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SUMMARY

In the design of a light-water reactor nuclear power plant, the extreme loads which are
caused as the result of hypothetical pipe break accident have recently become the most se-
vere factors for the structure and equipment design of the plant.

In this paper, we describe the results of experiments about reaction forces and jet im-
pingement loads in the pipe break accident conditions. Experiments were carried out for the
kinds of jets, that is steam jet and subcooled water jet.

For the steam jet experiment, the steady state saturated steam was ejected at pressure
range of 10 - 40 Kg/cm2G through the pipe of inner diameter of 9.4 mm. into the atmospheric
condition. In the jet impingement experiments, the steam jet impinged vertically on the
flat plate, varying the distance H in the range of 0.59 H/D to 6.6 H/D (D: ; pipe diameter).

The results are as follows:

(1) The reaction forces T is proportional to the reservoir pressure Py, and the area of

the pipe opening, that is, T=KP.A formula is applicable. The thrust coeffi~
cient K was 1.12 in our experiments, and this is slightly smaller than Moody's
prediction.

(2) The stagnation pressure Py at the centre of the pressure distribution on the plate,
is estimated by following formula.
PS - Pw H -2
PO - Pw = 0.65 ()
(3) A configuration of the pressure distribution on the plate and the area of it
depend mainly on H/D. We could classify the configurations of the pressure dis-
tribution to three types in this experiments.

The subcooled water jet experiments were carried out under the condition of initial
pressure of 70 Kg/cm?G and 150 Kg/cm2G with subcooling temperature of 13 - 41°C. The
diameters of the ejection opening were from 10.5 to 43.1 mm. The instantanecous guillotine
breaks were simulated by means of the rupture disks. The jet was ejected upward into thi-
atmosphere and impinged vertically on the plane board.

As results, it is clarified that the reaction forces have a maximum peak value just after
the break and subsequently decreases gradually. A thrust coefficient slightly depends on a
reservoir pressure transients after the break and is approximately between 1.2 and 1.4. The
distribution of pressure on the plate spreads to it's maximum area just after the break.
On the other hand, the stagnation pressure on the plate has it's maximum value after a some
period of time from the rupture.



1. Introduction

In a design of a light-water reactor nuclear power plant, the extreme loads which are
caused as the result of hypothetical pipe break accident, have recently become the most se-
vere factors for the structure and equipment design of the plant. Especially the evaluation
of these reaction force and jet impingement load is essential for the design of the piping
systems and the structures.

In this paper, experimental results of the reaction force, the impingement load and the
jet pressure distribution on the flat target on which the jet impinges vertically, are de-
scribed. The experiments were performed for the two kinds of jet, that is steam jet and
subcooled water jet.

For the steam jet experiment, the steady state saturated steam was ejected at the pres-
sure range of 10 - 40 Kg/cm2G through the pipe of inner diameter of 9.4 mm. into the atmos-
pheric condition. 1In the jet impingement experiments, the steam jet impinged vertically on
the flat plate, varying the distance H in the range of 0.59 H/D to 6.6 H/D (D: pipe diameter).

The subcooled water jet experiments were carried out under the condition of the initial
pressure of 70 Kg/csz and 150 Kg/cm2G with subcooling temperature of 13 - 4| °C. The dia-
meters of the ejection opening were simulated by means of rupture disks. The jet was ejected
upward into the atmosphere and impinged vertically on the plate.

Data about the impingement jet which is practically useful for the design of the piping

systems and structures have been obtained.

2. Impingement Jet of Saturated Steam

2.1 Apparatus

A schematic of experimental apparatus is shown in Fig. 1. Saturated steam was ejected
into the atmosphere through a straight nozzle as shown in Fig. 1. Inner diameter of the
nozzle was 9.4 mm. The steam was supplied through a 1 inch pipe from a boiler. Quality of
steam was more than 99 per cent. It is considered that the flow was choked and the exit
Mach number was unity. The ejected steam impinged vertically on a flat target plate which
had a pressure tap. The target was made to traverse vertically and horizontally in order to
measure the pressurc distribution on the target. The whole jet was intercepted by the
target. Strain gauge type pressure transducers were used for pressure measurement. The ex-
periment was carried out at the ejection pressure of steam of 10 - 40 Kg/cm2G and a distance

between the nozzle opening and the target was from 5.5 mm to 62 mm.

