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In order to study the influence of the circumferential placement position of the guide vane on the flow field and stress-strain of a
nuclear reactor coolant pump, the CAP1400 nuclear reactor coolant pump is taken as the research object. Based on numerical
calculation and test results, the influence of circumferential placement position of the guide vane on the performance of the
nuclear reactor coolant pump and stress-strain of guide vanes are analyzed by the unidirectional fluid-solid coupling method.,e
results show that the physical model and calculation method used in the study can accurately reflect the influence of the
circumferential placement position of the guide vane on the nuclear reactor coolant pump. In the design condition, guide vane
position has a great influence on the nuclear reactor coolant pump efficiency value, suction surface of the guide vane blade, and the
maximum equivalent stress on the hub. However, it has a weak effect on the head value, pressure surface of the guide vane blade,
and the maximum equivalent stress on the shroud. When the center line of the outlet diffuser channel of the case is located at the
center of the outlet of flow channel of the guide vane, it is an optimal guide vane circumferential placement position, which can
reduce the hydraulic loss of half of the case. Finally, it is found that the high stress concentration area is at the intersection of the
exit edge of the vane blade and the front and rear cover, and the exit edge of the guide vane blade and its intersection with the front
cover are areas where the strength damage is most likely to occur.,is study provides a reference for nuclear reactor coolant pump
installation, shock absorption design, and structural optimization.

1. Introduction

,e impeller, guide vane, and volute are the key overcurrent
components of the nuclear reactor coolant pump. ,e guide
vanes, located behind the impeller and in front of the volute,
play an important role in the pump. ,eir function is to
convert the velocity energy of the impeller outlet fluid into
pressure energy, eliminate its rotational component, and
evenly introduce the fluid into the volute. ,erefore, the
guide vane has a pivotal status in improving the hydraulic
performance of the nuclear reactor coolant pump and re-
ducing the hydraulic loss in the pump. ,e impeller is a
rotating component, and the guide vane and the volute are

stationary components, and the rotor-stator interaction
between impeller and guide vane and the relative position of
the guide vane and center of the annular case outlet diffuser
channel will all affect the comprehensive performance of the
nuclear reactor coolant pump. Scholars have done a lot of
research on the relevant content of the circumferential ar-
rangement of the guide vanes. For example, Deng Jia et al.
[1], taking a single-stage centrifugal pump with low specific
speed as the object, researched the effect of different timing
positions of the front vane relative to the radial vane on the
performance of the pump, and the results showed that the
time sequence position has an effect on the vibration
characteristics and comprehensive characteristics of
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centrifugal pumps. Lu Jinling et al. [2], taking the centrifugal
pump with inducer as the object, studied the influence of the
clocking position of the inducer relative to the impeller on
the hydraulic performance of the pump, and the results
showed that the cavitation performance of the centrifugal
pump is related to the clocking position. Zhao Ben et al. [3],
taking a combined compressor as the object, studied the
correlation among the stator blade wake, the interference
frequency, and the clocking position of the rotor blade.
Cheng Xiaorui et al. [4, 5], taking a nuclear reactor coolant
pump as the object, studied the influence of the circum-
ferential position of the guide vane on its pressure fluctu-
ation and the radial force of the impeller. Liu and Xu [6]
focused on the high-speed centrifugal compressor and an-
alyzed the corresponding relationship between the internal
flow field in the compressor stage and the different starting
positions of the splitter blades. Scholars have also carried out
a series of studies on the influence of structural parameters
of the nuclear reactor coolant pump or mixed-flow pump on
its internal flow characteristics. For example, Posa et al. [7]
calculated the unsteady flow field in the mixed-flow pump. It
was pointed out that the vortex originated from the back of
the impeller blade. Yuan et al. [8] studied the influence of
different pressure water chamber widths of a nuclear reactor
coolant pump on its performance. Jin et al. [9] studied the
influence of different blade wrap angles and relative posi-
tions of the outlet edge of a guide vane on the hydraulic
performance of a nuclear reactor cooling pump. Poullikkas
[10] studied the internal flow law of nuclear reactor coolant
pumps under two-phase flow.

