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A rapid glance at the figure depicting the net forces acting on the reactor vessel and
internals, as obtained through a CFD simulation of a BWR steam line break, reveals
an amazing oscillating regularity of these forces which is in glaring contrast to the
chaotic behaviour of the steam pressure field in the steam annulus.

Assuming that the decompression process excites and maintains standing pressure
waves in the annular cylindrical region constituted by the steam annulus, it is
possible to reconstruct the net forces acting on the reactor vessel and internals
through the contribution of almost only the first dispersive mode. If a Neumann
boundary condition is assumed at the section connecting the steam annulus to the
steam dome, the frequency predicted is approximately 9.5 % higher than that of the
CDF simulations. However, this connecting section allows wave transmission, and a
more appropriate boundary condition should be one of the Robin type. Therefore, this
section is modelled as an absorbing wall, and the corresponding normal impedance
is calculated using the CFD simulations. Week non-linear effects can also be
observed in the calculated forces through the presence of the first subharmonic.

By the methodology described above, an estimate of the forces acting on the reactor
vessel and internals of unit 3 of Forsmark Nuclear Power Plant has been obtained.
Geometrically, this unit is slightly different from units 1 and 2, for which the CFD
simulations were carried out, and has fewer steam lines of larger diameter. This
implies that the decompression of the reactor is faster and that the relaxation time to
boiling is smaller. Using an analytical estimate, it is shown that the relaxation time of
unit 3 is approximately 0.32 5, i. e. two thirds of that of units 1 & 2. The force
amplitudes are obtained by assuming dynamic similarity of forces scaled with the
initial total force on the reactor vessel, i. e. the reactor operation pressure relative to
atmospheric times the sectional area of the broken pipe. This scaling holds for break
opening time scales of the order of 10 ms , provided that the break end of the reactor
vessel is constituted by a flow limiting nozzle.
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Introduction

Due to weld problems, the core grids of Forsmark's units 1 & 2 were replaced by
grids consisting of a single machined piece without welds. The qualifying structural
analysis was based on a study of the behaviour of the reactor vessel and internals
subjected to dynamic loads, including even the case of a steam line break. A detailed
time description of the loads acting on the different structures was needed for this
case and, to achieve sufficient space and time resolution, a CFD analysis was
carried out [1]. The study was based on the assumption that the time scale of the
transient analysis is smaller than the relaxation time of the water-steam system.
Therefore, a simulation of only the upper, steam part of the reactor with no two-phase
effects ("flashing") was feasible.

The results obtained exhibited a quite complex and apparently chaotic behaviour of
the decompression process, forcing the analysis of the pressure field inside the
reactor vessel to be achieved through animation. However, by integrating this chaotic
pressure field over the different surfaces of the internal parts, the net instantaneous
forces acting over these parts could be obtained. Surprisingly, the integration process
filtered the irregular variations of the pressure field and revealed an amazing
oscillating regularity of the forces which is in glaring contrast to the chaotic behaviour
of the original field (see Fig. 1 below).
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Figure 1: Force components in the direction of the axis of the steam nozzle for
Forsmark's units 1 & 2, according to [1]. The blue curve corresponds to the force
acting on the reactor vessel alone, the red curve to the force acting on the external
side of the steam dryer support, and the green curve to the sum of these two forces.
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But, which type of phenomenon could be originating these regularly oscillating and
low-damped forces that are, in amplitude, approximately twice the forces estimated in
the past by simpler methods, and that have frequencies of between 30 and 40 Hz?
No forces of this kind have reported in the past in connection with this type of
accident. Up to date, the analyses achieved (see e. g. [2]) and experimental data
obtained (see e. g. [3]) have been valid for time resolutions coarser than the
relaxation time of the steam-water system, which is less than Is , and for geometries
without internals that include a cylindrical annulus.

