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Abstract: FSI(Fluid-Structure Interaction) is used to perform the the structural mechanical characteristics on the 8 

full tubular and the axial-flow pumps. The results show that as the flow rate increases, the total deformation and 9 

equivalent stress are significantly reduced. The MTD(max total deformation) and the MES(max equivalent stress) 10 

of the full tubular pump impeller appear at the outer edge of the blade. There are two stress concentrations in the 11 

full tubular pump impeller, in which one is located in the outlet area of the rim, and the other is located in the outlet 12 

area of the hub. However, the MES of the axial-flow pump appears at the center of the blade hub. The performance 13 

difference between the full tubular pump and the axial-flow pump is mainly caused by the clearance backflow. The 14 

natural frequency of the full tubular pump is lower than that of the axial-flow pump according to the modal results. 15 

The MES of the full tubular pump is mainly concentrated at the junction of the blade and the motor rotor, and the 16 

max thickness of the rim is 6mm, which is more prone to cracks, seriously affecting the safety and stability of the 17 

pump.  18 

Keywords: full tubular pump; axial-flow pump; deformation; stress; modal analysis; fluid-structure interaction; 19 

numerical simulation. 20 

 21 

1 Introduction 22 

The full tubular pump is a new type of mechatronics product [1], which blades are connected with the motor rotor. 23 

Compared with the axial-flow pump, the full tubular pump eliminates the transmission equipment, and its structural 24 

advantage is very obvious. However, the efficiency of the full tubular pump impeller is generally lower than that of the 25 

axial-flow pump. Shi LJ et al. [2-4] used a combination of numerical simulation and model tests on the axial-flow and 26 

full tubular pumps. He concluded that the clearance backflow has a greater impact on the hydraulic performance of the 27 

full tubular pump by analyzing the characteristics of energy performance and pressure pulsation. 28 

As the core component of the pump, the structural stress of the impeller is caused by periodic water pressure. 29 

Long-term operation will cause cracks or fatigue damage on the blade surface, which seriously threatens the safe and 30 

stable operation of the pump [5-8]. Therefore, the structural mechanical properties of impellers have attracted more and 31 

more attention, so the FSI analysis method has become an effective method to analyze the stress and deformation of the 32 

structure. Kan K et al. [9-10] applied the bidirectional FSI method to analyze the dynamic stress distribution of the blade. 33 

He found that the joint between the blade and the hub is the main stress concentration area and proposed measures to 34 

effectively relieve the stress concentration and detect the blade stress distribution. Schneider A et al. [11] studied the 35 

influence of impeller structure design parameters on the structural characteristics of multistage centrifugal pumps. Pei J 36 

et al. [12] quantitatively analyzed the blade deformation and stress distribution of the bidirectional axial-flow pump 37 

device under different flow conditions, and found that the maximum deformation and stress exist at the blade edge and 38 

the hub respectively. Zhang LJ et al. [13] discovered that the stress concentration at the blade hub is caused by the 39 

cantilever structure of the rotating blade. Li W et al. [14-15] conducted bidirectional FSI and modal analysis on the 40 

mixed-flow pump, and the results showed that fatigue failure was more likely to occur at the hub. At the same time, he 41 

also found that the natural frequency of vibration is not affected by the flow rate. Li CY et al. [16]explored that the 42 

vibration frequency of the bidirectional shaft extension pump device under zero head condition is very close to the first 43 

or second mode natural frequencies of the pump. 44 



Deng ZP et al. [17] compared the unidirectional and bidirectional FSI of tidal turbines, and found that the predicted 45 

power values of the two analysis methods are basically the same. The bidirectional FSI has a great advantage in 46 

predicting the influence of tip vortices. Benra FK et al. [18] compared the unidirectional and bidirectional FSI solution 47 

results of the single vane pump, and pointed out that the bidirectional FSI simulation result shown the good agreement 48 

with the experiment. Zhu R et al. [19] found that the main distribution trend of wind turbine blade stress remains 49 

unchanged whether the unidirectional or bidirectional FSI method is adopted. In view of the unidirectional or 50 

bidirectional FSI prediction results, Javanmardi N et al. [20] found that both methods can better predict the 51 

hydrodynamic characteristics of the propeller. Wijesooriya K et al. [21] proposed a non-coupled unidirectional FSI 52 

analysis method for super-tall structures, and verified its feasibility and calculation accuracy. 53 

