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1. IHTRODUCTION

Recent sdvancements in the fleld of nuclesr reactor technology has
placed inereased emphasis upon the development of fuels that can be cpere
ated at high temperatures, Since uranium and its lover alloys exhibit
low melting points and structurasl instability at elevated temperatures
due to the accumulation of flesien pases, solid fuels in reactors of the
future nay consist of alloys of uranium vith non-fissionable materials
or consist of uranium compounda,

Work is now in progress to study various refractory wranium compounds
83 potential kigh-temperature fuels, The materials being studied isclude
urenium oxides, carbides, silicides, sitride, sulfide, and others, Pere
haps the most important trait of a desirsble fuel compound would be good
stability in irradiastion at high temperatures, Otber desirsble charac-
teristics are a high melting point, low meutron absorption cross section,
chemical and metallurgieal inertness, high thermal conductivity, high
uranium density, and good mechanical strength with resistance to thermal
shock,

It is unlikely that one compound will possess all of the aforenen-
tioned characteristics. The compound, uranium dioxide, Tulfills many of
these requirsments, but it lacks structural strength, Las & lov uranium
atom density, and has poor thermel conductivity., Hevertheless more ex-
perimental work hes been performed on the investigation of the physical
properties of uraniup dioxide than upon any other wranium fuel compound.
At the present time it appears to be the most promising of the ceramic
fuels,

The amount of data available on the thermal conduetivity of sintered




uranium dioxide, at high temperatures and under irradiated conditions, is
quite limited, The epparent remson for the lack of such date appears to
be twofold: (1) the diffieculty of conducting experiments at high temper-
atures by which to measure the thermal conductivity of uranium dioxide,
(2) the effeet of cracking produced by thermal stresses upon the thermal
conductivity is difficult %o take into aceount,

There are s number of existing transient and steedy state methods for
measuring thermal conductivity; however, there is scme dissatisfaction with
the length of time required to make reliable measurements, If the time re-
guired to measure the thermal conduetivity is relatively long, errors due
to the cooling of the sample may be introduced in the values obtained, A
need exists for a rapid and reliable method for measuring the thermal dife
fusivity of uranium dioxide over wide ranges of temperature and under ree
sctor operating conditions,

The object of this study is to test the feasibility of an entirely
nev method of messuring the thermal diffusivity of ceramic reasctor fuel
materials with a specifie application to that of uranium dioxide at
temperatures in excess of 1000°C,

It is hoped that an accurate measurement of the thermal diffusivity
of U0, at high temperatures will be obtained end that this method will

2
prove epplicable to cother ceramic fuels,




II., LIUERATURE SEARCH

Some of the urenium compounds that are under investipgation as potens
tial highe-temperature reactor fuel materials are wranium cxides, carbides,
silicides, nitride, and sulfide, Although the bulk of the high-temperature
fuel development is being carried on with Bﬁa it may be of interest to
briefly survey its competitors,

Eperman (10) states that under exceptional conditions the uwranium
borides might be utilized ae a high~temperature fuel, Uranium forms the

borides, UB, snd UBy., Both compounds have melting points sbove 1500°C,

2
but neither compound has geod chemical stability with air or steam, Since

boron has a high neutron abscrpytion cross seetion the use of 2 boride would
require the separated Bll isotope,

The carbides of uranium, UC and UC,, have high melting points, higher

2‘

uranium density than UQ,, and at elevated temperstures possess thermal cone

2
ductivities five to six times greater than UO,. The thermal conductivity
of uranium cerbides remains feirly constant as temperatures increase,
while that of 002 decreases appreciably with increasing temperatures,
Uranium carbide UC and Bﬁa are chemically unstsble in hot water or air but
appear to be useful in gas cocled or in liguid metal cooled resctors,

The nitride of uranium 2lso bas & very high melting polat and uranium
atom density, Its main disadvantages sre chemieal instability end e high
neutron absorption cross section,

Uraniuws sulfide compares to 002 1a,ytlting point end ursnium atom
density and is stable in boiling water but will resdily oxidize in high-
temperature air, |

The uranium compounds of silicon possess favorable preperties at




high temperatures and have a better thermal conductivity than thntkuf
uoa. Under irradiation the wraniumesilicon compounds undergo severe
distortion, swelling, and decomposition which may limit their use as
reactor fuels,

In sddition to the compounds already mentioned a variety of alkalinee
garth uranites are being studied, These compounds are gquite stable and
heve melting points in excess of 1500°C, Irradistion of such samples at
200°C csused fregmentation and complete release of fission gases, Dee
composition occurred when these compounds were heated to 1500°C,

Although en extensive explorstory program is being conducted to
develop s satisfactory high-temperasture fuel material, more rezearch has
been conducted, and more information is avalileble on 002 than eny other
rtrraétury fuel compound. Por thie reason waa iz more videly utilized
as o reactor fuel material than any other ursnium compound at the present
time,

Before & potential fuel material can be practically utilized in a
reactor an sceurate measurement of its thermal conductivity nmust be obe
tained, Thermal caadaniivity msy be measured by elther static or dynemie
methods, In dynamic methods the temperature is varied suddenly or perie
odically for one portion of the semple and the temperature chenge with
time 15 messured to determime the thermel diffusivity, k/CP. In statie
methods, the zample is allowed to come to & steady state and the tempere
ature distribution is measured to determine the thermal conduetivity, k.

A study of the literature, by the author, indicates that there are
& large number of methods which have been used to measure the thermal

diffusivity and thermal conductivity of materisls, A survey of the




methods that may be applied to refractory fusl compounds will illustrate
some of the diffieculties whieh may e encounterad in an experiment sueh
ags the one proposed,

o experimental groups (26,7) have utilized s xenon flash lamp to
determine the thermal diffusivity of various non-fissionable materisls
over a vide range of temperatures, A high-intensity, short-duration
light pulse is absorbed in the front surface of a thermally insulated
specimen a few nmillimeters thick coated with camphor black, and the re-
sulting temperature history of the rear surface is wessured by a thermow
couple and recorded with am oseilloscope, The oscilloscope pattern is
photographed and the thermal diffusivity of the sample is caleculated
from the time-versus-temperature curve as described by Jenkins and
Parker (26),

Dr, Arthur L, Loed (22) has proposed an idealized experiment for the
neasurement of the thermal conductivity of ceramic materials at high
temperatures, The experimental method consists of surrounding s long,
uniformly heated eylindrieal core by a hollow cylinder of the ceramie,
and using the cylindrical form of the heat flov equetion in determining
the conductivity from the average temperaturs gradient scross & certain
distance in the ceranic,

Upen further investigation Dr, Loeb found that heat loss due to
end effects of the sample produced appreciable errors in the obtained
thermal conductivity values, Experiments to alleviate this problem
wvere reported to be in progress,

Preliminary experiments have been performed by Firman, Johnson,

and Vindley (11) to develop a method for measuring thermal conductivity




suitable for in-pile use, A transient method iz ewployed iovolving the
measurement of sinusoldelly varying temperature at two points along a
specimen rod which is periodically hested at one end, The thermsl dif-
fusivity of thun material is caleulated from a simple relationship between
the amplitude decrement and the veloelty of’ the tewmperature wave which
exists wvithin the sample,

