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Abstract. The article is devoted to a pilot study of the reverse-bladed pump. The characteristics of the reverse 

bladed pump are the identical parameters on flow, the head, power, energy efficiency on direct and the return 

operating modes (at rotation of a rotor of the pump both in one and to the opposite side). The model reversible axial 

pump with two impeller versions was tested on an experimental bench. The impellers were distinguished by the shape 

of the profile in the blade sections. The model reversible pump was structurally a reversible axial impeller placed in a 

cylindrical chamber. Studies were carried out at different angles of rotation of the impeller blades. The power 

characteristics of tested versions of the pump (impeller) at the design and under loading (unstable operation) modes 

are given. Low efficiency of the tested versions of the reversible pump compared to the conventional axial pumps is 

noted, primarily due to the strong influence of the secondary gradients of the pressure factor. The second reason is the 

profile separation of the flow from the blade surface, to which the tested reverse pump screens are predisposed. 
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1 Introduction 

In recent years, the development of some industries 

has required the creation of a fundamentally new class of 

the centrifugal (dynamic) pumps, so-called reverse 

pumps, which have the same parameters in terms of flow, 

pressure, power, efficiency, cavitation qualities in direct 

and reverse operation modes of operation, i.e., when the 

rotor rotates in one or the opposite direction. 

The reversible pumps are widely used abroad in the 

chemical, textile industry, shipbuilding, and hydraulic 

systems of tidal power plants. In domestic practice, there 

is no production of such pumps, except for two 

prototypes, which the Kharkiv Polytechnic Institute 

developed. 

Creating reversible dynamic pumps is a complex 

technical task (due to a number of their features). At the 

same time, the domestic practice does not have sufficient 

information on the calculation and design of such pumps, 

especially their boost elements. 

The issue needs a comprehensive, in-depth 

examination. All this made this research necessary, its 

tasks and directions, mainly the creation (development) 

of boost elements. 

 
 

For this purpose, two reverse impellers RK-1 and  

RK-2, with specific speed ns = 800, were designed and 

tested on an experimental bench. 

The task of the tests was to study the working process 

of the impeller for their improved hydraulic qualities. The 

working process was analyzed based on the 

characteristics of the elementary grids located on the 

cylindrical surfaces of the current and the total (integral) 

characteristics of the impellers. 

The impeller RK-1 is designed by the lifting forces 

method with the correction for the influence of the grid of 

infinitely thin plates. 

The impeller RK-2 is obtained by design optimization 

on the computer using the straightforward task of lattice 

theory [1–4], a radical multi-factor experiment [5], and 

the calculation of profile losses [6–10]. 

During the design, both impellers were limited: the 

outer diameter D = 0.23 m, the sleeve is cylindrical, the 

hub-to-tip ratio of 0.61, the radial component of the input 

velocity V1u = 0, and the constant pressure head H along 

with radius r. 
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2 Research Methodology 

A particular S-shaped profile symmetrical relative to 

its geometric center is taken as vane sections for RK-1 

[10, 11] (a necessary condition for ensuring the identity 

of the kinematics of the flow during reversal) (Figure 1). 

 

 
Figure 1 – The reverse pumping grid 

For the impeller RK-2, a symmetrical profile [12] has 

been adopted (Figure 1, dashed line). 

The following signatures are used Q – flow rate, m3/s; 

H – pressure head, m; n – rotational speed, s–1;  

r – location radius, m; l – blade length, m; t – blade step, 

m; β – the angle of the profile installation in the grid, °;  

α1 – the angle-of-attack, °; W1 – relative velocity at the 

inlet, m/s; fm – maximum relative curvature of the profile, 

m; cm – maximum relative profile thickness, m. 

The design parameters of the impellers are presented 

in Table 1. 

The impellers were tested on a hydraulic bench in a 

cylindrical chamber. The liquid was supplied to and away 

from the impellers in the axial direction. 

The hydraulic characteristics of the tested impellers 

are presented in Figure 2. 

The characteristics were taken at the calculated 

position of the vane with a rotation angle of V = 0. Since 

the RK-1 did not provide the design parameters for Q and 

H, it was also tested at V = 4°. 

The characteristics of the elementary reversible grids 

are obtained by probing the flow before the impeller and 

behind them with five-channel ball probes. 

Table 1 – The design parameters of the impellers 

Impeller 
Q, 

m3/s 
Н, m n, s–1 Section view r, m l, m l/t β, ° α1, ° fm cm/l 

RK-1 0.17 10 50 

Peripheral 0.1150 0.200 1.39 12.8 2.8 0.020 0.040 

Mid 0.0925 0.185 1.59 17.5 5.3 0.030 0.060 

Root 0.0700 0.155 1.76 27.6 11.5 0.040 0.080 

RK-2 0.17 10 50 

Peripheral 0.1150 0.180 1.00 15.4 4.6 0.015 0.045 

Mid 0.0925 0.160 1.10 19.4 6.0 0.022 0.070 

Root 0.0700 0.140 1.30 26.0 8.6 0.030 0.095 

 

 
Figure 2 – Hydraulic characteristics of reversible impellers:  

Ψ – actual head coefficient; η – efficiency; φ – estimated 

flow (  RK-1, V = 0°;  RK-1, 

V = 4°;  RK-2, V = 0°) 

 

Probing was carried out in a wide range of flow 

changes, including such characteristic modes as the 

calculated mode (mode A), the optimal efficiency mode, 

and the unstable operation mode (mode B; In the area of 

pressure-flow characteristic “failure”). 