The above research conclusions found that the MES of the impeller is mainly concentrated at the hub of the blade. 54 

However, for a special type of pump such as a full tubular pump, the research conclusions on the stress and deformation 55 

of the structure are not yet known. Hence, this paper adopts the unidirectional FSI method to compare the hydraulic and 56 

structural mechanical characteristics of axial-flow and full tubular pump impellers under different flow conditions. The 57 

purpose of this research is to explore the structural characteristics of the full tubular pump and provide certain guidance 58 

for the structural design of the full tubular pump. 59 

2. Calculation method  60 

The internal flow of the pump is a three-dimensional incompressible flow, and the control equation adopts the RANS 61 

Reynolds average equation. Therefore, this simulation uses the finite volume method to discretize the control equations 62 

and introduces the standard k-ε turbulence model to simulate the three-dimensional turbulent flow. The standard k-ε 63 

turbulence mode revises the turbulent viscosity considering the rotation and rotation flow conditions in the average flow, 64 

and can better handle flows with high strain rates and large streamline curvatures. In the standard k-ε turbulence model, k 65 

and ε are two basic unknowns. The corresponding transportation equations are shown as follows[22]. 66 
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 67 

where μt is the turbulence viscosity, Cμ is constant, Gk is the generation term of turbulent kinetic energy k caused by average 68 

velocity gradient, Gb is the generation term of turbulent kinetic energy k caused by buoyancy, YM is the contribution of 69 

pulsation expansion in compressible turbulent pulsation, C1ε, C2ε and C3ε are empirical constants, σk and σε are the Prandtl 70 

Numbers corresponding to turbulent kinetic energy k and dissipation rate ε respectively, Sk and Sε are user-defined source 71 

terms. 72 

2.1 Object 73 

The full tubular pump device studied in this paper is composed of the inlet pipe, the impeller, the rotor, the guide vane 74 



and the outlet pipe, as shown in Fig.1(a). The axial-flow pump does not contain the motor rotor, the rest of the hydraulic 75 

components are consistent with the full tubular pump, as shown in Fig.1(b). The main design parameters of the pump 76 

model are shown in Table.1 below. 77 

 78 

(a) the full tubular pump             (b)  the axial-flow pump 79 

Figure. 1 The pump model type  80 

Table. 1 The main design parameters of the pump device 81 

Parameter Impeller diameter 

D(mm) 

Rotation speed 

n(r/min) 

Design flow 

Qbep(L/s) 

Design head 

H(m) 

Blade 

number 

Guide vane 

number 

Value 350 950 390 3.2 4 7 

2.2 Boundary conditions 82 

Multiple reference coordinate systems are used to calculate the fluid domain. The impeller which is a rotating 83 

component adopts a rotating coordinate system, and the rest of the components which are static domain adopt a 84 

stationary coordinate system. In the steady-state calculation, the "Stage" model is used to process the data transfer of the 85 

interface between the rotating domain and the stationary domain. The interface characteristic is to ignore the 86 

nonuniformity of the flow in the circumferential direction. The solid wall of the computational fluid domain is set to the 87 

no slip wall, and the standard wall function is used to predict the flow of the wall boundary layer in the near-wall area. 88 

The inlet boundary condition is set to total pressure which value is 1 atm. The outlet boundary condition is set to mass 89 

flow rate. 90 

2.3 Grid  91 

The computational domains of the whole flow passage are dispersed as structured grids except for the motor rotor 92 

applies unstructured grids. The components are divided into grids and assembled in CFX to obtain the entire device 93 

calculation domain. The grid is taken for the main carrier of numerical simulation calculation, in which the quality and 94 

quantity directly affect the accuracy of computational results. The impeller is the rotating part of the entire computational 95 

domain, and the number of its grids has a greater influence on the computational accuracy. According to reference [4], 96 

when the single passage impeller grid reaches 140,000, the number of grids has little effect on the computational results. 97 

