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ABSTRACT 

The thermionic reactor-convertor (TRC) incorporates a nuclear power source 
and a heat-to-electricity power convertor into a single assembly, allowing the 
production of electrical energy without an .intermediate stage of heat-to- 
mechanical. energy conversion. Nuclear power systems (NEW) based on TRCs 
have many attractive properties that make them suitable candidates for power 
supplies in space applications, where compactness, light weight, and high 
efficiency of components is at a premium. 

Work on thermionic nuclear power systems has been performed in Russia 
witbin the fiamework of the TOPAZ reactor program since the early 1960s. In the 
TOPAZ in-core thermionic convertor reactor design, the fuel element’s cladding is 
also the thermionic convertor’s emitter. Deformation of the emitter can lead to 
short-circuiting and is the primary cause of premature TRC failure. Such deforma- 
tion can be the result of fuel swelling, thermocychg, or increased unilateral 
pressure on the emitter due to the release of gaseous fission products. Much of the 
work on TRCs has concentrated on preventing or mitigating emitter deformation 
by improving the following materials and structures: 

nuclear fuel (modiiied U02, UN, UC-UN, UC-US, UC-ZrC, UC-NbC, and 
UC-TaC) ; 
emitter materials (single crystal alloys of molybdenum and tungsten, including 
the W-184 isotope); 
electrical insulators (poly- and single-crystal alumina, scandia); 
moderator and reflector materials (zirconium and yttrium hydrides, beryllium, 
protective coatings, etc.); 
gas-exhaust device. 

In addition, considerable effort has been directed toward the development of 
experimental techniques that accurately mimic operational conditions and toward 
the creation of analytical and numerical models that allow operational conditions 
and behavior to be predicted without the expense and time demands of in-pile 
tests. 

New. and modified materials and structures for the cores of thermionic N P S s  
and new fabrication processestfor the materials have ensured the possibility of 
creating thermionic NPSs  for a wide-range of powers, fiom tens to several 
hundreds of kilowatts, with life spans of 5 to 10 years. 
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FOREWORD 

Beginning in the 1960s, in Russia, the United States, and a number of other 
countries, efforts focused on the direct conversion of heat to electric power using 
thermionic energy converters (TECs) increased greatly. The interest in this subject 
is based on the potential advantages of energy conversion without an intermediate 
stage of heat-to-mechanical-power conversion. Use of TECs in combination with 
a nuclear reactor allows the construction of a fundamentally new type of power 
system, in which the thermal power source and a heat-to-electricity power 
convertor are incorporated into a single assembly, the thermionic reactor-converter 

Nuclear power systems (NPSs) based on thermionics are, in view of their 
many attractive properties, suitable candidates for power supplies in space 
applications. Such properties include 

high temperature heat rejection, in comparison to other techniques for energy 
conversion, which provides a minimum radiator size; 
high specific power; 
localization of high temperature within the emitter and a moderate temperature 
in the rest of the plant; 

, compactness and cornpatability with modern means of space transportation; 
and 

W C ) .  

absence of vibration. 
These features enable the creation of compact, light-weight, high-efficiency NPSs,  
competitive with NPSs  based on thermoelectric and mechanical techniques for 
energy conversion. 

Work on thermionic NPSs  is being pedormed in Russia within the framework 
of the TOPAZ program, which began in the early 1960s [l]. TOPAZ reactors 
comprise thermionic reactor-convertors (TRCs) with either single-cell (TOPAZ-2) 
or multi-cell (TOPAZ-1) cylindrical thermionic fuel elements (TFEs) making up 
the reactor core. The TFE is the basic element of the reactor-convertor, in which 
the conversion of heat to electrical power takes place. 

In 1987 and 1988, TOPAZ-1 was tested during the missions of the Kosmos- 
series spacecrafts [l]. For the first h e ,  operability of the thermionic-type NPS 
was confirmed under space conditions. Successful long-term (-1.5 years) land- 
based tests of TOPAZ-2 NPSs  were also conducted [2]. 

Russia has taken a leading role in creating thermionic power conversion 
plants. Much related research and development (R&D) has been completed, from 
the fundamental physical and technological basis to successful land-based and 
space tests of the nuclear power systems.. In the TOPAZ program, the Research 
Institute of SIA (RI SIA "Lutch") is the head organization in developing a single- 
cell TFE for TOPAZ-2 NPSs.  In the course of these efforts, the infrastructure 



required for subsequently advancing thermionic research has been built at RI SIA, 
including laboratory, experimentalhesting stands, and processing and production 
facilities. Today, R I  SIA’s facilities and experience are being used to create a new 
generation of more efficient plants for space and terrestrial applications. 

TECs having high efficiency and long life. have become feasible only after 
development of a number of new materials. RI SIA “Lutch” has conducted a wide 
scope of R&D relating to materials for the cores of thermionic NPSs  and 
fabrication processes for them [2]: 

nuclear fuel (modified U02, UN, UC-UN, UC-US, UC-ZrC, UC-NbC, UC- 
TaC); 
emitter materials (single-crystal alloys of molybdenum and tungsten, including 
the W-184 isotope); 
electroinsulation (poly- and single-crystal alumina, scandia); and 
moderator and reflector materials (zirconium and yttrium hydrides, beryllium, 
protective coatings, etc.). 
The unique materials developed at the institute secure the possibility of 

creating thermionic NPSs  for a wide range of powers, from tens to several 
hundreds of kilowatts, with life spans of 5 to 10 years [2]. Application of the 
materials and processes created at the organization to other engineering areas such 
as electronics, electrical technology, machine building, metallurgy, nuclear 
energetics, medicine, rocket manufacture, etc., is also promising. 

Research, development, and attainment of practical results in these directions 
can be accelerated through cooperation between Russian scientists and experts in 
other countries. 
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1.1. Fuel Element Operating Conditions 
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1.1.1. Temperature and Power Conditions of Fuel Element Operation 
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For the TOPAZ in-core thermionic reactor converter design, the fuel element’s 
cladding is also the thermionic converter’s emitter. This configuration allows the 
high temperature required to achieve high emission current density. Previous work 
[l] specified 1300 to 1400°C as minimum temperatures of the emitter at which 
parameters acceptable for a power plant may be feasible and provided charac- 
teristic temperature/power operating conditions for oxide fuel within different type 
fuel. elements. Table 1.1 compares the characteristic operating conditions for 
pressurized-water-reactor (PWR) fuel elements and thermionic fuel elements. 

Figure 1.1 shows the dependence of specific output electrical power on 
emitter temperature [2] for thermionic converter designs being developed at RI 
SIA “Lutch”. As shown in the figure, output power grows almost linearly with 
elevation of the emitter temperature. However, raising the emitter temperature is 
limited by currently available structural and fuel materials. The aggregate of 
research results available suggest that to secure a long life, the emitter units’ 

Table 1.1. Characteristic operating conditions for PWR and thermionic fuel 
elements [l] 
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Figure 1.1. Specific power of TFE vs. temperature of emitter: 
a) a single-cell TFE; 
b) a multi-cell TFE. 
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temperature and mean specific output power of the converter must be restricted to 
values of 1800°C and 5 W/cm2 [3]. 

Key operating parameters of TFEs, already developed and being designed at 
RI  SIA "Lutch," are listed in Table 1.2. The temperature and power parameters of 
these TFEs lie in the middle of ranges given in Table 1.1 for operating 
temperatures and specific electrical power of thermionic fuel elements. 

Table 1.2. Basic characteristics of single and multi-cell TFEs developed and being 
designed at RI SIA "Lutch" [2] 

1.1.2. Need for Ventilation of Fuel Elements of Thermionic Converters 

A major requirement for reactors of nuclear power systems in space applica- 
tions is the minimally feasible Qverall size and mass of such a reactor [4]. An 
adverse effect on the reactivity balance w i t h  the in-core type reactor-converter is 
exerted by the presence in the core of a greater number of structural materials 
(emitter, collector, spacers, insulation, commutation elements, etc.), as compared 
to reactors for terrestrial power plants. To compensate for this effect, a high- 
density, high-enrichment fuel appears to be necessary. Uranium dioxide with a 
density of over 95% of theoretical and enrichment of 90% U235 is routinely used 

In addition, a high temperature causes the structure of all or a significant 
portion of the fuel to convert to a column-type structure [l], characterized by 
much greater release of gaseous fission products (GFF) in comparison to as- 
fabricated fuel with equiaxial grain structure. These circumstances eliminate free 

121. 

3 



space sufljicient to retain the GFPs within the thermionic fuel elements under 
tolerable pressures. 

Estimates show that, for a fuel element with a cladding temperature of 1900 
'K, yearly b m u p  of 3-102O fissions/cm3, and a central cavity space constituting 
20% of the fuel element volume, the GFP pressure widin the gas-tight cladding 
equals 10 MPa [l], which may cause an intolerable radial deformation of the 
cladding. Hence, thermionic fuel elements demand ventilation of the inner cavity 
of the fuel element., which complicates the "E structure, specifically for exhaust 
systems in multi-cell TFEs. In the latter case, building a gas vent line throughout 
all the TFEs calls for fabrication of a large number of gas-tight high-temperature 
ceramic-metal units within the TFE core, which impairs tightness, extends the 
distance between fuel elements, and spoils the neutron physical parameters. There 
is a possibility of use of a TFE with communicating or partially separated fuel- 
element and inter-electrode gap (IEG) cavities, which substantially simplifies the 
design [2]. However, in this case the fuel element is an abundant source of IEG 
contamination. GFPs, residual gases from the fuel and structural materials, and 
products of fuel decomposition and of chemical reactions with the fission 
fragments pass through the IEG. In the fuel element version with partial 
separation of the fuel-element and IEG cavities, GFPs are also removed via the 
IEG, but the GFPs first pass through relatively cold channels within the collector 
body. Some components hazardous to the IEG, e.g., Cs2CaO3, are deposited on 
the channel walls. On the other hand, given communicating fuel-element and IEG 
cavities, the IEG gas atmosphere extends to the fuel element's inner cavity. 
Having a high chemical reactivity, cesium can attack some fission products, as 
well as some fuel compositions, and take part in the mass-transfer processes. This 
question is considered in Chapter 3. 

1.1.3. Reactor Types for the Thermionic NPS and Reactors for TFE Tests 

Reactor types for thermionic power plants developed in Russia have been 
described by Ponomarev-Stepnoy [5]. For plants of small power (up to 100 kW 
output electrical power), the developments are conducted on the basis of a small 
power reactor with zirconium hydride moderator. In such reactors, which have in 
their core a significant amount of the moderator and structural material, heat is 
emitted mainly through fission processes induced by thermal and intermediate 
neutrons. 

Until now this research trend has taken priority, and here most results have 
been achieved. The recommended volume of such reactor cores is restricted to 
80 1 or less, since, given the converter's optimal design, these reactors will have a 
core volume comparable to or even exceeding the core volume of a fast neutron 
reactor-converter of minimum critical size [3]. That is why thermionic systems 
with power over 100 kW are developing on the basis of the fast reactor. 
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TFEs are experimentally tested in loop channels, usually'in research reactors 
having a thermal neutron spectrum rather than the epithermal spectrum typical of 
the TOPAZ concepts. The difference in spectrum may strongly distort the power 
and temperature distribution within fuel elements; consequently the variation in 
U235 enrichment has been studied as a means to correct this problem. This 
problem is considered in Chapter 4. 

Another essential distinction between fuel-element operating conditions in the 
reactor-converter and in the loop channels of research reactors is the different 
character of these reactors' operation mode. The thermionic reactor-converter is 
usually exploited either in the steady-state mode or at a small number of power 
alterations during its lifetime. In research-reactor operation, because of the large 
number of concurrently performed experiments during TFE tests, many power 
changes and reactor shut-downs take place. This power cycling is one possible 
cause of the emitter deformation [l], and its contribution must be taken into 
account in analyzing the results of TFE loop tests in research reactors. 

A distinctive feature of operating conditions of reactors for space N p S s  is a 
strong vibrational effect upon them during launch. Ceramic elements, specifically 
fuel pellets, undergo the most destruction. In land-based operation, vibration is 
absent; therefore in the course of the development of space reactors, the system 
and its individual elements are subjected to vibration tests. Results of fuel pellet 
vibration tests are considered in Chapter 5. 

1.2. Design Schemes and Choice of Fuel Element Basic Dimensions 

1.2.1. Fuel Element Designs for Single and Multi-Cell "ES. Analysis of 
Their Merits and Disadvantages 

The most consistent and detailed analysis of concepts for single-cell and 
multi-cell TFEs of the thermionic NPS [2] provided the TFE design schemes 
presented in Figure 1.2. The main difference between the two designs is that the 
single-cell TFE electrode length equals the core length, i.e., the TFE contains one 
fuel element and one converter, while in the multi-cell TFE several relatively short 
fuel elements and converters connected in series are stacked together along the 
core length. For the same current through the circuit of converters connected in 
series, the multi-cell TFE output voltage equals the s u m  of individual converter 
voltages and, as seen from Table 1.2, substantially exceeds the single-cell TFE 
output voltage. Thus, the same output power in the single-cell TFE requires much 
higher currents than in the multi-cell TFE. Because ohmic losses increase 
proportionally to the current squared, at high current levels the losses become 
comparable to the output power. In spite of these restrictions on single-cell TFE 
use, to date it is advisable to apply the TFE single-cell design to the thermionic 
N P S s  of electrical power up to 50 kW [2]. This is because the single-cell design 
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Figure 1.2. Construction diagrams of TFEs [2]: 
a) a single-cell TFE; 
b) a multi-cell TFE. 
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has a number of tangible advantages over the multi-cell design, chiefly the 
separation of the fuel-element and IEG cavities, which ensures stability of the TFE 
output parameters over the course of its We. One of the key problems in a long 
life-GFl? removal from the fuel element inner space using the fuel stack’s central 
channel with no dedicated gas-exhaust devices-is easily solved. 

Another important advantage of single-cell design is the fiee access to the 
inner cavity of the single-cell TFE emitter, which significantly simplifies fabrica- 
tion, testing, and operation. In tests, it is possible to test the TEC design in a 
testbed with electric heating of the emitter. It is possible to perform thermal 
treatment of the TFC in a vacuum at emitter operating temperatures and to check 
its gas-tightness and output heavelectric parameters during rnandacturing to 
improve quality control. Fabrication, installation, and transportation of the reactor 
and NPS as a whole are simplified by the absence of fuel pellets in the TFE 
emitter cavity at these stages. The pellets may be assembled within the N P S  
immediately before preparing a spacecraft for launch. Finally, the reactor needs 
no additional fuel elements to adjust reactivity. 

These advantages were used in creating the TFE of the TOPAZ-2 reactor, 
which was developed and tested using electrically heated testbeds, in-pile loop 
experiments, and tests in experimental reactor-converter cores. The overall merit 
of the single-cell design is shown by the longest operation with stable parameters 
having been achieved in a single-cell TFE reactor. 

The TOPAZ-2 TFE Wetime forecasted fiom these results is not shorter than 3 
years, Investigations have shown that improvement of the fuel constituent alone 
will allow lifetimes up to 5 or 6 years. The experience gained in the course of 
creating this TFE has revealed the margins of power potential for the single-cell 
electrogenerating channel. On this basis, a TFE design for a “TOPAZ-3” reactor of 
electrical power up to 40 kW has been developed. The main parameters of the 
TOPAZ-3 TFE are provided in Table 1.2. 

1.2.2. Choice of Fuel Elements’ Basic Dimensions 

The most complete data on optimal geometric dimensions of the thermionic 
fuel elements were obtained using multi-parametric optimization [6]. Several 
factors were simultaneously optimized emitter length and diameter; thicknesses of 
emitter, collector, and insulation; commutation jumper’s cross-section; operating 
voltage as restricted by the need to provide the system criticalityy and practical 
limitations on fabrication. Formulas for calculation of the fuel element parameters’ 
optimal values have also been given by Sinyavsky et al. [7]. 

The reactor-converter’s basic characteristics-core volume, fuel load, overall 
emission area, and emission area per unit core volume-are to a crucial extent 
governed by the TFE radial dimensions, since the fuel stack’s and structural 
materials’ fractions in the core are functions of fuel-stack diameter and the emitter 



and collector thickness. Griaznov et al. [3] concluded that the emitter units' 
optimal diameter-to meet all the life-related demands on the channel design- 
must be chosen considering a number of conditions: 

reactor's critical size close to minimally feasible for emission areas up to 1 m2 
in the thermal neutron reactor-converter, taking into account required margins 
of reactivity; 
minimum critical size of fast neutron reactor-converter; 

0 specific area of emission as large as possible. 
Andreev et al.3 work [SI in optimizing the TFE radial dimensions also takes 

into consideration the core structure: moderator fraction; fuel porosity; coolant 
fraction in the core; and contribution of commutation. As a result of their 
investigations they concluded [SI that, at output power up to 300 kW and value of 
the emission area up to 10 m2, the optimal (i.e., meeting the considered conditions 
in the best way) radial dimensions of a TFE for both themal neutron and fast 
reactors, have the following ranges: 

where: dp - diameter of fuel pellets; 
dem - diameter of emitter; 
d m  - diameter of TFE. 

At higher output reactor power it is necessary to turn to smaller radial dimen- 
sions. According to Griaznov et al. [3], at high electrical power, seeking a 
maximum area of emission becomes crucial in the choice of the radial size, i.e., a 
minimum feasible diameter of the emitter unit is necessary, which appears to be 10 
to 12 mm. For the TFE versions under development at RI SIA "Lutch", the radial 
size stays as a rule within the above-mentioned ranges for the optimal size. 
Maintaining the basic TOPAZ-2 TFE design scheme, with the objective of 
increasing power and lengthening life, only the emitter thickness has been 
modified considerably. Thus, in the transition fiom the TOPAZ-2 TFE to the 
SPACE-R reactor TFE, the emitter was thickened from 1.15 to 2.3 mm [SI. The 
inner diameter of the emitter prototype for the SPACE-R TFE, made in 1994, is 
17.3 mm, as in the TOPAZ-2 TFE [9, 101. 

The choice of number and lengths of fuel elements in the multi-cell TFE is 
made on the basis of optimizing the thermal and electrophysical calculation of 
TFE as a whole [7]. 
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1.3. Causes of Fuel Element Failures and Methods for Eliminating Typical 
Failures 

The thermionic nuclear power system is a complex system operating under 
conditions of high temperatures and hadiation: In the face of strict weight/size 
limitations and reactor criticality requirements, ensuring reliability using 
traditional design decisions and materials often turns out to be impossible. The 
primary path to securing long operability is, in this case, the development of new 
design solutions and structural materials. This discussion will encompass ody  
those failures that are immediately linked to the fuel element. The major failure 
mode connected with the fuel element is the emitter-to-collector short circuit. The 
short circuit occurs when radial deformation of the emitter is comparable to the 
IEG value, usually not exceeding 0.5 mm. 

The second malfunction type may be failure in the cladding integrity provoked 
by a chemical reaction with fuel, fission products, and cesium. 

The third TFE malfunction type immediately linked to fuel-element operation 
is degradation of voltage/current characteristics under the effect of fuel 
components, i.e., impurities contained in fuel and fission products. Such a 
malfunction may develop when the fuel element cladding becomes permeable to 
harmful components or when the fuel-element and IEG cavities communicate with 
each other. 

1.3.1. Fuel Element Deformation under the Effect of Pressure Loading of 
GW Released by Fuel 

Axial and radial temperature non-dormity along the fuel stack cause fuel- 
material transfer, which tends to form a central cavity with an isothermal surface. 
Release of GF'Ps into the cavity formed leads to internal pressures building up to 
levels that result in deformation of the claddingy even when high-temperature 
materials are used for the cladding [I, 11,12, 131. Traditional ways of solving this 
problem by using a compe&ation space, increasing the cladding thickness, or 
reducing the cladding temperature prove to be inefficient because of the high 
cladding temperature requirements and rigid restrictions on fiee volume and 
structural-material volume. These circumstances, as noted in Section 1.1.2., bring 
about a need to ventilate the fuel element's inner space. Creation of a gas-exhaust 
system, however, substantially complicates the fuel-element design. An important 
portion of the following sections is dedicated to design choice and substantiation 
of the gas vent device, because as a practical matter the trouble-fiee operation time 
of the fuel element coincides with the operation time of the gas-exhaust system. 
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1.3 -2. Fuel-Element Deformation under the Influence of Fuel Swelling 

Fuel-element deformation because of fuel swelling has been characterized as 
the most serious reason for fuel-element geometric instability [l]. Fuel swelling 
under the effect of solid and gaseous fission products leads to fuel-volume 
expansion, causing cladding deformation if fiee space is not available. Even if 
fiee space is present, cladding deformation can occur if the fuel stack's resistance 
to creep exceeds the cladding creep resistance. Unlike power reactor fuel 
elements, a gap between the fuel and the cladding does not function as a 
compensating space, because at high fuel temperatures the gap fills quickly with 
fuel condensate. The most efficient technique for reducing the cladding 
deformation induced by fuel swelling is expansion of the free volume within a fuel 
element up to maximum permissible values and simultaneous strengthening of the 
fuel-element cladding. In aggregate these measures can redistribute the fuel 
swelling into the fuel-element fiee space. Fuel-element deformation under the 
effect of swelling is considered in Chapters 3 and 4. 

1.3 -3. Non-Irradiation Deformation of Emitter 

Some known emitter-deformation mechanisms are not connected with fuel 
irradiation. Several investigators described the emitter-deformation mechanisms 
resulting from reactor power cycling [l, 13, 14, 151. These deformations are 
caused by the difference in thermal expansion between fuel and cladding. In 
thermionic fuel elements, because of the high temperature, the gap between fuel 
and cladding fills with fuel condensate, and the cladding is in contact with the fuel 
stack. Raising the power increases the fuel-stackkladding temperature. Due to a 
higher coefficient of U02 expansion, as well as to higher fuel temperatures, 
cladding deformation occurs, including inelastic deformation. When returning to a 
previous power, a gap may form, which during the next period of steady-state 
operation fills again with fuel condensate. Repeated power cycling will bring 
about permanent accumulation of cladding radial deformation by this mechanism. 
The deformation can also take place under thermocycling with a small amplitude, 
during which the fuel stack does not detach from the cladding [14, 151. This 
question is considered in Chapter 5.  

1.3.4. The Compatibility of Structural Materials with Fuel 

The compatability of structural materials with fuel composition is necessary 
for securing a long life of the fuel element. As long ago as the early 1970s, 
investigations at RI  SIA "Lutch" showed that, for practically all fuel types, single- 
crystal molybdenum and tungsten and a number of single-crystal alloys based on 
these metals are the best cladding materials [ 11. 
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Tungsten possesses higher strength and emission characteristics. When 
molybdenum is used, the emitter surface is applied with a single-crystal tungsten 
coating to improve its emission parameters. However, because of a large cross- 
section for thermal-neutron capture by natural tungsten, the W184 isotope, which 
has a small thermal-neutron-capture cross-section, must be used as the cladding 
material. As a result of the investigations, an emitter was built for the TOPAZ-2 
single-cell TFE on the basis of a single-crystal alloy of molybdenum, coated with 
single-crystal tungsten. An emitter based on single-crystal tungsten alloys was 
created for the multi-cell TFE. These TFE tests did not reveal any interaction 
between the oxide fuel and the emitter. 

Still more rigid conditions relate to structural elements located within a fuel 
element, e.g., the gas-exhaust system, for which tungsten and its alloys are used. 
Free oxygen is always present in the gaseous phase over the oxide fuel. Tungsten 
oxidation on the open surface and tungsten oxide's quick evaporation may induce 
rapid failure of the gas-exhaust system. Gontar et al. [17] studied the influence of 
uranium-dioxide composition on gas-exhaust-system workability. They inferred 
that a hypostoichiometric fuel of U01.995 composition at a 2000°C temperature 
does not significantly enhance the tungsten evaporation rate. Under the same 
conditions, in a gas environment over UO2.005 fuel, the tungsten evaporation rate 
grows by almost six orders of magnitude, which can cause rapid failure of the gas- 
exhaust system. Thus, use of the hypostoichiometric fuel is expedient to provide 
long gas-exhaust system operability. 

1.3.5. Influence of Fuel and Fission Products on Electrical Parameters of the 
Converter 

A reactor-converter contains several sources of IEG contamination. The most 
important of these is the fuel element, which generates in the course of operation a 
wide spectrum of uranium fission products; the fuel element also appears to be a 
source of contaminants fiom fuel materials and impurities contained in fuel. In 
thermal neutron reactors, the IEG may contain a significant amount of hydrogen 
released fiom the moderator. Koryukin and Obrezumov [18] noted that the 
impurities' greatest effect on TFE parameters is the transfer and deposition of the 
impurities and emitter material onto the collector, causing a tangible change in the 
latter's characteristics. Given substantial thickness of the deposited layer, an 
additional resistor joins the electric circuit, deteriorating the converter parameters. 
In addition, flaking of the coating can lead to a short circuit between the emitter 
and the collector. In reviewing the mass transfer into the IEG in Chapter 3, it will 
be shown that intensity of the mass transfer in the IEG is mainly connected with its 
content of oxygen, hydrogen, and cesium. . 

Another important factor is the negative influence of some impurities on the 
electrodes' emission characteristics. As a rule, the presence of impurities results in 



collector work-hction increase and output-voltage reduction. It is known that 
some electronegative additions such as oxygen or fluorine exert a positive effect 
on the voltage-current characteristics of the converter [19]. But as previously 
noted, these additions also cause the chemical transport reaction. Baksht et al. 
[19] also examined the influence of a large number of both electronegative and 
electropositive additives on converter operation. 

Among the additives adversely affecting the electrodes' work function is 
carbon, which is present in a considerable amount as an impurity of uranium 
dioxide. Carbon is a gas-forming impurity and is present as CO and C02 in a 
substantial concentration in gaseous phase. Nikolaev et al. [2] emphasized a 
particular role of carbon, i.e., if deposited on the insulators it can provoke 
electrical leakage and even short circuits. 

The inert gases hydrogen and nitrogen contained in the IEG in significant 
amounts may exert an effect on electrical current in plasma [21, 221, but an 
unfavorable influence only results under appreciable pressure of these gases. With 
hydrogen pressure increase, the output voltage decreases ' linearly by 0.1 1 V/gPa 

The gaseous impurities within the IEG alter the gap's thermal conductivity and 
can bring about extra heat losses, thus decreasing the converter's efficiency. The 
effect of the inert gases He, Ar, and Xe on the E G  thermal conductivity has been 
studied by Modin et al. [22], who pointed out that under -100 Pa gas pressure and 
constant heat flux delivery, the emitter temperature decreased by some tens of 
degrees. 

The data given confirm the necessity for undertaking measures to reduce IEG 
contamination. In the course of creating the reactor-converter, RI SIA "Lutch" had 
developed and put into practice a number of measures aimed at the reduction of 
impurities in the IEG. 

One way to lower the gaseous hydrogen concentration in the reactor is by 
applying a coating with low hydrogen permeability to zirconium hydride [16]. 
The release rate for hydrogen was reduced by 4 to 6 orders of magnitude. 
Encapsulation of the hydride in an oxidizing medium additionally decreased 
hydrogen evolution by 4 to 5 times. 

A drastic measure to restrict the penetration of fuel components, fission 
products, and fuel impurities to the IEG had been transition from polycrystal to 
single-crystal cladding of a fuel element. The transition from the polycrystal 
cladding materials to single-crystal reduces uranium release into the IEG by 2 to 3 
orders of magnitude [16]. 

As long-term tests in experimental nuclear cores showed, the above measures 
provided stability of the single-cell TFE's current voltage characteristics. A similar 
situation exists for the multi-cell TFE with isolated cavities of the fuel element and 
IEG. Nikolaev et al. [2]. expressed the opinion that a long operability may be 
achieved for a TF'E with communicating cavities when using oxide fuel, because 

[201- 
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oxygen in small amounts is not hazardous to the converter operation and, by 
actively oxidizing the fission products to their less volatile state, aids in their 
retention within the fuel-element cavity. A key problem in this case is the oxide 
fuel purification of the carbon impurities. Questions concerning degassing of the 
oxide fuel are reviewed in Section 2. Continuous cesium pumping through the 
IEG, efficient removal of gaseous products fiom the E G  using diffusional 
processes, and magnetic pressure influencing the cesium plasma under TFE 
conditions, have also been suggested for use of TFE with communicating cavities 
PI. 
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CHAPTER2 

DATA ON PROPERTIES OF MATERIALS USED AND RELATED 
FABRICATION PROCESSES 

The creation of highly efficient TFEs with long life and stable output 
parameters (e.g., TOPAZ-2 NPS [l]) was to a signjjicant extent feasible only as a 
result of development and implementation of fabrication processes for producing a 
number of new materials. These materials meet a wide domain of comprehensive 
and strict requirements specified for their properties; the materials include new 
high-temperature emitter materials, new modifications of nuclear fuels optimized 
for structure and composition, electroinsulating materials, and others. The results 
of work dedicated to creating the materials and investigating their properties are 
considered below in more detail. 

2.1. Emitter Materials 

2.1.1. Emitter Material Requirements 

Among the diverse materials applied to thermionic electrogenerating channels 
of the “in-core” type, the strictest requirements are specified for the emitter 
material. These requirements are determined by the functional purpose and 
operating conditions of a given TFE unit. The primary requirements are these: 

high vacuum work function, to optimize the TFE electrical parameters; 
low emissivity, specifically under low current density, to reduce heat losses 
onto the collector and heighten TFE efficiency; 
small cross-section of thermal neutron capture, to minimize the size and mass 
parameters of a thermal reactor, or, if strict restrictions to this NPS parameter 
are absent, for fuel-element design optimization feasibility; 
compatibility with cesium vapor and fuel material and its low diffusional 
permeability in relation to fuel and fission products, to ensure the stability of 
emission and strength parameters in time; 
low saturated vapor pressure and resistance to chemical transport reactions, to 
reduce material transfer to d e  anode; 
high mechanical resistance to loads exerted by fuel, and especially a low creep 
rate under mechanical stresses arising in d e  emitter because of interaction with 
the swelling fuel stack; 
low temperature of brittle-ductile transition point and ease of manufacture; i.e., 
the plasticity margin, at operating temperatures, must be adequate to provide a 
maximum tolerable emitter deformation with no destruction of it; 
resistance to the vacancies-induced swelling in fast neutron flux; and 



low electrical resistance. 

2.1.2. Emitter Material Properties 

Because of the high temperatures (see Chapter l), only molybdenum, 
tungsten, and their alloys were adopted in practice as emitter materials for 
thermionic electrogenerating channels in Russia and the United States. But, unlike 
the United States, where most development and study has been on polycrystal 
materials and age-hardened alloys, RI SIA "Lutch" developed a fundamentally 
Werent approach to creating the refjractory emitter materials. The organization 
has developed single-crystal molybdenum and tungsten alloys that are unique in 
their properties. The chronology of the development of emitter single-crystal 
materials at RI SIA "Lutch" is given in Table 2.1. 

The single-crystal materials were preferred even at early stages of develop- 
ment, and molybdenum emitters with tungsten coating were already used in the 
early phase of the single-cell TFE work. A single-crystal alloy based on molyb- 
denum with 3% mass niobium had found its application to TOPAZ-2 TFEs and 
successfully withstood land-based tests in a reactor-themionic converter assembly 
for -1.5 years. For higher temperature and power systems with much longer life, 
high-temperature tungsten single-crystal alloys had been developed and introduced 
into practice. 

The single crystal materials were preferred for the following reasons [ 11: 
absence of re-crystallization, which provides structural and property stability in 
the entire range of TFE operating temperatures; 
low temperature of brittle-ductile transition point and, consequently, better 
fabrication properties; 
anisotropy of electron work function and mechanical properties, which enables 
use of the material's best parameters. 
Let us now compare material properties for single and polycrystal emitters. 
The defhition of "single-crystal material" is an issue of discussion in the 

literature, which necessitates an explanation of the criteria for single crystallinity 
accepted at RI SIA "Lutch." There exists for molybdenum, tungsten, and their 
alloys a crucial value of disorientation angle, at which a sharp transition of the 
material from the ductile to brittle condition occurs [2]. Figure 2.1 shows the 
influence of disorientation angle at the molybdenum bicrystal interface on its 
impact ductility and bending angle. The value of "critical" disorientation depends 
slightly on the crystallographic orientation and is -6 to 9 degrees. The critical 
disorientation angle values obtained were accepted as the criterion for material 
monocrystalljnity. Investigations had ascertained that some other materials' 
characteristics are linked to the disorientation level in the subgrain boundaries. 
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Figure 2.1. Influence of disorientation angle (9) on impact ductility ( a d  and 
bending angle for Mo bicrystals of various orientations [2]. 
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Table 2.1. Emitter-materials development chronology at RI SIA "Lutch" [ 11 

- Material 3 years (experiment) 10years (forecast) 
3 - 1 0-8 g-at/cm2 Single Crystal 1 - 1 0-7 g-at/cm2 

Polycrystal 6- 10-6 g-at/cm2 2.10-5 g-at/cm2 

I No. I Emitter Material I years of DeveloDment 

Figure 2.2 and Table 2.2 contain data characterizing the uranium penetration 
into a cladding of poly- and single-crystal molybdenum [l]. As shown, uranium 
penetration into single-crystal molybdenum is not less than two 'orders of 
magnitude lower than into polycrystal material. 

molybdenum and tungsten. Maximum work function (both for molybdenum and 
tungsten) is related to (110)-faces, i.e., to sdaces  with the densest atomic 
packing. In this case, the work function of single crystals is higher than that of 
polycrystals by -0.5 eV. The single-crystal molybdenum work function for the 
most efficient (110)-face is higher by almost 17% than that of a polycrystal of the 
same chemical composition [4]. Pursuant to diverse data, the work function for 
the single-crystal molybdenum (110)-face is 4.9 to 5.1 eV, and for single-crystal 
tungsten, -5.3 eV [4]. 

Table 2.3 provides the work function values for poly- and single-crystal . 

Table 2.2. Amount of uranium having passed through 1 mm-thick 
molybdenum cladding at 1650°C [I] 
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Figure 2.2. Uranium distribution in single and polycrystal molybdenum after 
tests in contact with U02.002 at 1650°C for 1.5 years [l]. 
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Table 2.3. Work function of poly/single crystal molybdenm and tungsten [3] 

Orientation Yield Strength Strength, oB, Relative 

<110> 275 360 100 
411> 285 380 68 

OTY MPa MPa Constidion, \v % 

To guarantee long lifetime and minimum heat losses, the emitter material must 
also have a minimum evaporation rate and low emissivity. These parameters for 
single and polycrystal molybdenum have been compared [4]. The absence of gain 
boundaries in single crystals, where the interatomic bonds are weakened, provides 
a lower rate of material evaporation. Mikhailov et al. [5] showed experimentally 
that the single-crystal molybdenum evaporation rate at 2073 K in a 7.10-4-Pa 
vacuum is about two times lower than for polycrystal. The values of emissivity 
almost coincide for single and polycrystal molybdenum [4]. 

Ismailov [6] compared some of the mechanical characteristics of single-crystal 
molybdenum to those of high-purity polycrystal molybdenum. For single-crystal 
molybdenum, the orientation impact on the short-time strength parameters had also 
been studied. Tensile-test results are provided in Figure 2.3 and Table 2.4. 

The results allow several inferences. First, the single-crystal molybdenum’s 
maximum strength is associated with the 4 1  l>-direction (see Table 2.4). Second, 
as to the short-time strength parameters (yield strength, see Figure 2.3), the 
single/polycrystal difference is insignificant. However, an essential difference in 
the materials’ destruction behavior is noted. The single-crystal specimens had a 

Relative 
Elongation, 6, % 

39 
20.5 

Table 2.4. Mechanical characteristics of single-crystal molybdenum at 20°C 
(sample loading rate s=2.38.10-4 c-1) [6] 
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Table 2.5. Properties of Mo single crystals fabricated through RI SIA "Lutch" 
technology [l] 

NO. Parameter 
1 Subgrains Disorientation Angle, " 
2 Specific Electric Resistance at 2OoC, 

Ohmm 
3 Thermal Conductivity at 2OoC, W/mK 
4 Workction at (1 10)-Face, eV 
5 Conventional Yield Strength, MPa 

Value 
< 2  

(5 .0-5.5). 1 0-8 

160 to 170 
5.0 

- at 20°C 

6 

I I 
- at 160°C 

Temperature of Brittle-Ductile Transition 
Point, "C 

10 to 12 
< -100 

plastic character of the destruction over the entire range of temperatures under 
study, 573 K to 77 K, but over the temperature change fkom 573 K to 200 K, the 
polycrystal molybdenum destruction behavior changed from plastic to brittle m e .  

The comparison of thermal conductivity and specific electric resistance for 
poly- and single-crystal molybdenum samples fabricated at RI SIA "Lutch" shows 
these characteristics to coincide with each other [7]. 

Thus, on the aggregate of the data considered above, the single-crystal molyb- 
denum is obviously preferred to the polycrystal material. 

The primary thermal and mechanical characteristics obtained for the single- 
crystal molybdenum specimens fabricated at RI SIA "Lutch" are given in Table 2.5 
c11. 

However, single-crystal molybdenum is notable for its comparatively low 
high-temperature strength. Its creep rate is inferior to polycrystal molybdenum by 
about one order of magnitude [l]. In this connection, RI SIA "Lutch" reviewed 
various ways to strengthen this material, e.g., application of a tungsten coating to 
the single-crystal molybdenum surface [S, 91. Figure 2.4 contains data on tensile 
tests of annular specimens made from a MOmono-Wmono bimetallic tube [SI. The 
overall tube wall thickness was 1.55 mm; the single-crystal tungsten coating 
thickness reached 0.15 mm. As shown, the short-time strength parameters of the 
bimetallic specimens are about 2 times higher than those of single-crystal molyb- 
denum. The dependence of these parameters on the tungsten coating thickness and 
test results on the effect of this characteristic upon the creep rate are shown in 
Figures 2.5 and 2.6. 
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Figure 2.6. Bimetallic tube steady- 
state creep rate vs. 
relative thickness of 
tungsten coating [9]: 
1 - G = 10 MPa; 
2 - 0 = 20 Mpa. 



The strength substantially increases with an increase of the relative thickness 
of the tungsten coating (hW-poly~Mo-mono+W-poly). A sharp reduction of the 
samples’ creep rate is also observed; e.g., in the 1650 to 1800°C temperature range 
and under 10 to 20 MPa stresses, the creep rate decreases by -2 to 4 orders of 
magnitude. 

However, the most effective solution to the problem of strengthening the 
single-crystal molybdenum was found to be alloying. The technique is based on 
solid-solution alloying combined with a single-crystal matrix. This provides high 
stability of the alloys’ mechanical properties over time, while maintaining the 
above-mentioned merits of the single crystal. The resulting single-crystal alloys 
are basically equivalent, in their resistance to creep over a wide temperature range, 
to the best of the known polycrystal alloys [lo]. 

Let us now consider some of the parameters of short-time strength and 
endurance of a single-crystal alloy of molybdenum with niobium dopants, used in 
the TOPAZ-2 fuel element (Mo+3% mass Nb[ll]). Figures 2.7 and 2.8 represent 
dependencies of yield strength (00 2) on temperature and niobium content. The 
tests were performed at a rate of active clamp movement of -2mm/min. 

Yield strength increases almost linearly with niobium concentration (for a 
concentration range of 3 to 12% mass Nb) and is, for (Mo+3% mass Nb) <110>- 
oriented alloy at T=16OO0C, - 60 MPa (see Figure 2.8). 

The ultimate strength (q) value for the single-crystal alloys of the (Mo-Nb) 
system with niobium content 23% mass, at the test temperatures of 1500 to 
18OO”C, are given in Table 2.6. Values of q for non-alloyed single crystal 
tungsten are also provided. 

A comparison reveals that, from the viewpoint of the short-term strength, 
“Lutch”’s (Mo-Nb) molybdenum alloys are considerably superior not only to the 
non-alloyed single crystal molybdenum (see, e.g., Table 2.4) but also to a stronger 
high-temperature material such as non-alloyed single-crystal tungsten. 

A substantial increase in the material creep resistance is achieved as a result of 
alloying the single-crystal molybdenum. Figures 2.9 and 2.10 contain the creep 
curves for the single crystal molybdenum and its alloys [ 131. 

Alloy MO-3% Nb Mo-6.5% Nb 
Strength, T= 1500OC 75 140 

T=ZOOOOC 40 90 
OB, T=lSOOOC 60 

Table 2.6. Comparison of material strengths [ 121 
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crystal 4 1 l>-oriented Zi.UOy MO-3%Nb 
molybdenum under 6 
MPa stress [13]. 

26 



The creep of single-crystal molybdenum is characterized by appreciable 
instant deformation and presence of a transient stage. For the alloy, the creep 
deformation in these stages constitutes only an insignificant part of total 
deformation. A considerable reduction of the creep rate in the phase of steady- 
state material creep is also achieved by alloying. 

The comparison of steady-state creep for the single-crystal molybdenum and 
p o + 3 %  mass Nb) alloy is given in Figure 2.11 [13]. The single-crystal alloy's 
steady-state creep rate is 3 to 3.5 orders of magnitude lower than that of the non- 
alloyed molybdenum. 

