


This document was prepared under the sponsorship of the Commission 
: the European Atomic Energy Community (EURATOM). 

Neither the EURATOM Commission, its contractors nor any person acting 'M 

on their behalf : 

Io — Make any warranty or representation, express or implied, with respect to the 
accuracy, completeness, or usefulness of the information contained in this 
document, or that the use of any information, apparatus, method, or process 
disclosed in this document may not infringe privately owned rights ; o 

•Hi 

føl 
2o — Assume any liability with respect to the use of, or for damages resulting from 

the use of any information, apparatus, method or process disclosed in this 
document. 

The authors' names are listed in alphabetical order. 

lisi 

Ιΐηι 
>ϋϋιΐ 

This report can be obtained, at the price of Belgian 
Francs 40,— from: PRESSES ACADEMIQUES EURO­
PEENNES — 98, Chaussée de Charleroi, Brussels 6. 
Please remit payments : | l | 
— to BANQUE DE LA SOCIETE GENERALE 

(Agence Ma Campagne) — Brussels — account 
No 964.558, 

— to BELGIAN AMERICAN BANK AND TRUST 
nrlr — account No 121.86, 

ï rttffllF' 
ï '•""ffitlip»·» 

If 

M — to LLOYDS BANK (Foreign) Ltd. — 10 Moorgate 
— London E.C.2, í í W i É ^ W 

'f 2l¡iT¡Eu*é.¿<i' 

ί| 

giving the reference : « EUR 521. e — HEAT TRANS­
FER IN A FUEL ELEMENT GAS GAP 
This document was duplicated on the 1 
best available copy. ,.,' * « * jHBMM 

praMUP 



EUR 5 2 1 . e 
HEAT TRANSFER IN A FUEL ELEMENT GAS GAP by S. 
GIULIANI and C. MUSTACCHI 

European Atomic Energy Community — EURATOM 
ORGEL Program 
Joint Nuclear Research Center — Ispra Establishment (Italy) 
Materials Department — Physical Chemistry Service 
Brussels, January 1964 — 27 pages — 12 figures 

The effects of gas accomodation of noble gases on uranium 
monocarbide and aluminium surfaces are investigated. The results 
are used to estimate the temperature drop in the fuel-clad clearance 
of a fuel element. 

E U R 5 2 1 . e 
HEAT TRANSFER IN A FUEL ELEMENT GAS GAP by S. 
GIULIANI and C. MUSTACCHI 

European Atomic Energy Community — EURATOM 
ORGEL Program 
Joint Nuclear Research Center —· Ispra Establishment (Italy) 
Materials Department — Physical Chemistry Service 
Brussels, January 1964 — 27 pages — 12 figures 

The effects of gas accomodation of noble gases on uranium 
monocarbide and aluminium surfaces are investigated. The results 
are used to estimate the temperature drop in the fuel-clad clearance 
of a fuel element. 





EUR 521.e 

EUROPEAN ATOMIC ENERGY COMMUNITY - EURATOM 

HEAT TRANSFER IN A FUEL ELEMENT GAS GAP 

by 

S. GIULIANI and C. MUSTACCHI 

1964 

ORGEL Program 

Joint Nuclear Research Center 
Ispra Establishment - Italy 

Materials Department 
Physical Chemistry Service 



Manuscript received for publication 
on December 19, 1963 



C O N T E N T S 

- Introduction 

- Choice of a model 

- Experimental 

- Results and discussion 

- Appendix 1. : Mean free path 

- Appendix 2. : Extrapolation width 

- Appendix 3· ï Application to a fuel element 





HEAT TRANSFER IN A FUEL ELEMENT GAS GAP 

INTRODUCTION 

Cold clearances "between fuel and clad in ceramic fuel 
elements are usually in the range of 20 to 200 microns. 
A typical carbide element clad with sintered aluminium 
powder will operate at temperature of, say, 450°C for 
the clad and 900°C for the fuel surface. Under these con­
ditions, since SAP and UC have expansion coefficients of 
about 22 χ 10~ /°C and 10 χ 10~ /°C, operating clearances 
are expected to be of the same order as cold assembly 
clearances. 

In the case of actual contact, there is still a contribution 
due to conduction in the gas, the relevant separation being of 
the order of .1 to 1 micron. 

However, whether or not there is contact between fuel and 
clad, distances are such that macroscopic gas conductivity 
is expected not to hold. Mechanisms of gas collision on the 
solid wall and approach to kinetic equilibrium must be taken 
into account. The aim of the present study was therefore the 
determination of a reliable model for the estimate of con­
duction across narrow gaseous gaps. 

