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Summary
This report describes the installations used to test the insulating
structure called "Casali" and details the experimental results in 3
groups:
- general experiments
- Systematic study
- technological experiments
The results obtained make it possible to satisfactorily predict the
behavior of the structure in a practical application.
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1.
1.1

INTRODUCTION
Basis for insulation

Prestressed concrete is expected to be used in the construction of reactor
vessels for high temperature gas reactors [1]. Prestressed concrete
does not support temperatures exceeding 50°C. Therefore, the concrete
must be insulated from the source of heat, which is the core of the
reactor. The reactor vessel contains horizontal and vertical sections,
with regions which are exposed to the heat in varying degrees. Thus, a
well-considered choice of insulating material is necessary. Even if a
cellular metal insulator is suitable for the horizontal or vertical sections,
its application to the collector network presents technical difficulties. On
the other hand, a fibrous insulator is suitable for all areas, but presents
pollution hazards to the primary circuit. Moreover, all materials used
will need to have good mechanical behavior under pressure and thermal
cycling. In addition to these technical criteria, the materials used must
have a purchase price appropriate to the cost of the reactor. [2]
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1.2

j

Casali structure

At the Joint Research Center at Ispra, an original solution to thermal
insulation has been studied and developed to be especially adapted to
thermal insulation in a helium atmosphere. This structure, called
"Casali" [3] is a light cellular metal type and is in the form of prefabricated panels. (Fig. 1) [2].
1.3

j

Experimental apparatus

A small mock-up with moderate thermal behavior has been set up in
order to ascertain the order of magnitude of the overall thermal conductivity and to perform certain technical experiments; i. e., cycling
and detailed study of the mechanical peculiarities of the structure. A
large mock-up has made it possible to study closely the thermal behavior
of the insulating structure under nominal conditions of temperature and
Rayleighs number. Moreover, the mock-up, initially constructed to test
forced convection in the Helium loop of the Dragon reactor, has been
used to determine the effect of forced convection on the mechanical and
thermal properties of the structure.
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1.4

Basis for investigating experimental results

1.4.1 Heat transfer across a cellular insulating structure may be
analyzed as follows (Fig. 1): the total thermal flux from the entire
surface area (0r) is the sum of the following: thermal conduction
fluxes of the gas trapped in the cells 0CA> conduction in the lateral
metal sections of the structure 0QA> radiation ( 0 R ) , and convection
(0C). The radiation and conduction fluxes may be easily calculated or
deduced; the convection flux must be obtained from the differance
between two systems, one in which no transport of mass exists in the
cell, the other when convection is evident.
1.4.2 Experimental studies performed by Mull and Reiner, Schmit,
Eckert and Carlson, Nusselt et al, on natural convection in limited
volumes on vertical plane surfaces filled with air, have made it possible
to establish a dimensionless relation linking the equivalent thermal
conductivity (where present) Xe of the cell (conduction and convection) to
the Grashof and Prandtl numbers and to the aiongation oi the cell (d/1)
Xe/Xf = C [ NGr. NPr] * • (d/1) 2
(fig. 2 p. 9)
The values of C, lq and k2 vary according to the values of
NGr • NPr = NRad. That is, according to the gas discharge systems in
the cell, but also according to varied experimental conditions and to the
geometric configuration of the cells considered.
It is necessary to define the specific coefficients. C and kj of this
structure for nominal conditions of usage.
Knowing these coefficients makes it possible to extrapolate, by approximation, results obtained in low pressure nitrogen in a nominal case of
use in Helium.
1-4.3
a) For Grashof numbers, relative to cell thickness, less than 1000
(or 10,000 if the cell is horizontal), convection is negligible, and the
total flux is equal to the sum of the partial fluxes 0cA> 0CM> &R
(1.4.1). Knowing fluid behavior as a function of temperature, Xf = f(T),
it is possible to calculate 0 C A a n d t o deduce 0 C M + 0R«

If 0r;M c a n D e calculated with adequate precision, the emission factor (F)
and the emission coefficient (6) of tha thin sheet iron of the structure
may be verified:

b)

For Grashof numbers greater than 1000, convection must be apparent.

