-1,K) + T{I,K))/2

gi Kgond{I,RZ,Tl)‘(R3+R1)/(Rl-RS)*Daltaz
J2 = [K-1}*Imax + I-1

A{J2,12} = €3

Temp3d = {3*R1**2 - R3**2 - 2%R1*R3)/4
Z{K+1}

{23 + 21} /2

{T(I,K+1} + T{I,K}} /2

K:ond{! +R1 Tl)f(ZB-le*Temp3

Cl +

J2 = K*Imax + I

A(Jz, 12} = €3

=3
T
]

0
(7O}
[ I I
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23 = Z(K-1})

{23 + 21} /2

T1 = {T(I,K=-1) + T{I,K)}/2Z

C3 = Kcond(I,R1,T1}/(Z1-23) *Temp3
Cl =Cl +¢C3

J2 = (K=2}*Imax + I

A(J2,1I2) = C3

HeffE(K) = (Qec(K)

+ Sig*Ems* ((T(I,K))**4 = (T{I+1,K))**4)

+ QGapCond (T{I,K),T{I+1,K},Tr,R{I+1}=R(I}})
*2*R(I}*Deltal/(T(I, KI~T(I+1,K))

Qrad(K) = Sig*Ema* {{T{I,K}}**4 - (T{I+1,K))**4)

&3
n
L]

OC=zCond (K) = QGapCond{(T(I,K),T(I+1,K),Tr, RiI+1)=-RII))

Cl = C1 + HeffE{(K)
Jé = [(K=-1)*Imax + I+1
A(J2,12) = HeffE(K}

Allmaz*Kmax+1,12] = =(G{(R1+R2)/2,21) +EmHeat (K} )
“DeltaZ*Temp3
Goto 1000

EndIf

Emitter surface, K = 1 ¥

If ((RIT). EQ Rbound(l)) AND. [(K.EQ.1)} Then
Rl =
Zl = leﬂ
Z3 = Z{K+l)
DeltaZ = {23-21}/2
= R{I-1}

= (R3 + R1}/2

T1 = {T{I-1,K} + T(I,K})f2
= Kcond({I,R2,T1)*(R3+Rl})/(R1~R3}*Deltal
= C3

J2 = (K-1)*Imax + I-1
A(J2,I2) = C3

Temp3 = [3*R1**2 = RI**2 +P*RI1*R3I) /4
22 = (23 + 2172

Tl = (T{I,K+1l) + T(I,K}}/2

C3 = K'cand[I,Rl T1)I(23-31)°Tenp3
Cl = (1 +

JZ2 = H‘Imex + 1

AlJ2,I2) = C3

HeffE(K) = {(Qec(K)

+ Sig*Ema* {(T(I,K))**4 = [T[I+],K}}**4)

+ QGapCond (T(I,X),T({I+1,K),Tr,R{I+1)=-R{I}}}
*2*R(I)*DeltaZ/(T(I,K)=-T(I+1,K})

Qrad (K} = Sig*Ems* {{T(I,K))**4 - (T{I+1,X))**4)

QCaCond(K) = QGapCond(T(I,K),T{I+1, K),Tr,RiI+1)-RI1))

Cl = C1 + HeffE(K)
JZ2 = (K-1)*Imax + I+l
A(J2,12) ~ HeffE(K)

A{Imax*Kmax+l,I2} = -{G({R1+R2)/2, (21+E2)/2) +EmHeat (K} }

*DeltaZ*Temp3
Goto 1000

EndIf

Emitter =urface, ¥ = Kmax *¥w+

If ((R(I} .E(QSRbound(“ } .AND. (K.EQ.Kmax}} Then

Rl = R(I
21l = Z(K)

Z3 = Z(K-1)

DeltaZ = (21-23)/2

R3 = R{I-1}

R2 = {R3 + R1}/2

Tl - (T(I'lcx} + T(LKH/Z’

Cim ggond(I,RZ,Tll*tR3+Rl)IIR1-R3}*DeltaZ
Cl =

J2 = (K=1)*Imax + I-1

A(J2,1I2) = C3

Templ = (3*Rl#**2 = R3*+2 4+2*R1*R3} /4
22 = (Z3 + Z1) /2

T1 = (T(I,K-1} + T{I,K}}/2

Cl = Kcond[I Rl, 1'1})'(21-23)*T0mp3
Cl =C1 4+

J2 = {K=-2 J*Inax + I

A{J2,12) = C3

HeffE(K) = (Qec(X)
+ SigvEms¥* ((T(I,K))**4 = (T{I+1,K]}**4}
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+ OGapCond(T(Y,K),T(I+l,X),Tr,R{I+1})=~R{I}))
*2*R{I)*DeltaZ/(T{I,K)~T{I+1,K]]

Qrad(X) = SigvEms* {{T(I,Kl})**& = (T(I+1,K))**4)
QCsCond(K) = QGapCond{T{I,K],T(I+1,K),Tr,R(I+1)-R{I))
Cl = C1 + HeffE(K)

J2 = (K=1)*Imax + I+l

A{J2,I2) = HeffE(K}

AlImax*Kmax+1,12) = -({G{(R2+R1) /2, (21+22)/2)+EmHeat (K))

*DeltaZ*Temp3
Gote 1000
EndIf

If ([(I.NE 1) ,AND. (I.NE.Imax)) .AND. (K.EQ.1}} Then
K=1 and I = 2, Nmax -1 #&ew

Rl = RK{I)

R3 = R{I+1)

RZ2 = (R3 + R1)/2

zl = Z(K)

= Z{K+1)

Deltaz = (23-21)/2

TL = (T(I+1,K) + T(I,K))/2

Ci - Kgond!I,BZ,Tl)*(R3+R1}!{RB-RL}'Beltnz
Cl=¢

J2 w (K-1)¥*Imax + I+l

AlJ2,12) = C3

R3 = R{I-1}

RZ = (R3 + R1)/2

Tl = (T{I-1,K} + T(I,K11/2

C3 = Kbond(l RZ, Tl]*(R3+Rl!I(R1 R3)*DeltaZ
Cl =Cl +C3

= {K=1) *Imax + I-1
Afsz I12) = C3

RZ = R({I+1)

Tempd = (R24+2 -~ RI**2 +2*R1*{R2-R3}}/4
Z2 = {23 &+ Z1)/2

Tl = {T{I, K‘ll + T{I,K))/2

C3 = Kcond(I »T1)/(23=-21) *Tomp3

Cl =C1 +

Ji = K*Imnx + I
A{dZ, I2) = C3

AlImax*Kmax+1,I2) = = G(Rl, (Z1+22)/2)*DaltaZ * Temp3
Goto 1000
EndIf

If {(((I.NE.1).AND.(J.NE.Imax)).AND. (K.EQ.Kmax}} Then
K= Kmag and I = 2, Imax =] #*v*+
Rl = R{I}
R = R{I+1)
RZ = (R3 + R1)/2
Zl = Z2{K)
23 = Z2(K-1)
DeltaZ = (Z1-Z3)/2
T = (TLI+L, K + T{IK}}/2
gg - ggcnd{I.RZ,Tl)‘(R3+R1)/(RS-RJJ‘Deltaz
J2 = (K-1}*Imax + I+1
A(d2,12} = €3

R{I-1)

RZ2 = (R3 + R1}/2

Tl = {T{I-1, K) + T(I, X)) /2

Ci= KCond(I .T1)*{R3+R1) f (R1-R3) *Deltal
Cl=C1 +C3

J2 = (K=1)*Imax + I-1

A(JZ,12) = C3

R2 = R(I+l)

Tempd = (R2**2 - R3%*2 +2*R1%{R2-R3)}/4
Z2 = (23 + Z1}/2

(T{I,K-1} + T{I,K))/2

€3 « Keond(I,R1,T1}/(21~23) *Temp3
Cl=Cl +C3

J2 = {K-2)*Imax + I

A(J2,1I2) = C3

+3
[l
]

A{Imax*Kmax+1,I2) = - G(Rl,22)*DeltaZ * Templ
Goto 1000
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Endlf
If ((I.EQ.Imax).AND. ({K.NE.l).AND.(K.NE.Kmax)}) Then
bl I = Imax, K = 2, Kmax -1 %+
Rl = R(I)
Il = 2K}

DeltaZ = (Z(K+1)=-2{K~1))}/2
T2 = Tcoclant (K)

C3 = H{T2)*R1*DeltaZ*2

Cl =C3

Al{Imax*Kmax+1,I2) = =C3*T2

R(I-1)
(R3 + R1)/2
(T(I-1,K) + TII,K}}/2

+
-
rrnna

Cc3 KcnudtI,RZ,Tl)‘tR3+R1]/(Rl-R3)*De1tnz
Cl =Cl +
J2 = !K—ll*Imax + I-1

A{J2,12) - C3

Temp3 = (3*R1+**2 - R3**2 - 2*R1*R3) /4
23 = Z(K+l)

22 = {23 + Z21) /2

Tl = {T{I,K+1) + T(I,K))/2

C3 = Kcond(I R1, Tl)/Iz3-Zl)*Temp3

Cl =101+

JZ2 = K*Imax + I

A(J2,12) = C3

23 = 2{K-1)

22 = (Z3 + Z1) /2

Tl = (T(I.Kkl) + TII,Ki}/2

Ci= KCnnd(I 2 T1)/1(21-23) *Temp3
Cl =C1 +

J2 = (H—E]*Inax + I

A(J2,I2) = C3

A{Imax*Xmax+1l,I2) = A{Imax*Kmax+l,I2)
a - G(R2,21)*DeltaZ * Temp3

Gota 1000
Erdlf

1f {({1.EQ.Imax). AND.iK EQ.1)) Then
ikl I = Imax, K= 1 *o
Rl = R{I)

Il = Z(K)

Z3 = Z(K+1)

DeltaZ = (Z3-21)/2

TI = T({I,K)

T2 = Tcoglant (K}

C3 = H(TZ)*R1*Deltai+*2

€l = €3

A(Imax*Kmax+l,I2) = ~C3*T2
R3 = R{I-1)

R2 = {R3 + RL)/2

Tl (T{I-1,K) + T({I,K))/2

Kcond (I, R2, T1) *{R3+R1} /{R1-R3) *Deltal
Cl + C3

(K=1)*Imax + I-1

A(J2,12) = C3

Lx
W
e rERFIDN

Temp3 = (3*R1*%*2 - R3*+7 4+2+R1*¥R3) /4
22 = [Z3 + Z1)/2
TL = {T{I,¥+1) + TiL,K))/2
C3 = Kcond{I,R1,T1}/(23-21)*Temp3
Cl =Cl + C3

= K¥*Imax + I
A‘JZ 12} = C3

AlImax*Kmax+1l,I2) = A{Imax*Kmax+l,I2}
a = G(R2,22)*DeltaZ * Temp3l

Goto 1000
End1f

If ((I.EQ.Imax).AND. (K.EQ.Kmax)) Then
el I = Imax, K = Kmax *w++¥
Rl = R(I)
Z1 = Z(K)
Z3 = Z{K-1)
DeltaZ = (Z1~23)/2
Tl « T(I,K}
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T2 = Tcoolant{K}
C3 = H{T2)*Ri*DeltaZ+*2

Cl =-¢C3

A{Imax*Kmaxs+l,I2) = ~C3*T2

R3 = R{I-1)

RZ = {R3 + R1)/2

T = {T{I-1,X) + T(I, ) 12

C3 = Keond{I,R2,T1)*(R3+R1)/{R1-R3) *Deltal
Cl =~ Cl +C3 -

JZ = (K=1)*Imax + I-1

A(J2,I2) = C3

Temp3 = (3I*R1+*2 - R3¥+2 +2+R1*R3) /4
(23 + 21)/2
{T(I,K-1) + T(I,K))/2
ggond(l ,R1, Tllfl21-23)*Temp3
+
JZ w (K=2)%*Imax + I
A{J2,I2) = C3

A{Imax*Kmax+1l,I2) = A{Imax*Kmax+1,61I2)
- G{R2,22)*DeltaZ * Temp3

Goto 1000

(]
ety
LI B |

EndIf

1000 A{12,I2)
2000 Continue
2005 Continue

Do 2015
Do 2010

All other points *++

Rl = R(I)

R3 = R[I+1)

R2 = (R3 + R1}/2

21 = Z{K)

DeltaZ = {Z({K+1}-2{K-1)}/2

Tl = [T(I+1,K} + T(I,K))}/2

C3 = Kcond{I,R2Z,T1)*{R3+R}}/(R3~Rl)*Deltal
Cl=20C3

J2 = [K-1}*Imax + I+1

A{J2,12) = C3

R3 = R(I-1)

Rz = (R3 + R1)/¢

Tl = {T{I-1,K) + T{I,K))/2

Cla Kcond(I R2, Tl]'(R3+RlI/lRl- }*Deltal
Cl =« ¢C1 +

J2 = lK-li*!wax + I-1

A(Jz2,12) = c3

RE2 = R{I+1}

Temp3 = {R2++2 - R3**2 +2*Ri*(R2-R3}} /4
23 = Z{K+1}

22 = {23 + Z1}/2

Tl = (T(I,K+1) + T(I,K))/2

C3 = Kcond(I,Rl,T1)/(Z23-Z1)*Temp3

Cl =Cl +C3

JZ = K*Imax + 1

A(J2,1I2) = C3

23 = Z(K-1)

22 = (23 + 213712

TL = (T(I,K=-1} 4+ T(I,K}) /2

C3 = Kcondtr R1,T1)/{Z21+23) *Temp3
Cl=¢C1 +

J2 = (K-z)*Imax +1I

A(J2,1I2) = C3

A(Imax*Kmax+1,I2) = - G{R1l,Z1)*Delta? * Temp3l

=-=0

J=1, Imax*Kmax
I=1, Imax*Kmax+]

Weite (8,2020) 1,3, A(I,J)
2010 Continue
2015 Continue

2020 Format

(* A{',13,',',13,') =, F15.5)

Write(*,2024)

Call TIME(Stepl)

if ( Isolver .eq. 1 ) then
Call Gauss

ise
Call SGauss

end if

KHEL 7/18/93
KHEL 1/18/93
KHEL ?/18/793
KHEL 7/18/93
KMEL 7/18/93
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* Write(*,2025)
Call TIME(Step2?)

“2024
“2025

Fo
Fo

rmat (" Entering GAUSS......'}
rmat(’ ...... .Leaving GAUSS')

Timer(3) = Timer(3) + Seconds(Step2) - Seconds(Stepl)

MaxErcrer = 0,000

2500

c
2500

Er
Er
Do
Do

Do
Do

ror = 0 ODO
rSqrd = 0.00000
2500 Ke1,Kmax
2500 I«1,Imax
12 = {K=1)*Imax + I
MaxError = MAX(MaxEryor,X(I2)-T(I,K))
Brror = Error + {X(12) - T(I,K})
ErrSqrd = ErrSgrd + (X(I2) - T(I,K))¥*2.0D0

2600 I=1,Imax
2600 Kwl, Kmax
12 - (K-l}*Imnx +
T{I.K) = (T(I, Kl+x(12)l[2 obo
Writets 2620) I,K,T(I,K)
Continue

2620 Format (* T(',I3,’,',13,') =%,6G15.5)

aaan

¢ 2600

DeltaT - 100.0D0

If (ABS(X(I2)-T{I,K))}.LT.DeltaT) DeltaT =
ABS(X(12)-T{I,K}}

If (XI112).LT.T(I,K)}) DeltaT = -DeltaT

T{I,K) = T{I,K} + DeltaT

C wiwddwd GQUTPUT RESULTS TO THE FILE TFEHX.QUT *+wwww*

aa

Wr
Wr
Wr
Wr

a
Hr

ite(€,4100)

ite(B8,4110} Title

ite(B,4120)

ite{*,2550) IC, SQRYT(ErrSqrd/(lmax*Kmax)), Error/{Imax*Kmax),

HaxError
ite(8,2550) IC, SQRT(ErrSqrd/(Imax*Kmax}}, Error/{Imax*Kmax)},
MaxError

2550 Format (' Iteration :',I3,' RMS error = *,F13.7,"' Ave Diff. =

3000

IC
1f

F13.7/20K,"' Max. Brror =',Fl13.7)
= IC + 1

lsogT(E::SqrdllImax*Kmnx)).LT.1.DD—1) Goto 2%00

Goto 102
2%00 Write(8,4100)
Write(8,4110) Title
Write(8,4130)
Cewdsr Dutput Temp. distribution for fugl #eees
Do 3000 I=1,Imax
Do 3000 K=1,Kmax

I2 = (K=-1)%Imax + I
Write(B8,3010) I, K, X(I12}

3010 Format {* T(",I3,',",13,%} = *,F13.T)

Write (8,3015) V{1},V{Kmax}

Write(8,3020) Current, V(l}'Ibottom+V(Kmax)*Itop
3015 Pormat(' Voltage across bottom of cell: *,P13.7/

3020 Format (® Output ¢urreat = *,F13,7/* Output electrical power = ',
F1

a
Wr

' Voltage acrosas top of cell: ', F13.7)

ite(d, 3030)

3030 Farmat(/!ﬂx,'z‘ 19X, "v?,18K, *Qec’, 16X, *Jdena* /X, 3{15("'~"), 85X},

15¢*= ‘!/l

Do 3040 K=1, Kmax

Write(8.3050) Z(K), V(K), Qec(K), Jdena(K)

3040 Continue
3050 Format(X,3(F15.8,5X),F15.8)

Wr

ite{d, 3060}

SUEUAFQ:nat{IISK,'2',11K,'EmHeat',lSK,'ColHaat'lK,Z{lS{'-').5&),

15('=") /)

Do 3070 K=1,Kmax

Write($,3080) Z(K), EaHeat(K), ColHeat(K)

3070 Continue
3080 Format(X,2(F15.8,5X),F15.8)
Weite(8,3090)
3090 Formatli/SX '2',18X, "Qch’, 16X, 'Qrad’, 15X, "QCaCond* /

Do

x.3(15(--':,5x: 151' ')
3095 Kel, Kmax
WriteiS.JOSO) Z(K), Qehi(K), Qrad(K}, QCsCond(K}

30585 Continue

Ca

11 TIME(Stop)

TotalTime = Seconds{Stop)-Seconds{Start)

Wz

ita({0, 40001 INT{TotmlTime 60}, TotalTime-INT{TotalTime)

Write(B,4010) 'ConvecthoolantTomp , INT{Timer{l)/60),

Timer(1)-INT{Timer{1}/60)*60, Time:(l)lTotalTimg*lOODO

Write(8,4020) ‘CYLCONG®, INT(Tamer{2)/60},
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Timer (2)~INT (Timer{i’) /601*60, Tiwer(2)/TotalTime*100D0
ertets 4030) 'Gauss', INT{Timer(3)/60},
a Timert3) INT(Tlme:(S)ISO)'SU,Timer(3)ITotalTima*loonD

4000 Format{* Total computational time required:',I3,' min.,'*,F6.2,
'}

* sec.

4010 Format{* Time spent in ', A19,':',I3," min.,",F6.2," sec. {',

F§,1,%8} "}

4020 Fo:mat(' Time spent in *,A7,':°,13," min,, ', F6.2," sec. (',

F4.1,'9) Y

4030 Format(" Time spent in °,AS5,°:7,13,' min.,',F6.2," 3ec. (',

a F4.1,'%)7)

4100 Format ('1',20('**),* TFEHK °*,20(°+*}/

a ! wwdwd DESULTS FOR THE FOLLOWING CASE:')

4110 Format {A80)

4120 Pormat {* ITERATION HISTORY =-- */20X,'Converging the RMS error to'

a *less than 0.1 K.")

4130 Format [' TEMPERATURE DISTRIBUTION FOR THE FUEL REGION ~~-~'/}
4140 Format [3X,'\R='3X,9(F4.2,4X:))

$142 Format {2X,'Z=\',3X,5(A6,2K:))

4150 Format {X,F5.2,X,'!*',9(X,F6.1,X:))

10

2
2

Return

End

Real*3 Function Seconds(Time)
Character+ll Time

Seconds - (ICHAR(Time(l:1}}-48)*36D3 + {(ICHAR(Time(2:2))-48)*36D2
+ (ICHAR(Time{4:4)}-42)%600.0 + (ICHAR(Time(5:5))-48)}*60.0
+ (ICHAR{Time(7:7])-48)*10.0 + (ICHAR{Time(B:8}}-48}
+ (ICHAR(Time(10:10)}-48}*.1 + (ICHAR{Time{11:11}}-48)}+*,01

ooy

End
Subroutine GAUSS

Integer Imax, Kmax

Parameter (Imax = 10,Kmax = 10)

Real*§ A(Imax*Kmax+l,Imax*Kmax}, X{(Imax*Kmax)]
INTEGER FIVOT ROMW, N

COMMON /GaussBAIN/ A,X,N

DO 10 PIVOT_ROW=1,N
CALL PAR_ PIVOT (PTVOT_ROW)
CALL FWD_ELIM{PIVOT_ROW)
CONTINUE

CALL BACK_SOLK

DO 20 INDEX=1,N

WRITE (UNIT=*,FMT=25) IMDEX, X (INDEX)
5 FORMAT(* X(',I2,')= ',Fl6.10)
0 CONTINUE

END
SUBROUTINE PAR_PIVOT(K)

Integer Imax, Kmax

Parameter (Imax = 10,KXmax = 10)

Real*8 A (Imax*¥max+1,Imax*Kmax), X{Imax*Kmax), SCRATCH
INTEGER L,1,K,H

COMMON /GauasMAIN/ B, X,N

DC 10 L=K+1,N
IF(ABS{A(K,L)].GT.ABS{A(K,K})) THEN
Do 20 I=K,N+l
SCRATCH=A({I,K)
AL K}=A(I,L}
A{I,L})=SCRATCH

20 CONTINUE

10

ENDIF
CONTINUE

RETURN
END
SUBROUTINE FWD_ELIM{K)

Integer Imax, Kmax

Parameter (Imax = 10,Kmax - 10)

Real*8 A(Imax*Kmax+l,lImax*Kmax), X{Imax*Kmax)
INTEGER I,J,K,N

COMMON /GaussMATN/A,X,N

DO 10 J=K+1,N+1
A[J.K)"A(J; K} /ALK, K}

10 CONTINUE
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DO 20 J=K+1,N
DO 30 Imk+l, N4l
&(I Jy=A(L, ) ~A(K, H*A(I,K)

30 CONTINUE
20  CONTINUE
RETURN

END
SUBROUTINE BACK_SOLM

Integer Imax, Kmax

Parameter (Imax = 10,Kmax = 10)

Real*s A{Imax*Kmax+l, Imax*Kmax), X(Imax*Kmax)
INTEGER J,J.N

COMMON /GaussMAIN/ A, XN

DO 20 J=N,1,-1
¥(JymA (N+1, J)
DO 10 I=J+1,N
X(3) =X (J)~A (I, T *X(T)
10 CONTINUE
20 CONTINUE

RETURN
END
Real*d Function H(T)

cib**iﬁii..‘ﬂ*ili‘***itti..ii.*.i****iiti*‘*iﬁi************fi

c
c
c
[
[+
c
c

Uses the convective heat tranafer correlations given *
for ligquid metal flowa through annular channels, as .
presented in M.M. El-Wakil, Nuclear Heat Transport, *
p. 26%, equations 10-6 and 10-7, .
-
-

o 22 A0 A L L LAl Rl Pl d st sttt eyl ad il d )]

