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TEMPERATURE OF LOOSE COATED PARTICLES IN IRRADIATION TESTS 
J. A. Conlin 

ABSTRACT 

An analysis is presented of the temperature of a mono-
layer "bed of loose High-Temperature Gas-Cooled Reactor (HTGR) 
type fissioning fuel particles in an annular cavity. Both 
conduction and radiant heat transfer are taken into account, 
and the effect of particle contact with the annular cavity 
surfaces is evaluated. Charts are included for the deter-
mination of the maximum surface temperature of the particle 
coating for any size particle or power generation rate in a 
fuel bed of this type. The charts are intended for the design 
and evaluation of irradiation experiments on loose beds of 
coated fuel particles of the type used in HTGRs. Included 
in an Appendix is a method for estimating the temperature 
of a particle in circular hole. 

INTRODUCTION 

The High-Temperature Gas-Cooled Reactor (HTGR) employs fuels made 
of bonded beds of spherical coated uranium and thorium oxide or carbide 
particles. The fuel particles, or kernels, are typically 200 to 500 u.® 
in diameter and are coated with layers of pyrolytic carbon and silicon 
carbide 100 to 200 y,m in total thickness to provide for the retention 
of fission products. Many irradiation tests have been employed in the 
development and evaluation of these fuels. Some of the tests are 
designed to evaluate the particles themselves, independent of the effect 
of bonding matrix and bed temperature gradients. 

One of the more common configurations for these latter tests is a 
batch of loose particles mounted in an appropriately shaped cavity in a 
graphite holder. The cavity is often of annular geometry designed to 
hold a few hundred to a thousand or so particles in an approximate mono-
layer. The particles itt general will not form a true monolayer since 
the cavi ty must be wider than the largest particle diameter. The graphite 
holder is then placed in an irradiation capsule so designed that the 
fission heat of the particles plus the gamma heat in the particles and 
capsule structure will produce the desired temperature pattern. Typically, 
only the holder temperature has been determined and the assumption made 
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that the particles themselves, because of the small amount of heat 
generated per particle, were in effect at or near the temperature of the 
holder. 

More recent experiments have employed very high neutron flux test 
positions such as in the High-Flux Isotope Reactor (HFIR) target region. 
In some of these experiments the fission heat generation has approached 
1.0 W per particle. The results of some of these tests indicated that 
particle temperatures may have "been considerably higher than anticipated. 
A thermal analysis was -node of the problem, and the results are presented 
here, 

DESCRIPTION 

A typical irradiation experiment of the type mentioned in the Intro-
duction is the HT-12 to -15 HFIR target capsule test series. These 
capsules were constructed of a 0.655-in.-OD by 0.550-in.-ID aluminum tube 
with appropriate end fittings. The capsules contained four concentrically 
mounted graphite tubes, 0.387 in. ID, each of which contained 13 small 
graphite coated particle sample holders as illustated in Fig. 1. The 
holders were all Identical except for the width of the annular cavity 
which held the particles, which varied from 0.023 in. (580 am) to 0.0^0 
in. (1000 u,m), depending on the diameter of the particular particle 
specimens contained in the holder. The outside diameter of the particles 
varied from '07 to 820 u,m. The size of the gas gap, in this case argon 
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Fig. 1. Cross section of HT-12 to -15 series coated particle ir-
radiation capsule. 
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filled, between the graphite tube supporting the holders and the water-
cooled aluminum tube was designed to produce the desired test temperature 
profile under operating conditions. 

Since the fuel loadings and composition ( 2 3 iU and/or 232Th) of the 
HI capsule series were not the same for all specimen holders, the heat 
generation varied from specimen to specimen bcth as to position and to 
time. Several one- and two-dimensional heat transfer analyses were made 
to determine the variation in temperature of the holders with position 
and time and to determine the influence of one specimen on the temperature 
of adjacent specimens which might be generating heat at a different rate. 
In all cases the coated particles in each holder were represented 
mathematically as a smeared annular heat source. Although not the primary 
objective, the calculations showed that the difference in temperature 
between the inner and outer annular surfaces of the graphite holder was 
small in every case. The maximum difference was 20°C for the range of 
particle power generation and the holder geometry used. This is typical 
for this type of test and is a consequence of the short axial length 
of the fueled region and the high thermal conductivity of the graphite 
holders [-15 Btu hr"1 Cc)"1 ft-1 or 0.259 W cm"1 Cc)"1]. 