Testing of low Grashof numbers (1.4.3 a) has defined
0CM + 0R or also F ar?a 0 c m
and made it possible to find the effect of convection by simple deduction:
0CA + 0C = #CC " 0T " (0CM + 0R)
supposing that
Xe = 0QQ T^ and therefore Xe/Xf
This may be depicted graphically as a function of the Rayleigh number
calculated for the cell under study and consequently may represent the
relation (1).
We keep in mind that Xe corresponds
to conduction and convection in
and
gas only; we must add 0CM
0R through a calculation based on the
structural materials chosen.
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1.5

Notations

Quantities used in the study are as follows, in addition to those cited for
the calibration of the oven:
0_
0_c
0
0c,
#L.
AT
ATc
TMc
TM
TI
\

o

= density of total flux crossing :he insulator (w/cra )
= density of conduction and convection flux in the gas (w/cm*)
= density of conduction flux in the transverse metal sections and
the fasteners
= density of radiation flux
= density of conduction flux in stagnant nitrogen
= temperature gradient of the insulator
- temperature gradient of a cell
- mean temperature of a cell
= means temperature of the insulator
= means temperature of section I of the structure
AT
- apparent conductivity coefficient of the insulator: 0-, = X. e

2L

X

SL

X

= equivalent conductivity coefficient of a ceil for conduction
in the gas and convection
AT

X.
X
F

e
n

= conductivity coefficient at the temperature considered
= conductivity coefficient of the metal of the sections
= f (a, e) the factor a function of the total emission coefficient
of the metal panels (e) ? i a function of the form of a cell for
radiation (a)
= factor of an alongated cell shape, referring to the height (1)
at the density (d) of the cell
= total thickness of the insulator
= number of cell layers containing the insulating structure

NGr

= Grashof number (NGr = d (jr ) g TMc

NPr
V
() f
K ,
cf

= Prandtl number (NPr = C
= velocity of gas discharge along the insulating structure
= relates to forced convection
= correction factor in the case of forced convection

1/d

2.
2.1

TESTS FOR PREDICTING THERMAL BEHAVIOR OF A METAL STRUCTURE
Description of the installation (Fig. 3)

The inside of the installation tested resembles an oven hearth, in which
the lateral sections and the foundation are of light sturdy bricks of asbestos
and cement.
It is supported by an axle mounted on two plummer blocks in order to
permit tilting the oven to any angle between horizontal and vertical. The
maximum temperatures demanded of the heating elements will be 1200 to
1300°C. Silicarbon has been selected (Elcalor). Maximum power is
50 kw.
Despite the provision of 15 elements the length of the oven (1.8 m), it has
been necessary to install a temperature equalizing plate between the heating
system and the insulation to be tested..

Fig. 3 - Tiltable Oven

"

This plate also provides the region of measurement with a well-defined
geometry, and does not influence the capacity of the heating elements.
The cover of the oven is a stainless steel plate which is 10 mm thick.
There is no direct contact between the body of the oven and its cover, *
so that parasitic thermal fluxes are limited. The calibration of the
installation, in order to utilize the thermal balance maintained by the
water of the cooling system soldered to the cover, is based on the fluxes
measured by thermal gradient measurements in the cover. The insulator
to be tested, equipped with thermocouples, is affixed to this cover.
In addition to a general study of thermal behavior of various insulating
materials under different tiltings (different convection systems), this
installation is intended to test technical parameters such as:
- the detrimental effect of gudgeons
- maintenance of thermal cycling
- insulation of angular connectors, between the pipe systems, e t c . . .
2.2

Results of predictive tests

2 . 2 . 1 In order to obtain Grashof numbers varying between 10 and 510 ,
two values of d, cell density, have been used for the same range of
variation of temperature gradient in the insulator. Also, the results
differ according to whether the system is in a horizontal or vertical
position.
As a function of Grashof number (cf. 1.4) we will be able to present
two classifications of results and be able to distinguish the leakage
according to different methods of heat transfer.
2.2.2 In the absence of convection
NGr < 1000 for vertical position
NGr < 10000 for horizontal position
1.2
The F factor ( F ~ ( l -j) (1 - 2 ) may be deduced as explained in 1.4.
The graphs of F as a function of the mean cell temperature Tm
demonstrates that that limit is the most likely for the division of
".
classes: convection - absence of convection is NGr = 750 (Appendix 1)
F = 0.1 +0.25 Tm:

1 = 2 = 0.24 = 20°C

.

