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ABSTRACT

The present paper demonstrates the suitability of the computer code RELAP5/MOD 3.2.2 to
describe the propagation of pressure waves in piping systems.

First of all a pressure wave in a simple straight pipe was analyzed with RELAP5. The results of
the computation were compared with the outcomes we obtained with the computer code
DWELL. DWELL is an in-house development based on the method of characteristics. The
results of both codes showed a very good agreement.

Further we analyzed the following two transients for a 1200 MW, PWR-plant:

e turbine trip
¢ shutting down of a feed water pump

In both cases, pressure versus time was recorded at several positions of the piping system
concerned. The measured pressure signal curves were compared with the results of post test
calculations performed with RELAPS5.

A comparison of the results showed a good agreement and proved that RELAPS is able to solve
pressure wave problems.
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FOREWORD

This work was generated by international partners under the Code Assessment and
Maintenance Program (CAMP) and constitutes the contributing organization's contribution to
international thermal hydraulic code development. The contents of this report should not be
viewed as an official NRC endorsement of the products or services of other persons or entities
that may be referred to herein. Nor should this report be viewed as binding the NRC in its
rulemaking, licensing or adjudicatory process.
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EXECUTIVE SUMMARY

To show that RELAPS is suitable to describe the propagation of pressure waves in pipes three
example calculations were carried out.

The propagation of a pressure wave in a straight pipe was calculated by the code
DWELL that we have developed to analyze the propagation of pressure waves. A
second calculation by RELAP5 was performed as code to code comparison.

In a 1200MW PWR a turbine trip at 50% power was carried out. At several positions of
the main steam supply system the pressure was recorded as a function of time. A post
test calculation was performed with RELAPS.

Further a feed water pump at the same power plant was switched off. The backflow
caused hereby closed a check valve which gave rise to a pressure surge. The pressure
as a function of time was recorded at various measuring points of the feed water supply
system. Also for this case a post-test calculation with RELAPS we carried out.

The calculated or measured results were compared with the outcomes of RELAP5 which are
documented in this report.
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ABBREVIATIONS AND SYMBOLS

designation of steam line
pressure measuring point (steam line)

pressure measuring point (feed water line)

area
pressure amplitude (calculated)
pressure amplitude (measured)
velocity of sound

mass flow

method of characteristics
pressure

pressure (corrected)
pressurized water reactor

time

time constant

Xiii



1. INTRODUCTION

Pressure waves in piping systems can be caused e. g. by opening or closing valves or by
starting or stopping pumps. To verify the suitability of RELAP5 to deal with pressure wave

problems, we performed the following studies:

o Description of the propagation of pressure waves in a straight tube, code to code
comparison

e Post test calculation of pressure waves in the main steam lines of a 12200MW, PWR
caused by a turbine trip

e Post test calculation of pressure waves in the feed water system of a PWR caused by
shutting down of a main feed water pump.



2.  PRESSURE WAVE PROPAGATION IN A PIPE, COMPARISON OF
THE RESULTS OF THE CODES RELAP5/MOD 3.2.2 AND DWELL

To demonstrate in principle the suitability of RELAPS to describe pressure wave phenomena, a
pressure wave in a 10 m long pipe filled with subcooled water was analyzed. The pipe is located
between two time dependent volumes A and B (s. Fig. 2-1). The fluid temperature lies at 30°C;
the initial system pressure is 70 bars. The pipe is subdivided into 90 subsections. Raising the
pressure in volume A from 70 to 80 bars by a step function generates the pressure wave.

Pipe

Diameter = 0,3 m
Length = 10,0 m

Nodes = 90
Temperature = 303,15 K

[» toorr—Trrr{ B |

Time Dependent Volume Time Dependent Volume
P(0,000 s) = 70.0e5 Pa P(0,000 s) = 70.0e5 Pa
P(0,001 s) = 80.0e5 Pa P(0,100 s) = 70.0e5 Pa

P(0,100 s) = 80.0e5

Fig. 2-1 Two Time Dependent Volumes Connected With a Pipe

Two calculations were performed. The first one was carried out using the computer code
DWELL /1 /. This code solves the conservation equations of mass and momentum for one
phase flow by the method of characteristics which is an acknowledged procedure to deal with
pressure wave problems in pipes. The second calculation was done using RELAP5. The
computation was based on a time step of 10°s. A further reduction of the time step respectively
an increase of the number of nodes had no influence on the results.

The computed pressures versus time are shown in Figure 2-2. The results of DWELL and
RELAPS5 show a very good agreement, a reduction of the edge steepness of the curves as a
result of numerical attenuation cannot be observed. But the results obtained with DWELL show
a slightly higher wave velocity. The example presented however, demonstrates that RELAP5
can be used to analyze pressure wave propagation in pipes at least in the case of
incompressible flow.
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Fig. 2-2 Comparison of RELAP5 and DWELL Results



3. PROPAGATION OF A PRESSURE WAVE IN THE MAIN STEAM
LINE SYSTEM OF A PWR CAUSED BY A TURBINE TRIP

3.1 Description of the Experiment

To demonstrate that RELAPS can be used to analyze pressure wave propagation in steam line
systems, a turbine trip at a 1200 MW, plant of KWU design was analyzed. The most important
features of the experiment are described in the following:

Fig. 3-1 shows a simplified view of the steam line system concerned consisting of the four main
steam lines RA 01, RA02, RA03 and RAO4. The positions at which pressure sensors were
attached are indicated.