Such en experiment was performed on nickel, Armeo irom and C,Y, §
carbon, from which values vere obtduod‘ that agree with existing data,
Firman, et al, (11) stated thet this method would :yiold accurste values
with materials vhose thermal diffusivity is sbove 0,02 em”/sec, This

faet would prohibit the use of this methed on UQ

29 but it may be appli-

eable to other refractory fuels,

The thermel conduetivity of an has been treated experimentally over
a wide range of temperatures., Most of the present experiments deseribed
belov were conducted under ocut-ofepile conditions, . |

Kingery and Vesilos, et al., (20) reported data on UO, having 73%
theoretical density, The measurement was mede utiliaing & linear flow
comparison method, Semples of known conductivity were placed in series
with unknown samples., Hingery has also um the thermal conductivity
of U, having 955 theoretical density by this same method. This is the
only conductivity information available on high density uranium dioxide
over a wvide range of temperatures,

Hedge and Fieldhouse (17) at Armour using a stacked dise method
measured the thermal conductivity of uranium dioxide that was 75§ of
theoretical demsity to 1670°C, The method used consists of measuring,

during steady state, the radial heat flov and radial temperature drop




in & vertical stack of disks composed of the material vhose thermsl cone
duetivity is to be measured, The disks were in the form of annular rings
and the heat whieh flowed through the disks was supplied by an electrie
heater centered in the axial hole of the stacked disks, The temperature
gradient vas measured Ly seens of thermoccuples inserted in very small
vertical holes, one near the axial hole and the other near the outer edge
of the disks, The thermal conductivity of the disk material was caleu-
lated from the power input, the distance of the 1an§r and outer thermo-
¢ouples from the axis of the disk, between the holes,

At approximately 16TO®C severe cracking of the sample cccurred and
prevented further experimentation, The values obtained by Hedge and
Fieldhouse were appreciably lower then those measured by Kingery,

An experimental determination of the thermal conductivity of UO, of

2
965 theoretieal demsity, over the range 500°C to 1150°C, has been conducte
ed by K, Seott (31) at Herwell, England. The experimental method ves
based on the measurement of the radisl temperature difference bvetween the
center and surface of & e¢ylindrical sample while heat was being generated
throughout its volume by the passage of electric current,

The thermal conductivity of 85% theoretical density an was measured
to 2100°C by R, D, Relswig (28, p, 48-k9), A radial heat flow method,
similar to that employed by iedge and Fieldhouse, was used, Instead of
thermocouples, as used by Hedge and Pleldhouse, Reiswig used a Pyro licroe-
Uptical pyrometer, focused down sight holes, to measure the radial temper-
sture difference existing between the center and the outer edge of the
samyple, The values obtained by Belswig agree favorauly with those of

Kingery end Hedge and Fieldhouse,




The chief source of error in Reiswig's experiment was probably due to
an arror in the messured power input, Cracks, due to thermal siresses,
formed in a2ll disks except one, nllowing some of the measured pover to ese
cape from the heater rod to the radiation shield by direct radistion rather
than by conduction through an.

inglander (9) in Prance reports an sverage value of 0,01
cal-ca™tegec lepor degree C at approximately T0°C for material having a

density of 9.2 c/cns.
The first in-pile determinstion of the thermal conductivity of uranium
dioxide appears to have been asde by Flinta (12, p. 519) in Sweden, The

UD,, samples had 917 of theoretical density and were subjected to a neutron

b4
flux of 1.8 x 10%% aean Tegoe

in the research reactor, Rl, The method
was essentislly s stacked disc methed, Five annulus shaped dises 15 um,
in dianeter and 2 mm, in leagth vere stacked together, with a tuagsten rod
passing therough the central hole and serving as a heat scurce in addition
to that ceused by the fissioning., The thermal conductivity was calculated
using the temperature gradieant which existed between two thermocouples,
one leeated near the center of the sample and the second located near the
outside surface of the an pollcts,

The thermal conductivity was found to be erratic with neutron irra-
dlation, and it dropped to 0,007 Weon +=°C") after three heating cycles.

The latest la-pile measursment of the "effective” thormal comnductive
ity of sintered uranium dioxide was made by J, D, Bichenverg (8) in the
Materials Testing Reactor, PWR fuel element pellets 00,3535 inches in
diametor wvere stacked in a stainless steel capsule and subjected to an

estineted neutron flux of 0.7 x 1020 avt thermal. 3By measuring the




tenpersture difference between the center on the sample pellets snd the
exterior, the thermal conductivity was determined up to L80°C und the
values were sbout 507 of those obtained by Hedge and Fieldhouse,

The only determination of the thermal conductivity of U0, st tempere

e
astures in excess of 2100°C has been carried out by J, Lawbert Bates (2)
ot Hauford Atomic Products Operation, Bates made lsboratory investiguae
tions of unirrediated Hﬁarax temperstures to the melting peint and estebe
lished the characteristic temperatures et which certain physiecal changes
oceur, By obaerving similar physieal changes in post-irradistion specie
nens, Bates deduced the temperature profile of the sample during irre-
dintion and from this cbteined an estimate of thermal conductivity., GSuch
estimates lead to values larger than those nov commonly assumed st temper-
atures pgrester than 1h00°C,

A summery of results and comparison of the values given by the various
experimental asthoﬁa used is given in Fig, 1.

Due to the lack of “effective" thermal conductivity data at high
temperatures, since out-of-pile values cannot be extrapolated to meet
eonditions of irradiated material, end to investigate the discrepancy
of thermal conductivity values above 1400°C, a direct in-pile method to

measure the thermal conductivity of uaa has besn proposed,
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ITI, PORMULATION
Ay Derivation of Experimental Equations
An experiment has been prepared (14) to determine the thermsl diffu-
sivity of UO2
of different U°>° enrichment are bonded end to end, The combined rod is

in the Transient Pesctor Test Pacility, (TREAT), Tvo rods

then exposed to a uniform, intense burst of peutron radistion withinm
TREAT, cousing o tempersture rise in sach portion which is approximately
proportional to its respective enrichment, The heat within the sample

is generated intersally by the fission process, By means of two thermoe
couples embedded within the rod, + L, distance from the interface, the
temperature difference, AT, existing betwsen the two thermocouple posie
tions can be measured sz s funetion of time, If the value of AT at a
certain time is known, the thermal diffusivity of the sample may be found,

using the formula, (as derived by Colden [14])

L
AT = Y -? DI ———— (1)
[: “ °2:] 2 Jot
Another method, from the sume experiment, for determining the thermal
diffusivity of the sample is by measuring the slope, (IAT/Dt)L, of the

photographic data trace, which 1s a record of AT ys time, at a time, t,

and using the formula, (also derived by Golden [1k])

2
(_;%z: )L . -_Js_:. [.Tﬂ.{.&] ;.\./‘.-;;. .-(;d%:) (2)

