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The influence of splitter blades and meridional profiles on the performance 
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A B S T R A C T   

This work presents the influence of splitters on the performance of small-scale turbopumps for organic Rankine 
cycle applications numerically. Different design parameters, such as impeller diameter at the outlet, number of 
blades, blade angle at the trailing edge, and the length and location of the splitter blades, are studied for both 
shrouded and unshrouded impellers at tip clearance ratios of 0.05 and 0.10 (relative to blade height). The results 
suggest that splitter blades can increase impeller head coefficient and slip factors up to 10%–24% depending on 
the blade outlet angle. At the same time, the total efficiency is not influenced significantly. The CFD calculations 
predict that the placement of splitters in the middle of the blade channel leads to the maximum head coefficient 
for shrouded impellers. In contrast, for the tip clearance ratio of 0.10, a higher head coefficient is observed for 
placement closer to the suction side of the main blade. After that, different meridional profiles are studied to 
investigate their influence on the performance characteristics and mitigation of tip clearance effects. Profiles 
with a sharper change of cross-section area at the inlet rather than a linear change are found more advantageous, 
as higher head rise, total efficiency, and static efficiency are observed. In the end, the splitter blade profiles are 
optimized through techniques of design of experiments, leading to a 2.43% improvement in total efficiency. In 
contrast, the head rise remains constant, and static efficiency decreases by 0.49% for an impeller with a tip 
clearance ratio of 0.05.   

Introduction 

The organic Rankine cycle (ORC) system [1] is among the technol-
ogies that have been applied to exploit the waste heat of exhaust gases. 
The working principle of the ORC is very similar to the Rankine cycle. 
The significant difference lies in the working fluid: The ORC works with 
organic fluids characterized by higher molecular weights and lower 
boiling pressure than water [2]. Since common organic fluids have 
lower latent heat than water, higher mass flow rates are required to 
convert the same amount of waste heat, which considerably increases 
the pump size and energy usage. The weight and size of standard pumps 
can significantly penalize the benefits of installing waste heat recovery 
on vehicles. Hence, efficient and more compact pumps, such as small- 
scale turbopumps, would be very welcome for mobile waste heat re-
covery applications. Typically, a turbopump design is achieved through 
mean-line calculations and empirical correlations derived from existing 
designs. However, a turbopump’s performance is also affected by 

additional parameters such as splitter blade and tip clearance, which 
models in the literature do not systematically address, particularly not at 
the scales required for ORC in waste heat recovery, as highlighted 
below. 

Splitter blades 

Gölcü et al. [3] reported an efficiency improvement of 1.14% using 
splitter blades for impellers with five blades. They showed that the 
splitter blades negatively influenced the efficiency of pumps with 6 and 
7 blades. Kergourlay et al. [4] showed that the splitter blades negatively 
affect the pump efficiency while the pressure rise increases due to an 
increase in the slip coefficient. Zhou et al. [5] presented a method for the 
design of low specific-speed pumps with splitter blades based on 2- 
d flow analysis. Their findings revealed that the leading edge of 
splitter blades has a significant impact on performance. Shigemitsu et al. 
[6] suggested that conventional design theory does not apply to small- 
sized machines. They showed that the splitter blades decrease the low- 
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velocity regions throughout the blade channel, improving small-sized 
centrifugal pumps’ performance. 

Cavazzini et al. [7] suggested that the splitter blades improve the 
non-cavitating operating range of the pump at relatively high mass flow 
rates, while the suction performance is depreciated at low flow rates. 
This conclusion is consistent with the results presented by Yang et al. 
[8]. They showed that the required suction pressure is reduced because 
the blade loading is distributed between the main and splitter blades, 
which increases the pump’s efficiency notably at high flow rates. Yuan 
[9] showed that the splitter blades smoothen the jet-wake pattern and 
decrease the flow separations from the main blade, increasing the 
pump’s efficiency by 4%. Zhang et al. [10] argued that the secondary 
flows and flow circulation on the main blade pressure side are mitigated 
when the trailing edge of the splitter blades is closer to the main blade 
suction side. Yuan et al. [11] proposed a correlation giving the trailing 
edge diameter of splitter blades for low-specific speed centrifugal pumps 
based on the inlet and outlet diameters of the impeller. They claimed 
that placing splitter blades closer to the suction side of the adjacent main 
blades could improve the flow pattern and performance. 

