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ABSTRACT

An AP1000 nuclear reactor coolant pump is considered to assess the influence of the Impeller/Guide vane clear-
ance on the performances of this type of pumps. Experiments and numerical simulations relying on an unidirec-
tional fluid-solid coupling approach are used to investigate the problem (stress, strain and mode of the rotor). The
results reveal the relationship existing between the hydraulic performance of the nuclear reactor coolant pump
and the clearance ratio. The effect of clearance ratio on the maximum equivalent stress on the back surface of
the impeller blade is greater than that on the working surface (the maximum equivalent stress on the back surface
of impeller blade is about three times that on the working surface). The clearance ratio has a scarce effect on the
first six natural frequencies of the rotor of the nuclear reactor coolant pump. The related vibrational modes have
different waveforms.

KEYWORDS

Nuclear reactor coolant pump; clearance ratio; fluid-solid coupling; stress and strain; numerical calculation

1 Introduction

The nuclear reactor coolant pump is the core component of the nuclear island in the nuclear power plant,
whose (and its) stability directly affect the power generating capacity and safety of the atomic power plant.
The dynamic-static coupling mode between guide vane and impeller of the third-generation nuclear reactor
coolant pump makes the clearance ratio between the impeller and guide vane of the nuclear reactor coolant
pump inevitable. The hydraulic excitation caused by the flow interference between the cascades is one of the
main reasons for the vibration of the reactor coolant pump unit, which directly affects the reliability and
safety of the nuclear reactor coolant pump regular operation. Nowadays, the problem of clearance flow
widely exists in the neighbourhood of engineering. Due to the frequent occurrence of engineering
accidents caused by flow-induced vibration, the issue of clearance flow-induced vibration has been given
more and more attention [1-3]. With the complexity of the working environment, the factors that cause
the pulse of the gap flow gradually increase [4]. Will et al. [5] studied the clearance flow of the
centrifugal pump impeller and found that the flow in these axial clearances has a significant impact on the
regular operation of the pump. Based on the impeller clearance of the AP1000 nuclear reactor coolant
pump model, Li et al. [6] studied the axial vibration caused by radial clearance flow and they found that
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the clearance would cause the negative axial stiffness and lead to the negative damping under certain
conditions. Parikh et al. [7] took the gas-liquid two-phase flow of centrifugal pump as the research object,
and the results showed that the more delicate bubbles and narrower distribution would appear when the
clearance increased. Thamsen et al. [8] used X-ray imaging technology to measure the little clearance in
the operation of the rotating blood pump non-destructiveness and non-contact. Mansour et al. [9] studied
the impact of pump performance by increasing the tip clearance of semi-open impeller. The results
showed that increasing tip clearance would increase the secondary flow of the blade and eliminate the
sudden performance degradation. Liu et al. [10] studied the effect of tip gap size and characteristics of the
mixed-flow pump pressure pulsation energy and they found that the external features and pressure
pulsation will change with the clearance difference. In addition, the safe operation of the nuclear reactor
coolant pump is not only affected by the clearance, but also by the interaction between the fluid in the
reactor coolant pump and the structure. Cheng et al. [11] used the fluid-structure coupling method to
analyze the influence of the circumferential change of the guide vane installation position on the rotor
induced vibration. Key et al. [12] showed that the proper timing position between the rotor and the stator
is conducive to improve the mechanical properties of the fluid and the internal flow. Wang et al. [13]
found that in the transient calculation, the average head of the nuclear reactor coolant pump decreased
after coupling, which was closer to the test value. In off-design conditions, fluid instability will seriously
affect the stability of the pumping station, so it is necessary to check the pumping station in advance.
Chen et al. [14] used fluid-solid coupling methods to simulate the flow passage to realize the static and
fatigue life of the pumping station. Zhang et al. [15] found that when the head was the highest, the
maximum equivalent stress value of the impeller and guide vane is the largest, but it is much smaller than
the yield limit of the material. Wu et al. [16] analyzed the frequency of blade vibration under fluid-
structure coupling and predicted it and the main factors affecting the beat.

