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SYNTHÈSE :

Les autorités de sûreté françaises ont demandé à EDF de démontrer la capacité
de la nouvelle pompe primaire N4 à fonctionner en régime diphasique sans vibrations
excessives.

Pour cela, trois essais à l'échelle 1 simulant une fuite sur le circuit primaire ont
été réalisés sur la boucle d'essais dans les conditions de fonctionnement réelles
(température = 290 °C, pression = 155b, débit = 7 m3/s, puissance de la
pompe = 7 MW). Le taux de vide maximal atteint a été de 75 %.

Les résultats des essais sont très positifs : le comportement mécanique de la
pompe est satisfaisant, même à très fort taux de vide. Les niveaux vibratoires sont
restés en dessous des limites fixées par le constructeur. Des corrélations entre les
vibrations et les pressions fluctuantes dans la boucle ont pu être établies.
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EXECUTIVE SUMMARY :

The French Safety Authorities required EDF to demonstrate the ability of the
new N4 main coolant pump to withstand two-phase flow conditions without damage.

Therefore three full sized tests, simulating a bleeding flow on the primary
system, were performed on a laboratory test loop under real operating conditions
(temperature = 290 °C, pressure = 155 b, flowrate = 7 m3/s, electrical power = 7 MW).
The maximum value of the mean void fraction reached 75 %.

The outcome of the tests is very positive : the mechanical behaviour of the main
coolant pump is good, even at high void fraction. The maximum vibration levels were
below the limits fixed by the manufacturer. Correlations between the mechanical
behaviour of the pump and the pressure pulsation in the test loop have been found.
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FULL SIZED TESTS ON A FRENCH MAIN COOLANT PUMP UNDER TWO-
PHASE FLOW

J.C. HUCHARD, C. BORE, E. DUEYMES
EDF-DER, 6 quai Watier
78400 Chatou, FRANCE

1. Introduction

In a nuclear power plant, the main coolant pumps function is to insure the circulation of the water
between the reactor and the steam generators. They constitute essential components for the safety and
reliability of nuclear power plants.

In case of loss of coolant accident (LOCA), in nuclear reactor, which may result from a break in the
primary system, the coolant may undergo rapid depressurization, form vapor-liquid two-phase flow and
the main coolant pumps could have to operate under those extremely hard conditions.

In 1993, the French Safety Authorities required Electricité de France (EDF) to demonstrate the ability of
the new Pressurized Water Reactor (PWRJ pumps to withstand mechanically those conditions.

Although appreciable testings have been carried out around the world on pumps operating under two-
phase flow conditions, their dynamic behaviour has rarely been studied, especially for these type of
pumps.

Therefore, three full sized tests have been performed on a laboratory test loop at real operating
conditions. The purpose of this paper is to :

-describe the main characteristics of the main coolant pumps

-outline the main features of the test loop

•present the three tests and their results :

thermo-hydraulic behaviour of the pump

mechanical behaviour of the pump

hydro-acoustic caracteristics in the test loop

2. Description of the main coolant pump

The main coolant pump tested is from the new French standardized nuclear power plant called N4. It was
designed by the French manufacturer Jeumont-Industrie. The main features of the pump are illustrated in
figure 1 and may be summarized as follows :



Operating conditions : The pump operates at a temperature and suction pressure of 293 °C and
15,4 Mpa respectively. At the nominal point, the pump delivers 6,9 m3/s at a
106 m head for a power of 6700 kW.

Impeller design The pump has a mixed flow geometry and the impeller has four vanes.

Motor The pump rotates at 1500 rpm, driven by an asynchronous motor.

Bearings The impeller is overhung by a hydrostatic bearing pressurized from the pump
discharge. In case of loss of this bearing, a hydrodynamic bearing is located in
the upper part of the pump. The motor shaft's lateral and axial support is
provided by two guide bearings.

Casing The casing is a single-suction, single-radial-discharge arrangement.

3. Description of the test loop

As owner and operator of PWR reactors, EDF maintains a facility to test at real conditions full sized
PWR main coolant pumps. The test loop is a closed loop of 30 m3 of capacity. The main characteristics of
the loop may be summarized as follows (see also figures 2&3) :

Piping arrangement The suction and discharge header are horizontal (diameter : 910 mm, 750 mm
near the pump). The total length of the loop is about 30 m. The casing is
mounted on a concrete support. This is the only fixed point of the test loop.