Real*s T, K, A, B, C, D, T1, Cp

Real*$ Tinlet, De, G, W, D2, DI

Real*8 Nu, Pe, mdot

Common /CoolProp/ Tinlet, De, G, W, D2, D

Data Af6.20D-2/, B/7.204D-4/, C/-8. 3439—11, Dl3 oson-lof
K{T1} = A + B¥T]1 + C*T1*¥2 4 DeT]++3

Pe = De*G*Cp{T,W} /K(T)

If (D2/D1.LT.1.4) then
ElNu = 5.8D0 + (.02D0* (Pe**(.8D0)
L1
Nu = 5.25D0 + 0,0188D0*(Pe*+(,B8D0}*(P2/D1)**].3D0
EndIf

H = Nu*K(T)/De

End
Real*d Function G{®,7Z}

Integer Imax

Parameter (Imax = 10)

Real*8 R,Z, Rbound(10), Zmin, Zmax, P1, Temp, A, B
Real*8 Gave, PowerTabl(2,100)

Integer TabFlag, I

Integer Rmesh(9),Kmax, M(5)

Common /Rdata/ Rbound, Rmesh,M

Common /Zdata/ Zmin, Zmax, Kmex

Common /PowerData/ Gave, PowerTabl, TabFlag

Data Pi/3.1414526/

If {{R.GE.Rbound(1)).AND.(R.LE.Rbound(2)}) then
1f (Tabﬁ}ag.EQ.l) then
I=

5 I=I+1
If ((2.GE.PowerTabl(1,I)).AND.
a (Z.LT.PowerTabl{l,I+1))) then

Temp=Gave* (PowerTabl {2,I+]1)-FowerTabl{2,I))/

(PowerTabl (1,I+1)-PowerTabl{l,I})*
{Z -~ PowerTabl(1,1}}

o

Else
Goto 3
ErdIf
Else
A = PowerTabl(l,1)
B « PowerTabl{Z,1)

EndIf
Else
Temp = 0.00D0
EndIf
G = Temp

Temp = Gave*{A + B*SIN((Z-2Zmin)*Pi/(Zmax-IZmin))}}

KHEL 4/26/93

KHEL 4/26/93
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End
Real*8 Function Keond(I,R2,T]
Units = W/em/K - ***

Integer Imax

Parameter (Imax = 10}

Integer I,Rmesh(%},M{5], Ml

Real*8 T, R, Rbound{lD), Temp, R2, T1
Real*8 K, Kdata(4,8)

Commen /Rdata/ Rbound, Rmesh,M

Material #1 = UO2
Material $2 = %
Material #3 = Nb
Material fd4 = Nb1ZIr
Material #5 = Mo
Material #6 = Re
Material #7 = Cs
Material #8 = AlI203

Data Kdata/2.414D-2, ~ 2.478D=5, 1.094D-8, - 1.67D-12,

0.4866D0, ~ 3.057D=d, 1,237D-7, = 1.720-11,
0.11104D0, £.870D=6, i.281D-8, 0.0D0,
0.11104D0,  4.870D-6, 1.2B1D-8, 0.0D0,
0.3502D0, - 1.141D-4, Z.050D-6, 0.0D0,
0.0D0, 0.0D8, o.000, 0.0D0,
0.0D0, 0.000,  0.000, 0.0D0,

0.1858D0, - 4.1690-4, 3.485D~-7, = 9.74D~11/

K{Tl Ml) = (Kdata{l,Ml) + Kdata(2,M1)*T1 + Kdata(3,M1)*T1**2

+ Kdata{4, Hl)*Tl**S)*d 184

If (R2.LT.Rbound(l)} then
“** Void
Temp = 1.0D~%
Goto 100
EndIf
If (R2.EQ.PRbound(l}) then
**+ Void/Pellet boundary
Temp = {1.0D-2 + K{T,M{1)))/2
Goto 100
EndIf
If ({R2.GT.Rbound(l)).AND. {(R2.1LT.Rbound{2))) then
Temp = K{T.H{1)}y
*++ Fuel pellet

If (R2.EQ.Rbound(2)) then
*++ Fual Pallet cuter surface
Does a gap exist between the fuel and the emmiter?
If (Rbound(2}.NE.Rboundi3)) then
L2 2 ) Ga

Temp = {1.0D-2*(R{I+1)-R(I)) +

a K(T,M(1) ) *{R(I})~R{I-1})}]}
b /(R{I+1)~R{I-1)}

El=e

*** No (Gap
Temp = (K(T,M({2))*(R{I+1}=-R({I)) +

a K(T,M{1})*(R{I}=R(I-1)))
b ARIT+D) ~RII-1))

Endlf

Goto 100
EndIf

a

If {(Rbound(2).NE.Rbound(3)).AND. {(R2.GT.Rbound(2))
SAND. (R2.LT.Rbound{3))}) then
e Ga
Temp = 1.0B0=2
Gota 100
EndIf

If ((R2.EQ.Rbound(3)).AND. (Rhound{2} NE.Rbound{3}]] then

L2 1)

Temp = (KIT,H(Z})*(R(I+1)-R(I)} + 1.00=-2*(R{I)-R{I-1)))

(R{I+1)-R{I-1)})
“*+ Emitter inner surface
Goto 100
EndIf
If {{R2,.GT.Rbound{3}) .AND. (R2.LT.Rbound(4}}} then
Temp = K(T,M{2))
wkw Emitter
Goto 100
EndIf
1f (R2.EQ.Rbound{4}) then
*++ Emitter outer surface

Temp = (1.0D-3*(R(I+1)~R(I}) + K(T,M(2}}*(R{I)=-R(I-1}))

J(R{I+1)~R(I~-1))}
Goto 100
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EndIf
If ((R2.GT.Rbound(4)).AND.(R2.LT.Rbound(5}}] then

If (R2.EQ.Rbound(5})) then
4+ Callector inner surface
Temp = {K(T, H(iJJ'(R(I*li-RII)) + 1.0D=3*{R{I})-R{I=1}})
F(RIT+ D =R{I-1))

If {{R2.GT.Rbound(5)).AND. {R2.LT.Rbound(€))) then
42 Collectoz
Tamp = K{T,M{3))
Goto 100
Endlf
If {R2.EQ.Rbound(6)) then
*** Cnllector outer surface
Does a gap exist between the collector and the ipsulator? **+
If (Rbound(5).NE.Rbound{?}) then
L1 1) G
Temp = (1.0D=2*(R{I+1)=R(I)} + K(T,M(3}}*(R{I)-R(I-1)))
£ f(R{I+1}~-R(I~1))
se

+** No Gap
Temp = (K{T,M(4}1¥{R{I+1}-R{I}) + K{T,M(3))*(R{I}-R{I-1))}

a /(R{I+1)=R{I~1})

EndIf
Goto 100
EndIf
If ((Rbound{6).NE.Rbound{7)).AND. ((R2.GT.Rbound(6))
ARD. |R2.LT.Rbound{?}})] then
Ao Gap
Temp = 1.0D=2
Goto 100
Endlf
If ((R2.EQ Rbound{7¥)).AND. (Rbound{6).NE.Rbound{7)}} then
wik Ipnsulator inner surface
Temp = (K(T,M{4)}*{R{I+1}-R{I}] + L1.0D=2*(R{I})-R{I-1}}}
/(R{I+1}=R{I-1)}}

If ((RZ.GT.Rbound{7)}).AND.{R2.1L7.Rhound{®))) then
**+ Tpaulator
Temp = K(T,M([4))
Goto 100
Endif
If (R2.EQ.Rbound{8)} then
*¢+ Jnmulator outer surface
Does a gap exist between the insuletor and the clad? ***
If leouﬁE(G).HE.Rboundts)) then
*tG
Temp = (1.00=2*(R{I+1)=-R{I}} + K{T,M{4)j*{R{I)-R{I=1}})
- F{R{I+1}=R{I~1))
e

L2 2] N Ga
Temp = (KI(T, M(S!l*(RII+1)‘R{I)1 + K{T,M{4))*(R(I)=R{I-1I )}
EndLE llR!I+1)-R{1'1
f

Goto 100
Endif
If {{Rbound{®) .NE.Kovoundi5)) .AND. { {(R2.GT.Rbound{g8})
+AND. (R2.LT.Rbound(9)))) then

If ((RZ.EQ.Rbound(9)].AND. {Rbound(8).NE.Rbound{9}}} then
*é+ Clad inner surface
Temp = (K(T,M(5))*(R{I+1)~R(I)) + 1.0D-2*{R{I}-R{I~1)))
FR{I+1)-R{I=1}}
Goto 100

Endlf
If ({R2.GT.Rbound{9}).AND. {R2.LT.Rbound(10)}} then
*e+ Clad
Temp = K(T M{3))
Gote 1
EndIf
If (R2,EQ.Rbound(10)) then
*++ Clad outer surface
L2 T} clad
Temp = K(T,M(5))
Goto 100
Endif
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100 Keond = Temp

End
Real*8 Function Z(K)

Integer K, Kmax

Real*B Zmin, Zmax

Common /Zdata/ Zmin, Zmax, Kmax
Kmax = 10

g = (Zmax-Zmin)*(K-1}/{Kmax-1} + Zmin

End
Real*B Function R(I)

Integer I,Meshl, MeshZ,Bmesh{3), 3, Iman
Parameter (Imax = 10)

Integer Mat (5}

Real*d Bbound{10),Temp

Common /Rdata/ Rbound,RRmesh,Mat

Mesh2=1
J=1

10 Temp = Rbound{J}

Meshl = Mesh?
Mesh? « MeshZ + Rmesh(J)

If {{I.GE.Meahl).AND.{I.LE.Meah2)}) then
R = (Rboundi{J+1i} - Rbound(J))/f{Meshi-Meshl)*({I-Meshl} + Temp
Goto 1000
Endif

J=J+1
Goto 10

1000 Return

End

Subroutine CoolantTemp (Tcoolant)
drdrdedr il e e dr ot bbb b w o ol ol e ok e W e e i i i i e o o
Uses linear interpolation betwesn values in a table to *
return the value of the NaK coolant temperature at the *
given axial poaition z. If the axial position is out *
of the range of the table, thia routine returns the
coolant temperature At the botrtom or the top of the
core, whichever is appropriate.

% k% & % F B
L

Units are degrees K. *
EL S A2 A 0 L LYl g bR Lt 2 L Rl L DAt T T L L R LR ALl DL Ly
Integer Kmax

Parameter (Kmax = 10}

Real*$ I, CoolThl(2000,2), 2Zh, Z1, Th, T1l, Tcoolant(Kmax)
Integer K, Ki

Common /TTAB/ CoolTbl

Do 500 Kl=1,Kmax
If {CoolTbl({1,1).GE.2(K1)}) then
Tcoglant(l) = CoolTbl{l,2}
Goto 500
Endlf

K=2

10 If {CeolThbl(X,1).GE.Z{K1)) then
Zh = CoolTbl(K,1)
Z1 = CoolThl{k-1,1}
Th = CoolTbl(K,2}
Tl = CoolTbl{K~1,2}
Tcoolant{Kl) « (Th=-T1)/{Zh=-21)}*(2(K1)-Z1} + Tl
Goto 500
Else
K « K+l
EndIf
Gota 10
500 Continue

End )

SUBROUTINE cylconé(te,teav,tc,tcav,tr,phil,gap,cden_avl,

& cden_av2, length,edout,ethick,cthick,n,vguess,v,gel, curdan,

§ emheat,colheat)

c IMPLICIT NONE

IHTEGER n, Kmax

PARMMETER [Kmax=10)

REAL*8 te{Kmax),teav(Kmax}), tc{Kmax},tcav(Kmax),tr,phil,gap,

& cden_avl,cden_av2, length,edout,ethick,cthick, vguess{Kmax),



& v{Emax),qel (Kmax},curden(Kmax),PI,smheat (Knax),colheat (Kmax)
FARAMETER (PI=3.1£1592654}

c

€ Uses relax, resis_w, resis nb

ci********'ii*i**iiiii**w*i*****iiitti0'k*i*i&ii*iiiii**iii.ii*t*

CYLCON6 cylindrical converter model
Control #C-853-001-A-100290

Author: John B. McVey

Rasor As=mociates, Inc.

{408} T34-1622

Model to solve for the voltage and current density
distributions along the length of a lony cylindrical
thermionic converter with non-negligible resjistance in the
converter electrodes, Emitter and collector temperature
distributions are specified. Boundary conditions use
spacified currents at cell ends.

IHPUTS:
te vector of length n holding emitter temper-
ature (K} values at mesh points (temper-
ature of emitter outer surface)
teaav  vactor holding values of radially averaged
emitter temperatuyres (K)
te vecter of length n holding cellector
inner surface temperature (K} values at
mesh points
tcay  vector of radially averaged ¢ollector
temperatures (Kj .
tr ceaium redervoir temperature in K
phi0 emitter bare work function in eV
gap interelectrode gap in cm.
cden_avl total current at g=0 end divided by the
area of a half-cell. (Afcm?)
cden_av? total current at 2=L end divided by the
area of a half-cell. (A/cm?)
length total length L of & ¢ell in cm.
aedout emitter cuter diameter (cm)
ethick emltter clad thickness (cm)
cthick collector clad thicknaas (cm)
n number of mesh points
vguess vactor of length n holding initisl
guesses for values of v at mesh points

OUTPUTS :
v vector of converged values of inter-
electrode voltage
qel vector of values for emitter electron

cooling {W/cmi)
curden  vector of values of current density at
mesh points (A/cm2)
emheat  volumetric heat generation rate in
emitter ¢lad due t¢ chmic heating (W/cm3)
colheat volumetric heat generation rate in
collector due to ohmic heating (W/cm3)
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INTEGER i
REAL*® c{Kmax),p{Kmax},dz,edav, cdin,cdav,resis_w,resis nb,
& paraml,param?,s{Kmax),rhoe(Kmax), rhoc(Kmax),emcur{Kmax)

dz=length/ (n-1)
edaveedout-ethick
cdin=edout+2.d0*gap
cdav=cdin+ecthick
C.....gomfuga *C™ coefficients using local resistivities......
o i=1,n
rhoe(l)=resis_wlteav({i}}
rhoc(i}=resis_nb{tcav{i})
g(é)-rhoe{i}*edout/(ethick‘edav)+rhoc(ii*edcutltcthick*cdav}
end do
g......Cgmegte "F" coefficients using expressions for derivative
-} P
plli=(~3.d0%c (1) +4.d0*%c(2)~c(3)) /{4.d0%c{1))
do i=2,n-1
pli}=(c{i+l)=c{i~1}}/{4.d0*¢(i)]
end do
pin)=(3.40%c(n}~4.d0*c(n=-1}+c{n-2}}/{4.d0%cin))
C......v 13 initially set toc vgQuess.....
do i=1,n
v{l)=vguess(i)
end do
C.....Boundary condition parameters......

231
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parami=c(l)*cden_avl*length*dz
param?=c {N) *cden_avZ*length*dz
Covu.-Call primary routine for solution of differential equations.....
call relax{v,c,p,dz,paraml,param2,n,te, tc, tr,phil, gap, qel,
§ curden)
€....:..Compute ohmic heat generaticn retes........
s{1l}=0.40
emcur {1} =-cden_avl*PI*edout*length/2.a20
emcur (n) =cden_avz*PI*edout*length/2.d0
do i=2,n-1
s{i)={curden{i)+curden({i-1})+*dz/2.d0+a(i~1)
emcur (1)=PIvedout*s{l)+emcur(l}

end do

do i=l,n
C*+++»* Changed by Ron Pawlowski 11/14/90
c emheat {(1)=emcur (i) *emcur (i) *rhoa(i)/(FI*edav*ethick}**2
o] colheat {({}=amcur (i) *emeur (i) *rhoc(i} / (PI*cdav*cthick)}**2

emheat (i}=emcur{i)*emcur(i) *rhoal(i)/{FIvedav*ethick)*dz
colheat (i)=emcur (1) *emcur (i) *rhocil) /{PI*cdav*cthick) *dz
w#wet End of changes
end do

END

SUBRQUTINE relax(v,c,p,dz,paraml,paramz,n, te,tc,ty,phi0, gap,
& gel,curden)
[+ IMPLICIT ROME

INTEGER n, Kmax, ITMAX

PARAMETER (Kmax=10)

REAL*8 v{Kmax},c{Kmax),p(Kmax),dz, te(Knax],tc{Kmax),tr,phid,gap,
& qel {Kmax),curden(Kmax),ONE, THO, THREE, FOUR, cden, TOL, SMALLY,

& pataml,param?

PARAMETER(ONE=1.d0, TWO=2.d0, THREE=3.d0D,
& FOURe=4 d0,ITHAX=100,TOL=1.e=4,S5MALLV~}.d-3)

Uses cden, tridag

naaan
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Primary routine for solving the differentiel equation
and boundary conditions for the interelectrode voltage.
Newton-Raphson method is used to solve sguation set
rasulting from discretizaticn.

INPUTS:
v initial guesses for v{i)'s

vector returns converged values on cutput
-] vector of “C" coefficients
P vector of "P" coefficients
dz mesh spacing {(cm)
paraml & parameter used in the boundary condition
at z=0
paramZ as for paraml, for z=L -
n nunber of mesh points . *

vector of length n helding smitter temper- *
ature (K) values at mesh points *
tec vector of length n holding cellector temp- *
erature {K) values at mesh points
tr cesium reservolr temperature in K
phi0 emitter bare work function in eV
gap interelectrode gap in cm.
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a*
CUTPUTS: .
v vector of converged values of inter- *
electrode voltage *

gel vector of values for emitter electron *

cooling (W/cm2) *
curden vector of values of current density at -
mesh points (A/cm2) o
L

-*
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INTEGER 1,iter
REAL*B dif,dguess,djdv{Kmax),curpla,v2
REAL*S f (Kmax},sa{Kmax),bb{Kmax),cc{Kmax},delta(KXmax)
LOGICAL convrg
€ *++* Commeated out by R.A. Pawlowakl, 10/31/90 *+
C *wer Joues=s will be set to 2zero for all calls to cden *+
Cc SAVE jguess
c

C.....sub-diagonal elements of Jacobian.....
do i=2,n~-1
aa{i}=0ONE+p(i)
end do
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aa{n)=THO
C......super-diagonal elements......
ce (1)=THO
do i=2,n-1
cc{i}=ONE~-p (i}
end do
C.....Bagin iteration.......
do iter=1, ITHAX
C.....diagogal elements, including 4J3/dV calculation.......
=1l,n
jguass~0,0D0
curden{i)=cden{te({i),tc(i),tr,phid, gap,v{i) qel(i),Jguess)
c jguess-curden{i}
vimy (i) +SMALLY
curpls=cden{te{i},te(i}, tr.phiD,gnp,v:,qel(i) jguess)
didv{i}= [curpls-cu:den(illf
bb{i)=c{i)*dz*dz*didv (i) -TWO
end do
C.... compute function values,....... .e
do i=2,n-1
Eli)my(i=1)* (ONE+p {1} )+v{1+1}*(ONE-p{i)}}+c(i}*dz*dz*
& curden(i)~THO*v (1}
end do
£{1}=TWO*v (2} -paraml *{ONE+p{1) ) +c (1) *curden (i} *dz*dz-
é THO*y (1)
£{n)=TWO*v (n-1) =param2* (ONE-p (N} ) +c(n} *dz*dz*curden{n}~
& TWO*y (n}
C.....20lve for corrections delta using tridiagonal routipe.......
call tridag(l,n,aa,bb,cc,f,dalta)
C.....update voltages.........
do i=1l,n
C *++ Additions by R.A. Pawlowski 11/65/50 ##»+
If tABS{Delta(i)).le.0.1D0} then
¥(il)my(i)-delta{i)

else
v{i)=v{i}-DSIGN{0.1D0,dalta(i))
endIf
=3 Write(*,16) i,v(%)
16 Format (* V(*,I2,') =',F10.7}
C *++ Bnd of additions %+
end do
C......check for convergence,.....
convrg=,true.
de i=1,n
difedabs (delta(i))
if {dif.gt.TOL) convig=.false.
end do
if (convig) goto 10
ond do
if {iter.gt.ITMAX) pause 'No convergence'
C.osu-viend of routine - calculate current density using converged v's
€ 10 jguessecurden{l)
10 jguess«0,0D0

do i=1,n
curden{i}=cden{te(i),te{i), tr,phil,gap,v(i),gel (1), jguess)
C jguess=curden(i)
end do
C.....jguess updated for any subseguent call to relax, as when
C calculating an I~V cutve......

C #*+*+* Commented out by R.A. Pawlowski on 10/31/90 »*
C *e%% Sometimes updating jguess led to problems with calls to UNIG **
c Jguess~curden{l}

return

END

REAL*E FUNCTION resis w(t)
IMPLICIT NONE
REAL*S t

tee...Cuble fit to resistivity of tungsten vs. temperature...
tsesodinput ia temperature in K........

REAL*8 a(d),r

DATA 2 /-.228550740,0.01808205d0,6.64431d-6,-7.4791354-10/
r=a({1}+t*(a(2)+t*(a(3)+t*a(4})}

resis we=l.d-6*r

Ieturn

END

anaf O ao

[
C

REAL*® FUNCTION resis nb(t)
c IMPLICIT NONE

REAL*S t
c
c

resssoguadratic £it to resistivity of niobium vs. temperature...
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Covvnasinput ia temperature in Kooo.....
c

REALYE a

DATA a / 1 451331d0 0.0459938280,-4.8674924~6/
:—a(1)+t*{at2)¢t*a(3}]

resisz pb=l.d-6%r

return

END

C
C

REAL*8 FUNCTION resis mol{t}
C TMPLICIT MOME

REAL*E ¢
C
[

cve-.slinear fit to resistivity of molybdenum vs. temperature...
Conanss input is temperature in K....v...
Covunnn This is used for cases with & molybdanum collector and is
C thrown in free of charge.....

REAL*g a{2),r

DATA a /-.50640,0.02240/
r=a{l)+t*a{2)
resis_mo=l.d-6*r

raturn

END

00

SUBROUTINE tridag(f,l,a,b,c,d,¥)
c IMPLICIT NOHE
INTEGER f,l,Kmax
PARAMETER (Kmax=1Q)
REAL*9 a{Kmax),b(Kmax),c(Kmax),d{Kmax),v{Kmax)

C.......Subroutine for solving a tridiagonal linear system of
aquations.....

« jpndex of first equation

index of last egquation

sub-diagopal vector

diagonal vectopr

super-diagonal vector

vector of right-hand side values

sclution

onanaanoaon
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INTEGER £pl,last,k,i
REAL*E beta{l0l},gamma(101}
beta(f)=b(f)
amma{f)wd (F) /batatl)
plef+l
do i{=fpl,l
beta{i)=bil)-a(i)*z(i-1) /betali-1}
gapma{ii=(d{i}-a(i) *gamma (1~1}} /beta{i}
end do
v(l)=gapma(l)
laste]-f
do k=1,last
i=]1-k
v({i)~gamma (i}-c (i) *v(i+l) /betaii)
end do
return
END
REAL*8 FUNCTION ¢den(te,tc,tr,phil,d,v,gel,jqueas)
IMPLICIT NONE
REAL*8 te,tc,.tr,phil,d,v,qel,iguess

Uses jvbrac, jvEind, ndsphi

annn o
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The function cden returns current density as a function of *
voltage utilizing thermicnic models which compute voltage ¥
as a function of current density. A combination of the *
TECMDL and UNIG thermionic models are used, which are called*
by the routinea jvbrac and jvfind.