Djebedjian [12] revised the slip factor proposed by Wiesner [13] to 
predict the performance characteristics of centrifugal pumps equipped 
with splitters. Zhang et al. [14] developed an artificial neural network 
model based on 85 groups of experimental data for predicting the head 
coefficient and efficiency of centrifugal pumps with splitter blades. Le 
et al. [15] reported a flattened head-flow curve with an increment be-
tween 2% and 12% in head rise due to the addition of splitters to cen-
trifugal pumps. Siddique et al. [16] showed that the splitter blade can 
improve the head rise and efficiency by 8.2% and 3% at the best effi-
ciency point. They concluded that such improvement is induced by the 
uniform blade loading achieved with splitter blades. 

The literature review on splitter blades in turbopumps reveals studies 
for shrouded impellers or specific pump designs. Though the researchers 
are divided on the benefits of adding splitter blades to the pump’s effi-
ciency, some suggest that they may improve the pump’s head rise. 

Unfortunately, the combined effects of splitter blades and tip clearance 
for a wide range of specific speeds and design parameters have not been 
considered. Further, the conducted studies are limited to splitter blades 
generated from the rotation and cutting of the main blade. Using a 
proper optimization method, it may be possible to shape splitter blades 
differently from the main blades to improve a particular performance 
indicator of a pump, such as decreasing the required inlet pressure or 
increasing the head rise. 

Design optimization 

The pump’s efficiency can be improved by implementing optimiza-
tion techniques to determine optimized geometrical parameters. Opti-
mization methods based on function approximation techniques, such as 
neural networks (NN) and response surfaces, have been successfully 
implemented in the design methodology of turbopump components 
[17]. Lian and Liou [18] achieved an increase of 1.8% in stage pressure 
ratio and a decrease of 5.4% in weight by optimizing the meridional 
geometry and blade angles. Kim et al. [19] used the combination of 
Design of Experiment (DOE) and RSM techniques to find the optimized 
geometrical parameters of the impeller and the diffuser of a mixed-flow 
pump. Huang et al. [20] optimized the blade loading of a centrifugal 
impeller using GA and NN by varying ten parameters on the blade 
profiles for given meridional profiles. An optimized solution providing 
smoother velocity gradients on the suction side without flow separation 
at the inlet was obtained as a result of the optimization. 

Pei et al. [21] optimized the meridional parameters of a centrifugal 
impeller based on DOE, RSM, and GA techniques. The meridional pro-
files were parametrized with the arc radii and angles of the hub and 
shroud profiles. Compared to the baseline design, a 6.1% increase in 
total efficiency at the design flow rate was achieved. Pei et al. [22] 
investigated the influence of the inlet diameter, blade incidence angle, 
and blade wrap angle on the cavitation characteristics of a centrifugal 
pump using DOE and RSM techniques based on CFD analyses. They 

Nomenclature 

b blade height, m 
c clearance gap, m 
c absolute velocity, m s-1 

H head, m 
m meridional length, m 
Q flow rate, m3 s-1 

r radius, m 
u peripheral velocity, m s-1 

w relative velocity, m s-1 

Z number of blades 
z axial length 
ps static pressure, Pa 
pT, r reduced stagnation pressure, Pa 
Cp pressure coefficient 

nq specific speed, rpm, m3 s-1, m, nQ1/2

H3/4 

ns specific speed, non-dimensional, nq/52.9 

Greek letters 
β flow angle, ◦
βB blade angle, ◦

ρ density, kg m-3 
γ slip factor 
ω rotational speed, rad s-1 

ψ head coefficient, gH
ω2r2

2 

η efficiency 

Subscripts 
i inlet 
h hub 
le leading edge 
m meridional component 
mb main blades 
o outlet 
PS pressure side 
s shroud 
sp splitter blades 
SS suction side 
u circumferential component 
0 shrouded impeller 
1 inlet station 
2 outlet station 
∞ blade congruent flow 