' v
from steam
‘ generators W

RAO1

RA02

RAO04 >

turbine emergency
stop valves

Fig. 3-1 Scheme of Main Steam Line System

The test was carried out during shut down of the plant at a reactor power of 52%. Starting from
this power level the four turbine emergency stop valves were closed simultaneously. Fig. 3-2,
for example, shows the measured stem position versus time for the steam line RA03. The stem
position is proportional to the flow area which again is proportional to the mass flow in the case
of critical mass flow. Critical mass flow can be assumed under the given conditions.
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Fig. 3-2 Valve Stem Versus Time

3.2 Calculated Results

A post test calculation of the experiment was performed with RELAPS. The results obtained by
the code were compared with the pressure versus time functions recorded at the indicated
positions. But before discussing the results, we evaluated the expected pressure rise.

According to Joukowsky’s law the height of the pressure rise can be calculated by

i
Ap = ¢ —
P A

where C indicates the velocity of sound, m the mass flow and A the flow area. A steam
generator pressure of 72 bar yields a sound velocity in saturated steam of:

m
c=490—
S
With the mass flow rate at 52% power

m:189k—g,
S

and a flow area diameter of

d =0.784m
follows a pressure rise of

Ap =192-10° Pa



This value is in accordance with the first pressure peak in Fig.3-4 where the pressure recorded
at position 10P01 is represented. The pressure functions measured at the remaining positions
(see Fig. 3-5 and 3-6) differ slightly from this curve because the initial stem positions of the
emergency turbine stop valves are not exactly equal in the beginning of the transient.

To carry out a post test calculation with RELAPS the steam line system was subdivided into
pipes. These again were split into volumes the lengths of which amount to 0.6 m. As we found
by test, a further decrease in volume length did not influence the results. The turbine trip valves
were represented in RELAP by their measured stem position versus time function (Fig.3.2). The
nodalization scheme the calculation is based on is shown in Fig. 3-3.

I+ RA01z013
RA01Z011

RA08Z001

DEO1 ] ] TSSV TSIV Turbine

DE02 TSSV TSIV Turbine

DEO3 TSSV TSIV Turbine

DEO4 TSSV TSIV Turbine RA057001

RA05Z002

Fig. 3-3 Nodalization Scheme

A comparison of the measured and calculated results is plotted in Fig. 3-4 to Fig. 3-6.
Qualitatively the curves show a pretty good agreement. The edge steepness of the curves is
well reproduced by the code. The code, however, significantly overestimates the pressure
amplitudes in advancing time. Furthermore a phase displacement between the measured and
calculated functions can be noticed, since the computed speed of sound is about 7% higher
than the measured one. These differences are mainly caused by the definition of pressure loss
coefficients used in RELAPS that are determined by formulae describing steady-uniform flow.
The influence of temporal and local variability of the flow velocity within the flow cross sectional
area on the friction losses, for instance, is not taken into consideration.
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We did not make efforts to solve the problem theoretically but used a simple formulation utilizing
the comparison between the measured and computed results to account for the attenuation of
the pressure oscillations.
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Fig. 3-7 Comparison of the Measured and Calculated Pressure Amplitudes Versus
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Fig. 3-7 shows the measured amplitudes A, (t) and the calculated amplitudes A; (t) versus time.
Their quotients are represented in Fig. 3-8 as a function of time. The curves in Fig. 3-8 can be
fitted by the function Exp (t/T) where t indicates the time. With this relation, we get a corrected
pressure function p.o(t) from the calculated function p (t)

t

Peore (1) = p(t)efT

considering the attenuation of the pressure. Choosing the time constant T=3s we obtain a still
conservative but more realistic approximation of the actual pressure functions which can be
used to determine the pressure wave generated forces acting on the pipe segments of the
steam line system concerned. The relation mentioned above is valid for all four loop plants of
KWU design because their steam line systems have a similar geometry. The corrected pressure
versus time functions is shown in Fig. 3-9, Fig. 3-10 and Fig. 3-11.
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Fig. 3-8 Quotient of Measured and Calculated Pressure Amplitudes
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4. PRESSURE WAVES IN THE FEEDWATER SYSTEM OF A PWR
CAUSED BY SHUTTING DOWN A FEEDWATER PUMP

4.1 Description of the Feed Water Pump Shut down Test

The feed water system of PWR of Siemens design essentially consists of three feed water lines.
Each of them is equipped with a feed water pump comprising a forwarding pump and a main
pump. The pumps deliver the feed water from the feed water storage tank to a header from
which it is transferred to the steam generators.

