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INTRODUCTION 

 
Prototype Fast Breeder Reactor (PFBR) has two Primary Sodium Pumps (PSPs) for circulating the 
coolant sodium through the core and Intermediate Heat Exchanger (IHX), for the transportation of heat 
from the core to the IHX. It is housed within the reactor assembly (Figure 1). The long shaft of PSP 
carrying the impeller is mounted on two bearings. Top bearing comprises a tilted pad thrust bearing. The 
lower bearing situated just above the impeller is a Hydro Static Bearing (HSB). The HSB aligns the shaft 
precisely along the centre line under all operating speed of the pump within the radial clearance of 400µ. 
The required radial stiffness is provided by the pressure head of the leaked sodium delivered by the pump 
itself. The small eccentricity, while the pump rotation can cause reduction / enlargement in the gap 
available between the HSB and its journal. This area difference and the fluid pressure together built up 
additional forces in the HSB to support the shaft in position. The bearing stiffness are a strong function of 
the pump speed. To understand the behaviour of the HSB and the associated shaft under service 
condition, 1/10th scaled down model of the test facility has been constructed. 
 
This paper discussed about the details about the 1/10th scaled down model of the test facility developed 
towards understanding the rotodynamics stability of the pump shaft under service condition. With this 
experiment the safe operating speed range without subjecting the dynamic instability is identified.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1: PFBR reactor assembly 
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PRIMARY SODIUM PUMP & HYDROSTATIC BEARING 
  

Two primary sodium pumps (PSP) operating in parallel circulate sodium through the core to remove the 
nuclear heat. The PSP runs at a nominal speed of 590 rpm delivering a flow of 4.13 m³/s at 75 m/c head. 
The PSP is a vertical centrifugal pump with a single stage, top suction impeller having a free sodium 
level. The pump assembly consists of pump shell and shaft which is located inside a standpipe penetrating 
into the cold pool. The shaft and pump shell are connected at the top by an assembly of thrust and radial 
bearing. In order to provide guide to the shaft at bottom, there is a hydrostatic bearing (HSB) between the 
shaft and the suction bell, just above the impeller level. The HSB aligns the shaft precisely along the 
central line under all operating speed of the pump within the radial clearance of 400 μ. The required radial 
stiffness in provided by the pressure head of the leaked sodium delivered by the pump itself. The small 
eccentricity, while the pump rotation can cause reduction / enlargement in the gap available between the 
HSB and its journal. This area difference and the fluid pressure together built up additional forces in the 
HSB to support the shaft in position. The bearing stiffness are a strong function of the pump speed. To 
understand the behaviour of the HSB and the associated shaft under service condition, 1/10th scaled down 
test facility has been constructed. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 
 

Figure 2: Schematic of Primary Sodium Pump & HSB 
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The HSB is a pocket type hydrostatic bearing which develops load carrying capacity depending upon the 
pressure in the pockets. Six pocket HSB concept is employed. The pockets are fed by the pump discharge 
sodium itself. The load bearing capacity (WHD) due to hydrodynamic effect is worked out using the 
correlation. As per this WHD (N) = 7x106 ARD2 µN/m2. AR is bearing characteristic number which is a 
function of eccentricity ratio and length to diameter ratio, equal to 0.001 for the HSB. D is diameter of 
journal; equal to 0.4 m. µ is viscosity which is equal to 0.279 x 10-3 N-S/m2 for sodium at 700K. N is 590 
rpm. To provide passages for the sodium flow from discharge, a straight vertical hole of diameter is 
drilled on the bottom end up to a depth corresponding to the mid-level of bearing. Six radial holes are 
drilled to provide further passages from the central hole to the pockets. The radial basically act as orifices 
in the flow path. The sodium leaves the pockets by flowing tangentially to the grooves, from where it 
flows along, finally to reach the ambient (pump suction zone). A fraction of sodium also flows vertically 
through the radial clearance between the lands and bush. The flow paths also indicated in figure 2. 
 
DETAILS OF THE TEST FACILITY: 
 
This experimental setup consists of two major parts. One is the mechanical system with equivalent PSP 
model with HSB and another one is the hydraulics portion which maintains the lubricant under 
circulation. The photograph of the test facility is given in Figure 3.  
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3: Photograph of the PSP 1/10th model test facility for HSB studies  
 
The mechanical part consists of a vertical Shaft with equivalent centre mass which is rotated by the VFD 
motor and supported by normal thrust bearing at the top end and HSB at bottom end. This VFD motor is 
useful for varying the speed of the shaft. The eccentricity of the central mass will be measured using 
Laser sensors. The speed of the rotating shaft can be measured by using the non-contact digital laser 
tachometer. This whole setup is mounted on the Electro Dynamic Shaker Table. The mechanical part is 
shown in Figure 4. 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4: Mechanical part of the HSB facility studies  
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The hydraulic part consists of the high head and high flow centrifugal pump which is providing the flow 
of lubricant (in this experiment water) to the bearing. The flow and corresponding head is controlled by 
the gate valve attached on the pipe. The pressure and flow is measured by the pressure gauge and the rota 
meter attached on the pipe line. 
 