Abbreviations 
CFD computational fluid dynamics 
DOE design of experiment 
GA genetic algorithm 
NN neural network 
NSGA non-dominated sorting genetic algorithm 
RSM response surface method 
ORC organic Rankine cycle 
OSFD optimal-space filling design 
SST shear stress transport  

S. Zakeralhoseini and J. Schiffmann                                                                                                                                                                                                        



Thermal Science and Engineering Progress 39 (2023) 101734

3

successfully achieved a design providing higher hydraulic and cavitation 
performance, as the required suction head decreased by 0.63 m 
compared to the baseline impeller. Suh et al. [23] optimized the impeller 
and diffuser of a second-stage multi-phase pump using DOE and surro-
gate models based on RSM techniques. Compared to the baseline design, 
a 1.1% increase in total efficiency and a 3.1% increase in the static ef-
ficiency of the diffuser were reported. 

Namazizadeh et al. [24] optimized the head rise and efficiency of a 
centrifugal pump by varying the splitter blade location in the impeller 
blade span and its leading-edge position using the design of experiments 
and response surface methods. An increase of 4.4% in the head rise 
compared to the initial splitter blade geometry is achieved with the 
optimization process. Approximately a 15% increment in the head rise is 
observed compared to the base impeller without splitter blades. 

To the best of the authors’ knowledge, the influence of splitter blade 
geometrical parameters and their ideal design for shrouded and 
unshrouded impellers have not yet been thoroughly researched in the 
literature. The cost-effective investigation of splitter blade effects is 
made possible by the development of accurate numerical methods and 
robust computational resources. The CFD analysis can be employed to 
optimize geometrical parameters and profiles, which are not addressed 
by reduced-order models and would be expensive to do through 
experiments. 

In this paper, the influence of the governing parameters of splitter 
blades on the performance of small-scale turbopumps is investigated 
through CFD analyses. The variations of the slip factor, head rise, and 
efficiency with influential parameters are evaluated. The CFD results are 
then utilized to infer reduced-order models that will be used in the 
preliminary design and optimization of such machines. The models 
enable engineers to dimension a new turbopump with fewer iterations 
for ORC applications. The study is followed by optimizing the meridi-
onal profiles and the shape of splitter blades to increase the impeller’s 
head rise and total efficiency. 

Methodology 

Several centrifugal impellers should be investigated to appropriately 
cover the design space to analyze the effect of different geometrical 
parameters on the turbopump performance. Thoroughly studying the 
impact of these multiple parameters through CFD is possible only if an 
automated tool is available for generating different geometries. There-
fore, a parametric design tool is developed to generate different cen-
trifugal impeller designs analyzed through CFD. The CFD analysis 
includes creating the fluid domain, generating the grid, defining the 
physics, equations, and boundary conditions, finally solving the prob-
lem, and post-process the data to extract the performance indicators and 
flow patterns. Given that several geometries will be examined, the CFD 
process must also be steered by the parametric design tool. Wide- 

ranging turbopump geometries are generated with the parametric 
design model for their assessment with a CFD solver. Fig. 1 presents the 
methodology of this work. 

The authors developed the modeling tool and design methodology as 
presented in [25,26]. For the given main dimensions of an impeller, such 
as inlet and outlet radii, the hub and shroud profiles are necessary to 
create a three-dimensional geometry of the impeller. The developed 
procedure is based on the medial axis theory [27,28] in which the 
meridional shapes are built systematically for a given medial axis (see 
Fig. 2), making it a proficient method for the automated generation of 
different profiles. 

The coordinates of the medial axis (r, z) can are established based on 
a statistical model as described in [26]. The medial axis curve can be 
achieved by solving the following equations: 

z(s) =
∫ s

0

dz
ds

ds =
∫ s

0
cosα(s)ds  

r(s) = d0/2+
∫ s

0

dr
ds

ds = r0 +

∫ s

0
sinα(s)ds (1)  

where s is the tangential coordinate along the curve, and α is its angle 
with the z-axis in a counterclockwise direction (see Fig. 2). Zou et al. 
[42] suggested that the medial axis curve for a centrifugal pump can 
consist of five segments, with endpoints determined with Eq. (2): 

S1 = 0  

Fig. 1. Methodology flowchart.  