Molybdenum single-crystal alloys obtained through solid-solution hardening 
are effective over a wide temperature range. They are, as for their creep resistance 
at 1600 to 19OO"C, competitive not only with molybdenum polycrystal alloys but 
also with tungsten and its traditional alloys. For example, the non-alloyed 
tungsten and W-Re, W-Re-Mo alloys are usually used in the USA as thermionic 
fuel-element cladding at temperatures in excess of 1500°C. There is also the 
possibility of using other high-temperature alloys such as W-23.4%Re-HfC, W- 
HfC, W-2%Th02, and W-4%Re-HfC. Of molybdenum alloys, TZM (Mo- 
0.5%Ti-0.09%Zr-O.O3%C), Mo-Re, Mo-lO%W-2%Re-HfC, and others are under 
consideration. 

A comparison [lo] had shown, for the single-crystal alloys of molybdenum 
developed at RI SIA "Lutch", that the creep rate is lower by about one order of 
magnitude than that of Mo-Re, TZM, as well as Mo-0.5 HfC (see e.g. [13, 141). ' 

But it is especially interesting to compare molybdenum single-crystal alloys to 
tungsten materials having about twice the density and less workability. Figure 
2.12 shows stresses causing a 1% deformation during 1000 hrs at T=165OoC for a 
number of tungsten materials and Momon01 and Momon02 single-crystal alloys 
[ l o l a  

The molybdenum single-crystal alloys possess superior creep characteristics 
compared with tungsten polycrystal and with a number of alloys based on it (e.g., 
W-5Re, W-26Re). At temperatures in excess of -17OO0C, the molybdenum 
single-crystal alloys also withstand comparison to some age-strengthened tungsten 
alloys, e.g., to W-23.4%Re-HfC [lo]. So, for example, at 165OoC, the stress 
causing a 10-6s-1 creep rate is -46 MPa for MN3 [13] and -53 MPa for W- 
23%Re-O.27HfC [15]. When niobium concentration increases to, e.g., 6 to 8% 
mass, the single-crystal molybdenum alloy is already superior to the considered 
tungsten alloy for this parameter. 

As already noted, for high-power TFEs with a lifespan of 7 to 10 years, RI 
SIA "Lutch" has developed single-crystal tungsten alloys. To date, they are 
included in a group of materials with the highest creep resistance. Figure 2.12 
shows that, given stresses that generate a 1% deformation at 1650°C for 103 hrs, 
the single-crystal tungsten alloys are 3 to 5 times superior to non-alloyed tungsten 
and its alloys with rhenium. Use of the single-crystal tungsten alloys instead of 
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Figure 2.11. Stress dependence of steady-state creep rate at 1650°C for single- 
crystal molybdenum and (Mo-3% mass Nb) alloy [ 131: 

1 - MO-3%NbY <I 1 I>; 
2 - MO-3%NbY <11O>; 
3 - Mo, <111>. 
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Figure 2.12. Stresses causing 1% deformation for 1000 hrs at 1650°C [lo]. 
Wcvd - Tungsten produced by chemical vapor deposition 



polycrystal tungsten allows either prolongation of the TFE life or, at the same 
lifetime7 significant elevation of the emitter temperature, by -200 to 250°C [lo]. 
Such temperature elevation, pursuant to our American colleagues' estimates, 
should allow a reduction of reactor-plant weight by -40% [lo]. Moreover, the 
single-crystal tungsten alloys are much stronger at high temperatures than the age- 
hardened polycrystal alloys. As an example, Figure 2.13 contains the creep curves 
for polycrystal alloys of W-2Th02 and W-0.5HfC-0.05C and single-crystal 
tungsten alloys at 1650°C [lo]. 

The single-crystal alloys also are basically equivalent to W-4%Re-HfC7 
currently deemed the best high-temperature material. For comparison, RI SIA 
"Lutch" had conducted tests of one of the tungsten alloys under conditions similar 
to those for W-4%Re-HfC [17]. Figure 2.14 [2] contains creep curves for both 
materials at T=1682"C. 

The single-crystal tungsten alloys' merits also hold at higher temperatures. 
Figure 2.15 compares the steady-state creep rates for these materials at the test 
temperature T=180OoC [ 101. 

Several thermal properties of tungsten single-crystal alloys developed at RI 
SIA "Lutch" are presented in Table 2.7 [ 13. 

In discussing the properties of tungsten and molybdenum single-crystal alloys, 
it is expedient to include questions concerning workability and plasticity of the 
materials. The brittle-ductile transition point (Tba> may serve to some extent as 
the fabrication criterion. 

Nikolaev et al. [lo] compared the above value for our single-crystal alloys to 
polycrystal tungsten and its alloys with rhenium. The latter is used as a plasticizer. 
For the correctness of this comp&son, our alloys' Tbd was measured using a 
procedure used in the USA. A flat specimen was bent with a 4H bending radius 
@=specimen thickness) under three-point loading. The clamp movement rate was 
one inch (2.54 cm) per minute. A temperature at which a 90" bending angle was 
reached without specimen destruction was accepted as the brittle-ductile transition 
point. Comparative data on Tbd are provided in Figure 2.16. 

It was found that for a single-crystal molybdenum alloy Tbd does not rise 
above room temperature. The single-crystal molybdenum alloys are inferior, in 
their low-temperature plasticity, only to alloys with a high content of rhenium, 
e.g7 W-26%Re. The tungsten single-crystal alloys' brittle-ductile transition point 
is much lower than that of the polycrystal alloys (see Figure 2.16). 

Another advantage of the single-crystal alloys is the absence of 
recrystallization [ 101. For the polycrystal materials, the recrystallization point lies 
in the range from 130OOC (for non-alloyed tungsten) to 1850°C (for W-4%Re- 
HfC). As a result of recrystallization of the polycrystal materials, their plasticity is 
reduced over the course of time. This is manifested through an increase of the 
brittle-ductile transition point of the polycrystals after a high-temperature hold. 
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Figure 2.13. Comparison of creep curves for some poly- and single crystal 
tungsten alloys [lo]. 
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Figure 2.14. Creep deformation of W-4Re-0.33HfC polycrystal alloy and single- 
crystal tungsten alloy [2]. 
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Figure 2.15. Comparison of steady-state creep rates for W-4Re-O.33HfC and 
tungsten single-crystal alloy [ 101. 
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Table 2.7. Properties of single-crystal tungsten alloys fabricated 
at R I  SIA "Lutch" [ 11 

NO. 
1 
2 

Parameter Value 
Subgrain disorientation angle, " < 2  

Specific Electric Resistance at 2OoC, 
Ohrmm 

(7.5-8.0).10-8 

3 
4 
5 

6 

For single crystals the increase is not observed. This was verified under more 
rigid conditions than mere annealing. Figure 2.16 also contains Tbd levels for 
specimens of molybdenum single-crystal alloy that has undergone high- 
.temperature creep tests and accumulated a 12% deformation. Deformation and 
high-temperature hold did not reduce the material plasticity margin. 

Thermal Conductivity at 2OoC, W/(mK) 100 to 120 
5.2 Work fbnction for (1 lO)Facet, eV 

Yield strength, MPa 
at 20°C 800 to 1000 
at 1600°C 80 to 120 

Brittle-Ductile Transition Point, "C <20 

2.1.3. Fabrication Process for Emitter Materials 

The use of single-crystal molybdenum, tungsten, and related alloys as emitter 
claddings called for the development of a large complex of new technologies for 
single-crystal production, treatment, welding, etc. 

At RI SIA "Lutch", a fabrication process for single-crystal emitter materials is 
based mainly on two methods [2]: electron-beam zone fusion and chemical 
transport reactions. The former method produces single-crystal materials as rods, 
tubes, and flat ingots. The second method gives tubular and flat articles and 
allows the application of coatings while preserving the single crystal, to obtain 
capillaries, foils, etc. The processing principles for production of single-crystal 
molybdenum and tungsten using these techniques have been considered widely 
enough in both Russian and foreign literature (see, e.g., [S, 18-21]) that there is no 
need for a detailed discussion here. 

In electron-beam zone fusing, the crystals are grown, as a rule, using a seed 
crystal. Therefore, the single crystal's perfection is largely governed, at least near 
the seed, by the latter's quality [22]. 

When obtaining single-crystal products or coatings by the chemical transport 
reaction method, the structural perfection of a deposit is mainly controlled by the 



degree of perfection of the substrate single crystal [21, 221. To obtain single- 
crystal deposits with a minimum number of defects, it is necessary to optimize the 
fabrication process parameters, such as temperature of the substrate, raw materials, 
or vaporizer. Evstyukhin et al. [21] reviewed these parameters' influence on the 
growth rate for large single-crystal deposits of tungsten. The cylindrical deposits 
were fabricated in a quartz reactor with "pseudo-closed'' volume (Figure 2.17). 

The process-adjusted parameters were the substrate temperature and vaporizer 
temperature; the raw material tube is heated by radiation, and its temperature 
depends on the substrate temperature. The obtained growth rate for the (110) and 
(112) faces and total tungsten mass transfer as functions of these parameters are 
shown in Figures 2.18 to 2.20. 

In the development of stronger refractory single-crystal alloys, as compared to 
the non-alloyed tungsten and molybdenum, RI SIA "Lutch" had made a choice 
relating to solid-solution hardening of these materials. This technique is not 
efficient at high temperatures in polycrystals, and given abundant alloying, the 
catastrophic fall of polycrystal plasticity is observed. Nevertheless, solid-solution 
hardening, as shown above, is extremely effective in alloying single-crystal 
materials. Additionally, the method produces superior crystal sbructures, achieving 
disorientation of the blocks (i.e., subgains) of less than several angular minutes. 
This is more difficult to implement for single-crystal refiactory metals [2]. 

2.2. Fuel Materials 

As a rule, uranium dioxide of high density (295% of theoretical) and 
enrichment on U235 in excess of 90% is used as the fuel material for "in-core"- 
type TFEs [23]. This type fuel is used also in the Russian TFEs for TOPAZ-1 [24] 
and TOPAZ-2 [25] N P S S .  

2.2.1. Uranium Dioxide Properties 

Uranium dioxide properties are well known. Its basic thermal and strength 
parameters, subsequently required to compare it to alternative fuel compositions, 
are provided in Table 2.8. These characteristics, to a greater or lesser extent, 
depend on U02 structure, which in turn depends on the manufacturing process 
used in producing the U02. U02 strength parameters are the most sensitive 
characteristics [26], which explains the differences in their values observed in the 
literature. The most important of the characteristics is the creep rate of the fuel, 
which affects the pressure exerted by a swelling fuel upon the emitter. This value 
also characterizes the swelling fuel's ability to be redistributed into the fuel-stack 
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Figure 2.17. Quartz reactor with pseudo-closed volume [21]: 
1 - thermocouple; 
2 - powder of tungsten hexachloride; 
3 - heater; 
4 - vaporizer; 
5-valve; ’ 

6 - rod-shaped heater; 
7, 14 - technological extension-piece and plug; 
8 - sealing joint; 
9 - curzent supplies; 
10 - ground-in joint (quartz); 
11 - substrate; 
12 - raw material; 
13 - sight hole (optical grade quartz). 
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central channel. Thus, the fuel creep rate determines, to a considerable extent, 
TFE lifetime and choice of the emitter material. 

As noted in Chapter 1, a feature of thermionic fuel-element operation condi- 
tions is a high temperature (T214OO"C) at a relatively low power density (qvS300 
W/cm3), as compared to terrestrial power-reactor fuel elements. Under these 
conditions (i.e., at T20.5 melting point and burnup rate 11.1013 fiss. cm-3 s-I), 
U02 in-pile creep is governed by the thermal constituent, since the irradiation 
effect is very slight (e.g., [27, 281). For this reason, the subsequent discussion is 
restricted to out-of-pile data on U02 creep. 

Investigations reveal (e.g., [28]) that U02 creep is substantially affected by its 
structure and composition: grain size, density, oxygen coefficient (Ow, etc. The 
structural transformations occurhg within the fuel under irradiation at high 
temperature (change in grain size/configuration, densityy oxygen coefficient) are 
able to essentially alter the as-fabricated U02 creep parameters. 

The effect of these factors is widely enough studied for the fuel stack structure 
zone, characterized by a growth of initial equiaxial grains in the course of 
operation (e.g., [28]). The investigation of the oxygen coefficient infiuence has 
beeE performed, as a rule, at OAJX.O., since for the power-reactor fuel elements, 
use of a hypostoichiometric uranium dioxide is problematic because of its narrow 
range of homogeneity at low temperatures. For thermionic fuel elements, use of 
hypostoichiometric uranium dioxide is promising and currently widely discussed 
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Table 2.8. Uranium dioxide characteristics 

Evaporation rate at 16OO0C, 4- 10-7 c11 
g/( cm2-s) (1 - 10-7) ~ 9 1  

[3 11 

Bending strength, MPa [3 11 

Elasticity Modulus at 1600°C and relative 1 -66- 1 05 
density of 95% TD, MPa 

- at 2OoC 100 to 170 
- at 1600°C 90 



[32-351. As compared to power reactor fuel elements, there is a more substantial 
structural transformation of fuel in thermionic fuel elements-a considerable 
extension of a zone with elongated or so-called 'lcolumnll grains is observed. In 
light of this, let us consider in more detail only the data on hypostoichiometric 
uranium-dioxide creep and test results for column-structure coarse-grained U02. 

RI SIA "Lutch" performed investigations on coarse-grained uranium dioxide 
[36]. In the fuel samples, the column structure observed in-fuel elements after 
irradiation tests was reproduced under out-of-pile conditions. The samples were 
fabricated through re-condensation, and they had almost stoichiometric 
composition (OLJ"1.9999). The column grains had diameters of 150 to 250 p 
and lengths of 500 to 3500 p. Sample density was 81 to 99% TD. During the 
tests, the load was applied both along and across the <111> texture. The 
compression tests were conducted in -2.10-3 Pa vacuum. 

Analogous investigations of fine-grained (5 to 10 p) uranium dioxide with a 
composition close to stoichiometric (O/U=2.001) and a density of 96 to 99% TD 
were performed for comparison. 

Typical creep curves for the coarse-grained uranium dioxide with various 
porosities are displayed Figure 2.21. 

A short (12 hr) transient creep stage is characteristic of the curves. Sample 
porosity has a considerable effect on the creep rate. The steady-state creep rate E 
depends on the porosity P following a power type expression: E - PI-9. 

The influence of stress (0) on the steady-state creep rate is shown in Figure 
2.22. Within the range of stresses examined (5 to 40 MPa), the steady-state creep 
follows the s-d.2 law, i.e., the creep occurs pursuant to the dislocation-diesion 
mechanism. Grain size, ranging fkom 150 to 3500 tun, does not affect the creep 
rate. Samples were loaded both along and across the <111> texture. As seen in 
Figure 2.22, the creep rate essentially did not change. 

For the coarse-grained uranium dioxide with elongated grains, within the 
range of stresses ~5 to 40 MPa and temperatures of T=1500 to 1900°C, the 
steady-state creep rate may described by the relationship 

E = A~~-~~exp(-4lOOO/(R.~T)), 

where: E - steady-state creep rate, %k, 
A - coefficient; 
cr - stress, MPa; 
R - Universal gas constant, J/(moleK); 
T - temperature, K. 

For comparison, Figure 2.22 also contains E +(o) dependence for a fine- 
grained uranium dioxide. In this case, under stresses lower than the dioxide linear 
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Figure 2.21. Creep curves for coarse-grained U02 of various densities [36]: 
1 - p=81-87% TD; 
2 - p=91-92% TD; 
3 - p=94-99 % TD. 
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Figure 2.22. Stress dependence of uranium dioxide steady-state creep rate [30]: 
1 - coarse-gained uranium dioxide 

0 - loading across <111>, d=150-250p; 
o - loading along <11 I>, d=500-3500p 

2 - sintered fine-gained U02 (d=5-10p). 
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creep limit (0>20 MPa), the creep rate is linear with stress (E -01-0), which points 
to the Nabarro-Herhg vacancy-diffusion mechanism. 

It follows from comparison of the curves that re-arrangement of the dioxide's 
initial fine-gained structure to column-type structure leads to reduction of the 
linear creep limit. The latter's level constitutes, for U02 with grain size d=5 to 
10 pm, 0 ~ 2 0  MPa; for the coarse-grained uranium dioxide with the column grain 
width of - 2 O O p  - 0 ~ 2 . 6  MPa [36]. As a result, a substantial reduction of U02 
creep rate (by over two orders of magnitude) takes place under low stresses, 
characteristic of high-temperature thermionic fuel elements (o l l  to 2 m a ) .  

Gontar et al. [35] reviewed the results of the hypostoichiometric uranium- 
dioxide creep-rate investigation. Figure 2.23 provides a typical microstructure of 
the samples examined. 

The hypostoichiometric uranium-dioxide sample structure was characterized 
by equiaxial gains and d o r m  porosity distribution. Metallic uranium 
inclusions, the size of which did not exceed 1 pm, were observed in as-fabricated 
samples. However, the investigations showed that upon heating such samples to 
T21 100°C, the uranium dioxide transition to the single phase area takes place. For 
this study, samples witli O/U=1.983 were used. The samples were heated in a 
10-3 torr vacuum. The heating rate reached -1SoC/min. During heating, the 
samples' lattice spacing was measured at Werent temperatures. Measurement 
results are listed in Table 2.9. 

The data show that as soon as TFEs experience operational conditions, the 
hypostoichiometric uranium dioxide transition to the single phase area occurs. 

Hypostoichiometric U01g65 creep rate vs. stress is displayed in Figure 2.24 
[35]. Data on U02 004 are Lcluded for comparison. The creep rates do not vary 
by more than a factor of two. 

acing, A0 
Another Phase 

Table 2.9. U02-x lattice spacing vs. temperature [35] 

Phase Composition Lattice SI 
T, "C UOZ 

4.940 
4.946 

25 5.4695 
125 5.4771 
400 5.4995 
600 5.5 100 
1000 5.5330 
1400 5.5525 

UOZ+second phase 
UOq+second Dhase 

5.5772 
5.4697 

4.960 
4.980 

U02+second phase 
UOq+second Dhase 

4.998 
- 

U02+second phase 
uo7. 

- 
4940 

uo2 
UOz+second phase 
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Figure 2.23. Microstructure of U02-x samples: 
a. Uranium precipitates as a network along grain boundaries; 
b. Uranium point inclusions near pores. - 
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Figure 2.24. Stress dependence of hypo- and hyperstoichiometric uranium 
dioxide creep rate [35]. 
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An optimal value of the oxygen coefficient for themionic fuel elements is 
OAJd.995 to 1.975 [35, 371. The results indicate that the use of 
hypostoichiometric uranium dioxide does not appreciably change the fuel creep 
rate. 

2.2.2. Fuel Pellet Fabrication. Pellet Quality. 

Pellets for TOPAZ-2 TFE fuel stacks are manufactured using methods of 
powder metallurgy. The process includes, after molding, sintering, and subsequent 
machining of fuel pellets, a visual inspection of the pellet surface and control of 
dimensions and density. Parameters to be checked include content of impurities, 
oxygen coefficient, and fuel structure parameters [338,39]. 

The pellet-fabrication process had been developed and adopted at N SIA 
"Lutch". The process had been put into practice on a semicommercial scale with 
output of series-produced sets of pellets for TFE tests in NPS land-based 
prototypes. The process provides a high stability of structural parameters and 
physicdchemical and strength characteristics of the pellets. Property stability is 
guaranteed both within each batch and for the series-produced sets of fuel pellets, 
i.e., fiom batch to batch [38]. 

The U02-pellet properties and their stability are to a considerable extent 
governed by the initial uranium dioxide powder. This powder fabrication process 
enables the manufacture of strong molded products under comparatively low 
molding pressure. Use of powders with favorable moldability and a binder, 
separable at low temperatures, sharply reduces the number of internal defects in 
finished products [40]. 

The stability of fuel parameters had been confinned in the course of a joint 
test performed by Russian and American experts [39,41]. Fuel pellets fabricated 
for TFE tests in NPS land-based prototypes were subjected to random inspection. 
The following characteristics were determined: pellet dimensions, impurity 
content, and macro- and microstructure. Tables 2.10 to 2.13 provide some of the 
fuel-pellet parameters being checked in the course of this joint Russidhnerican 
inspection [39,41]. 

Fuel Pellet Dimension Deviation. The outer diameter of fuel pellets lies 
within a zone of manufacturing tolerance of 0.00 to 0.05 mm. The major portion 
of pellets (-60 to 7oy0) have the outer diameter deviation from its rated value of - 0.03 mm. 

Densify (Porosity). Pellet porosity was measured using mercuric porosimetry. 
The data are given in Table 2.10. About 90% of the pellets have a density in 
excess of 96% TD. Pellet-density stability is ensured both by the initial powder 
parameters and by sintering m. 
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Table 2.10. Porosity of samples [41] 

label 
HD-33 

Initial Powder 
Batch 
306 1.7 

306 HD-5 1 
HD-57 
HD-63 
HD-70 
HD-75 
HD-80 
HD-86 
HD-93 
HD-101 
HD-108 

3 06 

2.9 
3.3 
3.3 
1.9 
3.5 
4.4 
1.5 
1.4 
2.0 
1.6 

306 

115 
76 
54 

Sintering I Stack 

2 1 1  
3 1 2  + 7 + 7 

Pellet 
NO. 

3 
17 
31 
40 
53 
5 
17 
30 
39 
45 
6 
19 
23 

Sampling I Porosity, % vol 

HD-3 9 1.4 
HD-44 I 1.6 

Table 2.11. Content of impurities [41] 
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Table 2.12. Isotopic composition of fuel pellets [41] 

Label 
Isotope Concentration, % at. 

U-234 I U-235 I U-236 I U-23 8 
I 311 I HD-29 I 1.1W.02 I 95.88M.05 I 0.015+ I 3.00M.03 

1712 
613 
1913 
2313 

0.005 
330-66 1.02M.02 95.87M.05 0.07kO.01 3.04k0.03 
HD-89 l.OOM.02 95.78M.05 0.48kO.03 2.74kO.03 
HD-96 1.1 lM.02 95.86M.05 0.025kO.03 3.0W.03 
HD-104 1.11M.02 95.89M.05 0.027M.05 2.97kO.03 

Table 2.13. Mean size of pellet grains [39] 

Note: * after thermal tests 
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Impurity contenf. Data on impurity content are presented in Table 2.1 1. 

Isotopic Composition. Data on isotopic composition are presented in Table 
2.12. 

Microstructure. The results of measurements of mean grain size in uranium- 
dioxide pellets are provided in Table 2.13. 

The observed gains are equiaxial with low porosity. Mean gain size lies 
within the range of 21 to 28 pn (the increase of grain size in pellet No. 6 is caused 
by previous thermal tests). 

The results of the investigation have allowed Los Alamos National Laboratory 
to state [41] that the procedures currently applied at RI  SIA "Lutch" and the 
pellets' quality control are very similar to those used in the United States. Control 
data have shown that the pellets manufactured at RI SIA "Lutch" can be 
successfully applied to the American TOPAZ program [39,41]. 

The experience of €3 SIA "Lutch" and RSC "Kurchatov Institute" related to 
the TOPAZ-2 points out that uranium-dioxide pellets with properties that were 
optimized during TFE development are essential to achieving a long life (over 3 
years) and stable parameters for electrical output from a TFE. 

2.3. Materials for Spacers and Electroinsulation 

Figure 2.25 outlines the arrangement and some design features of the single- 
cell TFE. The purpose of the spacers is to ensure a guaranteed interelectrode gap 
between TFE electrodes. The electroinsulating materials separate the emitter fkom 
the collector and the electrodes fiom the TFE case. 

In the course of operation these components are subjected to the effects of the 
aggressive environments of high temperature, radiation, and mechanical and 
thermal loadings. Therefore, reliability of these elements is determined by high 
corrosion and radiation resistance and stability of thermal and strength parameters 
during operation. 

At present, ceramic materials based on oxides such as Al2O3, Sc2O3, and 
others are usually used for spacers and electronsulating parts. The materials used 
at RI SIA "Lutch" for TFE spacers and electroinsulation parts, as well as their 
basic characteristics, are presented in Table 2.14. 

2.3.1. Thermal and Electric Properties 

The study of the properties of these materials was aimed mainly at investi- 
gations of their thermal conductivity, thermal expansion, electric resistance, and 
electric strength. Results. for alumina are presented in Tables 2.15 to 2.18. The 
properties of scandia at low temperatures (up to 473 K) are given in Table 2.19. 
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Figure 2.25. TOPAZ-II TFE working section. 
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Table 2.14. Main characteristics of materials for spacers 
and electroinsulating elements [4] 

Material 

Designation 
Structural 

Polycrystal Alumina Single Crystal Polycrystal 
Alumina Scandia 

99.7 A1203 98.7&03 mono-Al203 SC203 
Spacer Insulator Insulator Spacer 

Element 
Content of 

Basic Oxide 
Alloying 
Donants 

Densitv.%TD I 98to99 I 96to98 I 100 I 98to99 

99.7 98.7 100 100 

MgO Mgo, y203 - - 

Grain Size, 
microns 

Fabrication 
Process 

Table 2.15. Thermal conductivity of A2203 electroinsulating materials, 
W/(mK) [4] 

20 to 40 40 to 60 - 1 to 3 

Sintering Sintering Drawing out Isostatic 
of Melt Molding 
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Table 2.16. Mean coefficient of linear heat expansion of A1203 electroinsulating 
materials, a. 106, K-1 [4] 

1273 
1873 

Table 2.17. Specific volume electrical resistance of A1203 
electroinsulating materials, O h - c m  [4] 

~~ 

1.5-103 9-104 
95 100 

Temperature, K 
293 

I 293 I - (1-10~014 I (1 -29)- 1018 1 

98.7 A1203 monoAl203 
30 to 40 50 to 52 

I 873 I 9-10‘ I 5.108 1 

Table 2.18. Breakdown voltage for A1203 electroinsulating materials, kV/mm [4] 
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Table 2.19. Scandia properties [4] 

Thermal 
Conductivity,W/(mK) 

4.0 

Coefficient of Linear Heat 
Expansion, a. 104 K-1 

Specific Electrical 
Resistance, Ohman 

7.8 (5-15)-1014 

2.3.2. Mechanical Properties 

Under standard test conditions, the strength for 98.7 A1203 fi-om various 
batches has the following ranges [4]: 

bending: 150 to 300 MPa; 
tensile: upto250MPa; 
compressive: up to 2500 MPa. 

The strength for 99.7 A1203 has the following ranges [4]: 
bending: 240 to 400 MPa; 
tensile: upto300MPa; 
compressive: up to 3000 MPa. 
The temperature dependencies of the bending strength for polycrystal alumina 

and scandia are displayed in Figure 2.26. Figures 2.27 and 2.28 contain data on 
the single-crystal A1203 bending and tensile tests. 

Investigations of these material properties at RI SIA "Lutch" reveal that they 
are strongly affected by treatment runs and the surface condition of samples [4]. 

2.3.3. Irradiation Influence 

The influence of irradiation on the spacers and electrohulation materials are 
reviewed in the work of the Institute of Physics and Power Engineering (Obninsk) 
[43]. The d&a, baria, ma, scandia, and zirconia samples studied were 
mandactured fi-om high-purity powders. Total impurities in the finished samples 
ranged fiom 0.05 to 0.1% mass. 

The samples possessed polycrystal structures and were molded by the method 
of hot casting with subsequent two-step annealing. In addition to the polycrystal 
samples of A12O3, single crystals obtained fiom a melt by the Stepanoff method 
were studied. Physical and mechanical characteristics of as-fabricated samples are 
provided in Table 2.20. 

The samples were irradiated at temperatures of 523 to 723 K and fluences of 
5-1021,2.1.1022, and 6.1022 dcm2. 
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Figure 2.26. Bending strength of polycrystal alumina and scandia vs. temperature 
141: 
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Figure 2.27. Temperature dependence of bending strength for mono-Al203 [4]: 
1,2. - sample axis <0001>; 
3 - at 60" to <0001>; 
1 - grinding; 
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Figure 2.28. Temperature dependence of tensile strength for polished mono- 
A2203 r41: 

1 - along <OOOl>-axis; 
2 - at 45" to <OOOl>-axis. 
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swelling of Samples. The swelling of samples was measured through changes 
in sample density after irradiation. The density was measured using hydrostatic 
weighing. Apparently yttria, scandia, and zirconia initially swell under the 
idhence of irradiation, but at some point they stop swelling, even with continued 
irradiation (cf. [43]). 

Its swelling level is 
maintained after irradiation by a 1.89.1022 and 6.1022 dcm2 fluence. Scandia 
and zirconia were characterized by swelling a factor of 2 higher than that of yttria. 
These oxides hold their swelling value after irradiation by a 4.6- 1021 and 2.1- 1022 
dcm2 fluence. 

As to the polycrystal alumina, swelling under irradiation by 
4.901021 dcm2 fluence was 5 times greater than that of yttria swelling; single- 
crystal alumina underwent swelling 2.5 times lower than polycrystal. After 
irradiation by 6.1022 dcmz, the polycrystal aluminum oxide, notwithstanding its 
considerable swelling-17 times that of yttria-maintained its structural integrity. 

Beryllia samples after irradiation by a 4.7.1021 dcm2 fluence underwent a 
9.2&0.5% swelling. After 6.601022 dcm2 fluence irradiation, the beryllium oxide 
samples lost structural integrity. 

Minimum swelling was found in yttrium oxide. 

Table 2.20. characteristics of ceramic samples 

Characteristic mono- 
&03 

Density, 3.98 

Open Porosity,% <O. 1 
kg/m3 

Bending 1000 
Strength, MPa, 

Ttea'293K 
Compressive 1450 

Strength, MPa, 
Tt,g=293K 

462 

8.6 
~ EEg:l?a 

Material Composition 
Be0 y203 M203+MgO SC203+ z@+ 

+ZrO2 +Y2O3 
2.92 to 5.01 to 3.84 to 3.93 4.05 to 5.59 to 

2.95 5.04 4.09 5.63 
co.1 to <o. 1 <o. 1 <0.1 to <0.01 to 

0.17 0.4 0.12 
266 1 55 I 225 I - 1 140 I 
1550 1 680 1 2200 1 900 1 1180 I 

I 323 1 150 I 390 I 200 I 195 

I 8-7 I I 8.1 

8*4 I 7-95 I 



Microstructure and Microhardness. In the as-fabricated condition, the grain 
size for the materials tested ranged from 20 p (alumina and yttria) to 55 p 
(zirconia). After irradiation, the grain size did not alter. No appreciable changes 
in the structure of alumina, yittria, or zirconia were found. 

The 
microhardness of zirconia, after 2.1022 dcm2 fluence inradiation, increased by 
60%. 

For all but zirconia, the oxides' microhardness changed slightly. 

Thermal Conductivity. Thermal conductivity was measured at 373 K using 
the method of heat flux. 

The greatest change in thermal conductivity, 98%, was observed on beryllium 
oxide; the least for zirconium and scandium oxides. The highest absolute value of 
thermal conductivity after irradiation by a 1.34.1022 dcm2 fluence was found in 
the alumina sample. 

Electric Strength. Measurements of electric strength (the maximum electric 
field intensity within a sample at which the electroinsulating properties are 
maintained) were performed on samples of alumina and beryllia. 

In the as-fabricated conditions, the alumina samples had a breakdown 
strength of 32kl kV/mm, and beryllia, 25+1 kV/mm.' After irradiation by a 
3.51O21n/cm2 fluence, the alumina breakdown strength was reduced to 
17 kV/mm and beryllia's to 3 kV/mm. 

Change in Crystal Laffice Parameters. Experimentally obtained values of 
changes in lattice parameters are presented in Table 2.2 1. 

The greatest change in the crystal lattice parameters occurred in alumina and 
beryllia after irradiations of 3 to 4-1021 dcm2. 

The data allow several conclusions [43]. Lattice type plays an important role 
in irradiation stability: oxides with the more symmetrical cubic lattice are less 
prone to irradiation swelling. Swelling of the ceramics with a hexagonal lattice 
(alumina, beryllia) considerably exceeded swelling of other oxides subjected to 
irradiation under the same conditions. 

Study of thermal and electric properties shows that alumina conserves its 
thermal conductivity and breakdown strength at a level acceptable for this material 
to be used in space NPSs.  Scandium and yttrium oxides are also promising for use 
in space NPSs. 

2.3.4. Spacer Resistance to Cesium Plasma 

Investigations RI SIA "Lutch" and SPTI (Sukhumi) previously revealed that 
alumina is prone to react strongly with cesium plasma [l, 44, 451. This process 
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Table 2.21. Change in lattice parameters after irradiation [41] 

Material Fluence, Irradiation 
102 ldcm2 Temperature, -- 

Lattice 
Type 

hexagonal 

Change in Parameters, % 
Ada Ac/c 

0.32M.02 0.42M.04 Single 
K D O .  lMeV 

2.2 540 

hexagonal I 0.53M.17 I 0.34M.05 

crystal 
A1203 

Polycrystal 
A1203 

Polycrystal 
A1203 
Be0 

hexagonal I 0.02M.08 I 0.08H.06 
3 .O 540 

18.7 723 

3.2 600 hexagonal 
cubic 
cubic 0.18M.02 
cubic 0.13M.01 
cubic 
cubic 0.18M.02 

0.14M.03 3.08M.22 
0.19M.01 - 

considerably restricts the life of A1203 spacers used in the first phase of work on 

Based on thermodynamic analysis, the alumina is stable in a vacuum and 
cesium vapor up to 2000 K [44], but in TEC cesium plasma (Pcs=2.5 gPa, 
Pcs+=O.lPcs, PO2=2.10-6Pa), the upper threshold of alumina stability does not 
exceed 1550 K. 

To forecast spacer lifetimes, their corrosion in a TFE interelectrode gap 
medium was experimentally investigated [44, 451. The experimental device for 
this investigation comprised a TEC with a parallel-plate electrode configuration. 
A specimen was placed in a longitudinal slot in the emitter isothemic section, 
which was heated using a resistor heater. Heat was removed from the collector 
through a helium gap to a water jacket. The residual gas composition within the 
device operating space after degassing was measured by mass spectrometer. 
Operating conditions were altered and the TEC output parameters registered using 
a device that measures and plots current-voltage characteristics. 

To study the corrosion, the sample was held at a fixed temperature for 300 to 
500 hrs within the IEG of the experimental TEC under vacuum, diffusion, .and 
ignited modes. Before h d  after the hold, sample weight was measured. The 
sample mass-loss rate (W) was estimated using the formula 

TOPAZ-2 TFEs [2]. 

Sc2O3 
Sc2O3 
Zr02 
zro2 
Y2O3 
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3.0 583 
19.1 723 
3.4 330 
18.7 723 
17.0 723 



W = AG I (Sa T), 

where: AG - change in mass of sample; 
S - open portion of sample side surface; 
~t - hold time. 

Samples of alumina with a 3.989 g/cm3 density and 3 to 5 pm grain size were 
examined. 

Temperature dependencies of the mass loss for different TEC operation 
conditions are shown in Figure 2.29. The mass-loss rate in cesium vapor under 
diffusional TEC operation conditions is about one order of magnitude lower than 
the vacuum conditions. This is explained by the effect of a diffusion barrier 
formed by Cs atoms to the evaporated particles. 

In cesium plasma (ignited TEC operation conditions), the mass-loss rate for 
alumina grows by 1.5 to 2 orders of magnitude as compared to this parameter in 
cesium vapor. The samples' structure and their surface relief are considerably 
changed [44,45]. 

A1203 mass-loss rate dependence on the TEC operation conditions is shown 
in Figure 2.30. The mass-loss rate increases stepwise (by about two orders of 
magnitude) when the transition fiom the diffusion regime to the ignited mode 
occurs, which is linked to A1203 reacting with cesium plasma [44,45]. 

A strong interaction between alumina oxide and cesium plasma considerably 
limits spacer life, but RI  SIA ccLutch," in the course of work on TOPAZ-2 TFE, 
had successfully substituted new scandia spacers, stable under TFE operation, for 
those of alumina. 

The stability of a number of refiactory oxides (Y2O3, BeO, ZrO2, Hf02, 
Sc2O3, MgO, Th02, Al2O3) under various IEG-atmosphere conditions was 
analytically assessed using methods of thermodynamics. It was ascertained that in 
cesium plasma only yttria and scandia are stable up to a maximum temperature of 
2000 K [43]. 

Kozlov et al. [46] provided comparative experimental data on Sc2O3 and 
A1203 spacer stability. Material chemical composition of the investigated samples 
is given in Table 2.22. 

Table 2.22. Chemical composition of sample materials under investigation 



n cn 

cn cn 
3 

Temperature, "C 
1700 1600 1500 1400 

10-5 I I i 1 I 

I o4 
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I 0-8 

I 0-9 
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Figure 2.29. Temperahue dependence of M2O3 mass-loss rate [U]: 
1 - in vacuum pres<1.10-3 Pa); 
2 - in cesium vapor (J?cs=2.5 @a); 
3 - in cesium plasma (Pcs=2.5 @a, Jk=3 A/cm2). 
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Figure 2.30. A1203 mass-loss rate dependence on TEC operating conditions 
(Ts=ple=1870 K, PcS=2.5 @a) [U]: 

1 - mass loss rate; 
2 - voltage-current characteristics of TEC. 
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Table 2.23. Lifetime of TFE spacers with 0.4 mm interelectrode gap [46] 

Spacer Material 

A1203 
sC203 

Parameter 
Mass Loss Rate, Lifetime, hrs 

kg/(m2-s) 

8.0.1 0-1 1 
3.9.10-8 2.077-103 

1 .O 13 - 106 

Figure 2.31 presents the above materials' mass-loss rates under various TEC 
operating conditions. The mass-loss rate of Sc203 does not change appreciably in 
cesium plasma (ignited mode of TEC operation) and is about the same as in Cs 
vapor (diffusion conditions). The Sc2O3 surface profile and structure, unlike 
A1203 samples, did not change during these tests. As shown, the Sc2O3 mass- 
loss rate is lower by at least three orders of magnitude than that of alumina under 
the ignited TEC operating conditions, which is of the greatest practical 
importance. 

The lifetime for TOPAZ-2 TFE spacers fiom these materials was estimated 
from these experimental results (Table 2.23). At an emitter temperature of 
-1800°C, A1203 spacer H e  does not exceed 2500 hrs, while Sc2O3 spacer 
lifetime reaches -1.106 hrs. 

At present Sc2O3 spacers are used in the TOPAZ-2 single-cell TFE, 
improving operation lifetimes. 

Scandia ceramics are manufactured using the method of powder metallurgy, 
which encompasses the following basic steps: fabrication of blanks through 
hydrostatic molding; encasing blanks in niobium shells; hot isostatic molding of 
blanks; finishing spacers by diamond-tool machining; and control of spacers 1471. 
Specially developed processing techniques allow the production of scandia 
ceramics with a fhe-grained structure (grain size of 2 to 3 p) and high density at 
comparatively low temperatures. of the isostatic molding. The scandia ceramic 
possesses high strength over a wide temperature range, combined with a high 
melting point, low evaporation rate, and good chemical resistance to aggressive 
media characteristic of TEC operation [MI. 

2.4. Vacuum Preparation of Fuel Pellets 

A TFE is a high-temperature gas-discharge device whose operational 
performance is substantially influenced by some of the constituents of the 
interelectrode gap gas medium. Residual gases in the IEG typically contain H2, 
N2, 02, H20, CO, and C02 in substantial amounts. The most detrimental 
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Figure 2.3 1. A1203 and Sc2O3 mass-loss rate at 1770 K vs. TFE operating 
conditions [46]. 
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effect of the complex gas medium is the mass transfer of emitter material onto the 
collector surface, which considerably changes the latter's properties [48]. This 
factor will be considered in detail in Chapter 3. In addition, chemically active 
gases such as 02 and CO exert an essential effect upon the emitter and collector 
emission parameters already under -10-5 torr pressure [48]. Oxygen appreciably 
improves the emitter emission characteristics, but COY reacting slightly with the 
emitter, sharply spoils the collector's parameters. As for the diatomic gases N2 
and H2, the literature contains data suggesting that, under low pressures at the 
residual gases' level, these gases do not exert any essential influence on converter 
performance. Thus, for example, Zherebtsov et al. [49] reported that output 
voltage linearly decreased by 0.11 V/gPa with hydrogen pressure increase. 

The major gas source, specifically in TFEs with communicating IEG and fuel- 
element cavities, is fuel. Therefore, the key task in the study of gas evolution was 
to reveal the laws governing fuel outgassing relative to gas-forming impurities and 
temperature. Since under NPS conditions, degassing occurs through a long 
exhaust-channel system, it is important to determine the possibility of fuel pre- 
degassing and the effect on gas evolution by a subsequent long hold of the fuel in 
air. 

Gas release from uranium dioxide was investigated by heating, in.a 10-4 to 
10-6 Pa vacuum, cylindrical pellets of 97 to 98% TD density fabricated by routine 
methods of powder metallurgy [50,5 11. Evolution of gases from U02 was studied 
in a high-vacuum, high-temperature installation with mass-spectrometer monitor- 
ing of gas composition. Figure 2.32 shows the time dependence of the gas 
evolution specific rate (q) for U02 005 samples, d o d y  heated to 2200 K [50]. 
The temperature rise with time in the process of outgassing is represented by the 
dotted line. As one can see, hydrogen evolution begins at an early stage of out- 
gassing at comparatively low temperature. At -60 min, when the rate of hydrogen 
evolution is at a maximum, the fuel temperature is -750 K. With a further 
temperature rise, the hydrogen-evolution rate decreases abruptly. Thus below 
1250 K the main gas evolved by U02.005 is hydrogen. Evolution of C02 and 
water vapor entirely ceases at 1200 K. At higher temperatures, the main gas 
evolved has a molecular mass of 28, including a mixture of CO and N2. 