Therefore, the final single passage impeller grid number reaches 140,000 approximately. As the same time, the first 98 

dimensionless y+ value of the blade wall boundary layer fluctuate around 30, which meets the use conditions of the 99 

turbulence model. The Fig. 2 presents the generated gird of the impeller and motor rotor. 100 
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 101 

(a) blade                        (b)rotor 102 

Figure.2 The generated gird of the impeller and rotor 103 

2.4 FSI setting 104 

The structural analysis in this paper adopts the unidirectional FSI method, and the structural calculation uses the finite 105 

element method to analyze the structural characteristics of the blade. The structural model only takes into account the 106 

impeller, as shown in Figure 3. The material properties of the impeller are stainless steel, and the characteristic 107 

parameters of the stainless steel are shown in Table 2. Fig. 4 shows the structural grid of the impeller. The impeller 108 

structure is divided into tetrahedral grids, in which the full tubular pump impeller grid number is 941,001 and the 109 

axial-flow pump impeller grid number is 728,706. The dynamic equation for structural calculations is defined as follows 110 

[23]. 111 

[ ]( ) [ ]( ) [ ]( ) }{=++ FxKxCxM  , (3) 

where [M] is the structural mass matrix, [C] is the structural damping matrix, [K] is the structural stiffness matrix, (x) is the 112 

structural displacement, ( )x  is the structural velocity, ( )x  is the structural acceleration, and {F} represents the flow field 113 

force of the structure under the FSI. 114 

 115 

(a) the full tubular pump impeller (b) the axial-flow pump impeller 116 

Figure. 3 Impeller structure model 117 

Table. 2   The material properties of the impeller 118 

Patameter Density ρ/(kg·m-3) Young modulus 

E/MPa  

Poisson ratio μ Yield strength σs/MPa 

Value 7780 203 0.29 550 

 119 



 120 

(a) the full tubular pump impeller grid (b) the axial-flow pump impeller grid. 121 

Figure.4 The structural grid of the impeller 122 

Finite element calculations need to consider the boundary conditions of the blade model, mainly including structural 123 

constraints and loads. In order to prevent the structure from generating rigid body displacement, a fixed constraint is 124 

adopted on the hub surface. The load conditions for the structure calculation are transmitted through the surface pressures 125 

of the blade, hub, rim, and rotor calculated by CFD. In addition, taking into account the centrifugal force caused by the 126 

rotation of the impeller and the influence of gravity, the blade rotation speed (n) is set to 950 r/min and the gravitational 127 

acceleration (g) is set to 9.81 m/s2. The FSI calculation process is shown in Fig.5. 128 

 129 

Figure. 5 Flow chart of the FSI simulation  130 

2.5 Model Experiment Verification 131 

The model experiments include the axial-flow pump and the full tubular pump. The impeller diameter D is 350mm, the 132 

blade rotation speed n is 950 r/min, the hub ratio is 0.4, the number of blade is 4, the number of guide vane is 7. The 133 

pump test bench is shown in Fig. 6. 134 

The pump device model experiment was carried out on the high-precision hydraulic machinery test bench , which was 135 



a vertical closed circulation system. The energy performance test of the pump device is carried out in accordance with 136 

SL140-2006 code requirement. The comprehensive error of the efficiency is ±0.39%. 137 