Fig. 2. Meridional profiles: hub, shroud, and medial axis.  
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S2 = − 0.2697e− 8.748ns + 0.1377  

S3 = − 0.5791e− 2.429ns + 0.7477  

S4 = − 0.6175e− 2.466ns + 0.7852  

S5 = − 0.5614e− 2.544ns + 0.9160  

S6 = 1 (2)  

where S = s/L is the endpoints of the segment normalized with the 
medial axis length (L). For each segment, the tangent (α) was suggested 
to be: 

α1 = 0  

α2 = − 2.1e− 26.63ns + 0.2092  

α3 = 1.424  

α4 = 1.467  

α5 = 1.552  

α5 = α6 (3) 

Then, the coordinates of the hub (Rh, Zh) and shroud (Rs, Zs) profiles 
can be calculated for the given medial axis and the given distribution of 
the cross-section area from the inlet to the outlet (F(r)). The distribution 
function (F(r)) relates the coordinates of the medial axis, hub, and 
shrouded as follows: 

F(r)=
4
9

π(Rs +Rh+r)
{ ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

[Zs − z(r) ]2 +[Rs − r]2
√

+

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

[Zs − Zh]
2
+[Rs − Rh]

2
√ }

(4) 

In addition, the F(r) function relates the change of the meridional 
component of the relative velocity to the coordinates of the hub and 
shroud profiles. The profiles are generated with a linear distribution of 
the cross-section area. The procedure of solving the mathematical 
formulation to compute the four coordinate variables of hub and shroud 
profiles (Rs, Zs, Rh and Zh) is based on a constrained optimization 
problem which is detailed in [25]. Eq. (5) defines the objective function 
of the minimization problem. The equation combines two equations (C1 

and C2) governing the coordinates of hub (Rh, Zh) and shroud (Rs, Zs) 
with respect to the achieved medial axis (r, z): 

C(Rs,Rh,Zs,Zh) = |C1| + |C2| (5)  

C1 = F(r) −
4
9

π(r+Rh +Rs)

×

{ ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(Zs − z)2
+ (Rs − r)2

√

+

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(Zs − Zh)
2
+ (Rs − Rh)

2
√ }

(6)  

C2 =
Zs + Zh

2
− z

(
Rs + Rh

2

)

(7) 

The constraints of the minimization problem are given in Eq. (8) to 
Eq (10): 

Zh =

{
Rs − Rh + 2z(r)z′

(r) + (Rs + Rh − 2r)[z′

(r) ]2
}

2z′
(r)

(8)  

Zs =

{
Rh − Rs + 2z(r)z′

(r) + (Rs + Rh − 2r)[z′

(r) ]2
}

2z′
(r)

(9)  

z ≤
Zs + Zh

2
(10) 

The following step shapes the blade profiles. The blade is shaped in 

three dimensions at the leading edge and is tapered to a two- 
dimensional shape at the trailing edge. A blade shape can be defined 
by (1) a blade angle distribution and (2) a blade thickness distribution. 
The blade angle is distributed with two equal-length parabolic curves 
with a common tangent at the intersection, satisfying the imposed blade 
angles at the leading and trailing edges. The blade angle function can be 
written as follows (see Fig. 3): 
{

f1(m) = a1m2 + b1m + c1m ≤ mt
f2(m) = a2m2 + b2m + c2m > mt

(11)  

where mt is the common tangent point, which is equal to half of the total 
meridional length. 

The blade angle development with two parabolic curves results in a 
system of six equations: 
⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

f ′

1(mt) = f
′

2(mt)

f ′

1(mle) = 0
f ′

2(0) = 0
f1(mt) = f2(mt)

f1(mle) = β1

f2(0) = β2

(12) 

The unknown coefficients can then be determined using the Gauss- 
elimination algorithm. The developed blade profile represents the 
camber-line of a blade section, which can then be dimensioned with a 
thickness function of t = t(m). For each camber-line, the leading edge is 
shaped elliptically. The elliptic leading edge’s semi-major axis (a) is five 
times the blade thickness (see Fig. 4). The thickness function for the 
elliptic section can be written as follows: 

t = (b/a)
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
a2 − m2

√
(13) 

Then the thickness of the blade gradually decreases toward the 
trailing edge to half of its maximum thickness to reduce the pressure 
fluctuations. 

