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SUMMARY

An instantaneous pipe rupture is considered to be one of the hypothetical accidents in
the light waier reactor. To evaluate the dynamic responses of the pipe-restraint system und-
er the LOCA conditiens, the time hysteries of the blowdown thrust force must be clarified
both experimentally and analytically.

The studies of pipe rupture accidents concerning both the jet discharge and the pipe
whipping have been performed at the Japan Atomic Energy Research Institute (JARRT).

This paper presents the experimental and analytical studies of the blowdown thrust for-
ces. It comprises the evaluations of the time-dependent and the maximum blowdown thyrust for-
ces, and those influences by the break area and the break mode. The tesis were carried out
under the PWR or the BWR LOCA conditions using a 4~inch or 6-inch diameter pipe. The blow-~
down thrust forces were analytically evaluvated both by the momentum equation, and by Che
thermal-hydravlic quantities which were obtained from the analysis by the RELAP4/MOD5 code.

The following conclusions are obtained by the jet discharge teste and their analyses.
(1) The maximum values of the hlowdown thrust force can be avaluated by the jet thrust para-
meter, Jt= F/{A(PO~PDQ}3 in the experiments and the analyses. It is proved that the thrust
parameters do not exceed that of the ideal gas. (2) The blowdown thrust force in the analy-
sis has two peak values which occur just after break and at the maximum presgure in the pre-
sgure recovering process of the non-equilibrium relaxation. However, the first peak is not
clear and the second peak shows the mazimum value in the experiments. It is possible to con—
sider from these experiments thai the second peak shows the maximum value of blowdewn thrust
force. (3) It is clarified im the analyses that the blowdown thrust force depends greatly
on the selection of the exit pressure and on the length of pipe,

Furthermore, in order to clarify the imfluence of the different break mode of the pipe
which occurred in the experiments, the analytical evaluations of the blowdown thrust foreces
were studied for a 4-inch pipe under the PWR LOCA conditions concerning the partial break and
the ramped break mode. The following conclusions are obtained in the analyses.

(1)  The blowdown thrust force of the paritial break shows a larger value than that obtained
by reducing the complete break in proportion to the partial break area. (2)  The maximum
value of the blowdown ithrust forece in the pressure recovering process does not depend on the
time constant of the ramped break mode, T . On the other hand, the blowdown thrust force just
after break becomes smaller than the second peak in the pressure recovering process when T

becomes longer.
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1. Introduction

When the pipe rupture, which is considered to be one of the hypothetical accidents, ocec-
urs in the primary coolant circuit of the light water reactor (LWR), a pipe whipping will be
caused by the blowdown thrust force. Therefore, the restraints are installed in the pipe
lines of nuclear power plants to stop the dynamic movement of the pipe amd to minimize the
damage on the structures surrounding the piping. In order to analyze and evaluate the inter-
action of the pipe-restrainis system in the LWR design, the time history and the maximum val-

ve of blowdown thrust force must be clarified in the experiments and the analyses.
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The pipe rupture tests which consist of the pipe whipping
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and the jet discharge
have been performed at the Japan Atomic Energy Research Inmstitute (JAERI).

This paper presents the experimental and analytical studies of blowdown thrust forces
and the evaluations concerning the pipe rupture tests at the JAERI using a 4-inch or 6-inch
diameter pipe undex the losgs of coolant accident (LOCA) conditions simulating the PWR or the
BWR. Furthermore, the parametric studies in the analyses were performed for the 4-inch PWR
LOCA conditions to evaluate the influences of both the partial break and the ramped break

mode utilizing a computer program, RELAPA/MOD5/6/V

2. Experimental Apparatus and Method

Figure 1(a) shows a typical schematic diagram of the jet discharge test which was plann-
ed to have the same figure as the pipe whip test., TFigure 1(b) shows the details of the test
section for the upward jet discharge test which was used for the examination of both the
blowdown thrust force and the jet impingement force/5/°

Table 1 shows the test conditions and the broken area of the pipe exit in the experi-
ments. The initial conditions of hot water were 6.86 MPa in pressure and the saturation tem=
perature for the BWR LOCA conditions, or 15.6 MPa and 320°9C for the PWR LOCA conditions,
regpectively. The blowdown thrust forces weve measured by a load cell installed behind the
last elbow, and other thermal~hydraulic quantities such as the pressure, temperature, void
fraction and water level in the test pipe or the pressure vessel were measured in the experi-
ment. A guillotine break of the pipe was simulated by the break of a rupture disk with the

initiation by an electric arc.