Input values -

te Emitter temperature (K)

Collector temperature {X)

tr Cesium reservoir temperature (K)
phild Emitter bare work function (eV)

d Interelectrode spacing {cm)

v Qutpet voltage

jguess Guess for current density {amps/cmi}

Output values -
cdan Current density (amps/cm2)
gel Emitter electron cooling {watts/cm2)
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cw***tttittt**iitttttwitti*iti-ttttioo-tggii*‘*.ttttt*tbbowb&ttii
C

REAL*® jvfind,phie,phic,3t,]2,£1,£2,ndaphi

LOGICAL succesa

c
£ ....Get the cesiated work functions....
phie=ndaphi (te, tr,phil)
phic=1.9104+{tc/tr) *{2.2963+ (te/tr)¥(~3.1364+
& (teftr)*.98033))
if {(te.le.1300.d0).and.(v.ge.0.5d0)) then
cden=0.40
qel=0.d0
raturn
endif
€ ....Try to bracket the desired current density
}1=dguess
call jvbracite,te,tr,phie,phic,d,v,j1,32,£1,£2,5uccess)
C.....%ero in on the correct curyrent density value......
if (success) then
lcden-jvfind(te,tc,tr,phie.phic,d,v,jl,jz.fl.fz.qell
etlse
pause ' no match'
end 1f

return
END

oo

SUBROUTINE jvbrac{te,tc,tr,phie,phic,d,v0,x1,22,f1,£2,success}

3]

IMPLICIT NONE

REAL*8 te,te¢,tr,phie,phic,d,v0,x1,x2,£1,£2,XKE, FACTOR
LOGICAL auccess

PARAMETER (XKE=8.61754~5, FACTOR=1. 64D}

c -

C Uses jvcurve

Chkdrddkd bk At b kbbb A h F SRk r kA b b dd kb ddddk b hd b d R b h R b e

c L]
C  The subroutine jvbrac searches for two current density *
C  values which will bracket the deaired sclution for output *
C voltage. *
c *
c Input values - *
C te Emitter temperatuze {K) *
c tc Collector temperature (K} *
c tr Cesium reservoir temperature (K) *
c phie Ceajated emitter work function (eV) *
c phic Cesiated collector work function (eV) *
c d Interelectrode spacing (om) -
C v Desired value for output voltage hd
c x] Input as first guess for cyrrent density *
c -
[ Output values - hd
C %1 Cutput as one of the bracketing values of -
c current density >
[+ %2 The other bracketing value of current density*
[+ f1 The value of v - v0 at x1 *
o £2 The value of v -~ v0 at x2 -
L]
gﬁiitﬁ‘*'*itt.i‘iiititttfﬁi!iit'&t*tttbﬁ*******iﬁ.itl&i’!**&ﬁ‘.ttit
C
REAL*8 dx,x3,f3,v,qel, xj¢
INTEGER bad
c
C.....First set the search step to 1 A/em2...... .

dx=1.

C.s+..Call the combined thermionic wodel......
call jveurve(te,tc,tr,phie,phic,d,xl,v,gel)
flev=v(]

C.....Increment ¢urrent density in the correct direction...
z2=xl+deign(dx, £1)

XZ2=mdmaxl [%2,0.d0)

C.....Compute voltage at new current density.......
call jvcurve(te,te,tt,phie,phic,d, x2,v,gel)
f2wy=v0
bad=0

C.....Find the back emission current density for lower search limit..

RJe=120.d0*tc*tc*dexp(-11604.5d0*phic/te)
C.....Continue searching until solution is bracketed.....
do while (f1*f2.qt.0.d0)
C.....--Increase size of search step.......
dx=dx*FACTOR
x3mx2+dsign(dx, £2)
CevssersCount number of times thsat current density triea to go
c below the back emission level, If 2 or more, return

235
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cC without a succesasful solution......
1f (x3.1t.~xjc) bad=bad+l
if (bad.ge.2) then

success=.false,
return
end 1if
X3=dmaxl (x3,-xjc}
call jvecurve(te,te,tr,phie,phic,d,x3,v,qel)
£3my=v(
Hl=x2
fl=f2
RZ2=x3
£2=f3
end do
success=.tIue.
return
END
C
c
REAL*& FUNCTION jvfind{te,tc,tr,phie,phic,d,v0,j1,352,£f1,£2,qel}
C IMPLICIT NONE
REAL*8 te, tc,tr,phie,phic,d,v0,41,j2,£1,f2,qel,TOL2
¢ PARMMETER(TOLZ~1.d-3)
C Uses jvcurve
giii‘li**i’Q*ti***t*&****t’tifﬁ*'.i..*t.‘-‘*iit&i***iittti'h***iit*i
c L ]
C The function jvfind uses the modified regula falai method *
C to find a value for current density which yields a desired *
g voltage., The solution must already have been bracketed. :
[ Input values - *
C te Emitter temperature (K) .
c tc Collector temperature {K) *
c tr Cesium reservolr temperature (K} *
c phie Cesiated emitter work function (eV) -
[ phic Cesiated collector work function (eV) *
c d Interelectrode spacing (cm) *
c v0 Desired value for cutput voltage o
c 41 One of the bracketing values of current *
C denaity. .
[ 2 The other bracketing valuse of current density*
(o] 1 The value of v - v0 at j1 *
g £2 The value of v - v0 at j2 *
L4
c Cutput values - *
C jvfind The sclution for the current density *
g qel The electron cooling at the selution point  *
-
c*tii**t***iiiii**ttiiiiiii.‘ii.&lﬁi'iti A o oy W o e Al o e e ol i e ol ol e W e o ol
c
c REAL*S toll,=ave f,313,f3,v

toll=1l,d-5

save f=f1
10 continue
13-12-f2‘{j2-jl)/{£2-f1}

?gl j;curve(te,tc.t:,phie.phic,d,js,v,qell
-y
C..+..Re-assign whichever endpoint has the same sign of f a3 the most
c recent point. If an endpoint has been stagnant for 2 passes,
c replace f with £/2 there....... .
if {£3*£1.1t.0.d0) then
J2=j3
f2=f3
if (E3*save f.gt.0.d0) flef1/2.d0
elze
j1=33
f1~£3
if (f3*save f.gt.0.d0) £2=£2/2.d0
end if

save_f=f3
if (.not,{(daba{j1-J2).le.toll).or. (dabs(£3).1le.TOL2))) goto 10
jvEind=33
return
END

Q0

SUBROUTINE jvcurve(te,tc,tr,phie,phic,dem,$,v,qel)
c IMPLICIT NONE
REAL*8 te,tc,tr,phie phic,dom,d,v,qgel, JLOW, FHIGH
PARAMETER (JLOW=0.1d0, JHIGH=3.d0D)
C Uses tecmdl, unig
c

cii*""'....i'I'"*i*i.*****i************iii******iii**'tfitt*‘**.**



237

c -
C The routime jvcurve combines the outputs of TECMDL and UNIG *
€ to produce a single, physically treasonable, well-behaved *
¢ velt-ampere curve. The limits JHIGH and JLOW are used to *
C save computational effart by only calling both models in the *
C interval bounded by these limits. Above JHIGH only TECMDL *
C ia c¢alled, below JLOW only UNIG is called. :
C

C Input values - *
c te Emltter temperature (K] v
C to Collector temperature (K] v
c tr Cesium ressrvoir temperature (X) *
c phie Cesiated emitter work function (eV) -
c phic Cesiated collector work function (eV) -
c dcm Interelectrode spacing (cm) *
c 3 Current density (ampsfcm2) :
P b

[+ ¢utput values - ¥
c v Output voltage *
c gel Emitter electron cooling (watts/cm2} :
Eiiﬂtii*****i*iiﬁii'hﬁ*i#**ii*i.iﬁt****ii***iitti..Q!!*..‘O.il"i“'

INTEGER sheaths
REAL*8 dmm,vig,qeliq,vun,qelun,ii,qjel,old

dmm~decn*10.d0
if ({.lt.JLOW) then
e -
Cisuash simple lteration is necessary when calling urig as it
c accepts the electron current as an independent variable,
[ whereas the total current = electron current - ion current....
10 continue
old=jel
cail unig(te,tc,tr,dcm,phie.phic,jel,ji.v,qel,shaaths)
ei=f+
if {dabs{{jel-old)/jel).gt.1.d-5) go to 10
C print*,'v =',v, ‘unig § =*,jel~ii
else 1f (j.gt.JHIGH) then
call tecmd] (te,tc,tr,phie,phic,dmm,],v,qel)
c print*, 'v =", v, 'tecmdl § =',j
elae
jel=1
20 continue
old=jel
cailjuniq(te,tc,tr,dcm.phie.phic.jel,ji,vun.qolun.sheathSl
el=j+
if (dabs{{jel~ocld) /jel}.gt.1.d-6) go to 20
c print*,*v =', v, 'unig j =',jel-3i
call tecmdl(te,tc,tr,phie,phic,dmm,j,vig,qgelig)
o] print¥,'v =7, v, "tecmdl 3 =',9
C.....3elect whichever voltage (and corresponding electron cooling)
c is higher........ ’
if (vig.ge.vun) then
vuyig
qel=gelig
else
v=yun
gel=gelun
end if
c print*,'v =',v,*chosen § =',]
end if
return
END
SUBROUTINE tecmdl(te,tc,tr,phie,phic,d,j,vout,qel}
o4 IMPLICIT NOKE
REAL*%BEE:tc,tr,phie,phic,d,j,vout,qel,VI,B,H,BP,XK.THU.

PARAMETER (VI~3.2d0,B=30.d0,H=5.d0,BP~50.d0, Xk=8.6175d-5,
& TWO=2.d0, AR=120.d0, HALF=0. 5d0}

0

&

Uses ndsphi,obstr,obstr2, satur, satur?

ekt il ke kR bk kR R R bW bbb d kAW kb b e

C-563-002-3-082988
Written by

John B, McVey

Rasor Aasociates, Inc.
(408) T34-1822 X-315

TECHMDL is an implementation of the "phencmenclogical
model® of the ignited mode converter described in
N.5. Rasor, "Thermionic Energy Conversion®, Chapter
5 of Applied Atomic Collision Physics, vol. 5,
Massey, McDaniel, and Bederson eds., Academic FPress,
1982. The article is avallable on reguest from

% 8 % F & 2 F F & FEF S

aooanOoaaaananaonnna



aooooooanaaaaacaoonooaaaaaanaaoannnnan

&
&
c

Rasor Associates. The following physics has been
added to the model:
A. Plasma energy loss by radiatien.
B. Improved description of saturation
region.
C. Provision for lon-retaining collactor
sheath.
The egquationa are documented in the Raser document
E-563-002-A-063087, which is available on request.

This routine calls four subroutines, two for the
obatructed mode [positive and negative collector
sheath) and two for the saturation region (positive
and negative collector sheath) as required. It
caleculates the output voltage and emitter electron
cooling. ’

Input values -
TE Emitter temperature (K)

T Collector temperature (K)

TR Cesium reservoir temperature {K)

PHIE Emitter work function (eV).

PHIC Collector work function {eV).

D Interelectrode spacing (mm)

J Current density (ampa/cm2)

Qutput values -

vouT Output voltage (volta)

QEL Net emitter electron cooling (watts/cm?2)

Version G 1s special for use in CYLCONG.

« calculation of cesiated work functions removed
« changed to double precision

- paramcter jconidnc removed

e e W O e e e ke e A e ke e e b A e e e g ol ol ol sk e o W Wl O o W W W e b e e e o e i

REAL*8 j=p,jc,ici,pcs,ta,
pd, tee, tec, ve,ve, vd, vrad, o, je,dv,
isj.313,3=,phis

Civs.rsCalculate saturation current density......
J=p=AR*te*to*dexp(-phie/ (XK*te))

c

C......Calculate back emission current density and ratio......
jo=AR*tc*tc*dexp (~phic/ (XK*te))

c Jei=je/3,

C......Calculate cesium pressure in torr......

c pca=2.45d+8*dexp (~6910.d0/¢tr] /daqrt (tr)

Couves »Average neutral and ion temperature......
ta=(te+tc) /TWO

C

C.e.ovsCalculate Pd......
pd=pcs*d

g......Call the obstructed region caleulation

{can’'t be obstructed if current density ia
above saturation)......

if {j.le.jsp) then

C

C

Civennn
&

c

C.vvov If collactor sheath was negative in previous calculation,

Calculation for positive collector sheath......

call obstr(VI,B,H,i,jcj,te, te, tr,pd,d, ta, tee, tec, ve, ve,

vd,vrad, jej)

use appropriate calculation......

if (ve.lt.0.d0) call obstr2(vi,B,H,j,jci,te.tc,tr,pd,d,ta,

& tee, tec,ve,ve,vd, vrad, jej)

c

Covennn Calcylate effective emitted current density......
Je=Jei*i

[+ .Calculate sheath barrier height......
dv=XK*te*dlog{jap/ie)

[»4

CivvveaCaloulate output veltage,.....
vout=phie=-phic-vd+dv

[of

C......Calculate net slectron cooling from emitter

c (includes plasma radiation}......
gel=3}* (phie+dv+THO*XK*tee) - | e*TRO*XK* (tee-te) -

¢ HALF*j*vrad

endif

R I B R S E N SR N R N B RN BN O BN R R N T CEE BN N S BE N S NN )
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c
Civ.snsCall the saturation region caleculation 1f above saturation
c or if obstructed region calculation failed......

1f ({j.gt.dep).or. (dv.1t.D.d0)) then

Cever-.Calculation for positive collector sheath......
call satur{Vi,B,B?,H,3,jc),isp,te,te,tr,pd,d, ta, tee, tec,
& ve,ve,vd,vrad, 3sj,jii})
[+
C......Calculation for negative collector sheath {f previous
calculation gave negative value......
if {vec.1t.0.d0) call satur2(VvIl,B,BF,H,3,
L] %:gijsp,te,tc,tz,pd,d,ta,tee,tcc,ve.vc,vd.v:ad.jaj.
&
c

C.viv-.Calculate effective Schottky saturation current demsity......

Je=aj*]

C......Calculate Schottky reduced emitter work function......
phis=XK*te*dlog (AR*te*te/}3)

C......Calculate output voltage......
voutsphis-phic-vd
c

C......Calculate net emitter electron cooling (includes
ion heating and plasma radiation)......

gel=)* (phis+THO*XK*tae) -4 s*THO*XK* (tee-te) +1*4i4* (ve+3.83d0+

THO*KK*tee) ~HALF*j*vrad
(4
endif
return
END
[of
c
SUBROUTINE cbste(vi,b,h,3j,jc), te,te, tr,pd, d, ta, tee, tec, ve,ve,
& vd,vrad, jej)
c IMPLICIT NONE

INTEGER MAXITR
REAL*8 vi,b,h,],jej,te,te,tr,pd, d, ta, teg, tec, vo, ve, vd, veed,
& je3, XK, HALF, TOL, AR, EMI5, ONE, THO, THREE, TINY

PARAMETER (RKw8.6175d-5, TWow2.d0, HALF=. 540, TOL=1.d-5, AR=120.4d0,
& EMIS=.4d0, MAXITR=50, ONE=1. d0, THREE=3.d0, TINY=1.d~-32)

Uses tsc, ltec

bl LA ARl At bR 2 L2 TR LS AT P R R T I AR U R Y A T

OBSTR is called by TECMDL to implement the
phenomenclogical equations for

the obatructed region of the ignited mode volt-
ampere curve with a positive {electron retaining)
sheath at the collector. This is the formulation
described in Massey, McDaniel, and Bederson.
Equations (24)-(29) and (31} are used. The emitter
side and collector sjde electron temperatures are
subject to LTE (Local Thermodynamic Equilibrium)
constraints which are implemented by the functan
TSC and the subroutipe LTE. Equations (24) for
JE/J and (25) for Vd are coupled, and are solved
iteratively using a secant method search.

OOAOO0anNOOaNNaNNaant

Input values -
VI Effactive jonization energy (eV)

LI N N B N NN R R B B R N U R BN BB RE R N N B

density to working current density

eh A A A A At bt s A n l e s s 2L L A 2l L L L I Y 2

C B Ionizability facter

c H Collector current factor

c J Current density (amps/cm2)

c Jc3 Ratio of back emission to current density
c TE Emitter temperature (X)

[+ TC Collector temperatyre (K)

[ad TR Cesium reservoir temperature (K)

C L) Pressure-spacing product (torr-mm}

[ D Interelectrode spacing (mm)

c TA Average neutral and ion temperature (K)
c

[ Qutput values -

(o TEE Emitter aide electron temperature (K]

c TEC Collector side electron temperatute (K)
c VE Emitter sheath helght (eV)

c vC Collector sheath height {eV)

[ VD Arc drop (eV)

C VRAD Plasma radiation component of arc drop {eV)
c JEJ Ratio JE/J of effective emitted current
C

C

C

o
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INTEGER iter

REAL*8 dlea,phinc,jne,hs,tsc,telect,dl,r,ans,dif,
& oldj,olddif, newj,paranl, param?, paran3, paramd
LOGICAL first,ltec

Cessss.Caleulate ratio of spacing to electron-nsutral
mean free path.......
dlea=235,40/{ {te+re) J2000.40) *pd

C.vsso.Calculate emitter z2ide olectron temperature......
tee=VI/[TWO*XK*dlog [B*dlea))

C......Calculate collector side electron temperature......
tec={THREE*Lee+TWO Lo icd) / (dlog [ {(HEHALE) /
& [ONE+jc]) ) +THO*4 ) +THREE)

C......Calculate neytralization potentia]l and current density......
phipnc=1.7d0+.383d0%tec/tr
jnc=AR*tec*tec*dexp (~phinc/ (XK¥tec)}

C
Coonnnn Assign value to LTE limit for H and check
C to see if LTE limits the electron temperature
C at the collector edge - if so, calculate a naw
c TEC value......
ha=jnc/i
if (ha.lt.h] then
tec=tsc{tee,tc, tr ha, i, i)
ltec=. true.
else
1tec=.false.
endif

««assCalculate average electron tamperature......
telect=(teettec) /TWO

«es.a.Calculate ratio of spacing to total
electron mean free path, including
ion scattering......

diwdlea+3.4d+7*j*d/ (telect*+2. 5d0)

«=veaIf LTE has occuted at the collector adge, the routine

LTE is called to check that the average electron
temperature is ebove the bulk LTE limit. If not,

the LTE routine will calculate new amitter alde,
collector side, and average electron temperatures

The ratio of spacing to total mean free pach is also
recalculated......

if (ltec} call lteltee,tec,telect,tc,tr,hs,y,ic),dl,.dlea,d)

ese...Calculate collector sheath height......
vonTHREE*AK® {tee~tec) -TWO*Xk* (tec~tc) *jc)

«»....Calculate collector reflection factor......
= (ONE+9¢d) *dexp(vc/ (XK*tsc) } -ONE

nno g N aaooaaoann aaan o0

...Calculate radiation component of arc drop......
vred=9.65d+5%pd/ {ytta) *dexp (=2. 40/ (XK*telect) ) * {ONE+. 06940

c & *dexp{.58d0/(XK*telect))*(EMIS/dsqrt({d/10.4d0)+HALF))

C......Guess JEJ and enter secant metnod iteration......

jei=THO

first=.true,

Covunnnn First compute some parameters in order to save time ip the
c iteration loop......uu.. .
paranl=TWO*XK* (tec-te+{tec-tc) *Ic]) +vrad
param2=THO*XK* (tee~te)
paraml=, 75d0+*dl+s
paramd=~ONE/ {XK*tea]
Ci.vo..Start iteration........
do jter=1,MAXITR
Civrnnn Calculate are drop......
vdeparam2* (jej-ONE) +paraml

C
Covenns Calculate emitter sheath height......
ve~vd+yc
C
Covannn Calculate answer for JEJ and compute difference from
c guess for JEJ... ...

if (ve*paramd.le.dlog(TINY}) then
C.vvvssvs.Canse for ve 8o large that the exp function would underflow..
ana=0ONE
alse
Civiinnnsns Normal case........
ans~ONE+param3+*dexp (ve*paramd)
endif
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SUBROUTINE satur(vi,b,bp,h,3,jci,jsp.te,te,tr,pd,d, ta,tee,tec,
ve,vc,vd,vrad,i35,31))

&

&
)
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&

difsjej-ans
if {dabs(dif).1t.TOL) go to 10

. .Update value of JEJ until convergence......

if (first) then
oldj=jej
olddif=aif
jei=iei-daign{.2d0,41)
firast=,false.

else

newj=(oldj*dif-jej*olddif) / (dif+olddif)
oldj=jej .
olddif=dif
jei=newj
end

if {
enddo

if (iter.gt.MAXITR) pause 'Exceeded maximum iterations in
sobstr*
return

END

if
dabs(jej-oldj).lt.1.d-5*jei} go to 10

IMPLICIT HONE
INTEGER MAXITR

REAL*S vi,b,bp.h,.J,jcd, isp,te,te, tr,pd,d, ta, tee, tec, ve,ve, vd,

, TOL1, TOL2 , AR, EMIS, ONE, THREE, TINY
PARAMETER (XK=8.6175d-5, TWO=2.d0,HALF=.5d0, TOL1=1.d-6,TOLZ=1.4-5,
MAngR-lDD,AR—lzo.dD,BHIS-.4d0,nNE-1.d0,THRBE-S.GD,
TINY=1.d-32}

vrad, jaj, jij, XK, THO, HALF

Uses tsc, ltec

SATUR is called by TECMDL to implement the phenomen-
olagical model equations in the saturation region,
with a positive collector sheath. The formulation
given by eqgs. (33) to (35) in Massey, McDaniel, and
Bedersen haa been improved soc that is consistent
with the level of complexity used in the obstructed
reglon calculation The lon current intc the
emitter is now included in all equations in the farm
of the parameter JIJ (Ji/J). An additional
iteration over what was needed in the cbstructed
mode caleulation is required for finding the value

A modified linear interpolatlion method is
The iteration for finding VD and JEJ i=
nested within this new iteraticn.

of JIJ,
used.

