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Abstract: The article presents the results of experimental
and numerical tests of a sewage pump. As the object of the
research, the single blade impeller was taken into consid-
eration. The primary aim of the project was to investigate
the flow structure in the submersible one channel sewage
pump by means of the CFD methods. The numerical re-
sults were verified on the basis of comparison with exper-
imental results obtained for the real pump. The numeri-
cal model was built with good accuracy to the reality and
the flow was recognized, which allows creating a new ex-
planation of the working process of the single blade im-
peller pumps and indicate the possibility of the improve-
ment of the analyzed object. The head curve is character-
ized by smaller steepness than the results of the experi-
mental tests and the difference, for the best point equals
less than 10%. Transient simulation presented fluctuation
of the head and power during the impeller rotation cycle.
They are 4 m for head and mechanical power – 1 kW. The
flow inside the pump was conscientiously analyzed. Pres-
sure and velocity distribution as well as radial hydrody-
namic force were presented in the paper.

Keywords: centrifugal pump, single blade pump, hydrody-
namic force

1 Introduction
Single-blade pumps are widely used in water supply, in-
dustrial sectors and especially for pumping wastewater.
The advantage of this pump is the transfer of high pollu-
tion water due to the large width of the passageway.
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The complexity of the designing process of a single-
blade impeller and casing is to calculate unsteady hydro-
dynamic processes of fluid flow, which is caused by the
not symmetry working elements. In spite of many labora-
tory tests, there is not sufficient method of designing this
kind of hydraulic element. The most effective method of
the calculating of a new pump is a recalculation of the ex-
isting model pump by means of the laws of the hydrody-
namic similarity with some additional corrections in re-
calculations. In recent years, the research andmoderniza-
tion of this design of the impeller are based on the numer-
ical or real investigations. The wildly developed numeri-
cal method for the calculation of rotodynamic pumps in-
dicate some problems while the number of blades in the
impeller is decreasing. The literature review show some at-
tempts inmodeling such geometries. Schiffer et al. [1] have
reached better results of the numerical simulation in com-
parison with experimental using the unsteady method.
Souza et al. [2] describe the optimization of single-blade
impellers using the design process based on the experi-
ments and computational fluid dynamics methods. Kim
et al. [3] proposed a new impeller design method for the
single-blade pump and improved the hydraulic perfor-
mance of the pump. Head, pressure fields, velocity distri-
bution and torque of a single-blade pump based on un-
steady simulation and experimental dates were analyzed
in articles [4–7]. Pei et al. [8] received high pressure fluc-
tuations near the pressure side of the blade and high gra-
dients of fluctuation values near the trailing edge at the
pressure side of the blade. Nishi et al.[9] obtained satisfied
comparison of a new analytical approach with the numer-
ical method of designing of the single–blade pump.

Apart from, the hydraulic prediction of the achieved
parameters of the pump also the distribution of the radial
force, due to the unsymmetrical geometry of the impeller
should be taken into consideration. Gulich [10] presented
the results of the radial force measurements of the single-
blade impellers and gives a recommendation for predict-
ing and minimizing hydraulic excitation forces. Nishi et
al. [11] discovered the influence of blade outlet angle to
radial trust and determined that bigger outlet angle caus-
ing not the only higher head but also the radial trust and
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its fluctuation components increases. Benra[12] investi-
gated the dependence of the hydraulic forces from the im-
peller speed and the flow rate, and in addition, the influ-
ence of the hydraulic forces on the pump vibration. Pei
et al. [13] (Pei, Dohmen, Yuan, Benra) analyzed hydrody-
namic forces on the different part of the impeller and dis-
covered that they are located in second quadrant for the
shroud and the blade and third quadrant for the hub.

The literature review shows, that the divergence be-
tween the results of the numerical and real experiments
is alternating strongly and the authors do not indicate the
reasons for this situations. Because of this, authors de-
cided to conduct the appropriatemeasurements. Themain
goal of the present paper is to analyze the flow structures
of the single-blade impeller pumpand todetermine the ad-
equacy of pump modeling using a numerical method.

