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The choice of the main characteristics of the HTGR spherical fuel

elements, such as outer sizes, weight loading and uranium enrichment,

fuel kernel shape and size, coated particle kern size, as well as

conception, composition, properties and thickness of the multilayer

coatings of coated particles has been substantiated.

The type of the HTGR fuel elements is chosen from analysis of a

variety of questions concerning reactor physics, reactor thermohydra-

ulics and safety, fuel load cost, technology of manufacturing fuel

elements and fuel assemblies, reactor operability under irradiati-

on in helium, refuelling operations etc. Comparison of the neutron

tt.lances un the reactors using the spherical and prismatical fuel

elements shows that the components of these balances are nearly the

same for the two HTGR core conceptions now under development in the

world. Realization of a continuous make-up with fresh fuel and discha-

rge of spent fuel elements in the pebble-bed reactors keep the core

critical. This permits to reduce the neutron losses associated with

the burnup reactivity margin which, in the reactor with prismatical

fuel assemblies must be compensated either for insertion of the burn-

able poison or for the system of control rods. However when the OTTO

(once-through-then-out) principle is used in the pfcbble-bed reactor

maximum of the neutron field is shifted to the reactor periphery,

which increases neutron losses because of neutron escape from the

core. On the whole, at the specified HTGE parameters with spherical

and prismatical fuel elements the main nuclear characteristics of

the two reactor types prove to be very similar.
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The comparative analysis of the thermonuclear aspects of the

problem of choice of the HTGR fuel element type indicates that at

equal power distributions in the cores there are possibilities to

attain acceptable operating fuel temperatures and coolant pressure

losses. Higher heat transfer coefficients in the pebble-bed case

(at equal pressure losses) as compared to the prismatical fuel assem-

blies are compensated for higher thermal resistance of the spherical

fuel element itself and on the whole the coefficients of heat tran-

sfer from the coated particles to the gas are approximately equal

for both types of the HTGIt fuel elements. Therefore, proceeding from

the thermohydraulical aspects no determining conclusions can be ma-

de in favor of the spherical or prismatical conceptions of the

HTGR core.

It is obvious that at the nuclear and thermohydraulic charac-

teristics nearly similar for the HTGRs with the spherical and pri-

smatical fuel elements other factors must be taken into account,

such as adaptability to fabrication,reactor operating conditions,

manufacturing cost etc. For the HTGR designs, VGR-50 and VG-4OO,be-

ing developed in the USSR application of the spherical fuel elements

is decided to be more reasonable /1/.

In application of the pebble-bed conception the spherical fuel

element plays a unique role determining the fuel cycle characteris-

tics, safety, and possibility of attaining high outlet temperatures

of the helium coolant, operability of the reflectors'graphite etc.

Ac compared to other nuclear reactor types the external operation

conditions of spherical fuel elements also has some unique features

such as contacting fuel elements, mechanical action of the absorbing

rods on the spherical fuel elements, friction between the spheres,

on the reflector surfaces and on the absorbing rod surfaces, motion

in the sphere tubes and outside the core, possible effect of the

steam-water mixture and oxygen from the air etc. The spherical fuel

element performs simultaneously several functions relating to the

neutron physics and hydraulics of the reactor as well as to HTGR sa-

fety. The graphite and coited-particles used in the reactor permit

the parasitic capture of neutrons in the moderator and structural

material of the core to be reduced to a minimum and an effective

barrier against escape of fission products to the HTGR primary cir-

cuit to be established. In the problem of choice of the spherical
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fuel element parameters there are the following separate problems*

-Choice of the outer size of the spherical fuel element;

-Determination of the shape and size of the fuel kernel as well

as of the thickness of the spherical fuel element cladding,

-Substantiation of the weight loading and uranium enrichment.

-Choice of the coated-particle kern size.

-Conception, optimization of the composition, properties and

thickness of the multilayer coatings of the coated-particles

fuel element.

-Requirements on purity of the reactor graphite.

The choice of the outer diameter of the spherical fuel element

is influenced by various factors associated with different aspects

of HTGR designing. Taking into account the reactor's neutron physics

the main factor in substantiation of the outer diameter of the sphe-

rical fuel element is the possibility of establishing the required

relation of the moderator (carbon) nuclei to heavy element nuclei

(Np/NHB)« This may impose limitations on the minimum diameter of

the sphere at specified structural parameters of the fuel element.