In the twe equations, (1) and (2),

T01 - Toa = maximum temperature difference between the two

portions of the sample

AT = tempersture difference between the two portions
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of the sample rod at >0
t = time, t=0 at time of maximws AT
+ L = distance of ecach thermocouple from the interface
D = thermal diffusivity of the ssaple wmaterial
The following assumptions are made:
(1) thermal conductivity varies linearly vith temperature;
(2) tempersture as a function of time and position can be
deseribed by the one-dimensional rectangular form of the
tine-dependent heat equation '
(3) the rod extends to + oO;
(k) the initinl temperature (just following the neutron burst)
in each of the two regions is uniform;
(5) radial heat loss by radiation is negligible for the antieipated
time scale of the experiment, (a few seconds);
(6) the product of density and specific heat (the volumetric heat
capacity) is constant,
The experiment in question is similar to that discussed by R, H, Utakes
(32) dealing with the diffusion of solutions of two concentrations across
an initially sharp boundary between two semi-infinite columne of liguid,
Stoken gives the basic differential equation for one~dimensional &iffusion

with a diffusion coefficient, D, vhich is a function of concentration as:

-2 (oE) (3)

If temperature is substituted for concentration, the equation becomes:

E-5(8) 6o




i3

whieh is applieable for the case in point, The solution of the above
equation, given by Stokes, is presented in Appendix A,

To obtain an accurate determination of thermal Aiffusivity by appli-
eation of the above model precise nmeasurements of the tempersture distribue
tion, within the semple, as a function of time, must be nnai. Gince it is
felt that such measurements cannot readily be made in the TREAT reactor at
high temperatures, this model is not considered further,

Az & simplification of the above model, it was next assumed that the
thermal conductivity is constant Tor the range of temperature encountered
in a given experiment, An analytical solution of the heat equation, under
this condition, is given in Appendix B, Using this assumption and the

originel assumptions, 2-8, it was found that for & rod of infinite length:

Ix|

Ly = T - l (T - T ) BT sm—— ")
1 01 2 01 02 s [Tt

T v+ d (? Y re =l ()
2 02 2 01 02) o /ot

By subtracting the adbove equationa it was found thats
A = T, -, (Tm. - "oa) - (To - Ty, erfe — -
, 2 /Bt

T = (T o ...&-
. ( o1 Toa) orf | (7
2 /at
yielding the basic equation for determining D by messuring AT at & given

ti". ts
Twe thermocouples are placed at a distance ¢+ L from the interface,
connected in series, to messure the rate of change of temperature dif-

ference with respect to time, If equation (7) is differentisted with




ik

reapect to times : _
, L
: 2
34T 6 / 2 /Dt~
(‘T?)L . ("’ux o Tex% 7% ot 7/ ¢ &

or

- uwg'um .
(m) WL ek, 3OS W BT TR o @)
)/ o t y (o6
Define
& = L
2/ m
Then
; Ty = T 2
(wr) R ( 01 02)“—-« (
i, Lyv K v

which is the equation used te determine thermel diffusivity by wessuring
the slope of the photographic data trace at a given time, v,
B, Peasidility of Experiment

The validity of equations 7 and 9 will be establiabed if the walidity
ef the preceding sssumptions ¢an be proven.

Assumptions 2 and & are based upon the conclusion that the initial
axial neutron distribution within each portion of the sample iz constant,
@ince the internal heat is produced by the fiesion process vhich iz inie
tisted by neutvon sbsorption the temperature distribution will be unifors
if the neutron distribution is uniform, Uniform heat generation will pere
mit tempersture as a function of time and (axisl) position to be deseribed
by the one-dimensionel rectanpular form of the time-dependent heat equation.

Paine and Taraba (33) have derived the equation:




13

¢(zer) = Ax) @ ~(B{vla] | a(r)
from experimnnt#l data which gives the longitudinal diatributiea of thermal
neutron flux in a cylinderical fuel specimen during irradiastion,
where
¢(z.1) = the average cross sectional flux at distance z,
from the end of the eylinder
(1) ,8(1),C(t) = constants varying with sample rediue and enrich-
ment, for further definition see (33)
T is defined as= a[0.91 a(xab - zn))

a = radius of the sample,.

Normalization of the above equation ylelds:

% = 14 0,278 ¢3¢

The cdleulated values of %-fbr various values of Z in a 107 enriched

ueg sample for a=0,64 em, for which B = 1,79 cu."l are tabulated in Table 1,

Table 1., Axial flux distribution

% normalized BZ aﬁz’ Q-Q?Be*gg
em. % %’ %.
touzzglzr norpalized to
‘ .end of sample
4] G 0 1.00 0,278 1,278 1.00
0.2 0,1 0.358 1,43 0,194 1,194 0.935
0.k 0.2 0.T16 2.05 0,136 1,136 0,80
0.8 0.8 1.k32 k.18 0,067 1.067 0,836
1,0 0.5 1,790 5,98 0,046 1,046 0,820
1.4? 906 2;156 8056 01632 1;032 0&&13

1.k 0.7 2,510 12,30 0,023 1.023 0,80k



Table 1 (Continued)

% normalized 32 eﬁi ' .m&.ﬁ?
Qi & i %
to end of G
sanple ( nornalized to
end of ssmple
1,8 De% 34220 25.03 0,011 1,011 0.793
240 1.0 3.580 35,87 04008 1,008 0.T89

From the normalized values of% in Table 1 it can be concluded that

the axial flux distribution within the VU0, sample can be considered conw

2

stant over the thermocouple region thereby validating assumptions 2 and &,

As a test of the validity of the third oripginal sssumption the

temperature d!tfmm, 4%, is computed, both for a rod of infinite

extent ond for one whose total length is & om,

For the numerical caleulstions the variables involved are givesn

values that are considersd to be typleal for the experiment involved,

take

Then

Let

s = 2300°K
2100°K

’g »3
wow
8 & #

o
#

uaﬁ 6‘1, “3u-°x
015 cal/sececn="k

01Tk ualm
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£ BN Geeammeumein 1% é

2/ bt 2\/4.01.73&55

The temperature differemce, AT, for a rod of infinite length:

- 1*695

AT = (91 ) artm = 200°k(0,98347)

2 [m
47T = 196 QT'K

In the case of the rod vhose total length is & em:

R - v e

+ erfe (;%—“—]—%—)]

AT = 200°[0,98347 - negligible] = 196,7°K

Thus, the validity of the third sssumption is established,

To confirm the fifth u:wﬁtim, the heat Ess due to thermal radia-
tion vas caleulated using the following model, The following conditions
vere used to determine the case of greatest heat loss:

(1) all temperature gradients in the system were neglected,

(2) the temperature of the smylc was assumed to be '3’@1,
(3) the emissivity of the surface of the sample was set equal

to one,

(k) the sample radiates to the interior of the TREAT transparent
test capsule, vhich is composed of mluhoa zirealoy, having
an emissivity = 0,08, -

(5) and the ratic of the sample surface area to the effective

enclosure surface area is — 167,

Then if the sample is a solid eylinder of diameter, d, the instantaneous
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heat transfer rate per unit length at time tcée is given by Jakob and

