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Abstract

The paper desoribes the results of investigation aimed
at finding thermal and structural analysis methods applicable
to transport and storage spent fuel packages.

The expressions for heat transfer analysis of horizontal
and vertical fuel assemblies under natural convection are de-
rived from test data of 15 electrically heated rod bundles.

The information is given on a computer code for analysis
of a paokage fire-assosiated accident thermal condition and
Subseguent cooling.

The advantages of design-basis proof of a package comp-
liance with IAEA regulations have been discussed. The speci-
fic examples demonstrate that the developed thermal and
structural analysis methods give the possibility to avoid
full-scale package testa without reliability degradation.

Experimental investigation and exprissions for thermal
analysis of fuel assemblies under natural comvection.

The expressions for heat transfer analysis of horizon-
tal fuel assemblies under natural convection are derived
from test data of 13 electrically heated rod bundles, instal-
led in bundle wrappers of different forms.

The same expressions can be used for the analysis of
heat transfer between fuel assemblies and a horizontal spent
fuel package inner shell.

The following parameters have been changed during the




test:

- & form- (hexahedral, round, reotangular) of a bundle wrap-
per,

- bundle arrangement;

- rod row number in a bundle of a hexagonal

- arrangement (7 -, 19, -, 37-, 331 - rod bundles),

- relative pitch (S/d = 1,165 + 2,31),

- surface blackness degree of heat releasing rods and heat
absorbing wrapper;

- heat release,

- gas coolaut pressure (0,3 kPa <P < 1,8 MPa ).

In moat tests heat form a wrapper rejected to cooling
water, circulating in the space between the wrapper and an
experimental model outer shell. Because of high rate of coo-
ling water the temperatures all over the wrapper surface were
closely spaced. In some tests heat from a wrapper rejected
direotly in ambient air by air natural comvection and thermal
radiation, that is the wrapper was not under isothermal con-
dition.

Rods and wrapper temperatures over the middle (in length)
bundle section have been measured by thermocouples.

The total surface area of multirod bundles Fem was con-
giderably greater than that of a wrapper Fk’ and codlant tem-
perature around the rod was close to rod temperature, that
made possible to plot the isotherms of coolaut over a bundles
sections Natural convection development have been investiga-
ted by the analysis of temperature destribution throughout
the rods and the character of collaut isotherms in a model
section. When space in 75-rod model is filled with air
P = 0,1 MPa, the lsotherms have a form close to ciroles, that
demonstrates poor natural convection (fig. la). As the air

pressure goes up to P = 0,7 MPg, the natural convection enhan- .

ces and isotherm character changes (Fig. 1b).

In 331-rod bundle with seotion size greater than that
of 75-rod one developed conveoction 1s observed even at air
pressure P = 0,1 MPa (Fig. 1B ), and at air pressure P =
= 0,7 MPa isotherms in the main part of a bundle seotion be-
comes rather flat (Fig. 17T).
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Fige1. Isotherms in rod bundle section

a) P= 0,1 MPa; Q™ 12 Wt /m;
§) P= 0,3 Mpa; Qg ™ 6 Wt/m;

) P= 0,1 Mpa; g = 1,8 Wt/m;
g) P=0,T7 MPa; qq = 4,7 Wt/m;
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Natural convection development is investigated by the
analysis of temperature patterns in a 37-rod bundle section
(8/d = 1,165) when the bundle space is filled with air or
motor oil. At air pressure P = (Q;1 MPa or at a low heat re-
lease per a bundle rod ( q = 3,6 Wt/m) when the bundle space
is filled with oil, the temperature pattern is close to axi-
ally symmetric one (Fig. 2a, 8 ). As the pressure P = 0,9 MPa
and the heat release (qe = 31,6 Wt/m) go up, the temperature
along the bundle section height increases with the slight
change of the rod temperatures in a horizontal row (Fig.
28,2 ). When the bundlew space in filled with water prono-
unced natural convection 1s observed even at a low heat re-
leases.

The character of the temperature patterns and the isotherm
form show, that under developed natural oconvection the heat
from rods transfers to cooclant, then the heated coolaut mo-
ves upwards, ocovering the largest part of the bundle secti-
on. The collant motion downwards and cooling take place in
a relatively narrow clearance between a wrapper and an outer
rod row.