However, there are a few research studies on the in-
fluence of guide vane circumferential position on the hy-
draulic performance and dynamic characteristics of nuclear
reactor coolant pumps. ,is paper uses the self-developed
nuclear reactor coolant pumpmodel as the object and adopts
the unidirectional fluid-solid coupling method; based on
numerical simulation and test, the influence of guide vane
circumferential position on its performance and dynamic
characteristics is analyzed.

2. Numerical Model and Scheme Design

2.1. Numerical Model. In this study, the CAP1400 nuclear
reactor coolant pump is taken as the research object. In view
of the complex structure and large size of the prototype
nuclear reactor coolant pump, if the prototype pump is used
for numerical analysis, it will inevitably lead to higher cost of
numerical calculation and longer cycle. ,erefore, according
to the similarity theory, the prototype pump parameters are
converted into model pump parameters for numerical
analysis and test verification. Considering the distortion rate
of hydraulic performance from the prototype pump to
the model pump and the numerical cost of the model pump,
the scaling ratio ψ � 0.4 [11] is adopted. ,e structure of the
prototype pump is shown in Figure 1(a). According to the
similarity theory, the design parameters of the model pump
are given in Table 1. ,e impeller material is duplex stainless
steel 2507, with a density of ρ� 8 030 kg/m3, elastic modulus
of E� 2.00e+ 11 Pa, and Poisson’s ratio gamma of c � 0.3;

pump shaft material 45Cr, with a density of ρ� 7 820 kg/m3,
elastic modulus of E� 2.09e+ 11 Pa, and Poisson’s ratio
gamma c � 0.269 [12].

,e model is built on the premise that the flow passage
components of the nuclear reactor coolant pump are un-
changed, and different schemes are established by changing
the circumferential placement position of the guide vanes.
Because the number of guide vanes in the nuclear reactor
coolant pump model is 18, the thickness of guide vane blade
makes the circumferential angle between two adjacent guide
vane blades about 18°. ,erefore, this paper designs seven
guide vane layout schemes on the scale of 3°. Figure 1(b) is a
schematic diagram of the meridian plane of the model
pump, in which A-A′ is the center section of the guide vane
outlet. Figure 1(c) is a schematic diagram of the circum-
ferential placement position of guide vanes on the A-A′
section. In Figure 1(c), the straight line ob is the line passing
through the origin o and b′ points (b′ points are the in-
tersection points of the pressure surface of guide vane blade
1 and the hub).,e circumferential angle of the guide vane is
defined as the included angle between the straight line ob
and the y axis, and the initial position is defined when α� 0°.
,e guide vanes are rotated counterclockwise from the
initial position. Seven kinds of guide vane circumferential
position layout schemes, α� 0°, 3°, 6°, 9°, 12°, 15°, and 18°, are
corresponded, respectively. ,e validity of the two schemes
of α� 0° and 6° is verified by testing.

2.2. Grid Generation. ,e fluid domain of the nuclear re-
actor coolant pump consists of an inlet section, impeller,
clearance between stator and rotor, guide vane, volute, and
outlet section. In order to ensure the accuracy of numerical
results, the inlet and outlet pipelines of model pumps are
extended appropriately. A structured hexahedral mesh is
used to divide the whole fluid domain. ,e boundary layer
mesh is added to all the boundary layers, and the mesh
quality is improved by using reconfigurable grid. ,e mesh
generation of the main components of the fluid domain is
shown in Figures 2(a)–2(d). Considering that the grid
density has a great influence on the numerical results, dif-
ferent grid numbers are selected to verify the grid inde-
pendence of the fluid domain of the model pump at α� 0°.
,e results are shown in Figure 2(e). As can be seen from
Figure 2(e), when the number of fluid domain grids is more
than 7.21 million, the mesh density is further increased and
the head and efficiency values of the model pump are
changed within 1%. Considering the need of this study and
the calculation workload, a total of 7.21 million grid models
are finally selected.