Havkins (19) ass

4
o 2 ar
= ow . ube 2L R
14 .161<° 3 1)
" |
fven which
ar.  1.37e7 "
y _ 13707,

at a
oC_

Ifd 1 em, and 791-1905'5, which is a typieal experimental temperae

ture, thent

&Tl
— D0 K‘/poc

dt
Thus at the end of five seconds,

a7, = 140°%K
whiech represents the maximum amount of heat that will be lost from the
sample due to radistion under isothermal conditicns,

In the sctual experiment there exist several conditions that will
sppreciably lower the above radiation heat loss,

In the above caleulations the emissivity of uranium dioxide was given
the maximum value of one, Under sctual conditiouns the emissivity will be
less than one, which will tend to deecrease the amount of heat lost from
the sample becsuse of radiation,

The ealculated values of AT represent the amount of hest lost from
the outside of the sample, neglecting all interral temperature gradients,

4 series of eslculations were nade using the RE-14T computer code, as

descrived by Heestand (18), to obtain an sccurate internal temperature
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distrivution under non-isothermal conditions, These calculations are
discussed in Seetion VI - Ak, From these ealculations it was concluded
that radial radiant hest loss will have neglizible effeect upon the axial
temperature of the aany;a because of the poor thermal conductivity of U@a.
This conelusion is uubatantiuiaﬁ by Plg. 17, vhich iilu:trutua the pere
centage temperature decrease vithin the sample at & given time vs radius,
It can be seen from Fig, 17 that under non-isothermal conditions the axial
temperature is not affected by radiant heat loss for periods of time as
long ns six seconds,

Since the thermocouples are located on the axis of the sample and
responsive to the axial flow of heat, it is felt that any effect that
radisnt heat loss will have upon‘tbo experimental thermal aiffuuiviti
is negligible,

If experience proves the Tifth original sssumption invalid, it nmay
be necessary to build a thermal rnﬂiation‘nhiald around the sample., Sueh

a shield might be a thin shell of UD, enriched so as to mateh elosely the

2
initisl temperature distribution in the sample,
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IV, EXPERIMENTAL ERRORS
A, Description of Experimental Oseillograph Trace
The data to be analyzed from the given experiment will return from
the National Resctor Testing Station at Idaho Falls, Idaho, in the form
of a photographic oscillograph trace similer in shape to Fig, 2, The
trace will be s measure of the temperature difference existing between
the portions of different enrichments in the sample as a function of time,
The given formulae with which to compute the thermal diffusivity of a
sample employ either a value of AT or of the slope at some point of time, t.
B. Errors to be Investigated
It is the object of this section to determine at what value of t the
most accurate measurement of AT or slope, A, may be obtained in order to
yield the most sccurate computed value of I,
The aspects to be investigated are as follows!
(1) wWhat influence will a given error in the measurement of time,
t, have on the value of D,
(2) What influence will a given error in the measurement of the
temperature difference, AT, have on the value of D,
(3) What influence will a given error in the measurement of the
slope, A, have on the value of D,
(%) Which is the most accurate method of computing D, using AT
or by using A, at some value of time, t.
(5) What is the time, t, at which the most sccurate value of AT
or A may be obtained,
Cs Derivation of Error Relationships

To derive the relationships
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t Je\ ® 2 /ot
and
AT = <T01 TOR) o - -
2J bt
and
1 -ma ap
dAT = - i;a: éﬁol - 22&9 (1] Ey*
where

ugm—n&—-ﬁ-
2./t
1. For the relationship between the error in thermal dirfusivity

associated vith an error in time:

aD at
pball | (z
Using the basic equation
1 2
(wr) ......a...(f.ea»“ag.) L. o 2/
A Ju ’ 2 /ot

Let,
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. 1
5RO F (Tm . "'az)
Substituting into the original equation,

L?

L E
2t /ot

solving for B,

A =

&

and differentinting B, onee with respect to t, yields,

&
i szJn: 3

2
ooud
e m(&mgn‘?)
® ;e
Also differentiating B once with respect to D, yields,
.2
’ 4 2.2 2
28 A it [ent ~Lt|
w L= " 2D

L/t

fince

o

D 1Y

il obE LT
=

Then
' |
A ,W<6m o Lg)
» _L/De .
3t




s
2%’” $ 6D: " Le
® Slant.s

vielding,

2
§-|@=Lla

2Dt - L
2. For the relationship betveen the error in thermal diffusivity

aspociated with an error in slope, A:

» REA G%%)

Using the same basic eguatior as in part Ay let,

A e @%)L

%n-J&-(’r
Onee more,

LQ
PO R

2t /bt

Pifferentiating A once with respeet to D, gives

2

QL b4

T pa— o WOt [ L
W L
h3/2p3/2 2Dt

Multiplying both sides by 9D and dividing by A, gives,

Lﬂ
., s [12 ] TWE @
A ht3729372 20t A




as

or
2
2 -
A _ __ BL [ 5 g 1] e W 4
A h,“i?ﬁnwe D% )

Substituting inte the original equation,

LR

ﬁ’-&-—a‘ m

2t /ot

yields,

.3 (-1 B

or,

ap _r_ hep ]gg
?L@mm A

3¢« Tho relationship between the error in thermal diffusivity

sssociated vith en error in temperature difference,

ap aT
T4 (La?f’) ’

is discussed in Colden's personal compunicatien (1k),

Given: ;
42
L
dar 1 L "Wt @
Sl o (?al'T%) o D
. & - u. aaT
S " BT
L

L = ot
o - P s ()
("”‘ "3) 2 /ot

where AT at time, t, is given by,
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L
0l 02 o /ot

Gubstituting the formula for AT into an/n-fa(aarlaw) and sinplifying gives,

2
o BT g

Ds Determination of the Influence of Errors upon Thermal Conduetivity

Determining the influence of

it 4AT .
e e &k

Using the derived equations, substitute a constant value in place of
at/t, 4AT/AT, and GA/A, D was taken to equal (185 em>/sec, 1%l cm, Values
of t vere taken from t=0 to t=15 seec,

Tofind the position in time where there exists the least influence of
the given error upon 4D/D; the nﬁm%,% 8 m% s Were
plotted as a funetion of %,

The point of minimum influesnce of the various errors in t, 47, and A

upon D will be at that time vhere

S4% a4 &t
——%— 5 -5%- s Or -3%— — oo, namely
) D ]

# gertain error in dAT/AT, dA/A, or dt/t approeches a 0 percent error in
an/p,

Since the ratios of errors are plotted the yielded traces are indee
vendent of the value of the constant error used im place of 4AT/AT, dA/A,

or dt/t., Pig. 3 shows the plotted ratios as functions of ¢, in units of
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2

time {in unite -of %’—-) where C = k < |.8
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tﬁK(LQ/D). K equalsa constant, The plotted curves illustrate the absolute
influence of the errors in AT, A, and ¢t upon dD/D,
SAR/AT approaches Oat t=0, %gé%*lppYOlﬂhﬂl

approaches oo at tubzlﬁb.

s can be seen from Fig, 3

dt/t
an/o

From Fige 3 it can, therefore, be concluded that the points of least

at t=0, and

influence (x) of AAT/AT, dA/A, and 4t/t upon AD/D are either ian or near
the range 0 < x < LQIGD. |
Es Times of dMinimum Errer Influence
The second factor involved in solving the given problem is finding
the time of least error in measuring the velues of t, AT, and slope, A,
from which D s ealeulated,

l. To obtain the aklltnfh(t) differentiate the equation

T - T - 1'2
(wr) ed (-2l L TWF
bt T8 O 2/t
once with respect to time yielding,
Fea .