2 Object of the research
To investigate the flow structure in the main passages
of a single-blade pump the standard, submersible con-
struction was taken into consideration. The object of the
study was presented in Fig. 1. The unit of vertical axis
was equippedwith a close single-blade impeller. Themain
parts of the pump were: inlet, impeller and spiral cas-
ing. The analyzed pump was characterized by operating
and geometrical parameters presented in the Table 1. The
unit was described by a value of kinematic specific speed
nq=n·Q0.5/H0.75 =44 1/min.

3 Experimental test
To compare the accuracy of the numerical model of the
analyzed pump specially prepared test rig was build. The
scheme of the measuring stand was presented in Fig. 2.
The pump was located horizontally in an open tank, com-
pletely filledwithwater. Themedium level and the temper-
ature of water weremeasured during the tests. The charac-
teristics of the analyzed pump were obtained according to
ISO standards [14]. During the test the following parame-
ters were measured:
– Rate of flow – Q – electromagnetic flowmeter in accu-

racy class 0.1.
– Delivery pressure – pd – electronic pressure gauge in

accuracy class 0.6.
– Power consumption – P – power monitoring unit in

accuracy class 0.5.

Tests were carried out to obtain the hydraulic properties of
the pump.

4 The numerical model
In order to investigate the operating process of analyzed
pump the application of the computational flow dynamic
was necessary. The main purpose of this stage was to ob-
tain the pressure and velocity fields of the liquid flow. The
numerical simulations of the flow in the hydraulic part of
the pumpwere realized using commercial ANSYSCFX soft-
ware. The numerical model contained four fluid domains:
suction pipe, impeller, volute and pressure pipe (Fig. 3).
The length of the suction pipe equals for times the diame-
ter of the impeller eye and the discharge pipe - four times
the outlet diameter of the volute casing. During the experi-
mental tests, similar inlet pipe was added to the analyzing
unit at the inlet side. During the CFD calculation, the gap
between the tips of the impeller shroud and the pump cas-
ing was neglected. The unstructured mesh was created by
means of the ICEM CFD. Tetra elements were made in the
center of the flow body and the prisms layers were applied
near the walls (first layers equaled 0.025 mm). The density
of the mesh increased near the blade. The total number of
nodes was assumed in accordance to the test of the mesh
independence and it was equaled 6 mln. As the interface
between stationary and rotatingdomains stage average ve-
locity was applied. The boundary conditions were defined
as themass flow rate in the inlet and opening pressure and
direction at the outlet of the model. The numerical simu-
lations were carried out as steady as so as unsteady. The
pumpingmediumwas water at the temperature 25 ∘C. The
standard models of turbulence k-ϵ were used for the cal-
culations. The numericalmodel does not reflect the rough-
ness of the flow parts.

5 Analyses of the results and
discussion

To assess the accuracy of the prepared numerical model
the comparison between the steady state numerical sim-
ulation and the experimental results was made. It is only
one correct method to evaluate the accuracy of the model
and the reality. The study was based on themeasurements
of the pump performance made at the test rig (Fig. 2) and
then, preparing and realizing the numerical simulation.
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(a) (b) (c)

Figure 1: 3D model a) single-blade pump b) impeller and volute; c) impeller

Table 1: Operating and geometrical parameters of the analyzed single-blade pump

No. Name Symbol Value
Operating parameters

1 Flow Q (m3/h) 85
2 Total head H (m) 8.6
3 Rotational speed n (rpm) 1450
4 Power consumption P (kW) 4
Geometrical characteristic of the impeller

1 External diameter d2 (mm) 220
2 Inlet diameter d1(mm) 100
3 Angular blade grip α (∘) 270

Figure 2: The scheme of the test rig: 1 – model pump, 2 – open tank,
3 – control box, 4 – discharge pipe, 5 – elastic pipe, 6 – power me-
ter, 7 – manometer, 8 – flowmeter, 9 – regulation valve, 10 – ther-
mometer, 11 – level indicator with bypass

