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SUMMARY

A method to compute, by means of an axisymmetrical model, the stresses in a nozzle
on a cylindrical shell due to the internal pressure is presented. This model was developed
starting from theoretical considerations and was then compared and adjusted using the re-
sults of the strain-gage measurements taken on the CAORSO boiling water reactor pres-
sure vessel during the initial hydrotest. In particular, the steam outlet nozzle is examined
here.

In the stress analysis of a reactor pressure vessel and especially of a boiling water reac-
tor, one of the largest jobs is the transient stress and fatigue analysis of the nozzles. In
fact, there are several different types of nozzles on the cylindrical shell and for each one,
many transients of temperature and pressure are usually specified. It results that many
stress calculations on nozzles are necessary in the stress analysis of such a vessel. The size
of the problem does not allow to use tridimensional programs due to the ¢omputer time
they require. It becomes necessary, hence, to use a bidimensional model which can give
satisfactory results. The two classical models are the nozzle-on-sphere and the nozzle-on-
plate.

The former, certainly simpler as regards the boundary conditions, will be examined
first. Its results, compared with the experimental data, are not satisfactory especially in the
nozzle-to-vessel transition zone where the greatest peak stresses are located. The nozzle-
on-plate model will be then examined.

The stresses in a nozzle on cylinder are simulated with a radial force and a circum-
ferential shear force applied at the outside boundary of the plate and expanded in Fourier's
series whose zero and second harmonics are considered. The axial stresses in the nozzle
are produced by an axial force and the circumferential stresses by the internal pressure.
Firstly, the theoretical combination of these loads is examined, then several other com-
binations with different relative values of the loads and different application points of the
axial force were studied and the most significant ones are here presented and compared
with the experimental results. At last, the best combination was chosen and verified on
the recirculation outlet nozzle.

It is currently adopted as standard way of calculation, as the comparison with the ex-
perimental results shows a very good coincidence both in longitudinal and circumferen-
tial sections, but especially in the inner rounded corner in the longitudinal section where
the highest values of stresses are always located.
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1. INTRODUCTION

In the stress analysls of a reactor pressure vessel and sspecilally of a boiling water
reactor vessel, one of the largest jobs 1s the transient stress and fatigue analysis of the
nozzles.

In fact there are several different types of nozzles on the cylindrical shell and for each
one many transients of temperature and pressure are usually specified. It results that many
stress calculations on nozzles are necessary in the stress analysls of such a vessel.

Although a three-dimensional calculation 1s possible and in some cases necessary,
for the most common cases, 1t is much more convenient to develope an axysimmetrical model
dus to the number of calculations required and hence to the computer time they would take
i1f three-dimensiocnal models were used.

Because of the availlability of the complete results of the straln gauge measurements
of a typlcal nozzle of a pressure vessel, 1t was possible to examine and to compare with
the experimental data the two classical axysimmetrical models, the nozzle on sphere and
the nozzle on plate with the loads expanded in Fourier's seriles, 1n order to choose the best

axysimmetrical model for these types of nozzles.
2. STRAIN GAUGE MEASUREMENTS

The measures hsere presented were taken on the Caorso reactor pressure vessel during
the hydrotest before the plant start-up.

Caorso power plant is a General Electric bolling water plant of 800 MWe and is located
in the North of Italy.

Its reactor pressure vessel built by BREDA TERMOMECCANICA - Milano 1s a steel cylindrical
vessel of 5568 mm inside diameter closed at the bottom with a welded hemispherical head and
at the top with a flanged hemispherical cap. It is supported by a welded skirt.

The tntal hatoht 1a 21872 mm. tha thirkness nf the rvlindrical nart 48 144 mm and the deesien
pressure 1s 88 Kp/cmz. The vessel 1s made entirely with low alloy carbon moly steel and is
cladded inside with austenitic stainless steel. All the main nozzles are located in the
cylindrical shell.

The strain measurements were taken by bi-axial strain-gauges 1in all the most represent-
ative reglons. In particular, a steam outlet nozzle was instrumented with great accuracy
both in the plans parallel to the vessel axis and in the plane perpendicular to it.

This nozzle has the inside diameter of 552 mm (vessel to nozzle diameter ratio ~10).
The electrical signals coming from the strain-gauges were directly handled by a computer

in order to have, as ogtput. the strain velues. These values recorded on tape were then
re-read by the same computser and the stresses in the two principal directions were computed.
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In fig. 1 through fig. 8 the values of the stresses so derived in the steam outlet
nozzle are reported as small asterisks.
The elght figures refer to the two examined sections - the one parallel to the vessel axis
(0°) and the other perpendicular to it (90°) - to the inside and outside surfaces and to
the meridional ( CS@] and hoop (Gg) stresses.