The analysis of the thermohydraulic aspects determining the choice

of the outer size of the spherical fuel shows that they have oppo-

site tendencies. On the one hand, reduction in the spherical fuel

element size leads to decrease in the temperature difference in the

fuel element and, thus, to decrease in the temperature strains in

the sphere. On the other hand, in this case the gas pressure losses

on the core rise drastically. The requirements on reduction of the

temperatures in the sphere and on decrease in the pressure losses

in the pebble-bed can be met when the spheres have diameters of about

50-70 mm. With increase in the size of the spherical fuel element

the temperature difference over the sphere radius rises and, hence,

thermoradiation stresses affecting essentially the mechanical in-

tegrity of the fuel element increase. The calculation investigations

of the strain-stress state of the fuel element revealed that at the

sphere's diameter of about 60 mm the level of acting and residual

stressed does not exceed the stresses permissible for the sphere's

material strength. In other words, the above range- of possible

diameters of spherical fuel elements is compromise since at these

sizes the fuel is operable and the coolant can be pumped through

the core.

Among other factors taken into account in choosing the spheri-

cal fuel diameter the following are important. First, the sphere's



diameter depends on that of the discharging tube, which enables

free passage of the spheres through the discharging units /2,5/»

In its turn, the discharging tube sizes and, in particular, the

number of the channels and their position in the core bottom depend

on the HTGR core size.Approximated estimates for the reactor of

high unit power show that relation between the sphere diameter and

discharge channel diameter as well as between the latter and the

core diameter is about one order of magnitude. Second, relation

between the outer diameter of the sphere and rod diameter deter-

mines forces required for insertion of the absorbing rods to the peb-

ble bed core. When the sphere's diameter is about half of the absor-

bing rod diameter the axial forces arising in insertion of the cy-

lindrical absorber to the core is reduced to a minimum. Third, the

size of the spherical fuel element determines porosity fluctuati-

ons caused by distortion of the sphere layer structure at the limi-

ting wall. In the reactors with the pebble-bed core deviations

from the average porosity are observed in the vicinity of the side

reflector as well as near the absorbing rods inserted into the

pebble-bed core. Taking into account the above considerations the

recommended diameter of the spherical fuel element coincides with

the compromise one obtained taking into account the thermohydrau-

lic aspects of the HTGR designing. The possibility of unification

of the spherical fuel elements permitted to choose the.outer dia-

meter of the sphere equal to 6 &m.

The choice of the thickness of the spherical fuel element

cladding is mainly influenced by the requirement for a reliable

barrier between the kernel and the external operating medium. If

the fuel element cladding is subject to some wearing, e.g., in mul-

tiple circulation of the spheres through the core, or in motion of

the spheres in the radiation-chemical circuit of the VGR-50 reac-

tor, then in this case the cladding thickness must be larger than

in the OTTO case. For the spherical fuel elements designed for

the HTGR operating by OTTO principle the cladding thickness does

not exceed 5 mm. The thickness of the spherical fuel element clad-

ding does not practically affect the reactor physics but from the

therrachydroulic viewpoint it is reasonable to reduce it.

The coated particles in the SDherical fuel element can be dis-

tributed in the kernel having eithe'r the form of a spherical layer

located at some distance from the centre of the fuel element, or

the form of a sphere occupying the centre of the fuel element,
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When choosing the form and size of the kernel in the spherical fuel

element various aspects relating to the neutron physics, thermal

physics and fabrication technology should be taken into account. In

the case of low-enriched uranium-plutonium fuel cycle the kernel

form in the spherical fuel element influences the resonance absor-

ption of neutrons and distribution of the thermal neutron flux

inside the sphere. Prom the point of view of the resonance absorp-

tion of neutrons use of the fuel kernel manufactured as the cen-

tral sphere instead of that having the form of the spherical layer

is not accompanied with a noticeable change in the probability of

avoiding the resonance capture* This is accounted for by two oppo-

sitely directed effects. One of them directly results from change

in the fuel kernel form, i.e., with decrease in the fuel layer

thickness the heterogeneity effect increases.

On the other hand, when the form of the kernel is changed,

the package of the coated particles inside the fuel layer changes,

which results in decrease of the heterogeneous effect on account

of the coated particles themselves.

Decrease in the layer thickness affects the effective thermal

conductivity. If the graphite matrix thermal conductivity persists

then from the viewpoint of reduction of the maximum fuel tempera-

ture the three-zone spherical fuel element is more promising on

account of geometrical factor as compared to the version of loca-

tion of the coated-particles in the central kernel. In going from

the homogeneous distribution of the coated-particles in the sphere

to concentrated one the temperature of the fuel in the VG-400 re-

actor core can be reduced by 40°C and in the VGR-50 core by 70°C.

Enrichment and charging of uranium into the spherical fuel

elements determine the HTGR core and uranium-plutonium fuel cycle

characteristics. The HTGR physics and technology of the fuel ele-

ment manufacturing permit the uranium charge into the HTGR spheri-

cal fuel element to be within the range 5g to 20 g, i.e. with al- .

lowance for some aspects this range is the most characteristic

for HTGR. Below one can see what relation is between the uranium

charge and the ratio of the number of carbon nuclei to heavy ele-

ment nuclei within the above range of their variations.