In the present paper a tentative answer to the previous question is given through a
standing pressure wave hypothesis related to the specific geometry of the steam
annulus. It is then possible to reconstruct the net forces acting on the reactor vessel
and internals through the contribution of almost only the first dispersive mode, [4],
p. 420. The motivation for the analysis is twofold. First, it may explain the origin of the
forces and why these forces have been overlooked in the past. Second, it gives a
rather simple methodology which is much more cost effective than a CFD simulation
for estimating these forces in geometrically similar reactors. An important restraint of
the present methodology is the assumption of dynamic similarity of forces for
determining the amplitudes, restricting the validity of the results to opening times of
the break of 10 ms and to break ends constituted by a flow limiting nozzle.

The paper is organised as follows. In the next section, the standing pressure wave
hypothesis is presented and suitable boundary conditions are discussed and
developed. In the third section of this paper, an estimate of the forces acting on
reactor vessel and internals for the case of a steam line break at Forsmark's unit 3 is
obtained using the methodology explained in the previous section. Also an
assessment of the relaxation time of the water-steam system for this case, obtained
using an analytical estimate [5], is included in this section. Finally, concluding
comments are placed in the fourth section.

Standing waves in the steam annulus

The steam line break studied in [1] assumes an instantaneous guillotine break at the
weld closest to the reactor vessel, i. e. the weld between the steam pipe and the
steam outlet nozzle. Afterwards, the two ends of the break separate axially with
constant acceleration the distance of one pipe diameter in 10 ms, in agreement with
[6]. The decompression of the reactor vessel takes place through the break flow
originated at the exit of the steam outlet nozzle (see Fig. 2).

A few microseconds after the break instant, the flow at the annular section
constituted by the break opening becomes choked. After approximately six
milliseconds, the flow through the steam nozzle gets also choked at the throat and,
as approximately the same time, the first decompression front coming from the steam
annulus reaches the steam dome. From this very instant, the reactor vessel is
isolated from external perturbations coming downstream of the nozzle throat. After
approximately twice this time, the mass flow rate reaches a quasi-steady state.

It may be of some interest to point out that the steam annulus of a BWR of the type
corresponding to Forsmark's reactors is constituted by the region having the inner
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wall of the reactor vessel as outer radial boundary, and the outer wall of the steam
dryer support as inner radial boundary. From above, it is limited by the steam dome
and from below by the free water surface, as shown by Fig. 2 below.

Reactor vessel head -

Steam âryer

Steam outlet nozzle -

Steam annulas

Head cooling spray
system

Support skirt

Steam separator

Figure 2. View of the upper part of reactor vessel and internals fora BWR of the type
found at Forsmark NPP. The annular gap, shown here in red, between the reactor
vessel and the steam dryer support constitutes the steam annulus.

The aforementioned oscillating regularity of the net forces displayed in Fig. 1
suggests that these forces may be the result of standing pressure waves in the
steam annulus excited by the quasi-steady flow out the reactor vessel. A linear,
acoustic analysis using cylindrical co-ordinates gives the following form for the
eigenfunctions corresponding to the natural modes that may be excited in the steam
annulus, i. e.

Plmn = Phnn 0 COs[m{</> + 7t)] Wmn \ Xmn — COS
h

• 2 C t

sin A, —
(1)

In this case, the z-axis of the cylindrical co-ordinate system coincides with the vertical
axis of the reactor vessel, and the origin is located on this axis, at the level of the
water free surface. The azimuthal co-ordinate <f> is measured anticlockwise from the
positive half of a horizontal axis parallel to the axis of the break nozzle. This positive
half of the axis is defined from the origin, in the direction away from this nozzle.

In expression (1), plmn0 is the pressure perturbation amplitude and m is the
azimuthal eigenvalue, a positive integer for ensuring the single-valuedness of the
azimuthal eigenfunction. Tmn{Amnr I rsd) corresponds to the radial eigenfunction which
is coupled to the azimuthal eigenvalue by Bessel's equation (2) below. In addition,
Xmn is the radial eigenvalue, rsd the outer radius of the steam dryer support,

rsd<r< rn the radial co-ordinate and rn the inner radius of the reactor vessel, / the
vertical eigenvalue, h the height of the steam annulus, A, the temporal eigenvalue
and C the speed of sound.
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As mentioned above, Wmn is the solution to the following Bessel's equation

where r* =rlrsd. Equation (2) has to be solved subject to the following boundary
conditions

dr* Jr*=l dr*
= 0, (3)

and the solution is given by the following linear combination of Bessel functions

W (A r*) = J (À r")-Jm^m»>Y JA r*)=0 (4)
lrmn\/lmnr ) J mY^mn1 j v , I -, \1m\Almn' I U > V* I

Ym\Amn)

In (4), Jm and Ym are respectively the m-th order Bessel functions of first and second
kind, the prime indicates the derivative with respect to the whole argument of the
corresponding function, and Amn is the n-th zero of

These two last conditions ensure that the radial eigenfunctions ¥mn(Amnr/rsd) are
orthogonal and that the boundary conditions (3) are fulfilled.