Input values -
VI

Qutput values -~

TEE
TEC

AR LA I DL LA IRl 22 R R X PRI e S R RS R L L )

Effective ionization energy (eV)
Ionizability factor

Temperature increase parameter
Collector current factor

Current density (amps/cm2)

Ratio of back semission to current density
Emitter tempgrature (K)

Collector temperature (¥)

Cesium reservoir temperature (K)
Pressure-spacing product (torr-mm)
Interelectrode spacing (mm)

Average neutral and ion temperature (K)

Enitter side electron temperature (K)
Collector side electron temperature (X)
Emitier sheath height [e¥)}

Collector sheath height (eV)

Arc drop {eV)

Plasma radiation component of arc drop {eV)
Ratio J5/J of effective emitted curreat
density to working current density

Ratio Ji/J of additional fon current te
the emitter to working current density

4 b & F bk F o E Rk E RS AR

INTEGER iwhch,iterl,iter?
REAL*8 dlea,phinc,jnc,hs,tsc, telect,dl, r,ans, f,0ld],

oldf, new},paraml, param2, param3, paramd, js, g,
x1,x2,x3,y1,y2,¥3,¥s

LOGICAL first,ltec
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Cravs..Guess ion current ratio......
3ij=0.do

C......5et iteration counter......
iwhch=1
c

C......Calculate ratio of gap to electron-neutral mean free path......
dlea=35.d0/ ( (te+tc) /2000.d0) *pd
c

€C..v.o.Begin modified iinear interpolation search for JIJ......
c

do iterl=1,MAXITR
C......Calculate emitter side electron temperature......
tee=vi/ {TWO*XK*dlog(b*dlea) ~XK*dlog (ONE-bp*jij)}

C......Calculate collector side electron temperature......
tecw= (THREE*Lee+TWOte*y¢y) / (dlog{ (h+HALF) /
& {ONE+je]) ) +TWO* 43+ THREE)

[

Covnnnn Caleylate neutralization potentiml and gurrent demsity......
phinc=1,7d0+.383d0%tec/tr
jnce=AR*tac*tec*dexp (~phine/ {XK*tec) )

C
C......A=sign value to LTE limit for H and check
Cc to see if LTE limits the slectron temperature
[»4 at the collector edge ~ if s0, calculate a new
|+ TEC value.,.....

ha=ync/4

if (ha.lt.h) then
tecetag{tee,tc,tr,he,j,9c1)
ltec=.true.

else
ltec=, false,

endif

C
C......Calculate average electron temperature......
telect=(tee+tec) /THO

«ve.Calculate ratio of spacing to total
electron mean free path, ipcluding
ion scattering......

di=dlea+3.4d+T*4*d/ (telect**2.5d0)

«esessIf LTE has occured at the ¢ollector edge, the routine
LTE is called to check that the average slectron
temperature is above the bulk LTE limit. If not,
the LTE routine will calculate new emitter side,
collector side, and average electron temperatures
The ratic of spacing to total mean free path is also
recalculated......
if (ltec) call lte(tee,tec,telect,tc,tr,hs,j,jci,dl,dlea,d)

n ananaann oonn

C.vvv..Calculate ¢ollector sheath hedight......
vc=THREE*XK* {tee-tec] ~TWO*KK* (tac-te) *jei
c

C.iv...Calculate collector reflection factor......
r={ONE+jci) *dexp (vc/ (XK*tec) ) -ONE

c
C......Calculate radiatlion component of arec drop......
vrad=9.65d+5*pd/ (J*ta} *dexp(-2,40/ (XK*telect) ) *
& (ONZ+.069d0*dexg( SSdﬂIIXK'teloct)J'
] [EMIS/dsqrt (d/10.d0} +HALF} }
c
Cierr..Guess J3J and enter secant method iteration......
jaj=2.4d0
first=, true.
C
Civnnnns +Flrst compute some parameters in order to save time
C in the iteration loop
paraml=THO*XK* (tec-te+ (tec-tc) “*jej) +vrad-3ii* (ve+
& 3.89d0+THO*XK*tae)
param2=THO*XK* (tee-te)
param3d=, 75d0*dl+r
paramé=-ONE/ {XK*tee)
C.......5tart iteration.........

do iter2e1,MAXITR
C......Calculate arc drop......
vd= (param2* (§sj~ONE) +paraml) / (ONE+414}

C
C..v...Calculate emitter sheath height......
vesvd+ve
¢
C.esvvaCalculate answer for JST and compute difference from
Cc guess for J5J

if (ve*parami.le.dlog(TINY]) then
Cissrsvsna-.Case for ve so large that exp function would underflow......
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ans=0NE+ji]
else
Cevevvieaaa.Normal case.......
ans-ONE*(pa:am3-HALr'jij3*dexp(ve*pa:am4)+jij
endif
f=faj=-anas
1f (dabsa(f).lt.TOLl) go to 20

[
Civvv..Update value of JSJ until convergenc®......
if (first) then
oldj=j=)
oldf=f
isj=jej-daign{.2d0,{}
firste,false.

else
new}=(oldj*f-jaj*eldf) / (f~oldf)
oldi=gaj
oldf=f
131-newj
1f {dabaljsj-oldj) 1t.1.d=-5%333) go to 20
enddo
20 if (iter2.gt.MAXITR) pause 'Exceeded maximum iterations in
&SATUR for finding current ratio'
[+
C......Calculate value of JS from eqn. (3%) of Massey,
c McDanjel, and Bederson......
ja=japrdexp({612.d0*dagrt (dsqrt (=j*jij*dsqrt(ve))) /te)
C......Compute errot term......
g=ja/3-ja)
if (daba(g).lt.TOL2) go to 30
[»
C..... .Update JIJ t& make error small..... .

if (iwhch.eq.l) then
if ((g.gt.0.d0}.and.({vc,.le.0.40)) return
x1=3ij
yl=g
Jijw-.1d0
x2=jij
iwhche?
else if (iwhch.eq.2) then
x2=313
Yi=g
if (yl*yZ.gt.0.d0) then
xl=x2
yl=y2
Jij=jii+daign{.1do0,g)
Citvevn.--Pravent ji] from beacoming equal to =-1. Make it the

[ neatest larger number....,
1f (jij-le.=-ONE) jij=-.99999940
else
iwhch=3
smyZ
jij-(xl'yz—xz'yllI(yZ-yll
end
else if {iwhch.eq.3) then
x3=3i7
y3=g
if (y3*yl.1t.0.d0) then
x2=x3
yZ=y3
if (y3*ys.gt.0.d40} yl=y1/TWO
elae
xkl=x3
1=-y3
1if (y3*ys gt .0.d0) y2=y2/TRO
endif
ya=y3
Jlje{x1%y2+x2%yl) / (y2-yl])
endif
enddo
30 if (iterl.gt.MAXITR] then
¢ write(*,"{a]"') " Haximum jterations exceseded in
c &SATUR2 for finding lon current®
write(8,'(a)"') ' Maximum iterations exceeded in
&SATURZ for finding ion current’
< write(*,*) Jj.tr
-write(8,*) j,tr
stop
endif
return
END
o
¢

REAL*8 FUNCTION tsc(tee,te,tr,hs,3,jci)



[ IMELICIT NONE
INTEGER MRXITR
REAL*8 tee,tc,tr, hs,3j, jci, KK, ONE, TWO, THREE, TOL, AR, HALP
PARAMETER [XK=8. 6175d -5 ,0HE=1 .d0 TWO-Z d0, THREE=3.d90, TOL=
& 1.d-5,AR=120.40, HAXITRFSO HALF- 5d0)
c

CQ.'ii‘tt‘**f**'.**t*#&&*.iiii*ﬁ********ﬁﬂ*ii**‘Q**ﬁﬁﬁ**'..‘t

c -
o The function TSC is called by the subroutines OBSTR *
c and SATUR in order to compute the collector side
C alectron temperaturs when LTE copditiona exiat at the*
C collecter. A secant method iteration is used,
c *
C Input values - -
c TEE Emitter side electron temperature (K) .
c TC Collector temperature (K) .
[of TR Cesium reservoir temperature (K) *
c HS Ratio of nevtralizaticn current Jn to  *
c Current density J *
c J Current density (amps/cm2) *
c JoF Ratio of back emission to current den~ *
c sity .
c -
c Cutput values - *
c TSC LTE value for electron temperature at *
c collector edge of plasma *
L
gii.i.iﬂ**}i*tiiiditi&&t.ii"*****t*titﬁ*ii*iii*i..iitﬁi*#***
c

INTEGER iter

REAL*# rl,dh,phine,jnc,paraml,param2, has,dif,oldh,
& olddif, newh

LOGICAL first,goon

C......Calculate numeratol....-..
rl=THREE*tee+THO*tc*j¢]
c
g......Entex iteration
first=.true.
goon=,false.
dh=0ONE
paraml=THO*}j<¢j+THREE
param2=0NE+]j¢j
do fter=1, HAXITR
€......Caleulate collector edge electron temperature......
tac=rl/({dlog((ha+HALF) /param?) +paraml)
c
C......Calculate neutralization work function and current demsity......
phinc=l,7d0+.383d0*tsc/tr
e jne=AR*tscv+2+dexp (~phinc/ (XK*tac))
C......Find answer for HS, difference between guess and answer......
hss=inc/j
dif~=hs-has

if (dabs({dif).lt.TOL) go to 40

[
Covva-lipdate HS to make difference small......
if (first} then
¢ldh=h=
olddif=dif
ha=hs-daign{dh,dif)
ha=dmax1{hs,1.0d=12)
first=.false.
dh=dh*1,6d0
else
if {.not.goon) then
if {(dif*olddif.gt.0.d0) then
newhe=ha~dsign{dh,dif}
newh=dmaxl (newh, I.d-12)
dh=1.£d0*dh
8lse
goon=, true.
newh={oldh*dif=-hs*olddif)}/{dif-olddif)
endif
else
newh={(oldh*dif-ha*olddif) /(dif-olddif}
endif
oldh=hs
olddif=dif
ha=newh

endif
if (dabs(h=-oldh).1t.1.d-5*hs) go to 40
endde
43 if (iter.gt.MAXITR) pause 'Exceeded maximum iteratioms in TSC'
return
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END

a0

SUBROQUTINE lte{tee,tec,tav,tc,tr,hs,},jci,dl,dlea,d}
c IMPLICIT NONE
INTEGER MAXITR
REAL*B tee, tec, tav,te,tL,hs,j,jej, dl,d1ea,d, XX,
ONE, TWO, THREE,TOb.AR,HAL
PARAHETER {XK=8.6175d-5,0NE=1,d0, TWO=2,d0, THREE=3. d0, TOL=
1,d-5,AR=120. dO.HAXITR-so, HALF=.5d0}

c********“-‘.*'**ﬁi kbbb bR hkddrdddrdrdrdddok ok kbbb d bbb}

The routine LTE is called by OBSTR and SATUR in order
to check, and possibly recaiculate, the electron
temperatures ln order to keep the average electron
temperature above the LTE limit for the bulk plasma.
This 1s briefly discussed in Appendix B of Chapter 5
in Massey, McDeniel, =nd Bederson.

Input values -

TEE Electron temperature at emitter edge (K]

TEC Electron temperature at collectore edge [K)

TAV Average electron temperature (K}

T Collector temperature (X)

TR Cesiun resarvolr temperasture (K}

HS Ratlo of neutalization curremt to current
density

J Current density [amps/cm2)

JCF Ratio of back emission to current density

bL Ratﬁo of gap to total electron mean free
pat

DLEA Ratic of gap to electron-neutral mean
free path

D Interelectrode gap {mm)

Qutput values (recalculated} -
TEE

TEC
TAV
DL

* & 8k & &k kot FF s kRN
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INTEGER iterl,iter2?

REAL*® ts,dll,tss,dif,oldt,olddif, newt,rl,dh,

[4 phinc, inc, has,cldh, newh, tac, paraml, param?
LOGICAL first,goon

C

C......First guess for T5......
ta=tav
first=.true.
dh=THWO

c

C......Enter secant method assarch for TS5......
C

C...,...Calculate new value for ratio of gap to mean free path......
do iterle=l,MAXITR
dll-d1¢a+3 dd+ T+ /eet+2 . 540
c
C......Calculate an answer for 1S......
tae=1,7d0/ (XK*dlog ({AR*ta*ta) /(j*dll))~-.383d0/tr)

Civ....Pind difference between guess and answer.....
difmta-tas
if (dabs(dif).1t.TOL) go toc 50
[o4
C......Update TS to make difference amall......
if (first)} then
aldt=ts
olddif=dif
ta=ts-daign{S0.40,4if)
firate, false.
alsa
newt= (pidt*dif-tavolddif) /{dif-0lddif}
oldt=ts
olddif=dif
ts=newt
endif
if (dabs{ts-oldt}.lt.l.d=5*ts} go to 50
endde
50 if (iterl.gt.MAXITR) pause 'Max. iterations exceeded in LTE®

ann

<v....Check to see if average electron temperature is above
th? limit. If so, return without altering any
c values,......



if {tav.ge.ts] return

c
C.ovnens 1f bulk LTE is in effect, replace TAV and DL with their
C proper LTE values......
tav=ts
¢ dl=dll
C......TEC must now be recalculated, since it depends on TEE,
c which will change to keep the average temperature
[ above its limit. An iteration like that in the function
[» TSC i3 used......
first=.true,
goon=.false,
£l=THO*THREE*t s+THOYtec*jc3
dh=THO
C
C......Begin iteration......
paramnl=THO* {§c}+THREE)
paranZ=DNE+jcj
do iterz=1,MAXITR
Covvnnn Calculate collector edge electron temperature.,....

tscwrl/{dlog( (he+HALF) /param2) +paraml}
phines=1,7d0+.383d0vtac/te
jnceAR*tsc**2*dexp (~phinc/ [XK*tsc))
hss=jinc/j
dif=ha=-has
if (daba{dif).}t.TOL) go to 60
if (first) then
cldh=hs
olddif=dif
ha=hs-dsign{dhk,dif)
ha=dmaxl (hs,1.d=12)
firet=.false.
dh=1.6d0*dh
else
if (.not.goon) then
if ({dif*olddif.qt.0.d0) then
newh=hs=daign(dh,dif)
nowh=dmaxi {newh,l.d-12}
dh=1.6d0*dh
elac
goon=.true.
newh={oldh*dif~-he*olddif) /(dif-0lddif)
andif
alsa
newh= (oldh*dif+hs*olddif) /(dif-olddif)
endif
2ldh=ha
elddifedif
ha=newh
andif
if (dabs{hs-oldh).1lt.1.d-5%h2) go to 60
enddo
60 if (iter2.gt.MAXITR) pause 'Max. iterations exceeded in LTE’
C......Recompute TEC......
¢ tec=tac

C......Recompute TEE......
tee=TWD*ta~tac
return
END

Qo

SUBROUTINE obstr2{vi,b,h,j,jci,te,tc,tr,pd,d,ta, tee, tec, ve,ve,

[ 1 vd,vrad, jef)
[ IMPLICIT NONE

INTEGER MAXITR

REAL*8 vi,b,h,j,ic],te,te,tr,pd,d, ta, tee, tec, ve,ve, vd, vead,
i iej, XK, HALE, TOL, AR, EMIS ,, OME, TVWO, THREE, TINY

PARAMETER (XK=8.6175d-5, TWO2.d0, HALF=,5d0, TOL=1.d-53, AR=120.d0,
: EMISw, 440, MAXTTR=50, ONE=1.d0, THREE~3.d0, TINY=1.d~32}

Uses tac?, ltec?

AR AL I AL AR LI RIS R LR LT EE YRR TR R T L T Y

OBSTR2 is called by TECMDL to implement the
phenomenological equations for the cb=tructed

region of the ignited mode volt-ampere curve with

a2 negative (ion retaining) sheath at the collector.
The emitter side and collector side electren
temperatures are subject to LTE (Local Thermodynamic
Equilibrium) constraints which are implemented by
the functon TSCZ and the subroutine LTE2. The sub-
routine is very =mimilar to OBSTR except that the
equations for TEC and VC and the LTE routines are

# + F F & F F F &

aaaaoaaaaaanaan
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[of different. *
e *
[of Input values - *
C VI Effective ionization energy (eV) *
c B Ionizability factor -
C H Collector current factor *
¢ J Current density {amps/cm2) *
c JCI Ratio of back emission to current denaity ~
Cc TE Emitter temperature (K} *
c TC Collector temperature (K) *
c TR Cesium reservoir temperature (K) *
c D Pressure-spacing product (toryemm) *
c D Interelectrode spacing (mm) hd
c TA Average neutral and ion temperature (K) :
c

o} Qutput valyea - : *
c TEE Emitter side electron temperature (K) .
c TEC Collector side electron temperature (K) *
C YE Emitter sheath height leV) A
[od vC Collector sheath height (eV) -
c vD Arc drop (eV) -
c VRAD Plasma radiation component of arc drop (ev)™*
c JEJ Ratio JE/J of effective emitted cusrent *
c density to werking current density :
g**‘-iiﬂi'b******t*tii*****‘-***.00‘&Q o o o o b o o o o o ol O e e e ol e e e e e e e
C

INTEGER iter
REAL*E dlea,zetac,phinc,jnc, hs,tac?,telect,dl, r,ans,dif,
& ©ldj,clddif, newj,paraml,param2, paramd, paramd
LOGICAL firat,ltec

C

C......Calculate ratio of spacing to electron-meutral

C mean free path.......
dlea=35.40/( (te+te) /2000.d0) *pd

C

Cou....Calculate emitter side electron temparature......
teawyvl/(TRO*XK*dlog (b*dlea})

C
C......Calculate collector sheath attenuation factor......
zetac=(~ (h+HALF) +dsqrt { (h+HALF) ¥+2+8.d0%jcj*h) } /

& {TWO*ycy)

C

C......Calculate collector sheath height......
vemXK*tetdlog (zetac)

c

C......Calculate collector emission factot......
r=jc)v*dexp(ve/ (XK*tc))

C......Calculate collector side electron temperature..... .
toec={THREE*tee+TWO*tc* ) / (TWO* I+ THREE)

C.v.vouCaloculate neutralization potential and current demsity......
phinc=1.7d0+.383d0%tec/tr
jnc=AR*tec*tec*dexp (~phinc/ (XK*tec))

..... +Assign value to LTE limit for H and check
C to see if LTE limits the electron temperature
c at the collector edge - if so, calculate new
[ values for TEC, VW, and R......
ha=jnc/y
it {(r+HALF).gt.hs} then
tec=tsc? (tee, tc,tr,h3,j,3¢cj,ve)
rahs~HALF
ltec=.true.
else
ltecw,.false.
endif

C......Calculate average electron temperature......
telect=(tee+tec) /THO

...... Calculate ratio of spacing to total
#lectron mean free path, including
ion scattering......

dl=diea+3.4d+7*+}*d/ (telect*+*2.540)

«+44.+1f LTE hag occured at the collacter edge, the routine

LTE is called to check that the average electron
temperature is above the bulk LTE limit. If net,
the LTE routine will calculate new emitter side,
collector side, and average electron temperatures
The ratio of spacing to total mean free path ia also
recalculated......

ifd{1§acl call lte?{tee,tec,telect,tc,tr,hs,,jci,ve,dl,dlea,

& '3 4

aooaqaaaoa oaoan
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C

C......Calculate radiation component ¢f arc drop......
vrad=9.65d+5¥pd/ (j*ta) *dexp({~2.d0/ (XK*telect) )™
& (OME+,069%d0*dexp{.58d0/ (XK*telect))

. & “{EMIiS/dsqrti{d/10,d40)+HALF))

C......Gueas JEJ and enter secant method iteration......
Jei=TRO
first=.true.

C

C.......First compute some parameters in order to save time in the

c iteration........
paraml=TWO*XK* {tec~te+ (tec~tc) *r)+vrad
paramZ=THO*AK* {Lea-ta)
param3=.75d0*dl+r
paramé=—ONE/ (XK*tee)

C.....,.5tart jteration.......
do jter=1,MAXITR
CivievCalculate emitter sheath height......
ve=param2* (4ej-0ONE) +paraml

c
C......Calculate answer for JEJ and compute difference from
c ~guess for JEJ.....

if (ve*parami.le.dlog{TINY)] then
Covvvass..Case where ve is 30 large that it would cause exp function
c to undecflow......00e.
ans=0NE
alae
Citesswve-NOIMAL CASB. . ouovvr.n
ans=0ONE+param3*dexp (ve*param4}
endif
dif=jej-an=
1f {dabs{dif).lt.TOL) go te 70

C......Update value of JEJ until convergence......
if (firxt} then
oldi=jes
olddif=dif
jejmjej-daignl.2d0, dif}
first=.false.
else
newj=(oldj*dif-jej*olddif) / (dif-olddif)
oldj=jej
olddif=dif
Jei=new]

endif
if (daba(jei=-oldy).it.l.d-5*je}} go to 70
anddo
70 if {iter.ygt.MAXITR} pause ‘'Exceeded maximum iterations in

&OBSTRZ*
o
C.. ..Cal¢ulate arc drop......
vdeye-ve
return
END
C
c
SUBROUTINE saturZ{vi,b,bp,h,3j,Jci,isp.te,tc,tr,pd,d,ta,tee, tec,
& ve,vc,vd,vrad, =), 3ij}
c TMPLICIT NONE
INTEGER MAXITR
REAL*8 vi,b,bp,h,J.9c],sp,te,te,tr,pd, d, ta, tee, tec,ve,ve, vd,
& vrad,jsi,{4),.XK,TWO,HALF, TOL] ,TOL2 ,AR,EMIS ,ONE, THREE, TINY
PARRMETER (XK=8 6175d~5,TWO=2, d0, HALF=.5d0,TOLl=1,d=-6,TOL2=1.d~5,
& MAXITR=100, AR=120.d0,EMIS=, 4d0, ONE=1.d0, THREE=2.d0,
& TINY=1.d~32)
c
[ Uses tac?; ltec?
g***iiit.ﬁ#*iﬁiititttﬁttb.ttittbtQ-vl-i-illliiiﬁi***iti.itl‘*iﬂlﬂbii*i
C -
c SATUR2 & called by TECMPL to implement the phenomen~*
c clogical model eguations in the saturation region, >
[+ with a negative collector sheath. The formulation *
c is very similar to SATUR except that the equations *
c for TEC and VC and the LTE routines are different. :
c
c Input values - *
o] VI Effective ionization energy {eV} *
c B Ionizability factor *
c BP Temperature increase parameter *
c H Collector current factor *
c J Current density (amps/cm2) *
[ Jcr Ratis of back emission to current density *
C TE Emitter temperature (K) b
[ T Collector temperature (K) *
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C TR Cesjium reservoir temperature (K) *
o PD Pressure-spacing product (torr-mm) *
C Interelectrode spacing (mm) *
C TA Average neutral and ion temperature (K) :
C

c Output values ~ *
c TEE Emitter side slectron temperature (K) *
c TEC Collector side electron temperature (K) *
c VE Emitter sheath height (eV) *
c vC Collector sheath height (eV) -
C vD Arc drop {eV) -
C VRAD Plasma radiation component of arc drop (eV)*
C J5J Ratio JS/J of effective emitted current *
c density to working current density -
c JIJ Ratio Ji/J of additicnal ion curreant to *
C the emitter to working current density :
gi*l'bQ-****ii-I"l-****-I-it!|I'iﬁl-i-*tt**“****itt*iititttiitiitiiil»it*
[

INTEGER iwhch,iter},iter2
REAL*8 dlea,zetac,phinc,ine,hs, tsc2, telect,dl, r,ana, f,0ld],
& oldf, newj,paranl, paran?,paramd,pazant, jz,9,
x1,x2,x3,¥v1,y2,v3,¥s
LOGICAL first 1tec

c
C......Guess lon current ratio......
jij=0.40
C..v.. .50t iteration counter......
iwhch=1
c
C..»...Calculate ratio of gap to electron~neutral mean free path......
dlea=35.d0/( (te+te) /2000.40) *pd
o4
C......Begin modified linear interpolation search fer JIJ......
c

do iterl=1,MAXITR
C......Calculate emitter side electran temperature..
teemvi/ (TRO*XK*dlog (b*dlea) -XK*+d1og (ONE-bp*] i'j] i
c
C.vvs..Caleulate collector sheath attepuation factor......
zetac= {= (h+HALF) +dsqrt { (h+HALF) **2+8.d0*jci*h}} /

& (2.d0*4¢)

[

Cicvnnn Calculate callector sheath height......
vemfK*tc*dlog(zetac}

[ +J— .Calculate collector emlssion factor......
r=4cj*dexp(vc/ (XK*tc))

C...nn .Calculate collector side electron temparature......
tec~ (THREE*tee+TWO™tevr) / {TWO*r+THREE)

[+

C......Calsylate neutralization potential and current density......
phinc=1,7d0+.383d0%tec/tLx
Jnc=AR*tec*tec*dexp{~-phinc/ (XK*tec))

c
€C..ss..Assign value to LTE limit for H and check

[ to see if LTE limits the electron temperature
[+ at the collector edge = if so, calculate new
c values for TEC, VC, and R......

hs=jncfj

if ((r+HALF).gt.hs) then
tec=tscl(tee,ts, tr,hs,j,3c3,ve)
r=ha~-HALF
ltec=.true,

else
ltec=.false.

andif

Cocvnan Calculats average electron temperature......
telect={teestac) /TWO

C......Caleculate ratio of spacing to total

C electyon mean free path, including

c ion s¢attering......
dlwdlea+3.4d+7*j*d/ (telact**2.5d0)

vvese«1f LTE has occured at the collector edge, the routine
LTE is called to check that the average electron
temperature is above the bulk LTE limit. If not,
the LTE routine will calculate new emitter side,
collector side, and average electron temperatures
The ratio of spacing to total mean free path is also
recalculated......
if {ltec) call lte2?(tee,tec,telect,tec,tr,hs, j,jci.ve,dl, dlea,

aaoaaootn
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& d,r})

Covnnan Calculate radistion component of arc drop......
vead=9.65d4+5pd/ (*ta) *dexp{~2.d0/ (XK*Celect) ) ¥
& {ONE+.069d0*dexp ( 58d0/ {(XK*telect))*
[ {EMIS/dagrt (d/10.d0) +HALF})

C......Guess J5J ant) enter secant method iteratjon......
$53=THO
first=.true.
C.......FiISt talculate some parameters in order to save time
c in the iteration.......
paraml=THO*XK* (tec-te+ (tec-tc) *r) +vrad-jij*(
& 3. 09d0+THO*XK¥tae)
patam2=THO*XK* {teq~-te)
param3=. 15d0*dl+r
paramé=-ONE/ (XK*tee)
Cicesvss.Begin iteration..........
do lterzZ=1,MAXITR
C......Calculate emitter sheath height......
ve=(param2* (js)~ONE) +paraml)} / {ONE+ji])

c
C......Calculate answer for JSJ and compute difference from
Cc guess for JSJ......

if (ve*paramd.le.dlog{TINY]) then
C.vvivenane--Case where ve is so large that the exp function would
[ underflow.........
ans=ONE+jij
else
Corvvieierans.Hormal case....... b
ans=ONE+{param3-HALF*jij) *dexp{-ve/{XK*tee) } +]i]
endif
fajaj-ans
if {daba(f).lt.TOL1) go to BO

Cie.vs.Update value of J5J until convergence......
if (first) then
oldy=ysj
oldf=f
jsi=jsi-dsign{.2d0,f)
first=.false,
else
newj=(0ldj*f-4ai*oldf) / {£-0ldf}
oldi=jaj
oldfw=f
jaj=new]
endif
if (dabs(isj-oldi).lt.l.d-5*jsj} go to &0
enddo
BO if {iter2.gt.MAXITR} pause "Max. iterations exceeded in
&SATURZ for finding current ratio'
|4
C.sv..-Calculate value of JS from egn. (35) of Massey,
c HeDaniel, and Bederson......
ja=jsp*dexp({612.d0*dsqrt (dagrt {-j*jij*dsqrt{ve}))/ta)

C.evs..Compute error term......