Andrievsky et al. and Galldn et al. [SO, 511 did not discriminate the above 
constituents' contributions. The non-monotonic behavior of gas release was 
explained by different sites of gas-forming impurities in the fuel [50]. So, the first 
maximum at 670 K is related to surface-gas desorption. The maximum at 1550 K 
is explained by removal of gases dissolved in the fuel bulk. Increase of the gas- 
evolution rate at a high temperature (1700 to 2300 K) is apparently linked to the 
release of gases being formed by decomposition of uranium oxycarbonitrides [50]. 
Total content of nitrogen and carbon after high temperature annealing (2300 K, 
hold 3 to 5 hrs) was reduced to 10-4 to lO-3% mass. 
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Figure 2.33 presents results of a study of the evolution of gases from UO2.005 
with various nitrogen and carbon contents [50]. Data are also presented for the 
effect on gas evolution of the time that uranium dioxide degassed at 2300 K is held 
in air. The study involved only H2 and (N2 + CO), since they comprise the major 
contribution to gas evolution in the investigated temperature range (500 to 2300 
K). It follows from Figure 2.33 that hydrogen evolution depends on the duration 
of the degassed UO2.005 hold in air; however, gas sorption practically terminates 
wiW several hours. 

The total amount of hydrogen released does not exceed 1 to 2.10-3 
stand.cm3/g; the main fraction is evolved during heating to 750 K. 

(CO+N2) evolution is strongly affected by the temperature and C and N 
contents in uranium dioxide. A change in the content of these impurities from 
2-10-2 to 1.7.10-1% enhances the gas release from fuel by about a factor of 20. 
Thus to remove nitrogen and carbon, high degassing temperatures of 2200 to 
2300 K are required. Degassing at such temperatures unavoidably brings about 
U02 loss by evaporation. 

A considerable file of data relating to degassing a number of U02 pellet 
batches is contained in the work of Rakitskaya et al. [52]. The pellets tested had 
significant variation in density, 96 to 81% TD, but the impmity content was about 
the same through all the batches: -20 ppm carbon and not over 50 ppm nitrogen. 
Gas release from hyperstoichiometric uranium dioxide UO2.004 and 
hypostoichiometric U01995 was studied separately. The residual pressure of 
gases in the unfueled in&allation was 10-4 to 10-5 Pa. 

Figure 2.34 presents change in gas partial pressures within the installation in 
the course of heating to 1800°C and 10 hrs annealing at the saine temperature for a 
batch of U01995 pellets. Here the relative contributions of CO and N2 were 
discriminated, 'in contrast to previous work [48,49]. As seen fiom Figure 2.34, the 
residual gases contain CO in considerable amounts. Comparison of Figures 2.31 
and 2.34 confirms the conclusions of Koryukm et al. [48]. The key problem is 
oxide fuel purification from carbon impurities. 

Since uranium-carbide-based fuels are considered as alternative fuel 
compositions, gas evolution from uranium-carbide alloyed compounds was studied 
[Sl]. As for uranium dioxide, the major gas exerting an adverse effect on TEC 
behavior at high temperatures is carbon monoxide. The gas release level for 
carbide materials is determined by the initial concentration of oygen in the fuel. 
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Figure 2.32. Composition of gases released fiom U02: 
- - - -  change in sample temperature when heating; 

specific rate of gas release. 

Figure 2.33. Temperature dependence of gas release: 
- - - hydrogen; 
-gas with mass m=28 (N2 CO); 

- as-fabricated U02; 
O - U02 after 6 and 46 hrs hold in air; 
1 - U02 after 360 hrs hold in air, 
2 - C + N =1.7-10-1% mass; 
3 - C + N =5.10-2% mass; 
4 - C + N =2.10-2% mass; 
5 - C + N =7.10-3% mass. 
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Figure 2.34. Partial pressures of gases over pellets [52]: 
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CHAPTER 3 

THEORETICAL DESCRIPTION OF PROCESSES 
DETERMNNG THE LEETIME OF FUEL ELEMENTS 

For the required operational life of space systems under development (7 to 10 
years), the calculational methods for predicting the behavior of a TFE-the most 
complex and critical unit of a TRC, governing its electric parameters and 
lifetime-take on special significance because of the expense of in-pile experi- 
ments. Theoretical models and estimation procedures provide vital information for 
technical decisions made to ensure the required power and life of TFEs. 

3.1. Temperature Fields in the Fuel Stack 

The rate of the processes determining the fuel-element life behavior depends 
on temperature. For many processes, such as evaporation or dil%sion, this 
dependence has an exponential form. For others, such as fusion or peritectic 
reactions, temperature dependence has a threshold form. Under these 
circumstances, and because of the unavailability of direct measurement and 
adjustment of the temperature witbin fuel elements, accurate calculation of 
temperature fields is required to forecast their lifetime. Because the main goal of 
the investigations is lifetime prediction, one may, as a rule, neglect the process of 
reaching operating conditions and use the steady-state equation of heat conduction 
to calculate temperature fields, 

div (%grad T) = - qv, 

where it and qv, thermal conductivity and power density, depend in the general 
case on coordinates and material characteristics. 

In addition, the characteristic time of change in the fuel-stack geometric 
parameters, linked to mass transfer and fuel-stack swelling, is usually much longer 
than the equilibration time for thermal conditions. This allows the set of heat and 
mass transfer equations to be disconnected and the heat problem to be solved at 
each point in time with constant geometric parameters. 

The institute has paid great attention to calculational methods for the steady- 
state temperature fields in structural elements of nuclear reactors [l]. Fed& et al. 
[l] developed a method of boundary integral equations for the calculation of 
temperature fields. This technique is most convenient in solving parametric two- 
dimensional boundary-value problems. The method of boundary integral 
eqyations decreases dimensionality of the boundary-value problem and reduces 
two-dimensional problems to one-dimensional problems, significantly improving 
the possibility of achieving a high-accuracy solution. 
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In the initial state, the fuel stack usually has the form of a cylinder with a 
central hole, and cylinfical coordinates are used to describe the processes 
occurring in the stack. Because of azimuthal non-uniformity of heat release 
resulting fiom the fuel elements' different location in relation to the core center, 
the central channel can shift and its form change somewhat. These processes are 
essential, for example, in considering bending deformations of the fuel element 
that arise from different thicknesses of the cylinder walls. However, the radial 
dependence of the temperature is most important, and most problems need not take 
into account the azimuthal non-uniformity of heat generation. 

Dependence of the power density qv on the axial coordinate z is usually 
significant and must be taken into account in solving Equation 3.1. Accounting for 
this dependence may be different for single and multi-cell TFEs. Calculational 
practice shows that for the single-cell TFE, due to a slow temperature change 
along the axial coordinate, the z-derivative in the left side of Equation 3.1 may be 
neglected; i.e., in this case, as for the power reactor fuel elements, a one- 
dimensional equation of heat conductivity can be used to determine the 
temperature distribution. The z-dependence enters parametrically through qv (r, 
z), a well as through boundary conditions at the external surface of the fuel stack. 
In this event, the values of the conductivity integral may be applied for 
determining the temperature [2]. For any arbitrary dependence of the volumetric 
heat release on the radial coordinate, the conductivity integral is expressed as a 
functionofq, as 

T 
S 

'1 -I- I u'q, -(u,r)dudv, 
RV r 

0 

here: ro - radius of fuel stack central channel; 
R - outer radius of stack; 
Ts - temperature at the stack outer surface. 

The temperature drop along the thermionic fuel element's radius, specifically 
in the single-cell TFE, is substantially lower than in power-reactor fuel elements. 
h addition, the operating temperature range lies in the vicinity of a minimum in 
the temperature dependence of the thermal conductivity coefficient. Due to these 
circumstances, the thermal conductivity change along the stack radius is slight, and 
a reasonable accuracy is reached when using a constant magnitude of the thermal 
conductivity coefficient equal to its value in the minimum. 

Equation 3.2 is presented as 

1 Ri v 
1 

T(r) = T +I I- s h  u-q, -(u,r)dudv. 
min r v r  

0 
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For the multi-cell TFE, the length of which is routinely only several times 
their diameter, the axial spreading of heat contributes tangibly to the temperature 
distribution. In this case, Equation 3.1 must be solved numerically. Depending on 
the fuel element version under consideration, several versions of the boundary 
conditions were used. The boundary conditions for the heat conduction equation 
have been stated in detail, e.g., by Lykov and Mikhailov [3]. 

Let us consider a boundary condition at the stack outer surface. Because of 
variations in the value of the fuel pellet outer diameter and emitter inner diameter, 
the fuellcladding contact behavior may also vary. In the course of time as a result 
of fuel condensation onto the cladding, the contact improves and transforms to an 
ideal contact. Accordingly, three versions of the boundary condition at the stack 
outer surface are used. 
1. Given the ideal contact, the stack outer surface temperature equals the cladding 
temperature : 

2. 
radiation: 

Given a gap between the fuel and cladding, heat is transferred through 

- - - - E ~ B  dr r = R -  (3.5) 

where: Er - reduced emissivity; 
CF - Stefan-Boltzmann constant. 

3. In the presence of a stackhladding contact thermal resistance with a known 
level of thermal conductivity a on the contact sites, the following boundary 
condition is used: 

At the inner surface of the fuel pellets the following boundary condition is 
used 

This condition is usually well satisfied for long single-cell TFEs and has been used 
to obtain Equations 3.2 and 3.3. 



Radiation heat transfer in the central channel is taken into consideration using 
The heat flux transferred by methods described by Siege1 -and Howell [4]. 

radiation is assumed to be equal to the heat flux on the fuel stack surface. 

where 9s is the resultant density of heat flux removed by radiation fiom the central 
channel surface and is defined from the following set of heat balance equations in 
the central channel: 

where: qi - density of heat flux falling onto an element of central channel 

qo - density of heat flux removed from the fuel surface; 
E - surface emissivity; 
Fz-ds - angular coefficient determining probability of radiation 

getting fiom channel surface element dS to a point of 
z-coordinate in the central channel surface [4]. 

Integration in Equation 3.9 is performed on the entire surface from which 
radiation can reach z-point, including surfaces of the end caps. 

In that part of the stack where a gas-exhaust system is located within the 
central channel, a boundary condition of Equation 3.5 type is used, describing the 
radiation heat exchange between the gas-exhaust device and fuel with appropriate 
reduced emissivity. 

For the end part of the stack, depending on its design, boundary conditions 
from the same set as for the fuelkladding interface are used. 

surface; 

3.2. Theoretical Foundations for Description of Mass Transfer in Fuel 
Elements 

Under steady-state operation of a fuel element, after completion of degassing 
of the fuel and structural materials, the gaseous phase within the fuel element 
contains fuel vapor, gaseous fission products, and (for a design with 
communicating fuel-element cavity and interelectrode gap) cesium vapor at a 
pressure of -1 torr. Estimates show that GFP pressure in the ventilated fuel 
elements is not high. For the TOPAZ-2 single-cell TFE with removal of all inert 
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gases generated within the fuel element through a tip with a 0.02-cm-diameter 
capillary channel, GF'P pressure is 4 . 0 1  torr under steady-state conditions. For 
the multi-cell TF'E, because of its short length as compared to the TOPAZ-2 
single-cell TFE, the amount of inert gas evolving in each of the fuel elements will 
be significantly smaller and, hence, the steady-state pressure of the inert gases will 
be still lower. 

Figure 3.1 presents the dependence of U02-molecular free path length on the 
temperature, plotted using, for the free path 2, the expression [5] 

where: n - quantity of molecules in unit volume; 
cr - molecule diameter. 

Curve 1 represents the free path length in its own vapor. In this event, vapor 
pressure grows with temperature, leading to a sharp decrease of the free path 
length with temperature. Curve 2 represents the U02 molecular free path length in 
xenon under its pressure of 10-2 torr. Curve 3 shows the U02 molecular free path 
length in cesium vapor under its pressure of -2 torr. In the latter two cases, the 
free path length grows proportionally to the temperature. As seen from Figure 3.1, 
the free path length in xenon covers several centimeters. Characteristic cross 
dimensions of the channels and gaps are, as a rule, much shorter than the above 
value. Thus, the presence of xenon within the fuel element does not exert any 
appreciable influence on the conditions of U02 vapor flow and, at lower 
temperatures (<2100°C), uranium dioxide vapor flow behaves much like the free- 
molecular mode (Knudsen number Kn=Z/d>>l). At higher temperatures, the 
UO2-molecular free path length in its own vapor becomes comparable to or 
shorter than the characteristic cross dimension of the channel d, i.e., vapor flow 
occurs under transient conditions (Kn-1). 

In the event of the fuel-element cavity communicating with the EG, at a 2-torr 
cesium vapor pressure, the U02 molecular free path length is -0.02 cm. For this 
case, the dioxide flow in the free central channel has a nature of uranium dioxide 
molecular diffusion in cesium vapor. However, in the capillary channel of the gas- 
exhaust device and in other narrow gaps, U02 vapor flows under conditions close 
to those of free-molecular. 

The available studies of vapor flow with evaporation and condensation on 
channel walls were mostly performed in applications to thermal tubes, where the 
main interest relates to the flow conditions at Kn<<l and a gasodynamic 
description of vapor flow is used. In view of the above, RI SIA "Lutch" had 
conducted a complex of theoretical studies on vapor flow with evaporation and 
condensation on the channel walls under transient and free-molecular flow. 
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Figure 3.1. 
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U02 molecular free path length vs. temperature: 
1 - in U02 vapor; 
2 - in xenon at PXe=IO-' torr; 
3 - in Cs at Pcs=2 torr. 
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In work based on the Boltzmann’s kinetic equation with BGK-model collision 
integral [6], a description of the cylindrical channel walls’ material transfer, caused 
by a temperature gradient along the channel walls, was obtained. The expression 
for the mass flux passing through the channel section obtained [6] is applicable to 
the entire range of Knudsen number at an arbitrary value of the condensation 
coefficient. 

In a particular case, with condensation coefficient equal to 1, this solution 
coincides in appearance with an expression describing nonisothermal flow of non- 
condensing gas in a cylindrical channel. However, the pressure gradient, 
determined for the case of the non-condensing gas flow by conditions at the 
channel ends, is replaced by a local value of the gradient of the wall material’s 
saturated vapor. In the limiting case Kn>>l at the condensation factor equaling 1, 
the solution appears as 

’ 

where: Peq - equilibrium vapor pressure at temperature K; 
R - channel radius; 
m - molecule mass; 
k - Boltzmann constant. 

In the opposite limiting case Kn<< 1 

(3.10) 

(3.11) 

where: p - vapor viscosity. 

G(z) is connected with the flux at p=1 through the equation 
With the condensation coefficient p differing from 1, mass flux in the channel 

(3.12) 

the solution of which, limited far from a point considered, can be presented as 

* 1 d2’G 
G, =cp.= i=O (3.13) 

The first term of this series expansion represents the mass flux at p=1 and 
does not depend on the condensation coefficient. The dependence on the 
condensation coefficient enters via coefficient a of Equation 3.13, which is 
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proportional to &. Vapor flux onto and from the channel' wall 9r(z) is found 
using the continuity equation: 

(3.14) 

One solution is applicable to analysis of the initial phase of fuel transfer in the free 
central channel [6]. This allows the position of evaporation and condensation 
zones and the distribution of evaporatiodcondensation rates in these zones to be 
found. 

However, use of the initial rates of condensation for estimating the time to 
overlap the central channel provides only a rough estimate of channel lifetime. 
First, he1 re-distribution throughout the channel leads to temperature equilibration 
between the evaporation and condensation zones and to lowering the mass flow 
density. Second, in the narrowing channel section, more intense condensation will 
take place, and the area of maximum condensation rate will shift from its initial 
site. 

To draw a more realistic picture of the channel profile change, Shulepov [7] 
considered the mass transfer in a conic channel. His consideration [7] was 
restricted to free-molecular flow; the condensation coefficient was deemed to be 1. 
Moreover, it was assumed that molecules evaporated from a wall have a 
M m e K a n  distribution of velocities at the wall temperature. Under these 
assumptions, mass transfer is governed by equations analogous to radiation 
transfer in an appropriate channel with walls made of an ideal black body. 

Shulepov [7] provided expressions for mass flows using angular coefficients. 
The angular coefficients are geometric interrelations determining angles at which 
surface elements see each other. The mass or radiation f l w  from one surface to 
another is proportional to the value of the angular coefficient. Expressions for 
fluxes in terms of the angular coefficients and also, apparently, the most complete 
reference material on the expressions available in the literature for the angular 
coefficients are contained in the work of Siege1 and Howell [4]. 

In the general case, expressions using angular coefficients for mass fluxes are 
very awkward, but for small temperature gradients the expression for mass flux far 
from the channel ends takes the following form: 

(3.15) 

Equation 3.15 coincides in appearance with Equation 3.10 for mass flow in a 
cylindrical channel under free-molecular conditions, but a constant value of the 
cylindrical channel radius is replaced by the current value of the conic channel 
radius r(z). It is seen from Equation 3.15 that if a sharp change in radius takes 



place in some section of the channel, restructuring of the flow must occur from 
one to another radius value in the vicinity of this point, and, depending on the 
direction of the temperature gradient, a zone of intense evaporation or 
condensation appears around the point. 

In addition to the problems of longitudinal flow in channels, mass transfer 
caused by temperature gradients and drops on the channel section was also 
considered. In many cases, fuel may not touch the surface of various structural 
elements. Temperature drop between the fuel and the structural parts brings about 
fuel condensation onto these parts. E a gap is small, it may be deemed flat. A 
strict consideration of this problem for a single-component system was first 
performed by Kucherov et al. [SI. Zhdanov and Shulepov [9] reviewed the 
problem of re-condensation within a flat gap for a binary gas mixture. Either both 
components of the gaseous phase can evaporate from the hot surface, or one of the 
components is a non-condensing gas filling the gap between the evaporation and 
condensation surfaces. The problem is solved by the method of moment using a 
model of "Maxwell" molecules. For a small relative Merence in the surface 
temperatures, analytical expressions are obtained for the mass and heat fluxes, 
valid in the entire rangeeof Knudsen numbers at arbitrary values of evaporation and 
condensation coefficients for both components. Specifically, at the rate of one of 
the components equal to zero, there is a solution describing the re-condensation 
through a gap filled with non-condensing gas. 

Kucherov and Shulepov [lo], using a rigorous approach, examined radiation 
and mass transfer in a vacuum spherical cavity. Strict expressions were obtained 
for the distribution of mass and radiation fluxes at arbitrary distribution of the 
cavity walls' temperature. 

For a specific case, when a constant temperature gradient exists far from the 
cavity, the solution predicts more exactly the walls' temperature distribution and 
the cavity migration rate. For fuel pores, when the temperature drop on a pore 
cross-section is small, the solution is expanded in a series. The fist term of the 
expansion describes pore migration without a change in form. The second term of 
the expansion describes change of pore shape in the temperature gradient field. 
Kucherov and Shulepov's analysis [lo] revealed that the pores extend along the 
temperature gradient, and here the pores' relative deformation is proportional to 
their volume. 

Their work [lo] also involved radiation and wall-material transfer in a 
cylindrical channel with a temperature distribution T(<p). An integral equation 
describing fluxes of heat transferred by radiation and mass flows is derived, and 
the related solution is achieved for an arbitrary function T(<p). This solution 
describes a shift and profile change of the central channel in a fuel element, given 
azimuthal non-uniformity of the heat release. The case when a constant 
temperature gradient across the channel axis exists far from the channel is also 
considered. For this case, the channel-wall temperature distribution is defined 
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more accurately due to precise consideration of heat transfer by radiation. The 
value of the cylindrical pore migration velocity is defined more exactly, and its 
shape modification is considered. The cylindrical pore cross-section takes an oval 
form, extended along the temperature gradient. 

Ethe fuel-element cavity communicates with the IEG, the following equation, 
describing uranium dioxide diffusion in cesium vapor, is used to find the fuel 
pressure distribution along the central channel [ 111: 

where: 0, - angle of channel generatrix tilt to channel axis at z-coordinate 

r, - channel radius at z-coordinate point. 
point; 

The choice of boundary conditions for Equation 3.16 is governed by design of 
and temperature conditions at the fuel element end parts. If at a distance d fi-om 
the fuel stack end, with reference to FO, fuel condensation may occur on 
structural elements having temperature To, the following boundary condition is 
applied 

(3.17) 

An analogous condition at another -end of the fuel element differs in the 
derivative sign. As a result of fuel condensation, d reduces and, at d=O, central- 
channel-length shortening begins. Here at the channel end the boundary condition 
Equation 3.17 is used, with d=O and estimated temperatures at the channel ends. 

In the case of an overheated end of the fuel element, when fuel is not 
condensed on the end structural parts, the following boundary condition was used 

Z=O 
Z=L 

dz "I = O  (3.18) 

In some structural elements, specifically in the capillary channel of the gas- 
exhaust device, temperature conditions are set such that uranium dioxide vapor 
flows with no condensation on walls. To estimate the flow for this case, known 
expressions for non-condensing gas flow in tubes and channels are used. As noted 
in the beginnins of this section, flow conditions in fuel elements may range from 
fi-ee-molecular to diffusion in cesium vapor; therefore, in describing vapor flow it 
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is advisable to use expressions applicable to the entire range of flow conditions 
realized within a fuel element. 

An approximate description of gas flow under transient conditions was 
developed by Present and de Bethune [12]. Strictly speaking, they developed a 
theory for transient flows adjacent to the free-molecular flow; however, 
comparison to results obtained for viscous slip flow [13] reveals that their 
equations [12] are valid within the entire transient area with accuracy up to the 
barodiffusion factor in viscous flow. To obtain a d o r m  description of flow, it is 
convenient to introduce the coefficient of Knudsen diffusion, D h ,  which allows 
an expression for the fiee-molecular flow to be represented in the same form as for 
diffusion in non-condensing gas: 

(3.19) 

where S is the cross-sectional area of the channel. 

equals 
For a cylindrical channel with radius R, the Knudsen diffusion coefficient 

(3 -20) 

where: is the mean velocity for Maxwell distribution of molecular speeds, 
v=$iE7Gi.  

To describe flow under transient conditions, an effective diffusion coefficient 
is introduced: 

(3.21) 

D12 is the coefficient of diffusion in a binary gas mixture, for which an expression 
obtained in a first approximation of distribution function expansion on Sonin 
polynomes is used: 

2M1-M2 3 (3.22) 
T~(M, + M ~ )  

PCY?~Q$~) * (T * ) J 1 
D12 = 0.002628 

12 

where: P - gas pressure in atm; 
T - temperature in K, 
M i  and M2 - molecular weights of components 1 and 2; 
T"12 - kTk12; 
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012 and q2/k - parameters of potential energy of molecular interaction, 

Qiy)* - integrals incorporated in equations for kinetic coefficients 

Their definition and tabulated values for most often used potentials of interaction 
are available (e.g., in [14]). 

Using the effective coefficient of diffusion, an expression for flow within the 
entire range of Knudsen numbers can be written as Equation 3.19. Here it is 
assumed that non-condensing gas filling the fuel element cavity (Cs) is motionless. 

Calculations were performed in several stages to find the condensation-zone 
boundaries when uranium dioxide vapor flows in the gas-exhaust lines. In the first 
stage, uranium dioxide vapor flow as a non-condensing gas was estimated, and 
zones where vapor pressure exceeds saturated vapor pressure at the channel-wall 
temperature were found. In subsequent stages, for the condensation zones found 
at the previous calculational stage, expressions were applied describing gas flow, 
given evaporation and condensation on walls. Then the condensation-zone 
boundaries were corrected. 

It was assumed that in the condensation-zone boundaries, vapor pressure was 
equivalent to saturation pressure at the wall temperature. It was also assumed as a 
boundary condition that the fluxes in the condensation zone and the zone where 
'flow occurs without condensation were equal. 

in A and K respectively; 

related to respective values for the model of solid spheres. 

3.3. Joint Description of Mass Transfer, Change in Channel Geometry, and 
Transfornation of Temperature Fields within a Fuel Element 

Fuel transfer from the hottest stack zones to pellets in the cold zone leads to a 
change in the stack geometric parameters, and as a result, to redistribution of heat 
release and transformation of temperature fields. In addition, recondensation of 
fuel on structural parts alters the contact behavior, which also results in a 
significant change of the temperature fields. On the other hand, the fuel 
evaporation rate depends exponentially on temperature. These circumstances 
necessitate joint consideration of the temperature fields and fuel transfer. Some of 
the mass transfer processes occur throughout operation, but several processes are 
short compared to operational lifetime. A detailed description is not needed for 
such rapid processes; only a final state and estimate of the time at which this state 
is reached are important. Transition of the actual initial contact in the fuevemitter 
interface to a condition similar to an ideal contact is one such quickly completing 
process. The time for condensation of a fuel layer as thick as the order of 
microroughness comb height in the contacting surfaces is adopted as the time of 
transition flom the actual initial to ideal contact. The calculation takes into 
account temperature reduction on the evaporation surface during condensation. 
Another relatively quick process is the formation of a closed isothermal cavity 
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within the fuel stack of a multi-cell TFE. K o d o v  et al. [15] described a 
computer program and provided calculational data on temperature fields in fuel 
and on the steady-state configuration of the isothermal cavity in fuel elements with 
a gas-exhaust device as a pipe located along the fuel element axis. A similar 
program, PIKVIK, had been developed at RI SIA "Lutch" [16], but PIKVIK uses a 
different method of solving the equation set and a different algorithm of the 
isothermal cavity formation in the fuel stack, which reduces the degree of the 
calculated cavity nonisothemality and shortens the calculational time. 

At the first step, PIKVIK considers heat release and the temperature 
distribution within a stack having no fiee volume. The isothermal cavity is formed 
by removal from the zone occupied by fuel of the several hottest nodal points at 
each calculation step. After each step, heat release and temperature distribution is 
re-calculated. The number of nodes from which the fuel is removed at each step is 
determined on the basis of a compromise between calculational time and achieved 
isothermality of the cavity. The procedure is over when the value of free volume 
in the fuel-element cavity becomes equal to an actual fiee volume in the fuel 
element considered. The program envisages the possibility of considering various 
types of gas-exhaust device (GED) attachment by setting different boundary 
conditions at the point of GED attachment. 

Unlike the above-mentioned quick processes, mass transfer in the central 
channel of the single-cell TFEs continues for a time comparable to the operational 
life, which allows the fiee central channel to remove GFPs from the fuel elements. 
Long duration of mass transfer is, in this case, linked to lower maximum fuel 
temperatures, much lower temperature gradients along the channel axis, and low 
temperatures at the ends of fuel elements. The possibility of using the free central 
channel to exhaust GFPs requires a reliable prediction of its operability, including 
all the key factors affecting the mass transfer. Gontar et al. [ 111 reviewed the main 
processes to be taken into account in predicting fiee central channel workability. 

3.3.1. Equations Describing Uranium-Contaiuing Components Transfer 

In single-cell TFEs with separated fuel-element and IEG cavities, the inner 
fuel-element cavity communicates with vacuum; therefore vapor flow occurs under 
free-molecular conditions. In deriving the mass-transfer equations, it was assumed 
that molecular evaporation from a wallshas equilibrium behavior, corresponding to 
the oxygen coefficient value and to the temperature at the current point on the 
channel surface. The evaporation and condensation coefficients are assumed to be 
1. We considered a channel with origin at F O  and end at z=L and assumed that, 
at the channel ends, the pressure of a gaseous phase component equals Po and PL, 
respectively. This component mass flux may be described using the angular 
coefficient Fez, represenfjng the probability that a particle, having passed through 
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the channel section at &point, will then pass through the channel section at z- 
point, undergoing no collisions with the channel walls [ 111. 

(3.23) 

where: rc and rz - channel radius at points with 5- and z-coordinate; 
Peq(T) - the considered component equilibrium vapor pressure at the 

central-channel surface temperature T. 
For a convex-walled channel the probability Fez is described as [4] 

(3.24) 

Expressions for the mass flux are also similar for a non-convex-walled 
channel, but in this case, Ftz is not described by Equation 3.24. At present, an 
accurate consideration of shading effects has not been realized even for the 
simplest configurations, so an approximate method to account for shading is used. 
A limiting configuration for the convex-walled channel on a length between E, and 
z-points constitutes a conic channel passing through these sections. To account for 
shading, the angular coefficient (Equation 3.24) is multiplied by the ratio of the 
minimum cross-sectional area on the channel segment length of a red channel to 
the cone passing through cross-sections at 5 and z-points. 

3.3.2. Vapor Pressure in the Gaseous Phase over U02* 

It is known that the gaseous phase over U 0 2 h  contains a number of 
components, primarily U02, UO3, UO, and 02. The relative content of these 
components depends on fuel composition and temperature. Figure 3.2 presents the 
dependence of the saturated vapor pressure of uranimi-containing component on 
fuel composition at 2000 K. The calculation was performed using the thermo- 
chemical model of actinide oxides, and model parameters of Olander [2]. As seen 
fiom Figure 3.2, within the hypostoichiometric area at -O.O051X<O, U02 is the 
main constituent of the gaseous phase, and its vapor pressure does not depend on 
fuel composition. For the hyperstoichiometric fuel with x>O.OOl, U03 becomes 
the major component in the gaseous phase, and U03 pressure grows with the 
departure of the fuel composition fiom stoichiometry. 
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Figure 3.2. Pressure of uranium-containing components in the gaseous phase 
over U02kx, T=2000 K. 
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3.3.3. Redistribution of Fuel Components 

Fuel transfer in the gaseous phase as U03 molecules is accompanied by 
reduction of oxygen content in the evaporation zone and rise in its concentration in 
the condensation zone. By virtue of that, the overall content of excess oxygen is 
not high in the fuel, and only a negligible amount of fuel can be transferred to a 
cold zone as UO3, if there is no back transfer of oxygen to a hot zone. The 
available experimental data show that within the fuel volume, oxygen is 
redistributed in such a way that fuel composition in the cold region shifts to the 
stoichiometric composition. Thus, in the hyperstoichiometric fuel, the hot zone is 
enriched with oxygen, ie., within the fuel volume, oxygen is redistributed in the 
opposite direction to its redistribution direction in the central channel gaseous 
phase. The excess oxygen, migrating as U03 through the central channel fi-om the 
hot to cold zone, can then return through the fuel to the hot zone and is able to take 
part repeatedly in the fuel transfer. For a strict consideration of oxygen 
redistribution within the fuel, a joint solution is required for problems of mass 
transfer in the central channel and oxygen diffusion in uranium dioxide. The 
available literature data on the oxygen diffusion coefficient for uranium dioxide 
have a considerable spread; nevertheless, in aggregate the data show that the 
diffusion coefficient values are very high. According to Breitung [17], in the 
temperature range of most interest, 1800 to 12OO0C, the oxygen diffusion . 
coefficient ranges fi-om 10-4 to 10-5 cm%. Sari [lS] provided still higher levels 
of the diffusion coefficient over a wide temperature range, 900 to 1550°C, for 
experiments of durations up to 20 min that studied the kinetics of oxygen 
redistribution in a sample. 

Thus oxygen redistribution in fuel is rapid, and estimates made using the 
above-cited values of the coefficient of oxygen diffusion within uranium dioxide 
suggest that the excess oxygen can indeed participate many times in the fuel 
transfer, as U03 through the central channel. This circumstance allows oxygen 
redistribution within fuel to be neglected and its steady-state distribution 
corresponding to temperature distribution at the current time to be'used, which in 
compliance with the work of Sari [18] appears as 

. 

" ' c . exp( -~ )  . (3.25) 

For the heat of transfer, Q*, the value of Q*=142 kJ/mole [19] was used in the 
calculations. The constant C is determined fiom Equation 3.25 by normalizing 
overall oxygen content within the fuel element. In calculating the,mass transfer in 
the channel, the change in oxygen content in the fuel as a result of its escape from 
the fuel elements in molecular form and as U03 and as a result of fuel burnup is 
also considered. Part of the oxygen, released in uranium fission, is spent to 
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oxidize fission products; the remainder alters the fuel oxygen coefficient. Oxygen 
pressure over the fuel and the fuel's oxygen potential change in the course of 
burnup were estimated through a procedure described by Olander [2]. 

3.3 -4. Spacer Effect on Temperature Fields in Fuel Element and on Fuel 
Mass Transfer in Central Channel of Fuel Element 

Removal of heat from fuel elements through the spacers can cause the 
appearance of a local minimum in temperature distribution along the emitter length 
and, consequently, also along the central channel length. As a result, in the central 
channel near a spacer, a local zone of intense condensation may appear. 
Examination of the central channel profile in fuel elements tested within 
experimental nuclear reactors confirms the existence of local minima in the central 
channel around spacer sites [20]. Thus, the spacers' cooling effect must be 
considered in predicting central-channel operability. 

As underlying data, we assumed the undisturbed distribution of the emitter 
temperature that was obtained in TFE thermal and electrophysical calculations 
without considering heat transfer over the spacers. 

To find the contacting area, a thermomechanical problem of interaction 
between spacers, emitter, and collector was solved using the results of Ponomarev 
[21]. The dependence of the contacting area on emitter deformation, spacer 
parameters, and materials properties was obtained. 

The thermal analysis considered a solid ring of spacer material, the width of 
which was determined based on the condition of equality between the contact area 
for the ring and overall contacting area for all spacers of the irivolved collar. 

Constant values for the emitter deformation rate were preset for each spacer 
collar. The values of the deformation rate were derived from examination of 
emitter deformation in experimental nuclear reactors. 

3.4. Investigation of Gas-Exhaust Device Operability 

The main purpose of the gasTexhaust system is to remove GFPs from the fuel 
element during its life and to restrict fuel loss to a permissible level. The most 
severe requirements on the fuel-loss restriction are derived fiom the small bore of 
the gas-exhaust channels; at a considerable temperature drop along the gas-exhaust 
line, all the fuel will be condensed within these channels, so that they overlap with 
the fuel condensate. Fuel loss is restricted using a capillary channel at the inlet of 
the gas-exhaust device (GED). The channel diameter is governed by the fuel 
temperature in the fuel element and by the gas-exhaust channel design. Estimates 
show that usually the capillary diameter must be -10-2 cm; therefore even a thin 
layer of fuel condensate on the GED surface may cause capillary channel blockage 
and gas-exhaust system failure. Estimates of the central isothermal cavity steady- 
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state configuration, described in Section 3.3, allow a choice of GED length such 
that the capillary channel outlet location would be fi-ee fiom fuel condensate under 
steady-state conditions. But choosing the GED length using only data on the 
steady-state configuration of the isothermal cavity does not guarantee GED 
operability throughout the required lifetime. During the early operation period, 
when the GED pipe is not coupled with the fuel, because of high metallic-pipe 
heat conductivity, the temperature near the outlet site can be lower than the 
surrounding fuel temperature, which will lead to condensate appearing on the pipe 
and potentially overlapping the outlet. As a result, the fuel element is sealed 
during early operation, when there is a heightened temperature and fuel can release 
a significant amount of gas, contained in the closed pores of as-fabricated fuel. 
With a substantial rise of gas pressure within the fuel-element cavity, gas flow 
converts to a diffusional mode that essentially inhibits mass transfer; as a result, a 
condensate layer on the GED surface is maintained for a long time. Therefore, it 
is necessary to choose GED parameters in such a way that the outlet site is 
overheated in relation to surrounding fuel for the early operational period. 

Gontar et al. [ 111 reviewed the possibility of overheating the GED inlet during 
the early operational period by increasing the GED pipe length, so that the inlet 
capillary would be behind the point of maximum fuel temperature. For a fuel- 
temperature profile along the central channel, approximated by a square parabola 

T(z) = Tmax.-a(Zo-z)2, (3.26) 

an analytical expression was obtained for the temperature difference between the 
fuel and GED inlet, which expression for long enough GED pipes 
(exp (PD>1) appears as 

(3.27) 

In this expression, the parameter P determines a ratio between heat spreading on 
the GED pipe and radiation heat exchange between the GED and fuel: 

(3 -28) 

where: L - GED length 
Io - distance fiom GED attachment point to a point with maximum fuel 

R - outer radius of GED pipe; 
. r - inner radius of GED pipe; 

E - reduced emissivity between GED pipe and fuek 

temperature; 
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CF - Stefan-Boltzmann constant; 
h - thermal conductivity of GED pipe material. 

T=Tm~-113d02 is the temperature averaged throughout the fuel-element 
length, given that the temperature profile used in calculations is determined by 
Equation 3.26. 

It follows fiom Equation 3.27 that GED overheating is achieved when the 
GED extends beyond a maximum temperature point by a distance 

L - I ,  = up. 
Naturally, in lengthening the GED pipe, the pipe's fiee end must remain inside the 
central isothermal cavity. 

The above procedure permits the selection of a GED length that ensures the 
absence of condensate at the GED inlet. However, in the event of a considerable 
departure fiom standard operating conditions, which often takes place in testing 
fuel elements in loop channels, the GED surface may be coated by a fuel layer 
sufficient to cover the capillary channel inlet. This does not necessarily indicate a 
complete breakdown of the GED. Gontar et al. [ll] considered a mechanism for 
restoring GED operation, arising from the fact that when the fuel blocks the inlet, 
fuel escape through the GED does not decrease. Here, the condensate'layer over 
the inlet becomes the uranium dioxide vapor source. 

As a result of fuel migration via the GED, a cavity over the inlet and 
eventually a hole through the condensate layer is formed. Gontar et al. [ll] 
studied the dependence of time of formation of the through-channel in the 
condensate layer on layer thickness, capillary channel geometric dimensions, and 
temperature. It is assumed that under initial conditions, a fuel layer of thickness h 
is present on the pipe surface and over the capillary inlet. The problem is 
diagrammed in Figure 3.3. Temperatures of the tip and the fuel on it are assumed 
to be constant. The following equation is obtained for time z of through-channel 
formation in the fuel layer [ 1 I]: 

where: p - fuel density; 
m - mass of fuel molecule; 
Peq - fuel vapor equilibrium pressure at a temperature T 

near GED inlet; 
L and H - dimensionless length of capillary channel and thickness of 

rc radius of capillary channel. 
condensate layer (in units of capillary-channel diameter); 
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Figure 3.3. Formation of a hole in condensate layer. 
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The case of practical interest is when the condensate layer thickness is large 
compared to the capillary diameter, i.e., H>>1. In this case Equation 3.29 becomes 

(3.30) 

Thus, the time of through-channel formation in the fuel layer is proportional to 
capillary-channel length and the cube of dimensionless thickness of the condensate 
layer. With changing GED pipe temperature, the .time of through-channel 
formation in the fuel layer changes following the temperature dependence of fuel 
vapor equilibrium pressure. Channel-formation times at T i  and T temperatures 
are linked through the relation 

(3.31) 

Blockages in the gas-exhaust channels can take place not only within a fuel 
element, but also beyond it, where the temperature ranges from -2000 K to 700 K. 
In fuel elements containing carbonitride and carbosulphide fuel and not including 
systems for fuel-loss restriction, the chemical transfer and condensation within the 
gas-exhaust lines may become limiting factors on fuel-element Me. Lyubimov et 
al. [22] analyzed the quantitative ratio between precipitated phases and showed 
that their most abundant fiactions are Cs2CO3 and Cy i.e., they are the most 
dangerous from the viewpoint of clogging the gas-exhaust channel. The analysis 
revealed conditions for the precipitation of Cs2CO3 and C phases on an inert 
substrate, depending on partial pressure of carbon monoxide. It was ascertained 
that precipitation of the condensed phases can be prevented through a reduction of 
oxygen content in the carbonitride fuel to level of 0.1 to 0.4% at. 

3.5. Physical and Chemical Changes in Fuel and Fuel Components Released 
into the Interelectrode Gap 

The physical and chemical changes in uranium dioxide during burnup aroused 
considerable interest during fuel-element development. Olander [2] summarized 
the available experimental data, theoretical concepts, and models used in 
describing oxide fuel behavior, but in creating high-temperature fuel elements for 
thermionic converters, a number of features characteristic of these fuel elements 
became apparent. First, the high cladding temperature and presence of structural 
materials witbin a fuel element (gas-exhaust system and heat-conducting and fuel- 
Exing elements) raised the problem of long-term compatibility between fuel and 
structural materials at -2000°C. Second, the voltage-current characteristics of 

94 



thermionic converters are extremely susceptible to emitter and collector surface 
conditions and to gas phase composition within the interelectrode gap; therefore 
the possibility of fuel-component and fission-product penetration to the IEG and 
their interaction with structural materials must be analyzed. 