The tool automatically generates turbopump geometries within the 
parametric ranges listed in Table 1, leading to 1620 impellers assessed 
with CFD. The parameters satisfy the requirements of small-scale waste 
heat recovery systems based on ORC, specifically a system with a net 
output power of 8 kW for truck engines and running with R245fa as a 
working fluid [29,30]. The corresponding turbopump should deliver a 
head rise of 155 m and a flow of 0.768 m3/h at the design point. 

The splitter blades are created by rotating the main blades along the 
axis of rotation and trimming their leading edge at a certain meridional 

Fig. 3. An example of blade angle development with two parabolic curves.  
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length, as depicted in Fig. 5. Therefore, the blade angle and thickness of 
splitters are the same as the main blades in each radius. The pitch of 
splitter blades determines the angular location of splitters relative to the 
main blades in the blade channel and is calculated as follows: 

φsp =
θsp

θmb
(14)  

where θsp is the angle between the splitter blade and the adjacent 

pressure side of the main blade and θmb is the angle between two adja-
cent blades. Hence, a low φsp characterizes a splitter blade close to the 
pressure side and a large one close to the suction side of the main blade. 
The relative leading-edge location of the splitter blades is determined by 
dividing the meridional location of the leading edge of splitters (mle,sp) to 
the total meridional length of the main blade (mmb): 

m′

le,sp =
mle,sp

mmb
(15) 

A low m′

le,sp characterizes a splitter blade close to a full blade, while a 
large value represents a very short splitter blade. The computational 
domain consists of an inlet pipe followed by the impeller. Only one blade 
channel is simulated to reduce the computational cost. ANSYS Tur-
boGrid [31] is employed to generate the mesh of the computational 
domain. The impeller grid is structured to ensure a proper resolution of 
the boundary layers. The global size factor of the grid is set to 1.20. The 
grid specification near the walls of the blades, hub, and shroud is gov-
erned by a target y+ and the Reynolds number based on the blade chord 
length. The topology is established by control points placed on different 
layers from the hub to the shroud. The grid is finer around the blades to 
capture its complex geometry and to obtain sufficiently low y+ values. A 
finer grid is also generated in the tip clearance of unshrouded impellers 
(at least 45 layers with an end ratio of 30). The grid specifications are 
chosen based on a mesh independence study for impellers with blade 
outlet angles of 22.5◦, 50◦, and 90◦. The 3-d analysis is carried out for 
meshes with different global size factors for three impellers. Fig. 6 
presents the pressure rise (relative to selected grid values) of three im-
pellers at different global size factors. The figure suggests that at a size 
factor of around 1.10, the pressure rise begins to plateau. Therefore, a 
global size factor of 1.20, which ensures mesh-independent results while 
keeping the computation resources reasonable, is chosen. 

ANSYS CFX is employed for the viscous 3D analysis of the pump 
flows. The investigation is carried out for R245fa in a liquid state with 
density and dynamic viscosity of 1311.9 kg.m− 3 and 3.525 × 10-4 Pa.s, 
respectively. The turbulence is modeled with the shear stress transport 
(SST) method [38]. The advection terms and turbulence equations are 
discretized with a high-resolution scheme. The domain of volume 
flowing in the inlet pipe is set to stationary. A rotational reference 

Fig. 4. Elliptic profile of the leading edge.  

Table 1 
Parameter ranges of ORC turbopumps.  