LA TA L

3 bED]
if {daba{g).lt.TOL2) go to %D

C......Update JIJ to make error small....
if {(iwhch.eqg.1l) then
if {{jij.eqg.0.d0).and.(g.gt.0.d0)) then
pause ' No solution in SATURZ®
Leturn
endif
Kl=jij
Yl=q
Jij=—.1d0
x2=§1y
iwhch=2
else 1f (iwhch.eq.?) then
z2=111
yZ=g
if lyl*yZ.gt.0.d0} then
X1lwxd
yl=y2
Jij=iij+daigni.1d0, )
Covvnneans Prevent Jij from becoming egual to -1. Make it the
c nearest larger pumber.....
if (ji1j.le.=ONE) jijw=-.999999d0
else
iwhche3
yauy.

2
Jid=ixl*y2-x2*yl) / {y2-yl)
endif ¥ ¥
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else if {iwhch.eq.3) then
23I=jij

Yi=g
if {y3*yl.1t.0.d0) then

XZ=x3
yi=y3
if (y3*ys.qt.0.d0) yl=yl/TWO

else
x1=x3
yley3
1f (y3*ys.gt.0.d0) y2=y2/TWO

endif

ys=y3

Jiye lx1lxy2=x2+yl) / {y2=y1)

endif
enddo
90 if (iterl.gt.MAXITR) then
-] write(*,'(a)') * Maximum ilterations exceeded in

[-] §SATURZ for finding ion current'
write(8,'(a)'}) ' Maximum iterations exceeded in
§SATURZ for finding ion current' .

[} write(*,*) j,tr
write(8,*) j,tr
atop

endif
C
C...... Calculate arc 6rop......
vdeve-ve
return
END
[+
c

REAL*® FUNCTION tsc2{tee,tc,tr,hs,§,jci,ve)

c IMPLICIT NONE
INTEGER MAXITR
REAL*8 tee,tc,tr,hs,j,jci.ve, XK, ONE, TWO, THREE, TOL, AR, HALT
PARAMETER (X¥=8 6175d-5,0NE=1,d0,TWO=2,d0, THREE=3.d0, TOL=
& 1 da-5%,AR=120.d0, MAXITR=50, HALF=, 5d0)

c“ﬁ'h'l'l dhh AR AN TNNNNN SN bbb ddtdpddd bbb dbdirdbdrddrdrdrddrdd
o

The function TSCZ is cslled by the subroutines OBSTRZ*
ard SATURZ in order to compute the collector side -
electron temperature when LTE conditions exist at the*
collector and the collector sheath is negative. It ¥
is very similar to the function TS5C. One difference *
i3 that the collector sheath is recalculated by TSC2.+*

L L XL 2L L 2 e L Rl R et R L el e g e e E L a L Ly Y

c

c

c

c

c

[

c

c L3
C Input values - *
C TEE Emitter side electron temperature (K) *
C TC Collector temperature {K} *
c ™ Cesium reservoir temperature (K) *
c HS Ratic of neutralization current Jn to *
[ Current density J o
[of J Current density {(amps/cm?) -
c JCI Ratio of back emission to current den- *
C sity *
-3 we collector sheath height {ew} *
c *
C Sutput values - *
c TSC2 LTE value for electron temperature at *
[ collector edge of plasme {K) *
C ' Recalculated value for c¢ollector -
C sheath (eV) *
c *
C -
[

INTEGER iter
REAL*8 dh,phin¢, jnc,hss,dif,oldh,olddif, newh
LOGICAL first,goan

C

C.vvsvo.Enter iteration (first guess for HS has already been
[ calculated by calling routine)......

<

Civvv..Calculate collector edge electron temperature......
first=.true. -
goon=_.falsa.
dh=ONE _
do iter=1,MAXITR
tac2e (THREE*tee+ (YWO*hs-ONE) *tc) / (TWO* {ha+0ONE) )
[
€......Calculate neutralization work function and current density......
phine=1.7d0+.383d0*tsc2/tx
jnc=ARYtac2**2*dexp(-phinc/ (XK*tae2})

C..ss..Find answer for HS, difference between guess and answer......
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hss=qnc/j
dif=hs=hss
if jdahs{dif).l1t.70L) go te 100

c
C.....-.Update H3 to make difference small......
if (firat) then
oldh=hs
olddif=dif
ha=ha-daign{dh,dif})
ha=dmaxl (hs,1.d-12)
first=.false.
dhel,6d0%dh
else
if (.not.goon) then
if (dif*olddif.gt.0.d0) then
newhahs-daign(dh,dif)
newheadmaxi(newh,1.d~12)
gh=1 6d0*dh
glas
goon= true
newh= (oldh*dif~hs*olddif} s (dif-0lddif}
endif
else
newh={oldh*dif~hs*olddif) /{dif-olddif)
endif
cldh=hs
olddifudif
hs=newh

endif
if (dabs(ha-oldh).lt.l.d=-5*hs) go to 100
enddo
100 if (iter.gt.HAXITR) pause 'Excesded max. iterations in TSC2Z'

c

C......Recalculate VC....
vc-xx*tc*dlogtIhs-HALF)ljcj]
return
END

a0

SUBROUTINE lteZ (tee,tec,tav,te,tr,hs,i,jc),ve,dl,dlea,d, )
c IMPLICIT NCONE
INTEGER MAXITR
REAL*8 tea,tec,tav,tc,tr,hs, 3, jcj,ve,d1,dlea,d, XK,
& ONE, TRQ, THREE, TOL, AR, HALF
PAﬁAHBTER (XK-S £1154-5, ONE-l d0, TWO=2 . d0, THREE=3.d0, TOL=
1.d=-5,AR=120 40, MAXITR-SO HALF=.54d0)

C
Cirdededededdrdrdrdrdrdr bbb bbb de bbbk rrrd b w bk k kR bbb bbb b

[ -
c The routine LTE2 is called by OBSTRZ and SATURZ to *
[ perform checking and, if necessary,recomputation of *
c the electron temperatures when the ccllector sheath *
[+ is negative. It ia very =imilar to the routine *
c LTE, howaver, the collector sheath is re- *
c calculat&d in LTE2. :
c

o4 Input values - -
c TEE Electron temperature at emitter edge (K} *
c TEC Electron tempersture at collectore edge [K)*
c TAV Average electron temperature (K) -
C TC Collector temperature (K} *
c TR Cesium reservelr temperature (K) *
[ HS Ratic of neutalization current to current *
c density *
c J Current denaity (amps/cm2) *
C JCI Ratio of back emission to current density *
o] vC Collector sheath height {eV) *
C DL Ratio of gap to total electron mean frees ¥
c path *
C DLEA Ratio of gap to electron-neutral mean *
C free path *
C D Interelectrode gap (mm) :
C

c Qutput values (recalculated) - v
c TEE *
[» TEC *
[+ TAV *
c pL *
c v *
c -*
c***iititiﬁ!‘!i*tii.tt’&i*&*iiii.iiit"li**’.iiitti’#t"*ﬁ**iiiiti
c

INTEGER iterl,iter?

REAL*G ts,dll,vea,dif,0ldy,0lddif, newt,dh,
phinc,inc, hss,oldh, newh, tac

LOGICAL first,goon
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[
Covnnnn First guess for TS......
ta=tav
c
Covennn Enter secant method search for TS5......
c
flrat=.true.
dh=TWHO

do iterl=l, MAXITR
C......Calculate new value for ratio of gap to mean free path......
dlimdlea+3.4d+Tvy*d/tav*2, 5d0
[
C.s....Calculate ah answer for TS5......
tas=1.7d0/(XK*dlog((120.d0*ts*ts) f(§*d1l1)}}p~.383d0/tx)

[ SR Find difference between guess and answer.....
difsts-tss
if (dabs{dif}.1t.TOL) go to 110

Cives..Update TS to make difference small......
if {(first} then
oldt=ts
olddif=dif
ta=ta-deign(50.40,dif)
firat=.false.
alse
newt={oldt*dif-ta*elddif) / (dif-olddif}
oldt=ts
olddif=dif
tas=newt
endif
if {dabs{ts-oldt),lt.1l.d=-5*ts} go to 110
enddo
110 if (iterl.gt.MAXITR) pause *Max. iterations exceeded in LTE'
[~

C......Check to see lf average electron temperature is above

[~ the limit. 1If so, return without altering any
c values......
e if (tav.ge.ts) return
C......If bulk LTE ie in effect, replace TAV and DL with their
C proper LTE values......
tav=ts
dl=dll
cC
C......TEC must now be recalculated, since it depends on TEE,
c which will change to keep the average temperature
c above 1ts limit. An jteration like that in the function
c TSC2 is used..... .

firste.true.
goon=.falase,
dh=TWO
C
C......Begin iteration......
do iter?=1,MAXITR
C......Calculate collector edge electron temperature......
tace {THO*THREE*t s+ {TWO*ha=0ONE) *t¢) / (TWO* (hs+0NE} +
& THREE)
phinc=1,7d0+.383d0*tsc/tx
jnc=AR*tsc**24daxp(=-phinc/ (XK*tsc))
haa=jne/s
difshs-~has
if (daba(dif).lt.TOL) go to 120
if (first) then
oldhehs
olddif=dif
hswhs-dsign(dh,dif)
hasdmaxl (ha,l.d-12)
first=.false.
dh=1.6d0*dh
else
if {.not.goon) then
if {dif*clddif.gt.0.d0} then
newh=hs-dsign{hs,dif}
newh=dmaxl {newh,1.d~12}
dh=1.6d0*dh
else
newh={oldh+*dif-has*olddif)/ (dif-olddif)
goon=.true,
endif
else
newh={oldh*dif-hs*olddif) /(dif-olddif)
endif
¢ldh=hs
olddif=dif
ha=newh



andif
1f (dabs(hs-oldh).lt.1l.d-5*hs} go to 120
anddo
120 1if (iter2.gt.MAXITR} pause "Max. iterations exceeded in LTE2’

[

C....-.Recompute TEC......
tecwtac

C

C....--Recompute VC.
vc-XK'tc'dlog((ha-HALFlfjcj)

c

C..+se+-Recompute TEE......
tee=THO*ta~t8C
rwhs-HALF
return
END

SUBROUTINE unig(te,tc,tr,d,phie,phic,j,ji,v,qe,sheath}

C IMPLICIT KOME
REAL*8 te,tc,tr,d,phie,phic,ji,v,qe,
+ §,PI,¥KE, TFACT, XNFACT, TOL, XK, ME, HI DEFAULT, AR
INTEGER sheath.TRY.ITHAx
PARAMETER (PI=3.141992654,AKE~8.61753d~5, TFACT=1.0540,
+ YNEACT=0.8d0, TOL=1 d-5, KK—I 3807d4~16, HE-B 10954-28,
+ MI=2,207a3- 22 DEFAULT--SQ d0,TRY=4, AR-IZD a0, ITMAX=30)
c
[« UNIG
c John McVey 30 March 1990
C DOCUMENT CONTROL #C-568+006-D=-033050
C
[ Rev. C: Modifications for use in CYLCONGE
c Calculation of cesiated work fuactions removed.
C Changed to double preciaion.
C
c Rev. D: Eliminated problem with divide by zerc in update routine.
[
c Unig is a subroutine package for calculating the output voltage of
c a2 thermionic converter operating in the diffusion-dominated
g unignited mode.
C INPUTS:
C te Emitter temperature in K
C tc Collector temperature in K
c tr Cesium reserveir temperature in K.
C d Interelectrode gap in centimeters
c phie Emitter work function in &V,
c phie Collector work function in eV.
c 3 Net electron current density in Amps/ag. cm.
[ QUTPUTS
c ji Ion current density in Amps/ag. om.
[+f v Cutput voltage in volts.
¢ ge Electron cooling in Watts/sq. cm.
[ sheath Integer indicating sheath configuration.
¢ 0 = no scluticon
Cc 1=y
C Z2 =~ DD
c ERC )
C 4 = U
C
C uses du,dd,uu,ud,dnl,dn2,denav, tcale,update,coefs
c

INTEGER izone,itert,iwhich

REAL*G taav,nal,nal,naav,veli,nav,x,vele,alpha,
dife,difi, lambhde, lambdi, e, i, zetae, zetcpr, veve, zetac,
zetepr,&iepr,nenc,psi,telans, navans, f,g,x1,x2,x3,
yil,y2,v¥3,£1,£2,£3,91,92,93,%new, ynew, update, tel,
ve,ve,vp,is,3le, o, pos,dlam, teff,arate, ionprob,
mue,mui, emch, imob, jion, heat

je=AR*te*te*dexp (-phle/ (XKE*te)})

je=AR*tc*tc*dexp{~phic/ (XKE*tc})

poa=2.454+8*dexp (~08910.d0/tr) /dsqrt (tr)}

taavy={terte) /2.d0

nad=1333,2d0*pcs/ {XK*te)

nal=1333,2d40%*pca/ (XK*te}

naav={nad+nal) /2.d40

veli=daqrt (8. .d0*XK*taav/ (PI*MI))

dlam=d+l.2d-14*naav

if {dlam.lt.1.d0) then
teff=tzav

else if (({dlam.ge.l.d0).and.(dlam.le.10.d0)) then
teff=taav+ (dlam=-1.d0}* {te/tc) /18.d0

elae
teff=te

end if

arate=1333.2d0*pcy/dagrt (2.d0*PI*MI*EKKX*teff)

ionprobe=1.d0/(1.d0+2.d0*dexp((3.89d0~phie) / (KKE*te)))

non ot
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jiewjionprob*arate*l,6022d-19

tel=]l.1d0*te

if tj.lt.-jc) then
va=DEFAULT
sheath=0
return

endif

if (j.gt.3s) then
v=DEFAULT
sheath=0
return

endif

nav=1.d+11

izone=0

iwhich=1

do irert=1,ITMAX
retel/taav
vele=dsqrt (8.d0¥XK*tal/ {PI*ME))
alpha=vele/vell
mue=emob (tel,naav, nav)
mui=imob{taav, naav,nav)
dife=mue*tal *IKE
difi=mui*taav*XXE
lambde=3.d0*dife/vele
lambdi=3.d0%difi/veli
o=, 75d40%r / {r+1.40) *d/ lambde
i=.75d0/{r+1.40)} *d/lambdi
call du(j,js,jc,jie.tel, te,i,e,alpha,zetae, zetcpr,ve,

+ vo,veve)

r

if ({ve.gt.0.d0).and.{vc.qt.0.d0}} then

sheath=1

goto 12
endif
call dd(j,}s,jc,jie,te,te, i, e, alpha, zetae, zetac, ve, ve, veve)
if (ive.gt.0.d0}.and, {(vc.gt.0.d0}) then

sheaths=2

goto 12
endif i
call uu{j,Js,jc,jie.tel,te,i,e,alpha,zetepr,zetepr,

* Xiepr,ve,ve,vave)

if ((ve.gt.0.d0).and. (vc.gt.0.40)} then
sheath=3
goto 12
endif
call ud(j,3s,dc,jle, tel, te, te, i,e,alpha, zetepr, zetac, xiepr,

+ ve,vc,veve

if [(ve.gt.0.d0).and.{vc.gt.0.d0)) then
sheath=4
gote 12
andif
sheath=0
izone=izone+l
if (ilzone,lt.TRY) then
tel=TFACT*tel
nav=XNFACT*nav
iwhich=1
gota 100
else
v=-dsign (DEFAULT, J)
return
endif
if ({(sheath.eg.2).or.{sheath.eq.4}} then
eall dnit),jc,i,e,zetac,lambde,d,nenc, psi)

e
¢all do2(j,.jc,i,e,zetepr, lambde, d, nenc, psi)
endif
vp=XKE*tel*{{pai~1.d0) *dlogi{nenc))
call tcalc(te,tec,i,is,jc,ve,ve,vp,zetae,zetac, telans, aheath)
¢all denav(4,jc,zetcpr,zetac, nenc,vele,navans, sheath)
f=tpl-telans
g=nav-navans
if {iwhich.eq.1} then

xl=nav

yl=tel

fl=f

gl=g
tel=tel-dsigni20.d0, f)

iwhich=2
elzeif (iwhich.eg.2) then

Xx2=nav

d=tal
2=f

g92=g

navenav-daign(l.d+5,q)

iwhich=3
elaelf (iwhich.eq.3) then
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if ((dabs{f/tel}.lt.TOL).and, (dabs{g/nav).1t.TOL})
+ goto 200
x3=nav
yi=tel
fi=f
gi=g
xnewwypdate(x1,x2,x3,£1,£2,£3,91,92,93)
if {xpew.lt.D.d0D) xneww=x3
ynew-update {yl,v2,vy3, f1,£2,£f3,91,92,93)
if (df?stynew-y3) .gt.y3/2.d0} ynew-ya'(l d0+deign(.5d0, ynew-
y3))

Xlumyx2
yl=y2
flef2
gl=g2
x2wx3
y2-¥3
£2=£3
gi=g3
Ravexnew
tel=ynew
endif

100 enddo
[ of

200 if (itert.gt.ITMAX) then

a0 OO0 o oo (]

onoon

vm=dsign (DEFAULT, j)
return
end if
ji=jlont(]j,jc,zetcpr, zetac,alpha, sheath)
v-phie-phi¢+vevc-vp
ge=heat{}, }s,}i,phie, te,tel, ve, zetae, sheath)

return
END

REAL*E FUNCTICN update(xl,x2,x3,£f1,f2,£f3,491,92,93}
IMPLICIT HONE
REAL*S k1,x2,x3,f1,£2,£3,91,92,q3

Updates parameters for the two-dimensional secant method
iteration in UNIG used to find the average electron temperature
and plasma den=ity.

REAL*® r,u

r-xl*(fz* 3=-f3%g2) +x2* (£3*ql-fl%g3) +x3* (f1¥g2-£2*gl)
u=f£24g3-£3vg2+fA+gl-f1*g3+E1vge=-Fi*gl

if (u.eq.0,d0) pause ' U is zero, chuckie!'
updatesr/u

return

END

SUBRQUTINE dufj,is,je,jie,tel,te, i, e,alpha,zetae,zetcpr, ve,
* YC,veveg)

IMPLICIT NONE

REAL*8 3,3a,jc,}ie,tel,te,i,s,alpha,zetae, zetcpr,ve,vc, veve,
+ XKE, ZERO, ONE, TWO, DEFAULT

PARRMETER (XKE=8.61753d=5, ZERO«0.d0,ONE=1.d0, TWI=2,d0,

+ DEFAULT=~99.40}

Solves for the emitter and collector sheath heights in the
condition where an ion retsining sheath is at the emitter
and an electron retaining one is at the collector.

REAL*R a,b,c,disc
LOGICAL badl

badl ~ _falaa.
a=TRO*1*ys
b=THO*ja+ (e=1)*)
cm= {§* (ONE+TWO*e) +alpha*jie¥ (ONE+TWO*i})
disc=b*b-q4 dO*avc
if {(disc lt ZERO) badle.true.
discdmaxl (disc, ZERD)
zetae=~{-b+dsqrt (disc) )}/ (TWO*a}
if ({zetae.le.ZERO).ot. (badl}) then
ve=DEFAULT
else
vem=jKE*ta*dlag (zetae)
endif
zetepr=(j+jc) * (TWO-zetae) / (j~)s*zetas*Zetae+alphatjie)
if (zetcpr.gt.ZERD) then
ve==XKE*tel+*dleg(zetcpr)
tlse
ve=DEFAULT
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endif
veve=ve+ve
return

END

SUBROUTINE dd(j,3s,}c,}ie,te,te,i,0,alpha,zetae, zetal, ve,
+ vc,veve)

IMPLICIT NONE

INTEGER ITMAX

REAL*B j,3s,3c,die,te,tc,i,e,alpha, zetae, zetac, ve,ve, veve,
+ XKE,LERO,OME, TWO, DEFAULT, FOUR, TOL

PARAMETER (XKE=8,61753d-5, 2ERO=0.d0,ONE=1,d{), TWO=2,d0,

+ DEFAULT=-99.d0, ITMAX=40, FOUR=4 .d0, TOL=1.d=5)

Solves for the emitter and collector sheath heights in the
condition where there are ion retalining sheaths at beth
electrodes.