The most important parameter determining the chemical properties of an oxide 
fuel and its interaction with structural materials is oxygen pressure in the gaseous 
phase within the fuel element, i.e., the fuel’s oxygen potential. In the course of 
fuel burnup, the oxygen potential changes. Olander [2] considered a change in the 
oxygen potential of oxide fuel and accounted for the degree of oxidation of the 
products formed in uranium-atom fission. Lyubimov et al. [23] also took into 
account the change in fuel oxygen potential within the TFE as a result of oxygen 
release into the interelectrode gap. The oxide fuel composition change due to 
burnup and oxygen migration into E G  through the emitter cladding is described 
using a simple differential equation [23]: 

(2 + x0)f(l- k2) - kl - f 
-- - 
dt ( l + f ( l -  k2)t)2 

(3.32) 

where: x=(O/Me - 2) - deviation fiom uranium dioxide stoichiometric composition 
(Me=U-hnetallic fission products in solid solution of 
fluorite phase); 

~0 - initial deviation fiom uranium dioxide stoichiometric composition; 
t - time, s; 
f - burnup rate, at.fiactiods; 
k l  - oxygen mole fiaction consumed to form baridstrontium zirconates; 
k2 - sum of fi-actional yield of yttrium, rare earth metals, and zirconium, 

Po2 - oxygen partial pressure over uranium dioxide, atm. 
which do not form zirconates; 

where: FG - area of gap cross section, m2; 
Vf - volume of oxide nuclear fuel, m3; 
hC1- thickness of emitter cladding, m; 
a - a coefficient equal to 4.104 mole/m3 
p - emitter cladding permeability to oxygen, mole/(ms-atml/2). 

The interaction between the fuel and the cladding and the migration of fuel 
components through the cladding into the IEG are determined by local parameter 
values for the fuel in contact with the cladding. Given significant temperature 
drops along the oxide fuel-stack length and radius, the fuel composition may vary 
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in the different parts of the fuel element. Section 3.3 shows that with slow 
alteration of the fuel composition, a steady-state oxygen distribution in the fuel 
element, determined by Equation 3.25, can be used. Considering the oxygen 
coefficient change resulting fiom uranium decay and oxygen migration beyond the 
fuel element, the pre-exponential factor in the distribution (Equation 3.25) is a 
slowly changing time function. Lyubimov and Lovchikov [24] considered the 
change in oxide fuel's oxygen coefficient jointly with oxygen transport into the 
IEG through the cladding and interaction of the diffused oxygen wiih the IEG gas 
medium. 

For fuel elements in which the inner cavity communicates with the IEG space, 
oxygen penetration into the IEG is possible over the gas-exhaust channels. To 
reduce the rate of mass transfer into the IEG, oxygen getters located on a segment 
between the fuel-element and IEG cavities may be used. Bobkov et al. [25] 
examined the possible use of a niobium getter and noted that previously it was 
erroneously assumed that the limiting phase for the gettering is oxygen diEFusion 
within the oxide fuel or getter. They [25] showed, however, that for uranium 
dioxide of a composition close to stoichiometric, the slower stages are oxygen 
desorption fiom the fuel surface and niobium chemosorption of oxygen. 
Assuming the chemosorption of oxygen by a getter as the limiting stage for the 
getteIihg, Bobkov et al. [25] obtained an expression determining a time for which 
uranium dioxide composition changes fiom U02+x0 to U02+x. Such a 
transition time depends on the thermodynamic parameters of the fuel, the 
coefficient of oxygen adhesion to niobium, the oxygen molecule dissociation 
equilibrium constant and the overall amount of fuel and the ratio of fuel to getter 
surfaces. It was assumed here that the getter is available in adequate amounts and 
its saturation by oxygen is not reached (oxygen solubility in niobium is -1% at.). 

Experimental study [25] of gettering the uranium dioxide samples in sealed 
containers of (Nb+l%Zr) alloy revealed that the calculational results show good 
consistency with the experimental data. Bobkov et al. [25] assumed that the fuel 
oxygen immediately reaches the getter surface, i.e., the phase of oxygen transfer 
fiom fuel to getter is not limiting. These conditions were realized in the 
experiments, but if getters are placed at the ends of fuel elements or in the 
intermodule space, it is necessary to make estimates for each particular fuel- 
element design, since in this case the limiting stage for the gettering may be 
oxygen transfer in the gaseous phase. 

If carbide fuel compositions are used, the most detrimental effect on the 
converter characteristics is exerted by carbon. The transfer, through the fuel- 
element cladding, of carbon, uranium, zirconium, and tantalum fiom a fuel 
comprising a carbide solid solution is considered in the work of Lyubimov et al. 

' 

P61. 
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3.6. Mass Transfer witbin the Interelectrode Gap of the Thermionic 
Converter 

The presence of a gas medium of complex composition within the IEG has the 
result that chemical transport of the emitter material to the collector considerably 
exceeds the sublimation rate of the emitter material. The chemical transport of a 
substance can occur in one of three modes: diffusion, diffusion-kinetic, and 
kinetic. The diffusional regime, for which a process rate is governed by reactant 
delivery or removal of reaction products, is well-studied [27]. It is not necessary 
to consider the kinetics of the reaction in the diffusional regime. In contrast to the 
kinetic mode, the chemical transport rate is governed by the chemical reaction rate; 
therefore a detailed investigation of the reactions becomes necessary. Under TFE 
conditions, especially if the TFE contains communicating fuel-element and IEG 
cavities, the main participants in the reactions may be present in considerable 
amounts. The fuel is, in fact, an infiTlite source of oxygen and carbon oxides and, 
the moderator, of hydrogen. In addition, the IEG contains cesium under -1 torr 
pressure, which can also take part in the reactions. The absence of any essential 
transport restriction means that the mass transfer into the IEG occurs under 
conditions close to kinetic. Cesium in the IEG under -1 torr pressure does not 
bring about any appreciable inhibition of the mass transfer. As shown in Figure 
3.1, under actual conditions with -0.5 mm IEG width, the uncharged particle fkee 
path length is close to the interelectrode gap value. 

In light of the above-mentioned circumstances, RI SIA "Lutch paid great 
attention to examination of substance transfer in kinetic and diffusion-kinetic 
modes, where the governing role is performed by adsorption and surface reactions. 
Bobkov et al. and Lubimov et al. [28, 291 stated a set of equations to find the 
degree of surface coverage with gas-phase components. Those equations are the 
mass balance equations for each atom type in the steady-state transport of a 
substance between two surfaces of equal area: 

(3.33) 

where: Zd - i-atoms number in j-molecule; 
s(')j - coefficient of adhesion of j-molecules to r-surface; 
p@)- rate of j-molecule desorption fkom r-surface; 
Rj - transport ratio for j-molecules, considering the diffusional resistance 

of the gaseous medium filling the gap. 
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This consideration excludes the processes connected with the molecules’ 
migration into the material volume and supply fi-om it and any chemical reactions 
in the gaseous phase. As for the rest of the i-equations, equations determining the 
amount of each component in the system surface and gaseous phase are used. 

(3.34) 

(3.35) 

where: A - surface area; 
T - surface temperature; 
ns - number of adsorption centers on surface, 
mj - mass of j-molecule. 

In Equations 3.33 through 3.35, mj and Sj. must be expressed in terms of the 
degree of coverage. Bobkov et al. and Lubmov et al. [28, 291 used, for the 
desorption rate, expressions obtained within the fi-amework of the theory of 
absolute reaction rates; the dependence of degree of coverage on desorption energy 
is expressed using the model of surface electron gas. They [28,29] also reviewed 
the available literature on dependence of the adherence coefficients on degree of 
coverage; even for diatomic gases these expressions have rather complex 
configuration. Here it is inferred that, when processing the experimental data, it is 
advisable to use approximate expressions [3 11. Tungsten and molybdenum 
evaporation in various environments was considered using the approximate 
expressions. The evaporation in oxygen atmosphere and in hydrogedwater vapor 
mixture has been examined [28, 291. Gas pressure/temperature dependences of 
tungsten evaporation are calculated in these studies. There is good agreement of 
the calculational data with results of an experimental study of tungsten evaporation 
under low pressures of hydrogen and water vapor [32], as well with results of 
literature data on tungsten evaporation at low oxygen pressure. 

Lubimov et al. and Grebenshicov et al. [29, 331 reviewed the chemical 
transport of tungsten in the gaseous phase containing three elements: Cs, 0, and 
H. “hemodynamic estimates showed that, in such a system, oxygen is present 
mainly in molecules of cesium hydroxide, CsOH. Therefore, tungsten evaporation 
was considered in a gaseous mixture of CsOHt-Cs. A calculated temperature 
dependence of the tungsten evaporation rate in different gaseous environments is 
presented in Figure 3.4. A resulting rate of tungsten evaporation is obtained by 
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Figure 3.4. Tungsten evaporation rate in oqgen, water vapor, and cesium 
hydroxide vs. temperature [29]. 
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summation of the main tungsten-containing constituents of the gaseous phase (W, 

Grebenshicov et al. [33] studied another aspect of the emitter material mass 
transfer impact on TEC efficiency. Application of a gold or copper coating to the 
collector cuts emissivity in half and heightens converter efficiency by 4 to 5%. To 
maintain a high collector reflectivity, the thickness of the applied layer of tungsten 
during its lif'etime should not exceed 100 to 150 Proceeding fiom the transfer 
rate of 10 to 20 &yeary using the REFNICO computer program, Grebenshicov 
[33] showed that the oxygedhydrogen concentration in cesium filling the IEG 
should not surpass -2.10-7 molekg. 

Cesium is able to alter the tungsten oxidation rate as a result of substantial 
reduction of the tungsten work function with cesium adsorption [34]. The 
presence of cesium atoms in the surface considerably changes the relation between 
evaporation rates of diverse oxides in the temperature range where the work 
function is lower than for the electron aEnity of W03 [34]. In fact, all oxygen in 
this case is spent to form the ions WO3; and WO and W02 evaporation rates 
decrease sharply as compared to tungsten oxidation without cesium. As a result, a 
minimum in the 1700 to 1900 K temperature range in the curve of 1/T dependence 
on evaporation rate at a surface without cesium, deriving fiom competition 
between reactions forming WO, W02, and WO3, is smoothed by considering the 
reduction in work function. 

If uranium dioxide is insufficiently purified of carbon, one of the major 
gaseous phase components is carbon oxides: monoxide and dioxide. The same 
ingredients are the main ones over nuclear fuels based on uranium carbide. 
Lyubimov et al. [35] investigated the tungsten evaporation rate in a (CO+CO2) 
gaseous mixture. Figure 3.5 represents a calculated temperature dependence of 
polycrystal tungsten evaporation rate under C02 at various pressures [35]. 
Available experimental data fiom the related literature are also plotted in th is  
figure. A satisfactory consistency of the calculational results with experimental 
data is seen. 

WO, W02, WO3, and C S ~ W O ~ ) .  

3.7. Emitter Deformation and Fuel Swelling 

One of the key problems in building a long-life TFE is the provision of 
geometric stability of the emitter to preclude short-circuit of the electrode. Three 
basic mechanisms of emitter deformation leading to this type of failure are 
generally accepted [20,36,37]: 

fuelswelling; 
0 fuel element thermocycling; 

emitter loading by inner pressure of GFP released fiom fuel. 
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Figure 3.5. Temperature dependence of polycrystal tungsten evaporation rate at 
various C02 pressures [35]. 
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3.7.1. Emitter Creep under h e r  Pressure of Released GFPs 

Inner pressure is linked to a potential malfunction of the system for GFP 
removal fi-om the fuel-element cavity. At present, the need for ventilation is 
commonly accepted [20,36,37]. 

An estimate of the emitter deformation under the effect of GFP pressure in its 
cavity may be sought fiom the relationship [ 111 

AD / D  = (& / 2)m+ -B - (a / h)m - zm+ / (m + 1). Cm, (3.36) 

where: D - outer diameter of the emitter, 

B, m - coefficient and exponent of emitter material creep; 
a, h - emitter inner radius and thickness; 
qv - volumetric power density averaged on fuel element; 
E - energy released per one fission; 
Y - GFP yield per one fission; 
T G ~  - temperature of gas in fuel-element cavity; 
v - ratio of gas cavity volume to fuel volume 

C = qV/E.Y*k*T. l / ~ ,  

The relationship is obtained under the assumption that GFP pressure 
immediately affects the emitter (i.e., the fuel's restrictive influence is neglected). 
This supposition, first, considerably simplifies the problem solution. Second, the 
advisability of considering the restrictive effect of the fuel stack (as done in a 
number of works) is doubtfhl because of the possibility of cracking, development 
within the fuel of interlinked porosity in the course of swelling, etc. In addition, 
investigations [38] show that considering this factor can lead to an appreciable 
extension of time until short circuit only for "rigid" type fuels. In deriving the 
relationship it was also assumed that relative GFP leakage from the fuel equals 1, 
which is permissible because of the high fuel temperature. 

3.7.2. Deformation of Ventilated Fuel Element Emitter under Fuel Stack 
Swelling 

For the ventilated fuel-element design (i.e., with GFP removal from its cavity), 
a key factor limiting TFE operation under steady-state operating conditions is 
emitter deformation due to fuel-stack swelling. 

A problem of theoretical description of emitter deformation is, in this case, 
connected with the necessity of modelling several interlinked processes: fuel stack 
swelling, its interaction with the emitter, and fuel structural transformations and 
their influence on U02 mechanical properties. 

102 

. < . "  



As analysis shows, the strength-related aspect of this problem is most 
developed. Facets linked to modelling the processes of U02 re-structuring and 
swelling remain less studied [39]. 

U02 Irradiation Swelling. Uranium dioxide high-temperature swelling, 
notwithstanding a large scope of published experimental data and theoretical 
investigations, is to date not studied enough. Analysis of this information [40,41] 
revealed that the results of individual works are not in agreement with each other 
with respect to either values given or qualitative dependence on operational 
parameters (temperature, burnup). So, for example, findings [36, 421 fiom 
calculational investigations of the temperature dependence of swelling predict a 
maximum in the temperature range of 1500 to 1800 K. A saturation value of the 
swelling in the course of burnup is also forecasted. At the same time, a number of 
other calculational and experimental studies point out an increase in swelling with 
temperature and its practically linear bumup dependence (see, e.g. [43,44]). 

The issues linked to the impact of these parameters are important in predicting 
the fuel element's lifetime and in optimizing its design. 

Use of well-known domestic and foreign mathematical models describing the 
swelling is also restricted, because most of them were developed only for 
application to the sintered uranium dioxide with fine-grained equiaxial structure. 
They cannot be applied to high-temperature fuel elements, where the as-fabricated 
U02 structure converts to column-type with simultaneous change in its irradiation 
[41,45] and mechanical [46] properties. For the same reason, there is also limited 
potential for their application to accelerated tests, where in a number of cases, the 
test temperature will be high compared to operating conditions. 

At present, efforts dedicated to broadening the domain of applicability of both 
existing and newly developed models of uranium dioxide swelling are conducted 
at the Institute of Physics and Power Engineering (IPPE) [47], the Russian 
Scientific Center "Kurchatov Institute" [48], and RI SIA "Lutch" [40,41]. 

Thus, application of the theoretical mathematical models describing U02 
swelling is to date evidently not reliable enough to forecast TFE long life behavior 
for a wide range of its operating parameters. In connection with this, RI SIA 
"Lutch" has adopted a comprehensive approach to solving this problem. Within 
the fiamework of a theoretical model (computer code BARS), experimental data 
on U02 irradiation behavior are being analyzed and interpreted. Emitter life 
behavior is estimated using experimental results on U02 swelling (computer code 
SDS) [41]. 

The computer code BARS (Bubbles Analysis of Radiation Swelling) has been 
primarily developed proceeding fiom the BUBL program's model concepts [49], 
but modifications allow the elimination of a discrepancy in literature data on the 
impact of operational parameters on U02 swelling [41]. BARS computes the 
value and the rate of change both in U02 density, which influences temperature 
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fields, U02 creep, etc., and in the outer dimensions of the fuel to determine 
emitter loading behavior resulting f?om U02 swelling. Parameters to be computed 
include size and number of bubbles within the fuel and kinetics of GF'P release 
from U02. 

In the computer code BARS, as in the known statistical model of swelling 
BUBL, every bubble is observed fkom the moment of its formation until its 
approach to the fkee fuel surface. The relative volume of bubbles located in the 
fuel, in contrast to BUBL, is a measure of only irradiation-induced fuel porosity. 
Also in contrast to BUBL, to find the U02 swelling responsible for emitter loading 
BARS contains an additional subroutine for summing. the volume of bubbles 
located in the fuel and having left it by a given point in time. 

Uranium Dioxide Non-Irradiation Swelling Connected with Processing 
Features of Fuel Pellet Fabrication. Gontar and co-workers [ll, 501 reviewed 
the mechanism of U02 non-irradiation-induced swelling. Its manifestation under 
in-pile conditions may be connected with the processing features of fuel-pellet 
fabrication, in particular with sintering in a gaseous medium. 

The TRC fuel element assembly contains, as a rule, high density uranium 
dioxide (295% of theoretical) to meet strict requirements for the .size/mass 
parameters of a reactor [39]. At the final phase of sintering these pellets, when 
their density constitutes -95% of theoretical, all the porosity becomes in fact 
closed (Figure 3.6 [5 13). 

At this stage, the pellets' shrinkage ceases and the pressure of the gas within 
the closed pores-the same gas as the atmosphere in which the sintering occurs- 
is balanced by Laplace pressure [2, 52, 531. The closed pores formed in this way 
are sited both between and within grains, following the distribution achieved at the 
sintering finish phase. Most of the intragrain pores are smaller than 1 pm in size 
C541. 

Analysis of the represented data [50] indicates that, under thermionic fuel 
element operation, there is a possible manifestation of an accompanying 
mechanism of non-irradiation swelling of uranium dioxide along with the 
irradiation swelling. It is provoked by coalescence of closed equilibrium process- 
induced pores, which remained motionless within grains during processing 
operations, but which migrate under in-pile conditions due to temperature 
gradients. 

The scope of this mechanism is based on the following premises. Migration 
velocity V of the said size pores (d<l p), if U02 grains do not grow, is 
controlled by surface diffusion and can be defined using the formula [2] 

6.Ds - Q ,  - a  

k - T 2 . d  
V =  - gradT, 
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Figure 3.6. Open to closed porosity ratio vs. U02 pellet density [51]. 
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where : Ds - coefficient of U02 surface self-difhsion; 
Qs - heat of transfer for surface self-diffusion; 
d - pore diameter; 
a - lattice spacing; 
k - Boltzmann constant; 
T - temperature. 

As a result of a preferred direction of movement, these pores migrate over 
time to the grain boundaries, where they become fixed under the effect of 
intergrain surface tension forces, yg In the grain bowdaries, related buildup, 
collisions, coalescence, and size enlargement of as-produced process-induced 
pores will occur during their migration fiom the grain volume to its boundary. 

The size d of a pore, formed in coalescence of two equilibrium gas-filled 
pores with diameters d l  and d2, is determined fiom a solution of the in-pore gas 
state equations and the pores' equilibrium condition [52]: 

d2 = d l  2 2  +d2 (3.38) 

In the process, the voluine of a pore formed exceeds the sum of the two joined 
pores' volumes, i.e., the fuel density decreases and it swells. 

When a pore reaches d-size, equaling or surpassing the critical der, i.e., when 

(3.39) 

the pore detaches fiom the grain boundary and migrates to the fuel element center. 
To assess the scale of this swelling mechanism, an equiaxial grain was 

approximated [50] using an equivalent cube, one face of which is perpendicular to 
the temperature gradient. The site of pores successively r eachg  this face was 
determined using the Monte-Carlo method. 

Calculational Simulation of Emitter Swelling Deformation Behavior. The 
SDS computer code (Stress and Deformation under Swelling) has been developed 
to predict TFE emitter deformation. In this code, the fuel's swelling rate and 
density, as well as their dependence on operational and structural parameters, are 
based on statistical, experimentally achieved in-pile test results on fuel samples. 
This eliminates potential errors linked to the use of mathematical swelling models 
based on inadequate investigations or inaccurate mathematical descriptions of the 
processes governing swelling. 

For experimental study of fuel-material swelling, i.e., for input data required 
for the SDS code, RI SIA "Lutch" has developed a technique and irradiation device 
for gaining these data, depending on burnup [41, 451. Experimental data have 
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been collected on the impact of temperature operation conditions for U02 of 
different structural modifications (see Chapter 6). 

In this approach, mathematical modelling of the emitter deformation behavior 
is considerably simplified, because it is reduced to modelling only the mechanical 
interaction between the swelling fuel stack and the emitter. In this event, only the 
strength-related facet of the problem is considered, which has been most 
elaborated to date. 

In modelling the interaction between the swelling fuel stack and the emitter, 
the SDS code assumes them to be coupled by the radial mass transfer of U02. 
Only creep deformation is considered because under this type loading the 
mechanical stresses are much lower than the materials' yield limit, and the elastic 
component of t o e a  emitter deformation is insignificant. 

Calculation of fuel-element deformation under stress is reduced to solving a 
set of equations of incompressibility, equilibrium, and creep, compiled for the fuel 
stack and emitter. As the boundary condition, radial stresses in the outer surface 
of the emitter and fuel-stack central channel are taken to be zero. The joining 
condition is the equality of the radial stresses and displacement between the stack 
and emitter. 

In estimating the stress-deformed state, no less important a problem is the 
reliability of the underlying data on fuel-element material creep. The high U02 
temperature (P165OOC) brings about a strong growth of grains and migration of 
and release from the fuel by both as-produced and irradiation-induced porosity. 
Investigations [45] show that these processes lead to an appreciable decrease in the 
dioxide creep rate. Therefore, in predicting the lifetime and determining the 
stress-deformed state of the fuel element, the U02 creep parameters used are 
obtained from out-of-pile tests of fuel samples reproducing the intrinsic structural 
features of U02 under operation (grain size and shape, porosity level). 

3.7.3. Emitter Deformation under Thermocycling because of TFE Heat and 
Electric Power Changes 

Investigation of emitter deformation under thermocycling because of TFE heat 
and electric power changes is needed for several reasons. 

First, in a number of cases, TFE operation is foreseen at various levels of 
electric power. Hence, irreversible emitter deformation may build up when 
shifting fkom one to another operating condition [36,39]. 

Second, research reactor-based loop channel TFE tests, conducted in the phase 
of the TFE design debugging, are accompanied as a rule by high heat jumps and 
thermal shocks. They are derived fiom emergency safety protection responses, 
scheduled start-ups and shut-downs, or research reactor power lowering. To 
extrapolate such test results to standard conditions, it is necessary to discriminate 
the constituent of deformation induced by the thermocycles [SI. 
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Third, TFE operation in a TRC is accompanied by continuous temperature 
cycles (-10 K), linked to operation of reactor power controls [56]. 

As applied to thermionic fuel-element operating conditions, the available 
literature on such investigations is poor. Questions concerning thermomechanical 
interactions between the fuel stack and cladding have been studied for power- 
reactor fuel elements (see, e.g., [57,58]). However, because of an essential differ- 
ence in operating conditions, these data cannot be extrapolated to the considered 
TFE operating conditions, mainly because of the much higher temperature of TFE 
operation. As a consequence of intense U02 mass transfer in the thermionic fuel 
elements, unlike power reactors, their fuel stack is linked to the emitter throughout 
its Wetime. 

Several potential mechanisms for building up irreversible plastic deformation 
caused by TFE thermocycling have been reviewed [36,20,39,55,56]. 

According to Bogush et al. and Degaltsev et al. [36, 391, a major reason for 
the deformation buildup in TF'E power cycling is connected with U02 re- 
condensation and fuel cracking or StacWemitter gap formation. Owing to the high 
TFE operating temperature, the as-assembled fuel stacWemitter gap is entirely 
filled by fuel condensate formed by U02 recondensation. With a power rise, a 
concomitant elevation of stack and emitter temperatures occurs. Under these 
conditions, because of the absence of a gap and higher coefficient of U02 thermal 
expansion compared to the emitter material (twice as high), the emitter is 

. deformed by the fuel stack. After the return to a previous power level, a gap (or 
crack) is formed because of mismatching thermal-expansion factors, given slight 
coupling or fuel cracking. At the subsequent stage of steady-state operation, the 
gap fills again with fuel condensate. Thus, iterated power cycling should lead to a 
permanent accumulation of emitter deformation. 

Another mechanism, thermal ratcheting, is connected with deep cooling of the 
fuel element [20, 551. The deep cooling of fuel elements, which follows the 
steady-state operation period, brings about a local (or complete) disconnection of 
the stack from the emitter. Out-of-pile investigations using electric heating reveal 
that, after repeated power rises, the thermal conductivity in the disconnection sites 
is 0.15 to 0.30 W/cm2.K. For this reason, fuel-element power rise up to its rated 
level results in local overheating of the fuel stack and local deformation of the 
emitter up to 0.1% [20]. 

Such a deformation mechanism is also confinned by in-pile experimental data. 
It follows, for example, from analysis of short-term tests of two modules of a 
multi-cell TFE with tungsten emitter and uranium dioxide stack (Table 3.1). In the 
first module, a tungsten foil was placed between the stack and emitter to prevent 
UO2/emitter coupling. In the second module, the fuel stack was placed within the 
emitter, with a gap su€(icient to accommodate the difference in their heat-induced 
movement. As seen from Table 3.1, emitter deformation took place only in the 
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Table 3.1. Conditions and results of TFE module tests [20] 

NO. Emitter Test time, hrs Thermocycles 
module Temperature, K number 

1 (foil) 1600 3500 38 
2 (no foil) 1570 1200 12 

Maximum 
change in 

emitter diameter, 
% 

none 
-1 

second module, although it underwent a smaller number of thermocycles in the 
tests. Here, the emitter became oval in shape. 

The "thermal ratcheting" mechanism linked to the thermionic reactor power 
controls' operation has been examined [20, 561. Because of TRC controls 
operation, TFE use, even in the rated operation mode, is accompanied by 
permanent power oscillation. This leads to small (-10 K) but continuous changes 
in fuel-element temperature. Under these conditions, as experiments show, 
emitterhtack coupling is sustained. Manifestation of thermal ratcheting is, in this 
case, connected with thermocycle asymmetry with respect to heating and cooling 
rates, as well as with a power stress dependence of the emitter material creep rate 

For all these reasons, changes in fuel-element temperature cause extra creep 
deformation of the emitter, along with heat-induced movement. Deformation is 
caused by the stresses arising in the emitter due to mismatching thermal expansion 
factors of the stack and emitter. Because of the power stress dependence of the 
emitter creep rate, its deformation per cycle depends on the stress difference 
arising within the emitter during cooling and heating. E, for example, within one 
cycle, the cooling rate is higher than the heating rate (with the same temperature 
change on cycle), emitter creep deformation during cooling will exceed creep 
deformation during heating, since at a higher cooling rate of the fuel element, a 
higher stress level is realized in the emitter. As a result of one cycle, the total 
irreversible creep deformation of the emitter will differ fkom zero-in the current 
case, the emitter diameter is reduced. Evidently, for a thermocycle with the 
opposite ratio of cooling to heating rates, a resulting increment to the emitter 
diameter will be observed. 

Accompanying the thermocycling, continuous under in-pile conditions, 
unilateral loading of the emitter by swelling enhances the loading asymmetry. 
This mechanism has been assessed [56] under the following assumptions. A fuel 
element cross-section sited at a sufficient distance from its ends is considered. 
Here the flat sections theory is valid. In the given thermocycle range, stresses 
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within the emitter and stack materials do not reach the yield strength limit. Hence, 
only creep deformation is taken into account. 

Calculational relationships to define deformation rates and stresses on each of 
thennocycle stages were determined from solution of the following set of 
equations, compiled both for the stack and emitter: 
the incompressibility equation, 

5, +5, + E ,  = v, 

where: cr = dU/dr, ct = U/r 
cry cb cz - relative deformation rates at radial, circumferential, and 

U - rate of radial displacement, 
Y- rate of relative volume change; 

axial directions (the solution assumed cz=O), 

the equilibrium equation, 

FdoIdr = ot - or, 

where: Or, ot - radial and circumferential stresses, respectively; and 

the creep equation, 

5, -5, = Y-(Qt -cr 1 , 

(3.40) 

(3.41) 

(3.42) 

-n-1 where: Y?=1/2-3("+')'2 . B - T  
By n - respectively, creep coefficient and exponent; 
T - intensity of tangentid stresses. 
- 

To solve the set of Equations 3.40 through 3.42, we used the boundary 
conditions 

T 
r 1  Q ( r ) = O  

oem(r3) r = o 

and the conditions of "joining" of the stack and emitter 
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where: r1,r2, r3 - radius of stack channel, stacklemitter interface, and emitter 
outer surface, respectively. 

Here, the rates of relative change in fuel and emitter volume are determined by 
the relations 

where : a,,,,, af - thermal expansion coefficients of emitter and stack 
material, respectively; 

& / dz - rate of stack volume change, induced by swelling; 
dT/dz - rate of fuel element temperature change (hereinafter, vh when 

heating and vC when cooling). 

Through the rates of emitter displacement when cooling (UF) and heating 
(Vi"') found in solving Equations 3.40 through 3.42, the emitter radius change per 
cycle is sought as 

Ar3 =uem .z +U;m.zh, c c  

where : zc, a - time of cooling and heating, respectively. 
Steinar [57] also considered the influence of the fuel stack on the swelling 

level under a stress state resulting fiom preset themocycling. 
To assess this effect, the creep of a spherical cell of fuel with a gas pore was 

examined to predict the swelling in the spherical gaseous pore model [59]. An 
equation for relative volume change of the spherical cell (swelling), considering 
U02 linear creep dependence of stress (Le. E,-cY), is reduced to the following: 

(3.45) 

where: Sc - relative volume change of gas pore per cycle; 
E - process-induced porosity of fuel; 
K - fuel creep coefficient; 
PGF~ - GF'P pressure witbin pore (preset parame~cally); 
PLt, P$ - outer pressure upon the sphere when cooling and heating, 

respectively ; 
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~c,%,~cYc - time of cooling, heating, and complete thermocycle, 
respectively. 

3.8. Computer Code KATET for Simulation of Fuel Element Lifetime 
Behavior 

Most of the computer codes intended to study fuel-element lifetime behavior 
involve individual phenomena restricting TFE life, but these phenomena are 
interlinked in a complex manner. As noted in Section 3.3, the mass transfer and 
the temperature fields must be described jointly. Change in temperature and 
geometry of the fuel stack substantially impacts fuel-element deformation. 
Cladding deformation leads to IEG reduction, which increases emission current. 
and changes the fuel-element cladding temperature. Thus, the thermal, electric, 
and deformation processes and mass transfer are interlinked, and a separate 
consideration of these phenomena in predicting a long life may bring about 
considerable errors. 

Kornilov et al. [60] described a procedure and program for self-consistent 
computation of electric parameters of a multi-cell TFE module and fuel disposition 
within a fuel element. The calculation is conducted on the fhal arrangement of 
uranium dioxide within the fuel element. However, steady-state conditions are 
reached only in the central, most thermostressed modules for times that are short 
compared to lifetime. In the single-cell TFEs and outlying multi-cell TFE 
modules, the fuel steady-state disposition usually is not reached. 

In view of this fact, RI SIA "Lutch" has developed a complex computer code, 
KATET (Complex Analysis of Thermionic Fuel Elements) that simulates single- 
cell TFE life behavior and considers the inteiinfluence of life-restricting factors. 
KATET jointly considers the following questions: 

uranium dioxide mass transfer in the central channel of the fuel-element stack 
under the effect of temperature gradient; 
time dependence of distribution of heat generation in the fuel stack, deriving 
fiom fuel mass transfer; 
fuel swelling induced by gaseous fission products; 
TFE emitter diameter deformation vs. fuel swelling and emitter bending 
deformation caused by the azimuthal non-uniformity of temperature; and 
time dependence of fuel-element cladding-temperature distribution, deriving 
fiom change in heat release distribution in the stack and EG value change. 
Nikolaev et al. [61] summarized the mathematical models used in the code, 

program structure diagram, computational algorithm, and results. Since the total 
number of equations solved by numerical methods is very large, the program is 
built as individual units (subroutines) that characterize the processes considered by 
the program. The program's main routine alternately calls the units. Because the 
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processes modeled are of different rates, the time step is chosen equal to the 
smallest of the steps required to describe the separate phenomena, and to save 
computer time, subroutines describing less rapid processes may not be called at 
each time step. One version of the program produces graphical results as output to 
screen and printer graphs of the emitter temperature distribution along the TFE 
length and throughout the central channel surface and distribution of diameter 
deformation of the emitter and stack central channel diameter. These curves are 
output for instants preset in the underlying data. KATET is compiled in a way that 
allows the incorporation of additional subroutines considering phenomena which 
under some conditions may exert an appreciable effect upon the fuel-element life 
behavior. Such processes may include [61] 

material mass transfer into the IEG; 
deviation of uranium dioxide composition fiom stoichiometry and change in 
fuel oxygen coefficient in the course of operation; 

0 migration of as-obtained porosity within the fuel-element stack in a 
temperature gradient field; 
material property changes under irradiation; 
pellet cracking; and 
emitter deformation under fuel element thermocycling. 
As shown previously in Chapter 3, as well as in Chapter 4, at present, each of 

the above cited processes has been mathematically described and calculationally 
studied separately. 
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CHAPTER4 

RESULTS OF CALCULATIONAL STUDY OF FUEL-ELEMENT 
BEHAVIOR DEPENDING ON ITS MATERIALS AND OPERATING 

PARAMETERS 

4.1. Calculational Studies of Temperature Fields witbin the Fuel Element 
and Their Change in Time 

As mentioned in Chapter 3, the calculation of temperature fields within fuel 
elements is closely linked to calculational problems of mass transfer in fuel 
elements, to their deformation behavior, and to solution of themallelectric 
problems for the thermionic converter, which determine the distribution of 
temperature and heat fluxes within the emitter. So, the strictest solution of the 
heat problem can be achieved by jointly solving these problems. Use of such 
integrated programs is specifically convenient for investigating the change of the 
temperature field in time, since at each step of the calculation, the temperature 
field is recalculated. Such a solution for the single-cell TFE is provided by 
KATET [l] or by a program for mass transfer within the fuel element [2]. Figure 
4.1 presents calculational results using KATET as applied to the single-cell "E of 
a TOPAZ-2-type reactor, with an emitter fabricated from MN3 single-crystal alloy 
and stoichiometric uranium-dioxide fuel. The data contained in Figure 4.1 relate 
to a 400 W electric power fuel element. Coordinate x=O corresponds to the TFE 
central cross-section. 

Figure 4.la shows that in the course of operation, the maximum emitter 
temperature (Curves 1 to 5) drops by -50°C. This temperature reduction is 
connected with fuel re-distribution by mass transfer in the fuel-stack central 
channel and, as a consequence, with change in the linear power distribution along 
the TFE length (Figure 4.lb). The temperature distribution along the central 
channel length (Curves 6 to 10) changes even more. As shown in Figure 4.1% the 
maximum fuel temperature drops by almost 100°C. This comparatively rapid 
temperature reduction is also caused by fuel redistribution in the course of its 
transfer in the central channel. Then, however, a rise in the maximum fuel 
temperature is observed. This rise is linked to the fuel swelling, leading to 
decrease of the central channel diameter (Figure 4. Id). 

An important part of both KATET [l] and the program for calculating mass 
transfer in the fuel element [2] is a calculation block for the temperature fields 
within fuel elements. Variants of the calculation block are officially registered and 
used as individual programs; the temperature-field calculation programs, 
developed for particular fuel-element designs, are more efficient and call for much 
less computer time than well-known multi-purpose programs for estimating 
temperature fields. To analyze the temperature fields in multi-cell TFEs, the 
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Figure 4.1. Results of calculational investigation of single-cell TFE behavior 
(p=400 W): 

1,6 - 0 h r ~ ;  
2,7 - 10,000 hrs; 
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11 - ultimate deformation of emitter; 
12 - 45,000 hrs, without considering mass transfer; 
1-5 - cladding; 
6-10 - surface of fuel stack central channel. 
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program MUTANT [3] is expedient, in the development of which the set of 
boundary conditions reviewed in Chapter 3 was used. Figure 4.2 presents 
temperature distributions along the central channel for a fuel element with 
geometric and operating parameters from the range of values characteristic of the 
multi-cell TFEs [3]. Solid curves present calculational results that do not consider 
longitudinal heat transfer due to radiation in the central channel. In calculating the 
curves represented by dotted lines, radiation-transferred heat in the central channel 
is taken into account. 

As shown in Figure 4.2, at high temperature, the radiation heat-transfer 
contributes significantly to the temperature distribution, lowering its maximum 
level by nearly 150 K. 

It follows from Figure 4.2 that, depending on contact behavior between pellets 
and cladding, the Werence in the maximum fuel temperature may reach 300 to 
400 degrees. Curves 1 and 2, calculated for the case with a gap between fuel and 
cladding, represent a maximum temperature, which may be realized at the start of 
operations, becaie  of too-small radius of the pellets or their shrinkage, the 
fuel, in reaching operating conditions, does not contact the cladding. Curves 3 and 
4 show the temperature distribution along the central channel length for a case in 
which there is interface contact thermal resistance between fuel pellets and 
cladding, i.e., if the outer pellet diameter is correctly chosen and in the course of 
getting to the operation run, a gap between the fuel and cladding disappears due to 
mismatching thermal expansion coefficients. 

Curves 5 and 6 represent the temperature distribution along the central 
channel for the case of ideal fueVcladding contact. These distributions are 
ultimate steady-state temperature distributions, which can be realized without any 
significant temperature change when the fuel disconnects with cladding. The time 
of transition from one contact condition to another is considered in studies of mass 
transfer leading to a change in contact behavior. 

4.1.1. Influence of Spacer Collars, Fuel Enrichment, and Fuel-Element Free 
Volume on Temperature Fields 

Even though spacers are fabricated from oxide ceramics having at high 
temperature a low thermal conductivity (for Al2O3, at 1500 K, A d  W/mK [4]), 
nevertheless it is far higher than the thermal conductivity of cesium vapor, which 
is -10-2 W/mK at 1500 K. Thus the spacer collars can cause appreciable heat 
leakage over themselves and exert considerable effect on the temperature fields in 
the fuel element. The question of the spacer collars’ influence on voltage-current 
characteristics and temperature fields was reviewed by Rozhkova and Sinyavsb 
[5], who showed that local lowering of the emitter temperature near the spacer 
collars may encompass hundreds of degrees. Profound temperature drops occur 
only in the immediate vicinity of spacer collars. Far from the collars, the 
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temperature reduction is small; if spacing between the collars is over six 
centimeters, the spacers' influence no longer extends to the entire emitter length, 
for the fuel elements considered [SI. 

RI SIA "Lutch" used different approaches to single and multi-cell TFEs in 
considering spacer influence on fuel-element temperature fields. In the multi-cell 
TFE, because of the cooling effect of the end caps, free volumes at fuel-element 
ends fiu with fuel. Therefore, additional cooling caused by a spacer collar located 
at the end of the fuel element cannot lead to a qualitative change in fuel 
arrangement within the fuel element, but only results in some deformation of the 
central isothermal cavity. In addition, the spacer's location near the end cap, 
where cladding deformation is insignificant, means that the pressure exerted by the 
spacers against the electrodes and, subsequently, the cooling level, changes only 
slightly during its Wetime. Under these circumstances, spacer influence on the 
temperature fields in multi-cell fuel elements was taken into account only through 
boundary conditions on the fuel-element cladding; the temperature distribution 
throughout the cladding was assumed constant in time. 

The situation is different in principle for the single-cell TFE, in which several 
spacer collars are placed on the emitter length. Some of the collars are located in a 
zone where, neglecting the spacers' cooling effect in the central channel, fuel 
evaporation occurs. The presence of spacer collars, in this case, causes the 
appearance of local condensation zones at the spacer sites and considerable fuel 
redistribution along the fuel-element length. Gontar and co-workers [6, 21 
calculated changes in the central channel diameter, using a subprogram that 
considers localized heat spreading over the spacers. The temperature distribution 
along the central channel obtained in this estimate is shown in Figure 4.3. Curve 
1 is for a case when the spacers do not contact the emitter. Curve 2 is for the event 
that one third of the spacers contact the emitter. Curve 3 assumes all the spacers 
contact emitter. As shown in Figure 4.3, a maximum temperature reduction, about 
200 degrees, is reached near spacers when all spacers contact the emitter. Curves 
1 to 3 are calculated for the initial instant, i.e., for the as-assembled configuration 
of the fuel stack. As a result of fuel evaporation in a zone of maximum 
temperature and its condensation in a zone of lower temperature, the central 
channel configuration changes, and some equalizing of the fuel-temperature profile 
occurs along the central channel. The dotted Curve 4 in Figure 4.3 represents the 
Curve3 position at 3.104 hours. 

A question about the effect of neutron spectrum and fuel enrichment on 
temperature fields is raised by the fact that the neutron spectrum in reactors, where 
TFE experiments are conducted, differs essentially from the neutron spectrum in 
the TRC [7]. In a TRC with a hydrogen-containing moderator, highly enriched 
uranium dioxide (-go%), and structural materials intensely capturing the thermal 
neutrons (Mo, W, Nb), the neutron spectrum lies mostly in an intermediate zone. 
But the experiments on the TFE are routinely performed in loop channels of 
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research reactors having a thermal spectrum of neutrons that can reduce the 
temperature in the stack center, and some incorrect inferences about fuel-element 
serviceability become possible. To improve simulation of the power distribution 
vs. the fuel-element radius and temperature fields within the fuel stack, Gontar et 
al. [7] reviewed the possibility of simulating, in a thermal research reactor, the 
radial profile of heat release in the TRC fuel element by altering the fuel 
enrichment in the ~ 2 3 5  isotope. 