Simultaneously, the rotation frequency n = 50 s–1 was 

kept constant, provided the Reynolds number (flow 

turbulence) (Reynolds number Re = (4.6–5.6)·104 was 

calculated from the total flow rate and diameter of the 

probe ball). The indicated value of Re was in the range of 

(0.04–1.50)·105, i.e., the condition for the constancy of 

the calibration coefficients of the ball probes was fulfilled 

[12]. 

The probes measured the flow in front of the impeller 

at a distance of 0.65t pitch from the blade’s leading edge 

and behind the impeller at a distance of pitch from the 

trailing edge, where the velocities are almost equalized. 

The measurements were carried out at eight points along 

the radius. The extreme measurement points were spaced 

from the chamber walls and the sleeve by a distance 

equal to the diameter of the probe ball. 

The reliability of the experimental data was verified by 

comparing the flow rate determined by probe 

measurements: 

  (1) 

where Vz – the flow rate component of velocity;  

R – the outer radius of the impeller, at the inlet and outlet 

of the impeller with the corresponding flow rates 

measured by the narrowing device (diaphragm), Q. 

Typically, the divergence between Q3 and Qc was ±3 % 

before the impeller and ±5 % behind it. 
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Based on the probing results, the parameters of reverse 

wheels were determined, particularly the discharge flow 

coefficient: 

   (2) 

the head coefficient: 

          (3) 

and energy efficiency parameters of the elementary 

grids, i.e., the discharge flow coefficient at input “1” and 

output “2”, respectively: 

       (4) 

where V1z(r), V2z(r) – the flow rate component of 

velocity on the radius of the grid r; 

The head coefficient: 

            (5) 

the grid efficiency: 

          (6) 

where Hk(r) – actual increment of the flow specific 

energy at radius r, m; Hp(r) – the elementary grid head 

determined by the flow calculation, m. 

Since the non-uniformity of the flow was considered 

increased, the radius of the jet behind the impeller was r2 

along with the radius of the jet in front of the impeller r1 

from the equal flow rates between the jet and the chamber 

wall. The parameters of the elementary grid were 

determined in the cylindrical section at the middle radius 

between r1 and r2. The resulting error was not taken into 

account, as the radii differed insignificantly and could not 

make inaccuracies in the calculation exceeding the error 

of the probe measurements themselves. 

In the calculation of the grid parameters, we used the 

adjusted axial velocities, for which the velocities V1z and 

V2z were multiplied by the coefficients, respectively: 

  (7) 

  (8) 

where rb – bushing’s radius, m. 

The noted parameters of the elementary grids were 

represented by functions of the relative height of the 

channel (r – rb)/(R – rb) angle of attack α1. 

The parameters of individual elementary grids, 

presented as a function of the relative height of the 

channel, made it possible to judge the matching of the 

blade sections in the radial direction, and the parameters 

represented as a function of the angle of attack α1, 

showed changes in the various parameters with varying 

flow rates. 

In particular, to avoid subjective curves in drawing 

graphs, Figures 3–5 provided a computer selection of the 

degree of the averaging polynomial. 

3 Results and Discussion 

Figure 2 shows the total characteristics of the impellers 

“Ψ – φ” and “η – φ”. As follows from the figure, for RK-

1 with the calculated flow coefficient φ = 0.18, the 

experimental value of the Head Coefficient Ψ = 0.12 is 

much less than the calculated Ψ = 0.15. The divergence is 

approximately 20 %. This calls into question the 

correctness of the lifting forces method for calculating the 

reverse grids of S-shaped profiles if the grid influence is 

considered according to the Schilzanzl graphs [1]. Using 

the method in this form does not provide the required 

impeller head. 

The impeller RK-1 achieves the design head values 

with lower (compared to the calculated) flow rate factors 

and higher efficiency. In other words, the liquid receives 

the necessary energy increment at more significant than 

the calculated angles of attack α1, and this process is 

performed with less hydraulic losses. 

When the blades turn from V = 0° to V = 4°, the 

impeller pressure increases (as expected). So, in the mode 

of calculated flow (φ = 0.18), the actual head coefficient 

Ψ = 0.16 against calculated Ψ = 0.15. The efficiency also 

increased from η = 0.51 to η = 0.34. However, the shape 

of the head-flow characteristic is deteriorating: its 

“failure” appears in the partial flow zone. (0.085–0.130). 

At the impeller RK-2, a reasonably good agreement 

was observed between the experimental and calculated 

head coefficients. At the calculated φ = 0.18, the 

numerical values of these coefficients differ by no more 

than 5 %. Based on this, it can be argued that the 

numerical optimization method [5] using a computer 

allows you to design reversed impellers for the specified 

parameters. 