2.3. Numerical Calculation Method. ,e fluid domain cal-
culation uses ANSYS FLUENT to complete the iterative
solution of steady value. ,e governing equation adopts the
incompressible Reynolds time-averaged N–S equation, and
the discrete of the diffusion term adopts the second-order
center difference scheme. Considering the convergence
performance of the data, the other terms are all first-order
upwind scheme [13]. Because of the existence of rotational
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and swirling flow in the calculation of the fluid domain of the
nuclear reactor coolant pump, the RNG k-ε turbulence
model is known to better handle the flow with high strain
rate and large curvature of the streamline [14], so the RNG
(renormalization group) k-ε turbulence model is used. In the
iterative calculation process, the total pressure change of the
inlet and outlet of the model pump is monitored in real time.
When the total pressure change on the monitoring surface of
the pump inlet and outlet is less than 1%, the calculation is
converged.

2.4. Boundary Condition. ,e boundary condition setting
directly determines the accuracy of the solution result. ,e
inlet section is a stationary part, the speed inlet is used, the
speed value is calculated according to the rate, the outlet is
set to the free outflow, the wall surface adopts no slip
condition, the near-wall region is corrective with a standard
wall function, and the impeller is set to a rotating reference
coordinate system with a rotational speed of 1750 r/min.,e
calculation medium is boric acid water, and its physical
parameters are as follows: temperature t� 281°C, pressure
P� 15.5MPa, and density ρ� 764.4 kg/m3.

,e support at the two radial bearings is set as elastic
support of accordance with the actual accident situation.,e
bearing stiffness and damping coefficient are calculated

using the narrow bearing theory and the Campbell boundary
condition.,e geometric parameters are set according to the
test conditions of the model pump: the oil supply pressure is
1.5MPa, the speed is 1750 r/min, the lubricating oil density
is 890 kg/m3, and the dynamic viscosity is 0.048 kg/(m·s).
,e dynamic grid technique is used to change the eccen-
tricity of the sliding bearing, and the bearing capacity of the
bearing under different eccentricities is calculated. ,e
bearing eccentricity under the load is then calculated by the
known bearing radial load. Finally, the stiffness and damping
coefficients of the oil film model under eccentricity are
calculated by applying small displacement and velocity
perturbations, respectively.

2.5. Fluid-Solid Coupling Method. Previous studies have
compared and analyzed the static stress of impellers with
unidirectional and bidirectional fluid-solid coupling and
found that the unidirectional fluid-solid coupling can meet
the static stress analysis of impellers [15]. In this study, the
strain, stress distribution, and modal of the impeller of the
nuclear reactor coolant pump are analyzed and researched
by using the unidirectional fluid-solid coupling method.,e
coupling process is implemented in ANSYS Workbench.
,e contact surface between fluid and impeller solid wall is
defined as the fluid-solid coupling surface, that is, the front
and rear cover of the impeller and blade surface, and inertial
load (centrifugal load and gravity load) is applied to the rotor
structure.

,e static equation for structural strength calculation of
the nuclear reactor coolant pump is [16]

Kξ � F/σ � DBξ, (1)

where K is a stiffness matrix, D is an elastic matrix, B is a
strain matrix, ξ is a displacement, F is a force, and σ is a
stress.

Because the equivalent stress σ extracted from the
postprocessing software CFX-Post of ANSYS is defined by
the fourth strength theory, the expression is as follows:
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Figure 1: Schematic diagram of calculation scheme. (a) structural sketch of the prototype pump. (b) A-A′ section position diagram, (c)
circumferential placement position.

Table 1: Main performance parameters of the model pump.

Parameters Numerical value
Design flow rate Qv/(m3/h) 1144.7
Design head H/m 17.8
Speed n/rpm 1750
Special speed 416
Number of impeller blades Z1 5
Number of guide vane blades Z2 18
Impeller inlet diameter d1/mm 272
Impeller outlet width b2/mm 94
Guide vane inlet width b3/mm 94
Guide vane outlet diameter d4/mm 450
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where σ1, σ2, and σ3 are the first, second, and third principal
stresses, respectively. ,erefore, the equivalent stresses used in
this study are calculated according to the fourth strength theory.