The power distribution vs. fuel-element radius for the thermal spectrum of a 
research reactor, at several levels of fuel enrichment, is given in Figure 4.4. The 
dotted curve shows the heat release distribution in the TRC. For 90% enrichment, 
all the heat in the research reactor is released in a thin surface layer of fuel. 
Gontar et al. [7] concluded that, for simulation of TRC temperature conditions in a 
research reactor, uranium dioxide enrichment should be reduced to 20 to 50%. 

The TRC fuel-element free volume is determined mainly by the central- 
channel radius, ro. For the thermal reactor, power release is localized in the outer 
layer of fuel, and change in the central-channel radius does not greatly influence 
the temperature distribution in the fuel element. The free volume impacts 
maximally on the temperature when power release is constant vs. the fuel-element 
radius. The temperature distribution in cylindrical fuel pellets, in the one- 
dimensional case and at constant thermal conductivity, is provided in all the 
classical guides on heat conduction (e.g., [SI). The temperature drop on a fuel 
layer, inthis case, is 

Figure 4.5 presents the dependence of temperature drop on central-channel 
radius plotted using Equation 4.1. This dependence is plotted at constant heat 
power in the pertinent section of the fuel element. Increase of the free volume up 
to 25% (r&=0.5) reduced the temperature drop by almost a factor of 2 as 
compared to a solid fuel stack. Estimates made for the TRC with the radial heat 
release distribution (Figure 4.4) reveal that, in this event, the situation is close to 
that represented in Figure 4.5. Although nearly half the power output is linked to 
the thermal part of spectrum, the temperature drop on fuel is mainly due to the 
constant radial heat release constituent. . 

Nikolaev et al. [9] calculated values of maximum fuel temperature in the 
single-cell TFE with 300 W power for various free volumes in the fuel element. 
The results are for a reactor with effective core height of 50 cm and length of 40 
cm. Data are given in Table 4.1 for the case when the coefficient of heat release 
non-uniformity on the reactor radius equals 1 and 1.15. 
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Table 4.1 Maximum temperatures of fuel stack [SI 

30 
40 

2070 2175 
2040 2140 

4.2. Results of Calculational Study of Fuel Mass Transfer in Fuel Elements 

4.2.1. Steady-State Arrangement of Fuel within Fuel Elements and Mass 
Transfer for Period of Transition to Steady-State Conditions 

As a result of the mass transfer processes, the as-fabricated form of the fuel 
stack is permanently transformed and, with a lapse of some time, a steady-state 
f o m  can be achieved, characterized by the presence of an isothermal cavity within 
the fuel element. The arrangement and configuration of the isothermal cavity are . 
estimated using PKVIC, described in Chapter 3. The program allows the 
calculation of cavity disposition for a design with a fiee central channel and a 
variant with a gas-exhaust device. Calculations [7] have shown that fuel 
enrichment exerts the greatest effect on the cavity arrangement and configuration. 
Figure 4.6 shows a calculated [SI configuration of the isothermal cavity for a TRC 
intermediate spectrum and a research reactor thermal spectrum at different fuel 
enrichments, for which radial heat release distributions are presented in Figure 4.4. 
Considerable cavity displacement and change in its configuration take place. This 
effect is connected with the fact that, in the thermal spectrum, a slight energy 
release in the inner fuel layers does not offset the axial heat spreading over the 
structural parts. The gas-exhaust device, operable in the TFE, will be blocked by 
uranium dioxide condensate in testing the same TFE with unchanged fuel 
composition in a research reactor. It is obvious fiom Figure 4.6, for the research 
reactor-based simulation of TFE conditions, that uranium dioxide enrichment 
reduction to 20 to 50% is required. PIKVIK gives the steady-state fuel disposition 
in the fuel element, but it does not illustrate the change in stack geometry in time 
nor estimate the time required to achieve the steady state. To estimate the time to 
reach steady-state, it is necessary to apply a program describing the modification 
of fuel-stack geometry in time [l, 21. Calculations with the aid of such programs 
reveal that, for the single-cell TFE, the steady-state fuel arrangement is not 
reached even during long-term operation (for several years). In this event, the fiee 
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Figure 4.6. Isothermal cavity arrangement in the fuel stack: 
a - intermediate spectrum of TRC, enrichment on U235-90%; 
b, cy d - thenmil spectrum of research reactor, enrichment on 

~ 2 3  5 
b - 90%; 
c - 50%; 
d - 20%. 
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central channel may be used for GFP removal fiom the fuel element [6]. In the 
multi-cell TFE center-sited modules, a contrary situation is realized. The steady- 
state fuel stack configuration is reached for times short in comparison to lifetime; 
therefore in studying the life behavior there is no necessity to consider details of 
the transition to the steady-state conditions. For the outermost modules of a multi- 
cell TFE, the time to reach the steady-state configuration may be comparable to 
lifetime, so, in this case, like in the case of the single-cell TFE, programs 
describing the change in fuel-stack condition in time must be applied. 

4.2.2. Fuel Loss Beyond the Fuel Element 

The problem of fuel lost beyond the fuel element arises most acutely in the 
multi-cell "E, where the fuel temperature is high even at the fuel-element ends. 
As a result, intense fuel evaporation and its transfer in the gaseous phase over the 
gas-exhaust channels takes place. To restrict fuel loss in this case, a gas-exhaust 
device with a capillary channel at the inlet [lo] is used. Gontar et al. [6] 
calculated values of maximum permissible diameter of the capillary for various 
temperatures to guarantee its three-year life. 

The initial instant of fuel-element operation, when the fuel is not in contact 
with cladding, is characterized by a heightened level of temperature and., 
consequently, enhanced intensity of mass transfer in the fuel element. Gontar et 
al. [7] calculated the contribution of the transient period to uranium-dioxide vapor 
transfer over the gas-exhaust device (GED). In solving this problem the following 
assumptions were used: 

the radial gap between fuel condensed onto cladding and non-condensed fuel 
remains when the condensation fiont passes fiom cladding to the radial channel 
in the fuel stack; 
the radial gap because of its small size is deemed flat; 

0 heat is considered to be transferred through the gap only by radiation. 
Through integration of mass flux passing through the gap, a current radial gap 

position was found. For a given gap position, using a solution of the one- 
dimensional quasi-steady-state equation of heat conduction, a current temperature 
distribution was defined and, based on it, an extra fuel-mass loss through the 
capillary of the gas-exhaust device. The ratio of this mass to the mass-loss rate, 
determined after condensation, comprises a fuel element operation time 7, for 
which the same fuel mass is lost under steady-state conditions. In the calculation, 
the fuel element cladding temperature TC1 and the value of mean power release in 
the most thermostressed section of the fuel element, qv, were parametrically 
varied. The lifetime was taken to be 3.104 hours. The calculational results [7] 
are presented in Figure 4.7, which shows that the radial condensation period 
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appreciably affects uranium-dioxide loss only at the lower boundary of TFE 
parameters. 

Calculational results are shown in Figure 4.8. The calculation was performed 
for varying oxygen coefficients. Only stoichiometric and hyperstoichiometric fuel 
compositions were considered, since it is seen from Figure 3.2 that for 
hypostoichiometric fuel the overall pressure of uranium-containing components is 
close to that of stoichiometric fuel. For hyperstoichiometric uranium-dioxide 
compositions, the vapor pressure grows as the oxygen coefficient increases (Figure 
4.8), which brings about considerably stricter requirements for the capillary- 
channel diameter with an increase in fuel-composition deviation from 
stoichiometry . 

Table 4.2 specifies the maximum permissible diameters of the capillary 
channel, estimated for single-cell TFEs with 10-year We, vs. a number of fiee- 
volume values within the fuel element at equalized and non-equalized power vs. 
the reactor radius [9]. The effective core height was taken to be 50 cm. The 
maximum fuel temperatures realized under these conditions are presented in Table 
4.1. 

As shown in Table 4.2, the minimum capillary diameter, required under the 
most rigid operating conditions, is 0.15 mm, which can be attained using up-to- 
date methods of tungsten fabrication. 

Figure 4.8 shows that, at a 22OO0C, the capillary channel diameter must not 
exceed 10-2 cm for any fuel composition. However, use of the same diameter 
capillary at lower temperature proves to be ineqedient, since decreasing the 
capillary diameter impairs the gas-removal system's reliability. GED workability 
with a condensate layer on its endpiece has been examined [2]. From Equation 
3.30, given a thick layer of condensate, the time of through-channel formation in 
the condensate layer is inversely proportional to the cubed radius of the capillary 
channel; with small capillary-channel radius and low temperatures, even a 
relatively thin layer of condensate on the surface of the GED can disable it for a 
long period. Figure 4.9 shows the calculated [2] dependence of the thickness of 
the condensate layer on the tip surface, through which a hole is formed for 103 
hrs, on tip temperature, for a 0.5-cm length, 10-2-cm diameter capillary channel. 
At the central-cavity operating temperature of 2000 to 2200°C, a fuel layer up to 
0.1 cm thick on the capillary tip does not lead to prolonged failure of the gas- 
exhaust system. 

4.2.3. Calculational Investigation of the Possible Use of Free Central 
Channel for Fuel-Element Ventilation 

In the single-cell TFEs, the time of formation of a closed isothermal cavity at 
moderate operating parameters may be longer than the operating time. In this 
event, the free central channel can be used for ventilating the fuel element, which 
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Table 4.2. Tolerable maximum diameters of capillary in gas-exhaust device [SI 

Vfiee % 

20 
30 
40 

d, rnm 
kr=l krz1.15 

0.26 0.15 
0.35 0.20 
0.40 0.23 

simplifies the fuel-element design and improves its reliability. The operability of 
the free central channel depends on operating conditions and fuel composition [2, 
61. Figure 4.10 presents the calculated configuration of the central channel at 104 
hours for three initial fuel compositions at the maximum initial fuel temperature of 
-2100 K. The initial fuel composition considerably affects the free central 
channel operability. With an increase in the fuel oxygen coefficient, the time for 
central closed cavity formation is appreciably shortened. Thus, it is expedient to 
use a hypostoichiometric fuel in the fuel element with a free central channel. At 
the same time, at a maximum temperature on the central channel surface in excess 
of 2100 K and for a lifetime longer than 104 hrs, a gas-exhaust device must be 
used for gaseous-fission-product removal, restricting the fuel transfer also in the 
single-cell TFE. A calculational study [6] determined the upper limit of 
applicability for the fuel stack central channel of a 3-year-life single-cell TFE 
(Figure 4.11). The maximum cladding temperature (G") is plotted on the Y- 
axis, and mean density of power release in the stack central section on the X-axis. 
In the calculation, the volume of the fuel stack central channel occupies -7% of 
the fuel-element inner cavity, and uranium-dioxide composition is assumed to be 
stoichiometric. The procedure was checked by comparing the calculational results 
to data from experiments on single-cell TFEs, tested in a thermionic reactor 
convertor for 1.5 years [2]. The results of this comparison for a TFE with a 
1550°C maximum temperature of the fuel-element cladding [2] are shown in 
Figure 4.12. Here, in estimating the temperature, the cooling effect of the spacer 
collars is taken into account. As seen from Figure 4.12, the calculated results are 
in good consistency with the experimental data, both in their absolute values and 
in the occurrence of narrowing of the central channel section at the spacer-collar 
sites. 

4. . ' 
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Figure 4.11. Upper boundary of applicability area for fuel-stack central channel. 
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4.2.4. Impact on Mass Transfer of Cesium in the Fuel Element Central 
Cavity 

In the fuel-element design with communicating fuel element and IEG, the 
cavity is filled with cesium vapor under -2 torr pressure. As shown in Figure 3.1, 
uranium-dioxide vapor-flow conditions convert here fiom the free-molecular to 
diffusion type, which may considerably inhibit mass transfer. The description of 
gas flow in Chapter 3, using the effective diffusion coefficient, allows a simple 
assessment of the reduction in mass transfer intensity when filling the inner fuel- 
element cavity with cesium. The reduction in mass transfer intensity equals the 
ratio of the effective diffusion coefficient in the fiee-molecular flow to the 
diffusion coefficient in cesium vapor. 

The effective diffusion coefficient in molecular flow is determined by 
Equation 3.20, and, for diffusion in cesium vapor, is close to the uranium-dioxide 
diffusion coefficient in cesium, governed by Equation 3.22. For a 0.4-cm radius 
channel at 2000 K the ratio of the effective di.ffusion coefficients is DKn/D12=35. 

Thus filling the fuel-element inner cavity slows mass transfer in the central 
channel. To strictly consider mass transfer in the central channel in cesium vapor 
it is necessary to numerically solve the diffusion equation for uranium dioxide in 
the central channel [2]. 

4.3. Results of Calculational Study of Fuel SweUing and Emitter Deforma- 
tion. Fuel Element Deformation Behavior under Thennocycling 

The results of calculational study of emitter deformation should be analyzed 
with reference to the deformation mechanisms considered above. 

4.3.1. Emitter Deformation Induced by GFP Buildup in the Fuel-Element 
Inner Cavity 

Calculational results relating to emitter deformation caused by GFP buildup 
[2, 111 were obtained for a -20-mm fuel-element diameter, -1-mm emitter 
thickness, and -20% free volume in the fuel element. 

Figure 4.13 displays the time dependence of tungsten emitter deformation at 
various power densities in the fuel. At a tolerable level of emitter deformation, 
-2% for low-power TFEs (qv=50 W/cm3), the time until short circuit is about 1 
year. With a rise of the power density up to q7300 W/cm3, this time is shortened 
to zd-103 hrs. Adopting high-temperature strong tungsten alloys for the emitter 
material does not solve the problem of ensuring long life for UO2-based gas-tight 
fuel elements [ll]. In this case, at the same emitter temperature, Tem=1900 K for 
q7100 W/cm3, the lifetime is limited to -1.5 years. 
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Figure 4.13. Time dependence of tungsten emitter deformation with no GFP 
removal fiom the fuel-element cavity (Tem=1900 K, 
T G ~  =2100 K) [2]: 

1 - q p 5 0  W/cm3; 
2 - qp100 w/cm3; 
3 - q ~ 3 0 0  W/cm3. 



Thus the calculational results show that an emitter-unit design with GFP 
removal is necessary to achieve favorable life/power parameters of the TFE. 

4.3.2. U02 Swelling and Induced Emitter Deformation 

U02 Swellhg. Analyses [12, 131 have revealed that discrepancies in the 
literature on the question of the influence of operating parameters on swelling is 
connected with the use and identification of diverse quantitative characteristics for 
this process. The common term "swelling" encompasses both U02 density 
changes and changes in the outer dimensions of fuel. 

BARS [ 12, 131 simultaneously considers both these characteristics, allowing a 
better understanding of U02 swelling and eliminating the above-mentioned 
disagreement of the literature data. This approach also permits complete 
characterization of U02 irradiation behavior. 

U02 irradiation parameters depending on burnup at two temperature levels are 
presented in Figure 4.14. At relatively low irradiation temperature (TS1600 K), 
both U02 porosity generated under irradiation and U02 swelling grow with 
irrac5ation dose accumulation. Under these conditions (because of the absence of 
appreciable bubble migration) these parameters essentially coincide with each 
other. With temperature elevation, their behavior begins to differ: at 1900 K, 
swelling increases almost linearly with burnup; simultaneously, the porosity 
reaches a steady-state level that is linked to bubble migration fiom the fuel. 

Figure 4.14 indicates that the burnup rate has little influence on the swelling 
level, i.e., the latter is governed by the extent of burnup only. At the same time, 
when bubbles migrate fiom the fuel (T21900 K), the burnup rate strongly 
influences the steady-state porosity in U02. 

It may be inferred in interpreting this result that the in-pile U02 tests 
accelerated with respect to power output at these temperatures can be 
appropriately conducted only to find a value and rate of U02 fiee swelling, using, 
e.g., fuel samples encapsulated in thin claddings having low resistance to creep. 
Accelerated tests of fuel samples with full-scale claddings to determine the 
deformation behavior of the latter will be non-representative under these 
conditions, because increasing the power output density increases the steady-state 
porosity in U02 and leads to a change in U02 creep rate and, subsequently, in the 
state of the whole model fuel element under stress. 

The temperature dependence of U02 irradiation characteristics is shown in 
Figure 4.15. U02 swelling grows monotonically with temperature. At the same 
time, for temperature dependence of porosity there is a characteristic maximum, as 
noted in the literature. It follows fiom the calculational results that the data 
inconsistency observed in the literature with respect to burnup and temperature 
dependencies of the swelling value and behavior is explained by differences in the 
characteristics examined. The effects of changes in density and outer fuel 
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Burnup, 1 020 fiss/cm3 

Figure 4.14. Burnup function of swelling and irradiation-induced porosity grad 
T=lO3 Wcm; except as indicated, burnup rate F=lO14 fiss/(cm3-s) 
[ 131: 

swelling; 
- - - -  porosity. 
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Figure 4.15. Temperature dependence of U02 irradiation characteristics (grad 
T=103 Wcm; F=1014 fiss/(cm3-s)) [ 131: 

swelling; 
- - - - -  porosity; 
1,2,3 - respectively, burnup of 1 - 1 0 ~ ~ , 2 ~ 1 0 2 ~  and 4.1020 

fisslcm3. 
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dimensions, used to define the swelling, are separate at high temperatures. This is 
connected with bubble migration fiom U02. 

BARS produces results useful in planning an experiment and in optimizing 
operating conditions and fuel structure to minimize the emitter swelling and 
deformation. 

Uranium Dioxide Non-Irradiation Swelling. As noted in Chapter 3, under 
in-pile conditions, along with the irradiation swelling induced by GF'P generation, 
an additional swelling mechanism is possible, connected with the presence in U02 
of intragranular fabrication-induced pores. Calculational assessments of this 
mechanism have been considered by Gontar and co-workers [2, 141. 

Times required for pore migration to U02 grain boundaries are given in 
Figure 4.16. The results are obtained for 1800 and 1900 K under varying tempera- 
ture gradients in the fuel. The grain size was taken to be 6 p. The dependence 
of critical pore diameter der, at which the pore detaches fiom the grain boundary, 
is also presented. Under temperature conditions realized not only in TRC but also 
in a number of other type reactors, the intragrain pores migrate to grain boundaries 
as early as the initial period of operation irradiation. The critical pore size, 
required for their escape fiom the grain boundaries, may surpass by several times 
the initial intragranular pore size. The calculational results thus indicate that in- 
pile conditions provide the necessary prerequisites for the manifestation of non- 
irradiation swelling. 

The value of porosity being generated within uranium dioxide (sjj vs. its as- 
fabricated level (&& is represented in Figure 4.17. These results are obtained 
under the assumption that all the initial pores are intragranular. The effect is 
enhanced with the growth of as-fabricated porosity and reduction of pore diameter. 
At sh=5% and d=0.5 pm, the fuel density change &e., swelling) reaches 

The results of the calculational analysis correlate with in-pile investigation 
results [15]. There is an experimentally established adverse effect of porosity 
formed by isolated small intragrain pores on the high-density U02 fuel stack's 
spatial stability. An increase of U02-pellet porosity up to 5% brought about some 
acceleration of their swelling rate under in-pile conditions. This effect has been 
explained by fuel-strength reduction without any quantitative substantiation [ 15 1. 

A E = E ~ - E ~ ~ c ~  to 8%. 

Emitter Deformation. A considerable number of calculational efforts aimed 
at emitter deformation have been performed (see, e.g., [ 1,2,9, 11 1). The influence 
on the emitter's dimensional stability of several factors-emitter thickness and 
material, fiee volume in fuel element, and TFE operation conditions-have been 
analyzed. 

Results of calculational investigations of the TOPAZ-2 single-cell TFE, 
operating at Tem=155O0C and q ~ 4 5  W/cm3, are provided in Figure 4.18 [ 16, 171. 
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Figure 4.16. Time required for 1-p-diameter pore (-) and 0.5-p-diameter 
pore (-e-) migration by distance equal to grain size and critical pore 
diameter (- - -) vs. temperature gradient [2]: 

1 - T=1800 K; 
2 - T=1900 K. 
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Figure 4.17. Initial intragrain porosity influence on grain boundary porosity 
generated after migration of all inbagrain pores to grain boundary 
PI: 

1 - dz0.5 
2 - d=l p. 
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Figure 4.18. Influence of emitter material on its stability (Tem=155OoC, 
qv=45 W/cm3) [ 171. 

calculations based on experimental data (0, +) 

data 
- - - -  calculations made in the absence of experimental 
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Calculated data are presented with experimental data obtained in tests of single- 
cell TFEs in trial nuclear power systems (NPSs), i.e., TOPAZ-2 reactor 
prototypes. 

As seen above, TFE life can be prolonged using single-crystal strengthened 
alloy. In the TOPAZ-2 single-cell TFE, substituting molybdenum alloy for the 
non-alloyed single-crystal molybdenum as the emitter material reduced its 
deformation by -2 to 2.6 times. 

Obviously, under conditions of rigidly restricted mass and size in space 
reactors, the above direction is preferable to thickening the emitter. 

The reasonableness of this decision originates fiom the following calculational 
assessments. First, molybdenum single-crystal alloy (MN3), applied as the emitter 
material to the TOPAZ-2 TFE, has a creep rate lower by about 2 to 3 orders of 
magnitude than non-alloyed molybdenum (see, e.g., Figure 2.11). Second, the 
emitter creep rate (5) is a power function of the mechanical stresses (o) acting 
within it, i.e., 5 - on, where n is the material creep exponent. It equals, for Mo, 4 
to 5 [17, 181. Because o is inversely proportional to emitter thichess (o - lh), 
E, - (1h)n or 61/t,2 =@2hl)n. From this it follows that the same effect, i.e., 
molybdenum emitter creep-rate reduction by -2 to 3 orders of magnitude, may be 
achieved only by a thickening of 2.5 to 5.5 times. This, naturally, would lead to 
considerable deterioration of the mass/size parameters of the reactor as whole. 

The effectiveness of emitter strengthening by use of high-strength alloys is 
ascertained by direct in-pile tests (see Figure 4.18). 

Single-cell TFE emitter deformation, as applied to the Space-R reactor with a 
40 kW electric power, has been examined [9] for a reactor with TFE number 
N=145 to 151 at TFE mean power W2300 W. SPACE-R single-cell TFE 
parameters in comparison to data on TOPAZ-2 TFE are listed in Table 4.3 [9]. 

TFE lifetime was forecasted using a criterion of electrode short circuiting 
originating under emitter deformation caused by U02 swelling. Here, as the 
tolerable emitter deformation, the accepted value was experimentally determined 
for the TOPAZ-2 TFE, since the initial TFE interelectrode gaps are the same 
(6=0.5 mm). 

The calculational results for the influence of the free volume in the fuel 
element (Va, of the emitter material (MN3 and MN6), and of the heat release 
distribution on the lifetime are shown in Figure 4.19 [9]. Variation of the heat 
release distribution was carried out by changing an effective height of core, HeE. 
Heff equals the distance fiom core center to the point where heat release becomes 
zero. It was assumed that heat release varies along the fuel stack based on the 
cosine law. A 10-year TFE life is obtained by using an emitter made from MN6 
and a free volume in the fuel element of -25 to 30%. 

Nikolaev et al. [l] studied emitter deformation kinetics for a TFE with higher 
power (W=400 W) and the influence on it of the main processes occurring in the 
TFE. Results are shown in Figure 4.1, where for different operation times the 
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Figure 4.19. Single-cell TFE lifetime forecasted for SPACE-R: 
1 - H e r 5 0  .cm; 
2 - H e r 6 5  cm; 
3 -He%+ 00; 

MN3; 
- - - -  MN6. 
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Table 4.3. TFE characteristics of TOPAZ-2 (experimental values) 
and Space-R (calculated) [SI 

NO. 

1 
2 
3 
4 

Parameter TFE 

Power, W 132 3 00 

Emitter Thickness, mm 1.15 2.3 

TOPAZ-2 Space-R 

Efficiency, % 5 7.3 

Emitter Temperature, K 1820 1880 

following distributions along TFE length are contained: emitter temperature and 
stack central channel surface temperature (a), linear power in fuel stack (b), radial 
deformation of emitter (c), and fuel-stack fi-ee central channel (d). The coordinate 
Z=O corresponds to the TFE central cross-section. 

Over time mass transfer in the central channel changes its geometry (Figure 
4.ld). The diameter of the channel increases in the hottest parts of the fuel stack 
and decreases in the cooler parts. Such a change of the fuel stack form causes 
equalization of maximum fuel temperature (Figure 4.la) and linear power (Figure 
4.lb) distributions along the fuel element. The joint action of the changes in 
geometry, temperature, and linear power shifts the position of maximum emitter 
deformation from the fuel stack center ( ~ 0 )  to the area of minimum diameter of 
the central channel, i.e., to the area of the most intense U02 condensation (Figure 
4.1~). This conclusion from the calculational investigation is confirmed by post- 
irradiation data on TFEs tested in TOPAZ-2 reactor prototypes [19] (see also 
Chapter 6). 

Emitter deformation in the multi-cell TFE differs from that of the single-cell 
TFE. In this case, at the modules' end caps, even early in operation, isothermal 
cavity formation creates zones within the solid fuel stack that can locally enhance 
deformation of the emitter. However, estimates show that at a fuel-element fiee 
volume 215%, the length of the solid fuel stack zones is small in comparison uith 
the length in which cladding deformation is limited by the restraining effect of the 
caps [6]. 

The maximum rates (U) of radial deformation of the emitter for the multi-cell 
TFE are presented in Figure 4.20 [13]. The calculation assumed typical 
dimensions: emitter diameter, 20 mm; emitter temperature in the calculated fuel- 
element central section, 1900 K power release density, 145 W/cm3. These 
parameters provide TFE output electric power of -600 W with a core length of 
400 mm. Single-crystal non-alloyed tungsten and strengthened single-crystal 
tungsten alloy were considered as emitter materials. 
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Figure 4.20. Influence of emitter thickness, 4 on deformation rate, U [ 13 1: 
single-crystal W emitter; 

- - - -  strengthened single-crystal tungsten alloy emitter. 
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The single-crystal tungsten led to long TFE life (7 to 10 years) only when the 
emitter thickness he2.5 mm. In this case, the radial deformation makes up -0.15 
to 0.2 mm, which is similar to the operating value of the interelectrode gap. Use 
of the strengthened tungsten alloy, which has a creep rate about three orders of 
magnitude lower than tungsten, considerably improves the emitter’s geometric 
stability and mitigates requirements relating to its thickness. In this case, even 
when h=l mm, radial deformation does not exceed 0.05 mm for 10 years of TFE 
operation [ 131. This effect is connected with redistribution of U02 swelling at the 
fuel-stack central channel direction: when the emitter material is strengthened, 
fuel swelling is reduced. This is linked to raising the compressive stress within the 
fuel stack and, as a consequence, decreasing the total volume of GFP bubbles 
generated. For bubbles fixed to grain boundaries, i.e., the ones that contribute 
maximally to U02 swelling, the latter is lowered 1.5 to 2 times [13]. 

4.4.3. Fuel-Element Deformation under Thennocycling 

As noted in Chapter 3, a fuel element incorporated into a TRC is subjected to 
continuous thermocycles with small amplitudes. Estimates show the potential 
influence of such thermocycles on fuel-element deformation behavior and indicate 
the necessity for subsequent investigations of the mechanism involved [6, 201. 
The estimates were carried out for typical dimensions and operating conditions of 
the thermionic fuel element. 

Results are presented in Figures 4.21 to 4.22. Here, both the fuel-element 
thermocycling conditions during TRC operation and the emitter deformation 
during simulation of .this process under out-of-pile conditions, i.e., without U02 
swelling (dS/dz=O), are considered. 

Figure 4.21 indicates that for out-of-pile conditions, the cause of change in the 
emitter dimensions is thennocycle asymmetry with respect to fuel-element heating 
and cooling rates. Depending on the ratio of these rates either increase (at 
vh/v@l) or decrease (at vh/vC <1) of the emitter size is possible. The emitter 
deformation per one regular cycle is Ar/r&1.104% (see Figure 4.21a), but 
because of the regular fuel-element thennocycling it may reach, even in a 103-hr 
test, -1% (see Figure 4.21b). 

Under in-pile conditions, the zero-deformation point is shifted by unilateral 
loading of the emitter by the swelling fuel stack to the area of vh/vC<l (Figure 
4.22). Thennocycling with small amplitudes under in-pile conditions may also 
affect porosity development in the fuel stack. Estimates of this effect are 
presented in Table 4.4. 

The fuel-element thermocycling mode at vh/vC<l under low pressure of GFP 
within a pore (PGFp) leads to reduction of the initial porosity in the fuel stack 
(Table 4.4). In contrast, at vh/vc>l, the thennocycling promotes pore growth (fuel 
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Figure 4.21. Influence of fuel-element heating to cooling rate ratio on 
Mo-emitter deformation (dS/dz=O; AT=lOK) for one cycle (a) and 
103 ~r~ (b): 

1,2 - cycle length, respectively, zcyc=0.02 hr; 
zcyc=O.1 hr. 
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Figure 4.22. Influence of fuel-element heating-to-cooling rate ratio on emitter 
deformation for one cycle under in-pile conditions (AT=lOK): 

1 - zcyc=o.2 hr; 
2 - zcyc=o. 1 hr. 
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Table 4.4. Change in gaseous pore volume per cycle (initial porosity ~=0.05; 
thermocycle length zC=O. 1 hr, AT=10 K) [20] 

PGF~, MPa 
0.1 
1.0 
10.0 
100.0 

vh/vC-=.6 Vh/Vc=l.O vh/vC= 1.4 
-0.22.10-3 0.54.10-5 0.15.10-3 
-0.17-10-3 0.54- lo4 0.20.10-3 
-0.3 2.10'3 0.54.10-3 0.70- 10-3 
0.52-1 0'2 0.54.10-3 0.56- 10-2 

swelling). However, with an increase in intrapore gas pressure, the thennocycling 
effect upon these processes is eased. 
These results are preliminary and call for experimental confirmation. Detailed 
investigations of the emitter/fuel-stack material creep at the unsteady-state stage 
are necessary in order to build a more representative calculational procedure. 
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CHAPTER 5 

RESULTS OF OUT-OF-PILE TESTS OF THERMIONIC FUEL 
ELEMENTS UNDER DEVELOPMENT 

5.1. Results of Out-of-Pile Investigations of Emitter Deformation under 
Thennocycling 

The out-of-pile tests of model fuel elements discriminate the contribution of 
fuel-element thermocycling to the total emitter deformation observed in the 
investigation of TFEs after tests in loop channels of research reactors. This allows 
extrapolation of TF'E test results to standard (steady-state) operating conditions in 
thermionic reactor-converters. Unlike in-pile tests, this technique also permits 
more detailed study of a fuel element for a larger number of parameters being 
controlled during the tests, reducing the time and cost of the study. 

The thennocycling of a fuel element leads mainly to a change in the 
interaction between the fuel stack and emitter and to deformation of the latter. The 
thermocycling also affects structural modifications and fuel-stack integrity. 

These results have been discussed by Nikolaev et al. [ 13. 

5.1.1. Test Device and Model Fuel-Element Design 

The test device used is diagrammed in Figure 5.1. A model fuel element 
comprised a stack of 6 or 7 annular pellets of uranium dioxide (1) inserted in a 
cladding (2) with a gap. The cladding was closed at the top and bottom with caps, 
which simultaneously insulated and aligned the fuel element in relation to a 
tungsten rod heater (3). An additional thin-walled cylindrical heater (4) with an 
autonomous current supply provided the required relation between the cladding 
temperature and the heat flux fkom the cladding surface. The cladding 
thermometry was through tungsten-rhenium thermocouples (5) attached to the 
cladding and a pyrometer (6) with a window in an outer cylindrical heater (7). 
The electric power of the central heater was adjusted by a setter (8), and the 
electrical voltage on the outer heater was changed by a controller (9). The power 
supplied was measured using the voltmeter-ammeter method with a 2% accuracy. 

5.1.2. Testing Conditions 

In research-reactor-based tests, some scheduled start-ups and shut-downs 
precede, as a rule, the first scram protection response. Therefore, the model fuel 
elements were tested in the following order. 

The first series, consisting of 4 thermocycles, for the study of the influence of 
scheduled start-ups and shut-downs was performed with slow and steady rates of 
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Figure 5.1. Testing device [I] (outline). 
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heating and cooling (0.16 Ws). 
The second series (up to 30 thermocycles) investigated the scram protection 

response effect, using the same model fuel element but at an increased (up to 2.7 
Ws) cooling rate, which corresponded approximately to the condition of the scram 
response. 

The model fuel element was placed in a vacuum chamber (lo), within which a 
10-2 Pa dynamic vacuum was sustained. 

To select an optimal time for isothermal holds following each heating, a series 
of model-fuel-element pretests was executed with successive lengthening of the 
hold time at a rated power and temperature. After each experiment, U02 structure 
was examined. It was established that the radial recondensation of U02 onto the 
cladding is over within 12 hours under the following conditions, which were 
realized in subsequent testing: cladding temperature, 2100 K, and heat flux fiom 
the cladding, 13 W/cm2. In testing the model fuel element, the isothermal hold at 
the upper temperature was the same, 14 hours, in all cases. 

5.1.3. Results of the Model Fuel Element Tests 

After tests, the cladding diameter was measured with a 2-mm linear spacing in 
4 planes, at every other 45", after the first and each of three subsequent 
thermocycles. The measurement accuracy was 0.01 mm. 

M e r  completion of the tests, metallographical examination of the fuel-stack 
and cladding materials was conducted. 

Figure 5.2 shows the diameters of a 1.0-mm-thick cladding made of single- 
crystal molybdenum, after the first thermocycle. The cladding becomes oval and 
its diameter decreases in relation to the initial value for all measurement planes. 
The greatest effect is seen in the central section on the fuel-element length and 
reaches AJI/D=l%. Experiments showed that the observed diameter behavior 
along the fuel element axis is caused by a decrease in thickness (fiom the element 
center to its ends) of the U02 layer re-condensed on the cladding. 

Figure 5.2 also shows that cladding deformation is accompanied by formation 
of annular valleys (waists) with 4.03-mm depth. Their location corresponds to 
sites of pellet coupling. 

The influence of cladding material and thickness on its deformation as a 
function of number of thermocycles is shown in Figure 5.3; there is a relative 
change in averaged diameters along the major and minor axes of the oval in the 
central section of the fuel element. 

Use of the MN3 strengthened alloy for the 1.0-mm thick cladding sharply 
reduces its susceptibility to the thermocycles. A maximum decrease in the 
diameter after the first thermocycle was, for this case, only 0.05 mm (0.25%). In 
subsequent thermocycling, this cladding diameter did not change significantly. 
Thinning the MN3 cladding to 0.4 mm causes enhancement and building up of the 
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Figure 5.2. Change in single-crystal molybdenum cladding diameter after first 
thennocycle [ 11: 

1-4 - planes of Oo, 4 5 O ,  90' and 135O, respectively. 
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Figure 5.3. Cladding deformation vs. number of thermocycles: 

3,4 - MN3,6=1.0 mm; 
1,2 - Mo, 6=1.0 mm; 

5,6 - MN3,6=0.4 IIIIII; 
7,s - W, 6=0.7 mm. 
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deformation cycle by cycle. In this case the cladding surface also had waists, 
analogous to those found on the molybdenum cladding. Additionally, there were 
observed longitudinal valleys as deep as 0.03 to 0.04 mm and up to 0.5 mm wide, 
which corresponded to the location of cracks along the fuel stack. 

The amount of deformation for the tungstencladding lay between those of the 
molybdenum cladding and the thin MN3-doy cladding. 

Raising the cooling rate fiom the fifth thermocycle did not change the 
character of the cladding deformation (see Figure 5.3). 

The obtained data (l?igures 5.2 and 5.3) provide an upper estimate for non- 
irradiation cladding deformation in research-reactor-based testing: a maximum 
decrease of the cladding diameter when cooling the fuel element is about l.O%, 
and the maximum rate of diameter enlargment, when thermocycling, 4.1% per 
cycle. 

The appearance of shear lines on the metallographic polished sample of the 
cladding indicates its plastic deformation behavior for separate periods of loading. 
Hence, increasing the creep resistance of the cladding material is insufficient to 
ensure geometric stability of the fuel element; it is necessary to simultaneously 
reduce stress by thickening the cladding. 

The investigation results show that cladding stability in thermocycles can be 
ensured using strengthened materials (e.g., MN3 alloy) having an acceptable 
thicknesses of the cladding (-1.0 mm) fiom the viewpoint of an appropriate 
design. 

5.2. Method and Results of Determining the Fuel StackEmitter Interface 
Heat Conduction 

The fuel stacWemitter interface heat conduction depends on the contact 
pressure between them; this dependence has an exponential nature (a-Pn, where 
n>l). Under TFE standard (steady) operating conditions (in a TRC), pressure on 
the emitter and mechanical stresses within it are caused by fuel-stack swelling. 
Therefore, in defjning interface heat conduction under out-of-pile conditions, an 
indispensable stipulation is simulation of mechanical loading of the emitter by the 
swelling fuel stack. 

A method for doing this in out-of-pile tests was developed at RI SIA "Lutch" 
[2]. In essence, measurements are ' conducted under out-of-pile conditions 
imitating the pressure that the swelling fuel stack puts on the model fuel element's 
cladding. Fuekladding contact is ensured at the temperature under study by the 
choice of an appropriate value of the initial gap. Later, the fuel element undergoes 
an isothermal hold for 0.5 to 20 hours. The length of the hold is preset depending 
on the cladding material, i.e., to relax stresses within it that may arise when the 
fuel element is put to a rated condition. Subsequently, the fuel stack is heated 'at a 
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rate that equalizes the rates of its heat expansion and relative volume enlargement 
due to its swelling under irradiation. 

Results of interface heat conduction experiments and a description of the 
studied fuel-element design have been presented [3]. The investigations were 
performed in the device described in Section 5.1 (see Figure 5.1). 

The model fuel element had the following design features. A 1.15-mm thick 
cladding was made of MN3 alloy with an outer diameter of 19.6 mm and length of 
63 mm. A corrugated molybdenum foil 0.05 mm thick was placed between the 
stack and cladding. The cormgations were rectangular with peak and valley 
azimuthal dimensions of 0.5 mm. The central heater was a 6.0-mm diameter 
tungsten rod; the fuel-pellet hole diameter was 8 mm. Radial perforations 2 mm in 
diameter were created within the outer heater and fuel-element cladding. 

The tests were executed at the rated cladding temperature, 1660°C. Electrical 
power was supplied to the central and outer heaters at 0.6 and 1.15 kW, 
respectively. The hold to relax initial stresses was 1 hour long. The mean rate of 
alteration of the central heater power was 30 W/hr and was adjusted by the setter 
(8). The preset cladding temperature was maintained by periodically lowering the 
outer heater power using the controller (9). 

Proceeding from the measurements performed, the interface heat conduction 
(a) was determined through the relations 

* 

a = q l A T  

Y -  

Ff 1 

where: q - density of heat flux fiom the cladding surface in sites of its contact 
with the corrugated foil; 
T, , To.h. , Tf - temperatures respectively of the cladding; outer heater; and 
corrugated foil in sites of its contact with the cladding; 
srl and E,, - reduced emissivities of materials of respectively, cladding 
and outer heater; cladding and corrugated foil; 
o - Stefan-Boltzmann constant; 
Fcl - area of the cladding outer surface; 
Ffl - overall area of the corrugated foil peaks contacting the h e r  
cladding surface; 
Ff2 - area of the cladding inner surface, having no contact with the 
corrugated foil. 



From 12 measurements, the value of the interface heat conduction was 
determined to be a=0.33H.02 Wkm2-K [3]. 

5.3. Results of Out-of-Pile Investigation of Change in Fuel and Emitter- 
Material Initial Properties 

5.3.1. Fuel Structural Change 

Structural behavior within the fuel stack was studied not only in the TFE in- 
pile tests (see Chapter 6), but also in the course of out-of-pile investigation of the 
model fuel element. The temperature conditions of these tests and the model fuel 
element design were considered above (see Section 5.1). Nikolaev et al. [l] 
described the results of the investigations. 

Change in grain size and shape. After the tests, the as-fabricated uranium- 
dioxide equiaxial structure with a 5- to 3 0 - p  grain size gains a characteristic 
column structure with two zones differing in gain size along the radial direction: 
0 fine grains (20 to 40 pm width and 100 to 200 pm length) are located near the 

cladding within 0.3 mm of the fuel-stack outer layer; 
coarser grains (50 to 160 pm width and 1000 to 1500 p length) occupy a 
deeper zone, up to the fuel-stack central channel. 

2702 density change. The fuel density of samples cut from the central 
section, measured by the hydrostatic method, increased from 10.2 to 10.4 g/rm3. 
Fuel microhardness grew from 7000 to 8500 MPa. Cracking in the column 
structure around the point where the indentor touched the fuel surface shows that 
the fuel material becomes more brittle. The transition of U02 structure from fme- 
grained to columnar and the fuel density change appreciably reduce the fbel creep 
rate (see Chapter 2). 

