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Abstract 
 
A new adjustable guide vane (AGV) is proposed in this paper. This vane can reduce hydraulic losses and improve the performance of 

an axial flow pump. The formula of AGV adjustment was obtained after theoretical analysis. The fluid flow inside the axial flow pump 
with a fixed guide vane and adjustable guide vane was simulated. The calculated Q-H curves for the fixed guide vane agreed well with 
the experimental ones. The results show that the attack angle and flow separation have an important contribution to the vortices which 
create hydraulic losses in the guide vane channel. The AGV can decrease hydraulic losses and significantly enhance the pump head and 
efficiency by changing the guide vane angle. 
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1. Introduction 

With the increasing application of an axial flow pump, the 
improvement of its efficiency continues to become more and 
more important. One of the most useful methods to increase 
its efficiency is the installation of a guide vane behind the 
pump impeller [1]. Guide vanes can improve the head and 
efficiency of the pump by transforming the kinetic energy of 
the rotating flow, which has a tangential velocity component, 
into pressure energy. When the pump is working under off-
design condition, the attack angle, which causes hydraulic loss, 
will always exist at the leading edge of the guide vane. This is 
because the traditional guide vane is fixed on the guide vane 
hub with a fixed angle for the design condition and cannot be 
adjusted with the change in working conditions. Studies have 
shown that the fixed guide vane can generally retrieve about 
10% of the kinetic energy [2]. This paper proposes a new ad-
justable guide vane which can reduce hydraulic loss and im-
prove the performance of the axial flow pump through ad-
justment of the guide vane angle under off-design conditions.  

The internal flow field of the axial flow pump is difficult to 
measure due to rotor-stator interaction. Thus, Computational 
Fluid Dynamics (CFD) has been an effective tool in studies on 

the internal flow field in pumps and turbines [3-7]. In this 
paper, the three-dimensional steady turbulent flow inside the 
full passage of a model axial flow pump was simulated using 
CFD. A comparison of the computational head and experi-
mental head was conducted to verify the mathematical model. 
The influence of AGV on the head, efficiency, and energy 
character was analyzed, and the theorem for adjusting the 
AGV angle was given. 
 

2. Physical model 

The model axial flow pump impeller for this computation is 
ZM60. The computational domain is the flow passage from 
the inlet to the outlet, including the impeller and guide vanes 
as shown in Fig. 1. There were four impeller blades. The di-
ameter of the impeller was 0.3m, the hub ratio 0.5133, the 
rated speed was 1450r/min, and the number of guide vane 
blades was five. All these structures are shown in Fig. 2. 

The structured mesh was used for the inlet and outlet, while 
the unstructured mesh was used for the impeller and guide 
vanes due to their complicated geometry. The total number of 
cells is about one million. The mesh of the model is shown in 
Fig. 3. 
 
3. Mathematical model 

The three-dimensional Reynolds-averaged Navier-Stokes 
equations for uncompressible flow are as follows [8]: 
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where ' '

ij i ju uτ ρ= −  is the Reynolds stress. 
The k ε−  model was chosen to enclose the equations. 

Considering the rotating flow inside the pump impeller, the 
RNG k ε−  model, which is adaptive for strongly rotating 
flow, was used in this simulation [9, 10]. 
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where the model constants were chosen from Ref. 10. For the 
RNG k ε−  model, the Reynolds stress can be written as 
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Meanwhile, the turbulent kinetic viscosity coefficient can be 

written as 
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All simulations were conducted using the commercial CFD 

software Fluent 6.3. The SIMPLEC algorithm was used for 
the pressure-velocity coupling [11, 12]. The second order 
upwind difference scheme was used for the momentum, turbu-
lent kinetic energy, and dissipation rate equations. The mass 
flow rate was defined for the inlet and the static pressure for 
the outlet. The roughness height of the hub and casing was 
also considered [13]. The sliding mesh model was used to 
simulate the rotor-stator interaction in the pump. In the sliding 
mesh technique provided by Fluent 6.3, the interface zones of 
adjacent cell zones were associated with one another to form a 
"grid interface.'' The two cell zones move relative to each 
other along the grid interface. 
 