Natural convection enhancement raises the rate of heat
transfer. For example, during the test of 37-rod bundle
(8/d = 1,38) the maximum temperature of a heated rod redu-
ced from 181 °C to 81 °C, as alr pressure increased from
0,1 to 0,9 MPa with heat release per rod qg= 11 Wwt/m.

Test data showed that the increase of S/d cauded the
rod temperiture reduction. The reduced hydrauliec resistance
in & natural circulation circuilt seemed to account for this
result.

As the package thermal analysis must take account of the
temperature of the most heated fuel assembly t?;x and the
pressure in the package space, which depends on the overage
coolant temperature, affected by the average fuel assemblies
temperature %, , we obtained oriterion funotions for heat
transfer coefficients calculation, permitting these tempera-
tures to be determined. Two temperature drops have been studi-
ed (t:;x - Eﬁ ) and (?ﬁm -‘ik)’ where E& - average wrapper
surface temperature in the middle (in bundle length) section.
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In test data processing the heat transfer from coolaut to a
wrapper considered to be a basic process, and in coolaut tem-
perature calculation the allowance of equality of heat trans-
fer coefficient from rods to coflaut hcm—m and from coolaut
to a bundle wrapper hm—k had been made.

The design coolant temperatures tm and té were determi-

ned from the equations:

/zcm—m{zc-m-m_ tm);(:'m e ﬁm-»r (tm_z;—r)/;

h::m-m tcﬂffz‘ t;n } ’gm =/':n-ar / t/:r":k) /':-

The basic temperature drops and temperatures were calculated
from the equations.

atwt. - g, at's Lot
b =954+ L) b= 05 20% L,.)

The data, obtained during the test of horizontal rod
bundles, were presented in the form of equations:

SR (2 SR Y T )
where

Nu = Qm-//(/;mf'a'() ; V74 = Qs ////," -.dt'"'/(’) ;

/ / J
Ra-%—‘af-!‘, ; /?a-‘-'(;f—f:—)-dtfl

Qxons, — heat, transferred by convection from rods to a bundle

wrapoper;
QkoHB, = (Q - Qpny ) - for gases
Q = Q - for liquids.

KOHB.
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The dbundle wrapper perimeter 1s used as a ocharacteristio
linear dimemsion.

To our opinion the ratio (Tm/Tk)" takes into account the
fact that radiative heat transfer enhancement coused the tem-—
perature pattern change, worsening natural convection.

n = 0,5 (for gases) n = 0 (for liquids)

]

Data—-averaged ourve for 13 test rod bundles, used for'
average rod temperatures calculation is shown in Fig. 3. To
carry aut bundles thermal analysis the average heated surface
temperature should be determined in the earlier stages of cal-
aulation, and the temperature ¥Qm should be specified. The va-
lidity of the specified data 1is verified by the comparison of
the calculated and specified values of heat flow Q. The radia-—
tive term of the heat flow Q pag could be defined by the em—
pirical function, obtained by the authors /I/.

To determine the maximum rod temperatures tg;?the functi-
on 1s obtained similar to that shown in Fig. 3. The functions
ars meant for the horizontal rod bundle thermal analysis un-
der developed matural convection, when the space between rods
is filled by coolant with the Prandtl number Pr = 0,7 + 5000.

The boundary of the transition from the developed natu-
ral convection to heat transfer in the rod bundles by heat
conduction and radiation (gas coolants) or only by heat con-
duction (liquid collants) have been determined.

The functions character indicated that the natural con-
veotion appreciably affects the multi-rod bundle thermal con-
dition not only when a liquid coolant is used, but when the
bundle space 1s filled with a gas, even the gas pressure is
close to 0,1 MPa.

The functions are used for the horizontal packages ther-
mal analysis, when the average and maximum fuel assemblies
temperatures are determined from the specified heat release.

The same functions can be used for the calculation of
the limiting residual fuel assembly heat release, if the limi-
ting fuel assembly shell temperature is specified. The above
themal analysis methods are also valid in the cases when the
assemblies are encased in leaktight qgm;aters to improve the-
ir seourity. The obtained functions have been used for the
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thermal analysis of the VVER-1000 spent fuel packages. The
caloulated values t:;x and the results measured in the test
of the package, filled with the air at barometric pressure,
are in good agreement.