CHOICE OF A MODEL 

A commonly used, model to evaluate heat transfer in small 
gaseous gaps assumes that the apparent gas width, is in­
creased by two "extrapolation widths" g, given by: 

2 - α 2 c . _ g = . :— . L 
α y + 1 



where α is the accommodation coefficient between gas and 
wall, defined as the fractional attainment of thermal 
equilibrium, 

Y = Cp/Cv 

e = (9 i- - 5) A , and 
L = gas mean, free path in cm 
ί = ranges from 1 to 2,5. 

It should be born in mind that even with perfect accorano-
dation, i. e. α= 1, the extrapolation width does not vanish, 
but reduces to about two mean free paths. 

An alternative model is also possible. One assumes the exi­
stence of three gas layers in series. Two of these layers 
have a thickness L and are located along the walls. In these 
layers heat is transferred by molecular conduction, i.e. the 
energy exchanged in watt/cm isί 

Eo = α Λ ο Ρ ί--™- (Τ - T j V Τ1 s 1 

where Τ and Τ are the temperatures of the wall and of the 
impinging molecule, and A o is the "free molecule conducti­
vity " at 0°C (§). The central layer is sufficiently large 
as compared with L for "classical" gas conductivity to hold. 
Summing the heat resistances of these three layers, we ob­
tain, for a cylindrical gaps 

AT 1 fJjL h UL \ + S - 2 L (1) 
Ε-Er ~ π Λ ο Ρ d ΓΤΓ5 V α ·, a 2 ' * d K 



where d is the mean gap diameter in cm 

S is the gap width in cm 

K is the gas conductivity in watt/cm χ degree 

Subscripts 1 and 2 refer to each wall. 

Δ Τ is the temperature drop across the gap in °C 

E is the energy transferred in watt per cm length 

Er is the radiated energy in watt per cm length 

(§) Λ o is given by: 

1468 χ 10~
5 ï + 1 . , 2 ν 

A o = i — — watt/cm χ deg χ micron) 

when Ρ is pressure in microns. 

Since 1 can be assumed to vary inversely with pressure, 

we set: 

L = 10
3
 L'/P and <J Τ^ = -\| -

T
2
 = Ί T 

where L' is the mean free path at 1 mm Hg, and rewrite 
equation (1): 

ΔΤ Γ T
¿
 ,1 1 x 2000 L» r τ
£ 

L-TT An d 

ι 1 Ί ^ (_— + ) _ 
. ri ¿273

 αΊ α2 " å K ir + lk ω 

Equation (2) shows that a plot of ΔΤ/Ε - Er versus 1/P is 

linear. The intercept yields the thermal conductivity Κ and 

the slope yields the harmonic mean of the acccmiiDdation 

coefficients. Measurements in a good vacuum will yield values 

of Er. 



EXPERIMENTAL 

The first series of experiments was performed with UC pellets 
and aluminium tubes having radial gaps of 2 to 5 mm. At tempe­
ratures around 500°C the radiation correction was an order of 
magnitude higher than gas conduction. We therefore reduced 
the gap to 0,6 mm; in addition Al - Al walls were used so that 
the experiment yield only a gas-Al. At a later stage UC-A1 
experiments were resumed and α UC-gas obtained by correcting 
α harmonic mean with the known values of α gas-Al. 
As shown in fig.1, the pellets were heated by an axial tung­
sten wire insulated with an alumina sleeve and having connec­
tions for current and voltage probes.. One Pt/Pt-Rh thermo­
couple was inserted in the centre pellet and one in the clad. 
Both pellets and clad were essentially isothermal at the low 
power ratings-used in the runs (1 to 5 watt per cm length). 
Radiation determinations were made with a vacuum better than 

-5 10 mm Hg„ In both series of runs, i.e. ΑΙ-Al and UC-A1 the 
five gases Η , He, Ar, Kr and Xe were used. 
Pressures ranged from to 10 to 100 cm. 

Figures 2 to 7 show the experimental results. Ordinates 
represent the temperature drop divided by the conducted 
power per unit length. Linearity appears to be quite good 
±i most runs. A least square regression was used for data 
fitting. 

RESULTS AND DISCUSSION 

Analysis of the preceding runs yielded values for the 
accommodation coefficients as plotted in fig. 8 and tabu­
lated in Table 1 . 