3. Calculation Results and Analysis

3.1. Test Verification. In order to verify the reliability of the
numerical calculation results, the numerical calculation results
of the model pump are compared with the test results. ,e
results are shown in Figure 3, whereQv is the design flow of the
model pump.,e test bench used is a four-quadrant test bench
with a precision level of accuracy. A pressure sensor with an
accuracy of ±0.1% is used to measure the inlet and outlet
pressure of the pump. An intelligent electromagnetic flowmeter
with an accuracy of ±1.0% is used for flow measurement, and a
torque sensor is used for speed measurement, of which the
measuring range is 0–1000N·mand accuracy is±0.3%, as shown

in Figure 3(a). In this study, the nuclear reactor coolant pump
model was tested with the circumferential angle of the guide
vanes α� 0°. ,e numerical simulation and test results of this
position are shown in Figure 3(b). After the first test, the guide
vanes were rotated 6° counterclockwise (α� 6°) and a second
test was carried out.,e simulation and test results are shown in
Figure 3(c).

It can be seen from Figure 3(b) that, at α� 0°, the
simulation results of the external characteristics of the model
pump have a high consistency with the test results. ,e test
efficiency value of the model pump at the test guarantee
point (design condition) is 81.35%, the efficiency value of the
simulation at this point is 84.85%, and the relative error
between them is 4.3%; the test head value at the test
guarantee point is 15.43m, the simulated head value is
15.34m, and the absolute error of them is 0.09m, which is
about 0.58% of the test head value. Moreover, with the small
flow condition, the simulation value of efficiency is less than
the test value and the result of the large flow condition is just
the opposite. ,e relative error between the efficiency test
value and simulation value increases slightly, but the relative
error does not exceed 7.2%. Because the simulation
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Figure 2: Fluid domain grid. (a) Impeller. (b) Stator and rotor clearance. (c) Guide vane. (d) Case. (e) At α� 0°, simulation values of head
and efficiency in different grids.
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calculation does not consider the volume loss, mechanical
loss, and friction loss at the bearing seal. In general, the
physical model and calculation method used in this study
can meet the research needs in the calculation accuracy of
the range of working conditions in this study. It can be seen
from Figure 3(c) that, at α� 6°, the test efficiency value in the
test guarantee point is 82.71%which is 1.36% higher than the
test value. Similarly, the test head at α� 6° in the test
guarantee point is 15.49m which is 0.06m higher than that
at α� 0°. ,e above results show that the position of guide
vane circumferential placement has a great influence on the
efficiency of the nuclear reactor coolant pump.

3.2. Influence of Guide Vane Circumferential Placement Po-
sition on the External Characteristics of the Nuclear Reactor
Coolant Pump. Figure 4 shows the variation curve of

efficiency and head value of the nuclear reactor coolant
pump with circumferential angle of the guide vane. From
Figure 4, it can be seen that the variation trend of efficiency
and head value of the nuclear reactor coolant pump with
guide vane circumferential angle is similar when the nuclear
reactor coolant pump of different guide vane circumferential
placement positions operates in design conditions. With the
increase in the circumferential angle α of the guide vane, the
efficiency and head value increase first and then decrease,
and the maximum value appears at the guide vane cir-
cumferential placement angle of α� 9°. ,e minimum value
is located at α� 18°. ,e absolute error of the minimum and
maximum efficiency is 2.38% and head is 0.56m which is
about 3.1% of the design head. ,e above phenomenon
indicates that the circumferential placement position of
the guide vane has a great influence on the efficiency value of
the nuclear reactor coolant pump and has little influence on
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Figure 3: Comparison between calculated and experimental values. (a) Test bench. (b) Comparison between calculated and test values when
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the head value. ,ere is an optimal guide vane circumfer-
ential placement position.

3.3. Influence of the Circumferential Arrangement Position of
the Guide Vanes on Hydraulic Loss of the Guide Vane and Its
Volute. In order to further study the influence law of the
circumferential placement position of the guide vane on the
internal flow of the nuclear reactor coolant pump, the hy-
draulic loss of the guide vane and the volute of the nuclear
reactor coolant pump of different guide vane circumferential
angles α are extracted under the design conditions. ,e
result is shown in Figure 5. It can be seen from Figure 5 that,
as the circumferential angle of the guide vane changes, the
hydraulic loss in the guide vane has only a slight fluctuation,
but the hydraulic loss in the volute has a large change, and
the change trend is first decreased and then increased. ,e
maximum hydraulic loss in the volute is 0.79m, the mini-
mum value is 0.39m, and the fluctuation value is 0.4m,
which accounts for 50.1% of the maximum loss.