4. Results and discussions 

Seven operating points for the +4° and +8° of the blade-
setting angle with the fixed-guide vanes were computed to 

 
 
Fig. 1. The whole flow passage axial flow pump model. 
 

 
 
Fig. 2. The impeller and guide vane. 
 

 
 
Fig. 3. The mesh of the model. 

 
 
Fig. 4. Schematic diagram of the blade setting angle. 
 

 
Fig. 5. Comparison of the Q-H curve. 
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validate the mathematical model. Fig. 4 shows the blade-
setting angle, which is determined by angle φ between the 
tangent to the blade meanline and the direction of the inlet 
relative velocity w1 at the front-edge point of the blade. Angle 
φ = 0 was assumed as the impeller design angle.  

The computational results of the flow discharge (Q)-head 
(H) curves and the experimental ones are shown in Fig. 5. 

Fig. 5 shows that the computational results agree well with 
the experimental ones, with a maximum error of less than 5%. 
The difference comes from the tip clearance flow which was 
not considered in this computation at large discharge condi-
tion [14]. 

The design of guide vanes is usually aimed at improving 
flow pattern and reducing hydraulic loss by converting some 
of the kinetic energy into pressure energy. Therefore, the inlet 
flow angle of the vane should be consistent with the outlet 
flow angle of the impeller blade at design condition. However, 
the consistency cannot be maintained at off-design conditions 
because of the variation of the outlet flow angle of the impel-
ler. The angle of attack of the guide vane is not zero, and the 
hydraulic loss increases.  

Adjustable guide vanes (AGV) are intended to change the 
vane angle to maintain the shock free flow pattern. The sche-
matic diagram of AGV is shown in Fig. 6. The basic idea of 
the AGV is that the guide vane inlet flow angle 3α  should be 
adjusted according to the impeller outlet flowing angle 2α  to 
reduce shock loss. 2α  can be derived from the velocity trian-
gle when the blade angle and discharge are known. 

As shown in Fig. 6, u  is the circular velocity, 2v  is the 
outlet absolute velocity, 2w  is the outlet relative velocity, 2α  
is the outlet absolute flow angle, β  is the outlet relative flow 
angle, 3α  is the design fixed guide vane inlet flow angle, and 

3α′  is the rational guide vane inlet flow angle. The computa-
tional section is a cylindrical section at the tip of the blade 
whose radius is equal to 0.15m. The formula of 2α  can be 
derived from the velocity triangle and discharge as follows: 
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where Q  is the discharge, R  is the radius of the pump shell 

at the impeller outlet, r  is the hub radius, and n  is the im-
peller speed.  

According to the principle of guide vane design, the for-
mula of the rational guide vane inlet flow angle 3α′  can be 
written as follows [15]: 
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where 3

3
3

1 uzs
D

ψ
π

= − ; Z is the blade number of the guide vane;  

3D  is the diameter of the computational section; and 3us  is 
the circumferential directional thickness of the guide vane 
inlet. 

The angle deviation is 3 3α α α ′∆ = − . In this computation, 
the design 3α  is known as 0

3 48.5α = . The angle deviation 

 
 
Fig. 6. Schematic diagram of AGV adjustment. 

Table 1. Computational points and the corresponding angle for the +4° 
blade setting angle. 
 
Q (m3/s) 0.28779 0.30078 0.31483 0.33837 0.36469 0.38518 0.40046

3α ′ (°) 39.065 40.734 45.503 45.377 48.451 50.737 52.380

α∆ (°) 9.435 7.766 5.997 3.123 0.049 -2.237 -3.880

 
Table 2. Computational points and the corresponding angle for the +8° 
blade setting angle. 
 
Q (m3/s) 0.3285 0.34364 0.36612 0.38577 0.40252 0.4226 0.43826

3α ′ (°) 42.321 44.018 46.452 48.494 50.172 52.107 53.559

α∆ (°) 6.179 4.482 2.048 0.006 -1.672 -3.607 -5.059

 

 
 
Fig. 7. Comparison of the Q-H curves. 