Parameter Symbol Range Unit 

Blade angle βB 22.5, 50, 90 (◦) 
No. blades Z 4, 5, 6 (–) 
Tip clearance ratio c/b shrouded, 0.05, 

0.1 
(%) 

Rotational speed n 40, 50, 75 (krpm) 
Pitch of splitter blades φsp 25, 37, 50, 62, 75 (%) 
Relative meridional location of splitter 

blades 
m′

le,sp 12, 25, 40, 55 (%)  

Fig. 5. Splitter blade parameters.  
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coordinate system is considered on the volume circulating in the 
impeller around the axis of the pump. The total pressure at the pipe inlet 
and the mass flow rate at the impeller outlet are set as boundary con-
ditions. The walls are treated as no-slip walls. The steady-state analysis 
is performed to visualize the influence of design parameters on the 
pump’s performance cost-efficiently. The analyses are carried out at the 
duty flow rate with the maximum residual convergence criteria set to 
10-5. The developed tool shown in Fig. 1 propagates the problem to six 
workstations running on Intel Xeon Processor E5-1650 v3 3.50 GHz. 

Results and discussion 

The results obtained from the numerical approach enable the char-
acterization of performance indicators, such as slip factor, efficiency, 
and head coefficient as a function of geometric variables. 

Methodology validation 

The methodology can be validated by comparing the slip factor 
calculated from the CFD results with the predictions of well-known 
correlations. The slip factor can be defined with Eq. (16): 

γ = 1 −
cu2∞ − cu2

u2
(16)  

where cu2∞ is the circumferential component of absolute velocity for an 
impeller with an infinite number of blades. Fig. 7 summarizes the rela-
tive deviations of slip factors predicted by correlations compared to CFD 
data for all shrouded impellers without splitters. Relative error (ei) and 
mean relative errors (e) as well as standard deviation (σ) defined by Eq. 
(17) to Eq. (19), respectively, are considered for the evaluation of the 
different correlations: 

Fig. 6. Grids independence study for two studied turbopumps.  

Fig. 7. Relative deviation of slip factors predicted with correlations compared to CFD data for all shrouded impellers without splitters.  

S. Zakeralhoseini and J. Schiffmann                                                                                                                                                                                                        



Thermal Science and Engineering Progress 39 (2023) 101734

7

ei =
Xpredicted i − XCFDi

XCFDi
× 100 (17)  

e =
1
n
∑n

1
ei (18)  

σ =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1
n
∑n

1
(ei − e)2

√

(19) 

The correlations of Von Backström [39] and Wiesner [13] predict 
100% and 90.1% of the slip factors within a relative error of ±10%. Only 
2% and 60% of the predictions with the correlations of Stodola [40] and 
Stanitz [41] are within 10% relative deviation. The very good agreement 
between the CFD results for shrouded impellers without splitters and the 
well-known correlations of Von Backström [39] and Wiesner [13] val-
idates the reliability of the CFD analysis carried out on the turbopump 
geometries. 

Performance analysis 

Shrouded impellers 
Fig. 8 presents the relative head coefficient for the different values of 

splitters’ pitch and length for shrouded impellers with 5 blades and a 
blade outlet angle of 22.5◦. The head coefficients are plotted relative to 
the corresponding impeller without splitters (0.1496 at the design flow 
rate). CFD calculations do not converge for splitters with a relative 
leading-edge location of 12% at high pitch values of 62.5% and 75%. 
The calculations might fail due to the high-order discretization scheme 
used for the equations, which can lead to instabilities for complex 
meshes of impellers with long splitter blades. The figure suggests that by 
employing splitter blades, the head rise is increased by up to 18%. The 
optimal pitch of the splitters with a relative leading-edge location of 
12% and 25% is in the middle of the adjacent main blades (φsp = 0.5). 
For shorter splitters, the optimal splitters move toward the pressure side 
of the adjacent main blades leading to a pitch between 37% and 50%. 

In other words, Fig. 8 suggests that at low pitch values, i.e., when the 
splitters are closer to the pressure side, the head rise increment is more 
pronounced for shorter splitters. The slip factor can elucidate this 
observation since it considers the influence of flow deviation from the 
path imposed by the blades in decreasing energy transmission. 

In Fig. 9, the slip factors (relative to the impeller without splitters, 
γwosp = 0.8202) are computed and shown for the same impellers pre-
sented in Fig. 8. 