At present, most of the existing research results focused on the analysis of clearance induced
performance and vibration without considering the fluid-solid coupling effect. Scholars have little
research on the influence of the clearance ratio between the impeller and the guide vane of the nuclear
reactor coolant pump, and the early research work often separates the internal flow and structural
vibration characteristics of the nuclear reactor coolant pump. This ignores their interaction, which is far
from actual physical problems, the fluid-solid coupling method is mainly applied to the analysis of flow-
induced vibration of the nuclear reactor coolant pump. Therefore, this study uses a one-way fluid-solid
coupling method to solve the internal flow field and structure field of the nuclear reactor coolant pump
under different guide vane impeller gaps, and obtains the maximum deformation and maximum
equivalent stress of the nuclear reactor. At the same time, the optimal clearance ratio of the coolant pump
is also obtained, which provides a theoretical basis for its safe and reliable operation.

2 Geometric Model and Scheme Design

2.1 Geometrical Model

The self-designed AP1000 nuclear reactor coolant pump model is selected as the research object in this
study, whose structure is shown in Fig. 1a and whose meridian plane is shown in Fig. 1b. Considering the
complex structure, larger size and conveying higher temperature liquid of the prototype (real machine), the
calculation with the prototype pump will inevitably lead to a series of problems such as high calculation cost
and long period. Based on this, the geometric parameters of the prototype pump are designed as the
simplified numerical model of the pump, and the similarity theory is used as the method, the scaling ratio
A = 0.4 is adopted [17], main performance parameters of model and prototype pumps are shown in
Table 1. The radial clearance distance between the impeller outlet and the guide vane inlet increases
linearly from the shroud of impeller to the hub of impeller. For the convenience of research, the
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intermediate value of the model pump radial clearance distance is marked as J, and the clearance ratio
between impeller and guide vane is defined as Ad = d/b,, where b, is impeller outlet width.
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Figure 1: Structural diagram of nuclear reactor coolant pump (a) Structure diagram of prototype pump
(b) Meridian diagram

Table 1: Main performance parameters of model and prototype pumps

Parameters Model pump Prototype pump
Design flow rate Q,/(m>/h) 1385 21642
Design head H/m 17.78 111.3
Speed n/rpm 1485 1485
Specific speed 388 388
Number of impeller blades Z; 5 5
Number of guide vanes blades Z, 18 18
Impeller inlet diameter d;/mm 435 1088
Impeller outlet width b,/mm 150 376
Guide vane inlet width 53/mm 150 376
Guide vane outlet diameter d,/mm 720 1800

2.2 Scheme Design

Five different schemes are designed in this study, of which Scheme 3 is the existing scheme of the model
pump prototype. The clearance of the impeller and guide vane is changed by changing the leading edge of the
guide vane; meanwhile every different scheme keeps the inlet blade angle of guide vane the same. The
parameters of each scheme are shown in Table 2.
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Table 2: Scheme design of model pump

Scheme Clearance distance é/mm Clearance ratio Ad/%
Scheme 1 5.8 6.2

Scheme 2 8.3 8.8

Scheme 3 10.7 114

Scheme 4 13.9 14.5

Scheme 5 16.3 17.3

2.3 Grid Generation

The entire fluid domain includes guide vane, volute, suction chamber, impeller, clearance, and inlet and
outlet extension section. When it is conducted for the numerical calculation, the length of the inlet and outlet
of the model pump should be appropriately increased to ensure higher calculation accuracy. The grid
generation of the fluid domain is shown in Fig. 2. Since the grid density will directly affect the results of
numerical calculation, the mesh independence verification travelling in the fluid domain of the model
pump, the results of validation and grid refinement study are shown in Fig. 3, when the number of grids
in the fluid part reaches a specific number, the head and efficiency of the model pump tend to be stable,
both within 1%. Considering that the number of grids has little influence on the calculation results, it is
finally determined that the grid numbers of the fluid domain are 7.21 million.