We then made a detailed heat transfer analysis of a single particle 
using the HEATING3 heat transfer code.1 We chose the most severe case 
of the HT-12 to -15 capsule seri.es for a model, an 820-am-diam particle 
in a 1000-p,m annulus. This particle, under irradiation, is calculated 
to generate a maximum of 0.87 W per particle. We assumed that the particle 
would be touching one of the annular surfaces at one point and that for 
a particle away from the cavity ends the net heat flux is only to the two 
annular surfaces. Since all particles away from the cavity ends are at 
approximately the same temperature, there should be no net heat flux 
between particles. 

The mathematical model used is illustrated in Fig. 2. The particle 
and surrounding region were represented by 1U85 nodal points in an R-Z 
geometry with the axis of rotation passing through and normal to the point 
of contact between the particle and the graphite holder. 

The particle itself was represented by a fine R-Z grid (axis of 
rotation about the Z axis) having the approximate contours of a hemisphere 
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Fig. 2. Geometry for HEATING3 calculation of tempers Lure of loose 
coated particles in a graphite annulus. 

on the contact side and a right cylinder on the opposite side. The right 
cylinder has the same fuel volume and coating thickness as the particle 
half it represents. The height of the gas-filled space "between the 
right cylinder and the facing graphite holder surface is the same as the 
area (normal to the Z direction) avereged distance from the hemispherical 
surface being modeled to the graphite surface. This configuration was 
Used to simplify the geometrical representation. Preliminary calculations 
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showed that the heat transmitted by conduction through the gas from the 
noncontacting surface would "be relatively low and that such a simplifica-
tion would not cause a serious error. 

As stated above, the side of the particle in contact with the particle 
holder was represented mathematically by a fine grid structure (Fig. 2). 
In the actual particle holder, the region of contact between the particle 
and the holder would consist of the peaks of the two surfaces touching, 
separated by gas-filled valleys between the points of contact. Heat 
conduction through the region of contact would have a component through 
the gas phase and a component through the actual contact points. Since 
the area of solid-solid contact is very small, the components of heat 
transfer by solid-solid contact are also small. HEATING5 was run with 
s contact diameter of 2.0 x 10~5 in. and zero resistance to heat transfer 
between the two surfaces. The results of this calculation were then 
compared with an identical case using a contact diameter of 2.0 x 1 0 i n . 
The temperatures calculated in the two ca ;es were nearly the same, 
indicating that more exact treatment of the points of contact is unnecessary. 
In calculating heat transfer by gas phase conduction it was important to 
consider the "temperature jump distances"8 at the two surfaces. This is 
particularly significant when the size of the gap approaches the mean free 
path of the fill gas (argon). The sum of the temperature jump distances 
for this experiment is about l.h times the mean free path of the gas, 
indicating that the gas phase conduction does not improve for gaps smaller 
than this. 

The region of contact between the particle and graphite was simulated 
as shown in Fig. 2. A mathematical contact area with a finite diameter 
and with zero resistance to heat transfer between the two surfaces was 
used. This diameter was varied from 0.00002 to 0.0002 in. in the subsequent 
calculations. This range of diameters was estimated from photomicrographs 
as the probable maximum variation in contact diameter unless rather severe 
indentation of the particle into the graphite surface was to occur. 

The particle surface immediately surrounding the contact point in 
the model was made to have a fixed distance (U.5 x 10"s in.) from the 
graphite holder surface out to a 0.0006-in. radius about the Z axis, 
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At this point the natural curvature of the particle has the same U.5 
X 10"s in. distance from the graphite. This distance, which was used 
to allow for the temperature jump distance, is approximately 1.U mean 
free paths of an argon molecule at the estimated temperature and 
pressure of the argon gas in this region. 

Beyond the 0.0006-in. radius the surface of the particle was 
simulated "by a series of stepped cylinders with their axes through 
and normal to the point of contact. Although this model of contact 
point is admittedly not very realistic, it will "be shown later to 
have very little hearing on the particle temperures except in the 
close vicinity of the contact point itself. 