 138 

Figure. 6 The model test bench for the pump device 139 

Fig. 7 shows the comparison between the numerical simulation and model test results of the axial-flow pump and the 140 

full tubular pump. The variation trend of Q-H curve predicted by numerical simulation is basically consistent with that of 141 

model experiment. The Q-H curve of the full tubular pump is significantly lower than that of the axial-flow pump. Under 142 

the design condition Qbep, the test operation head of the full tubular pump is 3.13 m, and the test operation head of the 143 

axial-flow pump is 3.31 m. The head is increased by 5 % compared with that of the full tubular pump. The main reason 144 

for this difference is caused by the clearance backflow [2-4]. Within the flow range of 0.8Qbep-1.2Qbep, the relative error 145 

between the experiment head and the predicted head of CFD is within 3%. Therefore, the numerical simulation results 146 

have high credibility. 147 

 148 

Figure. 7 Performance curve verification  149 

3 Results 150 

3.1 Flow field analysis 151 

In the structural analysis, the pressure distribution on the blade surface is loaded on the structure as boundary condition 152 



for finite element calculation. Therefore, the research on the surface pressure distribution establishes the foundation for 153 

the FSI analysis. 154 

 155 

(a) PS                         (b) SS 156 

Figure. 8 Pressure distribution on the blade surface of the full tubular pump under the flow Qbep 157 

 158 

(a) PS                          (b) SS 159 

Figure. 9 Pressure distribution on the blade surface of the axial-flow pump under the flow Qbep 160 

Fig. 8 and 9 are the cloud figure of pressure distribution on blade surface of the full tubular pump and axial-flow pump 161 

under the flow Qbep respectively. The pressure distribution trends of blade surface of the full tubular pump and axial-flow 162 

pump are basically the same. The pressure of the blade PS(pressure surface) gradually increases from hub to rim, and the 163 

high pressure area is concentrated at the blade rim. The pressure of the blade SS(suction surface) decreases first and then 164 

increases from inlet to outlet, and the low pressure area is concentrated near the LE(leading edge) of the blade. 165 

3.2 Structural deformation analysis 166 

In order to accurately obtain the deformation and stress distribution of the full tubular pump and the axial-flow pump, 167 

the fluid calculation result needs to be transmitted to the corresponding position in the structure calculation. The pressure 168 

load of the full tubular pump includes the blades, hub, rim and rotor surface, and the axial-flow pump includes the blades 169 

and hub surface. According to the results of pressure transfer, 100 % of mechanical nodes in the structure analysis were 170 

mapped to the CFD surface.  171 



 172 

(a) The total deformation under 0.8Qbep 173 

 174 

(b) The total deformation under Qbep 175 

 176 

(c) The total deformation under 1.1Qbep 177 

Figure.10 Deformation distribution of full tubular pump and axial-flow pump  178 

Fig. 10 demonstrates the total deformation of the full tubular pump and axial-flow pump under the flow conditions of 179 

0.8Qbep, Qbep and 1.1Qbep, respectively. It can be seen that the blade deformation gradually increases from the hub to the 180 

rim, and the maximum deformation occurs at the blade rim. The maximum deformation of the axial-flow pump is mainly 181 

located at the inlet of the blade rim, while the maximum deformation of the full tubular pump is located at the outlet of 182 

the blade rim. As the flow rate increases, the pump head decreases, the axial force on the blade decreases, and the total 183 

deformation of the blade gradually decreases. When the flow condition Q=0.8Qbep, the MTD of the full tubular pump is 184 

0.052mm, and the MTD of the axial-flow pump is 0.12mm, which is 2.3 times that of the full tubular pump. When 185 

Q=1.0Qbep, the MTD of the full tubular pump is 0.04mm, while the MTD of the axial-flow pump is 0.065mm, which is 186 

1.63 times that of the full tubular pump. When Q=1.1Qbep, the MTD of the full tubular pump is 0.032mm, while the MTD 187 

of the axial-flow pump is 0.043mm, which is 1.34 times that of the full tubular pump. The MTD of the full tubular pump 188 

under all flow conditions is smaller than that of the axial-flow pump. The MTD of the pump blade can be reduced when 189 

the blade of the full tubular pump is fixed with the rotor. 190 



3.3 Structural stress analysis 191 

Fig. 11 reveals the difference in the equivalent stress distribution between the full tubular pump and the axial-flow 192 