(a) (b) () (@

Figure 2: Fluid domain grid (a) Impeller (b) Stator and rotor cascade clearance (¢) Guide vane (d) Volute

Fig. 4 is the structure drawing of the coolant pump rotor in the nuclear reactor and its structure grid
division. The rotor components are composed of an impeller, a rotating shaft, and upper and lower
flywheels. The solid domain grid generated in ANSYS Workbench. The area of the interface involved in
the data transmission is encrypted. Considering that the number and scale of grids will affect the results
of rotor dynamics, therefore, different solid domain grid densities set for each part of the calculation
domain, and it found that as the number of meshes in the entity domain increases, the natural frequency
of the rotor system gradually decreases and stabilizes. Finally, the total number of structured grids is
1956583.
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Figure 3: Mesh sensitivity analysis
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Figure 4: Solid domain grid (a) Rotor structure of reactor coolant pump (b) Grids generation of rotor
structure of reactor coolant pump

3 Numerical Calculation and Model Validity Verification
3.1 Numerical Calculation Method and Mathematical Model

The incompressible Reynolds time-averaged N-S equation is used for fluid domain calculation, the
second-order central difference scheme is used for the dispersion of the diffusion term, and the spread of
the convection term adopts the second-order upwind system, turbulent kinetic energy and dissipation rate
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transport equation, to improve the calculation accuracy. Because there are both rotation and eddy in the fluid
region, and the RNG £-¢ model has more powerful calculation function and more minor calculation error, this
study adopts a three-dimensional unsteady Reynolds averaged N-S equation, RNG k-¢ turbulence model for
numerical calculation [18,19]. In the iterative calculation process, determine calculation convergence by
monitoring the change of total pressure of inlet and outlet pipe of the model pump. When the total
pressure at the inlet and outlet of model pump tends to be stable, the calculation is considered to
converge. The solid domain (Fig. 4) is calculated by using ANSYS finite element method.

The existing research shows that one-way fluid-structure interaction can meet the stress analysis
requirement of the pump [20,21]. Therefore, the unidirectional fluid-solid coupling method is used to
analyze the strain, stress distribution and mode of a nuclear reactor coolant pump impeller. The whole
coupling calculation process is realized in Static Structural under ANSYS Workbench.

The linear equation of structural statics is:
[K]{x} = [F] (1)
where [K] is stiffness matrix, {x} is displacement vector, [F] is force vector.
o = [B][D|{x} @)

where o is stress matrix, [B] elastic matrix, [D] is strain matrix.

Finally, the equivalent stress is calculated according to a fourth strength theory [22,23]:

1 2 2 2
O'e:\/i[(al—(fz) —|—(62—O'3) +(G3—O’1)] 3)
where o, 0,, 03 are the three principal stresses perpendicular to each other at a point of action. o, is
equivalent stress.

3.2 Boundary Condition

The boundary condition of the pump inlet is set as the velocity inlet, the outlet is set as the outflow, all the
stationary walls are set as non-slip walls, and the impeller is set as rotating domain. Boric acid water is used
as the calculation medium in this study, and its temperature is t = 281°C, pressure is p = 15.5 MPa (inlet
pressure of the pump), density is p; = 764.4 kg/m’, and the dynamic viscosity is pu = 98.32 x 10"°® kg/(m-s).

The supports at the two radial bearings are elastic supports that meet the actual situation. The
calculation of bearing stiffness and damping coefficient adopt narrow bearing theory and Gampbell
boundary conditions [24,25].

3.3 Comparison between Calculation and Test Values of External Characteristics of Model Pump

The test bench adopts a four-quadrant precision horizontal test bench. The inlet and outlet pressure
collected by the pressure sensor converte to head, accuracy is +0.1%, and the flow rate is measured by
an intelligent flow meter mounted on the pipeline of outlet, its high accuracy is + 1.0%. The rotational
speed is measured by a torque sensor that the measuring range is 0~1,000 N-m and 0~3,000 rpm, and the
measurement accuracy is +0.3%.