2.2 Pressure Profile on a Target

Moody discussed about a jet expansion assuming a flat pressure profile. But it is not
in such a simple manner. Results of the pressure profile on the target in the case of ejec-
tion pressure of 41 Kg/cm2 are shown in Fig. 2 typically. H is a distance between the tar-
get and the nozzle exit and D is a diameter of the nozzle exit. 1In this case D is 9.4 mm.
P and P, are the impingement pressure on the target and the ejection (total) pressure of
steam, respectively. r is a radial distance on the target from the center of the impinge-
ment Jjet.

The configurations of the pressure profile on the target are not same at all the loca-
tions. Within the limit of this experiment, the pattern of the pressure profile could be

classified to three types. They varies with the location H.
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type 1; In a region that H/D is smaller than 1.5, the pressure profiles are similar and is
expressed as eq. (2.1)

P - P .

1/2

= sech2(0.88 7 ) (2.1)

where Py is a stagnation pressure on the target at the center of impingement jet, Peoo is
an ambient pressure, and r1/2 is a half value radius.
type 2; 1In a region that H/D is about 4, the pressure profile becomes to the distorted con-
figuration.
type 3; 1In a region that H/D is larger than about 6, the profile is concave and a position
of the maximum pressure on the target is not center.
These types of pressure profile and the jet spread are related to each other as described in
section 2.3.
The stagnation pressure on the target at the center of the impinging jet are shown in
Fig. 3. In the region H/D > 1, the experimental results are summarized as correlation eq.
(2.2)
Pg - Poo

P, - Poo

H -2
= 0.65 (D) (2.2)
Assuming that normal shock wave occurs slightly upstream from the target and that the flow is
isentropic upstream the shock wave, the righthand side of eg. (2.2) is approximately ex-
pressed as eq. (2.3) by using a relation for total pressure change across the normal shock

wave for ideal gas [1].
x

1
P Tx-1 (x+1) M2 x-1
s 2x 2_ _AxX+L)M (2.3)
Pg [1 *oaer M 1)1 [(x—l)M2+2 :|

where x is a ratio of specific heats and M is a Mach number at the axial position of interest.

Oween et.al. (4] calculated the axial profile of the Mach number in the centz2r of highly un-

der-expanded free jet of which a nozzle exit Mach number was 1.008. The calculated stagna-

tion pressure on the target using eq. (2.3) and the Mach number calculated by Oween et.al.

is shown by a broken line in Fig. 3. 1In addition, experimental result for air by stitt [3]

is shown in Fig. 3., Experimental values are in good agreement with the calculated results.
When the pressure profile is type 3, the pressure is maximum on a circular line on the

target. This maximum pressure (the secondary stagnation pressure) seems to be independent

upon the ejection pressure and H/D in this type.

2.3 Spread of Jet

As Moody described in hie work, the jet expands rapidly near the exit to the atmos-
pheric pressure surrounding it. After this initial expansion, the jet would remain at a
constant diameter if there were no mixing or shear force interaction with the environment.
Dependence of the spread of the pressure profile on the target upon the impingement dis~
tance would be in same manner. The experimental results of the spread of the pressure pro-
file are shown in Fig. 4, where ry/2 is a half value radius. The spread of the pressure
profile is characterized by the half radius. The results are as follows.

(1) The spread of the pressure profile can be divided into three regions.

(2) Region 1l extends from the nozzle exit to the distance where H/D is 1.8. 1In this
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region, the half value radius slightly increases as H/D increases and the pres-
sure profile is type 1.

(3) In the region 2, the half value radius increases in proportion to H/D and the
pressure profile is type 2. It should be noted that the half value radius is
independent on the ejection pressure in region 1 and 2.