Let

e ()
2

TR R -
. - -

Differentisting once with respect to time, t,
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2
: L
8. L(7gy - Taeg o TR (f . @)
b W i |
The chenge in the slope of the trace per change in time is equal to

the error invelved in measuring the slope A,

ng

- & "(Toz.j" "aa; by 55?1’2 (Lf_.ﬁm‘-’» )
o h;/vjb t ’
2, The atlt-rfs(t) iz given by

C

$..L,
t ¢

in any time measurement device, there exists a given error of some magnie
tude, This error is of constant value throughout the pericd of time
measurerent; hovever, the error involved in such measurement decreases by
the above formula as ¢ 1§er01aut.

3. The dAT/AEth(t) is given by

87 _

el

aT
The error that exists in measuring AT is of the human type., Each person
to physically messure the temperature difference from the data trece will
do so in a different wvay, Since this cause of error is intangible snd
varying, it is said to be of constant value, c&, depending on the person
involved, .

Since the wvalues of C' and CA? depend upon either the timing device

used or the person saalyzing the data, the values of ct and CAT were both
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taken to equal 1 in this report, Any other value of ct end C,. will

AT

merely raise or lower the plotted curves iunvolving €, or C The

t a7t

points of least influence will not change,

Previously, the equations giving the influence of d4T/AT, 4A/4,
and dt/t upon 4D/D and the formule yielding the values of AAT/AT, dA/A,
and dt/t have been derived.

Let the ejuations

$- (2o
%1 o (‘L'"z'"'i'z‘;:ﬂ!im"') %‘
2
ﬁ%-- . 'Gaégakg ] : ﬁ%&' -rféé%ﬂ ﬁ%%

be known as the influence of the stated errors upon 4D/D,
Let the formulae

C

a X

T T

(r 1“"‘&2 |
Lit., -7 . 2

dA = Top Tt (L “ ,sm)
B ™ .

2 v Te /5572 ~SPT
AT

at * Cap

be known as the ability of measuring the stated quantity,

The point in time where the most accurate measurement of either t, A,
or AT may be made is at that point vhere the minisum value of the error
involved has the least influence on 4D/D, By multiplying the influence

equations by the respective ability egquation; relationships yilelding this
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point as a £{t) will be resolved, Thus for a measurement of time, t

EO S
*
2 20t - L? t

for » measurement of the slope, A
4 2‘ mr—- n'f
¥ - 2pt 2 [x pt/23/2

and for a measurement of the tlnperataxc difference, AT,

- \/—(sz. ) * W (”m*) ‘”( )
2 /5

Piga., b, 5, and 6 show the plots of the three above relatiomships, At any
point where graphs b, 5, and 6 appreoach oo, the influence upen dD/D becomes
indeterminent and cennot be weasured,

Fige & 1llustrates the error involved in measuring AT as s function
of time, At t=0, dA/A » ©Owhen ¢ + o, dA/A » 0, therefore, the ideal
time to memsure AT is et te=co, Sinee this is impossible, it is recommended
that any ¢t » ~ ,35 L?/n be used,

Pige. 5 shows the error invelved in messuring A ss a function of time,
The influence of dA/A upon dD/D is indeterminant at t=0 and when t + 5 L /b.
The point of least influence at s measurable time iz when tnnzlén.

Pire € is the graphk of the error involved in measuring t as & Tunction
of time, Agnin the influence of dt/t upon 4D/D is indeterminant at t=0 and
vhen t=,5 Lafﬁu There is ne influence of 4t/t upos 4D/D at twn?lﬁn.

How that the relationships of

ap (&t daT &
T e A‘i"is.)
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have been derived, it is possible to find the total effect of measuring
D by means of either AT or A, Since both 4T and A=f(t), the total error
involved in each measurement to compute D will be the product of the

dAT/AT end dt/t; and dA/A and dt/t. Thus,

£ total by the eslope measurement

)
& @, e, @ (e
petal A= Spe ST A(t)

and dD/D total by the temperature difference measurement,

L totar ar = S &£, 22 (3?-)

AT t aT \ ¢
Pigs. 7 and 8 are the graphs of the total errors involved when messuring
Dy by means of the measurement of A or the measurement of AT, respectively,
¥, Results and Conclusions

Figs Ty combined error in slope and time, shows that the points of
least error when measuring A is vhen t=,02 LQID, $167 Lab, 26 12/D or
when ¢t » ., The time t=,02 L2/D is undesirable due to the fact that any
error in locating the point of time will result in & learge error in the
value of A, It is ihorchrn, recommended that the measurement of A be
made at (15 L°/D to < .26 L°/D 1deslly st t=,167 1°/D, The maximum error
in the range .15 Lzlb < to <« 26 LQ/D is 5%,

FPig., 0, combined error in temperature difference and time, gives the
points of least error at t=,235 LQID and a8 t + ®©, The error in 4D/D is
indeterminant at t=0 and t=.5 1°/D, The desirable range for measuring AT
is vhen .185 L2/ < t < .35 1°/D, ideally at t=,255 1°/D, The maximum

errer in the range ,18%5 L?/D <t < .35 LQID is alse S5%.
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From the above results, it was concluded that either method of come
puting D may be used with equal securacy within the aforementioned ranges

of ¢,
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V. DESCRIPTION OF EXPERIMENTAL APPARATUS

A ursniun dioxide sample was fabrieatéd by Joseph Handwerk, Argonne
Fational Laborstory, with two enrichments of UQBS. The itaplc eonsisted
of two nominally haelf-inch dismeter cylinders of eleven and ten wélght
percent enrichments fused topether into a single eylinder, having twe
separate enrichments vith an interface., The fusing was accomplished by
Piring the green unfired extrusions of individual enrichments while they
vere bild in intimate contact,

£ 0,125 em hole was drilled im the fired sample from each end, along
its centerline leaving 0,312% em of material between the bottom of each
hole and the interface, These holes were to allow the 1nn;rtiou of
sheathed thermocouples within the semple to measure the axial heat flow,
Pig. 9 is a schematic disgram of the sample showing the rtlntivolpouitiau

of the holes to the interface.