There are calculation of hydraulic performance of model pump (Scheme 3) and comparison of test
results in Fig. 5 for ensuring the accuracy of numerical calculations. The numerical results of the model
pump’s external characteristics agree with the test results in the changing trend in the figure. However,
when the relative flow rate is about O/Q, = 0.6, there are unstable regions in the test efficiency and head,
and the efficiency is relatively obvious, but there are no unstable regions in the numerical calculation, this
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is because the model pump will produce noticeable vibration when running at more minor flow rate
condition, at the same time of vibration, a series of phenomena such as backflow and cavitation will be
generated, but the influence of pulse, recirculation and cavitation on it is not considered in the numerical
calculation. Meanwhile, the head value decreases gradually from smaller flow rate to larger flow rate, and
the larger flow rate condition decrease ranges more significantly. The efficiency value first increases and
then decreases with the increase of flow, the maximum pump efficiency value is about in the relative flow
0/0, = 0.9. Both the test curve and the numerical calculation curve show that the maximum efficiency
of the pump is not a design flow rate condition but a more minor flow rate condition, which indicates
that the hydraulic of model pump needs better optimization. Underrated conditions, the relative error
between the test head and the numerical calculated value at the test point is 0.58%, and efficiency is
4.3%. It can be seen that the calculation model established in this paper predicts the solution value more
accurately, and we could obtain the pressure load on the impeller surface more accurately, which provides
data support for the analysis of the impeller structure field.
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Figure 5: Comparison of numerical results and test

4 Numerical Calculation Results and Analysis

4.1 Effect of Clearance Ratio on Pump External Characteristics

Fig. 6 shows the external characteristic performance curves of nuclear reactor coolant pump under
different schemes (Table 2), the conclusions can be drawn from Fig. 6a and Fig. 6b that when the nuclear
reactor coolant pump with varying ratios of clearance between guide vane and impeller is running, with
the change of flow rate conditions, the changing trend of head and efficiency value is basically the same.
In addition, at Q, design condition, the head and efficiency both increase first and then decrease with the
increase of clearance ratio, when the clearance ratio Ao = 8.8%, the head and efficiency both reach
the maximum. It can also be found from Fig. 6a and Fig. 6b, at 0.6Q,~1.00Q, flow rate condition ranges,
the clearance between guide vane and impeller has little effect on the pump efficiency value. Still, the
efficiency value changes significantly with the change of clearance ratio under high flow conditions. As
far as the head value is concerned, the clearance between impeller and guide vane has little influence in
the flow rate condition range of 0.8Q,~1.0Q,. After deviating from the flow rate condition ranges, the
external characteristic value is more sensitive to the clearance ratio. It can also be seen from Fig. 6a that
the best efficiency point does not change greatly with the difference of clearance ratio, and it appears in
the range of 0.90, to 1.00,, so it is concluded that the clearance has little impact of the best efficiency point.
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Figure 6: External characteristic curves of model pump under different schemes (a) The efficiency of
different schemes under different flow rate conditions (b) The head of different schemes under different
flow rate conditions (c) The influence of different schemes on the external characteristics of pump under
design condition

The maximum head occurs at the clearance ratio Ad = 8.8%, and its minimum value is at Ad = 17.3%, the
difference between the two is 1.5 m, accounting for about 8.4% of the design head. It shows that the
clearance ratio has a more significant effect on the external characteristics, and there is an optimum
clearance ratio.