 

  
Fig. 8. Comparison of the Q-η curves. 
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α∆  for each operating point is shown in Tables 1 and 2. 
Based on the full passage computation of the axial flow 

pump with fixed guide vanes (FGV) and AGV, the Q-H 
curves and Q-η (efficiency) curves are shown in Figs. 7 and 8. 

The results show that the AGV was more efficient in im-
proving the performance of the axial flow pump than the FGV 
at off-design condition. For the +4° blade setting angle, the 
head increased by 0.213 m, while the efficiency increased by 
1.178% at the minimum discharge condition. At the maximum 
discharge condition, it increased by 0.437 m and 3.089%, 

respectively. For the +8° blade setting angle, the head in-
creased by 0.167 m, while the efficiency increased by 1.29% 
at the minimum discharge condition and 0.496 m and 2.165%, 
respectively, at the maximum discharge condition.  

The flow patterns in the guide vane channel at minimum 
and maximum discharge conditions are shown in Figs. 9 to 12. 
These figures show that the vortices appeared at the tailing 
edge of the fixed guide vane at low discharge condition, while 
the flow separation appeared at the leading edge at large dis-
charge condition. The vortex and flow separation are known 

    
                                                        (a) Flow pattern with FGV                                       (b) Flow pattern with AGV 
 
Fig. 9. Flow pattern at the minimum flow condition of +4° blade setting angle. 

 

    

                                                   (a) Flow pattern before adjustment                            (b) Flow pattern after adjustment 
 
Fig. 10. Flow pattern at the maximum flow condition of +4° blade setting angle. 

 

    
                                                  (a) Flow pattern before adjustment                            (b) Flow pattern after adjustment 
 
Fig. 11. Flow pattern at the minimum flow condition of +8° blade setting angle. 
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as the main contributors of hydraulic losses. The vortex and 
flow separation were caused by different attack angles at dif-
ferent discharges. With the application of AGV, the attack 
angle of the guide vane is almost zero. The vortex and flow 
separation caused by the attack angle disappeared, and flow 
pattern improved accordingly. As a result, the hydraulic losses 
caused by the vortex and flow separation were decreased, and 
the head and efficiency of the axial flow pump was enhanced. 
 

5. Conclusion 

Simulations of the three-dimensional steady flow in an axial 
flow pump with FGV and AGV were conducted using the 
commercial CFD software Fluent 6.3. The results show the 
following: 

(I) The mathematical model used in this paper can accu-
rately simulate the flow field inside the axial flow pump. The 
computational Q-H curves agree well with the experimental 
ones. 

(II) The theorem of AGV adjustment was deduced from the 
impeller outlet velocity triangle and the principle of guide 
vane design. 

(III) The AGV can reduce the negative influences of attack 
angle and improve the flow pattern in the guide vane channel 
effectively, significantly decreasing hydraulic loss. 

(IV) The AGV can significantly improve the head and effi-
ciency of the pump at off-design conditions. In this simulation, 
the maximum improvement of the head and the efficiency 
were 0.496 m and 3.089%, respectively. 
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Nomenclature------------------------------------------------------------------------ 
D  : Diameter [m] 
H  : Head [m] 
n  : Revolution per minute [rpm] 
Q  : Flow rate [m3/s] 

R  : Radius of the pump shell at the impeller outlet [m] 
r  : Hub radius [m] 
S  : Circumferential directional thickness of the guide vane  
  inlet [m] 
t  : Time [s] 
u  : Circular velocity [m/s] 
v  : Absolute velocity [m/s] 
w  : Relative velocity [m/s] 
Z  : Blade number of the guide vane 
α  : Flow angle [deg] 
β  : Relative flow angle [deg] 
η  : Efficiency 
ρ  : Density [kg/m3] 
φ  : Blade setting angle [deg] 
ψ  : Crowding coefficient 
 
Subscripts 
1 : Inlet of blade 
2 : Outlet of blade 
3 : Inlet of guide vane 
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