Relation 200 500 400 500 600

Uranium charge into the
spherical fuel element, 1 8 ' ^ 12.5 9.225 7.38 6.15

g/sphere

Table 1 lists the results of the parametric analysis of the

HTGR characteristics depending on uranium charge and enrichment. The

calculations of the fuel cycle cost showed that to reduce the fuel

cycle costs of fixed values of the uranium charge into the fuel ele-

ment more highly enriched fuel should be used, the minimum being

at Ac//V//£ =400 and 10% enrichment. Within the range of

relations from 400 to 600 use of 6.5% enrichment to 10% one increa-

ses the fuel cycle cost in the average by 10% /4/«

The results of calculations of the discharged fuel cost, listed

in JFig.1, indicate that for the fuel charges of the HTGR of high

unit power the maximum burnup is attained when the fuel elements

with NQ //VHE-500 and 10% enrichment are used. Increase in the

fuel element residence in the HTGR core enables the consumption of

spherical fuel elements and, hence, cost of their manufacturing to

be reduced. For the HTGR fuel charge options considered the maximum

residence of the fuel elements in the core was found to be for

NCJ^HE. =300 and at 10% enrichment of the fresh fuel.

Choice of the diameters of the coated-particle kern is based

on studying the influence of their sizes on the core characteristics

as well as on the strength and other characteristics of the coated

particles determining operability, fission product escape, fabrica-

tion technology, economy, quality control etc.

Table 1 presents the results of the complex neutron and ther-

nLQhydraulic calculations of HTGR with 2500 MW of thermal power in

the equilibrium burnup conditions for various diameters of the coa-

ted-particle kerns.

The comparative analysis of the neutron calculations of fuel

burnup fraction, natural uranium demand, average fuel lifetime, ra-

tes of uranium delivery to reactor and some other physical charac-

teristics shows that application of large coated-particles

in the spherical fuel elements is preferrable for HTGR of

high unit power. When the coated-particles with the kern diameters

of about 700/^m-800/Hm are used the above HTGR characteristics are
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improved by about 15-25% as compared to the option using the coated-

particles with a diameter of about 5OCynm in the

region 300-400.

Increase in the diameters of the coated-particle .

kerns permits the reactivity effect resulting from water penetra-

tion into the core to be reduced significantly. Application of

major coated-particles is a sufficiently efficient way enabling so-

lution of the problem of reduction of radiation and thermal dama-

ges of the structural graphit in the lower end reflector of HTGR.

For example, comparison of the fast neutron fluxes for fuel loa-

dings with A/c /A/H£ =300-4-00 shows that when 800/w dia kerns are

used the damaging flux of neutrons with E > 0.1 MeV is, in the

average, 1.5 times lower than that in the case of 500/m dia kerns.

The major coated-particles as compared to smaller ones permit

the average distance between the fuel elements to be increased,

which makes less probable a contact between the neighbour particles,

and, thus, reduces the probability of fuel coating destruction.

However use of the coated-particle kerns with larger diameters

which are favourable for the HTGR core characteristics is limited

by increase in stresses in the stress coatings of the fuel elements

and, hence by, increasing probability of coating destruction.

Fig.2 presents the calculation results on stresses in the basic

stress layer of SiC depending on the kern diameters at a constant

thickness of the buffer layer and stress coatings for the VGR-50 re-

actor operation conditions, obtained using the LIN-2 code /5/.

From the calculation studies made by means of a set of computer

codes /5/, the kinetics of stress development in the stress coatings

of the fuel elements in the course of the experiment has been obta-

ined. For example, in the case of destruction of the pyrocarbon

layers (Fig,3) at the coated-particle fuel parameters chosen for

the VGR-50 reactor stresses in the SiG layer remain rather low, which

ensures their integrity. Though the results of the calculations made

for this purpose require experimental varification no major difficul-

ties in creation of operable coated-particles with a 700-800/4/m dia

kerns are expected.

The main factor reducing the activity of the circuit is ability

of the coated-particles to retain fission products. In Fig.4 the data

characterizing dependence of the dose rate near the main equipment

of the primary circuit, determined mainly by 3 andTe radionuclides,

depending on the requirement to the fuel element tightness characte-

rized by relative Xe-133 escape. It follows from the data that for



maintaining the equipment of the HTGR primary circuit without spe-

cial protecting measures the relative leakage must be not less than

Fig.5 presents the expected dependence of relative leakage of

the ^Xe radionuclide on the fraction of fuel in the damaged coated-

particles fixed contamination of the graphite of the

spherical fuel element coating and matrix of the coated particles
(the fraction of fissions in the fuel contaminating the

structural graphite of the fuel elements was assumed to be 4-.10"̂

and 5.10""6 for the VGR-50 and VG-4-00 reactors, respectively).