The radial eigenvalue above is related to the vertical eigenvalue A2 = {l + \l2\rsdlh)n
and the temporal eigenvalue At through the following relationship

where the pressure perturbation has been preliminary assumed to be zero at the
section connecting the steam annulus to the steam dome, i. e. a Dirichlet boundary
condition implying the presence of a pressure node there. This boundary condition is
appropriate for the case of an abrupt widening of a duct, such as the junction
between the open end of a tube and the atmosphere, like a flute (see e. g. [7],
p. 171 ). This boundary condition will be further discussed in what follows.

According to the results obtained in reference [1], and depicted in Fig. 1, the net
forces acting respectively on the reactor vessel alone and on the steam dryer support
have a phase shift of n radians. Moreover, for these force components to be different
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from zero, their azimuthal wave number has to be odd. Their frequency, computed
from the CFD results, is approximately

fCFD= 34.7 Hz. (7)

Table 1 below displays data necessary for the analysis to follow, corresponding both
to units 1 & 2 jointly and to unit 3,. Some of the results to be obtained further on
through the analysis have also been included.

Tablei : Operation and geometry data
Magnitude

Initial (operation) pressure: />
Pressure decrease: AP
Reference force: PrA

Inner diameter of reactor vessel: Dn

Outer diameter of steam dryer support: Dsd

Height of steam annulus: h
Speed of sound: C
Inner diameter of steam pipe: <f>p

Throat diameter of steam nozzle: <f>c

Isentropicexponent: k = y-cp/cv

Time scale of simulation: 0
Time scale of break: r
Initial steam volume: Vi

Initial steam mass: Mt

F1/F2
70 bar

2.5 bar
898.6 kN

6.418 m

5.900 m

4.373 m
493 m/s
0.4072 m

0.220 m

1.27

0.50 s
0.01 s
198mJ

7242 kg

F3
70 bar

3.7 bar
1516.5 kN

6.319 m

5.846 m

4.342 m
493 m/s
0.529 m

0.334 m

1.27

0.32 s
0.01 s
195mJ

7123 kg

EIGENFUNCTION 0.2-

-0.2-

1.08

Figure 3. Radial eigenfunctions W{n as functions of the dimensionless radius

r* =r/rsd, for n-\ (red), n = 2 (black), n = 3 (green), n-4 (blue) and n = 5 (brown).
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By using the data above, different radial eigenvalues have been computed through
numerically solving Eq. (5). Figure 3, above, shows the first five eigenfunctions, i. e.
n •--1 to 5, as functions of the dimensionless radius r*
azimuthal wave number m = 1.

= rlrsd, corresponding to the

According to Fig. (3), the first eigenfunction, i. e. n = \, appears to be constant,
apparently contradicting the fact that the eigenfunction has to satisfy Bessel's
equation (2). Figure 4 below shows a zoomed view of the eigenfunction, revealing its
radial dependence as well as the fulfilment of boundary conditions (3).

0.73106-

0.73105-

0.73104-

EIGENFUNCTION 0.73103:

0.73102 :

0.73101:

0.731 :

1.08

Figure 4. Zoomed view of radiai eigenfunctions *Fn showing its radial dependence
and the fulfilment of the boundary conditions (3).