: ‘ L BN i)
e 1/

~— 1.¢875,

B S

“_0.3/25 < i

Fig., ¢ Gchemntic disgrasm of sample,
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The miniature, high-tempersture thermocouples wvere tantalum shesthed,
thoriz insulated, tungsten 5% rhenfum vs tungsten 26 rhenium, This type
of thermocouple is capeble of response times in the order of .1 seconds
and eeun withstand temperatures in excess of 2800°C,

The experimental sample was supported within a refractory metal frame-
work, Plg. 10, by spring loading the sheathed thermocouples into the axial
holes, This mounting served the dual purpose of maintaining thermecouple
contect during the transient and providing secondary shoock mounting to the
sanple for shipment from Argonne Hational Laborstory to the TREAT facility
at the Hetionel Beector Testing Site in Idaho,

The semple, mounted in the refractory frame, was housed in a "transe
parent eapsule®, Pig, 11, (16), which provided a heat sink and particulste
shield, snd shipped to Idaho vhere it was sealed within the "transperent
slot liner®, Fig, 12, (16), which in turn was inserted in the TREAT
reactor, Pig, 13, (25). The slot liner is a pas-tight ouapaﬂ.nﬁou PrO-
viding monitoring of released gaseous and airborne products while allowing

motion picture studies of the sample during a resctor transient,
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Fig. 10 Experimental "L" frame support
to be inserted in the transparent
slot liner within TREAT.
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Fig. 12 Inner and outer capsule
subassemblies
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VI, EXPERIMENTAL PROGRAM
A, Sample Analysis
1. Thermocouple position

It 1s desired to determine the longitudinal asnd radial thermocouple
position to be used in the experiment to determine the thermal diffusivity
of U0,

To facilitate celculations, one may consider the determination of
easch position ag & separate problem. The geometry and method used in dew
ternining each position will be explained separately.

- @. Longitudinal position By means of twe thermocouples connected
in series AT may be measured as n.fuaetlon of time, t, Let + L be the

axial distanee from the bond to each thermocouple,

b | E
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When determining the value L, three limiting positions will exist:

(1) Too smell a value of L will yield 2 large decresse of AT per unit
time, This fact leads to a graph similar to Fig, 14, in vhich it is diffi.
eult to sccurately measure the slope, 347/3t, which is necessary for the
ealeulation of D,

{(2) Too larpge a value of L will yvield & swall decresse of AT per unit
time, This fact leads to a graph similar to Fig, 16, in whieh it {s aiffi.
eult to resolve the various traces, caused by different values of D, at
small values ot ¢,

(3) The third factor whick must be considered when positioning the
thernocouple is the various heat losses involved in the experiment, Three
types of heat loss or transfer exist in this experiment, They arep

(a) Longitudinal beat transfer across the bond, AT, which is
necessary in order to determine D,

(b) Radial heat loss from the sample to its environment, This
type of heat loss is explained and accounted Tor in the "Nadial thermo-
couple position™ discussion of this section,

(e) Axial heat loss from the ends of the sample to ite
environment,

Axial heat loss from the ends of the sample will directly affect the
longitudinal thermocouple positions, If the thermocouples are pleaced
teo near the ends of the semple, ead heat loss will introduce a major
errvor into AT as a funetion of tiwme. Therefore, it is necessary tc have
a value of L much less than the length of the rod, The ratio of + L te
sample length necessary to make the effect of end heat loss negligible

vill be deternined and further elucidated in section VI, A-2,
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A desirable value ér L is one that will compromise the three
limitetions,

‘To shov how the varisnce of L affects the caleculation of D, it was
necessary to employ a reversal of the given procedure, By graphing AT
as a functicn of time for given values of D, holding L constant, it is
possible to show the effect of L,

Prom Pig., 2 of the article “"Thermal Condnntivity of U0, Improves
at High Temperature™, (2), the three vslues of D used in this report
were obtained, At

~ 1900%, k & = 03 watte/eme"K

~ 2200°K, k ~ = 045 watts/em-'K

~ 2700°, k ~ = ,0725 watts/en-"K
From the above values of k, thermal conductivity, K, D was caleulated to
be ,00TE9 cnzltne. 01154 cnalncc. end ,01791 cazlnoc, respectively, usingt

i

Tom eenne

pcp
whera:
U = coefficlent of diffusion
k = thermal conductivity
¢ = density
Cp = gpegifiec heat
The values of AT at various times vere caleulated using the equation:

ot = (’m ""’oz) erf ( -ﬁ:)

(‘201 - T%)- maximuws temperature difference




t = time
L = thermocouple position, (previcusly defined)
The value of T&l ~ Ty vas chosen arbitrerily at T00%K, The wvalues of L
were chosen at .25 em, .35 em and ,50 em, Using the three values given
for D, 4T, as a function of time, was plotted for each of the above values
of L.
To make the graphs obtained from this ecalculation independent of the

value chose for (Tﬁi - Tag) o 47/ ('i‘m - ‘fm,) was plotted vs time ori

T L

2 e ce—"

02) 2 /ot

hd

01

Pesults and conclusionsy Fig, 1b shows that 1=,25 em iz an example of
the first extreme, From Pig, 1€ it appears that L > ,50 em iz an example
of the second extreme, difficult resolutiocn of various values of D,

It is, therefore, concluded that a value of .25 em < L < ,50 em and
& o35 em would be the necessary compromise position of L, This conclusion
is substantiated by Fig. 15.

be Radial gggitigg When determining the radial thermocouple
position, one is met by twe types of heat transfer within the sample:

(1) longitudinal heet transfer,

{(2) Radial heat trensfer, heat lost to the exterior envircnment of
the sample, |
Longitudinal heat transfer is the necessary AT, from which the value of D
is computed, FRadial heat loss, lesds to an error in the measurement of AT,
and therefore, must be kept to a minimum, |

The ideal radisl thermccouple position would be at the exset center

of the sample., Since such an exacting thermocouple position is very
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difficult to obtain, it becomes necessary to determine the tolerance of
positioning error which will still yield an sccurate measurement of AT,

To find this tolerance, n series of caleulations, heat loss at various
times, vere made by C. Sayles using the RE-1LT, CYCLOPS, computer code
(18)., The temperature ranges for the properties of the material were
chosen ms 0°C teo B00°C, B00°C to 1600°C, 1600°C to 2k00°C, and 2L00°C and

upe The values used for thermal conductivity (2) are listed below,

Temperature Range K = watts/eme"K
0=800 +0188%
800-1600 025
1600-2400 ‘ +OkS .
2500-2500 : 075

The values of specific heat of U0, are those given by Kelly (21),

These are presented in the form of the eguation below,

c, = 19,20 + 1,62x1077 - 347—:—?92 eal/nole
wheres

T = teaperature of material
The molecular veight of U0, is 270 gm/mole and an average value of the
density is 10,6 gm/cn?. The values of volumetrie specific heat are listed

below,
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¢ c S
ature Fenge, °C mﬁ&& gg[;;f_g_ ¢ 7p:"-»"c:
0-800 19,5157 JOT6L3 81015

8001600 21,5038 +08k2€ 893

16002500 22,8056 08978 952

2h00=2500 23,5578 +0027h «583

The value of the heat tranafer coefficient is dependent on the
environment, and the heat transfer coefficients for several different
environments were examined, In all cases the pin was econsidered to be
in the center of a tvo-ineh diameter hollow eylinder,

In the first environment, the walls of the erlinder were considered
to be praphite and the intervening space between the wall and pin wes &
vacuum, The second environment waz the same ng the first excert that
helium cas at a pressure of one atmosphere filled the sapee between the
pin snd eylinder wall, The third environment vas the same as the firet
excapt the walls of the eylinder v.rn'nln-inun. The puwpose of the second
environment was to observe the effect of convection on the heat transfer
ecoefficients,

The heat transfer coefficient is composed of two parts, that due to
radistion and that due to convection, At the temperature of interest,
heat transfer due to radiation is the main course.