INTEGER iter
REAL*8 a,bl,cl,b,c,discl,q,disc?,f,%1,x2,f1,£2
LOGICAL badl,bad2?
a={THO*1-ONE) *ja
bl=THO+js+ (ONE+e=1) *§
cle=THO* [ {ONE+e) *§+i*alpha*jie)
zetac=ZERC
do iter=1,ITMAX
badl= false
badi=.false
be=bl+jcrzetac
c=c1-TWO*jc*zatac
discl=b*b-FOUR*a*c
if {discl )t ZERO) badle,true.
disci=dmaxl discl, ZERD)
zetaew= (~b+daget (discl) ) / {THO*a)
g=({TWO*alpha*jie-zatae* [THO*js*zetae-1) } / {TWO-zatae)
disc2=(j+q)*(j+g) +16.d0%jc*g
if (disc2.lt.ZERO) badis,true.
disc2=dmaxl (disc2, ZERO)
f=zetac-{-{}j+q) +dagrr ldisc2)) / LFOURYi¢)
if (iter.eq.l) then
Kl=2etac
fl=f
zetac=zetac-dsign(.1do, f)
wlse
x2mzetac
f2=f
Zetac=R2+£2* {x2-x1)/{£1-£2)
x]=x2
flefg
endif
if (dabs({zetec-x2)/zetac).lt.TOL) goto 100
enddo
if (iter.gt itmax) bad2=.true.
{f ((zetae.le IERD) .or.({badl}) then
ve=DEFAULT
else
ve=-XKE+*te~dlog(zetae)
endif
if {{zetac.lw.ZERD).oc. (bad2}) then
ve=DEFAULT
alse
vem=XKE*tc*dlog(zetac)
endif
vevesve=ve
return
END

SUBROUTINE uu{i,3s,ic,iie,tel,te,i,e,alpha, zetepr, zetepr,
+ xiepr,ve,vc,veve)

IMPLICIT NONE

INTEGER ITMAX

REAL*§ 1,99,jc,jle,tel, te,i,e,alpha,zetepr,zetepr,xiepr, ve,
+ vec,veve, XKE, ZERQ, ONE, TWO, DEFAULT, FOUR, TOL

PARAMETER (XKE=8 617534-5, ZERO=0 dO,ONE=1.d0, TWO=2,d0,
+ DEFAULT=-9%9 d0, ITMAX=40, FOUR=4 d0, TOL=1.d-5)

Solves for the emitter and ¢ollector sheath heights in the
condition where there are electron retaining sheaths at both
electrodes.

INTEGER iterx

REAL*8 a,b,c,disc,tau,zzx, fmin,f,dfdz,delta
LOGICAL badl

a= [THO*1+ONE) *alpha*jie
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bw=q* ({ONE=0+1)
c=TRO* (L +ONE) * [~ 5)
disc=b*b-FOUR*a*c
disc=dmaxl {disc, ZERC]
zetepr=(~b+dagrt (disc) ) / {TWO*a)
zetepr=dmaxl {zetept, ZERD})
tau=tel/te
badl=.falase.
if (b.le.ZERO) then
zzx=(=h/ (a* {tau+0OHE) ) ) ** {ONE/tau)
if (zzx.9e.ZERG) then
fminea*zzx** (Lau+ONE} +b*zzx+c
if (fmin.gt.2ERD) then
badl=.true
Zetepr=zzx
go to 110
endif
endif
endif
do lter=l, ITMAX
¥iepr=dsign(dabs(zetepr)**tau, 2etepr)
f=a*zetepr*xiepr+b*zetepr+c
dfdz=a* (tau+ONE) *xiepr+b
if {dfdz.ne.ZERD) delta~-f/dfdz
Zetqpr=zetepr+delta
if (dabs(delita/zetepr}.lt.TOL) goto 100
enddo
if (iter.gt.ITMAX]} badl=.true.
zjepradsign{dabs{zetepr)**tau,zetepr)
if {{zetepr.le,ZERC) .or. (badl)) then
vesDEFAULT
elass
ve=-YKE*tel*dlog (zetepr)
endif
zetcpr=(j+jc) /{alpha*jie*xiepr~(ja~]) fzetepr)
1f {zetcpr.gt.ZERD) then
vc--KKE‘tal‘dlog(zetcpr)
alas
v¢eDEFAULT
endif
vevemyc-ve
return
END

SUBROUTINE ud(j,j=,jc,jie tel,te, tc,i,e,alpha,zetepr, zetas,
+ xiepr,ve,vc,vevcl

IMPLICIT NONE

INTEGER ITMAX

REAL*S8 9,99,¢c,%1e,k0l,te,te, 1,0, alpha, zetepr, zetac, xiepr,
+ ve,v¢,veve, XKE, 2ERQ, ONE, TWO, DEFAULT, TOL

PARAMETER (XKE=4.61753d~5, ZERO=0,d0, ONE~1.d0, THO=2.d0,

+ DEFAULT=-99 d0, [TMAX=50, TOL=1,d~5}

Solves for the emitter and ¢ollector sheath helghts in the
condition where an @lectron retaining sheath is at the emitter
and an ion retaining one {s at the collector.

INTEGER iter,ii

REAL*8 f(2),x(2),delta(2),pderiv(2,2),tau,a,bl,c,zetacy,

+ zetepg,q,determ

LOGICAL bad

tau=tel/te

a=TWO*i*alpha*jie

bi={e=1}*9

cw{j=J8})* {TWO*L+0QNE)

iter=1

zatacg=ZERD

zetepg=0ONE

x{ly=zetepg

x{2)=zetacg

do iter=1,1TMAX
bad=.false.
Hieprwdajign(daba(x(})) **tau,%(1)}
f(ly=x{l)*{avxiepreblejerxi2) ) +¢
g-TWD*alpha*j1e*xiepr-TﬂO*ljs-j)/xtli-j

(2)=x (2) * (TWO*jc*x (2) +j+q) -TWD*g

if ({dabs(f(1}).1t.TOL).and. {dabs{£(2)).1t.TOL)) goto 100
pderiv{l,l)={tau+ONE) *a*xiepr+bl+jc*x(2)
pderiv{Z, 1}={x{2)-TWD) * {TWO*alpha*tau*jle*{xiepr/x (1))

+ *TWD*(jS'j}/{x(ll‘xlll}}

pderiv{l,2}=jc*x {1}
gderiv(z (21wt do*jc'x(2)+j+q

etermmpderiv(l,l) *pderiv(2,2)-pderiv(l,2)*pderiv(2.1)
if (determ.eq.ZERD) then

bad=.true,
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delta{l}=ZERO
delta{2)=ZERL
elae
bad=,false.
delta(l)=(pderiv{l,2)*f(2}~pderiv(2,2)*£(1))/detern
gc%tatzi-lpderiv(2,1)*f(1)-pderiv(1.1!*5(2!)/determ
endi
if ((dabs({delta(l}}).1t.TOL}.and. (daba(delta(2)).1t.
+ TOLY) gote 100
do ii=1,2
R{ti)mx(il)+daelta(ii)
enddo
enddo
1f (iter.gt.itmax) bad=,true.
zetepr=x (1)
zetacen(2)
xlepre=dsign(dabs(zetepr)**tau, zetepr)
if ((zetepr le.ZERO).or.{bad}} then
ve=DEFAULT
else
ve=-XKE*tel*dlog{zeteps)
endaf
if {{zetac 14.ZERO).or.ibad)) then
veaDEFAULT
elss
vee-XKE*te*dlogizetac)
endif
veves-ye=ve
roturn
END

SUBROUTINE dnl(j),jc,i,e,zetac, lambde,d, nenc, psi}
IMPLICIT NONE

REAL*B j,jc,i,e, 2etac, lambde,d,nenc,psi,O0NE, THD
PARAMETER(ONE=1 d0, TWO=2.d9)

4
Evaluates parameters NENC and PSI for computation of the
plasma drop VP in UNIG. Uszed for cases in which there is an ien
retaining collector sheath.

REAL*8 jczc

jeze=THO*jc*zetac+)
nenc=CNE+THO*e*y /ycze+THOY 2etac* 1/ {THO=2etac)
pai=3*{.75d0*d/lambde) / (e*}+)czc*i*zetac/ (TWO~zeotac) )
E;Eurn

SUBRQUTINE dn2(j,jc,i,e,zetcpr, lambde, d, nenc, pai)
IMPLICIT NONE

REAL*8 1,]jc,!,%,2etcpr, lambde, d, nenc, pai, ONE, THO
PARAMETER {ONE=1.d0, TWO=2.d0)

Evaluates parametera NENC and PSI for computation of the
plasma drop VP in UNIG. Used for cases in which there is an
alectron retaining collector sheath.

REAL*8 qcj

je)=TWO*jc+ (TWO-zetopr) +4
nenc=ONE+TWO*2etcpre*i/joi+TWO*L
poi=3*[.75d0*d/lambde) / (e*J+jci*1/2etcpr)
return

END

SUBROUTINE denav (]}, jc,zetcpr, zetac, nenc,vele, nav, sheath)
IMPLIC]IT NONE

INTEGER sheath

REAL*B §,3c,zetcpr,zetac,nenc,vele,nav,ONE, THO, EC
PARAMETER (ONE=1.d0, TWOw2.d0,EC=1.602d~19)

Calculates the average plasma density in the interelectrode
space. This is usaed in UNIG to calculate the amount of
electron-ion scattering,

if {sheath.eq.0) then
nav-{?+Tﬂ0*jc)*(nenc+0NE)/{EC*vele}
elseif ({sheath.eg.l).or. (sheath.eq.3l] then
nave ( (TWO-zetepr) *§+TWO*jc) * (nenc+ONE) / (zetcpr¥EC
+ *velel
elseif ({sheath.eq.?Z}.or.{sheath.eq.4)) then
nave {j+THO*jc*zatac) * {nenc+ONE) / {EC*vele)
endif
return
END
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SUBROUTINE tcalc(te,tc,3,3s,ic,ve,ve,vp, zetae, zetac, tel, sheath)

IMPLICIT NONE

INTEGER sheath

REAL*S te,te,j,js,jc,ve,ve,vp, zetas, zetac, tel, THOK
PARAMETER (TWOX=5802.5d0)

Uses energy balance to calculate an average electron temperatutre

in the interelectrode space.

REAL*8 y
if (sheath.eqg.l) then
y=ja*zetaetjc
tel=(is*zetae*te+THOK*j* (vp-vc) +ictte) fy
olself {sheath.eq.2} then
ysjstzetaetjctzetac
tel={js*zetae*te+TWOK*{*vp+ic*zetac*tc) /y
elseif (sheath.eg.3) then
y=js+ic
tel= (Ps-teﬂ'wox-j' (vat+vp-vc) +je*te) fy
elsaif (sheath.eq 4) then
y=~js+icrzetrac
tel={j3*te+THOK*}* {va+vp) +Jc¥zetac*te) fy
endif
return
END

REAL*8 FUNCTION jion(),jc,zetepr, zetas,alpha, sheath)
IMPLICIT NOHNE

REAL*8 j,7jc,zetcpr,zetac,alpha,TWO

PARAMETER (THO=2 , d0)

INTEGER sheath

if (i{sheath.eq.l).or.(sheath.eq.3}} then
jion={ {TWO~zetepr) *4+TWO*c) / (aipha*zetcpr)
else if ((sheath.eq.2).or.(sheath.eg.d)) then
jion=zetac* [J+TWO*jc*zetac) / (alpha* (TWO-zetac))
end if
return
END

REAL*8 FUNCTION heat{j,js,ji,phie,te, tel,ve,zetae,sheath)
IMPLICIT NONE

REAL*8 j,}s,ji.phie, te,tel,ve, zetae, TK, VI

PARAMETER (TK=2.d0/11604.5d0,VI=3,89d0)

INTEGER sheath

1f ((sheath.eq.l).or.(sheath,eq.3)) then
heat=4*(phie+ve+tel*TK)+ja*{te~tel) *TK+ji* (VI-phie)

elgse if ((sheath.eq.Z).or.{sheath.eq.4)) then
geat-j*{phie+te1*TK)4js'zetae*(tc-tel)*TK+ji‘(ve+VI-phiel

end if

return

END

REAL*8 FUNCTION emob(tel,na,n)
IMPLICIT NONE
REAL*8 tel,na,n

REAL*8 csecea,lnl,nuea,nuei,re,tauve,muea,muei,mue
Evaluate slectron-neutiral cross=-section (cm2)
csecean]. d-16%(535.d0+tel*{-.27d0+tal*5.2d=5))

Evaluate the Coulomb logarithm, electron-neutral cellision

frequency, electron-ion collision frequency, and the ratio.
if (n.gt.0.dD) then

llnl-dlagl12390.d0"tel**1.SIdsq:t(n})
glse

lnledlog(12390.d0*tel**]1.5/1,.d~16)

end if
nuea«7.319d+5*na*csacea*daqrt (tel)
nuei=dmaxl{1.070d0*n*lnl/tel**} 5,1.d4-16)

re=nueli/nuea

Calculate the electron mobility [em2/volt-sec),
taue={1.d0+re*(14.1d0+re* (30,6d0+re*16.340)) )/ (1.d0+re*
+ {21.1d0+re%(37,4d0+re*16.3d0)))
muea=5,167d+17/nuea
muei=3.058d+17/nuei
mue=muea*muei/ (muea+muei) *tane
emobmmue/299. 6d0
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return
END

REAL*E FUNCTION imob(ti,na,n)
IMPLICIT NONE
REAL*8 ti,na,n

REAL*8 csecia,lnl,nuia,nuii,ri,teui,muia,mui
Evaluate lon~neutral cross-sectiop (cm2)
csecianl.d-16+%{1667.d0+ti*(-,807d0+Li* (4.77d-4-1.047d=-T*L1)))

Evaluate the Coulemb logarithm, ion-neutral collision frequency,
ion-ion c¢ollision frequency, and the ratio.

if (n.gt.0.d0) then

1lnl-log(12390.d0't1*'1.5Idsqrttn|)
else

lnl=log{123480.d0%v¢iv*l . 5/1.d~16)
end if

nuia=1051.d0*na*csecia*dagrt(ti)
nuii=dmaxl(1.537d-3*n*1nl/ti**1.5,1.d=16)
ri=puii/nuia

Calculate the ion mobility {cm2/volt=sec).
taui=(1.d0+riv(4,2d0+ri%2.86d0)) /(1.d0+ri*{4.24d0+ri*2.9140))
muia=1,959d+12/nuia
wai=muia*taui
imobmmut/f299.8d0

return
END

REAL*8 FUNCTION ndaphiite,tr,phiQ)

IMPLICIT NOMNE

INTEGER MAXITR

REAL*8 te,tr,phil,SMALL,ERRTOL
PARAMETER(SMALL=1.d=-5, ERRTOL=1.d-6, MAXITR=100)

Written by John McVey and Jean-Louls Desplat

Control #C-563-007-D-061290

This version uses a value of 1.95 eV for the cesium ion
adsorption energy rather than 2.04 eV (see functions fl and £2).

usaes f1,£2

e e ol ol ok e vl e ol e o e e ke e el e ol b o o O O e e e W W e e o e e e e e e e e e b

The function Medsphl calculates the cesiated emitter
work function based on the emitter temperature,

¢esium reservoir temperature (cesium pressure), and an
effective bare work function of the emitter surface,

The eguations are based eon the article "Correlation of
Emiszion Processes for Adscrbed Alkali Films on Metal
Surfaces" by N.5. Rasor and . Warner, Journal of

Applied Physics, Vol. 35, #9, 1964, This theory is
inaccurate for high bare work functions and low values of
T/TR (Phi0 above 5.5 and T/Tr below 2.5 simultanecusly, for
example). The theory does take into account the slight
poR~unigueness in T/Tr.

Inputs:
Te Emitter temperature in X.
Tr Cesium reservoir temperature in K.
Phil Effective emitter bare work function in eV.

cutputs:
Returns cesiated emitter work function in eV.

Version D is double precision.
Wbk kb ik drrd bbb bbbk R bk bdkd kbR R bbb dde kot

INTEGER itcat,i
REAL*8 x{2},£{2},p(2,2),cor(2},cov,dphi,dy,dx,xdxl,sl,
*  ydyl,s2,determ,errl,err?,fl,£2

if {( te/tr .le. 2.5d0 ) then
ndsphi = 2.1

end if
Initial guesses
cov=dmaxl{(phiO-te/tr)/(phi0-1.d0),1.d=-6}
if {cov.le.0.5d40) then

dphi=2.2d0* (phi0~1,5d0) *cov

lse
dphi=1.1d0*({phiQ=1.5d0)
endif

return

KHEL 4/27/93
KHEL 4/27/93
KHEL 4/27/93
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dphi=~dmaxl (dphi,l.d~6}

do ltcnt=], MAXITR
dy=-dmaxl (SMALL*dphi,1.d-8)
dx=dmaxl (SMALL*cov,1.d=6)
x{1l)=cov
2{2)=dphi

Compute values of two functions which will be zero at sclution.

£{1)=£fli{cov,dphi,te,tr,phil}
£(2)=£f2{cov,dphi,te,phil)
if (cov.1lt.0.2d0) then

wdxl=cov=dx

sl=1.d40
alse

xdxl=covidx

al==1.d0
endif
if {dphi.lt.0.2d0} then

ydyl=dphi-dy

s2=1.d0
alse

ydyl=dphi+dy

32=~1.d0
endif
Compute partial derivatives of both functions.
pil,l)=(f{1)=flindxl,dphi,te,tr,phil) ] /{daignidx,at}}
pl(l,2)={f(1)-fllcov,ydyl, te,tr,phi0}}/{daign(dy,sz})
pi2,1)={£{2)-£2(xdx1,dphi,te,phil}}/(dsign(dx,sl))
pt2,2)={E{2)-£2{cov,ydyl, te,phil}}/(dsignidy, s2))
Perform Mewton-Raphson.
determep{l, 1} *p(2,2}-p(2,3) *p{l, 2}
if {dabs{determ}.le.l1.0d-20) then

pause 'No convergence in ndsphi’

tndsphie-1,0d-12

return
else
cor(l}=({£{2)*p(1,2)~f(1)*p(2,2)) /determ
ggg(Z}-(f(l)‘p(2.II-EIZ)*p(I.l))Idetern

de i=1,2
#i{i)=x(i)+cor(l)
enddo
errl=dabsicor{l)/x(1)}
err2=dabs{cor (2} /x{2}})
cov=dminl(x{1l},.99]
covadmaxl {cov, 0.}
dphi~dmaxl(x(2),0.)
if {{{errli.lt.ERRTOL).and. (err2 1t.ERRTOL)).or.{{(daba{f(1))
[ -1t .ERRTOL) .and, (dabs(f(2)).1t ERRTOL)))} go to 10
enddo
Return value of cesiated work function.
if {itent.gt.MAXITR) then
psuse 'No convergence in ndaphi‘
ndsphiw=1,0d-12
else
ndsphi=phi0-dphi
endif
return
END
RE 2L LA AL LR L Rl L L e =
REAL*$ FUNCTION f1(x,y,te,tcs,phi0}
IMPLICIT NONE
REAL*8 x,¥,te,tcs,phi0, PI,K,ONE, TWO, HALF, TEMK, VI, PHIIO
PARAMETER (PI=3.141592654, K=1.40/11604.5d0, ONE=1 d0, TWO=2.d0,
& TPE?:EWO*PI*Z.207d-22*1.381&-16,HALF-D 5d0, V1=3,89d0, PHIIO=
& 1. }

PRI AR AL A A L L XL sy T T TNy T L e e o

Fl is called by ndsphi.
The value at sclution will ke near zero.

AL AL LA L et Rttt ol S TR I TR TR T L T

REAL*8 phial,e0,pcs,q, factrl,factr?,mucs,sigfcs
phia0=.777d0*dsqrt (phi0}

eQ=phi0=-phial=-VI+PHIIOD
pea=?.45d+8*dexp(=-8910.d0/tes) /daqrt (tey)
muca=1333,d0%pea/dagrt (TPMK Y te)

g=.18d0+,2d0*x
factrl=ONE+HALF*dexp{ (e0~g*y) / (K*te))
factri=x/(ONE-x} *dexp (x/ (ONE-x))
sigfcs=HRLF*dexp (62.d0+4.8d0*%* {OME-HALF*x} )}
flesigfcs*factr2*dexp(-phia0/ (K*te})/[factrl*mucs)-ONE
return

END

AR A A AL L Ll b d A AL d L L T e L T L Y T T L L s L
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REAL*8 FUNCTION £2(x,y,te,phil)
¢ IMPLICIT NONE
REAL*S &,¥,te,phil,EC,31GCS, RCS, ALPHCS, K, P1, ONE, THO, A, B, ¥I, PHIIQ
PARAMETER (EC=4.,8032d-10, SIGCS=3.56d+14, RCS=1.4d-8,ALPHCS=1.5d-23,
6 Ke1.d0/11604.5d0, PT=3,141592654,0NE=1.d0, TWO=2.d0,
It Beg.25d+11%4, *PI*EC*EC*SIGCS*RCS, B=TWO* PI*ALPHCS*SIGCS/RCS,
& VI=3.89d0, PHIIO0=1.95d0)

ddd il dr ki i d kb bk A bbb bbb h bbb bd

F2 is called by ndsphi.
The value at solution will be near zero.

ETIIEET TS ST TSI TSRS SRR R R L L L L LRl Ll

Ao aa0

REAL*8 g,e0,phial

g=.18d0+.2d0%x

phiaf=.777d0*dagrt (phil)

ef=phil-phia0-VI+PHIIO

f2wy* (ONE+B*g*x+THOYdexp ( (—e0+g¥y) /{K*te) ] ) -A*x
return

END

C e dedrdrdevrvedrdr i dedr kel dr b ke e WA R SRR bbb A AR E kbbb ok

Real*§ Function QGapCond{Te,Tc,Tr,D}
Real*? Te,Tc,Tr,D,Pcs,Kecs

Pes = 2.45048 * @xp{-08910.D0/Tr) /SQRT(Tr)
Kes = 5.5D-5

QGapCond = Kca*(Te~Tc)/(D + 1.150~5*(Te-Tc} /Pca)

End

Subroutine Convect
A e v e e o e o ol ol o e ol o o e o o o e o o i e e o e o e e * ta 2 X2 113 ]

Subroutine Convect

------ -

Written by: Ron Pawlowski
Date + February, 1930

* 3 k& v o

Computes the temperature of the coclant within
cylindrical flow channels by sclving the
differential equation for temperature rise
through the core ( egquation $.6.8 in Elements of
Nuclear Reactor Design, J. Welamean ed., Krelger
Publishing Company, 1983, with CpdT substituted
for dh.) The differentia] eguation is solved
using the fourth-order Rumge-Kutta solution
technigque. This treatment allows the temperature
dependences of the coolant properties to be
included in the analysjs The output for this
module ix the axial tempersture profile of the
coolant within the flow channel

This code is hardwired to adjust the width of
the spatial intervals until the exit
temperature converges to within 0.1 degreea K.