In Fig. 4 the comparison of the results of the numerical
calculations and experimental tests in relative coordinates

Figure 3: Computational model: a) geometry ; b) mesh

was shown. The flow curve for both research methods is
stable, the head is decreasing while raising the flow. It is
possible to notice the difference in the shape between the
curves of the flow characteristic. The experimental curve
has higher steepness then obtained from CFD modeling.
As a reason for this situation could be the small differ-
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ences in geometries, because the 3D model might not re-
flect the real geometrical parameters of the existing im-
peller. Moreover, the alterations in roughness could have
an impact on the archived outcomes. In the best efficiency
point (BEP), the difference between the numerical model-
ing and the reality equals approximately 10% and is rais-
ing up to 30% while raising the flow value. The power
consumption curve measured in real test rig has a simi-
lar trajectory to one received from CFD modeling. Numeri-
cal investigation outcomes are located lower than the real
one. Slight difference between the real and numerical re-
sult, near the BEP, equals less than 10% and it is rais-
ing with the flow. The reasons are the same as described
above. Because of this the BEP, obtained from CFD meth-
ods is shifted to higher flows, and the maximum efficiency
is higher than one from the real test, but near the real BEP
the difference is less than 10%.

The results of the transient simulation with appropri-
ate graphic blade position image was presented in Fig. 5.
The graph shows the pulsation of head (H) and power (Pm)
on the shaft at a flow rate QBEP. The peak-to-peak height
value is about 4m, the average value is 10.3m,which is big-
ger than for steady state simulation to 3%. The highest val-
ueswere obtained to theposition inwhich the trailing edge
of the blade is located opposite to the tongue of the cas-
ing. The smallest value corresponds to the position when
the trailing edge is passing the tongue of the spiral. Simi-
lar in shape of the curve, shifted a little to smaller rotation
angles, could be observed for the power dependence of
the blade position. The peak-to-peak height value is about
1 kW. The sharp increase of shaft power of the pump is ob-
served when the trailing edge in passing the tongue. This
does not correspond to the relevant peak of the head.

Figure 4: The comparison of the experimental and the numerical
results

For a more detailed analysis of the pumps workflow,
the pressure distribution and vectors in the chosen cross
section of the pump for the selected positions of the im-
peller (Fig. 5) are presented in Fig. 6 and 7 respectively.

Figure 5: The head and power fluctuation in a function of the blade
position

Cross section of the pump is approximate in the center of
the impeller. The global pressure distribution strongly de-
pends on the position of the impeller. For the relative coor-
dinate system, the view of pressure zones around the pres-
sure and suction side of the blade is similar for all posi-
tions, of course, it rotates along the main axis of the im-
peller. Usually in the middle of the pressure side of the
blade is visible the zone of the higher pressure. Near the
leading and trailing edges are the zones of the lowered
pressure, which is the consequence of the natural flow of
an airfoil. The second zone is also caused by high speed
near the trailing edges. It is important to notice, that there
is always clearly visible a zone of the least pressure be-
tween leading edge, the suction side of the blade and the
fairing. Its position is altering in a function of the position
of the impeller. The occurrence of this vortex region deter-
mines the pressure and velocity distribution behind the su
ction side of the blade. The indication point of this vortex
is located in the area of the lowest pressure in the pump –
dynamic depression zone. Then the vortex is shifted to the
inlet of the impeller. Thanks to the representation of the
velocity vectors, a vortex zone before the leading edge is
clearly visible. It was presented in Fig. 7.