ASPECTS CONSIDERED FOR THE EXPERIMENTAL SIMULATION OF DYNAMIC 
INSTABILITY 
 
Towards simulating the dynamic instability of the circular shaft which carries a centrally located mass 
mounted in bearings with orthotropic (anisotropic) stiffness.  The spring constants are due to the stiffness 
of the shaft, the bearings, and the supports. It is possible to derive instability domains due to whirling. 
When the rotor operates at a speed either above or below the two critical speeds, the rotor and the 
geometric centre rotate in the same direction with the same speed, resulting in the forward synchronous 
elliptic orbit. When the rotor operates at a speed between the two critical speeds, the mass and the 
geometric centre rotate in opposite directions with the same speed, resulting in the backward synchronous 
elliptic orbit. Figure 5 explains this forward and backward whirling phenomenon. It is interesting to note 
that when the excitation is above or below the critical speed, there is no reversal in stresses in the shaft: 
that is, while the shaft is revolving, the compression side of the shaft remains in compression and the 
tension side remains in tension. When the excitation is between the critical speeds, the shaft undergoes 
two reversals in stress per revolution 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 5: Classical modes of whirling instabilities in the rotating shaft 

 
Towards mimicking the dynamic instability of the primary sodium pump, with the scaled down model 
experiment the following aspects are considered for the experimental simulation. 
 
Natural frequency: 
The frequency at which vibrations becomes maximum is called natural frequency. The natural frequency 
of the primary sodium pump is 10 Hz. For simulation purpose we have developed a model with a natural 
frequency of 10 Hz. It is essential to estimate the natural frequency to avoid the resonance conditions. At 
resonance condition the vibration of the shaft is maximum. In this condition the dynamic stability of the 
shaft is tested. 
 
Pump Speed: 
The nominal speed of the primary sodium pump is 590 rpm. Corresponding to this speed the frequency is 
10 Hz. The pump can be operated at various speeds. 
 
Whirling speed:  
When a shaft rotates, it may well go into transverse oscillations. If the shaft is out of balance, the resulting 
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centrifugal force will induce the shaft to vibrate. When the shaft rotates at a speed equal to the natural 
frequency of transverse oscillations, this vibration becomes large and shows up as a whirling of the shaft. 
It also occurs at multiples of the resonant speed. In our case when the pump speed matches with the 
natural frequency of the shaft whirling will occur. 
 
Resonance: 
Resonance is the tendency of a system to oscillate at maximum amplitude at certain frequencies, known 
as the system’s resonance frequencies (or resonant frequencies). At these frequencies, even small periodic 
driving forces can produce large amplitude vibrations, because the system stores vibrational energy. In 
our case when the natural frequency of the shaft matches with the seismic frequency resonance will occur. 
 
Seismic Excitation: 
The scaled down model of the HSB is mounted on the slip table to study the behaviour of the HSB under 
seismic conditions. This can produce variable range of frequencies. When frequency range of 10 Hz is 
given in slip table, the natural frequency and whirling speed of the shaft matches with the seismic 
frequency and large vibrations will be produced. 

 
Table 1: Simulation of PFBR model with experimental model 

 
Sl. 
no PFBR HSB  Experimental 1/10th model of HSB 

1 The primary sodium pump is 12m long. The primary sodium pump is 1.2m long. 
 

2 A thrust bearing is used at the top of the pump. 
Hydrostatic bearing is provided at the free end 
of the pump. 

A thrust bearing is used at the top of the pump. 
Hydrostatic bearing is provided at the free end 
of the pump. 