2.2.3 The presence of convection
After deducing the flux of heat transferred by convection in the nitrogen
and the lateral metal sections, and the radiation flux, the ratio e/f may
be calculated as a function of the Rayleigh number:
e/f = 0.13 (NRad)0'

3

The coefficient "0.13" may be broken down as follows ( 1.2)
k
2
0.13 = C • (d/e)
(see Appendix 2)
d/i always being the same order of magnitude, the exponent 1^ has little
effect and it is taken to be equal to 0.1 (as shown in the literature)
( 1.2). It results that
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e/f = 0.16 (NRad)°' 3 (d/l) 0 - 1
This prediction is based on a few points and concern an excessively large
range of Grashof numbers:
750<NGr<50,000
Only the zone 750 < NGr < 5000 is useful and it is in this range of
Grashof number that a detailed study must be done.
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3.

SYSTEMATIC STUDY OF A VERTICAL STRUCTURE

3.1

Description of the installallation used (Fig. 4)

The installation is divided into two very distinct parts:
- the oven with its graphite heating elements
- the mobile carriage closing off the oven and supporting the cooling
circuit and the insulator to be tested, which is mounted on the
lining (Fig. 5)
A light suppression of nitrogen is maintained in the walls after preliminary
"sweeings" for each test. Natural convection of gas in the wall of the
furnace, creating a significant vertical thermal gradient, is restrained by
the cavils. Furthermore, the overloading of the lower heating elements
has made it possible to restore this thermal gradient to ± 4% on all sides
of a central point of the casing, in an area measuring 1.2m in height.
The insulation is separated from the double cooling circuit (opposing
fluxes) by a graphite felt pad (thermal coupling) and the ±5 mm thick
carbon air filter.
Once stabilization times are defined, the operation is automatic insofar
as the power level affects the necessary measurements:
- loss of cooling water and temperatures
- temperatures at different points in the oven: lateral sections
(gradient), atmosphere behind the water circuits
- temperature of cell sections in the area being measured
- electrical power
(Fig. p. 17 & 18)
3.2

Calibration

It is based on the fact that the installation always retains the same
geometric configuration for insulators having thermal conductivity
coefficients of the same order of magnitude.
The calibration used yields the accuracy of KERLANE (see Appendix 3)
and the formula of the calibration obtained statistically (theory of errors)
differs according to the area of the panel used for the study.

Figure 4..
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In the case of tests of a cellular metal structure, the correction coefficient in percentage of flux measured by thermal balance on the water
circuit will be:
.
CC = 58 - 0.07 TI + 0.035 10 8 (TM-TI) 4 (%)
The relative uncertainty of CC is of some % (Appendix 3)
3.3

Results of study of a cellular metal

Tests have been conducted towards prediction, but only on one structure
(no variation in cell density) in one area of NGr ranging from NGr = 200
to NGr = 6000. This Grashof number, a function of thermal gradient in
the cell and its mean temperature, varies according to position of the
cell in the stacking and according to operating temperature.
Considering the large quantity of tests and therefore of cell measurements
(1080 by 15 measurements per test), a single program of analysis has
been devised (Appendix 4).
This program separates the cells in which convection is present from
those in which the gas is stagnant (or convective movement is very weak).
Using the second group to calculate the radiation fluxes, the convectionconduction fluxes in the first group of cells may be deduced ( 1.2). The
Grashof number value chosen as the boundary of convection is 750
(Appendix 4).
The effect of convection, represented by the ratio Xe/Xf as a function of
Rayleigh number, is illustrated by Figure 7, using only one column
of 3 cells.
For 750 < NGr < 5000, this function may be expressed in the form:
X A . = 0.36 (NGr • N P r ) 0 ' 2 3 (d/l)°* l
6

I

The interval of uncertainty is ±15% (95% confidence limits)

Trial n 159 - Vertical temperature gradient:
Figure 6.
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Fig. 6 Example of relevant measurements on cells and
flux comparisons.