In order for the forces acting on the reactor vessel and on the steam dryer support to
have a phase shift of n radians, the pressure acting on the corresponding surfaces
must have the same sign. This implies that only the eigenfunctions associated with
odd values of m and n, i. e. Wu, Tu !F31, !F,3 etc., should be considered. The

eigenvalues corresponding to these eigenfunctions are A,, =0.9582, A,3 =71.58

^3,= 2.875, /I33 = 71.63 with increasing values for both increasing m and
increasing n. If the temporal eigenvalue for m = 1, n = 1 and / = 0 is computed using
expression (6), the corresponding pressure mode is obtained (see Fig. 5). Its
frequency is

fsw =38.0 Hz. (8)

This value of the frequency is approximately 9.5 % higher than the corresponding for
the CFD simulation. Any of the other higher radial eigenvalues mentioned before is
related to a mode whose frequency is at least more than a couple of times greater
than that of the CFD simulation, as for instance the eigenvalue / ^ = 2.875 that is
associated to a mode of frequency / = 84.4 Hz.

This discrepancy in frequency between the pressure mode shown in Fig. 5 and the
oscillating forces may mainly be due to the far too simplified boundary condition used
at the section connecting the steam annulus with the steam dome. At that section the
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outer wall of the steam annulus continues up and transforms into a spherical
segment, the inside wall of the reactor vessel cover, whereas the inner wall of the
steam annulus ends at that section. Thus, it cannot be excluded that the standing
wave formed in the steam annulus partly extends to the steam dome, and that the
section connecting these two regions acts, with respect to the steam annulus, like a
partially absorbing surface. Therefore, the Dirichlet boundary condition should be
replaced by a Robin boundary condition (see ref. [9], p. 47).

First Azimutal-Radial Eigenmode First Azimutal-Radial Eigenmode

Figure 5. Pressure distribution according to (1) for z = 0 at t = 0 (left view) and at
t = 0.1 s (right view). The radial annular dimensioniess scale of the figures has been
amplified and the pressure normalised in order to give a better representation.

The Robin boundary condition may be expressed as

dz
tan

z=h hlmn
(9)

where the pressure perturbation plmn has now the following form

Plmn = Plmn 0 + Tt Xmn — COS
'sd . 2 h

sin A. — (10)
'sd

In expression (9), glmn is the specific normal impedance of the boundary, which

obviously is a function of frequency. In order to estimate the value of this specific
normal impedance for the case of Forsmark's units 1 & 2, the value of k satisfying
the condition fsw - fCFD = 34.7 Hz for the first eigenmode has to be computed, i. e.

J sw ~ '

4
2 h2

2nr,
• = 34.7 Hz. (11)

sd

8
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The result is

k = 0.836,

giving the following value for the specific normal impedance

=0.2643.

(12)

(13)

One of the forces shown in Fig. 1 is the total force component in the inward radial
direction parallel to the axis of the steam nozzle, and acting on the reactor vessel
alone. In other words, the force component depicted in this figure includes a reaction
part coming from the steam nozzle flow out of the reactor vessel. According to
reference [8], p. 465, the total reaction force may be expressed as

P - A
• + -

P,
_ j (14)

where the force has been made dimensionless by dividing the expression by P,-A,
the relative, to atmospheric, operation pressure/* times the cross-sectional area of
the break pipe A. In this expression, mc is the mass flow rate out of the steam
nozzle, u(x) the steam velocity at a position x along the nozzle and u0 its value at
the nozzle outlet. A\so,p0 is the pressure at the nozzle outlet, pa the atmospheric

pressure, p the steam density and A{x) = n(<p{x))21A the cross-sectional area of the
nozzle as a function of position. The time derivative of the integral term corresponds
to the rapid unsteady reaction force caused by the rate of steam momentum change
in the nozzle. Due to the relatively slow break opening, the relatively short nozzle
length and relatively low density of the fluid, this rapid unsteady force is rather small
both in amplitude and time of duration (approx. 10ms) and, therefore, may be
neglected in the present analysis.

Dimensionless Reaction Force

0.05 0.1 0.15
time [s]

0.2 0.25

Figure 6. Dimensionless reaction force on reactor vessel according to a simplification
of (14).

9
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The reaction force (14) is assumed here to have a linear decrease with time from 1 to
0.443 under 20 ms with maintained relative level for larger times (see Fig. 6). The
relative level of 44.3 % is calculated based on the flow conditions and pressure at the
nozzle outlet, considering that the nozzle is under-expanded. This approximation
gives a simplified but sufficiently accurate representation of the reaction force as a
function of time for this highly transient and complex part of the pipe break.