During normal operation two pumps are working, the third one serves as standby unit. If one of
the working pumps fails, back flow occurs in the leg under consideration as the still running
pump maintains the back pressure. The back flow closes a swing check valve, which is situated
at the outlet of the main pump. The closing check valve stops the back flow. Hereby a pressure
wave is caused that runs as a compression wave in the direction of the steam generator and as
an expansion wave in the direction of the feed water tank.

In the present case, the loads caused by the expansion wave in the feed water line are of
interest in the context outlined below.

Having carried out mass reductions at the flaps of the feed water check valves of a 1200 MW,
PWR, the effect of this measure on the pressure wave behavior of the feed waterlines was
tested by shutting down a feed water pump at reactor power of 60%. In the feed water line
section located between the feed water tank and the position behind the swing check valve
pressure versus time was recorded at three measuring points. Fig. 4-1 shows a simplified three
dimensional sketch of the feed water line section concerned.

15



TO STEAM
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N\ Instrumentation lead
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CHECK VALVE

™~

~

FROM MAIN PUMP

Fig. 4-1 Feed Water Line Section

The nodalization scheme used for the RELAP5S calculation is shown in Fig. 4-2. Here the
measuring points are also indicated. A pressure sensor was used at the position CP701. At the
remaining positions CP702, CP706 and CP 710 strain gauges were applied.
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100

125

115 Fore Pump Main Pump

120

Fig. 4-2 Nodalization Scheme of the Feed Water Line Section

The data recorded at the measuring point situated behind the check valve (position CP702) is
represented in Fig. 4-3. The pressure pattern shows many overshoots. An analysis of the signal
proved that they were not physical but caused by ovalization oscillations of the pipe. Taking
account of the measuring error we came to a pressure rise of

Ap = 8 bar =8*10° Pa

at the position behind the check valve. The pressure characteristics measured at the remaining
positions are shown in Figs. 4.4 to 4.6. The data evaluation proved that they were
unadulterated.

1,0E+07

9,5E+06 -
9,0E+06 -

8,5E+06 A

A\~
8,0E+06 J

7,5E+06

Pressure (Pa)
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6,5E+06
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‘—CP702-Experiment F
5,0E+06 ‘ ‘ ‘ ‘ | | |

0 0,02 0,04 0,06 0,08 0,1 0,12 0,14 0,16 0,18
Time (sec)

Fig. 4-3 Measured Pressure at Position CP702

17



4.2 Post-Test Calculation of the Experiment by RELAP5

In order to perform a post test calculation with RELAPS5 the feed water line was nodalized from
the feed water tank to the high pressure pre-heater. The mean nodalizations length amounts 0.5
m. As system boundaries serve the feed water tank and the high pressure pre-heater. Because
they are large vessels, they can be represented by time depended volumes. The feed water
pump unit is characterized by its homologous curves. A motor valve describes the check valve.
The nodalization scheme follows from Fig. 4-2.

The RELAPS5 analysis was performed under the following initial conditions:

Initial system pressure (steam generator pressure) 67 bar
Fluid temperature 165°C
Fluid density 908 kg/m®

From Joukowsky’s law follows the mass flow to be decelerated

Ap- A
-

With the estimated pressure rise Ap = 8bar, the flow of area A=0.167m? and the velocity of
sound ¢ = 1424 m/s, we obtain

m=~100kg/s.

At the beginning of the calculation we assume the mass flow in the feed water line to be zero. If
the mass flow in the volume situated behind the check valve (seen in main flow direction)
reaches the above mentioned amount of 100 kg/s the check valve is closed in 100 ms. This
simplification is admissible because the check valve does not become effective until the flapper
is nearly closed. Fig. 4-4 to Fig. 4-6 show the comparison between the measured and the
calculated results. Until the problem time of 0.01s the data show a good agreement. The first
computed amplitudes match the measured ones. After 0.03 s we can notice a large difference
between the measured and calculated data. This may be caused by wave reflections at pipe
cross section changes which are neglected by the calculation. Furthermore we see that the
code underestimates the attenuation.
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5. CONCLUSIONS AND SUMMARY

Fast temporal variations of pressure or mass flow in piping systems induce pressure waves.
The pressure waves propagate in the piping system where they cause forces acting on the pipe
segments. These forces have to be taken into consideration when designing the piping system
concerned. Pressure wave generating events, for instance, are opening and closing of valves or
shutting down of pumps. The present report demonstrates the suitability of RELAP5S for
calculating the propagation of pressure waves in piping systems by the following studies:

e Calculation of the propagation of pressure waves in a straight pipe by RELAP5 and
by the Method of Characteristics (MOC).

o Post test analysis of the propagation of pressure waves in the main steam system of
a pressurized reactor caused by a turbine trip using RELAP5

o Post test analysis of the propagation of pressure waves in the main feed water
system of a pressurized reactor caused by shutting down of a feed water pump using
RELAP5

The results obtained with RELAPS agreed very well with those ones computed with the MOC
which is an approved method to determine loads caused by pressure waves.

The post test analyses of the experiments showed a good to satisfactory agreement between
measured and computed results. The computed results showed an overestimation of pressure
amplitudes and of sound velocity, probably due to the disregard of the time dependence of
friction losses.
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