The equations for radiant heat transfer are given by Brown (5):

h o= 1‘9-,1-,- - -5% "2 (Tlh - 'r;)
wheres '
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=
i

area of pin

A, = area of wall

emissivity of uoz = 0,h16

enissivity of wall - graphite = 0,95

alusmel = 0,30
o = Boltzman constant ,6T785x107 ) cal/en® sec K"
‘1‘1 = temperature of pin
TQ = temperature of surroundings
AT = 'l'l - TE
The equation for conveetive heat transfer iz (27),

h D
: L (gr)(rr)®

Gr = Graghaf nusber
Pr = Pramdlt nunber

as B, m = constants 2,6, .27, and .25 respectively
D = diameter of pin

k, = thermsnl conductivity of gas (,000339 eal-u/enzuoc-'“)

4
Based on the equations, the following heat transfer coefficlents at 2500°C
vere obtained,

Craphite - vecuus 06676 eul/enz see °C

Graphite - helius  ,06843 cal/en” see °C

Aluminum - vacuws +Oh345 cel/en’ see °C
Bince it is desired that as little heat be lost by the sample as possible,
the vorst cases are those with graphite., The effect of helium gas is seen

to be very small, The values of the heat transfer coefficient used vere




those of graphite and & vacuum,

Of the two coolant options with RE~1AT (flowing coolant and stagnent
coolant) only the flowing ecoolant option meakes use of the heat transfer
coafficient, Therefore, these problems were treated as flowing coolant
and coolant veloeity of zero,

The results of these calculations are presented in Pig, 17.

Pesults and conclusions: Az can be seen from Pig, 17, negligible
radial heat loss is experience between the center of the sample and sodium
+127 em even for periods of time up to six seconds. It is felt that the
opportune time for measuring AT is wvell within this six-second duration,
An spproximate time for measurement of AT is when e-L?IGD or v 1,7k seconds,

It is therefore concluded that a redial thermocouple position of the
center :.105 of the sample's radius will yield an accurate measurement of
AT from which the value of D can be ealeulated,

2, Length of sample

As mentiocned earlier, if the position of either of the termocouples
is elose to the end of the sample, end heat loss will produce a large
degree of error in the measurement of AT,

Pregently, it is desired to determine the necessary length of the
semple veyond a thermocouple which will make the ¢ffect of end heat loss
poegligivle on AT, ' k

Using the equation, deseriding the conduction of heat in the unsteady
state during the condition of a sudden change of the surface tnupo:atnrn
of & thiek plane wall (19) it is to obtain the desired lemgth, x,

The formule used is:
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tet (ti - a') ort (m.z__)

a\/?c

where:

et
&

initial temperature of sample

t_ = surface temperature instilled upon sample

@
#

thernal diffusivity of sample

previcusly defined
T = time duration
t = temperature at position x at time v
If the maximum conditions under which the given experiment can be
conducted are substituted inte the above eguation, the maximum value of
x needed to multiply the effect of end heat loss may be caleulated,
The values used when caleulating x are:
t; = 3000°C (well above the melting point of 0‘02)
t = 30°C (room temperature)
t = (“ - 1’) (maximum heat loss allowed)

a ® JO1791 ew®

/sec (maximum D investigated)
v ® 6 sec (the time of measuring 7 is 1,75 see)

Substituting yields,

2999°C = 30°C + 2970°C r( S )
2] 01791 on” /see (6 uc)}

2 = 9996633

2 [s10746

m—-&-—-—n - 2’535

2 _/J07ké
x = 2,535 (2) (.30626)
x = 1,552Th em
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Results and eonclusioms: A length of 1.553 em beyond L is needed
to nullify all poseible effect of end heat loss,

Summary: (1) The desired longitudinal thermocouple position, + L,
is %,35% em,

(2) The desired radial thermocouple position is the center
# 107 of the sample's radius.

(3) If each half of the sample is at least 2 em in length,
the effect of end heat loss is neplizgible,
3. ZEnrichments

Due to the usage of the transparent meltdown capsule the value of the
K(a) ox Mot be kept below 1.58. A higher K(o) ox W8V result in demage to
the test cepaule,

To prevent error in the measurement of the shape or 4T, the half width
of the instantaneous pover curve must be kept smell in comparisom to the
desired time of measurement, A4 large value of the instantaneous pover halfe
width will produce heat generation during the period of thermal diffusion
betwveen the portions of the sample, This will result in a distortion of
the temperature difference ys time data trace, thus producing errors in the
given values, A good firsteorder approximation of the error in time, dt/t,
introduced by the instantanecus pover half-width is: dt/t=i/t

vhere,

. balfevidth
2

In order to get an approximete value of the enrichments necessary to

I

ettain the desired temperntures within the sample, celculations were made
using the reactor specifications from Transient L1, Series SVII, Transient

bl wes performed with a K(o) = of 1,b%, Clipping the integrated pover at
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9245 MWS will yield an intograﬁed power of 150 WWE with a halfewidth of
«2h see, For this value of the instantaneous pover balfewidth,
dt/tel/t=,12/1,Th=T4, vhich is within the permissible limits,

Therefore 150 MWE will be the specified reactor integrated power,
In order to raise thelov enrichment portion of the sample to 2100°C:

C AT (2.31867 l 10;55 c-OC) (3«1 x 103 00)

H = E

& )

(2.7007 x 10° gm/mole
i o= 1,80204 cal/gm .
wiil be needed,

Due to the usage of the transparent meltdown capsule there is 13%
more reduction in the effective resctor integrated power than in the opague
capsule, The effective integrated power is 87% of 150 MWS or 130,5 W8,

To find the necessary ealibration factor between heat generation and inte-
grated pover, the value of H was divided by the effective integrated powver

yielding 1.36156 Sﬁéﬂ.

Using the proper ealibration factors for TREAT, 1,38156 SEALEE .o

found to be equivalent to 4,565 x 16'12 fiafzin — Comparing this value

to 3,16 x 10”3 ?ﬁ% of the netural enriched E3R-II fuel pin, and
taking into eéntidnrttian the ratio of enrichments and absorptivities, the
enrichment necessary to raise the lov enrichment portions temperature to
2100°C was found to be 17,1858, The maximum permissible AT between the
semple portions before fragmentation has been estimated to be 400°C,

Given & constant integrated power of 150 MWE it is necessary to
determine an enrichment that will reise the seecond portion of the sample

to 2500°C, The rate of the temperature inerease in a reactor transient is:
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where, |
;? “étun&er power
C = heat enpacity

zfv t
Pue - nv dt
o

also,

i, = o

f £
St w iaarauuayin fiesion cross section
Op ~.n1¢roscm§£e fiselon ercss seetion
V = volume of sample
ﬁur t
P -'uEu av dt
° =

2
and C, heat capacity, f]ﬁ ?cﬁVﬁT
T

1

Ker _

or gg,‘ C i
at PCV
P

The nunmber of Ua35

Ly
j;!"’ma'r
"o %, jAt
,Er' . ny dt
For the same reactor power, but different enrichments, and temperatures,
T
2
j; ».0C 0%
) 17pl
s Wl
B

utenﬁ/uait volume equals

P

1
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Substituting the given core in the above eguation, the enrichment necessary
to raise the second portion of the sample t 2500°C was found to be 20.92%5
b ZTempersture distrivutions