Integrating expression (1) with a time delay t0 - 0.0065 s, which is approximately the
time taken by the first decompression front to reach the upper limit of the steam
annulus, over surfaces of constant radius, gives

F(r,t)=A f (H{t-to
Jo Jo

. (15)

In expression (15), A is the a dimensional factor to be adjust for determining the
pressure amplitude plmn0 based on the oscillating part of force amplitudes shown in

Fig. 1, and H(t-tQ) is the Heaviside function. These oscillating forces can now be
computed by means of expression (15) with r = rsd for the force acting on the steam
dryer and with r - rn for the force acting on the reactor vessel.

It is necessary to point out here that the value of the force acting on the reactor
vessel given by expression (15) has been additionally increased by approximately
10 % in order to take into account the forces acting on the reactor vessel cover.
These forces are of course not considered in the rather simple approximation leading
to expression (15).

Forsmark 1 &2

0.05 0.1 0.15
time [s]

0.2 0.25

Figure 7. Non-dimensional force components in the direction of the axis of the steam
nozzle for Forsmark's units 1 & 2, according to the standing wave hypothesis. Blue
curve: force acting on the reactor vessel alone; red curve: force acting on the
external side of the steam dryer support; green curve: sum of aforementioned forces.

10
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Figure 7, above, shows the resulting non-dimensional forces computed using
expression (15) and the approximation depicted in Fig. 6 together with the
compensation for the forces acting on the reactor vessel cover. These results have
been made dimensionless through division by the aforementioned factor P. -A.

Also the first subharmonic, i. e. a mode with half the frequency (17.35//z), has been
included with amplitude equal to one tenth of that of the main mode. The presence of
this subharmonic is an indication of non-linear effects associated with a system with
very low damping [10]. The reactor system modelled in the CFD simulations of [1] is,
without any doubt, a system with low damping since all structural surfaces are
consider rigid and the only dissipation mechanism included is the molecular viscosity
of the fluid. In all probability, the real reactor system is far more dissipative than the
CFD model and, therefore, these non-linear effects may not be present, but, for the
sake of completeness, these effects are included in the present comparison.

Forsmark 1 &2

Force [MN]

time [s]
0.25

Figure 8. Dimensional force components in the direction of the axis of the steam
nozzle for Forsmark's units 1 & 2, according to the standing wave hypothesis. Curves
as in Fig. 7.

However, the linear damping exhibited by the forces in Fig. 1 is, on the contrary, not
included here since it cannot be excluded that its origin may be completely
numerical. On the other hand, the exclusion of this damping effect gives more
conservatism to the present results. Figure 8, above, shows the dimensional form of
the results exhibited in Fig. 7, with maximum amplitudes of slightly more than
1.6 MN, which are in agreement with those shown in Fig. 1.

Time and force estimates for Forsmark's unit 3

In the case of large, sudden decompressions resulting in "flashing" such as a steam
line break, the process leading to and the time necessary for the apparition of steam
bubbles, i. e. a void fraction different from zero, is almost completely controlled by the
mass and heat transfer from the superheated water to the steam microbubbles, [5].
This relaxation time may be defined, according to [5], as the time necessary for

11
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decreasing by a factor ( l-e ') the mean superheating of the water contained in a
spherical volume of radius rk surrounding the steam microbubble, i. e.

= Ts+AToe'1. (16)

Here, 0 is the relaxation time, 7̂  the corresponding saturation temperature and AT0

the initial superheating of the water. With R(t) as the steam bubble radius, t as time,
T,{r,t) as the local, instantaneous water temperature and r as the local radial co-
ordinate with the steam bubble centre as origin, the mean water temperature, T,(t),
may be defined as follows

(17)

For initial void fractions of up to 20%, Scriven's model, [11], gives rather accurate
results for the mass and heat transfer to the steam bubble and for the temperature of
the water surrounding it. This capacity of the model has been confirmed by Bilicki et
al., [5], through comparison with results from the Moby Dick experiment, [12]. The
model is based on an analytical similarity solution of the temperature equation
obtained through the similarity assumption

(18)

where a, is the thermal diffusivity of water. The analytical similarity solution may be
expressed as

• ^ JS (19)

together with the following condition for numerically computing /? (see [11]), the
dimensionless growth constant of the steam bubble,

fA-exp[-<f -
L

(20)

with e = \-(pv/pl), pv and p, as, respectively, the steam and water densities, hv! as
the latent heat of vaporisation and cpl as the isobaric specific heat of water.