The reasons for the performance changes of nuclear reactor coolant pump caused by different clearance
ratios are analyzed as follows: Fig. 7 shows the analysis of fluid velocity triangle theory at the outlet of the
impeller of the pump with varying ratios of clearance. It can be seen from Fig. 7, installation of the guide vane
changes with the change of clearance ratios for inlet angle of attack a, when the clearance ratio increases, the
inlet angle of attack of the guide vane also increases. When the clearance ratio between impeller and guide
vane becomes larger or smaller in this study, the inlet flow angle of the guide vane will be much smaller or
much larger obviously than the guide vane placement angle, which will cause the guide vane inlet to form a
more significant negative or positive angle of attack that leads to deterioration of fluidity in the guide vane,
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the increasing impact loss, and cavitation, vortex, and the like are easily generated. Combined with the
previous research, when inlet flow angle of guide vane best matches the guide vane inlet arrangement
angle (the inlet flow angle is slightly smaller than the arrangement angle), the pump has the most
negligible impact loss and stable flow field distribution, the nuclear reactor coolant pump can obtain the
optimal hydraulic characteristics, that is, the nuclear reactor coolant pump has an optimal clearance ratio.
It can be seen from Fig. 6¢ that in the present study, when the clearance ratio is between 8% and 10%,
the head values and efficiency of the pump are the highest.

Inlet edge position a of guide vane
(Clearance ratio A& 1)

Inlet edge position ¢ of guide vane =
(Clearance ratio A§ 4 ) [ -7

Outlet edge of impeller blade —__ g

Working surface of impeller blade =~

Back surface of impeller blade

Figure 7: Velocity triangle analysis of liquid flow in a pump

Notes: In the figure, o, o, and o, represent the inlet angle of attack of the guide vane when the clearance ratio is different. Point a is the
intersection of the maximum diameter of the shroud of the impeller and the working surface of the blade. Points b and ¢ are the
positions of point a when the impeller rotates through a certain angle. When the point a is at the position in the figure, the absolute
velocity of the flow at point in a direction is just to point to the inlet side of the guide vane in the figure. The position of b and ¢ is
similar to that of a.

4.2 Effect of Clearance Ratio on Stress and Strain of Impeller Blades

Fig. 8 shows the influence curve of clearance ratio Ad on maximum total deformation and maximum
equivalent stress on the working surface and back of the impeller blade rated working condition. As
shown in Fig. 8, the maximum equivalent stress on the working surface and the back surface of the
impeller changes with the increase of the clearance ratio Ad, but the change range of the two is different.
The changing range of the working surface is smaller, while the changing range of the back surface is
more extensive. When the clearance ratio Ad = 8.8%, the maximum equivalent stress on the working
surface appears to be the maximum, which is 20.068 MPa, and when Ad = 6.2%, the minimum value is
18.537 MPa, the difference between them is 1.531 MPa; the maximum equivalent stress on the back
surface of blade occurs at Ad = 17.3%, its value is 65.147 MPa, the minimum value occurs at Ad =
11.4%, its value is 54.244 MPa, the difference between them is 10.9 MPa. The above phenomenon shows
that the change of clearance ratio Ad has a great impact on the back surface of the blade for the
maximum equivalent stress, but the effect on the working surface is minimal. The maximum equivalent
stress value of the surface of the impeller blade is about three times the maximum equivalent stress of the
working surface. It can also be concluded from Fig. 8 that with the increase of the clearance ratio, the
maximum deformation of the working surface and the back surface of the impeller blade gradually
increases. In other words, the effect of clearance ratio on the maximum total deformation of the working
surface and the back of the impeller blade is consistent.
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Figure 8: Stress-strain distribution on impeller blade