TABLE n. 1 

Harmonie mean accomodation coefficients 

Gas ΑΙ-Al surfaces Al-UC surfaces 

H2 
He 

Ar 

Kr 

Xe 

.28 

.41 

.77 

.63 

.42 

.25 

.35 

.48 

.47 

.31 

Accommodation coe f f i c i en t s did not vary by de tec tab le 
amounts i n the range 450-750°K. 

Figure 8 shows a lso a p lo t of: 

/ M - m ,2 , , . 
= 1 - ( ΤΓ7ΊΓ } ( 3 ) 

calculated with the assumption that the surfaces involved 
are not Al and UC but AlpO and UO . M and m are the mas­
ses of the gas and wall atoms respectively. The relative 
collision probability of gas atoms with Al and 0 or U and 
0 was estimated as proportional to the 2/3 power of atomic 
weight. 

It is seen that experimental results show the same trend 
as the calculated plot, but with values roughly 30% lower. 
It is therefore proposed to use as working values for esti­
mating temperature drops across small gasfilled gaps equa­
tion (2) together with accommodation coefficients obtained 
from (3)» but reduced by 30%. 
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APPENDIX 1 : Mean free path3 

To estimate the mean free path at the mean temperature 
of the gas, a Sutherland-type formula (§) was used: 

L'T 
L'o 

Τ 
273 

1, C 
.τ 2 7 3 

1+
 c. 

τ 
with the following values of C and L ' 0 

Gas 

H„ 
He 
Ar 
Kr 
Xe 

C 

84.4 
86 
142 
188 
252 

L'o 

8.39 χ 10"3 
13.32 χ 10~3 

4.71 χ 1θ"3 

3.69 χ 1θ"3 
2.64 χ 10~3 

cm 
cm 
cm 
cm 
cm 

(§) S c i e n t i f i c foundations of vacuum technique - S.Dushman, 
J.M. Lafferty Editor (1962). 
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APPENDIX 2: Extrapolation widths 

Analysis of our data yields the following values for 
extrapolation widths: 

Surfaces Gas g at 1 atm and 250 to 500°C 

Al-Al 
Al-Al 
Al-Al 
Al-Al 
Al-Al 
Al-UC 
Al-UC 
Al-UC 
Al-UC 
Al-UC 

Ar 
He 
Xe 
Kr 
H2 
Ar 
He 
Xe 
Kr 
H0 

2.9 
18.8 
4.4 
3.3 
18.9 
5.2 
16.8 
6.0 
4.7 
14.2 

X 
X 
X 
X 
X 
X 
X 
X 
X 
X 

IO"5 

io"5 

io"5 

IO"5 

IO"5 
-5 10 ? 

IO"5 

IO"5 

IO"5 
IO"5 

cm 
cm 
cm 
cm 
cm 
cm 
cm 
cm 
cm 
cm 
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APPENDIX 2>: Application to a fuel element 

For a cylindral fuel rod, the following equations will 
hold: 

S = ° + aclad " f (Tclad " 3 0 0 ) ~ afuel Ί Γ (Tfuel" 3 ° 0 ) ( 4 ) 

T f u e l - T c l a d = A T ( 5 ) 

/ 2Tf 2000 L' λ 1 S_ , ν 
V A 0 d« ƒ273 i r d l / Ρ + rt Κ l ò ; 

ΔΤ 

E 

J = E/4 ir (7) 

where : 

d = the fuel diameter in cm 

s = the operating gap in cm 

C = the assembly gap in cm 

J = the conductivity integral in watt cm 

Τ = temperature in °K 
-1 

a = expansion coefficient in °K 

In the case of an SAP clad UC fuel pellet, assuming: 

a
SAP ■

 22
 *

 W'l °K~\ 
auc - 10 χ 10 °K 

and T S A p - 723°K (450°C), equation (4) yields: 

S = C + .00253 d - 5 x 10
_β
· d χ Δ Τ (8) 
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and combination of (8), (5), (6) and (7) gives 
1 

2T^K 2000 L' 
4J PA^ j/273 

Δ Τ = . 

+ C + .00253 d 

dK 1 + 2 χ 10~5 J/K 

Figures (9) and (10) show the actual temperature drop 
in the case of a 2,8 cm diameter fuel element filled 
with Ar or Xe at 1 atm pressure. 

It is to be noted that this temperature drop cannot 
exceed in any case the value for actual contact, i.e. 
that obtained with equation (8) when S = 0. 
Fig. (11) shows this maximum possible temperature drop 
a3 a function of the ratio (radial assembly clearance) / 
(fuel diameter). 
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