The radius rk is the outer radius of the average procedure defined by expression (17)
and it is proportional to the average distance between steam microbubbles. This
quantity is difficult to measure even in experimental conditions. Therefore, this radius
has been estimated here by assuming a relaxation time of © = 0.5 s for a reactor

12
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pressure drop of 2.5 bar corresponding to an initial water superheating of
approximately AT0 =2.45 K, which corresponds to the case studied in [1]. The order
of magnitude of the relaxation time is supported by the experiments of Kendoush,
[13], and by the Marviken Tests, [3]. Using expressions (17), (19) and (20), the radius
turns out to be

rk =2.61xlO"4 m. (21)

In order to calculate the relaxation time for the case of a steam line break in
Forsmark's unit 3, it is necessary to first have an estimate of the decompression rate
of the reactor vessel. It may conservatively be assumed that the decompression
takes place with critical mass flow-rate at the nozzle throat from the start of the
break. Since the relaxation time of unit 3 will turn to be of the order © = 0.32 s, and
the rapid transient time scale is of the order of the time scale of the break, i. e.
T --= 0.01 s, the time during which the flow at the nozzle throat will not be critical is only
about 3 % of the relaxation time.

Assuming also that the decompression of the reactor vessel is adiabatic and
isentropic, the reactor pressure P during the decompression process is given by the
following equation (see [8], p. 90)

(22)

In this expression, y = Cp/cv is the ratio of specific heats of steam, Pt the initial,
operation pressure of the reactor, p, the initial density of steam and V the steam
volume in the reactor vessel. The solution of Eq. (22) is

P_

P,
(23)

From this expression, the decompression rate, which is rather constant for short
times after the break start, may be estimated using its initial value and the data in
Table 1, i. e.

(24,

By employing the value of rk given by (21) and the decompression rate above,
together with expressions (17)-(20) in an iterative procedure, it is possible to obtain
an estimate of the relaxation time for a steam line break of Forsmark's unit 3. The
value of this relaxation time is

0 = 0.32 s, (25)

13
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and it corresponds to a pressure drop of AP = 3.7bar and to an initial water
superheating of approximately AT0 ~ 3.65 K. In other words, the analysis to follow in
connection with dynamic loads on the reactor vessel and internals, caused by a
steam line break of Forsmark's unit 3, is valid during a time scale of the order of the
relaxation time given by (25), which is about two thirds of the relaxation time
corresponding to Forsmark's units 1 & 2. A shorter relaxation time in the case of
unit 3 is directly associated with a larger decompression rate originated by the fact
that unit 3 has only four steam lines (eight for units 1 & 2) of larger dimensions with
larger steam nozzles (see Table 1). It is of some interest to point out that for time
scales larger than the relaxation time, two-phase effects will predominate and
probably a completely different flow picture will emerge from the initially wave
dominated flow structure.

Now, the analysis carried out for Forsmark's units 1 & 2 may be repeated with the
data corresponding to Forsmark's unit 3 (see Table 1). By considering expressions
(2)-(6) with the new data and assuming a Dirichlet boundary condition at the upper
end of the steam annulus, the following results are obtained

A,, =0.961, A, =1.429, fsw=3S.36Hz. (26)

On the other hand, if a more realistic Robin boundary condition with the same normal
acoustic impedance as that of units 1 & 2 is assumed at the upper end of the steam
annulus, the following results may be obtained

=0.961, A, =1.306, / ^ =35.05//z. (27)

In order to be able to compute the different forces, it is further assumed in this
analysis that dimensionless relative scaling of force amplitudes and their dependence
on dimensionless time are preserved together with the dimensionless time delay.