In summary, the circumferential placement position of
the guide vanes has a greater influence on the internal flow of
the volute and the proper placement position of the guide
vanes in the circumferential direction can reduce the in-
ternal hydraulic loss of the volute. ,is is mainly because the
change of the position of the guide vane in the circumfer-
ential direction does not affect the matching of the inlet flow
angle of the guide vane with its inlet angle. In other words,
the circumferential placement position of the guide vane
does not affect the inflow condition of the guide vane inlet;
thus, it does not change its internal flow loss. Furthermore,
small fluctuations are caused only by the rotor-stator in-
teraction between the impeller and the guide vane. ,is is
because the change in position of guide vane circumferential
placement will affect the position of the guide vane runner
relative to the diffuser at the outlet of the volute, thus
changing the stability of the flow in the volute and thereby
affecting its hydraulic loss.

3.4. Influence of Guide Vane Circumferential Placement Po-
sition on Turbulent Kinetic Energy Distribution. Figure 6
shows the turbulent kinetic energy distribution in the
flow channel of the impeller, guide vane, and volute on the
A-A′ section (see Figure 1(b)) of the nuclear reactor
coolant pump at different locations of guide vanes in the
circumferential direction in the design conditions. Because
the relative position of the impeller and guide vane varies
with time, the position of the impeller is relatively fixed to
the outlet diffuser center of the volute and the guide vane is
placed in different circumferential positions (see
Figures 6(a)–6(g)). ,e turbulent kinetic energy is not only
a measure of the turbulence intensity in the flow but also a
sign of flow stability. ,e higher the turbulent energy value
at a certain position in the flow channel, the greater the
turbulence intensity at that place and the intense energy
exchange, which inevitably leads to greater hydraulic loss.
,erefore, the intensity of energy exchange and the con-
centrated area of hydraulic loss can be seen from the
nephogram of turbulent kinetic energy distribution. It can
be seen from the circumferential position diagram of the
guide vanes shown in Figures 6(a)–6(g) that when the guide
vane circumferential angle α= 0°, the center line of the
outlet diffuser of the case just passes the intersection point
of the pressure surface of the guide vane blade 1 and the
hub of the guide vane. With increase in the guide vane
circumferential angle α, the outlet diffuser center line of the
case begins to deflect from the intersection point of suction
surface of guide vane blade 2 and hub of the guide vane.
When α= 0°, the center line just reaches the intersection
point of guide vane 2 suction surface and hub of the guide
vane.

,e distribution of turbulent kinetic energy in the an-
nular volute on the A-A′ section is now analyzed. As can be
seen from Figure 6(a), the high turbulent kinetic energy
region in the volute extends from the outlet of guide vane
blade 1 to the outlet of the volute and the value of the
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turbulent kinetic energy near the outlet of guide vane blade 1
is relatively high. ,e distribution area of high turbulent
kinetic energy region in Figure 6(b) is larger than that in
Figure 6(a), but the value of high turbulent kinetic energy
region near the outlet of guide vane blade 1 is lower than that
in Figure 6(a). ,e high turbulent kinetic energy region in
Figure 6(c) separates from the outlet of guide vane blade 1
and mainly distributes in the tongue of the case. In
Figures 6(d) and 6(e), the distribution area of high turbulent

kinetic energy is smaller and its value is lower. In Figures 6(f )
and 6(g), the high turbulent region mainly distributes from
the lower side of the tongue to the outlet of the corre-
sponding blade. However, in Figure 6(f ), the high turbulent
region has a higher value and a more concentrated area than
Figure 6(g). ,e above phenomena show that the distri-
bution position, value, and distribution area of the high-
turbulence zone in the case are all changed with the position
of the guide vane in the circumferential direction. When the
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guide vane circumferential angle α� 9° (i.e., the outlet center
line of the case is just located at the center of the outlet of the
guide vane channel), the area of high turbulent kinetic
energy distribution in the volute is smaller and the value is
lower. ,is further shows that the flow in the volute is more
stable and the loss is lowest when the outlet diffuser center
line of the volute is located at the outlet center of the guide
vane channel, which is also consistent with the analysis result
of the hydraulic loss curve in the volute in Figure 5.