Horizontal temperature gradient: AT 6, 7 < 2°C

.
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Figure 6. (cont'd.)

Flux comparison
- measured by thermal balance: 0,297; adjusted by calibration:
0,170 + 0.01
- measured in the carbon felt ( e - F ) : 0, 150 + 0,03
- measured in the steel lining (A-F): 0, 160 + 0, 07
- measured by the flux meter (FM): 0,165 ± 0,02

• -j
.|
I
(
)

Figure 7.

*

NGr>?50

•

0,3
•

0.2

• * " ^ _ .

, - T

•

0.7
•
"

O
•

•

-

-

•

•

.

•

-

•

.

2,5

3.5

.

_ - ' • • -

.

.

rod

Fig.. 7 Data points representing the effect of convection on a
column of 3 cells.
-:•.••".. -

-

-;

J ^

4.
4.1

TECHNOLOGICAL TESTS
Effect of Fastener gudgeons

As shown in Fig. 8, gudgeons may cause considerably hot points. The
use of tubular fasteners makes it possible to minimize this effect.
In addition, it is apparent (Appendix 4) that gudgeons introduce considerable
parasitic fluxes, modifying the temperature distribution on the metal
contours.
The solution of the present insulation makes it possible to consider the
affixation (soldered to points on the lining - no gudgeons) of entirely
prefabricated panels.
4.2

Thermal cyclings

More than 120 cycles of 450°C to 50°C and 20 cycles of 50°C to 800°C
have been introduced to the system without noting any deterioration.
The criterion of comparison chosen is that of the measured Xe, for a
vertical panel before and after cycling. A deterioration of the structure
causes, in effect, an increase in deficiency of air-tightness (opening
connective sheet-iron levers of the structure) and also affects the
equivalent conductivity value.
Measurements taken after cycling have been included in the group of
cells used for thermal study.
Figure 8.
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4.3

Effect of forced convection on the behavior of the structure

4.3.1 Description of the installation
In previous studies, it was necessary for the thermal flux to cross all
the insulation to arrive at the cold coating (lining). In this new
installation, the same flux leaves the lining to rejoin the final layer of
insulation. The insulation must be studied in the loop of the reactor
Dragon.
Diagrams 1 and 2 illustrate the direction of the fluxes (Fig. 9).
Figure 9.
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The installation functions according to a plan of operation shown in
Fig. 3. A blower which regulates velocity and suction circulates the
air of the temperatures surrounding the area where the structure under
study is placed. We use an existing installation in which this behavior
appears limited to low velocities.
Two variables are at our disposal:
- velocity of cooling fluid
- electrical power

j
*

For a given power, a series of measurements of variable losses is made.
This procedure gives an immediate picture of insulating behavior as a
function of velocity.
.

|
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The photographs of Fig. 11 and 12, represent a profile and front view of
an insulating panel, respectively.

!

The photograph of Fig. 13 shows the same panel in the phase of mounting.
Two elementary panels therefore are included in the final structure,
sandwiching the heat source between them (Fig. 14).
4.3.2 Implementation of the mock-up
Although experience has provided measurements of a considerable
numt er of parameters, we will keep exclusively the measurements of
velocity and temperature, the only data which are used in the elaboration
of the final results.

j
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a)

|

Temperature measurements
•

"

b

Eighty thermocouples carefully distributed in the layers and columns
control the temperature of the structure.
All these temperatures are recorded.

f
I

:
The temperatures of the cooling fluids at entry and exit are manually •
controlled by use of a power meter.
. . .

b)

Velocity measurements
Several Pitot tubes connected to a water manometer makes it possible
to calculate the velocity and the loss of the coolant.
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4.3.3 Results of forced convection tests
The graph in Fig. 15 defines the variation of insulating power in each
layer of the structure as a function of fluid velocity along the cold section.
Layer n 1 is not used, as its geometry is unsuitable. The forced convection effect causes exchanges of convection more significant than in a
calm atmosphere. Natural convection inside the cells may be perturbated
and amplified. A macroconvection sets up rapid exchanges between
layers if fluid velocity increases. It is quickly apparent that the last 3
layers are most affected, while the first ones (n °2) are less affected by
this forced convection. Using the curves (XaAf) cf = f (v) and the graph
in Fig. 16 (curve R), a comparison may be drawn between systems in
forced and natural convection, relating to the same calculated value of
the Grashof number.
By calculation of the fluxes 0^ 0 c m as a function of the parameters
ATc, TMc for each cell, the curves (XeAf ) cf = f (NGr, v) may be drawn:

(

0P + 0 -

eB

\

Fig. 16 regroups the test results of forced and natural convection in a
dimensionless form, except in that which concerns velocity.
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5.
5.1

PREDICTION OF THE BEHAVIOR OF THE INSULATOR IN AN
ACTUAL CASE OF USE.
Slow velocity of gas discharge

Conditions of use:
gas:

helium

pressure:

55 kg/cm ; 40 kg/cm ; 25 kg/cm

AT:

300°C

T =50°C
T£ = 350OC
discharge: natural convection or slow release (>cf ~ 1)
The calculation of thermal leakage as a function of the number of cell
layers (n) and of the total thickness of the insulation (e) may be made as
follows:

= F a (T* - T*. x )

-xM

S

A

S

T

-

( *d

T

i

l

0
Xe

=X f 0,36(NGr)°' 2 3 (

NGr

=f(Tm

X{

= f(Tmc)

1

= 50 cm

c

NPr)

By a series of approximations, iterating on the fluxes 0 T which may
be taken arbitrarily as a starting point, the calculated temperature T,
may be arrived at so that T n = 350°C, The results of this calculation
are illustrated by the graphs in Fig. 17. The constant of the flux of
thermal leakage as a function of the thickness of insulation is notable.
That which is gained by the decrease of conduction leakage by increasing
the thickness of the gas layer is lost by the increased Grashof number
and therefore the convection in the cell (due to the choice of nj - 0.3).
For total densities greater than 7 cm the flux of leakage are almost
constant.
5.2

Gas discharge at a velocity greater than 5 m/sec.

The significance of forced convection is seen on the first cells (3 or
4 layers). An insulator would be composed of at least 10 or 12 layers
(Fig. 17).
If the velocity of gas discharge along the insulating structure is elevated,
one or more layers of insulation will be added on.

!

For a predictive calculation, the graph corresponding to Fig. 6 is drawn
in Fig. 16 for a forced convection; the calculation will be based on the
following relation:
XeA£ = 0.36 (NGr • NPr)0> 2 3 (d/i) 0 ' 1.K<;f
o
where Kcf is a function of n of the cell and of the velocity of gas discharge.
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6.

CONCLUSIONS

It seems to be difficult to obtain a flux density of total thermal leakage
less than 0.15 w/cm2. From an economic point of view it would probably
be more desirable to accept thermal leakage such that: 0, 2 < ? T
< 0,3 w/cm^ in order to lighten the insulating structure in order to
decrease its price (materials, design, increased diameters of the
vessel). Furthermore, as shown in detail by the calculations, the
Grashof number3 varies greatly from the first to the last cell of the
stack (from 10 to 105). It will be of interest to optimize the value of
each ceil as a function 3of its position, in order to keep a value
X A . = 1,5 (Gr=*5.10 ).
6

I

The dimensioning of the vertical insulating may be summed up as
follows for:
AT = 300°C, 1 = 50 cm, $„ = 0,2 w/cm2
o

pressure:

25 kg/cm

40 kg/cm

55 kg/cm

number of
cells:

8 or 10

10 or 12

12 or 13

total thickness
6
(cm)

5

6

5

6

5

These values correspond to different results of tests performed on other
laminating structures of gas in the framework of HTGR projects, and
particularly the Dragon project [7] which has:
AT = 320°C
§ T = 0,21 w/cm2
2
p =41 kg/cm
n =12
e = 5 or 6 cm
for a cellular metal structure insulating the vertical partitions of the
reactor vessel.

id good correspondence makes it possible to assume the validity of
the Rayleigh number applied here.
This type of insulating structure is especially adaptable to vessel sections
where discharge velocity is low (v < 5 rn/s). In the presence of forced
convection, with velocities above 5 m/s, it has been verified that the
first layers of the cellular structure are affected and their insulating
properties may be clearly diminished.
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APPENDIX 1
Tests for prediction
Emission factor
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Figure 18 relating to the measurement of the F factor, in a case where
there is no convection in the cell, must be expanded as a function of the
chronology of tests and of the Grashof number values corresponding to
each one of these points:
1.