LI BN N N N R AR
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Real*8 T, Told, Tinlet, h, z, £, k1, k2, k3, ki, mdot KHEL 4/26/93
Real*B T, Told, Tinlet, h, z, mdot KHEL 5/30/93
Real*d Cp, HeatFlux, Rbound{if) KHEL 5730/93
Real*8 De, G, W, CoolThl(2000,2), Zmax, Zmin, D2, D1

Integer N, I, Kmax

Integer Rmeshi9). Mat(5) KHEL 5/30/93
Commen fCoclProp/ Tinlet, De, 5, W, D2, D1, mdot KHEL 4/26/93
Common /TTAB/ CoolTbl

Commen /Zdata/ Zmin, Zmax, Kmax

Common fRdata/ Rbound, Rmesh, Mat KHEL 5/30/93

I RN B NN EENEEENEEENEEEERENEENENN]

Kmaz = 19

N =~ Kmax/2
CoolTbl(1,1} = Zmin
CoolThl(l,2] = Tinlet
Told = Tinlet

10 T = Tinlet
h = (Zmax-Zmin) ¢ (N=-1}
do 100 I, RH-1

z = {I=-1}*h
* xl = h*f{z, T} KHEL 5/30/93
* k2 = h*f(z+h/2,T+k1/2) KHEL 5/30/93

* k3 = h¥f{z+h/2,T+k2/2) KHEL 5/30/93



k4 = h*f{z+h,T+k3)
T=T4+ (X1 + 2%k2 + 2%k3 + kd) /6
T = T + {{HeatFluxiz)*Rbound{10)*Roound{10}*3,14159D0%h) /
a {Mdet*cp{T,W)))

T=17T+ 4.0d0/{ De*G*cp(T,W) ) * HeatFlux({z] * h

[T I I

CoolThl(I+l,1l) = z+h
CoolThl(I+l,%) = T
100 Continue

If (ABS(T-Told).GE.0.1) then
Told = T
N = N*2
if (N .gt. 2000} then
write($,*) ' Honconvergence in Coavect'
write{8,¥) ' Execution Terminated '
atop
end if
Else
Gote 160
EndIf

Gote 10

160 Write(s,200) T

200 Format (/' Temperature of coolant at core exit: ',F10.1,
a g ' degrees K.')
En

Real*8 Function f{z,T)

LA L LI L LI SRS 2 e sl I L LTI LTSRS AL LR it ddll il ddldd)

hd Returns the value of the derivative of T with respect *
- to 2 (dT/dz), a2 given by eguation 6.6.8 of Weisman ’
hd {see reference in the comments for the main porgram). *

ek de bk R kbbb b Wb b b IR P e bbb bbbk bbbk bbb

Real*s z, T, G5, De, HeatFlux, Cp, Tinlet, W, D1, D2, mdot
Commonr /CoclProp/ Tinlet, De, G, W, D2, D1, mdot

f = 4,0D0/(G*De*Cp(T,W}} * HeatFlux(z)

End

Real*8 Function Cp(T.W)
PRI AR A2 2T ST L L L -t l 20 I b Ll e et L LA e L L L 2L L)
* Uses correlacions from the Sodium-HaK Enginesting
* Handbook (0. Foust, ed.; wol. 1 pp. %2-53) to return
* the value of the heat capacity of the NaK coolant for
- a given temperature T and potassium weight fraction W
- for the coolant (e.g, eutectic Hak-78 has W=78,)
* Only single phase coolants are modeled. If the
- temperature of the coclant is higher than the boiling
* point of NaK at the given sodium-potassium compositien,
* this routine reports the error aad halts the program.
-
-
w
L4

Units are in Joules/(kilogram*K).

& & % % kR
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Real*s T, BoilingPt, CpMa, CpK, W

BoilingPt = [[7956.5-881.4)*W + BB1.4) + 273.1
If (T.GT.BoilingPt} then

c Write{*,100) T, INT(W*100)
Write(8,100) T, INT{W*100)}
Stop
EndIf

CpNa = {1.43512D0 - 5,80237D~4*T + 4.62081D-7*T*++2)*1000.D0
CpK = {0.83850D0 - 3.67230D~4%T + 4.58980D-7+T++2}*1000.00

Cp = CpNa*{1.0D0 - W) + CpK*W

100 Format(' The temperatyre T=',F7.1,' degrees K is higher than */
a ' the boiling point for Nak-',I3,//
| 4 ‘ Execution terminated in Cp.'//)
En
Real*8 Function HeatFlux(zl)
whkArAdrh i drdrdrdr bl el e b e Wl ki b b b b b b b b R Wl W
Vses linear interpolation between values in & table to *
- return the value ¢f the heat flux at the given axial *
* position z. If the axial position is out of the range *
® of the table, this routine reports the error and halts *
* the program. -
RA LI LL L L L LTl b LR L L Ll L P L el LR R L L L L L L L
Integer Kmax
Parameter [Kmax=10}
Real*d z1, QTeble{kmax}, zh, zl, Qh, ¢l, Tinlet, De, G
Real*g W, Z, D1, D2, Zmin, Zmax, mdot

KHEL
KHEL
KHEL
KHEL

KHEL
KHEL
KHEL
KHEL
KHEL

RHEL
KHEL
EHEL

KHEL
KHEL

KHEL

$/30/93
$/30/93
5730793
$/30/93

5/30/93

5/29/93
5/29/93
5/30/93
5/29/93
5729793

5727793
5/27/93
5/27793

4726793
4/26/93

4/26/93
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Integer K, K2

Common fCoolProp/ Tinlet, De, G, W, DZ, D1, mdot
Common /QTAB/ Qtable

Common /Zdata/ Zmin, Zmax, K2

K=1

10 if (z1 .ge. zmax) then
heatflux = gtable(kmax)
return

end If

If (2{K}.EQ.zl) then
HeatFlux = QTable({K)
Return

Elself {(Z(K).GT.z1} then

zh = 2{K)
zl = Z{X-1)
Qh = QTable(K)
Ql = QTable([K-1)
HeatFlux = {Qh-Ql}/{zh=-zl}*{z1-2}) + Gl
Return

ALGORITHM 433 COLLECTED ALGORITHMS FROM ACH.
ALGORITHM APPEARED IN COMM. ACM, VOL. 15, NO. 10,
P. 914.
SUBROUTINE  INTPEL{IV,L,X,Y,¥,U,V)
INTERPOLATION OF A SINGLE-VALUED FUNCTION
THIS SUBROUTINE INTERPQLATES, FROM VALUES OF THE FUNCTION
GIVEN AS ORDINATES OF INPUT DATA BOINTS IN AN X-Y PLANE
AND FOR A GIVEN SET OF X VALUES (ABSCISSAS}, THE VALUES OF
A SINGLE-VALVED FUNCTION Y » Y(X}.
THE INPUT PARAMETERS ARE
IU = LOGICAL UNIY NUMBER OF STAMDARD QUTPUT UNIT
L = NUMBER OF INPUT DATA POINTS
(MUST BE 2 OR GREATER)
X = ARRAY OF DIMENSION L STORING THE X VALUES
[ABSCISSAS) OF INPUT DATA POINTS
{IN ASCENDING ORDER}
Y = ARRAY OF DIMENSION L STORING THE ¥ VALUES
(ORDINATES) OF INPUT DATA POINTS
N = NUMBER OF POINTS AT WHICH INTERPOLATION OF THE
Y VALUE (ORDINATE) IS DESIRED
{MUST BE | OR GREATER)
U = ARRAY OF DIMENSION N STORING THE X VALUES
{ABSCISSAS) OF DESIRED POINTS
THE OUTPUT PARAMETER 15
V = ARRAY OF DIMENSJON N WHERE THE INTERPOLATED Y
VALUES (ORDINATES) ARE TO BE DISPLAYED
DECLARATION STATEMENTS
IMPLICIT DOUBLE PRECISION {A-H,0+Z)
DIMENSION K{L},Y(L},U(H},VIN)
EQUIVALENCE (PO, X3}, (Q0,Y3}, {Q1.T3)
REAL M1, M2, M3, M4, M5
EQUIVALENCE (UK,DX), (IMN,X2,A1,M1), (TMX,XS,AS5,M5),
1 {J, 5W, SA), (Y2,W2,W4,02), (¥5,W3,Q3)
C PRELIMINARY PROCESSING
10 Lo-l,
LM1=L0-1
LM2<LM1-1
LPl=L0+1
NO=N
IF(LM2 LT.0) GO TO 90
IF(NO.LE ) GO TO 91
PO 11 le2,L0
IFIX{T-1}~K(I}}  11,95,96
11  CONTINUE
IpVaD
C MAIN DO-LOOP
00 80 K=1,KO

OO0 OaNONOaOONOAGONO aan

UKl (¥}
C ROUTINE TO LOCATE THE DESIRED FOINT
20  IF{iM2 EQ.0}) GO TO 27
IF(UK GE X{LD}} GO TO 26
IF(UK LT X(1)) GO TO 25
IMN=2
IMX=LO

21 T {IMN+IMX) /2
IF{UK.GE.X(I}} GO TO 23

22 IMA=1
GO TO 24
23 IMN=I+1

24  IF{IMK.GT.IMN) e To 21

KHEL 4/26/93

KHEL $/22/93
KHEL 5/22/93
¥HEL 5/22/93
KHEL 5/22/93

KHEL 6/12/53
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25
26
27

C CHECK
ao

C ROUTINES TO PICK UP NECESSARY X AND Y VALUES AND
c TO ESTIMATE THEM IF NECESSARY

40

11

42
43
45

46
47

48

€ HWUMERT
50
51

52

53

54

C DETERMINATION OF THE COEFFICIENTS

60

E=IMX

GO 10 3D

I=1

GO TO 30

I=LP1

G0 T0 30

I=2

IF I = IPV

IF{I.EQ.IPV} GO TC 70
IPVal

Ju]

IF(J.EQ. 1) Jn2
IF(J.EQ.LP1} J=L0
X3=X{J-1)

Yi=Y (J=1}

Xd=X (T}

Ya4=Y [T}

A3=X4-X3

M3=({Y4-¥3) /A3

IF({LMZ.EQ.0) GO TO 43
IF(J.BQ.2) G0 TO 41
K2=¥ (J=2)

Y2=Y (J=-2)

A2=X3=-X2

M2=(Y3-Y2) /A2

IF(J.EQ.LO) GO TO 42
XS=X {J+1)

YheY (J+1}

Ad=X5~X4

Me={¥5-Y4) fAd

IF(J.EQ.2) M2=M3I+M3I-M4

G0 TO 45

Md=M34+M3~-M2

G0 TO 45

M2=M3

Mén=M3

IF{J.LE.3) GO TC 46
AlaX2-X{J~3)
Ml=(¥2-Y(J-3)} /Al

GO TO 47

Ml=M2+MZ2~M3

IF{J.GE,LM1} GO TC 48
AS=X [J+2}-XS

M5= (Y {J+2) Y5} /AS

GO TO 30

MS=M4+Me-M3

CAL DIFFERENTIATION
IF(I.EQ.LP1) GO TO 52
W2=hPS (M4~M3)

Wi=ABS {M2=M1)

SHaW? +W3

IF{SW NE 0,0) GO TO 51
WZe0 5

Wi=0 5

SH=1.0

TIw {W2*M2+W3I*M3) /SW

IF{I EQ 1} GO TO 54
WisABS [M5~M{)

Wd=ABS (MI-M2)

SW=W34W4

IF{SW NE 0.0) GO TO 53
Wie0 5

Wi=0.5

S¥=1.0

Th= {W3I*MI+WI*ML) /50
IF(I.NE.LF1) GO TO 60
T3i=T¢

SA=AZ+A3

Td=0.5% (M{+MS~A2* (A2~A3) * (M2=M3) / (SA*5A})

K3=X{
Ti=~¥4
A3=A2
Mi=Mé
GO TO 60
T4=T3
SA=A3+A4

T3=0, 5% (ML+M2~Ad* (A3-Ad) * {M3-Md) / (SA*SA) )

X3=X3-Ad
Y3=Y3-M2¥A4
Al=nd
Mi=MZ

Q2= (2.0% (M3-T3) +M3-T4) /A3
Q3= (~M3-M3+T3+T4) / (A3*A3}
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C COMPUTATION OF THE POLYNOMIAL
0 DX=UK-PO
80 V{K}=Q0+DX* [Q1+DX* {Q2+DX*Q3))
RETURN
C ERROR EXIT
90 WRITE (IU,20%0)
GO TO 99
91 WRITE ;IU,ZDBI)
9

95 WRITE {IU,2095)
97

96 WRITE (I, 2096)
91 WRITE {IU,2097) 1I1,%(I)
99 WRITE (1U,2099) LO,NO
RETURN
C FORMAT STATEMENTS
2050 FOPMAT{1X/22H -##+ L = 1 OR LESS./}
2091 FORMAT(IX/2?H *+* N = D OR LESS./)
2095 FORMAT(1X/27H +%*  IDENTICAL X VALUES./)
2096 FORMAT(1X/33H **+ X VALUES OUT OF SEQUENCE./)
2097 FORMAT(6H 1 =,I7,10%,6HX(I} =,E12.3)
2099 FORMAT(6H 1L =,I7,10%,3HN =, I7/ )
1B 36H ERROR DETECTED IN ROUTINE  INTRPL)
ND
SUBROUTINE CRVFIT(IU,MD,L,X,¥,M,N,U,V)
C SMOOTH CURVE FITTING
C THIS SUBROUTINE FITS A SMOOTH CURVE TO A GIVEN SET OF IN-
C PUT DATA POINTS IN AN X-Y PLANE. IT INTERFOLATES POINTS
C IN EACH INTERVAL BETWEEM A PAIR OF DATA POINTS AND GEMER-
C ATES A SET OF QUTPUT POINTS CONSISTING OF THE IMPUT DATA
C POINTS AND THE INTERPOLATED POINTS. IT CAN PROCESS EITHER
C A SINGLE-VALUED FUNCTION OR A MULTIPLE~VALUED FUNCTION.
C THE INPUT PARAMETERS ARE
IV ~ LOGICAL UNIT NUMBER OF STANDARD OUTPUT UNIT
MD = MODE OF THE CURVE (MUST BE 1 OR 2}
- 1 FOR A SINGLE-VALUED FUNCTION
= 2 FOR A MULTIPLE-VALUED FUNCTION
= NUMBER OF INPUT DATA POINTS
(MUST BE 2 OR GREATER}
X = ARRAY OF DIMENSION 1 $TORING THE ABSCISSAS OF
INPUT DATA POINTS (IN ASCENDING OR DESCENDING
ORDER FOR MD = 1)
Y = ARRAY OF DIMENSION L STORING THE ORDINATES CF
INPUT DATA POINTS
M = NUMBER OF SUBINTERVALS BETWEEN EACH PAIR OF
INPUT DATA POINTS (MUST BE 2 OR GREATER)
N - uuuazn or OUTPUT POINTS
1y*M
THE OUTPUT PARAHBTBRS ARE
U = ARRAY OF DIMENSION N WHERE THE ABSCISSAS OF
OUTPUT POINTS ARE TO BE DISPLAYED
¥V = ARRAY OF DIMENSION N WHERE THE ORDINATES OF
OUTPUT POINTS ARE TO BE DISPLAYED
DECLARATION STATEMENTS
IMPLICIT DOUBLE PRECISION (A=H,0C~2)
DIMENSION  X(L},¥(L},U(N),V{N)
EQUIVALENCE (M1,B1), (MZ,B2), (M3, B3), (M4, B4),
1 {X2,P0), (¥2,00),(T2,QL)
REAL M1, M2, M3, H¢
EQUIVALENCE (W2,02), (W3,03), (A1, P2}, {B1,P3},
(M.DZJ ¢ (SW,R, Z)
c PRELIHINARY PROCESSING
10 MDO=MD
HDHI-MDD 1

aNaaOoaoaaaaanoaananan

IF(MDL.LE.OD) GO
IF{MDO.GE. 3) GO TO 930
IF(ILM1.LE.0) [2.4]
IF(MM1.LE. 0} GO TO %2
IF(ND.NE.LM1*M3+1} GO TO 93
GO TO (11,16}, MDD
11 I=2
IF{R{1)-R{2)) 12,9%%,14
12 p0 13 I=3,L0
IF(X{I-1)=K(I})) 13,95,96
13 CONTINUE
GO TO 18
14 PO 15 3I=3,L0
IP(X(I-!}-X(I)I 96,95,1%
15 CONTINUE
G0 TO 18
16 DO 17 I=2,L0

KHEL 6/12/33
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17

IF{X(I-1) .RE.X{I})} 6O TO 17
IF(Y{I-1).BQ.¥{I}} GO TO %7
CONTINUE

18 Ke=NO+MO

19

I=L0+1
DO 19 J=1,L0

K=K~-MO
I=1I-1
WK =X{1)
V{K}=Y{I}

RM=M0O
RM=1.0/RM

C MAIN DO-LOOP
20 K5=M0+1

C RQUTIHES T0 PICK P HECESSARY X AND' Y VALUES AND

30

31
32
33

410

11

42
43

Do 80 I=1,L0

TO ESTIMATE THEM IF NECESSARY
IF(I. GT 1) GO TO 40
X3=U(1}
Y3=v(l)
Xd=U (MD+1)
Y=V (MO+1)
A3=Kd-%3
B3=Y4-¥3
IF (MDM1.EQ.0) M3=B3/A3
IF(LO.NE.Z) GO TO 41
Ad=A3
B4=B3
GO TO (33,32), MDD
AZ=M3+A3-Rd
Rl=p2+A2-A3
B2=B3+B3-Rd
BiwBZ+B2-B3
G0 TO (51,56), MDO
X2=X3
Ye=x3
Ka=¥d
Yaavi
Xd=X5
=S
Al=h2
Bl=g2
A2=pA3
B2=R3
AdwAd
Ba=Bd
IF(1.GE.LM1) GO TO 42
K5=K5+M0
X5=U (K5)
Y5=ViK5}
Ad=X5-%4
Bd=YS5-Y4
IF(MDML EQ.0) Mé=B4 /A4
GO TO 43
IF{MDM1 NE.0} Ad=A3+A3I-p2
B4=B3+B3-B2
IF(I.EQ.1} GO TO 31
G0 TC (50,55), MDD

C NI;'HERICAL DIFFERENTIATION
0

51

52
55
56

57

58

TZ=T3

W2apBS (M4~M3)

WiehBS (M2-M1)

SHeW?2 +W3

IF{SW NE 0.0} GO TD 52
Wi=0 S

Wi=( 5

SW=1.0

T3m= (W2 *M2+W3I*M3) /SW
IF(I-1) 80,80,60

COS2=C053

SINZ=SIN3

W2=ARS {AI*B4A~A4*B3)

Wi=ABS (A1*BZ-AZ*Bl}
IF({W2+W3,KE.0.0) GO TO 57
W2=SORT (A3*A3+B3*03)
W3=SQRT (A2*A2+B2%02)
COS3aMZ*A2+W3*A3
S5IN3=H2*B2+W3*B3
R=CO53¥COSI+SINI*SINI

IF(R EQ 0.0} GO TO 58
R=SQRT (R)

£053=C0S3/R

SIN3=SIN3I/R

IF({I-1) 80,80,65

C DETERMINATION OF THt COEFFICIENTS

&0

Q2={2,0% (M2-T2} +M2=-T3) /A2
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65

Q3= (=M2=-M24T24T3} / (A2*A2}
GO TO 0

FeSQRT (A2*A2+B2*B2)
Pi=R*COS2

P2=3 O%A2-R*(COS2+COS2+C083)
P3=AZ-P1-P2

Ol=R*SINZ

Q2=3 0*B2-R*(SINZ+SINZ+SIN3}
Q3=B2-Q1-02

GO TO 75

C COMPUTATION OF THE POLYNOMIALS

10

71
75

76

ZmZ+DZ _
U(K)=F0+2
VK =Q0+2* (Q1+2* (D2+2703) )
G0 TO 79
Z=0.0
Do 76 J=1,MM1
K=K+l
Z=I+RM
U(K)=P0+2* (P1+2* (P2+2*P3))
VIK) =DO0+2* (QL+2* (Q2+42+Q3} )

79 K=K+1

80

CONTINUE
RETURN

C ERROR EXIT

90
91
92
93
95
26
a7

98
99

WRITE (IU,2090)
GO TO 9%
WRITE (1U,20%1)
GO TQ 99

WRITE (IU,2092)
GO TO 99
WRITE (IU,2093)
GO 29

T0
WRITE (IU,2095)
GO TO 98
WRITE {IU,2096)
GO TO 98
WRITE (IV,2097)
WRITE (IU,2098) I,X{I),Y{I}

WRITE (IU,2099) MDO,10,M0,NO
RETURN

C FORMAT STATEMENTS

2097

FORMAT(1X/31H +++ WD OUT OF PROPER RANGE./}
FORMAT {1X/22H +++ L = 1 OR LESS./)

FORMAT (1X/2ZH +*¢+ M = 1 OR LESS./)

FORMAT (1X/25H +*++  IMPROPER N VALUE./}

FORMAT |14/27R *++  IDENTICAL X VALUES./)
FORMAT [1X/33H *¥+ X VALUES QUT OF SEQUENCE. /)
PORMAT{1X/33H +*++  JDENTICAL X AND Y VALUES./)

2098 FORMAT(?H I =,14,10X%,6HX{(1) =,B12.3,
1 10X, 6HY (1) =,E12.3)

2099 FORMAT(TH MD =,I4,8X,3HL = 15,8X,
1 3HM =, I5,8X,3HN =, I5/
EEND 361 ERROR DETECTED IN ROUTINE CRVFIT}
sgbroutine initial (prob, Tstop, Tecool,tr,sig,ems,
& Qrad,Qcacond, t)

parameter ( imax = 10, jmax = 10 )

implicit double precision (a<h,o-z)

integer prob, i, j, rmesh(3), mat(5)

double precision tr, sig, ems, Tstop, Tecool
double precision Qrad(jmax), t{imax,jmax)
double precision Qcacond{jmax), rbound{id)
double precision gapcond,

external gapcond, &

common /rdata/ rbound, rmesh,mat

L2 2 20 A S YL AR I TR R T A L A Ry S il e e St et et Ll d Lt L)

*

* Calculate initial values of thermal power, conduction and radiation :
w*

Tl b bk ke e e e e sk o b ol o o o e o o o W U W e ol e e e e i ol e ke ke e

do i=1, imax
if { r(i).eq.rbound{4} )} then
da j=i,jmax

qgradiy) = migvems*((t{l,§) ¥4 - [L{i+l,§})**4)
gescond(j) = gapcond{tii,§),t(i+l,}},Tstop,Tecool,Prob,

a tr,r{i+l)-ri{i))

end do
end if
end do

-
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aaadana

return

end
sub
imp
int

routine agauss
licit double precision {a-h,o0-2)
eger imax, jmax, nn

double precision zero
parameter (imax = 10, jmax = 10, zero = 0.0d0)

par

ameter (pn = 10*imax*jmax)

double precision aa{imax*jmax+l, imax*jmax), x(imax*]max)

int

double precision ainn), aflag(8), pivot(imaz*%yax}

eger i, i, z, n, snrinn), rnrinn), iflagil

integer ha({imax*jmax,l1l), ifail, nnl, iha
common fgaussmalin/ =a,x,n

-
do

o}
4=1,K
do i=1,N
if ( aa(i,3) .ne. zero ) then
zmz+1 '
a(z) = aa{i,4)
snr(z) = J
rne(z) = 1
end if

end do

end
nnl
iha
pri

cal
liha

if

x{j) = aa(n+l, )

do

= nn

=-n

nt*, 're=*,nn,* 2=',z

1 ylZmafin, z, a, anr, nn, rnr, nnl, pivot, ha,
yaflag,iflag,x,ifail)

{ ifail .ne. 0 ) then

write(8,10) ifail

end

format{lx,' Error in spar=e gavssian elimination code',/,
' error diagnoatic parameter 1fail = ', it )
atop
if

return

and

subroutine ylémaf(n, z, a, snz, an, rnt, nnl, pivot, ha,

liha

implicit double precision (a-b,g,p,t-y), integer (¢,f,h=n,r-s,2)

(aflag,1flag,b,ifaii}

double precision a(nmn), pivet(n), aflag(8),bin})

int

eger anr(an), ror(nnl), ha{iha,11), iflag(lQ)

aflag(l)=16,0d0
aflag{2)=l.d-12

afl

ag(3)}=1.d+16

aflag(4)=1.d-12
iflag(2}=2

ifl
ifl

ag(3)=1
ag(4)=90

iflag{3)=1

cal
if{
cal
1 if
if{
cal

1 ylimbf(n,2,a,snr,nn,ror,nnl, ha, iha,aflag, iflag,ifail)
jfail.ne.fjgo to 1
11{%2mcf(n,z,a,an:.nn.rnr,nnl,pivct,b,ha,lha,aflag,iflag,
s

ifail.ne.0)go to 1

1 yi2mdf(n,&,nn,b,pivot,snr ha,iha,iflag,ifail)

return

end

subroutine yl?mhfin, z, a, snr, nn, gnr, nnl, ha, iha, aflag,

1 if

implicit double precision(a~b,g,p,t-y),integeri{c,f,h-n,r-1,2)

lag. ifail)

the non-zero elements of a sparse matrix & are prepared in order to
aclve the system axe=b by use of sparse matrix technigue/

double precision ainn), aflag(8)
integer anr(nn), ranr{nnl), ha(iha,11), iflag{10)
mode=iflag(4d}

ifa

il=0

if(n.lt.2)ifail=12
if(z.1e.0)ifailw]l3
if{nn.lt.2*z)ifall=5
if{nnl.lt.z)ifail=6
if{ifail.eq.0.2nd.n.gt.z)ifail=14
if(iha.lt.n)ifail=15

if (mode.lt.0)ifail=1é
if{mode.gt.2) ifail=16
if({ifail.ne.0) go to 22

gti=0.0d0
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do 10 i=1l,n
ha{i,2}=0
haii,3)=0
ha{i,6)=0

find the number of the non-zero elsment2 in each row and column;move
the son-zerc elements in the end of the arrays a and anr;find the
largest non-zero element in a{in absolute value).