,e position of point B in Figure 6 is the intersection of
the outlet tangent of impeller blade working face and the
shroud of the guide vane, and its position is related to
the outlet diffuser center of the case and independent of the
position of the guide vane. It can be also seen from Figure 6
that no matter how the circumferential position of the guide
vane is arranged, there exists a high turbulent kinetic energy
region on the back of the impeller blade and at the outlet of
the impeller blade. ,is is mainly due to the finite number of
blades of the impeller, so that there is an axial vortex in the
impeller flow path. Axial vortices accelerate the flow velocity
on the back of the blade and generate vortices at the outlet of
the blade, i.e., the wake phenomenon of the rotor blade,
which shows a high turbulent region in the turbulent kinetic
energy nephogram. At the same time, it can be seen that the
shape and size of the high-turbulence zone at the outlet of
the impeller blade vary with the position of guide vane
circumferential placement. ,e variation law is as follows:
when the guide vane circumferential angle α changes from
small to large in the range of 0°∼9°, the high turbulence
kinetic energy zone decreases and the length decreases along
the direction of absolute velocity at point B. When the
circumferential angle of the guide vane α changes from small
to large in the range of 9°∼18°, the change trend of the
turbulent kinetic energy zone is opposite to that of α at 0°∼9°.
,e above phenomena show that the change of guide vane
circumferential placement position will affect the flow state
and shape of impeller blade wake at point B.

,e reason is as follows: as can be seen from the speed
triangle in Figure 6, when the impeller is rotated to a fixed
position (the tangent to the outlet of the blade working face
passes through point B), the velocity and direction of the
fluid at point B are the same. However, because of the
difference in the circumferential position of the guide vanes,
the absolute velocity direction of the fluid at point B and the
spatial relative position of blade 1 of guide vanes are
changed. As shown in Figure 6(a), the direction of the
absolute velocity of the fluid at point B refers to the inlet of
guide vane blade 1, indicating that when the guide vane
circumferential angle α� 0°, the wake of the blade at point B
will directly impinge on the inlet of guide vane blade 1,
further disturbing the flow field at the inlet of blade 1 of the
guide vane. Conversely, the disturbed flow field will affect
the wake of the rotor blade at point B, reinforcing the rotor-
stator interaction effect at that point, as shown in Figure 6(a).
In Figures 6(c) and Figure 6(d), the absolute velocity di-
rection of the fluid at point B points to the center of the guide
vane flow channel, indicating that when the guide vane is
placed at a circumferential angle of α� 6°∼9°, the wake of the
rotor blade at point B, not affected by the interference of the

guide blade, will maintain its original flow state. ,e rotor-
stator interaction effect is the weakest, the area of the high-
turbulence region is the smallest, and the value is low. In
Figures 6(f ) and 6(g), the absolute velocity direction of the
fluid at point B is located below the tangent of the suction
surface of blade 2 of the guide vane, indicating that when the
guide vane circumferential angle α� 15°∼18°, the wake of the
rotor blade at point B will be affected by the suction surface
of blade 2 of the guide vane and the rotor-stator interaction
effects will be enhanced.