Points included taken between mean temperatures of 100 and 300 C,
corresponding to Grashof numbers greater than 750. This value,
NGr = 750 appears to be a starting point for those cells with con- .
vection phenomena, and only the points included between T\±= 300 C
and Tn= 700°C will be kept.

2.

The chronology of tests corresponds to the numbering of the curves;
a phenomenon occurs, confusing the analysis of the 1st-tests: rapid
oxidation of sheet metal when the mean temperature of the cell
exceeds 500°C. This causes rapid change in slope and a relatively
large shift when the curves are considered in chronological order.
In order to eliminate termination due to radiation in the second case
(existence of convection) this chronology must be taken into account
to estimate the F factor.
After cycling, the F factor may be extracted as a function of the
mean temperature of the cell as follows: (curve 10 of the figure)
F = 0.1 + 0.25. 10" 3 . Tm
for a changing temperature, not accounting for the a factor of the cell,
€ =s0.24, the emission coefficient of partially oxidized
sheet metal
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APPENDIX 2
Tests of prediction
Evaluation of. the ratio "X e /x f ir
"K" factor of the cell
The measures have been given elevated Grashof numbers and make it
possible to speak of convection as follows: Fig. 19
Vertical system with

a = 8mm
NGr = 750
marks = 0

Vertical system with

a = 26mm
NGr = 750
marks = 0

Horizontal system with

d = 26mm
NGr = 7000
marks = 0
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Figure 19 - Development of \ as a function of Rayleigh number
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The rule which gives the best adjustment of the points of Fig. 19 in the
least squares fit is the following.
Significant intervals of uncertainty of 0.28-0.33 and 0.84-0.1 are given
to the scattering of some data points.
A. 2.2. The function X A , is of the form (

1.4)

k
k
lc_
^ A f = C 1 (NPr. NGr) 1 (d/i) 2 ( K ) 2
where K is a shape factor, the cellular panel has been made of honeycombs
not "rectangles".
This factor of shape depends on the height of the cell "I" and has been
taken to be equal to V~2T
A. 2.3. Remark
The small number of data points for a horizontal panel do not make it
possible to draw conclusions as to convection in the cells of a horizontal
structure.

APPENDIX 3.
Calibration of thermal tests for the installation
A. 3.1 Definition
Knowing the configuration of the installation and knowing that the changing
of the insulating structure being tested does not modify this configuration,
the direct and parasitic heat flux may be diagramed as shown in Fig. 20.

isdant civdio

30MA

HG:2Q
0

= fluxes used crossing the insulator

HMI = flux of heat exchange between the wall and the insulation (radiation)
= flux of heat exchange between the wall and the water circuit
0 M A. = flux of heat exchange between the wall and the change behind the
water circuit
= flux of heat exchange between the wall and the water circuit and change.

The main parameters influencing these exchange are mean temperatures:
Tu of the lateral wall
TI of the insulator
Te of the coolant
TA of the environment behind the water circuit
It would therefore be logical to define a calibration coefficient CC in
percent as follows:

= k ] L + k 2 T I + k 3 ( T U 4 - T I 4 ) + K 4 (TM - TI) + k g (TA - Te) + kg
4

4

(TA =T€ )

• •

.

or by a more approximate method

The finding of the 4 k coefficients is based on measurements
(with various thicknesses of KERLANE) taken in the same
direction as in the insulation tested. The theory of errors, in
the case of indirect observations, has made it possible to estimate
the parameters kj , k2, kg and k^, and also to obtain an interval
of uncertainty for each one of these parameters and therefore for
the calibration coefficient CC: ICCA. 3.2 Experimental conditions relative to the calibration measurements
Measurements made on the Kerlane in previous studies on other installations have considered inclusively:
-

a thermal scale on the cooling circuit giving the measured flux Fp.
specific fluxes obtained with the flux meter
specific fluxes across the lining
.
an inclusive thermal scale for the installation
thermal fluxes calculated for Kerlane as a function of:
.
.
.
.

