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Abstract

This contribution describes a method to calculate hydrodynamic forces acting
on pipes by applying the surface integral method. These fluid forces were
calculated based on measured pressure time histories from a piping system du-
ring blowdown with subsequent closing of a check-valve., A prediction of the
structural response of the piping system was done with these forces and com-

pared to measured displacements.

1. Introductiaon

One aim of blowdown investigations at the HDR was to study the dynamic beha-
vior of a pipe as a result of a simulated break with subsequent rapid closure
of a feedwater check valve. Predictions of the structural behavior based on
calculated fluid dynamics yielded significant differences in the calculated
displacements and stresses. To investigate the reason of these differences it
was looked for a method to calculate the forces acting on the pipe only via
pressures. Using measured pressures it should be passible to exclude false
calculated fluid dynamics. A method described herein was developed to calcu-

late fluid induced forces by means of the surface integral.

2. Usual methods tu calculate fluid forces

Given the transient fluid response, there are two possible approaches to de-
termine the fluid forces acting on a control volume of a pipe. One approach

involves the use of the linear momentum equation from fluid mechanics:
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The other approach is the integral of the stresses acting on the wetted sur-
face of the pipe:
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where F is the force acting on the pipe, p is the fluid pressure,rﬁ is the
fluid velocity, (& is the fluid density, ? is the stress-tensor at the wetted

surface, B is an outward unit vector normal to the control surface, dA is an
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area element between two control volumes, dS is an area element of the wetted

surface and dV is a volume element.

In most cases eq. (1) is used to evaluate the forces. To use this equation it
is necessary to know the velocity and its time derivative in the momentum and
acceleration terms. In many applications of this equation the acceleration
term is only neglected or estimated. To prove these estimations and to
calculate the forces only with measured (or calculated) pressures an evalua-
tion was made by the use of eq. (2). To use this equation shear stress bet-

ween fluid and pipe will be neglected. So it is possible to write:
—F>= ffp_f:. ds (3)

Only the pressure on the wetted surface produces a force on a pipe section.
It can be seen, that a straight pipe section will not he affected by a force.
The next chapter shows the development of eq. (3) to calculate the force act-

ing on a pipe elbow.

3. Calculation of the force on a pipe bend hy means _of the surface integral
As shown before it 1is possible to calculate the force by integrating the

pressure acting on the wetted surface by eq. (3) when the friction of the
fluid at the walls is neglected. Given the pressure distribution along the
bend it is possible to integrate eq. (3) to receive the force at any time-
step. If measured pressure should be used, which is only known at some points
at the pipe, it is not possible to use eq. (3) directly. In the following it
will be described how it is possible to evaluate eq. (3) with local measured
(or calculated) pressure time histories.

As a further neglect we assume, that the pressure waves travel in the direc-
tion of the pipe axis also in the bends and the waves change their shape only
slightly. With this assumptions a real pressure distribution can be interpre-
ted as a sum of many small pressure jumps which travel with the velocity of
sound through the pipe. Fore one pressure jump it is possible to evaluate eq.
(3).

At a fixed time the situation at a bend is shown in fig. t, the pressure jump
has reached the angle B. To calculate the surface integral it is necessary to

split the force into two vectors:

+ > -
Fx = [[ p N x ds (4)
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The products of the normal vector with the coordinate vectors are:
s
= siny co ¥ (5)
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The surface element dS can be written as:

ds = Rdy¥ (r + R sinw) d7 (6)

The pressure is only a function of
‘
b pD for 0 < P < B (1)
Ley for B < U < L

The integration limits are:

(o, )

14 (8)
Y= (0, 27).
With these declarations the force components are calculated as:
2 . . .
L = WRZ (p0 sinB + P, sing - p, sinB) 0 £ p £ (9)
Fy = TR [ Py (1-cosB) + P, (cosB-cosx )]

The factor WRZ is equal to the cross section A of the bend. The angle B8 can
be described with the velocity of sound a as a function of time: B = at/r.
The pressure jump is Ap = Py = Py Then eq. (9) gives:

Fo = A [p1 sind - Ap sin(at/r)]

Fy = A [p1 (1-cosX) - 4Ap (t-cos(at/r))]

0 < t < ro/a (10)

To use the force for further calculation it must act on discreet points of
the pipe. This is shownh in fig. 2 where the forces F1 and F2 and the moment
must have the same reaction on the bend as Fx and Fy. With simple static the

results are:

F, = A [p1 - Ap (1-coslat/r) + sinl(at/r) cosot / sinM)J
Fp = A [p1 - Ap sinlat/r) / sin o« J (11)
M = A T Ap [sin(at/r) {1-cose) / sink - 1 + cos(at/r)]
Until now we can not use eq. (11) for pressure time histories because the

calculated forces are not proportional to any pressure at a fixed point. Fig.
3 (full lines) shows the time dependent forces and moment while the pressure
jump travels through the bend.

The two forces are equal to Ap1 before the pressure jump reach the bend and
they are equal to Apo after it leaves the bend.

It is not necessary to load the pipe system with the exact forces to calcula-
te dynamic reactions because the structure does not reply to the high fre-
quences of forces. This is the reason why it is possible to make the forces
proportional to the pressure at fixed points as fig. 3 shows (dashed lines).
These amended forces and moment have the same impuls on the bend as the ori-
ginal ones. They are proportional to the pressures measurable at points near
the middle of the bend as fig. 4 shows. The angle X—is a function of the bend
angle «:
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¥ = tan(xX/2) - /2 (12)

and the forces are:

F1 - A pa
F2 = A P (13)
M = Ar (p_.1 = mﬁ.

Neither the travel direction of the pressure Jjump nor the velocity of sound

appear in the solution so it can be used for real pressure distribution.

4. Application of the force calculation using measured pressures

The method of force calculation described above has been used to determine
forces from measured pressures which were employed to recalculate the dynamic
behavior of an HDR pipe during a blowdown with subsequent valve closing.

Fig. 5 shows the pipe, its length is approx. 18 m and the nominal diameter is
350 mm. Instead of the pressures pa and pb at the bends {see fig. 4) the
pressures were measured in the near of the pends. Nevertheless it is possible
to get the corresponding pressures by an interpolation.

Fig. 6 shows the measured and calculated displacement. Both agree well in
their amplitude and freguency. The structural dynamic calculation was done
with the code ASKA /2/.

A  further investigation indicated that the vibrating pipe produced repercus-
sions on the enclosed fluid. Differential pressures between two elbows can be
measured in the pipe which are derived from the movement of the pipe and
which are proportional to the accelerations occuring at the pipe. As forces
were calculated with the measured pressures, one obtains from these passive
differential pressures active forces which do not occur in reality. These
artificial active forces produce higher loads for the structur calculation,
which are expressed as higher vibration amplitudes. Moreover, an enforced
phase shift of the calculated vibration results, which produces major devia-
tions between the measurement and the calculation than expected from the dif-
ference between the measured and calculated eigenfrequencies of the pipe, see
fig. 6.

Calculating the fluid dynamics, this repercussion does not arise, of course,
and the over-estimation of the vibration amplitudes and the phase shift do
not occur. Thus the force method can be regarded as being suitable and relia-

ble.
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