Pellet cracking and condition of the fuel stack/claddiing interface. In all 
cases, the fuel stack cracked both in the radial and azimuthal directions. As a rule, 
2 to 4 radial cracks were observed. The character of azimuthal cracking was 
different: a network of azimuthal crazes (-1 p), extending to depths of 0.3 to 0.5 
mm, was observed in fuel elements with claddings having higher deformation (1 .O- 
mm thick molybdenum and 0.4-mm thick ktN3-doy), in the peripheral zones 
around the entire fuel-stack perimeter (Figure 5.4a). For the strengthened MN3- 
alloy cladding of 1.0 mm thichess, there was a single main crack around the 
entire stack perimeter, which was located chiefly between the two structural zones 
witbjn the fuel Figure 5.4b). Local separation of the stack from the cladding was 
observed along with the cracking. 

Formation of the azimuthal cracks and fuel-stack exfoliation cause the 
cladding to become oval in shape during fuel-element thermocycling [l]. The 
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Figure 5.4. Azimuthal cracking of fuel stack with various claddings [ 11: 
a - MN3,6=0.4 mm (the same character for Mo, 6 =LO mm); 
b - MN3,6=1.0 mm. 



deformation mechanism linked to such cracking of the fuel stack was considered in 
Chapter 3. 

5.3.2. Simulating the Influence of Irradiation on Emitter-Material Structure 
and Properties 

Under in-pile conditions in the course of neutron irradiation, structural defects 
are generated in metals (see, e g ,  [4]). The influence of such damage of a material 
on its properties can be studied by simulating this process under out-of-pile 
conditions. For example, bombarding metals by low-energy ions in glow 
discharge increases the density of structural defects significantly in these metals 
[5]. At high temperature, the defects comprise mainly dislocations and dislocation 
loops. 

Irradiation Effect on Creep. Investigations on emitter-material creep under 
these conditions [6-91 were performed on samples fabricated from single-crystal 
molybdenum obtained using vacuum zone fusion. The samples' geometric axis 
coincided with the <11P crystallographical direction. Sample deformation was 
measured using a cathetometer with M.OO5-mm accuracy. 

The tests were carried out in the PV-3012M installation (designed for 
investigations of material creep and endurance limits), which was partially re-built. 
A cylindrical molybdenum anode with slots around its circumference, was ' 

substituted for a tungsten heater. A test sample served as the cathode. 
To conduct the tests, the installation's working chamber was first evacuated to 

a 0.07-Pa residual pressure. The chamber was filled with a plasma-forming gas 
such as hydrogen or helium-hydrogen mixture (at 4:l ratio) up to a pressure of 
-8000 Pa. The glow discharge ignited between the test-sample cathode and the 
cylindrical anode. The sample was loaded after reaching a preset temperature 
conditions and subsequent 0.5- to 1.5-hr isothermal hold. The temperature was 
measured using a pyrometer [7]. This test equipment and some features of the 
sample preparation have been described in more detail by Sawatimova and 
Tachkova [6]. 

The test conditions and discharge parameters are presented in Table 5.1. 
Creep curves for radiation heating are compared to those for bombarding a 

sample by hydrogen ions in Figure 5.5% and to those for helium-hydrogen mGrture 
treatment, in Figure 5.5b (curve numbers correspond to the sample number in 
Table 5.1). 

When testing the samples in glow discharge, their creep rate decreases during 
the test time (or with irradiation dose accumulation). In Curves 3 and 4 there is a 
"plateau" indicating successive stages of material strengthening. With loading up 
to 6.7 MPa, the creep curve for hydrogen-ion bombardment did not significantly 
change. 
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Table 5.1. Single-crystal molybdenum creep-test conditions [7] 

* R - radiation heating; 
IB - ionic bombardment heating in glow discharge 

Creep resistance under heliumhydrogen mixed-ion irradiation is considerably 
higher than for the same loading conditions in the hydrogen medium. At T=1500° 
C and 6 . 7  MPa no deformation was found for 15 hrs of the tests. After the 
loading stress was raised to 8 MPa, the sample began to deform (Figure 5.5b, 
curve 11); the deformation behavior was similar to that observed under a loading 
stress of 8 MPa fiom the beginning of the test (Figure 5Sb, curve lo). 

The steady-state creep rate and time required to accumulate a 1% deformation 
are provided in Table 5.2 (the sample test conditions are the same as given in 
Table 5.1). In glow discharge tests, the steady-state creep rate was calculated for 
the length after the first strengthening at -1022 iondcrn2 dose was reached. 

The experimental data indicate that low-energy ion irradiation does increase 
material creep resistance. Also, the time needed for accumulating a deformation 
of -1% and the time until sample destruction were extended [7]. 

Further investigations [8] showed that., within the studied range of stresses 0, 
the steady-state creep curves E,=f(o) obtained for the irradiation conditions are 
steeper than the curves relating to the vacuum tests (i.e., irradiation results in an 
increase of the exponent in the material creep). The curves intersect under stresses 
00~7.5 to 8.0 MPa, i.e., ionic irradiation lowers the molybdenum creep only at CT< 

00. 



I I 
I 

5.1 0" ionslcm 
5.1 0" 1.1023 +,650, ionslcm 

1 . 1 0 ~  - I > 

1.1 0" 
a) 

4, ions/cm* 
b) 

Figure 5.5. Single-crystal molybdenum creep curves [7] 

hydrogen mixture. 
a, b - respectively: irradiation by hydrogen ions and helium- 

168 



Table 5.2. Test results on single-crystal molybdenum creep [7] 

I NO. I Sready-state creep rate I Time of 1% deformation I 
Sample 5, %/hr accumulation, hr 

1 0.75 0.3 
t I ~ .~ 

2 0.39 I 0.3 I 
3 0.074 7 
4 0.056 23 
5 I 0.89 0.3 
6 0.48 0.3 

t 7 I 0.7 I 2.5 I 
. _- 

8 0.56 8 
9 0 - I 

The treatment by ions in glow discharge up to fluences of 1021 to 1022 
ion/cm2 at temperatures of 1500 to 1600°C raises the material's yield strength by 
10 to 25% [7]. 

Irradiation Effect on Structure The volume dislocation structure of the 
samples tested was examined using methods of high-voltage and analytical 
transmission electron microscopy [SI. Figure 5.6 contains photomicrographs of 
the small-angle boundaries in molybdenum after creep testing without (a, b) and 
with (e, d) irradiation by hydrogen ions. 

The dislocation structures of the irradiated samples differ from the structure of 
samples tested in vacuum. The mean size (-100 p) and shape of blocks in both 
samples are roughly similar, but the dislocation structures of their interblock 
boundaries and the type of these dislocations differ significantly. Within the 
irradiated sample, the dislocations are very distorted, and within the block 
boundaries they are interwoven. Near the interblock boundaries there are dislo- 
cation loops with a 30 to SO nm size, the density of which varies widely. 

The dislocation structures in a molybdenum single crystal, tested for creep 
under irradiation in the heliumhydrogen mixture, are shown in Figure 5.7. A 
large-cell hexagonal dislocation wall and a wall with elements of tetragonal cells 
formed in the irradiated sample under stress (Figure 5.7% b). Still larger cell 
dislocation walls of less regular structure are encountered (Figure 5.7~). 

. ' .  



. .  

Figure 5.6. Low-angle boundaries in single-crystal molybdenum volume after 
creep tests (T=150O0C, ~ 5 . 7  MPa) [SI: 

a, b - not irradiated; 
cy d - irradiated by hydrogen ions. 

All photomicrographs have the same scale. 
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Figure 5.7. Dislocation structures in single-crystal molybdenum tested on creep 
(T=15OO0C, ~ 5 . 7  m a )  under irradiation by glow discharge in 
heliudhydrogen mixture [8]. 
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The large-cell dislocation walls, characterized by various degrees of perfec- 
tion, were found in samples that had undergone only high-temperature ionic 
irradiation without tension Q?igme 5.8). 

Thus, a general characteristic of all the samples subjected to simulation of 
irradiation by electron and proton bombardment in a field of electric discharge, 
both with and without loading, is a heightened dislocation density as compared to 
unirradiated samples. 

Examination of the near-surface (as deep as 10 pm) molybdenum structure 
after irradiation (15OO0C, 1 hr) revealed that when using helium or a h e l i d  
hydrogen mixture (unlike hydrogen only) as the plasma-forming medium, a strong 
gas-induced (helium) swelling (AV/V=5 to 10%) with a mean bubble size of 20 to 
50 nm develops in the near-surface layer, 300 nm in thickness [SI. 

Irradiation Effect on the Diffusion Parameters. Defects, continuously 
generated under material irradiation by plasma ions, promote mass transfer. Some 
results of these investigations, conducted also on single-crystal molybdenum have 
been reviewed by Babad-Zakhryapin et al. [9]. 

Plates of single-crystal molybdenum with -2-mm thickness, coated by 
diffusant layers of tungsten and U02, were investigated. To reveal the influence 
of defects, a change in the diffusant concentration was measured both for sections 
of samples subjected to the discharge effect and for shielded sections. Results 
were also compared to those obtained for a sample annealed in a vacuum furnace 
at the same temperature (1600°C) and time. 

The irradiation was conducted in glow discharge by hydrogen ion flux of 
6.2.1017 iodcm2-s. The tungsten-concentration distribution in molybdenum was 
determined using microroentgenospectrum analysis. The U02 distribution in 
molybdenum was measured by microautoradiography. Results are provided in 
Table 5.3. The table shows that for the Mo-W couple the interdiffusion 
coefficients D at high (-50%) diffusant concentration are practically the same both 
under glow discharge effect and during annealing in a vacuum furnace. At a small 
&ant concentration (13%), the discharge treatment increases to about 10 times 
the D value. 

For the Mo-UO2 couple, irradiation slightly affects the volume diffusion 
coefficient D, However, the value of a2.Ddis (where a is the dislocation tubule 
diameter, and Ddis is the coefficient of diffusion on dislocations) for the irradiated 
samples is 10 to 100 times higher than for shielded 'ones. This points to 
intensification of mass transfer along the dislocations when permanent generation 
of structural defects takes place. 
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Figure 5.8. Dislocation network in single-crystal molybdenum irradiated at 
T=15OO0C for 28 hrs in glow discharge, by hydrogen ions. 
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Table 5.3. Diffusion coefficients in Mo-W and Mo-U02 system [SI 

Dif€u- 
sant 

uo2 

Diffusion coefficient 
Heating in Discharge Heating in Vacuum 

Fluence, Section D, Dv, a2-Da, D, DV, a2*D&s, 

cm2~s m2~s  cm4~s dS cm2~s cm4~s 
ion/cm2 on 

analysis 
A* 3.6*10-'4 
B* 4.0.10-14 

3-3.1023 A** 6.0.10-13 
4.10-14 

B** 4.0.10'14 
1.1.1O24 A 2.8-10-13 4 . 6 ~ 1 0 - ~ ~  

B 2.7.10-13 4.6.10-20 4.10'14 1.10-19 

5.4. Vibration Tests of Uranium-Dioxide Fuel Pellets ~ 

A test program for the TOPAZ-2 fuel-element pellets foresees an assessment 
of their vibration strength. This property is an important fuel feature, because 
pellet destruction can lead to heightened local stresses within the emitter and 
adversely affect TFE lifetime [ 101. 

Pellet vibration strength is, to a great extent, governed by the size and shape of 
random defects, large pores, cavities, and cracks and by the resistance to cracking 
around a defect. The greatest danger, fi-om dust and spall formation, derives fi-om 
surface defects, such as cracks and cavities located near a pellet edge [ 111. 

The fuel-pellet vibration tests were performed in a TFE prototype. 
Tests carried out at the initial stage of TOPAZ-2 TFE development had shown 

that the fuel-pellet failure occurred here [lo], and the metallographic study 
revealed that pellet microcracking, arising at the molding and sintering process 
stage, was responsible. 

As a result of fuel improvements, the pellets' vibration strength was 
significantly increased. This demanded a revision of the fabrication process, 
especially preparation of raw materials and sintering runs [ 101. 

Selected results of the vibration tests of U02 pellets, mandactured in 
compliance with the adopted process, are given in Table 5.4. Parameters of the 
pellets tested are presented in Table 5.5. 
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Table 5.4. Pellet vibration-tests results [ 111 

D/d* Batch 
No. 

Dust Mass 
Presence Loss**, g 

35 

25 I 5.31 I no I no 
6.0 no no 
5.3 no no 

Batch No. 
25 
35 

82 

Density, % of theoretical Grain Size, pm 
96.1 10to 12 
96.4 5 to 7 

39 

26 
82 
39 

areas 
local 
areas 

97.8 10 to 15 
97.8 8 to 12 
96.3 12 to 22 

no 
0.03 

not 
measured 

no 

no 
no 
no 

in 36% of 
pellets*** 
in 19% of 
pellets*** 

no 
no 

no 

no 

ts 
Appearance 

Inconsistent with 
Reference 

Sample 
no 

Notes 

no 
no 

present*** 

no 

no 
repeated 

test 
~~ 

no 

no 
* - D,d - outer and inner pellet diameter; 
** - permissible loss - 1 g; 
*** - with accounting of spa& when dismantling 

Table 5.5. Structure characteristics of pellets (averaged through batch) [ 1 11 
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The results testify to a high vibration strength of the pellets: they withstand 
external mechanical loads corresponding to launch conditions [ 121. Pellet strength 
was also confirmed in the course of multiple vibroloading (at minimum, in 4 to 5 
cycles), performed for the TFE as whole in the range of the most hazardous 
frequencies (40 to 240 Hz), even after storage in argon for 8.5 years and in air for 
1 month [ 121. 
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CHAPTER 6 

RESULTS OF MATERIALS AND FUEL-ELEMENT IN-PILE TESTS 

In developing the fuel and optimizing the TOPAZ-2 TFE design, a 
considerable scope of in-pile tests was executed, from irradiation of fuel samples 
to full-scale fuel elements assembled with prototype nuclear power systems. 

6.1. Results of In-Pile Tests of Modified Uranium.-Dioxide Fuel Samples 

In refining the fuel for the TOPAZ-2 TFE, several different modifications of 
uranium dioxide were developed and tested; the influence of structural and 
operational factors on its working characteristics was also studied. In this 
investigation 85 fuel samples were irradiated; a burnup was reached corresponding 
to a 5-year lifetime of the TOPAZ-2 reactor [ 1-51. 

Data on irradiation-induced swelling of high-density ( p 9 5  to 98% TD) 
uranium dioxide, which depends on burnup, temperature, and as-fabricated U02 
grain size, are given in Table 6.1 [4]. 

At the cladding temperature of 1923 K and burnup of <1% fissions per initial 
metal atom (F'IMA), the free swelling rate is -7 to S%/% F'IMA. 

With increasing burnup, the U02 swelling rate decreases to 5 to 6%/% FIMA, 
which is connected to the conversion of U02 as-fabricated structure to the 
column-type, which occurs at TClad>1773 K. 

The size and formation time of the columnar grains depend on the power 
density in the fuel samples: grain width is -100 to 120 pm at q ~ 1 8 0  to 200 
W/cm3 and -60 to 70 pn at a power density of 300 W/cm3. In addition, the time 
of formation is shortened by a factor of -2.5 (from -1500 hrs to 600 hrs, 
respectively, at qp200 and 300 W/cm3) [4]. 

The qualitative comparison of swelling of as-fabricated fine-grained and 
column-type U02 vs. irradiation temperature is shown in Figure 6.1 [3]. Data on 
the irradiation behavior of another modification of U02, having a stabilized open 
porosity, are also presented. This type fuel, developed at RI SIA "Lutch" in the 
course of efforts aimed at improving the fuel for the TOPAZ-2 TFE, has a number 
of attractive properties [6], allowing it to be considered as a prospective fuel (see 
Chapter 8). 

Both uranium dioxide with a stabilized open porosity and with the structure 
rebuilt from fine-grained to column-type have considerably lower swelling level 
than does dense U02. At Tc1ad=165OoC and qv=200 Wkm3 this Merence is 
about two-fold (Figure 6.2). The data show that nearly the same effect is achieved 
by high-density U02 structure optimization. 
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- sintered 8 

finegrained UO, 
+ - column structure UO, 

0 - stabilized open porosity 
uo, 

Figure 6.1. Qualitative comparison of swelling rate of modified U02 vs. 
temperature [3]. 
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Tclad=l 650°C 
q,=200 W/cm3 

-dense UO, 
- UO, with optimized structure 
- UO, with stabilized open porosity 

Figure 6.2. Comparison of swelling rates for various U02 
modifications [5].  
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Table 6.1. High-density uranium-dioxide irradiation swelling [4] 

Note: TClad - cladding temperature; 
qv - heat release density; 

AcVd - swelling (determined on change in diametric dimensions of &el pellets, 
encapsulated into thin-walled shells, Le., nearly free swelling of U02); 

Ad/d/B - swelling rate. 

B - burnup; 

The typical structure of irradiated U02 samples is presented in Figure 6.3. 
An essential difference in the swelling rates is connected to the fact that the 

swelling of dense U02 with equiaxial structure is caused mostly by buildup of 
GFP bubbles around grain boundaries, but for the columnar structure, by 
formation of fine intragrain bubbles [3]. 

A study of the kinetics of GFP release fiom three U02 modifications also 
reveals a substantial effect of the as-fabricated U02 structure on GFP release rate. 
Figure 6.4 contains data on Kr88 relative release, obtained at T=165O&5O0C and 
q ~ 2 0 0 3 3 0  W/cm3. For the given irradiation parameters, the difference in GFP 
release for U02 with equiaxial and columnar structures is, at an early point in 
irradiation, a factor of 6. With the as-fabricated structural transformation observed 
at this temperature, GFP release ftom the equiaxial dioxide is enhanced, 
approaching the release fiom U02 with columnar structure and stabilized after 
-2000 hrs of irradiation. 

6.2. Summary of the Single-cell TFE Improvements 

As a result of in-pile tests, the fuel-element design and fuel for the TOPAZ-2 
reactor have undergone significant modifications. The single-crystal molybdenum 
emitter coated with polycrystal tungsten used in early NPS tests was changed to a 
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Figure 6.3. Typical structure of irradiated U02 samples [3]: 
a - equiaxial structure dioxide; 
b, c - respectively, transverse and longitudinal polished 

section of column-structure U02. 
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Figure 6.4. Kr88 relative release from U02 samples [3]: 
1 - high-density U02 with equiaxial structure; 
2 - column-structure U02; 
3 - stabilized open porosity U02. 
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high-strength refiactory alloy MN3 with a W184 single-crystal coating. To reduce 
swelling, the uranium-dioxide structure was optimized. Sc2O3 spacers were 
substituted for the previous A1203 spacers to improve their electrical resistance 
(see Chapter 2). These modifications enabled the creation of a fuel-element design 
with an emitter of high dimensional stability. 

In the course of the work, about 20 tests of full-scale fuel elements were 
performed in research reactors. The maximum length of these tests was -2 years 
[l]. In addition, 6 autonomously functioning nuclear power systems were tested 
[7]; the maximum duration of these tests reached 14,000 hrs [7]. 

Test results achieved for various design modifications of the TFE [S-111 were 
summarized by Ponomarev-Stepnoy et al. and Abdrakbmanov et al. [ 1,9]. 

6.2.1. Change in Emitter Dimensions 

Figure 6.5 demonstrates the change in time of emitter deformation for various 
modified TFEs tested in experimental NPSs.  The results permit the following 
conclusions. 
0 In the fuel elements applied to prototype N P S  (Mo emitter, high-density U02 

fuel), emitter deformation reached significant levels, capable of causing 
electrode short circuit during tests of duration shorter than one year (Figure 
6.5, curve 1). 

0 Optimizing the U02 structure cut molybdenum emitter deformation roughly in 
half (curve 2). 

0 Subsequent improvement of the emitter dimensional stability resulted fiom the 
use of MN3-strengthened single-crystal molybdenum alloy as the emitter 
m a t e d  (curve 3). 

Typical curves showing emitter deformation along the TFE length are 
displayed in Figure 6.6, representing measurements obtained for two TFEs fiom 
different rows of the Ya-81 NPS reactor core after tests lasting 12,400 hrs. The 
results indicate that the deformation along almost the entire emitter length is 
within the range of processing tolerance specified for emitter fabrication. Only 
local sections constitute an exception (in the zone of the fifth spacer collar), where 
deformation is ADx0.08 mm @e., does not exceed 10% of the IEG width). 

6.2.2. Change in Profile of the Fuel-Stack Ventilating Channel 

A typical appearance of the central ventilating channel within the fuel stack 
after TFE tests for 12,400 hrs in the Ya-81 NPS is shown in Figure 6.7. The 
central ventilating channel maintains its functionality with respect to GFP removal 
even after test completion. Reduction of the channel diameter caused by U02 
mass transfer fiom the central section and fuel condensation near the stack ends 
does not exceed 25%. 
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Figure 6.5. Results of TFE tests in experimental NPSs  [l]: 
1 - molybdenum single-crystal emitter; 
2 - molybdenum single-crystal emitter, optimized U02 

3 - emitter of strengthened single-crystal alloy (MN3), 

- - - permissible emitter deformation. 

structure; 

optimized U02 structure; 
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Figure 6.6. Emitter diameter change on TFE length after tests in Ya-81 NPS [SI. 
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Figure 6.7. Change in fuel-stack channel diameter (Qh) in relation to its initial 
value (do) [l, 91. 
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The investigation of changes in U02 mass transfer vs. time, which took into 
account data obtained for different times of TFE testing in other NPSs, revealed 
that this process rate (and consequently, the channel constriction rate) reduces 
appreciably with time. The mass transfer rate is -1010-6 to 3.10-6 g / s  on the time 
base of 0.103 to 3.103 hrs and decreases to -6.10-8 to 10-10-8 g/s for 3.103 to 
14.103 hrs [9]. It follows that the time within which the capability of the central 
channel to remove GFPs is maintained is greater than the time achieved in the tests 
and is forecasted to be not less than 3 years. 

6.2.3. Structural Transformations in Fuel 

U02 structural modifications occurring in fuel-element operation exert an 
appreciable influence on fuel swelling [lo]. This process also changes its creep 
characteristics (see Chapter 2). 

Investigations of the structural transformations in the single-cell TFE fuel [8, 
10, 111 showed that the degree of structural rebuilding is controlled by time and 
temperature conditions of TFE operation, as well as by design features of the fuel 
element. 

The typical scheme for arrangement of structural zones throughout the single- 
cell fuel-element volume after testing is portrayed in Figure 6.8. The 
microstructures of several of the zones are shown in Figures 6.9 and 6.10. The 
following features are characteristic of these zones. Within the peripheral layer, 
the so-called "crown," the grains are elongated in the radial direction. The 
intergrain porosity is nearly interlinked. Formation of this layer is caused by fuel 
evaporation fkom the pellet surface and its condensation on the inner surface of the 
emitter [ 101. 

Dimensions of the equiaxial grains remaining at the fuel-stack ends grow 
under irradiation. Their maximum size is -25 p. The influence of irradiation on 
the reduction in growth rate of these grains (as compared to out-of pile tests) was 
noted [lo]. 

The condensate structure formed on the surface of the ventilating channels as 
a result of axial mass transfer is notable for its high density ( p 9 9  to 98% TD) and 
coarse grains, elongated in the radial direction [lo, 81. Its arrangement along the 
TFE length corresponds to the emitter temperature range of -1500 to 1550°C [lo]. 

Elongated or columnar grains form in the middle section of the stack length; 
around boundaries of the grains,' extended pores are located [lo]. Some 
quantitative characteristics for the columnar uranium dioxide have been provided 
[ll]. The metallographical examination was conducted using fuel samples fiom 
fuel elements N20 NPS of E-31 and Ya-24, tested respectively for 3.103 and 
14.103 hrs (Tables 6.2 and 6.3). 
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Figure 6.8. Outline of characteristic structural-zones arrangement along single 
cell TFE Length [ 101: 

1 - “Crown”; 

3 - Elongated or column grains; 
4 - U02 condensate. 

2 - Equiaxial grains; 
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Figure 6.9. Uranium-dioxide condensate (“crown”), formed on the inner swface 
of the emitter [ 81. 
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Figure 6.10. Condensate in the fuel-stack central channel surface [SI. 
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Table 6.2. Columnar grain width and temperature conditions of tested samples 
11 11 

NPS No. Sample No. Total Porosity, P, % Closed Porosity Po% 
Ya-24 3 12.6H.7 2.7H.2 
Ya-24 4 9.0kO.7 3.2H.2 
E-3 1 3 7.3M.7 1.033.2 

Tote: Tern - emitter temperature; 
Tf - &el temperature; 
* - coordinate, counted ftom &el stack open end; 
** - coordinate, counted &om pellet center, 
*** - error in [ll] (apparently 8.05) 

Open Porosity, Po, % 
9.9H.5 
5.8H.5 
6.359.5 

Table 6.3. Hydrostatic measurements of U02 porosity [ 111 
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6.2.4. Analysis of Spacer Condition 

TFE NO. Row No. in the reactor core 
3 I 
17 11 
18 11 
25 m 

The spacers' condition and behavior in their interaction with the emitter [9] 
were investigated for 5 TFEs, tested in different rows of the Ya-81 NPS reactor 
core for 12,400 hrs. The spacers were made fiom Sc2O3, and the emitter fiom 
MN3 alloy coated with single-crystal W184. A short summary of these TFE test 
conditions is provided in Table 6.4. 

Testing performed in "hot" cells at RSC "Kurchatov Institute" revealed 
mechanical interaction between the spacers and the emitter surface. The number 
of dents found on each TFE is presented in Table 6.5. Dents were observed only 
at the second, third, fourth and fifth spacer collars. The length of the dents was -4 
mm, and the width, 0.6 to 1.0 mm. For two TFE (Nos. 17 and 18), the depth of 
the dents on the emitter surface was measured at the fourth and fifth spacer collars. 
The measurement had a 2.5-pm accuracy. Results are summarized in Table 6.6. 

Maximum Emitter Temperature, "C 
1550 
1535 
1545 
1540 

Table 6.4. Characteristics of TFEs under testing [9] 

Table 6.5. Number of spacer indentations on emitter surface [9] 
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Spacer height was measured after disassembly (hsp). The as-fabricated spacer 
height was &=1-0-02 mm. The measurement accuracy was H.01 mm. Results 
are listed in Table 6.7. The measurements showed that more than 95% of all the 
inspected spacers fiom the five TFEs had heights within the processing tolerance. 
The height of the rest of the spacers was reduced by 50.2 mm. 

The results of in-pile study of irradiation influence on the spacers and 
insulation materials were also reviewed in Section 2.3. 

Table 6.6. Depth of spacer indentations on emitter surface [9] 

Table 6.7. Spacer height after tests [9] 
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6.3. Results of In-Pile Tests of Multi-Cell TFEs 

Temperature 
Conditions of 
TFE Testing 

In-pile tests of multi-cell TFEs under development at RI SIA "Lutch," unlike 
the TOPAZ-2 single-cell TFE, to date have been pefiormed only in the loop 
channels of research reactors. Over 35 such tests on multi-cell TFEs, differing in 
both fuel type used and their design features, were conducted during the 20-year 
period of this work [12]. The distinctive design features and test conditions are 
specified in Table 6.8. Changes in the electrical parameters during the test are 
presented in Figure 6.11. 

Analysis of these TFE test results allowed the following conclusions. The use 
of high-density, high-purity uranium dioxide (carbon and nitrogen content up to 
1.10-3 to 5-10-3 % mass) as fuel in TFEs with communicating fuel-element and 
IEG cavities does not lead to changes in the electrical characteristics of the 
electrode or the TF'E output parameters for at least -4000 hrs of tests. 

For module 1 of RM-loop channel, containing uranium-dioxide fuel and 
operated at r = 1740°C and I/"" = 2050"C, TFE electrode short circuiting 
because of emitter deformation was registered and confirmed in subsequent 
disassembly. 

Use of hyperstoichiometric uranium dioxide wit& O/U22.001, brings about 
chemical reaction between tungsten parts in the internal cavity of the fuel element 

Test 
Duration 

Table 6.8. Features of design performance and test conditions 
of multi-cell TFEs [ 121 

c = 1750°C 
I/"" = 206OOC 

Loop Channel 
Label 

4400 RM 

= 1510°C 
I;- = 1900OC 

r = 1570°C 
I/"" = 185OOC 

SKAT- 1 

SKAT-3 

2800 

3500 

SKAT-4 = 1600°C 
, I/"" =1800°C 

Design Features 
o f m  

4500 

5 cells, 
communicating 

cavities 
5 cells, 

communicating 
cavities 
7 cells, 

communicating 
cavities 
5 cells, 

separated 
cavities 
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Fuel Stack 
. Material 

(Cell No.) 
UO2.001(1~2,5) 

USC(3,4) 

uo1.999 

uo1.999 

UC-TaC 
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Figure 6.11. In-Me change of relative electric power of TFE (W/Wo)7 work 
hction of collector (Acpc) and emitter (AVem>, and reduced 
emissivity of electrodes (&/so) [ 121. 
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(GED, screen, etc.) and the gaseous environment. As a consequence, after 
disassembling cells Nos. 1, 2, and 5 fiom the RM-loop chamel, partial or 
complete destruction of the GED pipe and screen was found. 

Application of a hypostoichiometric uranium dioxide with O/U=1.9991 to 
TFEs solves the problem of gas-exhaust system integrity. In post-irradiation 
investigations of a TFE subjected to testing in the SKAT-3-loop channel with 
uranium dioxide of the above composition, the gas-exhaust elements (screen and 
pipe of the GED) remained completely operational. No trace of chemical reaction 
with the gaseous medium were found on the surface of the tungsten parts of this 
TFE cell. 

Results of multi-cell TFE tests at the Institute of Physics and Power 
Engineering (IPPE) in Obninsk also point to the necessity for using the 
hypostoichiometric uranium dioxide [ 131. 

Neither application of uranium carbosulphide of U(So.7sCo.22) composition, 
at a test temperature Tp1S40°C, to a TFE with communicating cavities (RM) nor 
application of carbide solid solution of Uo.~Tao2C, at TplSSO°C, to a TFE with 
partially separated cavities (SKAT-4), given oxygen content of 52-10-2 to 5-10-2% 
mass, results in a change of heat/electrical parameters of the electrodes and TFE 
power characteristics. 

As applied to the multi-cell TFE with uranium-dioxide fuel, design decisions 
'for gas removal similar to those made at RI SIA "Lutch" are also being considered 
at IPPE. For example, in the recently developed multi-cell TFE designs, GFP 
removal fiom the TFE is carried out through the central channel of series- 
connected emitters, passing by the IEG @e., the separated-cavities scheme is used) 
[13]. The most acceptable design solution for gas exhaust in high-power-density 
TFEs is also assumed at IPPE to be a gas-exhaust device as a pipe with a capillary 
endpiece [14]. In parallel, several other design schemes for GFP removal from the 
fuel stack cavity are under consideration. 

Comparative in-pile studies at IPPE of various design solutions for gas 
exhaust have been reviewed by Sinyavsky et al. [14]. In particular, in testing 
individual cells, both a pipe with capillary endpiece and tungsten heat-conducting 
washers were incorporated. Also, a scheme was tested for GFP removal via the 
central channel in fuel pellets separated by heat-conducting tungsten washers. 
Four TFEs were tested in a single loop channel. The investigation was performed 
using the method of neutron radiography in three phases: 
0 neutronographic examination of the condition of as-fabricated TFE emitter 

Parts; 
0 .  neutronographic inspection after "hot" vacuum degassing of the TFE; 
0 in-pile tests in the TFE power operation mode with cesium and subsequent 

neutronographic investigation of irradiated TFEs. 
A characteristic fuel distribution within the cell volume for the two Merent 

designs for GFP exhaust is displayed in Figures 6.12 and 6.13. 
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Figure 6.12. Fuel condition before (a) and after (b) tests within cells with GFP 
removal through a central channel in pellets divided by tungsten 
washers [ 141. 
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Figure 6.13. Fuel condition before (a) and after (b) tests within cells having GED 
1141. 



The neutronographic investigation results confirmed the workability of a GED 
as a pipe with a capillary end, given the volume fuel fiaction in the cell of -75 to 
80%. 

Insertion of heat-conducting washers in the above scheme does not practically 
affect configuration of the closed central cavity formed in the cell; however, the 
fuel re-condensation rate is lower than for a cell without washers. 
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CHAPTER 7 

ACCELERATED TESTS OF MATERIALS AND FUEL ELEMENTS: 
METHODS AND RESULTS 

Because of the long Life required for the power systems under development, 
methods and results of accelerated fuel-element tests are especially important. The 
problem of developing such techniques is considered fiom two viewpoints at the 
institute: 
0 fiom the standpoint of accelerated debugging of the fuel element design, e.g., 

the efficacy of decisions made at this stage, aimed at prolonging TFE Life, must 
be analyzed expeditiously and objectively; 

0 fiom the standpoint of the necessity to experimentally ascertain, using 
accelerated tests, TFE operability during the lifetime specified by a given task. 
Each of these problems is multifaceted and requires solution of a broad scope 

of problems, fiom methods for accelerated study of materials and units to the TFFl 
as a whole. RI SIA "Lutch" has accumulated wide experience in such investiga- 
tions, many of which are connected to the solution of the major problems in 
providing a long "E Me, such as prevention of short circuits in the electrodes. 

The problems related to accelerated testing may be categorized in two groups: 
methods aimed at immediate study of emitter behavior, measurement of its 
deformation, and prediction of time until short circuit; 

0 methods for investigating fuel swelling, i.e., illuminating the root cause of 
emitter deformation, and determination of quantitative swelling parameters and 
their changes during operation. 
The main problem in developing such methods is that, at present, there is no 

adequately reliable criterion for correct transfer of data fiom the accelerated tests, 
which occur as a rule under the effect of complex changes in the life-controlling 
processes, to standard operating conditions for fuel elements. 

Development of methods for accelerated tests was directed at providing 
consistency between test and standard conditions, primarily for temperature, since 
elevated temperature promotes m&y processes that determine the fuel irradiation 
behavior and emitter deformation state (structural transformation, mass transfer, 
gas evolution, creep, etc.) [l-31. 

7.1. Accelerated Tests of Fuel Samples 

Application of a method for in-pile accelerated tests of fuel samples [l, 2) 
enables acceleration of the power output level (and, consequentlyy bumup rate) by 
several times within the fuel samples. The rated temperature difference on the 
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sample is maintained in the course of tests. The technique allows discrete values 
of swelling depending on the burnup to be obtained. 

With the goal of maintaining the given temperature conditions, the tests are 
perfomed using undersized specimens in relation to the thermionic fuel element's 
diameter. To encapsulate the test specimens, thin-walled shells of non- 
strengthened materials are used, providing data on the fiee swelling of the fbels 
under study. 

To investigate the burnup effect on swelling kinetics, the irradiating device 
structure allows successive insertion of fuel samples into the irradiating zone in the 
required time period. To choose an optimal time step for sample insertion into the 
irradiation zone, a continuous measurement of GFP release from the fuel is 
performed during testing. The irradiating device is diagrammed in Figure 7.1. 

Cylindrical specimens (l), encased in thin-walled shells of single-crystal 
molybdenum or tungsten (Z), are placed within a case (3) in an inert gas medium. 
The specimen's and case's cavities communicate to relieve the shells of unilateral 
pressure. A gap between the shells and case is chosen to be wide enough that 
specimen swelling will not exert any appreciable effect on heat transfer. The case 
is equipped with an offsetting volume (4), the value of which is chosen to maintain 
a preset temperature on the specimens under irradiation, notwithstanding the 
reduction of power output within them (because of U235 burnup) and migration of 
krypton and xenon (inert gases having low thermal conductivity) into the heat- 
transferring gap. Autonomous capsules (5) contain non-clad fuel samples (6) to 
measure GF'P release. Gas communications (7) connect the capsules (5) with a 
gamma-spectrometric test stand, analyzing the amount and composition of released 
krypton and xenon radionuclides. Gages (8) are attached to the samples to control 
their temperature. The power output within the specimens is monitored using 
beta-emission gages of neutron flux (9). The specimens (1) are inserted into the 
irradiating zone by autonomous drives (10). Simultaneous arrangement of several 
cases (3) and capsules (5) corresponding to them within the device allows com- 
parative tests of various fuel types to be conducted or different irradiation 
temperatures to be used. 

The temperature measurement error is e5"C.  U235 burnup is determined 
using beta-emission neutron-flux gages, taking into account a calculated value of 
the flux depression on the fuel samples and structural elements of the device. 
During post-irradiation investigations, the burnup is defined more exactly fiom the 
buildup of zirconium, ruthenium, and cerium radionuclides, with a +12% 
accuracy. GF'P release is determined by gamma-spectrometric methods with a 
B 5 %  accuracy. 

The irradiation swelling was studied after completion of irradiation by 
measuring the diameter of both clad specimens and the fuel pellets proper using a 
shadow microscope with a H.OO5-mm error, as well as by measuring their density 
by a hydrostatic technique with a H.03 g/cm3 accuracy. 
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Figure 7.1. Schematic diagram of device for in-pile tests of fuel samples [ 13. 
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The structure and phase stability of fuel samples w& investigated using 
metallography and x-ray analysis. The magnification for metallographical 
polished sections was 50 to 1OOOx. 

Using this method, comparative investigations of fiee swelling and the kinetics 
of GFP release &om oxide, nitride, and carbide fuel samples were pefiormed. 
Results are included in Chapters 6 and 8. 

7.2. Time-Limited Testing Technique for TFE Life Length Forecast 

A technique for predicting TF'E Wetime using results of the time-limited tests 
[3] uses in-TRC-prototype tests of TFEs and results of their subsequent post- 
irradiation investigation to gain information about kinetics of the change in emitter 
diameter during operation. 

TFE tests using this technique are pefiomed under conditions corresponding 
to those rated for NPS operation. Therefore, prediction of TFE operability beyond 
a time reached in testing is feasible by extrapolating the data obtained, without 
inclusion of any model conceptions or calculational procedures. 

Meeting the same goal with traditional TFE test results is dBcult. Specifical- 
ly, TFE loop tests also allow study of the emitter deformation state and EG 
change kinetics, e.g., by repeatedly removing the TFEs fiom the reactor and 
examining them by neutronographic methods, but in such tests it is impossible to 
provide temperatures completely corresponding to standard conditions. In addi- 
tion, the tests are accompanied, as a rule, by significant number of thermal cycles 
deriving fiom scheduled startups and shutdowns of the research reactor, alterations 
of its power, emergency protection system actuation, etc. All this leads to a 
distortion of the emitter irradiation behavior and complicates the application of the 
results to standard conditions. On the other hand, in-TRC tests of TF'Es occur 
under conditions consistent with standard conditions. However, TFEs are united 
witbjn the TRC into a single nondetachable system, which excludes the possibility 
of studying the development of short-circuit-related malfunctions in time, if such 
tests are performed in a traditional way. 

To investigate emitter deformation under conditions most similar to the 
operational standard, and to improve, in this way, the fidelity of the lifetime fore- 
cast, the following technique has been developed for TFE testing in an experi- 
mental TRC [3]. In principle the technique has no restriction with respect to TFE 
design performance and can be applied to testing both single and multi-cell TFEs. 

In designing and fabricating an experimental TRC, individual emitter and 
collector current terminals are foreseen for the reactor operating section circuit of 
series-connected TFEs (at least two TFEs). 

In preparing the TRC for tests, individual electric loading devices are installed 
in the test stand systems. Their number equals the number of TFEs having 
additional current terminals, and electrical resistance must satisfl the relationship 



where: Vm(V) - value of operating output voltage of TFEs having no individual 

Im(A) - value of operating current of TFEs, having no individual 

RL(0hm) - electrical resistance of individual loads; 
R~(0hm) - electrical resistance of individual terminals. 

current terminals in TRC; 

terminals; 

Bringing the TRC to operational values of output current and voltage and 
subsequently maintaining these parameters at a preset level is accomplished with 
the aid of a major loading device, common for all the TFEs in the reactor operating 
section. In the course of tests, the TFEs with individual terminals are in turn 
connected to the individual loads. As a result, the output current of the TFE 
increases to values that reduce emitter temperatures to levels at which deformation 
practically no longer occurs. The output current of TFEs not connected to the 
individual loads is restored to a specified level using the main load. 

M e r  completion of TRC tests, TFEs both with and without individual 
terminals are disassembled, and emitter diameters are measured. Measurement 
results reveal how the increase in emitter diameter depends on irradiation time and 
allow TFE operability until time of short circuiting to be predicted. 
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CHAPTER 8 

PROMISING FUEL COMPOSITIONS: CURRENT DEVELOPMENT 
STATUS, PROPERTIES, AND POSSIBILITES OF USE 

Most projects using thermionic fuel elements include uranium dioxide as the 
nuclear fuel. Uranium dioxide has good cornpatability with molybdenum and 
tungsten, used in TFE emitters for the entire emitter operating temperature range. 
The oxide-fuel fabrication process is best developed, as well, and is widely infused 
into commercial production practice. 