3 Natural frequency of the pump is ~10HZ. Natural frequency of the pump is ~10HZ. 
4 Liquid sodium as self-lubricant at high 

temperature (200-550 oC) Normal water at room temperature as lubricant 

5 
The inlet head is developed by PSP  Inlet head is developed externally by means of 

centrifugal pump 

6 Head and flow is depends on the speed of the 
PSP 

The head and flows are controlled by gate valve 
not depends on the speed of the bearing shaft 

 
EXPERIMENTAL STUDIES 
 
Using the test facility shown in figure 3, preliminary experiment has been carried out for various inlet 
pressure of 0.2 bar, 1 bar, 2 bar and 3 bar with varying speed. The speed has been adjusted using the VFD 
controller. The deflection of the central mass is monitored using the non-contact laser displacement 
sensor. The speed of the centre mass rotation is measured by using the non-contact digital laser 
tachometer. Observations are presented in figure 6. 

Results & Discussion: 
 
The results indicated that, the central line deflection of the simulated PSP shaft exhibits linear trend up to 
200 rpm and inlet pressure of 0.2 bars. But in case of 3 bar inlet conditions, the exponential trend 
exhibited from the beginning itself. 
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Figure 6: central line deflection of the simulated PSP shaft under various operating conditions 
 

NUMERICAL STUDIES 
 
Towards understanding the dynamics of the HSB assembly, numerical studies have been carried out prior 
to the experiment. The finite element model with varying stiffness at the bottom of the shaft with lumped 
mass has been simulated for the analysis. The mass and the shaft stiffness have been simulated as per the 
inbuilt test facility model. The finite element formulation of the specimen is presented in Figure 7b.   

Free Vibration Analysis of the test specimen 

Towards predicting the dynamics behaviour of the PSB assembly it is necessary to simulate the boundary 
condition as present in the model. The actual assessment of the HSB stiffness is not available. Hence 
numerical analysis has been carried out with extreme conditions of the boundary stiffness. i.e. one case 
with highly flexible support condition and other with rigid conditions. The actual hydro static stiffness 
lies will in between above cases. The frequency obtained for the highly flexible condition is 2.93 Hz 
(Figure 7c) and that of the highly rigid boundary condition is 9.8 Hz (Figure 7d) as shown in Figure 7.    
The actual stiffens of the HSB lies in between the above two cases. Hence analysis has been further 
extended by varying the bottom end conditions. The frequencies obtained at these conditions are 
presented in Figure 8. Once the stiffness of the HSB is known, the accurate assessment of the dynamics of 
HSB assembly can be obtained from Figure 8.     
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Figure 7: a) Experimental Shaft with central mass b) Numerical Model c)&d) First mode Shape when 
stiffness of HSB is 1 kN/m and 300 kN/m respectively 

 

 
 

Figure 8: Frequency vs Stiffness of the HSB plot at zero eccentricity value 

 

2.93 Hz 9.5 Hz 

c).a). b). d). 
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One of the important coupled mode involving 3 deformations: (i) predominantly the bending of the shaft 
as cantilever beam  due to relatively low stiffness contribution by HSB, (ii) bending of shell as simply-
supported beam at two supports one at the top spherical support and another at the bottom spherical 
header and, (iii) swaying of the support.  

 

 

 
 

Figure 9: Important Vibrations modes of PSP 
 

At nominal operating speed, under the assumption that there is no eccentricity, the natural frequency of 
shaft was 9 Hz. which means that the shaft operates very close to resonant zone. However, while running, 
the bearing develops higher stiffness and hence the frequency goes up. In view of stiffness variations with 
speeds, the resonance has to be investigated in to determine the dynamic response of the shaft at HSB 
under all operating conditions.   

 

SUMMARY 
 
To understand the behaviour of the HSB and the associated shaft under service condition, 1/10th scaled 
down model test facility has been constructed. Using the facility the safe operating range of speed without 
subjecting the dynamic instability can be identified. The developed facility has the potential to vary the 
flow parameters and the speed of the shaft. The numerical studies have been carried out prior to the 
experiment helps in understanding the dynamics of the shaft under various operating conditions. The 
stiffness of the hydrostatic bearing computed using this experimental facility also presented in this paper, 
which will be useful for the numerical prediction. The scaled down model of the HSB is mounted on the 
slip table to study the behaviour of the HSB under seismic conditions so that pump seizure can be 
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demonstrated using this facility. The preliminary experiential results indicate that, with high initial 
pressure the eccentricity of the shaft under rotation exhibited an early trend towards dynamic instability. 

 

FUTURE WORKS 
 
It is planned to operate the mock-up test facility at higher speed and to derive the roto-dynamic instability 
condition. Such that the PSP comfortable operating condition can be derived. Using the electro dynamic 
shaker system, it is planned to demonstrate the pump seizure is not taking place under seismic condition. 
The stiffness variation with speeds and the associated resonance has to investigate in future to determine 
the dynamic response of the shaft at HSB under various operating speeds.   

 

*  *  * 