The heat exchange in vertical rod bundles, encased in
leak-tight tubes (canisters), filled with a gas has been
studied in two eleotrically heated models. A 37-rod bundle*
of hexagonal arrangement had a heated length L = 1,27 m and
was encased in a hexahedral shell (canister).

The model had a separable onter cylindrical shield
with the water circulating in the space between the shell
and the cylindrical shield. When heat was rejected to water,
the shell surface was practically isothermal; when heat was
removed directly into ambient air, the shell temperature in-
creased and changed along the model height. The tests were
carried out at air pressure in a canister case in the
0,3 kPa - 0,8 MPa range.

The second bunlde consisted of 18 heated rods with
d = 13,5 mm (8/d = 1,185) ( the central tube was not heated).
The centres of 6 inner row tubes were situated in the ver-
tices of a hexahedron, and the centres of 12 outer tubes
were equally spaced on a circle 620 mm in diameter. The bun-
dle heated length was 2,845 m. The bundle was placed in a
cylindrical camister the minimum destance between outer bube
surface and the canister case was 11 mm. The minimum gap
between tube rowa was 2,5 mm. The heat from the canlster case
was rejeoted into a cooling water. The test were carried out
at air pressure in the canister space in the 0,3 kPa +
1,6 MPa range.

The Fig. 4 shows the temperature distrubition along the
37-rod bundle height and rows at P = 0,1 and 0,8 MPa. At
P = 0,1 MPa (Fig. 4a) the temperature of a corner and straight
rods is constant along the main part of the bundle height
that came as the evidence of the absence of the coolant cir-
culation in the canister space. The heat transfer between
rods and from the outer row to the canlster case ooccurs by
. radiation and heat conduction. The alr pressure inc-
rease gives the rise of the rods temperatufe along the whole
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Pig.4. Temperature distribution throughqut vertical
37-rod bundle.
a) P= 0,1 MPa; d) P=0,8 MPa
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bundle height and the decrease of the radial temperature

drop between the rods. It points to the emergence of natural

convection contour with the coolant heating in the motion
upwards in rod gaps and the coolant cooling in the motion
downwards along the canister case (Fig. 4§ ).

Fig. 5 shows the temperature distribution throughout
the 19-rod bundle. The temperature elevation have not been
recorded throughout the main part of the bundle height up to
pressure P = 0,4 MPa (Fig.5a and 58 ). The following pres—
sure elevation gives the temperature rise along the rod
height (Fig. 58 ).

The 19-rod bundle test data at the constant temperature
along the bundle height revealed the thermal-hydraulic con-
ditions, which were not observed in the 37-rod bundle. So at
the pressure elevation from 0,1 to 0,4 MPa the temperature
drop between rod rows have been unchanged, and the temperatu-
re drop between the outer row and the canister oase have been
substantially deoreased (Fig. 5a, 5§ ).

As the gap between the rod rows and the case is signi-
ficantly larger, than that between the rod rows, it can be
anticipated that small-scale vortexes emerge in the large
gap and raise the rate of heat transfer.

Three typioal conditions have been revealed in vertical
rod bundles, encased in leak-tight canisters:

- natural convection is absent and conductive and radiative
heat transfer takes place in radial direction (radiation -
conduction condition)

- natural convection causes the emergence of small-scale
vortexes, raising the rate of heat transfer (radiation -
conduction condition with small-scale vortexes)

— the closed contour of natural convection developes in the
ocoanister, spreading all over the bundle height. The main
part of the rod heat transfers to the canister case by the
contour (radiation - convection conduotion with developed
convection).

For radiation - conduction condition the analytical tech-
niques have been developed allowing the average rod tempera-
ture to be calculated consistently, beginning from the outer
TOW.
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The asallient points of techniques and the assumptions
made are presented in the paper /2/.

The vertical rod bundles thermal analysis in the pre-
senoe of small-scale vertexes, ralsing the rate of radial
heat transfer can be made with help of the equations for con-
ductive heat transfer calculation and an equivalent heat con-
duction coeffiolent K;, = Ey * K.