Temperature control Due to the power of the pump, there is no need to heat the water. The
temperature is controlled by a water-cooled heat exchanger.

Pressure control The pressure in the test loop is controlled by a pressurizer as in the primary
circuit in PWR nuclear power plant.

Flow control The flow rate control is assured by a butterfly vane. The maximal flow's range
is from 0 mVs to 8 m3/s.

Bleeding circuit To realize two-phase flow test, a bleeding circuit was added. Water was taken
away from the main circuit in order to depressurize the test loop and form
vapor-liquid two-phase flow. The bleeding flow rate is controlled by a vane
over the rang of 0 m3/h to 100 m'/h and is measured by a diaphragm (the
vapor-liquid mixture is cooled with cold water before the diaphragm in order
to have one-phase flow).

To refill the test loop, positive displacement pumps were used, taking the water
from the volume control tank at the temperature of 30 °C. The refilling flow
rate was 7.2 m3/h.

4. Instrumentation

In order to analyze the results, specific instrumentation was installed on the pump (see figure 1) and the
test loop (see figure 2) :

Motor shaft 8 radial accelerometers.

1 axial accelerometer.

Motor casing 4 radial accelerometers.

Test loop 26 accelerometers.

10 pressure fluctuations sensors.

10 strains gauges.

The void fraction was calculated by integrating the bleeding flow rate. It is only a mean void fraction : it
is not representative of the void fraction at the suction or discharge pipe.



For the last test, gamma densitometer measurements were used to determine the local void fraction at the
suction pipe and the discharge pipe. And short life radioactive tracers measurements of the liquid phase
and the gas phase flow rates have been made.

5. Tests performed

Three two-phase flow tests have been performed on the test loop. The first one with a bleeding flow rate
of 1 mVh (about 3 % of void fraction per hour). The maximal void fraction reached was 28 %, the two
others with a bleeding flow rate of 13 m3/h (about 50 % void fraction per hour). The maximal void
fraction reached were 75 % and 70 % respectively.

The thermo-hydraulic behaviour and the mechanical behaviour of the pump during the three different
tests were very similar.

6. Thermo-hydraulics behaviour of the pump

6.1. VOID FRACTION

Figure 4 represents the void fraction variation during the third test. On this figure, the mean void fraction
is plotted with the suction and discharge void fraction (taken from the gamma densitometer). This graph
brings out two points :

• As long as the suction void fraction is less than 30 %, the discharge void fraction is quasi-null. This
happens during the bleeding phase of the test but also during the refilling phase. This phenomenon has
already been observed and studied [1]. For low suction void fraction, as the steam-water mixture flows
through the impeller channel, the pressure increases and condensation takes place. At the discharge pipe,
the flow is almost in a one-phase flow state.

• For mean fraction void larger than 40 %, the suction void fraction is smaller than the discharge void
fraction. This might be explained by the configuration of the test loop. The discharge pipe is located in
the upper part of the test loop, while the suction pipe is located in the lower part and some water may
have stayed in this part for high void fraction.

On figure 5, the spectral analysis between 0 Hz and 2 Hz of the discharge pump is shown over the entire
duration of the third test This graph reveals the presence of a peak around 0.4-0.6 Hz and its harmonics
during the bleeding phase of the test and especially during the refilling phase. It also can be seen on the
suction void fraction, on the shaft, motor easing and test loop accelerometers and the pressure fluctuation
sensors (but at very low level). The fact that this frequency appears on all the probes seems to show a
slug flow in the test loop.

6.2.AP CREATED BY THE PUMP

Figure 6 shows the Ap created by the pump as function of the mean void fraction. As may be seen, the Ap
steady decreases with the void fraction. At the maximum of the mean void fraction (75 %), the value of
Ap is about 70 kPa. This shows that, even at high void fraction, the pump does not seem to dewater.

Tests made on another pump [2], have shown that the curve Ap=f(void fraction) strongly depends on the
water temperature. For high temperatures, as it is the case here, the Ap is less degrading with the void
fraction as for low temperatures.