pump. The equivalent stress of the full tubular pump decreases first and then increases from the hub to the rim. At the 193 

same time, the MES appears at the rim of the impeller trailing edge, and there is also an obvious stress concentration area 194 

on the outlet side of the hub. However, the equivalent stress of the axial-flow pump decreases from the hub to the rim, 195 

and the equivalent stress is the smallest at the TE(trailing edge) of the rim. The MES of the axial-flow pump occurs in the 196 

middle of the hub. The distribution trend of the equivalent stress under different flow conditions is basically the same, 197 

and the MES value decreases with the increase of the flow condition. The MES of the full tubular pump is higher than 198 

that of the axial-flow pump at the same flow condition. Under Q=0.8Qbep, the MES of the full tubular pump reaches 199 

55MPa, and that of the axial-flow pump reaches 31.9MPa. Under Q=Qbep, the MES of the full tubular pump is 46.4MPa, 200 

and that of the axial-flow pump is 23.8MPa. Under Q=1.1Qbep, the MES of the full tubular pump is 39.1MPa, and that of 201 

the axial-flow pump is 18.5MPa. However, the MES of the axial-flow pump and the full tubular pump is both lower than 202 

the allowable stress of the material 190MPa. 203 

 204 

(a) the equivalent stress under 0.8Qbep 205 

 206 

(b) the equivalent stress under Qbep 207 



 208 

(c) the equivalent stress under 1.1Qbep 209 

Figure. 11 Equivalent Stress distribution of full tubular pump and axial-flow pump 210 

According to the distribution law of the total deformation and equivalent stress of the above-mentioned full tubular 211 

pump and axial-flow pump, the reasons for the difference in the distribution trend are analyzed. The axial-flow pump 212 

impeller can be simplified as a cantilever beam structure fixed at one end, and the pressure difference between the PS and 213 

SS acting on the blade can be regarded as the distributed load q, as shown in Fig. 12(a). Because the blade rim is the 214 

main part of the work, and the thickness of the blade is relatively thin. The maximum thickness of the rim airfoil is 6mm, 215 

and the maximum thickness of the hub airfoil is 12mm, which is likely to cause insufficient rigidity of the blade rim. As a 216 

result, the MTD occurs at the blade rim, and the MES occurs at the blade hub. The full tubular pump can be simplified to 217 

a structure with one end fixed and one end hinged, as shown in Fig. 12(b). Since both ends of the blade are constrained, 218 

the structural deformation can be restricted to a certain extent, and under the action of the lateral pressure f, the internal 219 

interaction force of the blade structure is enhanced. Because of the small structural deformation, the blade cannot release 220 

the stress through the deformation. Therefore, there are two stress concentrations, one of which is located in the outlet of 221 

the blade rim and the other is located in the outlet of the hub. The MES and MTD are located at the junction of the blade 222 

rim and the rotor, where the maximum thickness is relatively thin. The maximum thickness of the rim airfoil is 6 mm, 223 

which is most prone to fracture. In summary, the structure of the full tubular pump should attach great importance to the 224 

processing method at the junction of the blade rim and the rotor to avoid cracks because of the deformation and stress. 225 

 226 

(a) the axial-flow pump             (b) the full tubular pump 227 

Figure. 12 Simplified figures of impeller structural mechanics 228 

From the above comparison, it is found that the equivalent stress at the blade rim of the full tubular pump has a large 229 

variation. Therefore, in order to analyze the distribution trend of the equivalent stress at this place in detail, a wire frame 230 

path is arranged around this place to summarize the equivalent stress distribution regularity from the PS to the SS. Fig. 13 231 

shows the rim wire frame path of the full tubular pump. 232 



 233 

Figure. 13 The wire frame path at the blade rim 234 

Fig. 14 presents the equivalent stress distribution trend at the blade rim under different flow conditions. The equivalent 235 

stress of the full tubular pump is obviously higher than that of the axial-flow pump. And it presents the distribution trend 236 

that the largest in the middle and the smallest on both sides. There are large stress fluctuations at the TE. However, the 237 

equivalent stress of the axial-flow pump presents a distribution trend that the smallest in the middle and the largest on 238 

both sides. Especially the stress at the rim outlet of the full tubular pump is significantly higher than that of the axial-flow 239 

pump. And the equivalent stress of the full tubular pump reaches 28.6MPa under Q=0.8Qbep,. The equivalent stress of the 240 

full tubular pump is 24.1MPa under Q=Qbep. The equivalent stress of the full tubular pump is 20.7MPa under Q=1.1Qbep. 241 