The equations take the form:

oMb L { "
Q" £, Kat’X ; @™= xlalXk
where: QROHB' - convective heat flow in the gap between rods
or in the gap between the outer rod and the
canister case;
Q XOHL. _ conductive heat flow

Ek - oconvection coefficient

K - gas heat conduction coefficient at an average
temperature in a gap (t);

At - an average temperature drop between heat
exchanging surfaces

X = factor to account for geometry effect on con-
ductive heat transfer between rod rows or the
outer row and the case.

Ignoring the geometry factor X , the experimental va-
lues of E, could be calculated with help of the temperature
drops, obtained for the conditions, when the temperature
along the main part of the rods height was unchanged (Fig.5 0)
and for vacuum conditions, when there was not natural convec-
tion and gas remained a continuous medium.

B, = Q’wﬂr"-’af’y(a””y'/r il l"}

The curve in Fig. 6 allows the convection coefficient £,
to be calculated and determines the boundary between radi-
ative - conductive conditions and these with small-scale vor-
texes.

In the number Ra calculation the minimum gap between rod
rows or between the outer row and the canister case 1s a cha-
racteristic linear dimension.

The ratio q XOHB,/ g KOBI. 45 the equation above is not
a convection coefficient, as the values Q KORB+ and @ KOHL. pave

1659




0991

5' FITT - NN i UK R G frrTy

il i

o

ST L W e T S e T "

MR AT

l

/|

R

1 WO

g N 0% 10°
Fig.6. Dependence of coefficient Bk on the number Ra

®- 19 rods
0= 37 rods

10*

Aa




been obtained at different pressure drops 4 t" # at’ and
at different average gap temperatures.

The values Q%% ana Q “*¥  were calculated as the.
difference between test heat flow and radiative heat flow.

In view of the analogy between developed convection in
vertical and horizontal rod bundles the data from heat trans-
fer tests in vertical and horizontal bundles were processed
by the similar technique. Fig. 7 shows an average heat trans-
fer ourve for the vertical bundles.

Heat transfer in finned surfaces

Heat transfer analysis under natural conveotion have
been carried out on the surfaces with vertical fins'of height
h = 100 mn and depth 8 = 10 mm. The fins and the base surface
were oonstructed from ocarbonsteel (blackness degree E = 0,55).
The interfin spacing was S = 10, 15, 30, 40 and 80 mm. The
length of the working sections L = 285, 570 and 1010 mm (Fig.
8). The sections were heated electrically by the heaters,
mounted in the drilled holes of the base surface. The base
and fin surfaces temperatures were measured by thermocouples
and the average temperature in the gaps between fins was cal-
culated.

The temperatures were used for average heat transfer
coefficient calculation.

The test data shows:

- The deorease S from 80 mm to 30 mm at the seotion leugth
L = 1010 mm slightly changes the value of h, which re-
mains significantly lower than the values, obtained for a
single vertical plate. At S = 10 mm the rate of heat trans-
fer drops;

- When the section length decreases (L = 575 and 285 mm) the
change of S from 40 to 15 mm has a little effect on the
heat transfer coefficients, which increases with L decrease,
approaching the values for a single vertical plate. In pro-
ccessing average heat transfer data the interfin spacing
S i1s used as a characteristic linear dimeusion, and the
Reley number is multiplied by the ratio S/L

* 9B 1 4% 5
Ras et At".&
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Fig. 9 shows the curve for Nu_ calculations. The similar
curve for minimum heat transfer (Nusmin) calculation allows
the base surface temverature to be determined.

The test data obtained from the section L = 0,570 mm
at different base slopes spaced 7 /4 apart from horizontal
to vertical position, alow horizontal package circular fins
to be calculated with help of the above curves.

Computer code for a package thermal analysis under
accidental fire conditions and subsequent cooling.

To determine the temperature patterus in the shell, the
cover and the neutron-schielding shell of a package the com-
puter code was developed for two-dimensional solution of un-—
steady heat-transfer equations in an axially symmetric reqion.

The code algorithm is based on the synthesis of soluti-
ons for elementary circuled subregions approximating in the
sum the original analysed region and forming the set of zones
of intermediated division.