3. Method of Analysis

3.1 Calculation of Biowdown Thrust Force
The blowdown thrust force FB can be obtained by the momentum equation satisfying
the mass, momentum and energy among the nodes and junctions by the assumption of homogeneous
flow as follows/b'/°
Fp o= F, + Fy + T (0
where o 1j BWJ.
Acceleration Force ; - r, :izﬁ Eﬁ‘~§?é (2)
n
Momentum Force ; - F, = L L (Wp u, -W, u ) (3
Moo=l g ERR ol
n
l ] s o= P, = - A P
Pressure Torce 5 TP iil( AQiPQi Ali 1y ) 4)

Tf the flow is a separated two-phase flow, the momentum force FM is expressed as follows.
noy

- T = iil = (W, [x ug, #(lex Juy ]~ Wylwu,, + (]'Xl)ull]}i (5)
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The blowdown thrust foree obtained by this method indicates the thrust force in the pipe axis
direction. In the calculation of blowdown thrust force, the thermal~hydraulic quantities
were obtained by utilizing the RELAP4/MOD5 code and by the assumption that the exit pressure
of the pipe was equal to the critical pressure of the critical flow.

3.2 Analyses of Pawntial Break and Ramped Break Mode

Judging from the many experimental vesults, it is necessary to consider that there
exist many partial breaks caused by the incomplete rupture and different break modes in
spite of using a rupture disk which is in the most destructive condition. Therefore, it is
very important to evaluate the blowdown thrust forces of the partial break and the different
break mode.

The test using a 4-inch pipe under the PWR LOCA conditions as shown in Fig.1(a) was take
en as a sample problem for these analyses. The break area ratio Ae/A0 were varied from 5 to
100 % in the analysis, where Ae and AO are the flow area of broken exit of the pipe, and the
nominal cross-sectional area of the pipe, respectively. On the other hand, the time constant
of the ramped break mode from the breaking initiation to the complete break, v, were varied

from 0 to 500 ms.

4, Results and Discussion

4.1 Experimental Results

4.1.1 Blowdown Characteristics

Table | shows the experimental conditions and the results in the various Cests.
FPigures 2(a) through 2(c) show the pressure~time histories of the 4-inch or 6~inch pipe under
the FWR LOCA or the BWR LOCA conditions. The followings are obtained by these decompression
hystories. (1) There are distinct differences between the PWR LOCA and the BWR LOCA condi-
tions. The water hammer phenomena can be observed in the pipe under the PWR LOCA conditions.
On the other hand, there is no pressure oscillation by a water hammer under the initially
saturated water of the BWR LOCA conditions. However, rhere exists a common characteristics
in the blowdown initiation, which is the sudden decompression after break and the successive
pressure recovery during the nor-equilibrium state toward the quasi-steady state. (2) It is
recognized that the difference of delay time when the pressure recovers frem the sudden deco-
mpression just after break to the maximum pressure at the pipe exit is not so clear between
the 4~inch and the 6-inch pipe under the same PWR LOCA or BWR LOCA conditions. However,
there exist some differences between the pressure recovering times in the other LOCA condi~-
tions. The recovering times of the PWR LOCA and the BWR LOCA conditions at the pipe exit are
about 0.1 sec and 0.21 sec, respectively.

4.1.2 Blowdown Thrust Force

Figures 3(a) through 3(c) show the blowdown thrust force F. measured by a load cell

in the jet discharge tests. Although the large amplitude of oscilla%ion can be seen in Fig.
3(c), this was caused by the natural frequency of the test pipe and load cell system. The
maximum value of Fy for several LOCA conditions in the experiments can be evaluated by the
jet thrust coefficient as follows.

Jt=FB/{A(PO—Pm)} (6)
where Po’ P and A~are the stagnant pressure, the ambient pressure and the cross—sectional
area of the pipe, respectively, These results are shown in Table 1. If the pipe is broken

completely, Jt(Ae) is obtained between 1.11 and 1.15. Jt(Ae) of the partial breaks becomes
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larger than that of the complete break. In designing the pipe~restraints system, it is impor-
tant to evaluate the maximum value of the blowdown thirust force JvaaX . Thaerefore, it is
better to estimate the absolute value of FB,max by Jt(AO) using the nominal flow area AO as
shown in Table 1.