(4) In the region 3, the half value radius remains constant. The pressure profile
is type 3. In this region, the half value radius increases in proportion to the
square root of the ejection pressure P, as expressed by eq. (2.4)

1,2

_ Po 0.5
b = 0.43 (P—) (2.4)

oo
where D is the nozzle diameter and Peo is the ambient pressure.

2.4 Reaction Force

Generally, the reaction force is expressed in the form of eqg. (2.5)
T=KP- A (2.5)

where T is a reaction force and A is a discharge area. K is a coefficient which is called
thrust coefficient. For calculating the reaction force, saturated steam is usually treated
as an ideal gas. If the flow is further considered isentropic, the thrust coefficient is
1.26 when Py 3> Pw . [2]

The experimental results are shown in Fig. 5. The value of the thrust coefficient which
has been obtained is 1.12 less than 1.26. Friction loss upstream from the exit would reduce
the thrust coefficient.

An upstream restriction which limits flow reduces the reaction force, too. [6]

In this apparatus, the length of the straight nozzle is 120 mm. The effect of the frictional
loss would be small. But therxe is a sudden contraction with a sharp edge at the entrance of
the nozzle. Therefore, there may be a possibility that the flow contraction occurred at the
entrance of the nozzle. If the flow contraction occurs, the discharge flow and the pressure
at the nozzle exit may decrease. Moreover, the pressure loss at the entrance decreases the
reaction force. It is not clear from the results of this experiment about these two effects.
It is necessary that the effects of the configuration of the nozzle entrance and the fric-

tional loss are confirmed experimentally in future.

3. Blowdown of Pressurized Hot Water

3.1 Equipment

Equipment used in experiment is shown schematically in Fig. 6. Electric heater (1920 kW)
is equipped in a heating vessel, which is used to heat water. Blowdown piping (i.d. 190 mm)
is contained in a blowdown vessel (140 m3). A straight pipe nozzle is mounted at the end of
the blowdown piping. Detail is shown in Fig. 7. Three different nozzles are used. The
diameters of the nozzles are 12.3 mm, 21.2 mm and 43.1 mm respectively. They have the round
inlets. Rupture disk is mounted at the exit of the nozzle. The rupture disk was broken by
electric arc in order to simulate instantaneous guillotine break. The water is circulated
until blowdown starts so that the temperature of the water in the nozzle may be kept as high

as in the loop.
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Jet is ejected upward and hits a target plate perpendicularly. There are seven pres-
sure taps by which the pressure distribution on the target is measured. The locations of
the pressure taps are as shown in Fig. 7. The target is supported by three rods with load
cells. Impingement load and Reaction force are measured by load cells. Natural frequency

of the system are 46 Hz.

3.2 Test Procedure

The test loop was initially filled with demineralized water and the water was heated to
the starting conditions. When the initial condition was achieved, the circulation pump was
then stopped and the valves VP-7 and VP-8 were closed and the rupture disk was broken.

Nine tests were conducted. The initial conditions and the diameters of the nozzles

used in each run are shown in Table 1.

3.3 Experimental Results

Typical pressure history in the blowdown pipe after the break is shown in Fig. 8. As the
initial temperature of water is subcooled, the pressure decreases rapidly to near the satu-
rated condition. An undershoot is observed. This seems to be due to time delay of evapo-
ration.

Examples of the reaction forces are shown in Fig. 9. The reaction force and the im-
pingement load were measured simultaneously. These two forces are equal within the ex-
perimental error.

The reaction force has a maximum value just after the break and then decreases rapidly
as the pressure in the blowdown pipe decreases. Such a peak of the reaction force is dis-
tinguished when the initial subcooling is large. Probably, such a peak may diminish if the
initial subcooling is zero.

The experimental result of thrust coefficient defined by eq. (2.5) was nearly constant
with respect to time. The thrust coefficient seems to depend slightly on the steam quality
of the mixture in the blowdown pipe.