density
mean temperature
gradient
nature and pressure of the gas

These last measurements of flux in Kerlane, compared with flux meter
data, and data for the lining, have been kept as a measure of calibration
by a ratio of the thermal scale in the water circuit for the following
temperature realm:
Temperature of casing:

500°C >TC > 200°C

Max. lining temperature: 70°C > TL > 30°C
A. 3.3 Data relating to Kerlane (Fig. 21)
A. 3.4 Calibration Formula
a)

the region of the panel used in testing may be:
- supposing a row (row of cells in the case of the cellular
insulator: 1.20m x 0.30 m)
- supposing a rectangle of 1.20 m x 0.80m
for each case there must be a different corresponding calibration
formula depending on the flux distribution.

b)

estimator of the parameters
gj kg2> kgg and k ^ are smaller than parameters kj, k2 and
only these 3 parameters have been retained.
Therefore the calibration formula is as follows:
kj = 58 for the study of a row (0.30x1.2m)
= 60 for the study of a rectangle (0.8x1.2m)

Generally the measured flux, or the thermal scale is greatly elevated
by 40% and the uncertainty of CC is about +3% for a probability level of
0.01
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FIG: 21
. ., Thermal' data of Kerlane measured in a laboratory
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APPENDIX 4
A. 4 . 1
t

The method of analysis of data of a cellular metal structure may be
diagrammed as follows (Fig. 22).
Initially, each cell is considered separately (Indices I, J); the final
result is given by column according to thermal flux distribution (Index I)
Commentary:
(1) The data are classified according to increasing order of frequency
of the appearance of convection (increase in oven temperature) in order
to verify point (6) of the flow chart.
(2) If a discord appears in the measured fluxes, the entire test is
eliminated. This discord is discovered if the interval of uncertainty of
various measured fluxes is not recovered. 10% of the tests have been
eliminated.
(3) See A. 4.2 below
(4) The value of NGr = 750 seems arbitrary. In fact, the methodology
has been used taking NGr as a supplementary parameter, and according
to linear extrapolation, NGr appears to be a real limit. Furthermore,
this boundary of the appearance of convection has already been extraplated during predictive tests. ( 2.2).
(5) The emission factor F (see 2.2, appendix 1) varies due to the layer
of sheet iron considered to be the cause of an elevated emission coefficient for the stainless steel lining partitioning of the coolest cell layer.
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The results are as follows:
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- 0.33 is the emission coefficient found in the lining.

oxide = oxidized
propre = normal
poli
= polished
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Figure 23.
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Cells 2, 3, 4 and 5 have a regression line
log 1Q >.e/Xf = -0.8 + 0.23 log 1() (NGr • NPr) + 0.09
with -0.6 = log1QC + nlog i 0 (d/l • K)
K = 2 (Appendix 2)
n = 0.1(

1.2) effect

d/l = 7/300
The result may be presented in the form
XeAf = 0.36 (NGr • N P r ) 0 ' 2 3 (d/i) 0 " * (K) 0 ' 1
the interval of uncertainty being + 15% (95% confidence limits)
The ideal graph of Fig. 24 represents the solution in 3 segments of direct
correspondence to the three areas of NGr.
(8) Subsequent control of the dispersion relative to the emission factor
(the error of F is registered completely on the balance "convection".
Subsequent control of homoginity of results of 7 columns of cells.
Only 5 of these 7 are acceptable, and the final result does not use
the vertical row of 4 central columns for their regression lines
X /x f giving uncertainty intervals remaining at 15%.
A. 4.2 The conduction fluxes in the metal panels at the cell junction and
the strutural support may be calculated by a separate statistical
analysis.
This analysis simply gives the distribution of conduction fluxes
in the metal and the radiation of the cell. The results relating
to the insulation itself has no influence on the impression of
these conduction and radiation fluxes since in each case the sum
of the two is extracted to find convection only.
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Representation of convectipn - conduction in the cells as'a function of Rad = NGr • NPe