20

do 20 jw-l,z

t=dabs{ali}}

13=rnr (i)

lemsne(i)
if(l4.gt.n.or.14.1t.1) ifail=24
1f(13.gt.n.0r.13.1t.1)ifall=25
ha(l3,3)=ha(l3, 3)+1
ha{l4,6)=ha{ld,6)+1
1f{t.gt.gtl)gtl=t

a{z+i)=a(l)

sar(z+i}=snr(i)
if(ifail.gt.0)go to 22

store the information of the row starts(in ha{i,l))and of the column
starts(in hai{i,d)).

21

23

30

40

1li=1

1i=1

do 40 i=1,n
13=ha{i,3)

l4=ha (i, é)
if(13.g9t.0)go ta 21
tfail-17

go to 22
if(ld4.9t.0)go to 23
ifail=1g

go to 22

if (mode.eq.2)go to 30
ha(i,9)=13
ha(l,10)=14
ha{i,11)=0
ha(l3,2)=ha(l3,2)+1
he{i, 5)=13
ha{i,1)=]1
ha{i,d)=12

1i=11+13

12w12+414

ha({i,3)=0

ha(i,6)=0

store the non-zero elements of matrix afordered in rows) in the
first z locations of the array a.do the same for their column numbers

50

do 50 i=1,z

1lez+i

13=rnr (i)
12=ha(13,1)+ha(l3,3)
2(12)=a(1ll)
sor{l2)~snr(l]l}
ha{l3,3)=ha(13,3)+1

store the row numbers of the non-zerc elements ordered by columns in
the first 2 locations of the array tnr. store information about row
ends{in ha(i,3)).

€0

70

14=)

do 70 i=1,n

if (mode.eqg.2}go to 60
if(haii,2?).eq.Digo to &0
ha{i,ll)=id
l4=14+ha{i,2)
ha(i,2})=ha{i,11)
ha{i,3)=ha{i,1)+ha{i,3)-1
ll=ha{i, 1)

12=ha(i, 3)

do 70 §=11,12

13=snr(y)

r=ha(l3,8)
index=ha(13,4)+r
rnr{index) =i
if({r.eq.0lgo to 10
if(j.eq.llige ta 70
if{rnr{index~1).ne.i)go to 70
ifail=11

go to 22

ha(l3,6)=z+1

do 90 i=1,n
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if (mode.eq.2)go to 80
13=haii, )

lG=ha(l3,2)

ha{l5, 8)=i

ha(i,T)-IS
ha{l3,2]=ha(l3,2}+1
continue
ha(i,6)=ha(i,4)+ha(i,6)-1
aflag(6)=gtl

iflag(6)=0

iflag(7)=0

iflag{f)=z

tflagi{l)=~1

return

end

subroutine yl2mecfin,z,a,snr,nn,Inc,nnl, pivot,b,ha,iha, aflag,iflag

v, ifail)

systens of linear equations are solved by use of sparse matrix tech-
nique and by gaussian elimination.

implicit double preciaienl(a-b,g,p,t+y},integer(c, f,hen, r-3,2)
double precision ainn),b(n),pivot{n},aflag(8)

information which iz necessary to begin the eliminaticn iz stored.

igte eg snri{mn) ,rorinnl),.ha(iha,11), iflag{i0}
ail=

1f{iflagi{l).ne.~1}ifail=2
if(aflag{l).1t.1.0d0)aflag(1l)=1.0005 dO
if(aflag(3).1t.1.0d+5)aflag(3)=1,0d+5
if(aflag{4).1lt.0.0d0)aflag{4}=-aflag(4}
if{iflagi2).1t.1)ifail=1%
1f(iflag(3).lt.0.0r.iflag(3).gt.2)ifail=20
1f{iflag(5).it.1.0r.iflag(5).gt.3)ifail=21
if(iflag{5).eq.3)ifail=22

if(ifail.gt.0)}go to 1110

anr({z+l)=0

IRE(z+1) =D

nB=p+l

nT=p-1

u=aflag(l)

grmipn=aflag(4)*afiag(s)

use the information about fill-ins if it is posaible.

10

60

10

222

nr=n¥*n
if{iflag(4).ne.2)ge to 100
if{iflag{10).gt.nn)goe to 50
ll=iflag{10}

13=]11+1
{f(15.1e.nn)snr(15)=0
do 40 i=1l,n

l=pg=-§

12«ha{l,3)+1
13=]l2-ha(l,1}

do 10 9=1,13
anc{15-j}wanr (12=4}
a(ls-j)=a(l2~j})
ha(l,3)=11
ha{l,1)=15-13

16=11-13

15=15-ha(1, %}
if(15.gt.16)go to 30
do 20 j=l15,16

snr(j)=0

continue

11=15-1
if{iflag{%}.qgt.nnl}go to 100
12=1flag(9)

15=12+1
if{l5.le.nnilrne(15)=0
do 90 i=1,n

l=pg=~i

1l=ha{l,6)+1
l4~]1]1~ha(l,d}

do 60 i=1,14
rRr(l5~j)ernr(li-i}
ha{l,4)=15~14
ha(l,6)=12

16mlz~14
15=1%~ha{l, 10}
if(l15.g9t.16)go to 80
do 70 j=15,16

rnr{j)=0
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80 continue
90 12=15-1
100 r4=ha{n, 3}
rS5=ha(n, 6}
aflag(i}~aflag(6)
aflag(8)~aflag(6}
de 110 i=i,n
ivot (i)=0.0 d0
afi,2)=hali, 1)
110 ha(i,5)=hali, 4}
index=ha(n, &)

c
¢ start of gauwssian elimination.
c
zlut=ha (index, 3)=-ha{index, 2) +1
do 950 1=1,n7
rr3=ha{i,2)
rrd=ha{i, 3)
cl=ha{i, 4}
crd=ha (i, 6}
if(iflag(3).eq.0)go to 350
if(iflag(4).ne.2)go to 120
rrow=ha{i, 7}
rcoll=ha{i,8}
go to 220
120 l4=ha(i,s)
if(iflag(3).eq.1)go to 130
Erowslq
reollmprow
rpivotsai
go to 170
130 r=nr
v=0.0 d0
index=iflaq(2)
do 160 kk=]1,index
1l=i=-1+kk
ifi{ll.gt.n}go to 170
j=hatll,s)
ri=ha(j,2)
ré=ha(j, 3}
r9=rf-ri
t=0.0 d0
do 140 k=r7,r#
td=dabs (a{k))
140 1E{t.1t.td)t=td
t=t/u
do 160 k=r7,r8
td=dabs{a(k))
if(td.1t.t)ge to 150
ré=ang k)
ri=r9*tha(ré,6)~halré,5))
1f({r3.gt.rigo to 150
if{r3.1lt.t)go to 151
if({v.ge.td)go to 150
151 v=td
rrow=j
rcoll=ré
r=r3
rpivot=ll
180 continue
160 ¢ontinue
170 r3=ha(rcoll, 1)
halrecoll,10iw=ha(i, 10}
ha(l,10)wr3
r3=ha(rrow, 9}
ha{rrow, 9}=ha(i, 9}

remove the pivot row of the list vhere the rows are ordered by
increasing numbers of non-zero elements.

hati,9)=r3
11=0

G000

1=
}2=ha(14,3)=ha(ld4,2)+1
180 1=1+1
if{l2.gt.11}ha{12,11)=1
ifi{l.gt.nlgo to 190
15=ha(l,8)
13=ha(15,3)-ha(l5,2)+1
if{rpivot.lt.1l)go to 190

hail¢,7)=1
ha{l,8)=14
l4=15
11=12
12=13

13=png
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go to 1680

150 if(l2.eq.ll}go to 200
if{l3.eq.l2)ge to 200
ha{l2,11)=0

20¢ 15=ha{i,?)
if (rrow.eq.i)go to 210
ha(l5,8)=rrow
ha{rrow,7)=15

210 ha{i,}=rrow

row interchanges.

hai{i,d)=rcoll
220 if(rrow.eg.i)jgo to 290
t=b(rrow)

bii)=t :
do 250 j=rr3,.rrd
11=anr(j)
r=ha{ll,5)-1
r10=ha(ll, &)

240 r=r+}
iff{rnr(r).ne.ijge to 240
rnr(r)=cax (rlQ)

250 rarirl0)=rrow
rr3=ha({rrow, 2)
rrd=ha{rrow, 3)
do 270 jwrrd, rrd
ll=sznr(j)
r=ha({ll,5)-1

260 r=r+l
if{rnrir).ne.rrowigo to 260

270 rnr(r)=i
do 280 §=1,3
r3=halrrow, )
ha (rrow,j)=ha(i, 1}

column interchanges,

280 ha(i,ji=r3

290 if{reoll.eq.i)go to 350
do 310 j=cl,crd
1l=rrr(j}
r=ha{ll,2]-1
ri0=ha(ll,3)

300 rmg+l
1f(anx(r).ne.i)go to 300
t=a(rlQy
al(ri0)=a(r)
alr)=t
snr{c)=snr(rlio0}

310 snr(rl0y=ccoll
cl=ha{zcoll, 4)
cr4=haircoll,6)
do 330 j=cl,crd
li=yng ()
r=ha{ll,2)-1

320 r=r+l
if{snr(tr).ne.reolllge to 320

330 snr{r)y=i
do 340 §=4,6
r3=ha(rcoll,§)
ha(rcoll, j)=ha(i, )

end of the interchanges.
the row ordered list and the column ordersd list are prepared to
begin atep 1 of the elimination.

340 ha(i,j)=r3
350 r9=rrd-rr3
de 360 ry=rr3, rr4
if(snr{rr).eq.i)go to 370
360 continue
ifail=9
go te 1110
370 vea(rr)
pivot(i)=y
td=daba(v)
if(ed.lt.aflag(8))aflag(8)=td
if{td.ge.g¢min)go to 380
ifail=3
go to 1110
380 r2=ha(i,l)
alrr)=a(rr3)
snr{rr)=anr(rrl)
a{rr3)=a(r2)
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snr{rr3)=snr(r2)
spr{c2)=0
2=2z-1
rr3mrri+l
ha(i,2)=rr3
ha(i,1}=r2+1
e¢rd=ha(i,5)
if{r9.le.0}go to 431
do 430 j=rr3,rrd
index=snr(j)
430 pivot{index)=a{j)
431 r7=cri-cri+l
do 88D kwl,r7
ri=rnx{cri=1+k)
if(rl.eq.i}ge to 87¢
il=ha(ri, 1)
rrl=ha{rl,2)
rr2=ha{rl,3)
12=rr2=prl+l
l=rri-1
390 1=1+}
if{=nr{l).ne.i)go to 390
t=a(l) /v
if({iflag(5) .eq.2)gc to 400
a(l)=a(il)
snr(l)wsny(il)
anr({il}=0
il=i141
ha(rl,1)=41
z=z~-1
go to 410
400 a(l)=a(rr])
alrrl)=~t
r3=snrirrl)
anrirrl)=snril)
snril)=r3
410 zrl=rri+l
ha{rl,2}=rrl
b{rl}=b(rl}=b{i}*t
i£i{r%.1e.Dlgo to 66%
r=rrl
if(r.gt.rr2lgo to 470
do 460 l=r,rr2
ll=snr(1)
td=pivotill)
if{td.eq.0.0d0jgo to 450
pivot{11)=0.0 db
td=a(l}=-td*t
a{l)=td
tdl=dabs{td)
if(tdl.gr.aflag(?))aflag(7)=tdl
[
¢ teoo small element is created.remove it from the lista,
c

1fttdl.gt.aflag{2) )ge to 250
z=z=1
a(l)=a(rrl)
snr{l)=snr(crl)
a(rrlj=a(il)
snrirrly=snriil)
=nr{il)=0
rrl=prl+l
i1=il+l
ha{rl, 2)=rrl
hairl,1)=i1
r3=ha{ll,5)
I2mr3-1
14=ha(ll,4)
15=rnr(l4}
16=rnyird)

440 ri=g2+l
if{rnx(r2).ne.rl)go to 440
nrir?)=lé6
nrir3)=15
R {i4)~0
ha({ll,5)=yr3+1
ha{ll,d)=14+1

450 continue

450 continue

479 continue
do 750 4=1,r9
r=rr3-1+j
r2=snr(r)
tol2=pivot(zr2)
pivociz)=air)
if(tol2.eq.0.0d0}go to 740
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tol3==tol2*t

toll=dabs (toll)

if(toll.lt.aflag{2})go to 740

c2=ha(rz,4)

cri=ha{cZ,6)

crl=ha{x2, 5)

1fewre2~11+2

lfcwori-c2+2

if(iflag({4).ne.l)jgo to 480

if{1fr.qt.ha(rl, 9} )ha(rl, ) =1fr

if{1fc.gt.haf{r?, 10} }hafr2,10)=1fc
480 if(il.eqg.l)go te 490

if(snr(il=1).eq.0)igo to 600
490 {f(rr2.eg.nnjgo to 500

if(snr(rrz+l).eq.0)go to 580

collection in row ordered list.

500 ri1Qenp-ifr
if{ri0.ge.z4)g0 to 56D
iflagi6)=1iflag(6)+1
do 520 ji=1,n
11=ha(}), 3}
if{ll.lt.ha{jl.1)}lg0 to 510
ha({3ij,3)=anri{ll)
anri{ll)=-3j

510 continue

520 continue
13=D
ld=]
do 550 jj=1,rd
1f(snritj) .eq.0)ge to 540
13wl3+]
if{snrij)).qt.0)go to 430
15==2nr{}j)
snr{jj)=ha(ls,3)
ha(l5,3)=13
16=14+ha{ll, 2)~ha(ls, 1)
ha{l5,2)=16
ha{l3,1)=14
1d=13+]1

530 a{l3)=a{ij)
anr{l3)=anr(jj)

540 continue

550 continue
rd=13
snr{l3+1)=0
rri=ha(i,2)
rr4=ha(i,3)
il=ha(rl,1)
tri=ha(rl,2)
r=rri-1+j
ifirlt.ge.rdlgo te 560
tfatl=5

fill-in takes place in the row crdered 1list.

go to 1110
560 ré=l1fr-i
rr2=rd+1fer
if(r8.le.0)go to 579
13mil-1
do 570 ll=l,r8
14=rd+11
15=13+11
a{ld}=a{ls)
anrf{ld)=sncils)
570 snr{l5)=0
579 rrilsrd4rrl-il+l
ha{tl,3}~cr2
ha{rl,2)=xrl
1lmrd+1
ha(rl, V=11
ll=yr2
go to 590
580 rreé=rr2+l
ha(rl, 3)=zr2
ll=gg2
if(rr2.le.rdjge to €10
590 rd=rr2
if({rd.lt.nn)snr (rd4+1)=0
go to 610
600 rrlerri-1
ilwil~l
ha{rl,1l)=i1
ha(rl,2)=rrl
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1l=rrl
snr{ily=snr(il)
a{il)=a{ll)
610 a{ll)=toll
snr{ll)=snrir}
td=dabs(a{ll}}
if (td.gt.aflag(7))aflag(7)etd
zmz+1
1f(1flag(8).lt.z) iflag(B)=z
if{c2.eq.l)go to 620
if(ror{c2-1).eq.01go to 720
620 if{cr2.eq.nrnllgo to 630
tf(rnricri+l) .eq.0jgo to 700

collection in column ordered list.

630 rl0=nnl-1fc
1f{rl0.ge.15)go to 680
iflag(?)=tflag(7)+1
do 640 jj=i,n
li=hatjj, )
ha(j{.ﬁ}-rnr{ll}

640 rnr{ll)=-jj
13=0
l4=]
do 670 §j=1,r5
ifixnr(4y).eq.0)go to 660
13=i3+1
if{rne(jj).gt.0)go to 650
15=~rnr{ii)
tnr{jil=ha(l5,6)
ha{l5,6)=13
16=14+ha(15,5)-ha{l5,4)
ha{l5,5)=16
ha{l5,4)=14
14=}3+]

650 rar{l3)=rnr({jj)

660 continue

670 continue
r5=13
rnr{ri+1)=0
¢2=ha(r2, §)
cr3=ha(i,5)
crd=ha(i, )
cri=ha(rz,5)
if{rl0.ge.r5)go te 680
ifajl=6

fill-in takes place in the columt ordered list.

go to 1110

680 rg=)fc-1
cr2=rS+lfc
if{rf.le.0jgo to 6%9
13wc2-1
do 690 1=1,r8
l4mpb+]
15m1341
rnr(ld4)=rnr{15)

690 rnr{l5)=0

699 crilerS+crl-cz+l
c2=r5+1
ha{r?,6)=cr2
ha(r?,4)=c2
ha(rZ,5)=c¢crl
recr?
go to 710

700 cr2wgr2al
ha{r2,6)=cr2
twcrd
if{cr2.le.r5)go to 730

710 rSmerz
if{r5.le.onl) rne{c5+1)=0
go to 730

720 crimerl-1
c2=c2-1
ha{rz,4)=c2
ha{r2,S)=crl
Ir=crl
rnri{c2)=rnr{r}

T30 rnr(r)=cl

740 continue

750 continue

66% if{rrl.le.re2)go to 760
ifail=?



¢ update the information in the list where the rows are crdered by
¢ increasing numbers of the non-zero elements.
<

760

70
780

790
800

810
820

830
840

850

860

a0
880

881
:1¥]

830

go to 1110
1f({1flagi4}.eq.2)go to 810
if(iflag(3).eq.0)go to 870
llmpr2-rri+l
iffll.eq.12)90 ta 870
lé=ha(rl,7)
l4=ha(12,11)
if{ll.gt.l2)go to 20
if{i6.gt.l4)go to 730
if(l4.eq.njgo to 770
1=ha{lé+1, 8}
1o=ha(l, 3)-ha(l,2)+1
if({l5.eq.12)90 ta 790
hat{l2,1i)=0
go to 800
15=ha{14,8)
13=ha{l6,8}
ha{ld,8)}=13
ha{l6,8)=15
ha{l5,7)=16
ha(l3,7}=14
1l6=14
ha{l2, l1l)=14+1
if(l4.eqg.i+1)go to B10
l=ha(16-1,8)
l2=ha{l,3)-ha{l,2)+1
l4=ha{12,11)
i£{11.1t.12}go to 780
if{ll.ne.12}ha{ll,11)=16
go to 870
£{lé.gt.14)go to 840
if(l4.eq.n)go to 830
l=hg{l4+1,8)
15=ha{l,3}-ha{l,2}+1
if{15.99.12)go to 840
ha{l2,11}=0
12=1241
if(12.le.slut)ge to 850
13=n
slutell
12«11
go to BED
13=ha{l2,11)~-1
if{l3.eq.-1)go to B4O
if{l2.gt.11)12=11
ha{l2.11)=13
l4=ha(13,8)
17=ha{16,8)
ha{l3,8)=17
ha(l6,8)=14
ha{l7,Ty=12
ha(l4,7)=16
16=13
1£(12.1t.11)g0 to 840
continue
continue
if(r9.le.0)go to 882
do 88l q~rr3, rr4
index=snr(j)
pivet (index)=0.0 d9
continue
cri=ha{i,q4}
do 890 j=cri,crd
rnr(j)=0
if(r9.1le.0)go to 930
12=ha{i,2)-1

- do 920 ll=1,r9

200
910

920
930

resnr{lZ+11)

ri=ha(r,5)

r2=halr,§)

if{r2.gt.rl)go to 500
ifail=8

ge to 1110

he{x,5)=cl4l

rimpl=l

riwri+l
i€{rnr{r3)j.ne.llgo to 910
px (rd)=rnrirl}

rnri{rl)=i
aflag(3)=aflag(?)/aflag(é)
if(aflag{5).lt.aflag(3))go to 940
ifall=4

go to 1110
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940 continue
c
¢ preparation to begin the back substitution.
[+

350 continue
index=ha (o, 2}
pivot {n)=a(index)
a(index)=0.0 40
td=dabs (pivot (n})
if(td.gt.aflag(7)}aflag(7)=td
lf(td.lt.aflag(8))aflag{s)=td
if(td.gt.grmin)go to 960
1fail=3
go to 1110
960 if{iflag(4).ne.l)go to 1060
iflag{i0)=hain,®)
1flag(9)=ha{n,10)
do 990 i=1,n7
tlen=i
iflag(10)=iflag (10} +ha{rl, %}
iflag(9)=iflag(9)+ha{rl, 1D)
if({iflag(3).eqg.0)go to 580
do 570 j=5,10
r2=ha(rl, -2}
ré=ha(r2z,§)
haf{r2,j)=hairl,j)
970 ha(rl,j)=ré
980 continue
990 continue
1060 continue
aflag(S)=aflag(?}/aflag(6)
iflag{l}=-2
1110 ze=zz
return
end
subroutine yl2mdf{n,a,nn,b,pivot,snr,ha,ibha,iflag,ifail)
implicit double precision{a-b,g,p,t-y},integer (¢,f,h-n,r-3,2)
dovble precision a(an), pivet{n), b(n}
integer anr(nn), ha(iha,11), iflag{10]
1fall=0
if{iflag(l).eq.=2)go to 1000
ifail=1
go te 1110
1000 mode=iflag(4)
ipiv=iflag(3)
nS=n+l
n7=n=-1
state=iflag(3)

solve the system with lower triangular matrix 1 (if the
lu=factorization is available).

[N s N ¢

if(state.ne.3)go to 1051
if{ipiv.eq.0lgo to 1020
do 1010 i=1,n7
li=ha{i,?)

bii)=t

1010 continue

1020 continue
do 1050 i=1,n
rrlwha{i,1)
tr2=ha{i,2}~1
if{rrl.gt.rr2jgo to 1040
do 1030 j=rrl,rr2
Ilmsnr(y)

1030 b({)=bi{i)~-a{])*b(11)

1040 continue

1050 continue

c
¢ solve the system with upper triagular matrix.

<

1051 continue
do 1050 i=1,n
ri=nf=-i
rri=ha(rl,2)
rré=hairl,
1f(rr2.1t.rrl) go to 1080
do 1070 j=rrl,rr2
r2=3nr(j)}

1070 birl)=b{rl}-a(j}*b(r2}

1080 continue

1090 b(rl)=b{rl)/pivot(rl)

c
¢ 1f interchanges were used during the elimination then a reordering in
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c lution vactor is made,
c
1f({ipiv.eq.0)ge to 3110
do 1100 i=1,n7
rl=n=i
r2=ha(rl,8j
t=b(r2)
b(r2)=b{rl)
1100 birl)=t
1110 retustn
end


http://www.tcpdf.org