It follows from the data presented that to obtain the permis-

sible R/B value the fuel fraction in the damaged coated-particles

must be essentially lower than 0.1%, This means that if

the spherical fuel element contains (4-5) 1Cr coated-particles

then damage of more than one coated-particle fuel element

is impermissible. This condition must be taken into account when

choosing the kern diameter.

Investigation of the relative leakage from the coated-particles

fuel elements manufactured using various technologies and having

various thicknesses of PyO-SiC-PyG and FyC-PyC coatings, showed

that it depends on the T/D parameter (T is the thickness of dense

coating of the coated-particles, D is the outer diameter

of the buffer layer). The relative leakage from the coated-particles
(R/B) 10""̂  can be obtained when T/D < 0.3. Such a

dependence is due to two reasons:' 1) in successive evaporation the

coatings are contaminated with the fuel because of penetration of

the fuel from earlier-evaporated coatings. With increase in the de-

nse coating thickness contamination reduces and, hence, the relative

leakage caused by this contamination decreases. Pig.6 shows the re-

sults on the gaseous fission product escape from the coated-parti-

cles at different stages of coating evaporation and rejection, de-

termined by the "pre-irradiation" method; 2) the radiation stabili-

ty of the coated-particle fuel elements at operating temperatures of

the spherical fuel elements at a sufficient porosity determined by

that of the kernel and buffer layer (D > JO/j/m) can also be obtained

at T/D> 0.3* This condition was used when substantiating the geometri

cal parameters of the coated-particles.

The basic type of the coated-particle fuel element adopted for

HTGRs developed in the USSR is one with the PyC-SiC-PyC coating. In

addition to better characteristics of retaining metallic fission pro-

ducts (Or,Si) it ensures better localization of the fission products
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in sonio accidental situations, in particular, in water vapor penet-

ration and depressurization of the primary circuit, since the SiC

coating is not oxidized nor destructed for a rather long time at

temperatures up to about 200O°C.

Due to use of the enriched uranium in HTGR the problem of nuc-

lear purity of the graphite used as the neutron moderator and as stru-

ctural material for the fuel elements becomes less acute. The influ-

ence of the graphite purity on the neutron balance in the HTGR co-

re accentuates not the critical parameters which is characteristic

for the natural uranium fuelled reactors, but rather economical es-

timates. The purity of the HTGR spherical fuel elements is determi-

ned by the initial purity of the graphite used for fuel element

production as well as by various impurities penetrating during tech-

nological operations. Proceeding from the economical aspects, the

problem of purity of the HTGR spherical fuel elements graphite can

be solved either by rising the cost of the technology of fuel ele-

ment production in attempting to minimize the amount of impurities,

or by rising the cost of energy production in the reactor with "con-

taminated11 spherical fuel elements. In other words, as applied to

HTGR, one have the alternative of rising the cost of the technology

of manufacturing "power" fuel elements or of admitting umproductive

losses of neutrons in the HTGR core when using the "contaminated"

graphite.
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Table I .

•ain oaloulated characteristics of the fuel charge versions for the 2500 SlsCth) HTCR with various diameters of the coated-particle
kern diameters (loading factor G=1.(j5

ratio At /V«£

?ro3h fuel enrichment.Fresh fuel enrichment, Fresh fuel enrichment, %HIGH characteristics

Kern diameter.

800 200 500 I 800800 200 500

Uranium charge into the spherical
fuel dlementt 6,15 6,15 6.15 6.15 » 6,15
Hato of uranium delivery to the
raactor, kg/Jar 2,3 36,9 35,5
Specifia power of fissile isotopes,
"As 592 5816 7270
Conversion coeffioient (CO) ,480 0,531 0,474
Belativn contri-
butioa fission, 60,9 65,0

29,3 I 2S,o
9,8 9,4

uranium-235
plutonium-239
pluto nium-Hfl-1

1,9 160,3 63,0
8,0 [31.4 28.3

8,3 8,7
Dranlun-235 loaded to the reactor,
kg/GT(a) jear
Average Tmrnup of unloaded fuel,
SW.day/t 12,1 $7.6 |70,3
Knii imim temperature in the cen
tra of tha fuel element. C°

Oonoantratloa of f l sa l l e laotopea
In unloaded fuel,^ nxanlcua-23S

plntonlua-239
plut onlum—241

I.4I 10.91
0,53 I 0,3t
0,34 [0,200.30|0,26 |0,I9

Situral ttranlum demand for opes
oyolo,t/G¥(») 02

effect In emergency pene
tration of m t i r In-
to the eor*,3C K 1.0 t 0,49 I,4q 1,05

0,851 3,332.19
0.69 5,06 3.24

2.20 3.13 1.402,40 5,40 3.00
Sower In th* oor* oottoa In tixm o«n
tx« on the ftoondarj
la the cad rafleotor,

r.u.
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