The portion of the graphite particle holder receiving heat from a 
single particle was represented "by two right cylinders of graphite, one 
on each side of the particle model. The common axis of the graphite 
cylinders coincides with the Z axis of the model (through and normal to 
the point of contact). The surfaces of the graphite holder annular 
cavity opposite the particle are thus represented by flat circular 
planes having a diameter equal to that of the particle. 

The radial boundary of the model is a cylinder with a diameter 
equal to that of the particle with an insulated, or zero radial heat 
flux, boundary condition. It was assumed that for a bed of many particles 
there should be no net heat flux from one particle to the next. The 
outer end surfaces of the graphite cylinders representing a portion of 
the graphite particle holder were given a fixed boundary temperature which 
•was varied from case to case but which was always the same for both 
boundaries in any given case. The use of the same boundary temperature 
on both sides is justified, since previous calculations had indicated 
that there was only a small temperature difference (20°C max) between 
the inner and outer surfaces of the annular cavity holding the particles. 

This assumption limits the usefulness of this analysis to particles 
with at least one particle separating them from the end of the bed. In 
general, particles at the ends of the bed will operate at lower tempera-
tures because the heat flux from the particles can be both to the annular 
walls and to the ends of the particle holder. Since the particles that 
operated at the ends of the bed cannot be separated from the remaining 
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particles during postirradiation examination, the temperatures caleuleted 
here must be considered as the maximum temperature of a bed of particles. 
This fact should be included in any statistical evaluation of particle 
performance, 

The conductivity3 for the particle coating and the graphite holder 
annulus walls was fixed at 15 Btu hr"1 ("F)"1 ft-1 [0.259 W cm-1 ("C)'1]. 
In an actual case the conductivity of this material is a function of 
•oemperature and irradiation damage. However, since the values are not 
well Known, a constant value was assumed. The effect that different 
particle coating conductivities would have on the calculated temperatures 
is discussed in the following section. The fuel (kernel) conductivity 
was fixed at 2 Btu hr'1 ("F)"1 ft"1 [O.03U5 W cm-1 Cc)"1], and the argon 
conductivity varied with temperature, as shown in Fig. '5. The radiant 
heat transfer emissivity for the surfaces of the fuel particle coating 
and the annulus was fixed at C. 9. 

In the HEATING5 code, radiant heat transfer is only allowed between 
parallel surfaces. The surface of the particle is approximated by a 
series of stepped cylinders; thus radiant heat was computed by HEATIHGJ 
to be transmitted only from the end surfaces of the stepped cylinders. 
The total surface of the ends of these stepped cylinders is very close 
to one-half that of the surface of the hemisphere represented. It can 

9 0 0 1200 1500 1800 2100 2400 
ARGON TEMPERATURE (°C) 

Fig. 3- Argon gas conductivity vs temperature. 
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be shown from the definition of the radiant heat transfer geometry-
factor4 that for a bed of hemispheres radiating to a flat plane parallel 
to the bed of hemispheres that the geometry factor for radiant heat from 
the bed to the plane is very close to the ratio of the area of the plane 
to the surface area of the hemispheres, in this case about 0.5.* In this 
analysis, I used a geometry factor of 1.0 between the ends of the stepped 
cylinders representing the particle and the opposing flat surface for 
the radiant heat transfer in the HEATING3 code calculation. This gives 
the same net radiant heat transfer that would be obtained by using the 
true particle surface area and the actual geometry factor. 

The difference in the height of the two graphite cylinders which 
represent the graphite holder is a consequence of the initial setup used 
for the problem and has no real significance. The heights were not made 
equal to avoid unnecessary changes in the HEATING3 input data, since the 
effect on the results of the calculation is no more than a few degrees 
centigrade. 

RESULTS 

Several cases were run in which contact diameter was varied from 
0.00002 to 0.0002 in. (a factor of 100 in area), the particle heat 
generation was varied from 0.1 to 1.0 W per particle, and the temperature 
of the graphite outer boundary was varied from 900 to lU00°C. In addition, 
several cases were run, in which the radiant heat transfer was set to zero 
(100$ heat transfer by conduction), and several cases were run with the 
gas conductivity set to zero (100$ transfer of heat by radiation and by 
conduction through the point of contact). 