The distribution trend of equivalent stress along the blade rim is basically the same under different flow conditions. 242 

Under small flow conditions, the equivalent stress of the axial-flow pump fluctuates greatly on the SS. Because of the 243 

reduction of the relative flow angle near the LE, the flow separation on the SS is enhanced, resulting in low pressure 244 

around the LE. 245 

 246 

(a) 0.8Qbep                    (b) Qbep                (c) 1.1Qbep 247 

Figure. 14 The stress distribution of the blade rim 248 

In summary, the total deformation and equivalent stress of the full tubular pump are quite different from those of the 249 

axial-flow pump. The reasons for the differences are preliminarily summarized as the following two categories. The one 250 

is clearance backflow and the other is the geometric structure. Therefore, in order to further explore the reasons for the 251 

difference, the effect of clearance backflow on its structural characteristics will be discussed in the next section as shown 252 

the Fig. 15. The structural models of unloaded rotor surface pressure(ULP) and loaded rotor surface pressure(LP) were 253 

compared to study the difference of structural performance under different flow conditions. 254 



 255 

Figure. 15 Comparison of MTD and MES between ULP and LP 256 

It can be seen from the Fig. 15 that the clearance backflow has a greater impact on the structural performance of the full 257 

tubular pump under different flow conditions. On the one hand, the clearance backflow causes the increase in the 258 

deformation. Especially under small flow conditions, the MTD of the LP increases by 20% compared to that of the ULP. 259 

On the other hand, the MES of the LP caused by the clearance backflow are smaller than that of the ULP. Compared with 260 

ULP under various flow conditions, the MTD of LP has increased by about 16%.  261 

Compared with the axial-flow pump, it is found that the shape of the geometric structure has a greater impact on the 262 

structural performance of the tubular pump. The MTD of the ULP is much smaller than that of the axial-flow pump, 263 

accounting for 42.1%, 61.6% and 74.4% of the axial-flow pump under different flow conditions. The MES of the ULP is 264 

much higher than that of the axial-flow pump, which is 1.9 times, 2.25 times and 2.47 times that of the axial-flow pump 265 

under different flow conditions. 266 

Based on the above analysis, it can be seen that the clearance backflow and geometric structure have a greater impact 267 

on the structural performance of the full tubular pump. 268 

3.4 Modal analysis 269 

The modal analysis in this study is based on the unidirectional FSI method. The Block Lancos method is used to 270 

perform modal analysis on the impeller under pre-stress. The pre-stress of the impeller includes the impeller's own 271 

gravity, rotation speed and the water pressure of wall surfaces acting on the impeller. The modal analysis flowchart is 272 

shown in Fig. 16. 273 

The mode is the natural vibration characteristic of the structural system, and each mode has a specific natural frequency 274 

and vibration shape [24-26]. The impeller is the main excitation source of hydraulic excitation. The impeller rotation 275 

speed n is 950r/min, and the BPF(blade passing frequency) is 63.3Hz. If the hydraulic excitation frequency is close to the 276 

BPF and its frequency multiplier, the impeller will resonate. This article will analyze the pre-stress modal analysis of the 277 

full tubular pump and the axial-flow pump in the air medium. The first 6 natural frequencies of the impeller and the 278 

corresponding vibration mode of each order will be analyzed. 279 



 280 

Figure. 16 The flowchart of the modal analysis 281 

Table. 3 shows the natural frequency of the tubular pump and the axial-flow pump in each mode. The natural frequency 282 

of the full tubular pump in each mode is lower than that of the axial-flow pump affected by the rotor on the blade rim. 283 