Forsmark 3

Force

time [s]
0.25

Figure 9. Non-dimensional force components in the direction of the axis of the steam
nozzle for Forsmark's unit 3, according to the standing wave hypothesis. Blue curve:

14
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force acting on the reactor vessel alone; red curve: force acting on the external side
of the steam dryer support; green curve: sum of aforementioned forces.

For the present case, the analysis gives a time delay to= 0.0066 s. Then, the
dimensionless forces are obtained by means of expression (15) and the simplified
form of the reaction force (14) displayed in Fig. (6). The results are shown in Fig. 9.

The dimensional form of the force amplitudes above is shown by Fig. 10, below,
where the dimensional scale factor is, in this case, almost twice that of units 1 & 2,
i. e. 1516.5 kN instead of 898.6 kN. The frequency of the forces is slightly higher than
that of the forces corresponding to units 1 & 2, as the results shown in (27) confirm.

Forsmark 3

Force [MN]

time
0.25

Figure 10. Dimensional force components in the direction of the axis of the steam
nozzle for Forsmark's unit 3, according to the standing wave hypothesis. Curves as
in Fig. 9.

As for the case of units 1 & 2 studied in the previous section, the force on the reactor
vessel has been increased by 10% in order to take into account the forces acting on
the reactor vessel cover, and the first harmonic has been included in a similar way.
No linear damping has been included in this case either.

Discussion

In the previous sections, an acoustic, linear analysis has been used to support the
hypothesis that the regularity of the net forces caused by a steam line break that act
on the reactor vessel and internals, is a consequence of the presence of standing
pressure waves in the steam annulus.

An acoustic approximation, in the sense that sufficiently small pressure perturbations
are excited and maintained as standing waves, is justified from the point of view of
perturbation size, since the amplitudes are only of the order of 0.5 bar, which is
approximately 0.8% of the prevailing pressure, 70 bar. Yet, the forces generated on

15
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the reactor vessel and internals are, in any case, very large. But, the large size of the
forces is almost exclusively due to the extensive area of the surfaces over which
these pressure perturbations are acting on.

Even if the present linear analysis is somewhat oversimplified in connection with the
boundary condition at the upper limit of the steam annulus (Dirichlet), and by
assuming constant background pressure, the predicted frequencies agree within less
than 10 % with those computed through CFD. The declining background pressure
may possibly be related to the linear damping exhibited by the force oscillations
computed through CFD.

The relative success of the present hypothesis in predicting the correct frequency
together with the right mode, that tends to pull apart the reactor vessel from its
internals, suggests that the origin of the oscillating forces is related to standing
pressure waves excited and maintained in the steam annulus. The reason why these
forces have been overlooked in the past may have to do with the fact that blowdown
experiments have, in general, been carried out using cylindrical vessels without any
internal structure that could form an annular gap similar to the steam annulus. In an
empty cylinder, the first azimuthal eigenmode, corresponding to the geometrical data
of Table 1, has a frequency of 53.3 Hz, which is more than 50% higher than that
given by (7). As the present analysis suggests, higher frequencies may be more
difficult to excite and maintain by the break flow.

Finally, the methodology described in the preceding sections allows an estimate of
the dynamic forces acting on the reactor vessel and internals during the first tenths of
a second of a steam line break in a BWR of the type found in Forsmark NPP. Even if
a number of details are lost with this method, in comparison with a CFD simulation,
essential information for calculating the loads acting on the different structures is
obtained at a very low cost. However, this method is limited by several simplifying
assumptions, especially that concerning dynamic similarity of forces, restricting the
validity of the results to opening times of the break of 10 ms and to break ends
constituted by a flow limiting nozzle. Assuming opening times one or two orders of
magnitude shorter, or longer, than 10 ms will result in substantially higher,
respectively lower, top amplitudes of the forces. On the other hand, the steam nozzle
will limit the break flow and will allow it to expand to supersonic velocities, lowering
with this the pressure at the nozzle outlet and the reaction force given by (14). If
there is no nozzle at the break end of the reactor vessel, the break flow will be larger,
the pressure at the break will be higher and a different relative scaling between
forces will prevail.
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