7. mechanical behaviour of the pump

7.1. MOTOR CASING

Figure 7 summarizes the motor casing mechanical behaviour during the most severe test (maximum value
of void fraction reached : 75 %). As it can be seen, there are four vibration crises : two during the
bleeding phase and two during the refilling phase. As may be noticed, the vibration crises appear for the
same void fraction range during the bleeding phase and the refilling phase : they seem to be symmetric
and the mechanical behaviour of the motor casing seems to depend strongly on the void fraction.



The coherence study shows good agreement in the range 0 - 10 Hz between the motor casing
accelerometers and the test loop accelerometers and also between the motor casing accelerometers and
the pressure fluctuation probes. This is not the case for the shaft and motor casing accelerometers. These
results could tend to demonstrate that the vibration crises are mainly due to the fluid : the vapour-water
mixture produces a large bandwidth excitation at low frequency. This induces response of the motor
casing and test loop on their different low frequency modes.

When the mean void fraction reaches its maximum, the level of the motor casing vibrations are very low,
even lower than in the normal operating conditions. This can be explained by the low excitation level : a
very small amount of water is pumped at high void fraction.

7.2. SHAFT

On figure 7 is also drawn the shaft mechanical behaviour. At normal conditions, the vibration level is
around 50 um (peak-to-peak). During the two-phase flow tests, it increases regularly with the mean void
fraction, up to 100 um.

The spectral analysis of the shaft accelerometers shows, at high void fraction, the presence of a peak
around co/2. For those high void fraction, the Ap created by the pump is very low (under 100 kPa) and
therefore, the hydrostatic bearing is not well furnished. Some bearing instabilities occur. The presence of
the peak around co/2 reveals these instabilities. This was well predicted by a calculation taking account
the hydrostatic bearing loss.

After the tests, die condition of the key components was checked by dismantling and direct inspection.
Particular attention was given to the hydrostatic journal and bearing. It has shown contact between the
rotor and the stator parts but without significant damage.

7.3. INFLUENCE OF THE WATER TEMPERATURE ON VIBRATION

On figure 8 the maximal value of the motor casing vibrations level against the test loop water temperature
is plotted. One may notice, the lower the temperature is, the larger the vibrations are. Such phenomenon
was already seen (2). This is due to the two-phase flow mixture : at high temperature, the vapour-liquid
mixture is more homogeneous than at low temperature and therefore the excitation level caused is lower.
This would tend to confirm that the fluid is mainly responsible for the vibration crises (cf. 7.1).

8. Pressure fluctuations in the test loop a

Figure 9 illustrates the pressure pulsation spectral variation during a two-phase test (on the abscissa axis
frequency (range 0 - 3 0 Hz), on the co-ordinates axis, the time and the void fraction). The graph brings
out two points :

• When the mean void fraction is under 30 %, the pulsation level is the highest for the two-phase flow
test. This is caused by the fact that, at the discharge pipe, the flow stays in a one-phase state and pressure
fluctuations are not damped by the presence of steam.

• As long as the mean void fraction is larger than 30 %, the level of the fluctuation is very low,
comparatively to the normal operating conditions. The aspects of the spectrums are typical turbulence
spectrums. No particular frequency appears.

9. Conclusion

Three full sized tests of the new French main coolant pump under two-phase flow conditions have been
performed on a laboratory test loop. The outcome of the test is very positive :

• The maximum value of the mean void fraction reached 75 %.

• The tests have shown the ability of the main coolant pump to withstand extremely hard void fraction
without damage. The level of vibrations were always below the limits fixed by the manufacturer.

• Even at high void fraction, the pump does not seem to dewater.

The tests have proved the reliability of the new main coolant pump. They will improve the understanding
of safety matters and the corresponding simulation models.
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Figure 1 : View of the main coolaril pump and its instrumentation
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Figure 2 : View of the test loop and its instrumentation



MAIN COOLANT PUMP TEST LOOP
Two-phase flow configuration

Figure 3 : Main coolant pump test loop : two phase flow configuration
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Figure 4 : Mean, suction and discharge void fraction during the third test



Figure 5 : Spectral analysis of the discharge void fraction

Figure 6 : Ap created by the pump versus the mean void fraction
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Figure 7 : Mechanical behavior of the motor casing (upper curve) and the shaft (lower curve)
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Figure 8 : Maxiraar. value of motor casing vibration, agaiss: the waœr temperature
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Figure 10 : Pressure fluctuation spectral analysis during the second two-phase flow tes;