The first-order vibration frequency of the full tubular pump is 279.9 Hz, which is 4.4 times the blade passing frequency, 284 

while the first-order vibration frequency of the axial-flow pump reaches 868.7 Hz, which is 13.7 times the blade passing 285 

frequency.  286 

Table. 3 Modal natural frequency 287 

Mode 
First-order 

frequency/Hz 

Second-order 

frequency/Hz 

Third-order 

frequency/Hz 

Fourth-order 

frequency/Hz 

Fifth-order 

frequency/Hz 

Sixth-order 

frequency/Hz 

Full tubular 

pump 
279.9 580.6 580.7 881.1 884.4 984.4 

Axial-flow 

pump 
868.7 869.8 869.8 870.1 1655.8 1655.9 

Table. 4 lists the modal participation factors of the main deformation directions in each mode. The modal participation 288 

coefficient is based on the assumed unit displacement of each translational and rotational direction in the cartesian 289 

coordinate system to solve the motion mass in each direction. The larger the absolute value is, it indicates the main mode 290 

of vibration in that direction. The red dotted line in the table represents the participation coefficient with the largest 291 

absolute value of each party. 292 

The formula of the modal participation factor is as follows. 293 

     1i
T

i M  , (5) 

   FT
ii   , (6) 

Where γi is the participation factor for the ith mode, ϕi is the eigenvector representing the mode shape of the ith natural 294 

frequency, and F is the input force vector. 295 



Table. 4 Modal participation factor 296 

Mode Frequency/Hz 
Participation factor 

X Y Z ROT.X ROT.Y ROT.Z 

1 279.9 0.18E-04 0.92E-04 3.0 -0.15E-4 0.23E-4 -0.47 

2 580.6 -0.058 0.39 -0.14E-03 -0.34 0.38 0.39E-4 

3 580.7 -0.39 -0.058 0.25E-04 -0.38 -0.34 -0.16E-4 

4 881.1 0.23E-03 0.41E-03 -0.28E-02 0.35E-4 -0.63E-4 -0.54E-3 

5 884.4 0.42E-04 0.72E-04 -2.47 -0.19E-5 0.17E-4 -0.55 

6 984.4 0.20E-03 0.18E-03 0.16E-03 0.23E-4 -0.29E-4 0.25E-4 

 297 

Fig. 17 shows the vibration shape of the full tubular pump in each mode. The vibration shape can be divided into 298 

deformation along the x-axis, y-axis, z-axis and torsional direction according to the cartesian coordinate system. It can be 299 

seen from the vibration shape diagram that the vibration form of the impeller can be divided into bending vibration, 300 

torsional vibration and compound vibration. The vibration mode shapes of each order modal are compared combining the 301 

participation factors of each mode in Table.4 and Fig.17. The absolute value of the participation factor of the first-order 302 

modal in the Z-axis direction is the largest, which is represented by the up and down swing along the Z-axis direction, as 303 

shown in Fig. 17(a). The absolute value of the participation factor of the second-order modal in the Y-axis direction and 304 

the torsional direction along the Y-axis is larger, and the torsional deformation of the second-order mode along the Y-axis 305 

can be clearly seen from the vibration shape of the Fig. 17(b). The vibration mode shape of 3rd modal impeller is 306 

torsional deformation along X axis. The vibration shapes of the fourth-order and sixth-order modals present the “U” type 307 

bending deformation along the Z axis, which show the vibration shape of extrusion to the middle, without showing 308 

obvious vibration mode characteristics. The fifth-order mode deforms along the torsional direction of Z axis, which is 309 

reflected that the absolute value of ROTZ direction is the largest in Table.4. Therefore, the modal participation factor has 310 

certain reference significance for the analysis of vibration modes. 311 

 312 

(a)First-order mode              (b)Second-order mode 313 



 314 

(c)Third-order mode            (d)Fourth-order mode 315 

 316 

(e)Fifth-order mode           (f)Sixth-order mode 317 

Figure. 17 Vibration mode shape in each order modal of the full tubular pump 318 

4 Conclusions 319 

In this paper, the FSI method is used to compare the structural strength and modal characteristics of the blades between 320 

the full tubular and the axial-flow pumps. The main conclusions are summarized as follows.  321 