A major disadvantage of the oxide fuel is its low thermal conductivity, leading 
to high temperatures in the central section of the fuel element. The high 
evaporation rate of uranium dioxide at temperatures reached in the central section 
of the TFE means that as-fabricated fuel-stack geometry is transformed to a 
configuration comprising a closed central cavity over periods short in comparison 
with lifetime. Gaseous fission products accumulate within the closed cavity and 
bring about fuel-element deformation and its rapid failure. In addition, the high 
evaporation rate of uranium dioxide can result in an intolerably high level of fuel 
loss fiom the fuel element. To avoid these phenomena when using the oxide fuel, 
a ventilating system is needed, which considerably complicates the fuel element 
design. Here remains the principle restriction on fuel-element heat power level 
that is not connected with the fuel melting point, nimely: destruction of the gas- 
exhaust system is possible by its reaction with oxygen contained in the gaseous 
phase over the oxide fuel. In design decisions made to ensure fuel-element 
operability, RI SIA "Lutch" intensively studied the possibility of building fuel 
elements on the basis of alternative fuel materials. Efforts took two directions: 
improvement of uranium dioxide, and the possible use of high-themal- 
conductivity fuels based on uranium nitrides, sulphide, phosphides, and carbides. 
Results are presented below. 

8.1. Development and Study of Hypostoichiometric Oxide Fuel with 
Stabilized Open Porosity 

As known fiom the theory of fiee-molecular flow, the intensity of mass flux is 
enhanced proportionally to a characteristic channel size, e.g., within a long 
cylindrical channel, the flux is proportional to cubed radius [2], and so the flux 
density is proportional to the channel radius. The same is true when a substance 
being evaporated fiom the channel walls is transferred [3]. Thus if a system of 
microchannels with a several-micron characteristic transverse size is used for fuel- 
element ventilation (instead of a single fiee macroscopic central channel several 
millimeters in diameter), the intensity of fuel transfer may be lowered by about 3 
orders of magnitude. The system of microchannels can be organized as an open 
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porosity. It is known fkom the literature (see Figure 3.1) that a' porosity of -10% is 
already predominantly open, but the usual hi@y porous uranium dioxide is prone 
to densification and, if the porosity reduces to -5%, it is mainly closed. The 
related literature contains a signi.ficant number of works dedicated to the 
investigation of additional uranium-dioxide sintering under irradiation (e.g., [4-71). 
Notwithstanding a wide diversity of initial structures, porosities, pore-size 
distributions, and irradiation conditions, the investigation results lead to some 
general conclusions, principally that a rapid additional sintering occurs, mostly due 
to liquidation of submicron-range pores, with no decrease in the volume of pores 
with diameters in excess of 3 pm. A study [5] of the irradiation behavior of fuel 
with -8% porosity, comprising mainly pores over 10 juri in diameter, showed high 
dimensional stability of the fuel and maintenance of its initial density under 
irradiation up to 0.16% at. burnup. 

The cited experimental data indicated the feasibility of creating uranium 
dioxide possessing interlinked porosity resistant to sintering at operating 
temperatures and under in-pile irradiation. In the 1980s and early 1 9 9 0 ~ ~  RI SIA 
"Lutch" developed a fabrication process for uranium dioxide with a stabilized open 
porosity [SI. The uranium-dioxide pellets with stabilized open porosity are 
manufactured by methods of powder metallurgy. The fabrication process includes 
preparation of powder, molding, sintering, machining,.and annealing [SI and 
produces pellets with a required porosity and preset value of owgen coefficient 
Om. Rakitskaya et al. [9] provided results of investigations of the thermal 
stability of six batches of uranium-dioxide pellets having various combinations of 
porosity and O N  values. The tested pellets were heated in high vacuum with a 
400 K/hr rate up to temperatures of 1600 and 1800°C and held at these 
temperatures for 10 hrs. Pellets were cooled at the same rate and examined with 
respect to their porosity change. Results are given in Table.8.1. 

The investigations showed that the closed porosity within the matrix material 
of pellets with open pores is about the same as the closed porosity within pellets 
containing no open pores. The open porosity was measured using mercury 
porosimetry. As seen fiom Table 8.1, 
annealing the hypostoichiometric samples at 1600" appreciably decreases the open 
porosity, while after annealing at 1800°C, the open porosity remains close to the 
initial porosity. This unexplained result [9] suggests the need for further 
investigations. O N  remains close to the initial value. The annealed pellet 
microstructure did not undergo any essential modification. 

The study of the properties of uranium dioxide with stabilized open porosity 
revealed that it has a number of substantial merits compared with dense uranium 
dioxide [SI. Uranium dioxide with stabilized open porosity has a swelling rate 2.0 
to 2.5 times lower than the dense uranium dioxide's. In addition, the porous 
uranium dioxide is a 'lsoft" fuel; its creep rate is 3 to 8 times higher than that of 
high-density uranium dioxide. 

The measurement error was 33.5%. 
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Table 8.1. Porosity after heat annealing [9] 

Batch No. 

1 

2 

3 

4 

5 

6 

O N  Total Test 
Porosity, Tmpme 

% "C 

2.004 3.8 1600 
1800 

2.003 12.4 1600 
1800 

2.004 18.9 1600 
1800 

1.995 3.1 1600 
1800 

1.997 10.4 1600 
1800 

1.995 19.1 1600 
1800 

open 
Porosity, 

% 
1.8 
2.0 
2.0 
1.8 
2.0 
2.0 
1.8 
2.0 

2.0 
1.8 
1.8 
7.7 
7.7 
9.1 

2.9 
3.1 
3.1 
2.8 
3.8 

14.3 
13.1 
14.0 
1.0 
0.9 
co.9 
8.2 
6.0 
6.7 
16.2 
11.7 
15.5 

+ 2.1 
2.2 I 

2.2 5.2 
c2.2 1.4 

The lack of additional heat-induced or irradiation-induced sintering of 
uranium dioxide does not, however, mean that as-fabricated open porosity will be 
maintained in pellets for a long time under any operating conditions. Under 
operating conditions, significant temperature gradients exist on the pellet radius, 
and for short fuel elements (multi-cell design), considerable temperature gradients 
are also present in the axial direction at the ends. Porosity migration in the 
temperature gradient can lead to loss of pores to the central cavity and the 
formation of a high-density fuel layer with reduced permeability to gaseous fission 
products. Thus, the applicability of stabilized-open-porosity fuel is restricted to 
temperature conditions in which appreciable departure of the initial pores fi-om the 
fuel does not occur witbin the required lifetime. 

An experimental and calculational study of stabilized-open-porosity uranium- 
dioxide pellet behavior [lo] was carried out using mock-up fuel elements with a 
central heater. The as-fabricated structure of the fuel under study [lo], shown in 
Figure 8.1% is characterized by a high-density matrix (density >96% TD). The 
intramatrix pore size is -3 pm. Among separate matrix pieces, large pores, inter- 
linked through pore-channels, are sited fairly d o r m l y .  The maximum diameter 
of large pores is 30 to 50 pm. The large pores and channel pores constitute the 
open porosity, the value of which is close to 10%. Figure 8. l b  shows the structure 



Figure 8.1. 

a b 

Structure of tested uran ib  dioxide: 
a - as-fabricated; 
b - after testing. 
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of uranium dioxide after testing. The pellet's central section has columnar grain 
structure. The porosity in this section is far lower than the initial porosity and is, 
to a considerable extent, arranged as microchannels located around the columnar- 
grain boundaries. In the next zone, a significant extension of large pores along the 
temperature gradient is observed. Near the pellet's outer surface, uranium dioxide 
maintains its as-fabricated structure. Figure 8.2 illustrates the kinetics of the 
uranium-dioxide pellets' integrated porosity change at the pellets' central tempera- 
ture of 2205°C and outer surface temperature of 1815°C. The sharp reduction in 
the rate of change in porosity on the initial stage of the curve in Figure 8.2 is 
mainly connected to the fact that, in the experiment with heating of the pellet's 
center, in the central region of the fuel not only the maximum temperature, but 
also a maximum value of the temperature gradient is set (the latter becomes zero 
on the central channel surface under reactor operating conditions). This 
circumstance promotes rapid pore migration from the pellets' central zone and 
subsequently slows the change in porosity. In further testing, within the time 
period of 30 to 100 hrs, the rate of change of porosity is close to constant. A 
calculational study of porosity behavior under experimental conditions [lo] was 
perfarmed using the computer code PORA, in which porosity distribution on the 
fuel-pellet radius was found by solution of the continuity equation for a system of 
non-interacting spherical equal-size pores. Pore velocity is calculated as the sum 
of three addends respective to three pore-migration mechanisms. For small pores, 
the major contribution to the pore velocity is due to fuel diffusion over the pore 
surface. The pore velocity arising from this mechanism is inversely proportional 
to the pore radius. For large pores, the main motive mechanism at high tempera- 
tures is fuel-vapor transfer via the pore volume. For vacuum'pores moving under 
this mechanism, the velocity is proportional to their radius. A motive mechanism 
linked to uranium atoms diffusing from the hot to the cold side of a pore within the 
fuel medium does not significantly contribute to the pore velocity in uranium 
dioxide at high temperatures. Summation of the two velocities, one of which is 
proportional to l/r and another to r, results in the dependence of the vacuum pore 
velocity on radius, having a minimum at some value of the pore radius. 

Calculations [lo] show that a minimum migration velocity is associated with 
pores of several p radius (the radius of pores having minimum velocity depends 
on temperature). Figure 8.3 illustrates the relationship between pore radius and 
pore velocity [lo]. Curve 1 relates to the vacuum pores, and Curve 2 to pores 
filled with helium under 6 MPa pressure. Helium in the pores inhibits mass 
transfer through the pore volume, and the major mechanism of pore movement in 
this case is surface diffusion for the entire range of pore sizes. 

It follows fiom the literature [4-71 that pores having, in compliance with 
Figure 8.3, minimum velocities in the temperature gradient field, also do not 
significantly contribute to the additional thermal- and irradiation-induced sintering 
of fuel. Thus in optimizing the fabrication process for fuel with stabilized open 
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Figure 8.2. Kinetics of porosity change for uranium dioxide with prevailing 
macropores at 2010°C mean temperature [ 101. 
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Figure 8.3. Relationship between radius and pore movement velocity: 
T=2000 K, AT=750 Wcm 
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porosity, the maximum in the pore-size distribution should lie in the range of pores 
having minimum velocities. 

The porosity distribution on the fuel pellet radius [lo] is presented in Figure 
8.4. The data refer to the same conditions as the experimental results in Figure 
8.2. Averaging the porosity distributions shown in Figure 8.4 on pellet radius 
provides the integrated porosity change, i.e., the value being measured in the 
experiment. The calculated values of pellet integrated porosity change M e r  from 
those experimentally measured by not more than a factor of 2 [lo]. Qualitative 
consistency of the calculated and experimental results under conditions of intense 
forcing of the temperature justifies the application of the POL4 program to lower 
temperatures, where an experimental study of the porosity change would call for 
long experiments and prediction of porous-fuel behavior under TFE conditions. A 
calculation forecasting porosity behavior within uranium-dioxide pellets [ 113 used 
the model described above. The area of a heightened uranium-dioxide porosity 
applicable to cases of 1-year and 3-year lifetime is displayed in Figure 8.5. It is 
conditionally assumed that the higher-porosity fuel is applicable if power output in 
the outer annular zone, entirely pore-free, does not exceed half the overall power 
release and the rest of the fuel-stack medium maintains a porosity not less than 
-5%. As seen from Figure 8.5, the area of long-term existence of the initial 
porosity covers only moderate temperatures and power release densities. Beyond 
this area, the advantages of the porous fuel are maintained only for a part of the 
Wetime. 

8.2. Promising High-Temperature Fuel Compositions for Thermionic Fuel 
Elements and Their Properties 

In view of the important restrictions on the cladding temperature and heat 
power of thermionic oxide-fuel elements, RI SIA "Lutch" has performed a great 
deal of work on the possible application of alternative high-temperature fuel 
compositions to the thermionic fuel elements. 

Among high-temperature uranium monocompositions, its nitride and carbide 
possess the highest density of uranium and have a number of other merits in 
comparison with uranium dioxide. They have high thermal conductivity, about an 
order of magnitude better than uranium dioxide's, and a lower evaporation rate. 
Each of these compounds has its own disadvantages, however, making their use in 
the pure state as TFE fuel dEcult. 

For example, within the operational temperature range of the emitter, uranium 
carbide reacts appreciably with materials based on tungsten and molybdenum, 
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Figure 8.4. Calculated distribution of porosity on fuel pellet radius under 
experimental conditions at T=2010°C: 

1 - %=lOhrs; 
2 - ~ 5 0  IUS; 
3 - F100  hrs. 

215 



25 50 75 i00 125 

Figure 8.5. Upper boundary of the area of U02.000 with increased initial 
porosity applicable to fuel stack during 3-year life (Curve 2 ) 1 -  and 
year life (Curve 1). 
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which serve as the main emitter materials. UC starts carbidizing tungsten even at 
1000°C [12]. After a 1300-hr hold, a layer of W2C 0.5 p thick was recorded. 
At high temperatures, the intensity of carbidization is sharply enhanced. At 2000" 
C for 30 hrs, W2C-layer thichess grew to 383 p [13]. The molybdenum 
carbidkition rate is much higher than tungsten's; after a 3600-hr hold at 12OO0C, 
the Mo2C-layer thickness was 150 p [ 141. 

In UC-Mo and UC-W systems, peritectics are formed, with melting points of 
1850 and 215OoC, respectively [14]. The UC-Mo system's relatively low peritectic 
temperature, close to the maximum operational temperatures of the emitter, 
essentially rules molybdenum out of consideration as an emitter material for 
carbide-based fuel elements. Uranium nitrides' basic disadvantage is their 
incongruent evaporation behavior and narrow area of homogeneity. In investiga- 
tions of uranium nitride, UNO 985 is accepted as the homogeneity area's lower 
boundary at temperatures consi'stent with the level of TFE fuel operating tempera- 
tures of 4700°C [15]. These investigations revealed that for such a composition 
of uranium nitride, the nitrogen partial pressure exceeds the uranium partial 
pressure by about four orders of magnitude (in the homogeneity area, this diver- 
gence is still broader). These data show that if uranium nitride is applied to venti- 
lated fuel elements of the thermionic convertors, its composition can shift to the 
lower boundary, and the amount of liquid uranium within the TFE will increase. 

In view of the fact that uranium monocompositions do not meet the aggregate 
of requirements for the fuel material of high-power thermionic fuel elements, the 
development of promising fuels was aimed at creating complex compositions that 
conserved the virtues of their constituents. If uranium monocarbide is taken as a 
basis, the work may be considered to run in two directions. The first direction is 
partial substitution of niobium, zirconium, and tantalum for the metallic 
component of the fuel. The unit cell dimensions of the carbides of these metals are 
close to those of the UC unit cell, which is 4.96 for the stoichiometric composi- 
tion; the difference does not exceed 5 to 10% [16]. Therefore, at high 
temperatures, formation of a continuous set of solid solutions is observed in U, 
Nb, Zr, and Ta mixed carbides [14, 161. Since zirconium, niobium, and tantalum 
carbides have a wide area of the single phase state, introducing them into uranium 
monocarbide expands the latter's homogeneity area. Uranium monocarbide crystal 
lattice constant decreases with increased concentration of the other carbides [14, 
161. 

The second direction of work relating to improving the compatability of the 
carbide fuel with cladding materials involves alloying it with uranium mononitride 
dopants. Because UC and UN have similar type crystal lattices with close geo- 
metric dimensions, they form a continuous set of solid solutions [14, 16, 181, but 

' introducing mononitride into uranium monocarbide narrows the homogeneity 
range further still. Hence, the prospective nuclear fuels are carbonitrides of type 
U1-yM~C1-xNx, in which the homogeneity area expands with substitution of 
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atoms of the IVA-VA periodical system subgroups (refractory metals) for some of 
the uranium atoms. 

Uranium monosulphide possesses much better compatability with refractory 
metals than uranium monocarbide [19]. RI SIA "Lutch" has performed a large 
scope of efforts to advance the fabrication process for and to study properties of 
uranium carbosulphide [S, 20-251. 

8.2.1. Properties of High-Temperature Fuel Compositions 

Proceeding from calculational, theoretical, experimental, and processing and 
materials science-related research, the following requirements have been specified 
for the high-temperature fuel of thermionic power plants: 

high uranium content per unit volume of fuel; 
high melting points and thermal conductivities; 
low saturated vapor pressures and evaporation rates; 
thermal and thermochemical stability; 
compatability with structural materials of high-temperature fuel elements; and 
dimensional and phase stability under irradiation during a long lifetime (up to 
10 years). 

For the nitride, carbide, carbonitride, and carbosulphide fuel compositions 
developed, trial specimens and articles for comprehensive out-of-pile and in-pile 
tests were fabricated following the available processes. Table 8.2 summarizes data 
on the developed materials' basic properties [S, 14,22-271. 

Data on structural characteristics and ranges of stable phase existence of high- 
temperature carbide fuel compositions are given in Table 8.3. All the composi- 
tions have face-centered cubic crystal lattice of NaCl-type and exist stably within 
the entire temperature range from room to melting point. 

In the work of Nikolaev [SI, some of the important characteristics are 
presented as diagrams for easy comparison among a number of fuels. Creep rates 
for a variety of uranium dioxide and alternative fuel compositions are compared in 
Figure 8.6. Uranium carbosulphide has the highest creep rate, and carbide solid 
solutions, the lowest. 

An important property determining the conservation of the configuration of 
the fuel stack with time is the fuel evaporation rate. Temperature dependence of 
the integral evaporation rate from the open fuel surface is shown in Figure 8.7 for 
uranium dioxide and alternative fuel compositions. Data on dependencies 
approximating the integral evaporation rate for carbide fuel compositions are 
contained in Table 8.4. 

As seen from Figure 8.7, the (UTa)C carbide solid solution has the lowest 
evaporation rate. The carbide fuel compositions' low evaporation rate, combined 
with high thermal conductivity that provides a low temperature in the fuel-stack 
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Table 8.2. Main properties of fuel materials 

Melting Thermal 
Point, K Conductivity 

at 2270 K, 
W/mK 

2770 21.6 

3 170-3270 25-27 

20 [23] 

3 170-3370 17-18 

3070-3 170 30-37 [26] 

2810 16* 
3 120 20* 

I I uranium Content, 
Coefficient Rate of 
of Thermal Creep at 40 
Expansion MPa and 

300-1500 K, 2300 K, 
40-6, 1K %/hr 

13.0 2.5 
11.8-13 5-8-10-2 
93-10 3.6-7.7-10-1 

10.8-1 1.2 0.7-1.0 

20** 
2.5** 

uc2 
UxZrl-xC I UxTal-xC I 10-1 1 

dcm3 

9.67 
9.5 to 11.7 

* -at2170K; 
** - at 1970 K. 

Lattice Density of 
Spacing, nm Uranium, 

g/cm3 

0.49605 12.952 

C/Me Ratio in Boundaries of 
Homogeneity Range at 

Temperature, K 
2100 2300 

0.92-1.08 0.90-1.15 

Table 8.3. Structural parameters and stable phase existence 
ranges of high-temperature fuel compositions [26] 

~~ ~~~ 

0.4908 
0.4882 

Compound 

10.13 0.86-1.06 0.84-1.12 
8.94 0.83- 1.05 0.82-1.11 

uc 

0.48 12 9.59 0.87-1.05 0.85-1.11 
0.4859 I 10.59 I 0.89-1.06 I 0.87-1.12 I 
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- U02 with optimized structure; 
- U02 with stabilized open porosity. 

Figure 8.6. Creep rates of U02 and alternative fuels. 
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Figure 8.7. Integral rate of evaporation from fuel compositions' open surface [SI. 
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Table 8.4. Temperature dependence of integrated evaporation 
rate for carbide composition [26] 

Carbide Fuel 
u0.8M0.2c 
u0.2zr0.8c 
uo.5zro.5c 
u0.9zr0.1c 
UO. 8TQ2C 

ig v(~~I~ . s )=A+B/T  
A B 

5.22 -26100 
5.30 -30300 
6.71 -3 1200 
6.72 -30500 
6.62 -31100 

center as compared to an oxide-fuel-based stack, makes possible the creation, 
using carbide fuels, of a fuel stack that maintains its configuration near the initial 
condition for its entire life. Stack-configuration maintenance permits simplifica- 
tion of the related fuel-element design by use of the fkee central channel for 
ventilation. For evaporated carbide solutions, the congruently evaporating 
compositions are absent [20]. Evaporation from the open surface preferentially 
removes uranium, and as a result, enriches the surface with zirconium and 
tantalum atoms. At the same time, the condensate, deposited on a cold surface, 
must have U/Me (where Me is Nb, Ta, or Zr; see Tables 8.3 and 8.4) ratio higher 
than in the initial carbide. The incongruent evaporation behavior of U1-yMeyC 
solid solutions complicate their long-term use at high temperatures in vacuum and 
must be taken into consideration in developing fuel elements. 

8.2.2. Interaction between Fuel and Cladding Materials 

Ifuranium carbide-based fuel compositions are used, tungsten or its alloys are 
expected to be used as the emitter material. The ciabide fuel interaction with 
tungsten comprises the following processes: 

cladding carbidization caused by development of exchange-type reactions; 
0 formation of liquid phases at the contact interface; 

appearance of triple and more-complex carbides, UxMeyWzC2; 
diffusion of (UMe)C fuel components into the cladding and their movement 
toward the outer surface; and 
tungsten diffusion into the carbide fuel. 

Generalized experimental data on carbide fuel and tungsten interaction are 
provided in Table 8.5. 
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Table 8.5. Interaction between tungsten and U1-yMeyCl+x solid solutions [26] 

u0.8zr0.2c0.96 

u0.8zr0.2c0.96 

uO.9zrO. 1c1.07 

u0.$r0.1c1.03 

u0.$r0.1c1.07 

u0.grO. lC1.04 

uO.$rO. 1c0.97 

Uo.$ro. 1co.90 

uO.gZrO. $0.96 

u0.68Ta0.32c1.0 

u0.8Ta0.2c1 .O 

u0.89TaO.1 lC0.98 

1923 10000 Slight diffusion U,Zr, 
c +w 

2173 2500 Slight diffusion UJr, 
c +w 

1923 3300 Formation of 100 pm 
carbide layer 

1923 10000 Formation of 8 pm 
carbide layer 

2073 2500 Formation of 
100-250 pm carbide 

layer 
2173 2500 Formation of 

10 pm carbide layer 
2173 6500 Slight diffusion UJr, 

c +w 
1923 2500 Slight diffusion UJr, 

c +w 
2173 2500 Slight diffusion U,Zr, 

c +w 
2023 4000 Slight diffusion U,Ta, 

c +w 
2023 4000 Slight diffusion U,Ta, 

c +w 
2023 4000 Slight diffusion U,Ta, 

c +w 

~~ ~~ 
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It is seen fiom the table that doping of uranium monocarbide with ZrC, NbC, 
and TaC improves the fuelkladding system stability, and formation of interaction 
layers was observed only at times of -1 year. 

The upper temperature limit on the use of carbide solid solutions, 
U1-yMvCl+xy in contact with tungsten, even in short-term tests, should be 
assumed to be -2400 K (Table 8.5); exceeding this temperature may bring about 
intense development of interaction processes, accompanied by the appearance, in 
the contacting zone, of liquid uranium and complex carbides of UWC2 or 
(U1-yMey)WC2 type. The peritectic reaction occurring here may be represented 
as 

2 u c + w t , u w c 2  +u 
2U,-,Me,C + W t, (U,-,Me,)WC, + (UI-,Mey). 

Other authors' data suggest that the peritectic point may range fiom 2400 to 
2450 K. 

It is obvious fiom Table 8.5 that an essential influence on the behavior and 
degree of the fuel/tungsten interaction is exerted by the ratio of carbon to metal 
atoms. If the stoichiometric coefficient is C/(U+Me)21y carbidization can occur. 
The higher the carbon content, the sooner carbidization is observed. So, for 
instance, in the interaction between Uo gZro 1C107 and tungsten at 1923 K, a 
W2C layer built up a 100-pm thickness in'3,300 hrs, but in Uo.gZro.lC1 03 
reacting with tungsten at the same 1923 K for 10,000 hrs, only an S-p-&ck 
W2C layer formed (see Table 8.5). If the stoichiometric coefficient C/(tJ+Me) is 
below 1, no carbide phases appear in the contact zone. So, for example, the 
Uo.8Zro.2Co 96 solid solution remained stable in contact with tungsten at 1923 K 
for at least 2,500 hrs. 

The values of the temperature of carbidization commencement in tungsten 
reaction with a carbide fuel were calculated for fuel compositions of 
U1- MeyC1-x (Me=Zr, Ta; ~ 0 . 2  and 0.3) having various stoichiometric 

carbon and W2C-carbide's carbon at the lower phase boundary of the homogeneity 
area was accepted as the start of carbidization. Calculation results are given in 
Table 8.6 [26]. 

Lowering of the stoichiometric coefficient fiom 0.99 to 0.97 causes the 
carbidization start temperature to rise by over 300 degrees. These data agree with 
the experimental results generalized in Table 8.5. 

The hypostoichiometric fuel is notable for its low carbon thermodynamic 
activity and slow rate of carbon loss via the tungsten single-crystal cladding [26, 
291. The time needed for formation of a carbon monolayer on the anode at a 
tungsten-cladding temperature of 1900 K and carbon thermodynamic activity in 
the homogeneity range %=0.01 to 0.001 can be several years [28], but at this low 

coe &i cients x [26]. Equalization of the chemical potentials of the carbide fuel's 
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thermodynamic activity of carbon, the thermodynamic activitiy of uranium and its 
transfer through the cladding are increased, which is also undesirable. Optimiza- 
tion-related estimates of the fuel composition, considering the possibility of 
cladding carbidization and an optimal ratio between fuel component fluxes 
through the emitter, led to the recommended application of a carbide fuel with 
initial composition C/(U+Me)=O.99L-O.O1 to the thermionic converter fuel 
elements [26]. 

Carbide (1-x) 
0.99 

uO.7zr0.3cl-x 0.98 
0.97 

8.2.3. Irradiation Behavior of Promising High Temperature Fuel 
Compositions 

T, K 
1920 
2140 
2330 

To substantiate the operability of the high-temperature fuel materials 
developed at RI SIA "Lutch," in-pile comparative tests of fuel samples were 
performed [26]. The tests were carried out using samples with a lessened diameter 
in relation to the thermionic fuel-element size, which allowed the acceleration of 
the level of power output while maintaining mean operating temperature. Use of 
thin-walled non-strengthened shells for the sample casing made it possible to 
collect data on the fiee irradiation swelling of the fuel materials. Swelling was 
examined after irradiation by measuring the diameter both of the clad samples and 
of the fuel samples proper using a shadow microscope with a B.005-mm accuracy 
and by measuring their density with a L-O.03-g/cm3 error. The structure and phase 
stability of the sample materials were studied by metallography and x-ray analysis. 
Lattice spacing of the irradiated material was determined with an error not 

UO. 8ZrO .2c1 -x 

uO.7Ta0.3cl-x 

Table 8.6. Calculated temperatures of tungsten carbidization start 
in its reaction with U1-yMeyC1-x solid solutions [26] 

0.99 2100 
0.98 223 0 
0.97 2400 
0.99 1980 
0.98 2230 

UO. 8TW.2C1-x 
0.99 2120 
0.98 2240 
0.97 2480 
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exceeding H.001 A. The burnup was defined by determining the buildup of 
zirconium, ruthenium, and cerium radionuclides with a f12% accuracy. The in- 
pile comparative testing procedure has been described by Gontar et al. [24]. 

A number of fuel modifications were tested to reveal the effect of structure 
and initial composition on the fuel irradiation behavior. For the uranium/ 
zirconium carbonitride, 8 modifications were tested, in which the nitrogen-to- 
carbon ratio, density, and grain size varied. Tests were canied out at 1650350°C 
and 180k10 W/cm3 power density in an inert gas environment, up to a burnup of 
0.3% FIMA. The range (Add) of irradiation fkee swelling associated with these 
modifications covered 1.6 to 14% per one percent of burnup. Mewards, 
representative in-pile tests of an optimized compositiodstructure modification of 
the carbonitride were performed 16 samples up to 0.8% FIMA burnup. The 
irradiation swelling of the modification optimized in its initial properties did not 
exceed 2%/% FlMA [23]. 

X-ray analysis data showed that the samples maintained their phase stability. 
Grain enlargement of 1.5 to 2 times was detected. The uranidzirconium carbo- 
nitride’s thermal stability in vacuum is restricted to a temperature of -15OO0C, 
however, because of this material’s incongruent evaporation. The use of carbo- 
nitride at higher temperatures is feasible if the nitrogen pressure w i t h  the fuel 
element is maintained at a level of several torrs [30]. 

Solid solutions of UC-ZrC and UC-TaC have much higher thermal stability 
combined with high thermal conductivity and sufficient uranium load (9.5 to 11 
gkm3). The UC-ZrC compound is studied in more detail. Its major disadvantage 
is a high rate of irradiation swelling, inherent to the entire class of carbide fuels. 

The UC-TaC compound, despite its merits relating to evaporation rate and 
corrosion in air, is less studied. This may be connected with the known experi- 
mental data collected at the Battelle Institute, in which an abnormally high level of 
UC-lO%TaC sample swelling was noted at 1400°C. The authors connected this 
effect to the solution’s thermodynamic instability [31]. Thermal and irradiation 
tests of UC-TaC samples at RI SIA “Lutch” showed Werent results. The UC- 
TaC samples were tested at 1600 to 1730°C and 200 to 250 Whm3 power release 
up to 0.68% FIMA burnup. X-rays of the irradiated samples demonstrated their 
phase stability; the change in lattice spacing does not exceed 0.008 A. An 
influence of the carbide solution composition and stoichiometry on the irradiation 
behavior was noted, but optimizing these parameters with the goal of reducing 
swelling calls for additional investigations. Comparative values of irradiation 
swelling for the promising high-temperature fuel compositions [S, 261 are 
presented in Figure 8.8. The swelling rate of the carbide fuel composition is much 
higher than the swelling rate of uranium nitride, as well as of carbonitride and 
carbosulphide. 

With the goal of reducing the carbide fuel swelling rate, a study of the 
influence of the as-fabricated sample density on the swelling rate was undertaken. 
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Tclad =I 650°C; qv=200 Wkm3 

Figure 8.8. Swelling rate of alternative fuel compositions. 
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From experimental data and extrapolations, the qualitative effect of porosity on the 
swelling rate was determined [26]. This dependence is shown in Figure 8.9. 
Introduction of a 10 to 12% porosity reduces irradiation swelling by 2 to 2.5 times. 

8.3. Calculational Study of Lifetime Behavior for TFEs with Promising Fuel 
Compositions 

A calculational study on the feasibility of the use of carbide compositions [26] 
reviewed UC-ZC and UC-TaC solid solutions having porosity E ranging fiom 3 to 
8% as fuel. The calculations were conducted for the power mode of a bimodal 
system with output power of 13 kW and 55 to 58 TFEs installed in it. Fuel- 
element operation was characterized by an emitter temperature of 1525°C and 
power release density of q f i5  to 70 W/cm3. No appreciable fuel mass transfer 
occurs under these conditions. The comparison was made on the value of emitter- 
unit deformation caused by fuel swelling. A strengthened single-crystal tungsten 
alloy was considered as the emitter material. The emitter thickness, including its 
emissional coating, was taken to be 1.5 mm. The fiee volume within the fuel 
element was assumed to be 40%. The calculations were performed with a 
computer program [32] that contained the values provided in the previous section 
of this chapter for the fuel composition swelling rate and its porosity dependence. 
Results are given in Figures 8-10 and 8-11, which show time dependencies of the 
relative emitter deformation D/Do and the relative change in channel dimensions 
in the fuel stack d/&, i.e., the ratio of current to initial diameter. 

It is obvious fiom the calculational results that, when using UC-ZrC carbide 
compound with a 10% porosity, the relative emitter deformation does not exceed 
0.15%, which is far lower than the -2% tolerable value. The relative constriction 
of stack channels does not exceed -30%. For the UC-TaC composition, such high 
geometric stability is also obtained by use of a high density fuel with a -3% 
porosity. In this case, the emitter deformation late in its 10-year life does not 
exceed 0.850/, and the stack-channel constriction, 50%. If a UC-TaC composition 
with a 10% porosity is used, the stack-channel constriction will not exceed 25%, 
and emitter deformation will be negligible. Thus, the calculation results point out 
that the specified carbide compounds in combination with definite processing and 
design solutions ensure a 10-year life for the bimodal installation high-temperature 
fuel elements. 

8.4. Data on In-Pile Tests of TFEs with Promising Fuel Compositions 

Promising fuel compositions were mostly tested in multi-cell TFEs. Nikolaev 
et al. and Gontar et al. [33, 341 provided some of the results fiom experiments on 
diverse structural and fuel materials in 5- and 7-cell TFEs of two types, with 
communicating and partly separated IEG and fuel-element cavities. The tests were 
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Figure 8.9. Carbide fuel swelling rate vs. burnup [26]: 
99% TD; 
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Figure 8.10. Time dependence of emitter deformation for various 
fuel compositions [32]: 

1 - Uo.gZro.2C; E = 10%; 
2 - U O . ~ T ~ , ~ C ;  E = 3%; 
3 - UO 8 T q  2C; E = 10%; 
4 - Toierable emitter deformation. 
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Figure 8.11. Relative change in fuel-stack channel size vs. time [32]: 
1 - Uo.8Zro.2C; E = 10%; 
2 - U0.8Tq.2C; E = 3%; 
3 - UO 8Tq,2C; E = 10%. 
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performed in the W - 2 M  and VVR-SM water-moderated, water-cooled research 
reactors. Features of the TFE designs in which the tests were executed, test 
conditions, and fuel compositions tested are described in Chapter 6 (see Table 
6.7). 

The loop channels used for the tests provided the required neutron, thermal, 
and vacuum test parameters. The loop channel systems provided the required level 
of heat release, adjustment, and measurement of the TFE collector temperature, 
continuous gas evacuation fiom the fuel-element/lEG cavities with control of the 
intensity and composition of gas flux, and adjustment and control of cesium vapor 
pressure in the IEG. 

Most of TFE parameters that determine the level of power generated and the 
stable operation time may be referred to the category of "unmeasurable" 
characteristics. These include the work h c t i o n  and TFE electrode emissivity' 
individual TFE insulation parameters and their change during Wetime, collector 
pack thermal resistance, etc. These parameters are governed by the initial 
characteristics of the materials and processes used. In addition, many of them, 
specifically the emission and radiating parameters, are susceptible to phenomena 
occurring within TFEs and IEGs, e.g., to chemical reaction between the materials 
and gaseous phase or evaporation and diffusion of fuel components into the IEG. 

In the 20-year period of TFE development at RI SIA. "Lutch," including tests 
of over 35 loop channels [3], a collection of procedures has been created that 
identify the condition of the TFE in the tests of promising structural and fuel 
materials [35]. Registering and processing of volt-ampere characteristics in the 
TFE operation vacuum mode determine the emitter work function and temperature 
and the electrodes' reduced emissivity. This method assesses the initial condition 
of the electrode materials and the influence of TFE thermaVvacuum preparation on 
these parameters, and it estimates the potential effect of evaporated products and 
gas release fiom the fuel on the electrodes' emissive and radiating properties. 

In the course of testing, the TFE was recurrently shifted to the diffusion 
operation mode to track the in-We change of the emissive and radiating parameters 
of the electrodes. 

Registration and joint processing of sets of isopower and isothermal volt- 
ampere characteristics in the ignited TFE operation mode determined the heat 
release in the fuel stack. 

Short-circuit malfunctions, which are commonly connected with emitter 
cladding deformation, were identified by registering the individual TFE collectors' 
temperature change after a jumpwise change in the load current. Behaviors of the 
transient processes relating to a normally functioning TFE and to its short-circuit 
state are qualitatively different. This allows the moment of a cell electrode's 
short-circuit to be recorded and thus different fuel-element designs or materials 
having different mechanical properties to be compared. 
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The investigations carried out after completion of the in-pile tests assessed the 
general condition of the TFE, its tightness, the insulation Units' electric resistance, 
dimensions, and surface condition. The units, joints, and materials incorporated in 
a TFE were examined from the viewpoint of materials science and technology. 

The analysis in Chapter 6 of results on oxide fuel confirmed the feasibility of 
hypostoichiometric uranium dioxide. 

Analysis of the test results has revealed that the use of uranium carbosulphide, 
USC, at T~1840"C in a TFE with communicating fuel-element and IEG cavities 
(RM-2T1 No9) and of carbide solid solution UC-TaC at Tf-188OoC in a TFE with 
partly separated cavities (SKAT-4), given an oxygen content in them of 2.10-2 to 
5*10-2% mass, does not change the thermal or electrical parameters of electrodes 
or the converter power characteristics. Complete stability of the interelectrode gap 
is maintained for up to 5000 hrs under severe thermocycling [33]. 

Post-irradiation investigations of the fuel elements containing the carbo- 
sulphide fuel, tested at fuel temperatures of 1700 to 1850"C, have ascertained a 
good operability of these fuel elements [33] : 

cladding deformation is absent; 
the channels to remove GFP are free; 
uranium carbosulphide fuel-stack phase composition has not altered after tests; 
gas-induced swelling of the carbosulphide fuel constituted 4.1%, while the 
emitter diameter did not change, indicating a satisfactory combination of 
mechanical properties of the fuel and W-Nb-alloy cladding at the test tempera- 
ture of 1400 to 1570°C on the cladding and 1700 to 1850°C on the fuel; 
no reaction between the carbosulphide and cladding materials and fuel element 
parts of single-crystal tungsten was detected. 

Finally, fuel elements with fuel stacks of UC-TaC solid solution demonstrated 
their favorable operability and stability of characteristics during the entire testing 
time. Post-irradiation examination of the fuel elements tested in the SKAT-4 loop 
channel is not yet completed. 
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CHAPTER 9 

PROMISING FUEL ELEMENT DESIGNS: CALCULATIONAL 
RESULTS AND EXPE-AT, C0NE;IRMATION 

9.1. A Fuel Element Containing Fuel with Open Porosity at Its Ends 

Mass transfer within the central channel of the oxide fuel stack can form a 
closed isothermal cavity at times shorter than the required Metimes. In this case, 
GFP pressure will increase within the cavity formed; to remove GFPs, a gas- 
exhaust system is necessary. During isothermal-cavity formation, the free space 
near the end caps fills with a dense condensate of uranium dioxide, and heightened 
local cladding deformation is induced by the swelling fuel. To remove GFPs and 
eliminate the locally heightened cladding deformation, Gontar et al. [I] suggested 
the placement of solid pellets with open porosity at the ends of the fuel elements. 
They suggested the use of uranium dioxide with a stabilized open porosity as the 
end-pellet material. The performance of and experimental data on this fuel are 
provided in Chapter 8. The as-fabricated fuel element is diagrammed in Figure 
9.1. To prevent heightened local deformation, the pellets are located at both ends 
of the fuel element. In fuel-element operation, the cladding and cap more 
efficiently redistribute the swelling of the solid uranium-dioxide pellets, because 
-10% porosity uranium dioxide has a creep rate at least two orders of magnitude 
higher than a dense uranium dioxide with a column-type structure. This brings 
about reduction or complete elimination of local cladding deformation at the cap 
sites. The outlet in the cap to remove GFPs can be located at one end of the fuel 
element, as shown in Figure 9.1. At the other end there is a device to fix the fuel 
pellets within the fuel element. The outlet can be placed in the cap on the fixing- 
device side; in this case the device can function as a labyrinth, restricting fuel loss 
from the fuel element. To exclude the possibility, in the course of isothermal- 
cavity formation, of the dense uranium-dioxide condensate layer being deposited 
on the porous pellet surface, the porous pellets' initial height must exceed the 
isothermal cavity end-wall thickuess, as shown in the scheme of the steady-state 
fuel-stack condition (Figure 9.2). 

Calculations conducted to substantiate the design revealed that, for a fuel 
element with a fuel-stack diameter of 17 mm and central-channel diameter of 8 
mm, absence of mass flow onto the solid porous pellets is guaranteed by a solid 
pellet height of 5 mm. Given the heat-flux density of 35 W/cm2, the maximum 
temperature of the solid pellet exceeds that of the annular pellet by 50 K. 

At the chosen ratio of annular-to-solid pellet size, uranium dioxide does not 
condense in the central zone of the solid pellets; on the contrary, partial 
evaporation occurs from their h e r  surface (Figure 9.2). At a cap temperature of 
1800 K and cap outlet diameter of 2 mm, uranium-dioxide flux, incident to the 
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Figure 9.1. As-fabricated fuel element condition: 
1 - fuel with equiaxial structure; 
2 - porous fuel; 
3 - outlet in cap; 
4 - caps of fuel element; 
5 - device fixing the fuel pellets; 
6 - cladding 
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Figure 9.2. Diagram of fuel element with isothermal cavity: 
1 - uranium dioxide condensate 
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channel inlet cross-section fiom the pellets, reaches -0.1 g/year. This corresponds 
to a fuel volume of 1 mm3 and thus cannot cause channel overlapping even under 
the worst assumption, that all the dioxide condenses immediately within the outlet 
channel. Estimates also show that cladding deformation in the end cap site is 
negligible. The fuel-element design presented in Figure 9.1 may be actualized 
using processes available at RI SIA "Lutch." 