The following results are obtained in the comparison of the experimental blowdown thrust
forces; (1) I of the PWR LOCA conditions is smaller than that of the BWR LOCA conditions.
The reason of the smallness iz considered to be effected by the existance of water subcooling.
(2) The value of I in the partial break is lavrger than that obtained in the complete break.

(3) FF max OCCUTS at about 0.1 sec after break in the PWR LOCA conditiong, and 0.21 sec in
g

the BWR LOCA, respectively. (4) The delay time when EB reaches the maximum value correg-

ponds to the time of the maximum recovering pressure and the minimum quality.

4.2 Analyses of Blowdown Thrust Force

It is neccesary to gelt an exact solution of the blowdown thiust force FP in the time de=-
N
pendent form as a loading function to analyze the pipe-restraints system. The analyses were
mainly periormed for the 4-~inch test under the PWR LOCA conditions. Figure 4(a) shows the

experimental T, of the jet discharge test, Run 5509, and Fe predicted experimentally consid-

B
ering the pressure force ry shown in Eq.(1) by the pressure history in the experiment and

analyzing the other forces by the analytical estimations. Fipgure 4(b) shows the analytical
FL during the early period of the blowdown initiation after break. These are obtained by
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utilizing the RELAP4/MODS and the DEPCO-MULTL This figure shows that there are some dif-~

ferences between the analyses and the experiment until reaching the maximum walue of blowdown
thrust force, I'

B,max
, and the analytical one by the estimation utilizing the RILAP4/MODS.

. However, a good agreement can be obtained between the experimental

T
B max
Figure 5(a) shows the typical tesult of the analysis in which the critical pressure or

the avarage pressure of the exit volume was sclected to calculate the pressure force in Tq.

(1). This figure shows that T . depends greatly on the selection and the determination of

B,ma

the exit pressure in the amalyses. Figure 5(b) shows the comparison between the experimental
. . . A 476

and the analytical FB in which several critical flow modzls are used/ /1 /,

ses, FB o calculated by the subcooled critical flow model of Henry and Fauske (HF) shows a
PRILE:
gzood agreement with the experiments. The applicability of the subcooled HF model is also

13/

confirmed in the calculation of FB for the 4-inch BWR LOCA test, Run 5601 , in the Dblowdown

In these analy=

initiation after break as shown in Fig.6 .

4,3 Evaluation of Partizl Break

Figures 7(a) through 7(c) show the analytical results of the pressure, mass [low rate
and quality, respectively., If the break area becomes smaller, the exit pressure becomes hi-
gher, and the vecovering time of pressure after the sudden decompression becomes shorter.
Furthermore, the mass flow rate of the partial break shows the larger value than that reduced
the complete break in proportion to the partial break area, and the quality keeps low value
during longer time. These phenomena are called "orifice effect". Tigure 8 shows the analy-
tical result of the normzlized maximum value of the blowdown thrust force in the partial
break by that of complete break, (F /T, ) s vs. the break area ratio. In the figure, the

B B,0 max /2]
experimental thrust forces in the Run 3506 and 5508 were obtained by estimating the rest-
. . L. . i . . 2 -
raint reaction force with the whipping pipe by calibrating the moment arm length . The
blowdown thrust force of the Run 5509 was obtained by measuring with a load cell.

By changing the parameter of the break area ratio in the analysis, the following conclu-
y ging p y » &

s F 7t



sions are obtained; When the partial break occurs in the pipe lines, the maximum blowdown

thrust force in the quasi-steady state FB 08 ,max shows a larger value than that obtained by
? 2

reducing the complete break im proportion to the partial break area.

4.4 FEvaluation of Ramped Break Mode

Figures 9{a) throughy 9(c) chow the analyiical results of the pressure, mass flow rate
and quality which were obtained by changing the time constant of the ramped break mode, T.
In the analyses, the following blowdown characteristics are made clear; The sudden decompre=
ssion after break will disappear in a short time and the exit pressure of the pipe becomes
higher when T becomes longer. Although there is little difference in the time when rhe maxi
mum flow vate occurs, the time of the maximum flow happens later than 100 ms if T becomes
larger than 100 ms.

If the time-depeadent ramped break of the pipe occurs, the acceleration force FA can be

expressed as follows.

n 1j 5
Tk E o U yula ) g )
where
a (L) = At/ s EsT A=Al ezt 8

When the time comstant T is large, Ae(t) iz small at the moment of the pipe rupiurs initiari-
on and FA also takes a small value.