1.  The distribution trend of the blade deformation and equivalent stress of the full tubular pump is basically the same 322 

under various flow conditions, but its value gradually decreases with the increase of the flow. The deformation of the 323 

blades shows a trend of gradually increasing from the hub to the rim, and the deformation is larger at the outlet of the rim, 324 

while the maximum deformation of the axial-flow pump is at the inlet of the blade. The max deformation of the full 325 

tubular pump is less than that of the axial-flow pump. 326 

2. The equivalent stress of the full tubular pump shows a trend of first decreasing and then increasing from the hub to the 327 

rim. There are two stress concentration areas mainly distributed in the outlet of the blade rim and the area of the hub. 328 

While the equivalent stress of the axial-flow pump is reduced from the hub to the rim, and there is only one stress 329 

concentration area distributed in the center of the hub. The max equivalent stress of the axial-flow pump is smaller than 330 

that of the full tubular pump under different flow conditions. 331 

3.  The MES and MTD of the full tubular pump are located at the junction of the blade rim and the rotor. Clearance 332 

backflow and geometric shape are the main reasons for the difference in structural performance between the tubular flow 333 

pump and the axial-flow pump. It is very necessary to pay attention to the rigidity of the full tubular pump rim. 334 

4. The natural frequency of each order modal for the full tubular pump is less than that of the axial-flow pump. The 335 

natural frequency of first-order mode for the full tubular pump is 279.9Hz, and the modal participation factor in Z-axis is 336 

3.0, which the absolute value is max in the Z-axis direction and represents by the up and down swing along the Z-axis 337 



direction. The modal participation factor has certain reference significance for analyzing the vibration mode shape. 338 
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Nomenclature: 353 

D impeller diameter, mm. 354 

Q flow, L/s 355 

ρ the density, kg/m3. 356 

g local acceleration of gravity, m/s2. 357 

H  head, m. 358 

η  efficiency, %. 359 

n rotation speed, r/min. 360 

bep best efficiency point. 361 

μt the turbulence viscosity. 362 

Cμ the empirical constant according to the recommended value of Launder. 363 

Gk, Gb the generation term of turbulent kinetic energy k . 364 

YM the contribution of pulsation expansion . 365 

C1ε, C2ε, C3ε empirical constants according to the recommended value of Launder. 366 

σk, σε the Prandtl Numbers corresponding to turbulent kinetic energy k. 367 

σε the Prandtl Numbers corresponding to dissipation rate ε. 368 

Sk, Sε user-defined source terms. 369 

ui the fluid velocity component in the direction of the coordinate xi, m2/s. 370 

S a generalized source term. 371 

FSI fluid-structure interaction. 372 

MTD the maximum total deformation, m. 373 

MES the maximum equivalent stress, Pa 374 

PS the pressure surface of blade. 375 

SS the suction surface of blade. 376 

TE the trailing edge of blade. 377 

LE the leading edge of blade. 378 

ULP the unloaded rotor surface pressure. 379 

LP the loaded rotor surface pressure. 380 

BPF the blade passing frequency, Hz. 381 

γ i  the participation factor for the i t h mode.  382 

ϕ i  eigenvector representing the mode shape of the ith natural frequency. 383 

F Input force vector.  384 

[M] the structural mass matrix. 385 

[C] the structural damping matrix. 386 

[K] the structural stiffness matrix. 387 

( )x
 

the structural velocity. 388 

(x) the structural displacement. 389 

( )x
 

the structural acceleration. 390 



{F} the flow field force of the structure under the FSI 391 

E Young modulus, MPa. 392 

μ Poisson ratio  393 

σs Yield strength, MPa. 394 
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