Figure U presents the results of the calculations with normal gas 
conductivity and radiant heat transfer for boundary temperatures of 900 
and 1300°C (temperatures representative of the conditions in the HT-12 
to -15 capsule series). The plots are for the case with a contact diameter 
of 0.0002 in. and present the maximum surface temperature of the particle. 

*The geometry factor 0.5 is the ratio of the cross-sectional area 
of a sphere at the equator (rrr3) to the area of a hemisphere (2rrr3). 
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Fig. U. Loose particle maximum surface temperature for two holder 
"boundary temperatures vs heat generation per particle. 

There was an insignificant difference in this maximum particle temperature 
with contact diameter. The temperature over the particle surface was 
fairly uniform except near the point of contact.' 

Figure 5 illustrates the circumferential temperature variation on 
the particle surface for two contact diameters. The figure shows only 
the temperature for the first 50° from the point of contact and the 
temperature at 180° (farthest point). At a particle heat rate qf 0.87 W 
and a boundary temperature of 1500°C, the calculated temperature difference 
at the point farthest from the contact point for the two cases illustrated 
was only 2°C. The discontinuity in the temperature profile for the 0.00002-
in. contact diameter near the point of contact results from the geometry 
used to a HOT for the "temperature jump distance" effect near the point 
of contact. . ' 

Figure 6 illustrates the temperature variation along the axis of . 
the R—Z geometry for the 0.87-W per particle.case both into the particle 
surface and into the graphite holder surface. Figure 7 illustrates the 
temperature variation of the graphite bolder surface radially outward 
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Fig. 5. Surface temperature of coated particle vs angular distance 
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contact between coated particle and graphite holder. 
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from the point of contact. Note that the temperature is calculated 
for a uniform graphite and particle coating conductivity of 0.259 W 
cm-1 Cc)-1. This is a reasonable value for graphite under irradia-
tion at these temperatures but may be in error for the particle coating, 
which is typically a composite of two or more layers of different 
types of coatings. If the thermal conductivity of the pyrolytic carbon 
coatings is lower than the 0.259 W cm-1 (°C)_1 assumed in these calcula-
tions, the maximum temperature of the particle surface;can be somewhat 
higher. For what may be a more realistic coating conductivity,5 

0.05 W cm"1 (°C)-1, a heat rate of 0.87 W per particle and a boundary 
temperature of 1300°C, the maximum particle coating temperature is 
approximately 80°C higher than that calculated using the higher 
conductivity value. 

The calculation close to the point of contact is subject to 
errors (no contact resistance is included over the contact area, and 
the geometry of the particle coating at the contact point as indicated 
by Fig. 2 is not real). Nevertheless, the calculated temperature 
gradient normal to the contact surface in the particle coating at the 
point of contact is about U x 105 °C/in. Even if the gradient is a 
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factor of 2 to It less than this one might question if such a gradient 
could lead to coating failures. 

Figures 8 and 9 may be used to determine the peak, surface tempera-
ture of any size loose coated particle at any power generation rate 
when fixed in a geometry similar to that studied here, that is, a mono-
layer of spherical particles held between two parallel surfaces such 
that each particle will touch one or the other of the two restraining 
surfaces at one point only.* These figures were developed from the 

several cases run, in particular, those cases for which either gas 
conduction or radiant heat transfer was set to zero. 

Figure 8, which considers only heat transfer by gas conduction, 
gives the temperature difference between the particle surface and the 
mean temperature of the parallel surfaces (annulus) between which the 

*Not applicable to particles at the ends of the particle bed. 

600 
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Fig. 8. Temperature difference (maximum particle surface temperature 
— particle holder cavity surface temperature) vs (heat conducted through 
gas per particle Q )/(mean conductivity of the gas in the cavity K x particle 
diameter d) for a monolayer bed of loose particles in an annular cavity 
having a particle diameter to annulus wid-'h ratio of 0.8. 
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Fig. 9. Particle surface temperature vs radiant heat flux Q r per 
particle/particle diameter d for a monolayer bed of loose particles in 
an annular- space. 

particles are held vs the parameter 

VKd> 
where 

Qc - heat per particle conducted by the gas medium, W, 
d = particle outer diameter, u,m, 
K - temperature-averaged conductivity of the gas between the 

particle and the parallel surfaces, cm"1 CC)-1. 
Figure 8 strictly applies to the case where the ratio of particle 

diameter to distance between the two restraining surfaces is 0.8. How-
ever, the gaseous conduction through the noncontneting side is only 
a ssvalX part o f the total aivi, except f o r 3arge variations from this 
ratio, the error should not be significant relative to the overall 
uccurstcy o f the co-spa tat ten. The calculated percent of the total hep.t 
transferred by gtts coquet lor, thofc is transmitted frets the noncontacting 



side of the particle vs the particle diameter to annulus width ratio 
is given "below. 