9.2. A Fuel Element with Inner Longitudinal Ribs on the Emitter 

One way to reduce the oxide fuel temperature within a fuel element is to 
mange metallic heat-conducting structural elements within it to transfer heat to 
the cladding. A method to reduce the fuel temperature by alternating fuel pellets 
and thin disks of refractory metals within the fuel stack has been studied in detail 
and widely applied to thermionic fuel elements [2]. At an unchanged volume 
fraction of the disks, a decreased pellet and disk thickness is more favorable for 
fuel temperature reduction [2]. The necessity for providing contact between the 
washers and the cladding in the course of assembly is a substantial disadvantage of 
the fuel stack with alternating fuel pellets and washers. 

Another technique for temperature reduction of the fuel stack is the 
application of a cladding with longitudinal ribs. Here, the contact between ribs 
and cladding is provided in fabricating the cladding. Fuel as fiagments of 
appropriate configuration and dimensions is loaded into the ready-made ribbed 
cladding. A study of temperature distribution within the fuel elements having the 
ribbed cladding for power reactors [3] has calculated that using a the fuel-element 
cladding diameter of 7 mm and rib height of 1.3 mm considerably reduces the fuel 
temperature. Maximum fuel-temperature reduction is still more urgent for the 
thermionic reactor converter fuel element, which is characterized by a higher 
cladding temperature and enlarged fuel-stack diameter. When refractory metals 
compatible with fuel at high temperatures are used as the cladding and rib 
materials in the thermionic fuel element, the ribs may extend through the full 
thickness of the fuel layer. 

An analytical expression [4] determines the ratio of temperature drops within 
the fuel at a zero value of the central channel radius for a fuel element with and 
without ribs, at the same heat power: 

where: h i  and 12 - respectively, thermal conductivity of fuel and rib material 
a =  cp2 - fraction of fuel-stack volume occupied by ribs 

cp1 +<Pa 
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It is evident from Equation 9.1 that temperature reduction in the fuel-stack center 
does not depend on the number of ribs or on heat release distribution on the fuel- 
stack radius. 

Figure 9.3 shows the dependence, calculated using Equation 9.1, of the 
temperature reduction on a at hl=0.023 W/cmK and h2=1W/cmK. Even at a rib 
volume constituting 2% of the fuel-stack volume, the temperature drop within the 
fuel is reduced by a factor of 2. At the same time, an increase in the rib volume 
fkaction over 10 to 15% does not substantially lower the temperature any M e r .  
For the case of alternating fuel pellets and metal.washers, the maximum 
temperature reduction is also defined by Equation 9.1 [4]. So, given small height 
of the fuel pellets, the efficiency of use of a metal as ribs and washers is the same 
with respect to lowering the temperature in the fuel stack center. 

When using the ribs, the maximum fuel temperature may be reached within 
the fuel fkajgnent volume rather than on the central channel surface; therefore the 
matter of interest is more complete idormation on the temperature fields, as well 
as an investigation of the dependence of the temperature distribution on the height, 
number, and configuration of the ribs and optimizing these parameters. To gain 
these data, Gontar et al. *[4] applied the computer code STEREO. The calculation 
was performed for a fuel element with a 2-cm diameter fuel stack and a 0.6-cm 
diameter stack central channel. The cladding temperature was assumed to be 
1500°C. The volume~c heat release was deemed constant on the stack radius and 
equal to 100 W/cm3. The dependence of the temperature reduction on the central 
channel surface vs. relative rib volume calculated for the above conditions is 
presented as Curve 2 in Figure 9.3. 

For optimizing the rib parameters, Gontar et al. [4] calculated a relation 
between the maximum central-channel temperature and rib number, height, and 
shape. The calculations showed that the strongest effect on channel-center 
temperature is exerted by rib height; therefore extending the ribs through the entire 
thickness of the fuel layer is advisable. The calculations revealed that a rib 
number in excess of six does not lead to any significant reduction in maximum 
temperature. To determine the influence of rib configuration, triangular and 
trapezoidal ribs were calculated, but the effect of rib shape was insignificant. 

The calculations [4] were conducted for two versions: with ideal keyribbed- 
cladding contact and fuel/rib contact only, with a gap between the fuel and 
cladding. Creating a specific design for the latter version does not present any 
particular difficulty. Calculational results [4] are displayed in Figure 9.4 as a set 
of isotherms for a fuel fragment sited between adjacent ribs. A maximum 
temperature is reached in the fuel fiagment center but not on the central-channel 
surface. It follows fkom the figure that, given six ribs extending throughout the 
fuel layer, the maximum temperature difference on the central-channel surface for 
the cases of contact and fuelhladding gap is -50 K. This difference, without the 
ribs, can exceed 1,000 degrees. Thus, the ribs efficiently reduce the temperature 
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Figure 9.3. Temperature drop reduction vs. relative rib volume: 
1 - calculation using Equation 9.1; 
2 - numeral calculation for six ribs extending to central 
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Figure 9.4. Isothems in fuel element with ribbed cladding: 
a, b - respectively, contact and gap between fuel and cladding 
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even when the fuellcladding gap is present. Sharp temperature reduction results in 
lowering the fuel-evaporation rate and in the long-term existence of a gap in the 
immediate vicinity of the cladding, preventing the effects of fieely swelling fuel on 
the cladding. This is one factor decreasing cladding deformation. In addition, a 
fiee volume, into which the gap is eventually transformed in the course of mass 
transfer, will be located in the maximum temperature zone-i.e., in this case, 
within the fuel fiagment volume-and will more efficiently damp out the fuel 
swelling than the central-channel free volume. 

To compare the effectiveness of the internal ribbing and introduction of 
washers ideally contacting the cladding, the temperature fields within the fuel 
element with the same metal content (10%) in washers and in six ribs have been 
calculated [4]. The calculation showed that the central-channel surface tempera- 
tures are close, in this case. So, for 4-mm-thick pellets, the maximum central- 
channel surface temperature reaches 1700°C and, for the six ribs containing the 
same amount of metal, 1720°C. 

Fabrication of the longitudinal ribs on the fuel-element cladding also enhances 
the stiffhess of the cladding. 

' 

9.3. A Fuel Element with a Gas-Exhaust Device Separated from Fuel by a 
Screen 

Chapter 4 considered a gas-exhaust device as a pipe extending into the central 
isothermal cavity. To restrict fuel migration, an endpiece with a capillary channel 
is located at the pipe tip, with an outlet to the central cavity. Section 4.2.2 
considered the operability of such a gas-exhaust system under conditions of 
uranium-dioxide condensation on the GED. As this consideration shows, a fuel 
layer on the endpiece that is significantly thicker than the capillary-channel 
diameter can disable the GED for a long period. Kornilov et al. [SI suggested 
isolating the volume into which the capillary channel enters from the fuel by a 
thin-walled screen, which may be made of tungsten or its alloys. The surface of 
the screen's central zone, falling w i t h  the isothermal cavity, may be perforated, 
allowing the GFPs to migrate into the inner screen cavity and then to leave through 
the GED. Fuel passing through the screen perforations will be predominantly 
condensed in the coldest parts of the intrascreen cavity, i.e., at the end caps. If the 
perforation conductivity is far lower than that of the channel, the fuel vapor will 
expand within the screen. So, an appropriate choice of the total perforation area 
may significantly lower the intrascreen fuel vapor pressure and eliminate fuel 
condensation on the GED surface at the capillary channel site. Calculations [6],  as 
applied to TOPAZ-3 installation, show that for an 0.8-cm diameter thin-walled 
screen, the total perforation area must not exceed 1 mm2. 

Long-term functioning of a thin-walled tungsten screen in oxygen-containing 
atmosphere over uranium dioxide may be ensured, as shown in Section 1.3.4, only 
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by using hypostoichiometric uranium dioxide. To reduce the interaction between 
the screen and oxygen, a getter can be applied to the screen surface to consume the 

Section 3.4 noted that the greatest danger of fuel condensation on the GED 
surface arises early in the operational period, when the GED is not attached to the 
fuel and the temperature is higher. Thus, the screen can play a favorable role even 
when it is functional only early in the operational period, when isothermal-cavity 
formation occurs. 

oxygen 151. 

9.4. TFE with Nitride Fuel 

A key requirement for nuclear fuel in space NPSs is a high volume 
concentration of fissile material. This parameter eventually determines the 
minimum feasible system weight and overall size. Fast reactors are especially 
sensitive to this parameter. Among high-temperature fuel materials, uranium 
nitride has the highest fissile-material content (p=13.52 g/cm3, as compared with 
9.67 g/cm3 for U02) [7]. This fuel also is superior to the oxide in a number of 
other thermal and physical characteristics (see Chapter 8). 

Interest in the nitride fuel has recently grown both at RI SIA "Lutch" (see, 
e.g., [S, 91) and among foreign developers of space NPSs [ 10, 111. 

However, this fuel also raises a number of specific problems. UN, 
application to high-temperature fuel elements (in excess of 1500 K) is complicated 
because of the very narrow homogeneity range (~1-0.985). Because uranium- 
nitride evaporation is incongruent, a liquid uranium phase, incompatible with the 
emitter material, may form in the ventilated fuel elements. 

Some of the calculations and designs for the creation of high-temperature 
TFEs based on nitride fuel have been reviewed by Borodastov et al. and Von Jhle 
and Rust [2,3]. 

9.4.1. Gas-Tight Fuel Element 

It is commonly accepted that U02-based gas-tight fuel-element designs are 
unpromising because of the high rates of emitter deformation under the effect of 
GFP pressure generated within the fuel element. Calculational study results 
obtained at RI SIA "Lutch" agree. Data provided in Chapter 4 show that the oxide 
fuel gas-tight element life is restricted to 1 to 1.5 years. 

Use of uranium nitride having a high thermal conductivity (about one order of 
magnitude higher than UO2k), however, considerably reduces the mean fuel 
temperature and consequently lowers GFP release and the pressure generated 
within the fuel element. In addition, the higher fissile material concentration in 
uranium nitride permits.enlargement of the fuel-element fiee volume, which 
additionally reduces the GFP pressure. The improvement in the emitter's 
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geometric stability is also enhanced due to the power law stress (pressure) 
dependence of the creep rate. 

The gas-tight fuel-element life was estimated by Gontar et al. [9]. Here, for 
comparison, analogous estimates were made for a uranium dioxide-based fuel 
element for a typical configuration and temperature conditions of thermionic fuel- 
element operation: emitter diameter, 18 mm; emitter thickness, 1 mm; emitter 
temperature, 1500 to 1600°C; and free volume in the U02 fuel-element cavity 
(basic variant), 20%. The density of both fuel compositions was assumed to be 
95% TD. 

Single-crystal tungsten and its alloy are considered as the emitter material. 
The creep rate of the alloy, due to solid-solution hardening, is about 3 orders of 
magnitude lower than that of the non-alloyed tungsten (see Chapter 2). 

Over the extended lifetime, structural modification of uranium dioxide occurs 
at the considered temperature; the calculations for the U02-based fuel element 
were performed for two dioxide structural conditions: equiaxial and columnar 
grains. The free swelling rate of the fuels being compared was assumed to be in 
accordance with their ampule-type test results. 

The fuel-stack temperature conditions were calculated taking into account the 
relevant values of thermal conductivities of the fuels being compared. The value 
of free volume in the fuel element based on UN, in comparison with the basic 
U02 variant, was corrected (in the direction of its increase because of a higher 
fissile component content per unit volume), proceeding from the condition of a 
zirconium hydride-moderated reactor criticality. 

To improve the estimated fuel-element lifetime prediction, the GFP release 
was defined from two models: difbsional [12] and activational [13]. The study 
revealed that the values of GFP release obtained using the different models are 
similar; therefore, they are shown in Figure 9.5 by a single curve for each fuel. 

In defining the emitter deformation, two calculational schemes were used: (a) 
immediate effect of the released GFP pressure on the emitter, and (b) gas effect on 
the emitter through fuel swelling. The estimates of fuel-element lifetime (assessed 
on the criterion of electrode short circuit) are given in Figures 9.6 and 9.7. When 
using the single-crystal tungsten emitter, the lifetimes of both U02- and UN-based 
fuel elements are of little practical interest. However, after substituting the 
strengthened single-crystal tungsten alloy for the previous material, the UN-fuel- 
element lifetime meets the requirement specified for the first stage of the space 
N P S  development ( ~ 3  to 5 years [14]). At an emitter temperature T=15OO0C, the 
lifetime reaches 5 years even assuming complete GFP release from the fuel (+1). 
With a rise of emitter temperature to 1600"C, the fuel element lifetime is -3 years. 

Additional calculations were conducted to determine other potential 
restrictions on the applicability of such fuel-element designs. 

Estimates of the change in the stoichiometric coefficient in the course of 
burnup and nitrogen losses through the emitter showed that during the entire 5- 
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Figure 9.5. GFP release in fuel elements based on UN and U02 vs. time [9]. 
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Figure 9.6. Estimated lifetime forecasted for TFE with tungsten emitter [9]. 
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year life of a fuel element operated at 15OO0C, uranium nitride remains in the 
homogeneity area. So, this fuel-element design does not demand the incorporation 
of any extra nitrogen sources, as the ventilated design does, which substantially 
simplifies the design and increases its reliability. 

The nitrogen pressure in the interelectrode gap, caused by nitrogen migration 
through the emitter, does not exceed 0.15 Pa, which is considerably lower than the 
permissible level of 3 to 5 Pa [SI and thus does not affect the working of the TEC. 

These results lead to the conclusion that application of uranium mononitride to 
the thermionic fuel element, in combination with an emitter of a strengthened 
single-crystal tungsten alloy, allows the use of the gas-tight design of the fuel 
element for lifetimes up to 5 years. 

9.4.2. A Ventilated Nitride Fuel Element with Inner Nitrogen Source 

As shown in the previous section, the use of nitride fuel, instead of oxide, 
improves the potential lifetime of a gas-tight fuel element. The life-related 
restrictions remain very significant, however, and they become more rigid in the 
transition to the next-generation fuel elements, which have a higher density of 
power output. Therefore, RI SIA "Lutch" also considered the possibility of 
applying the nitride fuel to ventilated fuel elements. The long-term existence of 
uranium nitride in the single phase can be ensured by maintaining the nitrogen 
pressure within the fuel element at a level exceeding the equilibrium nitrogen 
pressure over uranium nitride at the lower boundary of the homogeneity area. 
Kucherov et al. and Zaitsev et al. [S, 151 examined the possibility of using uranium 
nitride together with other metal nitrides. Given slow-enough leakage of nitrogen, 
the nitrides' composition on the surface is determined fi-om the condition of 
constant nitrogen pressure within the fuel element. If the nitrogen pressure lies in 
the range corresponding to nitrogen pressure over single-phase uranium nitride or 
exceeds the latter, and a metal nitride here has a composition corresponding to the 
congruent evaporation condition, then despite nitrogen leakage fi-om the fuel 
element, the nitrogen pressure within it will remain constant. Nitrogen losses in 
uranium nitride wi l l  practically stop, and its composition will remain stable until 
all the metal nitride has been volatilized. Titanium nitride possibily can be used to 
hold the nitrogen pressure [SI; it is congruently evaporated, given UNo.79 
composition [ 161. 

Figure 9.8 displays the temperature dependence of nitrogen pressure over 
nitrides. According to the data of RI SIA "Lutch" [17, 181 and some other data 
[16, 191, nitrogen pressures over UN and over congruently evaporated titanium 
nitride nearly coincide. However, there are data contradicting this conclusion 
[20]. Hence, the data presented in Figure 9.8 do not explicitly answer the question 
of the possibility of applying a UN-TiN system to thermionic fuel elements. 
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Figure 9.8. Temperature dependence of nitrogen equilibrium pressure over 
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composition [ 161; 
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In experiments on isothermal heating of uranium nitride in the presence of 
titanium nitride [SI, vacuum isothermal annealings were carried out in tungsten 
containers having a 300- to 4 5 0 - p  effusive hole. UNO 966 specimens were 
tested as disks with a 13-mm diameter and 3 to 5 mm hei&t, coated by TiNo-92 
50 p thick. The container walls were coated in the same way. In testing a 
portion of the uranium nitride specimens, there was an additional solid-phase 
source provided by nitrogen from titanium nitride as plates of 2 x 3 ~ 8  mm size and 
UNO 794 composition located within the container. Isothemal annealing at 2150 
K for 100 hrs did not change the surface structure of either variant, judging by x- 
ray diffraction analysis data [SI. Possibly nitrogen leakage did not yet result in the 
congruently evaporating composition of titanium nitride coating or in reaching the 
uranium nitride homogeneity area lower boundary. Longer-duration experiments 
may be necessary [SI. 

Results of calculations of nitrogen movement beyond the fuel element through 
an orifice in the 2-mm thick cap, depending on the orifice diameter and nitrogen 
pressure w i t h  the fuel element, are given in Table 9.1. A 1-g pellet, comprising 
0.2 g nitrogen, at 2000 K and 0.4-mm diameter orifice, is able to ensure fuel- 
element operability for 5 years. Estimates showed that the contribution provided 
by diffusion flow of nitrogen through a 1-nim-thick tungsten fuel-element cladding 
at T=2000 K may be neglected. 

In a TFE design with communicating fuel-element and IEG cavities, GFPs as 
well as nitride decomposition products are removed through the IEG. Therefore a 
titanium coating, with a mass 5 times greater than nitrogen, should be formed at a 
TFE manufacturing stage on the gas-exhaust channel walls beyond the fuel- 
element-cap hole. The work function of titanium coated by cesium is 1.4 to 1.8 
eV, and it appears, when condensed on the collector, not to deteriorate TEC 
characteristics [21]; however, there is a danger of sputtering titanium onto the 
insulator surface and short-circuiting the electrodes. Nitrogen at pressures below 3 
to 5 Pa does not appreciably affect the TEC operation [22]. 

PN2, Torr 
10-4 
103 
10-2 

Table 9.1. Nitrogen leakage (g/year) through orifice in cap of 2-mm thickness vs. 
orifice diameter and nitrogen pressure [SI 

4 rfm-l 
0.05 0.1 0.2 0.4 0.6 

1.3 8.1 0-5 1.07-10-4 8.10-4 5.8- 10-3 0.0176 
1.3 8.1 0 4  1.07.10-3 8.103 5.8- 0.176 
1.3 8- 1 0-3 1.07-10-2 8.10-2 0.58 1.76 



As shown in Figure 9.8, if uranium carbonibide is used, nitrogen pressure is 
significantly lowered. This circumstance essentially reduces the nitrogen 
expenditure and the required amount of nitrides supplying the fuel element with 
nitrogen. But the carbonitride, like the nitride, has a narrow homogeneity area, 
therefore RI SIA "Lutch" has mainly studied uranium-zirconium carbonibide, 
U1-yZryC1-xNx [15]. This fuel has a wide homogeneity area and low nitrogen 
vapor pressure in the lower phase boundary. A broad range of nitrides- 
specifically, titanium, vanadium, chromium, et al. nitrides-have been considered 
as the nitride to supply additional nitrogen [15]. Techniques to improve the 
themal stability of uranium nitride using protective diffusional barriers were 
considered on the basis of equations describing the kinetics of nitrogen &ion 
and evaporation [ 151. 

9.5. U233-Based Fuel Elements 

At present, a new generation of materials and space NPS reactor designs, with 
improved operation and life-time characteristics, is under development. 
Specifically, for the thermionic reactor-converters, power increases up to 50 to 100 
(and several hundreds) kilowatt and lifetjmes up to 7 to 10 years are being 
considered [23]. The possibility of creating a hybrid reactor, combining the 
operation modes of nuclear-powered rocket engines and thermionic converters, is 
under examination [23,24]. 

The search for and development of promising materials for such NPSs are 
often constrained by neutronic operational requirements. Therefore, in a number 
of cases, a fuel with increased concentration of the fissile component at maximum 
densities and enrichments is used; for such cases, the driver elements should be 
provided in the reactor core design [23]. 

Use of U233 and related fuel compositions as the fissile material opens 
fundamentally new perspectives. In this case, the reactor neutron conditions 
should substantially improve. The available reactivity reserve grows by -25% 
[23], and there is not only the possibility of reducing system mass and size, but 
also of mitigating the conditions under which the reactor units must operate, 
including the fuel element. 

It may be possible to additionally strengthen the emitter by thickening it, to 
improve the reliability of operation of fuel-element gas-exhaust devices, and to 
enlarge fuel porosity and free volume witbin the fuel element. 

Calculational data on the TOPAZ-1 reactor for U233-based fuel [23] reveal 
that use of U233, with no change in overall size of TFE and reactor as whole, 
makes possible a number of important modirfications to the TFE design, aimed at 
lengthening its life and improving its reliability: 

emitter cladding of W-3%Ta alloy; 
thickening the cladding up to 1.5 mm; 
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hollow fuel pellets with hole diameter up to 4.5 mm; and 
widening, within permissible bounds from the viewpoint of TFE volt-ampere 
characteristics, of the interelectrode gap (fully available emitter deformation is 
increased up to Ad/d=12%; tolerable deformation, up to -8%). 
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CHAPTER 10 

PROMISING DEVELOPMENTS 

A number of promising developments based on previously approved solutions 
and mateIials adopted at RI SIA "Lutch" are considered here. Such an approach 
will reduce the scope of required investigations and speed attainment of practical 
results from these developments. 

10.1. Fuel Element for Power/J?ropulsion Systems 

Ponomarev-Stepnoi et al. and Gontar et al. [l, 21 reviewed the conceptual 
discussions of a bimodal space system, developed on the basis of updated single- 
cell TF'Es. The system combines the functions of the nuclear-powered rocket 
engine and an electric power source. This can lighten total spacecraft weight and 
simultaneously increase the instrumentation payload. This would allow, for 
example, a transition &om high-power launch vehicles such as the Titan4 to 
lower-power rockets such as the Atlas-2AC for launch into near-Earth orbits. 
Related savings would be about $20 million per launch [3]. 

The bimodal system under development provides electricity to on-board 
systems of a spacecraft with a power consumption of 20 kW (at electrical power of 
25 kW in the reactor terminals). In a power/propulsion mode, an -80 N thrust is 
produced with simultaneous -5 kW electrical supply to on-board systems. The 
basic bimodal-system parameters are presented in Table 10.1. 

As the reactor of a nuclear power propulsion system (NPPS), an updated 
thennionic reactor-converter is used; it is zirconium hydride-moderated, 
containing 88 single-cell TFEs, and adapted to pass hydrogen through the hot fuel 
element to produce thrust for the propulsion mode of operation. 

The single-cell TFE structure developed for the TOPAZ-2 system of 
heightened power has been the basis for the TFE design scheme [ 1,2]. 

The TFE design is portrayed in Figure 10.1. The TFE consists of the 
following parts: emitter (1) and collector (2) of the thermionic convertor, 
separated by an interelectrode gap (3); end leads (4-7), providing bilateral two- 
terminal current collection; ceramic-metal units (8-12), sealing the IEG cavity and 
insulating the leads fiom each other and from the reactor case. Separation of the 
collector from the reactor case is through insulation (13). The IEG is fixed with 
the aid of spacers (14) located in the collector. Cesium vapor feeds the IEG 
through a channel (15). 

A fuel stack (16) is placed within the emitter to heat the hydrogen and emitter. 
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Figure 10.1. Schematic design of the TFE of a bimodal space nuclear power/propulsion system. 



Table 10.1. Bimodal-system parameters [I] 

Parameter 
Electric power in terminals of reactor- 

converter: 
in power mode 

in combined mode 
Thrust in propulsion mode, N 

Lifetime: 
- in power mode, years 

- in DroDulsion mode. hrs 

Value 

25 
> 7  

100 (possible to be increased up to 800) 

7 to 10 
250 

The stack is a cylindrical block with axial channels (see Section A-A). On one 
side, the stack abuts against a supporting grate (17), to which it is pressed by a 
spring (18). Hydrogen enters the IEG through a channel (19) in the TEC current 
lead, heats up within the TFE core, and passes through the exhaust channel (21) 
into a nozzle (20). Heat shielding (22) protects the TEC end parts. 

To prevent hydrogen from migrating through the emitter and filling the IEG, 
which would adversely affect TFE power characteristics, the design includes 
additional cladding (23) and a ventilating channel (24) communicating with the 
vacuum of space. A possible method for reducing hydrogen penetration into the 
IEG using diffusion barriers (of, e.g., BeO, WAlx, my., or W w  has been 
analyzed [2]. 

The main geometric characteristics and materials of the fuel element are given 
inTable 10.2. 

The hypostoichiometric composition of the fuel, (C/(U+Zr)=0.95-0.99), 
prevents a metallic uranium phase from appearing in the carbide fuel by reaction 
with hydrogen. 

Thermal and hydraulic calculations of TFE operation in the propulsion mode 
have shown that altering the heat power of the TFE in the range of 9 to 84 kW can 
provide the required thrust of the bimodal system: from 100 to 800 N, with -779 
s specific impulse. 

Basic parameters of TFE operation in the above mode vs. heat power level are 
contained in Table 10.3. TFE mean electric power is 200 to 250 W, and the 
system’s full electric power reaches 15 kW [2]. 

In the power mode, the required level of electrical output power, Wsystem= 
20 kW, and output power in the reactor terminals, Wtem=25 kW, are provided at 
a TFE mean output power of Wm=285 W. The calculated thermdelectric 
parameters of the TFE in this mode are presented in Table 10.4. 
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Table 10.2. Geometic characteristics and materials of the TFE for a bimodal 
system [2] 

Parameter 
Length of Core, mm 
Inner Diameter of Emitter, mm 
Thickness of Emitter, mm 
Width of EG, mm 
Free Volume in Fuel Element, % 
Number of Holes in Fuel Stack 
Diameter of Hole in Fuel Stack, mm 
Fuel 

Porosity of Fuel, % 
Emitter 
Spacers 

Value, Material 
400 
17.1 
2.1 
0.5 
40 
19 
2.2 

hypostoichiometric uranium-zirconium alloy 
monocarbide (Uo.8Zro.2C) 

10 
strengthened single crystal tungsten alloy 

scandia 

Table 10.3. Parameters of TFE with drain gap [ 11 

Parameter 

rhermal Power, kW 
Thermal Power for Hydro- 

genHeatup, kW 
Thermal Power for 

Electricity 
Production, kW 

Gas Temperature at TFE 
Core Outlet, K 

Maximum Temperature of 
Fuel Stack, K 

Maximum Temperature of 
Emitter, K 

Maximum Temperature of 
Collector, K 

Propellant Flow Rate, 
104 kg/s 

- 
1 
9 

4.6 

4.4 

2191 

2387 

2029 

842 

1.991 - 

2 
11.8 

7.8 

4.0 

2155 

2349 

1965 

875 

3.511 - 

- 
3 

24.2 

20.0 

4.2 

2169 

243 2 

2083 

876 

8.92 - 

Version 

4.2 

2169 

2458 

21 12 

876 

13.63 - 

5 
44.2 

40.0 

4.2 

2167 

2472 

2127 

877 

17.82 - 

6 
54.2 

50.0 

4.2 

2165 

2483 

2138 

877 

22.29 - 

7 
64.2 

60.0 

4.2 

2168 

2496 

2150 

878 

26.66 

8 
84.2 

79.9 

4.3 

2166 

2510 

2163 

880 

35.57 - 



Table 10.4. TFE parameters vs. number and output voltage of circuits connected 
in parallel in reactor terminals [ 11 

Connected in Parallel in 

TFE thermal power is here Q--4-10 to 4.25 kW, and the maximum emitter 
temperature does not exceed 1570 to 1665°C. 

Calculational studies of fuel-element behavior during its life and analysis of 
the effectiveness of the design and processing solutions (see Table 10.2) were 
carried out using computer codes normalized to available results of in-pile 
investigations of irradiation swelling of carbide-composition fuel specimens. For 
Uo.8Zro.2C of carbide composition, having an initial porosity &=lo% and open 
porosity fraction ~open/~210-25%, the fuel stack channels maintain their 
operability for their entire 10-year life, judging by GF'P removal and damping of 
the swelling. The relative channel contraction is -25% over its lifetime. 
Deformation of an emitter made of a strengthened single-crystal tungsten alloy is 
negligible [2]. 

The bimodal system fuel-element lifetime behavior is also reviewed in 
Chapter 8. 

10.2. Fuel Element for NPS with Out-of-Core Converter 

For power supply of a number of space programs, e.g., the American SP-100 
project, development of an NPS having an out-of-core system of heat-to-elecricity 
conversion is foreseen. Specifically, developments of one such NPS is based on 
the thermoelectric method of power conversion and uses a liquid-litbium-cooled 
fast reactor, the fuel stacks of which are fabricated fkom uranium nitride. 
Polycrystal alloys based on niobium (PWC-11) and tantalum (ASTAR-8llc) are 
assumed to be used as the fuel-element cladding. 
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Table 10.5. Comparison between niobium alloys and single-crystal molybdenum 
alloys [4]. 

Parameter PWC-11 D-43 

Stress causing 1% Creep 20 30 
Deformation, for 1000 hrs, 
MPa 

PWC-11 Cladding, at Their 
Equal Creep Resistances 

Cladding Weight, Related to 100 70 

(W?WC-l l)%- 

Mo- Mo- 
mono1 mono2 

50 65 

50 40 

Comparison of the properties of these materials with molybdenum-single 
crystal alloys [4] showed that the molybdenum alloys (at typical temperatures of 
such fuel-element operating conditions, i.e., at T42OO"C) are far superior in creep 
resistance to niobium alloys (see Figure 10.2 and Table 10.5) and similar to 
ASTAR tantalum alloy with 8 to 10% tungsten (see Figure 10.3). At the same 
creep resistance the single-crystal molybdenum alloy cladding is 2 to 2.5 times 
lighter than PWC-11 alloy (see Table 10.5). 

Another virtue of the molybdenum alloys is that, unlike ASTAR.-81 lc  and 
PWC-11 used in the SP-100, they do not need protective coatings to ensure 
compatability between the cladding and nitride fuel (molybdenum is compatible 
with UN at T=1500 to 1700°C for 10,000 hrs [4]). 

The molybdenum alloys have undergone long-term (up to 2 years) in-pile 
testing in the course of perfecting the TOPAZ-2 TFE, where the emitter 
temperature changed along the emitter length fiom -1550°C to -1100°C. Thus, 
the single-crystal molybdenum alloys may evidently be applied effectively within 
the framework of the SP-100 pro&am. 

Design and Data in the Calculational Study. We now consider the results of 
calculational investigations on fuel elements for NPSs  with an out-of-core 
converter (like SP-loo), the cladding of which is fabricated fiom a single-crystal 
molybdenum alloy [4]. 

The fuel element has been developed for use in a power system like the SP- 
100. A schematic design is displayed in Figure 10.4. 
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Figure 10.2. Creep curves for polycrystal alloys of niobium and tantalum and 
single-crystal molybdenum alloy [4]. 
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Figure 10.3. Stress producing 1% creep deformation for 1,000 hrs, related to 
material density [4]. 
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Figure 10.4. Fuel-element design scheme. 
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MN3 single-crystal molybdenum alloy is used as the cladding material. The 
outer cladding diameter is assumed to be -10 mm, and cladding thickness, -0.64 
mm. Uranium nitride is used as the fuel stack material. Its density ranges fiom 90 
to 95% TD. 

To reduce the fuel-stack temperature, the fuel element's inner cavity is filled 
with a highly heat-conductive gas such as helium. 

Calculational investigations of the fuel-element lifetime behavior and 
optimization of its design parameters were carried out using a computer code to 
simulate the occurrence of basic lifetime-governing processes in a gas-tight fuel 
element. This code considers the following factors: 

change in fuel-element temperature during operation; 
GFP release fiom the fuel stack and change in the thermal conductivity of the 
gaseous mixture withjn the IEG because of bigbly-conductive helium dilution 
with gaseous fission products; 
fuel-stack swelling and change in the stackkladding gap size; 
cladding creep under internal gas pressure (given a gap between fuel stack and 
cladding) and fuel-stack swelling (given contact). 
Calculation and optimization of d e  design were carried out for a 7-year fuel- 

element life. Experimental in-pile test data on uranium nitride fiee swelling at 
temperatures ranging fiom 1200 to 1500°C were used. 

The calculations studied the influence of initial pressure when filling the fuel- 
element cavity with helium (Pinik0.02 to 0.5 MPa) and the effect of fuel density 
(p=90 to 95% TD), the width of the stacklcladding initial gap (6gkO.l-0.3 mm), 
and the value of fuel-element fiee volume relative to fuel-stack volume (Vk= 
0.5 to 1.0). 

Results for a maximum density of heat release in the fuel of 145 W/cm3 are 
shown in Figures 10.5 to 10.7. Analysis of the results reveals dat, for all cases, 
the maximum fuel-stack temperature never exceeds 1400°C (see Figure 10.5). 
This temperature is reached at the minimum considered helium pressure Pfik0.02 
MPa and fuel density p=90% TD. Raising the initial pressure to PiniL0.1 MPa 
reduces the temperature to -13OOOC for p=90% TD and to -1260°C for a fuel 
density of 95% TD. Under the latter helium pressure (P ikO.1  Mpa) and at fuel 
density ranging fiom p=90 to 95% TD, cladding deformation becomes negligible 
for the entire 7-year life (see Figure 10.6). 

A pressure of Pinit,O.l MPa is optimal when filling the fuel element with 
helium and is chosen to be applied to the suggested fuel-element design. 

It follows fiom the above results that the fiee volume within the fuel element 
may be limited to Vr0.5. 

Data fiom parametric calculations substantiate the choice of the initial 
claddinghe1 gap width (Figure 10.7). The optimal value is -0.13 mm. Widening 
the gap leads both to a rise in fuel temperature in early operation (T,""(z = 0)) and 
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c) 
0 

Figure 10.5. Time dependence of maximum fuel temperature: 
1 - p=90% TD, Vk=0.5, Pinit=O.l MPa; 

3 - p=95% TD, Vk=0.5, Pinit=O.l MPa; 
4 - Pinit-0.5 MPa, p=90% TD, Vk=0.5; 
5 - Pinit=0.02 MPa, p=90% TD, Vk=0.5. 

2 - p=go% TD, Vk=1.0, pinit=o.i m a ;  
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Figure 10.6. Time dependence of m&um change of fuel-element cladding 
diameter: 
1 - p=90% TD, Vk=0.5, PcLO.1 MPa; 
2 - p=90% TD, vk=l.o, p e L 0 . 1  m a ;  
3 - p=95% TD, Vk=0.5, Pinit,O.l MPa; 
4 - P c k 0 . 5  MPa, Vr0.5, p=90% TD; 
5 - PcL0.02 MPa, Vr0.5, p=90% TD. 



AD, rnrn 
0.4 

0.3 

0.2 

0.1 

0 
0. I 0.2 . 

init 6 ,mm 

P, MPa 

Tfmax, "C 

1500 

Tfmax ( ~ 0 )  
1200 

0.3 0.1 0.2 0.3 
Ginit, mm 

a b 

6, mm 
0.16 

0.12 

0.08 

0.04 

0 
0. I 0.2 0.3 0. I 0.2 0.3 

6init, mm &init, mm 
C d 

Figure 10.7. Lnfuence of initial value (i3ini3 of claddinghe1 gap on main 
operation and Wetime parameters of fuel element (2=7 years; 
&=OS; p=90% TD, Pinit=O. 1 MPa). 
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to its subsequent elevation during further operation (qm=(z)) (see Figure 10.7b). 
A gap of @%13 cm is entirely closed only late in the lifetime specified (see 
Figure 10.7d), and the pressure within the fuel element, by the end of the 
campaign, does not exceed -2 MPa, for this case (see Figure 10.7~). 

Thus, the gas-tight fuel-element design of the NPSs,  clad by MN3 single- 
crystal molybdenum alloy, provides a 7-year lifetime. Use of that alloy and 
optimization of the main fuel-element design parameters ensure high geometric 
stability of the cladding during the entire NPS campaign specified. 

10.3. References 

1. 

2. 

3. 

4. 

Ponomarev-Stepnoi, N.N., Ogloblin, B.G., Nikolaev, Yu.V., et al. 
“Conceptual design of the bimodal nuclear power and propulson system based 
on the “T0paz-2’~ type thermionic reactor-converter with the modernized 
single-cell thermionic fuel elements.” Proc. 12th Symposium on Space 
Nuclear Power and Propulsion. Albuquerque, 1995, part 2, pp. 755-760. 
Gontar, AS., Nikolaev, Yu.V., et al. “Conceptual Design of TFE for Bimodal 
Space Nuclear PowerPropulsion Plant.” Executed under the contract between 
STC “Istok” RI SIA “Lutch” (Russia) and Rockwell International Corporation 
Rocketdyne Division (USA). Podolsk, 1994. 
Kennedy, F.G., and Vanek, V. ccSummary of the bimodal satellite mission 
study.” Proc. 11th Symposium on Space Nuclear Power and Propulsion. 
Albuquerque, 1994, part 3, pp. 1385-1390. 
Nikolaev, Yu.V., Kolesov, V.S., et al. “Molybdenum and tungsten single 
crystal alloys with abnormally high creep strength for space nuclear power 
and propulsion systems.” Proc. 10th Symposium on Space Nuclear Power and 
Propulsion. Albuquerque, 1993, part 1, pp. 267-274. 

269 



CHAPTER 11 

METHODS FOR PROLONGING FUEL-ELEMENT LlFE 
AND PRINCIPAL DIRECTIONS OF FURTHER RESEARCH 

In the course of efforts aimed at the TOPAZ program, RI SIA "Lutch" has 
gained considerable experience in solving the problem of TFE life extension and 
executed a vast scope of calculational and experimental investigations, including 
collection and generalization of data on long-term in-pile TFE tests both in loop 
channels of research reactors (single and multi-cell TFEs) and in experimental 
prototype TRCs (single-cell TFE). 

A flow chart of research on the TFE designs under development, showing only 
the principal directions of these investigations, is shown in Figure 11.1. 

The results of calculational and experimental studies produced the following 
basic solutions to prevent short circuit (the main type of failure) and simul- 
taneously increase TFE power and lengthen "E life: 

GFP removal fiom the fuel-element inner cavity; 
use of single-crystal emitter materials having high creep resistance; 
use of hypostoichiometric uranium dioxide to ensure compatability between 
fuel and fuel-element structural elements; 
optimizing fuel composition, structure, and temperature operating conditions to 
minimize swelling; 
organization of the required fiee volume in the fuel element, and its effective 
utilization during the entire lifetime; 
use of TFE design with separated cavities to provide stability of emission 
characteristics; 
use of spacer materials resistant to cesium plasma. 
To secure these solutions, RI SIA "Lutch" developed and implemented fabri- 

cation processes for single-crystal emitters fiom high-temperature molybdenum 
and tungsten alloys having no previously existing analogues. Similar efforts were 
undertaken with respect to materials for spacers and for promising he1 
compositions. These developments have produced a TOPAZ-2 single-cell fuel 
element that did not fail during -1.5 years' testing in an experimental prototype 
TRC and that manifested stable electrical-output parameters. The test data and 
subsequent examination in hot cells demonstrate the preservation of fuel-element 
operability: emitter deformation along most of the TFE length is not significantly 
outside the tolerance zone for related fabrication processes. Fuel-element lifetime 
is predicted, on the basis of data from calculational and experimental investiga- 
tions, to be not shorter than 3 years [l]. 

Results of multi-cell TFE tests in research-reactor loop channels indicate that 
the high geometric stability of the emitter and the stability of the converter power- 

. 
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Figure 11.1. Flow chart of principal directions in thermionic fuel element design. 



output characteristics have been achieved under severe thermocycling characteris- 
tic of this type of testing [Z]. 

The experience gained, the scientific and technical potential created, and the 
unique materials developed may be successfully applied to the development of 
high-power TFEs of thermionic NPSs  in a wide range of power-tens to several 
hundreds of kilowatts-and with lifetimes of 7 to 10 years [3]. Thus, for example, 
the basic design decisions and materials approved in the course of perfecting the 
TOPAZ-2 TFE allowed, within a short time, the creation for the Space-R reactor 
of a single-cell TFE design having electric power enhanced to W=300 to 400 W 
and an estimated lifetime of 7 to 10 years [4]. These TFE tests using electrical 
heating were jointly performed by a Russiadherican team; in the course of 
testing, the TFE's high electrical output parameters were ascertained. 

Notwithstanding the large scope of investigations completed, questions 
concerning lifetimes up to 10 years call for further advances in some calculational 
and experimental areas: 

e 

e 

development of accelerated testing methods for materials, structural units, and 
the TFE as a whole, to estimate its lifetime using results of short-term tests. 
Specifically, there must be advanced developments of fabrication processes for 
materials, in which either irradiation-induced processes are accelerated, or the 
materials' as-fabricated condition imitates the structure and other distinctive 
features of an irradiated material. This will shorten the time and reduce the 
expense for in-pile tests and allow studies of irradiation effects on material 
properties under out-of-pile conditions. Methods of irradiated-materials 
science must also be improved. 
development and perfection of comprehensive calculational procedures and 
software for the lifetime behavior of single and multi-cell TFEs. The work 
calls for extension of underlying data-sets on material properties under long- 
term irradiation, as well as advancing theoretical models and calculational 
methods for major lifetime-determining processes within the fuel element. 
studies of the influence of automated reactor-converter controls on fuel- 
element serviceability during long-term operation and of optimization of 
operating conditions. 
These efforts should improve the operational reliability and simultaneously 

enhance the power and life extension of TFEs under development. 
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