The stresses here shown are those due to the design pressure of 88 Kp/cmz, while

2
the stresses were measured at several other pressure levels from O to 110 Kp/cm .
3. MODEL ON SPHERE

The model of nozzle on a spherical shell was examined first.

The stresses in a nozzle of the same size and shape as the steam outlet nozzle of Caorso
R.P.V. joined to a spherical shell with the same thickness and double radius of the actual
cylindrical shell, were computed with FRISOP finite element program.

This program uses elght-node isoparametric ring elements and adopts the frontal method for
the solution. It accepte expanded loads in Fouriler's series.

The mesh was automatically generated by GAMESH program. Four elements (i.e. nine nodss)
through the thlckness were used.

The structure was fixed at the edges of the spherical shell for meridional displacements
and left free for radial ones. It was loaded with the internal pressure and with the re-
sultant end force at the upper end of the nozzls.

The results are plotted in fig. 1 through 8 with the dotted line.

It clearly appears that, while the mean trend of the stresses is respected, the comput-
ed values are greatly different from the measured ones, especially with regards to the hoop
stresses 1n the inner corner, where they have their peak value.

Other similar models with different sphere radil were tested, but no appreciable

improvement could be obtained.
4, MODEL ON PLATE

The model of nozzle on.a circular plate was analyzed with the same program FRISOP
above mentioned while the mesh was generated with GAMESH.
Flg. 9 shows the mesh used.

The plate with thickness equal to that of the pressure veesel is taken large enough to
be considered "infinite". From several trials it resulted that the diameter of the plate
shall be at least eight times the inside nozzle diameter when force and not displacement

boundary conditions are applied.
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The structure was fixed for axial displacement at the upper edge of the nozzle.

The effect of the inside pressure was simulated wilth a certain combination of axysim-
metrical loads applied to the nozzle and expanded loads in Fourier's series applied to the
plate edge. This approach has the same basls as those developed by others [[1] and [ 2])
but i1s adapted to FRISOP program which accepts forces more easily than displacements as
boundary conditions.

The loads applied are listed hereafter and are shown in fig. 10 :

. inside pressure p in the part of the nozzle and attached pipe which lies outside
the plate thickness. This load produces correct hoop and radlal stresses in the nozzle
and pipe.

. Axial force F squal to the end pressure force applied at a node of the nozzle to
plate transition zone. It produces correct merldional stresses in the nozzle and pips.

. A set of forces applied at the outslde edge of the plate. These forces have the
purpose of simulating the stress distribution of a ecylinder in the plats and in the junction
to the nozzle.

This combination is constituted by the following forces :

= 0. .5 +
N?o 0.5 p Ri (o Ri/Rm 1) axysimmetrical radial force

sz =0.5p Ri (0.5 Ri/Rm-1] cos 28 second harmonic radial force

N2 = 0.5 p Ri (1-0.5 Ri/Rm) sin 26 second harmonic circumferential shear force

where Ri and Rm are the inside and the mean radius of the cylindrical vessel;

8 1s the angular coordinate

Starting from these baslc values, several combinations of them were tested

___ ____ Hers the three most significant ones are presented : _

Combipation A : all the above loads have thelr basic value The results are

plotted with thes dashed 1line in fig. 1-8,

. Combination B : same as A except Ny, 1increased by the amount due to the action
of the pressurs on the inside nozzle surface in the plate thick-
ness zons, whers the pressure p above was not applied (full line

in fig. 1-8);
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« Combination C : same as B with a supplementary second harmonic couple of forces,
parallel to the nozzle axis, applied at the plate to nozzle
Junction.
These supplementary forces take into account that, while at 0° the
vessel stretches the nozzle in radial direction, at 90° the action
of the vessel has also an axial component (dashed-dotted line in

fig., 1-8).

From the comparison of the results of these cases with the measured values, it appears that
combination C is generally the best one, especilally with regards to the hoop stresses at 90°
Combination A 1s the worst one and does not give the required peak values of the hoop stress
in the inside corner at 0°. Combination B, instead, gives this peak value exactly and even
in the other parts 1s just a little worse than combinatlon C. On the other hand combination

B 1s simplier than C and is actually the most commonly used in the current stress analysis

of nozzles.
5. CONCLUSIONS

Unless a particular cass, e.g. the analysis of the nozzles directly applied to the
flange of some PWR pressure vessel, the analysis of cracked nozzls ([3} and [4]) stc., re-
quires a three-dimenslonal model, for the common analysis of R.P.V. nozzles the bi-dimens-
ional model of nozzle on plate with loads expanded in Fourier's series can be used to simul-
ate the nozzle on the cylindrical shell loaded by internal pressure and, as demonstrated
by others [3], also by thermal distributions. This model gives good accuracy in the results
and on the other hand allows a great saving of computer time and size wlth respect to the

three-dimensional approach.
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