Fig. 9 is a distribution cloud diagram of equivalent stress and total deformation on the working surface
and the back surface of the impeller blade under design condition of the clearance ratio Ad = 6.2%. The cloud
diagram analysis of total deformation and equivalent stress under other clearance ratio is similar to that in this
study when the clearance ratio Ad = 6.2%. It can be seen from Fig. 9, stress concentration appears on the
working face and the equivalent stress on the back of the impeller blade, and the maximum equivalent
stress appears at the impeller blade outlet connection, shroud and hub. It can be seen from the distribution
of the equivalent stress on the working face and back of the impeller blade that the equivalent stress
reaches the lowest in the middle region of the blade, and it indicates that the equivalent stress of the
blade near the shroud and hub is more than that far away from the shroud and hub. The above
phenomenon shows that the high-stress concentration area is mainly concentrated at the impeller outlet
and the intersection with the shroud and the hub, so the junction between the outlet of impeller blade,
shrouds and hubs are the most vulnerable parts of strength damage. This is mainly due to the higher
pressure at the outlet of the impeller, resulting in a higher equivalent stress value at the outlet than at the
inlet. The equivalent stress value of the area where the shroud intersects with the hub is higher than that
of the middle area of the blade. Due to the limitation of the site, stress concentration is easy to cause.

The conclusion can be drawn from the Fig. 9b that the total deformation distribution of the blade
working surface and the back are almost the same. From the intersection of the inlet edge of impeller
blade and the hub to the intersection of the outlet edge of the impeller blade and the shroud, the total
deformation amount varies from small to large with noticeable gradient, showing a fan-shaped
distribution. Furthermore, the total deformation of the contact area between the outlet edge of the impeller
blade and the shroud is the largest. The above phenomena show that the outlet edge of the impeller blade
and the area near the outlet edge of the impeller blade in contact with the shroud of the impeller are
vulnerable areas. The main reason is that the pressure at the inlet edge of the impeller blade is lower than
the pressure at the outlet edge, and the outlet edge of the impeller blade is thinner, so the outlet
deformation of the impeller blade is larger.
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Figure 9: Distribution of stress and strain on impeller blade (a) The equivalent stress distribution on
working surface and back surface of impeller blade under design condition when Ad = 6.2% (b) The
distribution of total deformation on working surface and back surface of impeller blade under design
condition when Ad = 6.2%

4.3 Effect of Clearance Ratio on Rotor Mode of the Nuclear Reactor Coolant Pump

Modal analysis is a numerical analysis technique for calculating the structural modal characteristics and
the rotor dynamics research basis. Table 3 shows the first 6 natural frequencies of the structure on the nuclear
reactor coolant pump rotor. The difference between the frequencies of the same order in different clearances
is very small from Table 3, and the difference between the average frequencies of each order is no more than
0.03%. It could draw a conclusion that the clearance ratio has little influence on the first six natural
frequencies of the nuclear reactor coolant pump rotor, because the change of clearance between guide
vane and impeller will not change the rotor structure. It is well known that the blade passing frequency f
of the rotor of nuclear reactor coolant pump (f = z x n/60 = 5x1485/60 = 123.75 Hz, where z is the
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number of blades and # is the rotational speed) is far from the first six natural frequencies of the nuclear
reactor coolant pump rotor (the natural frequencies are shown in Table 3) under design condition.
Therefore, under different clearance ratios, the nuclear reactor coolant pump will not produce resonance
during operation under design condition, it is preliminarily determined that the rotor structure is reasonable.

Table 3: Effect of clearance ratio on the natural frequencies of rotors under design condition HZ

Clearance ratio Ad/%

Order
6.2 8.8 11.4 14.5 17.3

1 46.209 46.208 46.199 46.189 46.179
2 46.314 46.312 46.310 46.286 46.283
3 65.815 65.813 65.813 65.813 65.813
4 176.700 176.690 175.650 175.620 175.630
5 178.930 178.960 178.890 178.800 178.800
6 192.242 192.243 191.240 191.243 191.242