Schiffer and Kim [1, 3] also discovered strongly pro-
nounced vortex-regions around the leading edge. In their
opinion, it causes a stagnant zone between the leading
edge, the suction side of the blade and the fairing. The con-
scientious analysis of thepresentedfigures allowsdrawing
the following conclusion. The appearance of mentioned
vortex structure allows dividing the flow part of the im-
peller into two elements. One could be called active due
to the fluid transportation, and the second one, where the
transport of liquid is strongly reduced (region of vortex)
– passive part. Both regions were presented in Fig. 8. The
vortex is responsible for two advantages. First of all, the
external boundary of this phenomenon could be treat as
a second blade (red, dashed line in Fig. 8), which allows
creating the diffuser channel in the impeller. This thesis is
confirmedby the pressure distribution in fig. 6. The second
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Figure 6: Pressure distribution in the middle cross-section of the pump, the position of the impeller: a) 350∘; b) 470∘; c) 550∘; d) 620∘

role is to limit theflowvalue in thepump.Normally it could
be done bymeans of the construction of spiral casing. Due
to the necessity of application of large cross-sections in a
spiral, the BEP will be obtained for a very high discharge,
and an indication of such vortex allows to shift the BEP to
lower flows,without the risk of clogging the impeller or the
spiral casing.

At different positions of the impeller, between the
pressure side of the blade and the walls of the spiral cas-
ing, the diffuser character of the flow could be noticed.
The intensify of the energy conversion process depends
strongly at the blade position, and it is deteriorated when
the blade is passing the tongue of spiral – Fig. 6.

The spiral casing is operating properly, there are visi-
ble some deteriorations near the tongue, but it is the nor-
mal operation of this kind of element.

Another interesting issue, concerning the operation of
the single blade pump, is the value and position of the
radial force (F = (fx2 + fy2)1/2). In Fig. 9 was presented
calculated radial hydrodynamic force in a function of the
position of the impeller. Graphically marked subfigures
are corresponding to the positions of the blade that have
been considered before. As it can be concluded there is
an imbalance of hydrodynamic forces. The amplitude of
the quantities is about 1450 N for the vertical (Y) axis and
1400 N for the horizontal (X) one. The center of hydrody-
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Figure 7: Velocity distribution in the middle cross-section of the pump, the position of the impeller: a) 350∘; b) 470∘; c) 550∘; d) 620∘

namic forces is shifted from the axis and causing addi-
tional vibrations. As it could be seen, the hydraulic forces
are growing with the number of the rotation of the im-
peller, what suggests the necessity of further calculations.

6 Conclusions
Results of the experimental, transient and steady state nu-
merical simulation of the single-blade impeller pumpwere
presented in this paper. In accordance with the conducted
analyses and presented results of the investigation other
conclusions could be drawn:

– The obtained accuracy for the computational model
could be considered satisfactory. This model may be
used for a further application and is sufficiently accu-
rate to explain the fluid flow structure.

– The head curve is characterized by smaller steepness
than the results of the real investigations. It could be
explained by the differences in real and numerical ge-
ometry.

– The shape of the compared curves is similar. The CFD
performing curves are located above the experimen-
tal results. In the entire analyzed range the difference
between the results of the numerical calculations and
the experimental tests, for the BEP, equals less than
10%.
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Figure 8: The velocity distribution and the division of fluid sections
in the impeller

Figure 9: Radial hydrodynamic force, [N]

– Moreover, the simplification of the numerical model
could lead to the increase of the value of the head, effi-
ciency, and decline of power consumption. Those sim-
plifications do not have an impact on the flow struc-
ture in the impeller and the vane diffuser.

– Transient simulation gives a good representation of
the head and power fluctuations during the impeller
rotation cycle. The analysis of received outcomes al-
lows describing the correlation between the position
of the blade relative to the volute and the largest,
smallest and average value of the head. The amplitude
of the changes of the head is about 4 m and power –
1kW.

– Due to a detailed analysis of pressure distributions
and vectors in the cross-sections of the pump, a vor-
tex zone near the leading edge as well as the zone of

low pressure near were found. This vortex decreases
the flow and creates the artificial blade channel.

– For all the positions of the impeller, the hydrody-
namic imbalance of the single-blade impeller pump
was identified.

– Reducing the amplitude of the pressure fluctuation by
changing the blade geometry based on the results of
the structure of the fluid flow is the next task of execu-
tion.
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