The steady state reaction force is given by eq. (3.1)

2
T G%v
L _p -p, +SVE

- e (3.1)

where A is an area of the break, P_ is a pressure at the exit (critical pressure), G is a

E
discharge mass flow rate, Vg is a specific volume of discharge flow at the exit and g is
gravitational acceleration. Assuming an isentropic flow, and substituting Pg, G and Vg
calculated by Moody's method [5) into eq. (3.1), the steady state frictionless thrust co-
efficient can be obtained. The predictions for steady state saturated water are shown by
a broken line in Fig. 10. The experimental results of the thrust coefficient is from 1.2 to
1.4 which is slightly greater than Moody's prediction as shown in Fig. 10.

A configuration of the pressure distribution on the target varies considerably with time.
The typical history of the pressure distribution is shown in Fig. 11. 1In the early stage of the
period of blowdown, the configuration of the pressure distribution is flat and the spread of
jet is wide. The pressure at the center was rather low. As time goes on after break, the
spread becomes narrow and the pressure at the center becomes high and then low. Therefore,
the pressure on the target plate is maximum in a short time after the break. The spread of

the pressure distribution on the target is shown in Fig. 12, where P is a pressure in the
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blowdown pipe during blowdown. The dependence on the pressure at more than 40 Kg/cm2 is
different from one at less than 40 Kg/cm2. It seems that the lower the steam quality of the
discharge mixture is, the larger the spread of jet is. It is interesting that when the blow-
down pressure becomes low (the steam quality is high), the spread of the pressure distribu-

tion is similar to one for the saturated steam.
4. Conclusion

[A] FPor the steady saturated steam jet, following results were obtained.

(1) The configuration of the pressure distribution on the impinged plate depends
strongly on the distance between the plate and the pipe exit. The configuration
are divided into three types according to the distance. The stagnation pressure
of the jet at the center of the pressure distribution can be estimated by eq.
(2.2), which agrees well with the analytical results derived from the relation
of the total pressures across the shock wave.

(2) The value of reaction force for steam jet we obtained was smaller than that of
Moody's prediction which assumed the frictionless isentropic flow. This dis-
agreement seems to be due to the friction loss and/or flow contradiction at the
entrance of the nozzle. FPurther investigation is necessary to clarify this effect.
This results, however, shows that it is conservative to evaluate the reaction

force by Moody's prediction.

[B] For the subcooled water jet, following results were obtained.

(1) 1In the case of the initially subcooled water, the peak reaction force and the
peak impingement load are observed just after the break of the rupture disk.
These phenomena are considered to be due to the sudden decreasing of the system
pressure.

(2) The thrust coefficients obtained in this experiment kept constant value during
blowdown. The values of the thrust coefficients were in the range of 1.2 to 1.4.

(3) The spread of the jet is large at the early stage of the water phase blowdown.

On the other hand, the pressure on the impinged plate takes maximum value after a
some period of time. This phenomena seemed to be complex. The pressure on the
target depends on the impingement distance, the steam quality and the system pres-

sure.
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Table 1 Experimental condition
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PO kg/em2 ToOC  ATsub OC PosatKe/emi: D mm H mm
VIKT 201 67 255 26 43 21.2 290 13.7
202 148 299 41 85 21.2 290 13.7
203 150 318 23 112 21.2 290 13.7
204 68 268 16 53 10.7 290 271
208 148 309 k2l 98 10.5 290 27.6
206 66 264 18 50 39.1 260 6.65
207 68 271 13 56 40.8 400 9.95
208 70 264 21 50 348 150 4.31
208-2 68 263 21 49 38.2 150 3.93
Jw Po = 41 kg/cm? Ho o :
| =g § A b6
A = R |
% 0.04
o
0.02
1. Main sleam pipe (5") 7. Target plate -3 -2
2. Valve 8. Support skructure
3. Steam supply pipe (1%} 9. Pressure gauge
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5. Drain (1/4") Load M
6. Valve x2.3
s D=0.94cm
Fig. 1 Sketch of experimental apparatus
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0
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----- Eq. (2.3)
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Locaton on target plate from centor /D
Distance between nozzle and target H/D
Fig. 2 Examples of radial pressure profile

Fig. 3 Stagnation pressure of saturated
on target (steam)

steam jet on target
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