From Table 3, as can be seen, the clearance ratio has little effect on reactor coolant pump rotor
modalities, so the original nuclear reactor coolant pump model (clearance ratio Ad = 11.4%) is selected
for modal analysis. Fig. 10 shows the first six vibration modes of the original nuclear reactor coolant
pump model rotor system under design condition. It can be seen from Fig. 10 that as the order of the
vibration mode increases, the real deformation of the rotor decreases, and the total deformations of the
first and second orders are the largest and their values exceed 11 pm. It can be seen that the first-order
bending vibration has the most significant influence and the most potent destructive force on the nuclear
reactor coolant pump rotor. It also can be seen from Fig. 10 that the first three orders are mainly the
overall vibration of the impeller, and the last three orders are the overall vibration of the impeller and
flywheel. The first-order and second-order modes are the same in that they both bend and vibrate along
an axis, but they are different in that they bend and oscillate along the x-axis and y-axis, respectively.
The third-order mode is the torsional vibration of the impeller around the z-axis. The fourth-order and
fifth-order modes are the same in that they both bend and vibrate along the y and x-axis simultaneously.
The sixth-order mode is the torsional vibration of the impeller and the lower flywheel around the z-axis.
Combined with Table 3, the higher the order, the higher the modal frequency of the nuclear reactor
coolant pump, the first-order and second-order, fourth-order and fifth-order modes of the rotor system are
the same, and the natural frequencies are very close. The phenomenon of this formation in pairs is related
to the axisymmetric flow in the impeller field, because the axisymmetric flow mode has a multiple root mode.

5 Finding and Discussion

The unidirectional fluid-structure coupling method is used to analyze the influence of fluid-structure
coupling under different gaps on the pump characteristics and rotor mode of the AP1000 nuclear reactor
coolant model, revealing the stress and deformation laws of the impeller. First of all, the superficial
characteristics are the basis to reflect the comprehensive performance of the pump. After calculating the
influence of different clearances on the external characteristics, there is an optimal clearance ratio to
maximize the head and efficiency. After that, the law of the clearance to the impeller blade stress and
strain is analyzed. The stress and strain on the back surface of the impeller blade are more sensitive,
especially the stress, the maximum equivalent stress occurs at the intersection of the impeller blade outlet
edge, shroud and hub. Next, the influence of clearance ratio on rotor mode is analyzed, it is found that
the change of clearance ratio will not change the natural frequency of rotor mode, and it can be
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confirmed that there is no resonance by comparing the blade passing frequency. Finally, the first six orders
modes are calculated, the first three orders modes are mainly the whole vibration of the impeller, and the last
three orders modes are the whole vibration of impeller and flywheel. In short, the change of clearance ratio
will significantly change the stress and strain of the blade back surface and blade working surface, and the
vibration generated by the nuclear reactor coolant pump during operation can be well reduced by changing
the clearance.
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Figure 10: The first 6 order mode shapes of the rotor under design conditions when Ad = 11.4% (a) First-
order mode shapes (b) Second-order mode shape (c) Third-order mode shape (d) Fourth-order mode shape
(e) Fifth-order mode (f) Sixth-order mode shape

6 Conclusion

(1) The clearance ratio between impeller and guide vane affects the external characteristics parameters
of the nuclear reactor coolant pump, which varies with changing the clearance ratio.

(2) Within the set clearance ratio range, in the design flow rate condition, the clearance ratio has a more
significant influence on the maximum equivalent stress on the rear surface of the impeller blade. It
has less impact on the working surface. The maximum equivalent stress value on the back surface of
the impeller blade is about three times on the working surface. The maximum total deformation of
the blade’s working surface and back is affected by the clearance ratio and increases with the
increase of the clearance ratio. The outlet side of the impeller and its intersection with the hub
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and shroud of the impeller is concentrated areas with enormous stress value and which also have a
large total deformation. The total deformation varies obviously from small to large, showing a fan-
shaped distribution.

(3) Within the set clearance ratio range, the clearance ratio is almost no effect on the first six natural
frequencies of the rotor for the nuclear reactor coolant pump. The first three orders are the
overall vibration of the impeller and the last three orders are the overall vibration of the impeller
and the lower flywheel.

Therefore, in the practical application process, the clearance between the guide vane and impeller should

be designed to prevent the improper clearance from causing blade inlet fatigue damage or blade outlet edge
deformation, causing greater vibration, affecting the stable operation of the pump.
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