3.5. Influence of Guide Vane Circumferential Placement Po-
sition on the Statics of Its Blades, Shroud, and Hub.
Figure 7 is a diagram of the guide vane structure. ,e
material is duplex stainless steel 2570. ,e allowable stress at
design temperature is 227.5MPa. Figure 8 shows the in-
fluence curve of change of the guide vane circumferential
angle on the maximum equivalent stress and total defor-
mation on the pressure and suction surfaces of the guide
vane. From Figure 8, it can be seen that the maximum
equivalent stress on the guide vane pressure surface varies
with the increase in the guide vane circumferential angle, but
the change trend is not obvious. When the guide vane
circumferential angle α� 6°, the maximum equivalent stress
on the pressure surface shows the maximum value, and
when α� 3°, the minimum value appears, the difference
between them is 0.444MPa, accounting for about 3.2% of the
maximum value. With the increase of the guide vane cir-
cumference angle, the maximum equivalent stress on the
suction surface increases first and then decreases, and the
maximum value appears at α� 15° while the minimum value
appears at α� 0°. ,e difference between them is 0.585MPa,
accounting for about 7.9% of the maximum value. ,e re-
sults show that the circumferential placement position of the
guide vane has a great influence on the maximum equivalent
stress of the suction surface of the guide vane. When the
center of the volute outlet diffuse channel is closer to the
outlet of the suction surface of the guide vane (as shown in
Figure 6(f ), the outlet diffuser center line of the case is close
to the outlet of the suction surface of guide vane blade 2
when α� 15°), the maximum equivalent stress on the suction
surface of the guide vane becomes greater.

It can also be seen from Figure 8 that the maximum total
deformations on the pressure and suction surfaces of the
guide vane have the same trend with the increase in the guide
vane circumferential angle. ,e maximum deformations
increase at first and then decrease. ,e maximum defor-
mations occur at α� 15°, and the minimum deformations
occur at α� 0°. ,e difference between the maximum and
minimum deformations on pressure surfaces is 1.176 μm,
accounting for 18.9% of pressure surface maximum defor-
mations, and is 1.148 μm on suction surfaces, accounting for
21.9% of suction surfaces maximum deformations. ,is
shows that the position of the guide vane in the circum-
ference direction has a great influence on the maximum total
deformation of the pressure and suction surfaces of the guide
vane. When the center line of the outlet diffuser channel of
the volute is closer to the exit edge of the suction surface of
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the guide vane, the value of the maximum total deformation
of the guide vane blade is larger.

Figure 9 shows the contour of equivalent stress and total
deformation distribution on the pressure and suction sur-
faces of guide vanes at α� 9° in the design condition. From
Figure 9, it can be seen that there is a phenomenon of stress
concentration on the pressure and suction surfaces of guide
vanes, and the maximum equivalent stress occurs at the
junction of the guide vane outlet edge and the shroud. From
the contour of equivalent stress on the pressure surface, it
can be seen that equivalent stress distributed at the outlet
edge of the guide vane is obviously higher than that dis-
tributed at the blade inlet edge, and the value of equivalent
stress near the shroud and hub is obviously higher than that
in the middle of the blade. ,e distribution of equivalent
stress on the suction surface of the blade is similar to that on
the pressure surface of the blade. ,e above phenomena
show that the outlet edge of the guide vane and the junction

with shroud and hub are high stress concentration areas, and
the junction position between the outlet edge and shroud
and hub is the most vulnerable place to strength damage.
,is is because the static pressure at the outlet of the guide
vane is larger than that at the inlet. Because of the function of
reducing speed and boosting pressure of the guide vane, the
equivalent stress at the outlet is higher than that at the inlet.
Equivalent stress values in the area of contact with shroud
and hub are higher than those in the middle area of blades.
Because the restraint of the shroud and hub prevents the
guide vane blade from effectively releasing stress through
deformation, it is easy to cause stress concentration.

From Figure 9, it can also be seen that the distribution
law of total deformation on the pressure surface and suction
surface of the blade is basically similar. In the middle of the
outlet edge of the blade is the maximum area of total de-
formation, and the total deformation near the shroud is
higher than that near the hub. ,e above phenomena show
that the blade exit edge and the area near the shroud are
vulnerable to stiffness damage.,is is mainly due to the large
static pressure and thinner thickness at the exit edge of the
blade compared with the inlet edge. ,erefore, the defor-
mation of the blade exit edge is large. Because the contact
area of the blade and shroud is smaller than that of the hub,
the deformation of the shroud contact area is larger than that
of the hub under the same stress condition.