In the thrust force evaluation of the ramped break mode, the following results are obta-
ined as shown in Fig.10. (1) There is little difference in the maximum blowdown thrust for—

ce of the quasi-steady state F even 1f T becomes larger, (2) However, the apparent

3,Q5,max
large acceleration force can not be found and the total blowdown thrust force just after
break FB,JAB also becomes smaller than FB,QS,maX when T becomes longer.
Chan indicated that it is reasonable to take the break mode as a ramped opening break
/8/

and T is equal to 10 ms in the pipe rupture accident . According to our analyses, it is
not necessary to take into account of FB Jap 2% shown in Fig.10 when 7 ig recommended to be
E

10 ms.

5. Conclusions

The relationship between the blowdown thrust force and the thermal~hydraulic characte-
ristics was compared by investigating the experimental and the analytical results, and the
blowdown thrust forces were evaluated by the several analyses, as follows,
(1) The blowdown thrust force in the analysis has two peak values, which oceur just after
break of the ruptuve initiation and at the pressure recovering process, respectively. How—
ever, the first peak is not clear in the experiment. The second maximum peak occurs at about
0.10 sec in the PWR LOCA conditions, and at 0.21 sec in the BWR LOCA, respectively. The dis-
tinct difference of the peak occurrance times under the same LOCA conditions can not he found
between the 4-inch and the 6-imch pipe experiments.
(2) It is confirmed in the experiments that the maximum thrust force corresponds with the
maximum pressure during the non~equilibrium relaxation and the minimum quality.
(3) It is clarified in the amalyses that the blowdown thrust force depends greatly on the
selection of the exit pressure and the pipe length,
(4} Jet thrust parameters were obtained in the experiments, which are useful for the evalua~
tion of blowdown thrust force., The difference of the parameters is small betwesn the PWR and

the BWR LOCA conditions. 1t is proved that the thrust parameter in the complete break does

*
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not exceed that of the ideal gas, Jt=1u26 .
(5) The subcooled critical flow of Henry and Fauske has a good applicability to the analysis
of the blowdown thrust force in the blowdown initiation.

Furthermore, the partial break and the ramped break mode were also studied analytically
by estimating the ecaleulational result for the 4-inch pipe test under the PWR LOCA conditions
by the RELAP4/MODS code. The conclusions are shown as follows.

(1) It is confirmed and evaluated that the blowdown thrust forece of the partial break shows
a larger value than that obtained by reducing the complete break in proportion to the partial
break area.

(2) The blowdown thrust force just after break F becomes very gmall when the time con-

B,JAB
stant of the ramped break mode T becomes large. It is possible that only the second peak of
the blowdown thrust force at the pressure recovering process is to be considered as the maxi-

mum thrust force in the LOCA.
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Run No.

3509 5601 5608 5609  S70B 3506 5508 3604 5607
Test Type JET? JETa JETb JETb JETb whip WHIP WHIP WHIP
Test Condictions FUR IWR BWR BWR PWR PWR PWR PWR BWR
Test Pipe, inch 4 4 6 6 6 4 4 4 4
Tnner Diameter, mm 87.1 97.1 128.8 128.8 128.B 87.1 87.1 87.1 97
Initial Pressure, MPa 15.4 6.86 6.86 6.80 15.5 15.6 i5.0 15.7 6.86
Initial Temperature, °C 320 283 283 283 320 320 320 321 283
Break Area Ratio, % 73.1 82.2 86.5 40.0 50 79.4 38.9 77.5 80
[(Pnax) ,  sec A4 0.10 0.21 0.22 0.20 0.06 0.08 Q.07 0.08 G.21
e(F ), sec 0.:0 0.21 Q.22 0.20 0.08 e - e N
B,max
F , kN 79.0 47.5 87.8 B4 .9 216 aen e PPN PN
Lymax 2
/b, kN/m 16970 7805 7791 16290 33150 - PN
B,max [d
J (a ) L S P 5 P O T 2 B IS |1 AN ce. v
t,max o
A ) 0.88 0.95 1.00 0.96 108
t,max o

shown in Fig.1(a) and Fig.ti(b), respectively,
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Fig.1(a) Schematic diagram of jet discharge test
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Fig.1(b) Details of apparatus for upward jet discharge test
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Fig.6 Comparison of analytical FB of 4-inch
pipe under BWR LOCA
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Fig.10 Comparison of the maximum blowdown thrust forces
by the ramped break in the quasi-steady state
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