Since the impeller RK-2 was designed with efficiency 

optimization, the impeller’s level in the flow coefficient 

change range was substantially higher than that of the 

RK-1. In the calculated mode, it was 0.64. 

Observed for RK-1 at V = 4° the “fall-in” of the curve 

“Ψ – φ” in the range of φ = 0.085–0.130 indicates a 

significant change in the picture of a steady, smooth flow 

around the blades. In more detail, the research reveals the 

existence of the separated flows at the blade surface in 

this zone (Figure 5). 

It was possible to establish how hydraulic losses in the 

flow washing elementary reversibleр grids, angle of 

attack α1, level of loading of the blade element (measured 

by the coefficient Ψk), and secondary flows, including 

overflow in the radial clearance at the periphery of the 

impeller. 

From Figure 3, it follows that for the peripheral and 

middle sections, there are optimal values of the angles of 

attack α1. When changing in one direction or another, the 

value ηk decreases. Besides, the specified angles do not 

coincide with the calculated angles (Table 1). A relatively 

more significant mismatch is observed for RK-1. 

Here, these angles are much larger than the calculated 

ones, which agrees with the total characteristic “η – φ” 

(Figure 2). 
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Figure 3 – The characteristics of the elementary grids in non-cavitation operation conditions: a – the peripheral cross-section;  

b – the middle section; c – the root section (  RK-1, V = 0°;  RK-1, V = 0°) 

  
a b 

    
c d 

Figure 4 – The radius distribution of the parameters of elementary gratings with a calculated flow rate V = 0°  

(  RK-1, φ = 0°, 180°;  RK-2, φ = 0°, 180°) 
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Figure 5 – The radius distribution of the parameters of the elementary grid RK-1 in partial flow rate mode φ = 0.105 and V = 4° 

In the direction of the large angles of attack compared 

with the calculated, the optimal efficiency of the named 

impeller is shifted. 

For RK-2 experimental and design α1, all sections 

differ slightly. In the middle section, they are almost the 

same. This explains a resonably good coincidence of the 

design and optimal operating modes of the impeller RK-2 

(Figure 2). 

An analysis of the “ηk – α1” curves for RK-2 in the 

range of the angle-of-attack changes corresponding to the 

zone of optimal efficiency shows that the ηk on the 

periphery is by 6–8 %, less than the value of this 

parameter in the middle blade and by 2.0–2.5 % less than 

that of the sleeve. Such an increase in energy loss in the 

end sections of the blade was due to overflows in the 

radial gap and other secondary flows in this area. 

The minimum efficiency ηk noted near the impeller 

sleeve RK-1 is presumably related to the large thickness 

of the boundary layer and its possible separation from the 

blade surface [18]. 

One of the questions during the research was to 

determine the permissible load on the blade to take it into 

account when developing new designs. Based on the 

obtained experimental data, for the best ηk operation 

modes of RK-2, it is possible to recommend Ψk = 0.26–

0.29 – for peripheral sections and Ψk = 0.15–0.17 – for 

sleeve ones. In this case, the efficiency of the reversing 

impeller should be expected to be about 0.65–0.66. 

Two characteristic modes were selected to represent 

the radial distribution of parameters across the blade 

elements: design flow mode (Figure 4) and unstable 

operation mode (Figure 5). From Figure 5, it can be seen 

that at the sleeve RK-1, the flow coefficient φ2k is zero or 

negative. Such a redistribution of the axial velocities 

indicates the existence of a vortex zone in this region. 

This is confirmed by visual observations of the flow in 

stroboscopic lighting (data not shown). 

Based on the previous, we have presented a picture of 

the current around the blade and thus explain the flooding 

of the head-flow characteristic of the RK-1 impeller at 

V = 4° in the modes of frequency flows φ = 0.085–0.130 

(Figure 2). Figure 2 shows that with a decrease φ from 

0.130 to 0.105 the head Ψ coefficient decreases from 

0.212 to 0.205, which may be associated with the 

formation of the vortices at the sleeve. The presence of 

such as the flow is further reduced (φ < 0.105) facilitates 

the flow conditions of the rest of the blade (since the 

velocities are redistributed over the height of the 

channel), which increases from the head. 

4 Conclusions 

Thus, the economy of the best-tested reverse impeller 

was 0.63–0.64. The indicated low level of efficiency 

(compared to the conventional axial wheels is non-

reversible) is explained primarily by the strong influence 

of secondary flows due to the existence of the significant 

alternating pressure gradients of the head coefficient Ψk 

(Figure 4). An important reason for this was also the 

possible profile separation of the flow, to which the 

reversible grids in question are most predisposed. 

The presence of alternating gradients of the head 

coefficients does not recommend any acceptable law of 

load change along the radius for newly designed reverse 

pump wheels. This issue needs further study. 

To improve the performance of the reversible 

impellers. It is necessary for a more in-depth study of the 

effects of secondary flows. Of undoubted interest in this 

regard are identifying the influence of typical impeller’s 

parameters, length of the blade profile, and the load 

distribution along the radius on the manifestation of 

three-dimensional effects. 
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