Figure 10 shows the influence of guide vane circum-
ferential placement position on the maximum equivalent
stress and maximum total deformation of the shroud and
hub in design conditions. Figure 10 shows that the maxi-
mum equivalent stress of the shroud and hub of the guide
vanes varies with the increase in their circumferential angles.
,e maximum equivalent stress of the shroud appears at
α� 9°, and the minimum value appears at α� 0°. ,e dif-
ference between them is 0.563MPa, which accounts for
about 4.3% of the maximum value. ,e maximum equiv-
alent stress of the hub appears at α� 3°, and the minimum
value appears at α� 6°. ,e difference between them is
1.018MPa, accounting for about 10.3% of the maximum
value. ,e above phenomena show that the circumferential
placement position of guide vanes has a greater impact on
the maximum equivalent stress of the hub and a smaller
impact on the shroud. It can also be seen from Figure 10 that
the variation trend of the maximum total deformation of the
shroud and hub is basically similar. ,e maximum total
deformation of the shroud occurs at α� 12°, and the min-
imum occurs at α� 3°. ,e difference between them is
0.082 μm, accounting for about 4.8% of the maximum. ,e
relative error of the maximum total deformation of the hub
is 3.6%. It can be seen that the circumferential placement
position of the guide vane has little influence on the max-
imum total deformation of the shroud and hub.

Figures 11 and 12, respectively, show distribution con-
tour of the equivalent stress and total deformation on the
shroud and hub in design conditions at α� 9°. It can be seen
in Figure 10 that the equivalent stress distribution of the
shroud and hub shows the stress concentration phenome-
non and the equivalent stress distribution in each channel is
similar. ,e equivalent stress mainly concentrates on the
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Figure 7: Schematic diagram of guide vane structure.
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Figure 8: ,e influence of guide vane circumferential placement
position on guide vane statics.
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shroud at the contact position between the pressure surface
outlet of the blade and the shroud. ,e main concentration
area of the hub is the outlet guide vane runner from the
contact position between the pressure surface outlet of the
guide vane and the hub to the end of the suction surface of

another guide vane blade, which is crescent-shaped. ,e
above phenomena show that the contact position between
the outlet edge of the guide vane pressure surface and the
shroud and hub is the most vulnerable place to strength
damage. ,is is mainly due to the double restrictions of the
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Figure 9: Distribution of equivalent stress and total deformation on the guide blade.
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Figure 11: Equivalent stress distribution on (a) the shroud and (b) the hub.

10 Mathematical Problems in Engineering



guide vane, the shroud, and the hub in the region, making
the stress release not easy. From Figure 12, it can be seen that
the larger total deformation area of shroud and hub occurs
near the center of the flow channel. ,e difference is that the
total deformation in the guide vane channel near the diffuser
channel of the volute on the shroud is obviously smaller than
that in the guide vane channel at other locations, and the
distribution of the hub is more even. ,e reason is that the
guide vane channel near the diffuser channel of the case is
greatly affected by the volute, and the high-pressure liquid is
easy to evacuate, so the total deformation is small.

4. Conclusion

In this study, the influence of the circumferential placement
position of the guide vane of the nuclear reactor coolant
pump on its internal flow field, stress, and strain is studied by
means of the one-way fluid-structure coupling numerical
calculation method and test results. ,e following conclu-
sions are drawn:

(1) ,e position of guide vane circumferential place-
ment has a great influence on the efficiency of the
nuclear reactor coolant pump near small flow rate
and design condition, but has a weak effect at large
flow rate. However, the influence on its head is just
the opposite. ,e appropriate position of guide vane
circumferential placement is conducive to improving
the hydraulic performance of the nuclear reactor
coolant pump.

(2) In design condition, the position of guide vane
circumferential placement has significant influence
on the efficiency of the nuclear reactor coolant pump
and the maximum equivalent stress of the suction
surface of the guide vane and hub, but has little
influence on the head value and the maximum
equivalent stress of pressure surface and shroud.
Also, there is an optimal position of guide vane
circumferential placement.

(3) When the outlet diffuser center of the volute is lo-
cated at the outlet center of the guide vane channel,
the flow in the case is the most stable, which can

reduce internal loss.,e change of the position of the
guide vane in the circumferential direction will affect
the flow pattern and shape of the rotor blade wake at
the outlet of the impeller blade.

(4) ,e junction of the guide vane outlet and the shroud
and hub is a high stress concentration area, and the
junction of the guide vane outlet and shroud is the
most vulnerable area to strength failure.
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