In each elementary subregion the equation in the fol-
lowing form is solved;

P SF— - < F S 5] n S B B 2)

In the code described the following boundary conditions
can be deflned over the every side of any circular region
(individually or in any reasonable combinations)

-~ continuous (contact)

- adiabatic

- oonvective heat flux proportional to the specified or cal-
culated heat transfer coefficient and linear temperature
difference

- the specified or calculated (variable) heat flux;

- the heat flux under radiative heat transfer in atmosohere
or from radiative surfaces of variable temperature;

- heat transfer in gaps or in seals between package surfaces.

The temperature-denendent thermal properties of package
materials are stored in a tabulated form and are retrieved
by quadratic interpolation for . every integration step.
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The transition from the shell inner surface temperature
to the maximum heated fuel element temperature in the maximum
heate&*&ssembly procceds with help of the thermal resistance,
obtained on the basis of the package thermal analysis in
steady state.

The analytical proof of package strength

The analytical proof of a paokage design compliance with
requirements of "IAEA Regulations for the Safe Transport of
Radioactive Materials"(IAEA—SM—I#?/B) has a number of advanta—
ges over the other technigues presented in the "IAEA Regulati-
ous". The most obvious advantage is the generalized results,
obtained on the basis of the postulates of mechanics of de-
formable bodies or other laws of physics. The important ad-
vantages are the high speed of data proccessing, the possibi-
lity of trade off studies, low labour and money expenditures.
Besides the analytical prediction is neccessary for design of
an experiment.

The peculiarity of the package strength analysis in com-
parison with that of the conventional heat transfer equipment
1s the faot, that the loads, applied at analysed components (a
cover, cover fasteners, assemblies, a basket etc.) are not spe-
cified, but are determined by g package design. Thus, the gene-
ral problem of a package strength analysis consists of two
interrelated: problems: the contact problem is to computate
the dynamic loads, applied at the analysed design components,
and the strength evaluation problem is to determine the reac-—
tion at the components to the dynamic loads.

The cover edge deformation depth calculation at 9-m drop
on edge 1s the case of the contact problem. The rigid / elas-
tic body deformation attern is used and the deformation rate
effect on yield strength is considered.

In such a way the expression for maximum edge deformation
depth is obtained:

wp Bt | S
lnax = 495D Grﬂ") L7+D
where D - package diameter,

L - package length,
6r— material yield strength,
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Te — Wsnetic energy of a package dropped,
K - poeffiolent to account for deformation rate effect.
The maximum ratarding force on the package impact against
a rigid base 1s calculated by.

= 4MEQ31;,_fi_f_Jg!z_ff/¢,pf4;/} op

The caloculated values agree well with test data.

The serviceability Justification of hexahedral borated
basket 1s the case of strength evaluation problem. It was not
possible to test a full-scale package with a basket and assemb-
ly models. That is why the hexahedral basket tube with the
assembly model have to be tested as a part of a package model,
fabricated not to scale. In the drop from a certain height
agalnst a rigid base the hexahedral tube should be loaded with
the impulses equal to the real ones.

To solve the problem the value and the form of impact
loading impulse on real package have been preliminary calcula-
ted. Then the number and the geometry of model dumping fins
have been analitically determined and a model drop helght to
simulate loading on real hexahedral basket tubes have been
calculated.

Measured impact accelerations at tube supports and mea-
sured vibration accelerations in the middle of a span at the
moment of a drop agreed in high degree (the error 1is less
10 %) with predicted data.

The relatively low cost of the model allous a set of
tests to be carried out to orevent random errors and to inc-
rease the test reliability. To run a similar set of full-
scale tests 1s a rather diffucult problem.

The analytical approach is wedely used in problems,
concerned with package serviceability for instance, among the
problems 1s the proof of a package Jjoint fastemers strength
under conditions of drop on a cover edge, when the cover
tends to open under inertial load. Accelerated material har-
dening 1s taken into account. In some cases the more intri-
cated techniques of mechanics of deformable bodles have been
used to consider elastic wave propagation and theilr interre-
lation with package components, for instance with an assemb-
ly of a package case and a cover.
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The dynamic stability of flexible elements under shock
compression is the special problem.

The developed computer codes are used for all the problems
cited earlier. They give the possibility to prove package sa-
fety in accordance with all the requirements of "IAEA Regula-
tions™.
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