The plot of argon conductivity vs temperature, Fig. 3, may be used 
to determine the average gas conductivity for use with Fig. 8. Similar 
plots can be made for other gases, but argon has been the only gas 
employed in the HT capsule series. 

Figure 9, which considers only radiant heat transmission, presents 
the particle surface temperature vs the parameter Qy/d2 for several 
surface temperatures of the bed cavity; is the heat transferred by 
radiation per particle, W, and d is the particle diameter, y,m. 

To use Figs. 8 and 9 to determine the temperature of a particle, 
the total heat generation (fission plus gamma) per particle must be 
estimated, and then the temperature of the surfaces of the bed cavity 
(annulus) must be determined. In many instances, a simple one-dimensional 
heat transfer analysis is adequate for this. 

Our approach in applying the required one-dimensional heat transfer 
calculation to a design such as is illustrated in Fig. 1 is as follows. 
We assume that half the heat is transferred from the particles to the 
inner annular surface and half to the outer annular surface. That 
going to the inner surface is assumed to be conducted in an axial 
direction past the bed and then radially outward around the bed 
through the particle holder structure. We make a one-dimensional 
calculation, assuming radial heat flux only, for a geometry identical 
to that of a cross section of the capsule through the bed but with a 
heat flux from the bed to the outer annular surface half that of the 
total from the bed. The inner annular surface heat flux would, in the 
calculation, be neglected. 

Particle diameter/ 
annulus width ratio 

Percent conducted heat 
leaving noncontacting 

side of particle 
0.6 
0.7 
0.8 
0.9 1.0 

2.7 

5.7 
9.7 

50.0 
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This type of calculation is adequate where the ratio of the axial 
length of the annular particle bed to the inside diameter of the bed 
is of the order of 1.0 or less and the conductivity of the material 
forming the cavity is high, as is the case for graphite. Two-dimensional 
analyses of such beds and holders having a geometry similar to Fig. 1 
indicate very little temperature difference between the inner and 
outer surfaces of the annular bed cavity. This would not be true for 
a long annular bed where the axial conduction from the inner surface 
of the annulus around the ends of the bed would not be very effective, 
or for any design where there would be resistance to the free transfer 
of heat from the inside of the araiulus around the ends of the bed. 

Having determined the heat generation and the temperature of the 
cavity surface, one then assumes a particle surface temperature. Using 
this temperature and Figs. 8 and 9, values for Q r and Qc can be determined. 
If the total (Q,r + Qc) is greater than that generated by the particle, a 
lower particle temperature should be assumed or vice versa until the 
total agrees with that calculated for the particle. 

One can determine the peak surface temperature of a particle (l80° 
from the contact point) for a given case using Figs. 8 and 9 and obtain 
very good agreement with that calculated by HEATINGS for the same case 
as illustrated in Fig. 5. There will, however, be some minor disagree-
ment. In using Figs. 8 and 9 one assumes that the cavity surface 
temperatures and the particle surface temperatures are uniform and that 
there is no heat conduction through the contact point. Also the particle 
temperatures illustrated in Fig. 5 are for outer graphite holder boundary 
temperatures of 900 and 1300°C. The inner graphite holder temperature 
which is the temperature used in applying Figs. 8 and 9 is somewhat higher 
(see Fig. 7). This difference must be sllowed for when comparing the 
temperature of Fig. 5 with those determined from Figs. 6 and 9. When 
allowance is made for the above computational difference, the tempera-
ture determined from Figs. 8 and 9 will agree with those derived by a 
HEATING3 calculation within about 10°C. This is well beyond the over-
all accuracy of either method. 
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CONCLUSIONS 