The radial temperature distribution within the seample was calculated
using the IBM-TOL computer code RE-14T (CYCLOPS), Hecessary ealeculations
for the input data for this code include:

(a) The energy release in the semple as a function of time, n(t),
during the transient

(b) The heat transfer coefficient, h, for the sample surface;

(¢) The relative neutren flux funetion, u(r), along the radius of the
sample and g(z), along the axis of the sample, depending upon the sample
enrichment,

For a particular reactor power value, a corresponding energy release
in the ucz sample can be caleulated from the known sample powerereasctor
power relationships., The rate of energy relesse or hest generation at each
point (r,z), in the sample (eylindrical coordinates with the zeaxis through
the center of the sample) and at time, v, is then taken by the code to be:

(Qo-coastant)
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alryz,v) = Q< w(r) « gf2) « nv) (20)
The total energy release in the sample per unit volume of fuel, E,

is then the integral over the pin end time:

E= qi . f plr) « glz) « av f n(t)at (11)

pin time
where?
qi = q olvol.’m of saaple
= pormalization coefficient
E is expressed as m)./fm3

The enerygy released in a sample at & psiven time is dependent upon the
trensient integrated reactor pover; and the enrichment, diameter and volu-
metric energy release, £, of the sample., For easch transient, the total
integrated pover, and the relative power in the sample as a function of
time [n(1)] must be assumed, Por the assumed pover ¥s time curve and
specified sample parameters the heat generated in the sample can be obtaine
ed as a function of time and location given by:

a. Power vs time Yor the calculations here the n(y) curve was
taken to be that of Uransieat Mo, 1kl, Ceries SVII - Shot 3 - Pin &, This
pover vs time curve is comsidered typical of that under which the given
experiment might be conducted and is illustrated in Fig., 18,

In Mig. 19, the power ie¢ expressed in units where one unit is equiva-
lent to a certain power value, i.e,, 1 unitsl/a ecal, Then:

n{v)dt(calesec) = n o [u{y)dt{unit-see)

low in equation 10, if the integral over the sample is normalized, thent

3
 § cal/
qﬂ = /‘[‘”n(')dt 0_.1‘:@
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or

3
1 4
Q" 8=k ];mu(t)u —%LE-—M s

This value, L is the input parameter for the power that is given in the
RE-1MT code,

b. Heat transfer coefficient The heat transfer coefficient, h,
enters into the RE=14T code eguations (18) in the caleulation of the rate
of heat addition to the coolant, qg(z,t):

az,t) = na, (Tl - Ta) (12)

A

T, = temperature of sample surface (%)

= gurface srea of sample

T, = temperature of center of coolant (°x)

Since the sample is sn unclad slug of U0, the mode of hest transfer from

2
the fuel is by direct radiatiom to its surroundings, The surroundings
that will absorb the radlation consist of:

(1) helium gas which eirculates through the test capsule at approxie
mately 3 liters/min,

(2) the walls of the transparent capsule, which are costed with
alumine paint,

The radiation sbasorbved by the flowing helium gas is negligibles
amounting to 1l-2% of the total heat lost from the sample, It car then
be said thet the coolant is the walls of the transparent capsule, intere
cepting the radistion. This condition can bi approximated by a oylindrieal

wall containing the fuel and one ineh in radius, The emissivity of this
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wall wags taken to be that of alusinum oxide,

The rate of rediation is given by MeCabe and Smith (23):

k i
aft) =g « A, « P12 ('1*1 - ‘1‘2) {13)
where! |

o = Gtefan-doltznen constant,

12 4

1,3542 x 10732 cal/en’-sec="C

T, = temperature of fuel surface (%)

3

= temperature of inside containment wall surfoce(“K)

A -
r ni—g—i L-l
1,2 &y A2 €,
(for gray surfaces and assuming that all radiation from
A, falls upon Aa)

g, and ¢, = emissivity of fuel and containment wall, respectively

1 2
It can be assumed that the fuel surroundings heve a sufficlently larpe
heat capacity so that the temperature of the containment wall remains
constant, therefore eguations 12 and 13 cen be combined giviag:

g oA, o P (&"-T")

1 2

ho "’1.2(*?“'2) (”1"""2)
Since T2 remains constant, h is a function of Tl sbove, Using the values:
., = 416 for vo,, (30)

€, = +30 for alumina (27)

T? = 300%K




67

Thus:
P12 " +33367
for 1/2 inch diameter fuel,

In the HE-14T code, n, iz dependent, upon the coolant temperature
above, Jince this tempersture does not change, only one value of h can
be chosen, correspending to one certain fuel surface temperature, In the
problems, a value of b was chosen corresyponding to a Tl about 200° below
the maximus ?1 during the transient,

€, Flux depression The radial therszal neutron flux distribution

for 1/2 inch diameter ursnium dioxide fuel slugs of 5%, 10f, 157 and 20%
enrichments have been calculated according to the empiriecsl equation (34):

2 L é
brye) = Ala) [ 1+ Loom%pE) + s98a®(E) + .3307907(E)

for 0 < r<a, and 0 £ a £ 2 vhere:

a=a Bihg {geometric and absorption parameter)

1

zabs

= maeroscopic absorption cross section of the material
in em™
& = radive of the fuel in em
Ala) = [1 + 697130 + (UB598e° + ¢33879¢3}“L
= axiseto-surface ratic of neutron density
u(r,e) = radial distribution of neutrons, normalised to unity
at the surface
The results of the calewlations are shown in Table 2 and Pig, 20.
The thermal neutron flux distributions for the same slugs in the
TREAT reactor were caleulated using the DEN one-dimensional neutron

transport theory code, The results of these ealeulations agree
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satisfuctorily with those given in Fig. 20,
The axial flux distribution for all enrichments is sssumed constant;
i.e,, () 2 1 for all slugs. In giving the values of u(r) and g(az) for

the RE«1LT code, it iz necessary thst each of these functions be normalized

since
_/° ulr) » gls)av

pin
must equal unity, Por {(z) € 1 for all s, it remains only te choose tue

wnit interval of u(r) so that aceording teo (1),

T L4 .dr.l

'y ()
This-unit interval is known to be approximately the value of u(r) at .0a,

All values of u(r) for each curighnant are thus given in the code input in
reapect to the value of u(r) at eight-tenths of the fuel radius,

Table 2, Radial flux distribution

1

Enrichment 2‘5’

a Ala) ulr,u)

Tor 1/2 isch dismeter ssmples

5% 67868 JA3109 70522 Fig. 20
10% 1.390¢ 82931 JAThg2 Fig. 20
29‘ 2.56012 10626 .2051& riﬁo 20
d, Input parameters The value of thermal conductivity, k, and the

volumetric heat capseity, och, of the fuel used arve:
k = ,015 cal/sec-cme"C
pc9 = 86 eql/nn3-°c
All material progerties are eonsidered constant over the entire temperature
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