The principal conclusion of this study is that one cannot ignore 
the temperature difference between loose particles and the particle 
holder in irradiation tests in which the particles generate heat. The 
temperature differences can be large, of the order of a few hundred 
degrees centigrade. Also one must "be careful in making comparisons 
between tests in different reactors or capsule designs. In some 
instances, particles have been stacked in a single row in a small hole. 
Such a configuration will result in a considerably different temperature 
difference between the particle and its holder than for the case investi-
gated here. (The Appendix presents a method for estimating the tempera-
ture of a particle in a hole. ) 

In other irradiation tests of this type different gases (neon or 
helium) have been used in place of argon. The calculations made here 
showed, even for the low-conductivity gas argon, that for a given 
particle temperature more than half of the heat was transmitted by 
gaseous conduction. Therefore the type of gas surrounding the particle 
will have a strong effect on particle temperature and must be considered 
in making comparisons. 

The calculation also demonstrates that, except for local temperature 
gradients, the contact point has little effect on the overall particle 
temperature. However, the local temperature gradients are severe and 
could possibly initiate failures due to thermal and differential carbon 
shrinkage stresses. 
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Appendix 

TEMPERATURE OF A COLUMN OF LOOSE FUEL PARTICLES IN A HOLE 

Figures A.l and A.2 are used in determining the temperature of a 
column of loose fuel particles in a circular hole. The method of 
determining fuel particle temperature is the same as for particles in 
an annulus; that is, determine the holder temperature and then assume 
a particle temperature.* The figures are used to determine the total 
heat transfer (radiant, Q,̂ , plus conduction, Q,c) for the assumed particle 
temperature. Then, by an iterative process, the assumed particle tempera-
ture is adjusted until the heat transferred from the particle as indicated 
by the figures equals that generated. The figures are identical in form 
to '-.hose for the annular case. The radiant heat transfer figure (A.l) 
is identical, the difference being that one must multiply the Q^ value 
determined by a factor as listed below. Figure A.2, for gas conduction, 
has the same format as the annular case but the slopes of the curves 
are different. 

Ratio of particle diameter to Ratio of radiant heat loss (hole) 
circular hole diameter to radiant heat loss (annulus) 

The values for the radiant heat loss from a column of loose particles 
in a hole was estimated as follows. The radiant heat loss from the particles 
was assumed to be equal to that of a concentric fuel rod in the same hole 
with the fuel rod diameter such that the volume of the rod is the same 
as that for the column of spheres. For such a case 

0.6 
0.7 0.8 
0.9 

1.710 
1.697 
1.68U 
1.672 

4 

Q r = ° Fi/o Ai <Ti* ~ T o > 

where 
Q r = radiant heat transferred from a concentric rod in a hole 
A. = area of inner cylinder (fuel rod), i " 

^Described in text of this report. 
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Fig. A.l. Particle surface temperature vs radiant heat flux Q,r per 
particle/particle diameter d for a monolayer bed of loose particles in 
an annular space. Multiply Q, by 1.7 -or a column of particles in a 
circular hole. 
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Fig. A.2. Temperature difference (maximum particle surface tempera-
ture - particle holder cavity surface temperature) vs heat conducted 
through surrounding gas per particle Q mean conductivity of gas in the 
cavity K x particle diameter d for a cBlumn of loose particles in a 
cylindrical hole of diameter D for several ratios of d/D. 
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T^ = inner cylinder temperature, 
Tq = outer (hole) surface temperature, 
F. / = shape factor, i/o 

•where 
e^ = etnissivity of inner surface, 
eQ = emissivity of outer surface, 

r. - radius of inner surface, 1 ' 
r = radius of outer surface, o 

The values of e. and e are assumed as 0.9 for all cases. i o 
This is, of course, a crude approximation; however, the overall 

uncertainty of the calculations does not warrant a more precise analysis. 
The effect of hole diameter was carried to four places simply to demon-
strate the small effect that particle to hole diameter ratio has on 
radiant heat transfer. 

The calculations demonstrate (as one would assume) that a particle 
in a hole will operate at a lower temperature than in an annulus. A 
group of 820-ixm particles generating 0.87 V in argon gas in a holder at 
1J00°C (reference HT-12 case) will have a surface temperature of about 
l6U0cC in an annulus with a particle diameter to annulus width ratio of 
0.8 and approximately 1500°C in a hole having a 0.8 particle to hole 
diameter ratio. 