The curves suggest that the increment of slip factor for long splitters 
(m′

le,sp = 12 % and 25 %) at a low pitch is relatively smaller, which in-
dicates a more significant flow deviation, probably due to wake and jet 
flows caused by the interference of the splitters with the main flow. Such 
observation can be made clear by visualizing flow contours at the 
trailing edge section of the impeller. Fig. 10 presents the contour of 
normalized velocity (w/u2) at the trailing edge section. It suggests the 
formation of a wake zone (indicated by blue) between the pressure side 
of the main blade and the adjacent splitter blade for long splitters on the 
one hand (m′

le,sp = 12 % and 25 %). On the other hand, the flow is 
accelerated more between the splitter’s pressure side and the main 
blade’s suction side. Such non-uniformity of the flow for long splitters 
causes the mixed-out circumferential component of absolute velocity 
(cu2) to drop (see Fig. 11). Referring to Euler’s equation of turboma-
chinery [32] and the slip factor definition of Eq. (16), the head rise of a 
pump relies significantly on the circumferential component of absolute 
velocity (cu2). Therefore, as the cu2 is smaller for long splitters, the head 
coefficient and slip factor diminish. 

In Fig. 12, the relative total efficiency (ηt,wosp = 95.4 %) is plotted at 
different pitches and lengths of splitter blades for shrouded impellers. 
The total efficiency is computed by dividing the given useful power by 
the shaft power as follows: 

η = 100 ×
ρQgHin to out

Pshaft
(20) 

Fig. 12 reveals that the splitter blades barely influence the total ef-
ficiency, as the efficiency increase is less than 1 %. Referring to the 
previous figures, the performance indicators generally depend less on 
the length of the splitter blades. Yuan and Yuan [9] reported a similar 
observation through an experimental study. In addition, referring to slip 
factor and flow vectors, lower efficiency is expected for long splitters at 
low pitches, as seen in Fig. 12. 

Fig. 13 presents the influence of the pitch and length of splitter 
blades on the relative static efficiency (ηs,wosp = 66.5 %) for shrouded 
impellers. The static efficiency is the ratio of the power difference 
attributed to the static head at the outlet and the power attributed to the 
total head at the inlet to the shaft power as follows: 

η = 100 ×
ρQg(Hs,o − Ht,in)

Pshaft
(21) 

The figure suggests that the static efficiency reaches a minimum at 
Fig. 8. The effects of pitch and length of splitter blades on the head coefficient.  

Fig. 9. The effects of pitch and length of splitter blades on the slip factor.  
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the splitter pitch of 0.5, where the highest head coefficient and slip 
factor are observed. When the splitters are placed in the middle of the 
adjacent main blades, the flow accelerates more than for other pitches 
(see Fig. 14), thus reducing the static efficiency. 

Fig. 14 shows the contours of the normalized circumferential 
component of absolute velocity (cu2/u2) at the trailing-edge section for 
different placements of splitters. The contour plots imply higher velocity 

at the impeller outlet for a pitch value of 50%, which results in the lower 
static efficiency seen in Fig. 13. The figure suggests that the circumfer-
ential component of absolute velocity between the suction side of the 
main blade and the adjacent splitter increases with the increased pitch of 
splitters until it reaches a maximum at a pitch value of 50%, and then it 
tends to decrease as the pitch is increased further. At the same time, it 
decreases between the pressure side of the main blade and the adjacent 

Fig. 10. Contours of normalized velocity (w/u2) at the trailing edge for shrouded impellers (5 blades, βB = 22.5◦, φsp = 25%, n = 50,000 rpm).  

Fig. 11. Contours of normalized circumferential component of absolute velocity at the trailing edge for shrouded impellers (5 blades, βB = 22.5◦, φsp = 25%, n =
50,000 rpm). 
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splitter. 

Effect of blade outlet angle 
The change of relative head coefficients with splitters pitch for three 

blade outlet angles of 22.5◦, 50◦, and 90◦ is plotted in Fig. 15. The head 
coefficient for each blade outlet angle is relative to the value obtained 
for the same impeller without splitter blades. The same trend is observed 
for each blade outlet angle; the head coefficient increases initially and 
then decreases as the pitch of splitters increases. The figure suggests that 
the use of splitter blades is more pronounced for radial blades (β2B =

90◦) when the splitters are in the middle of the adjacent main blades (φsp 

= 0.5). The optimal pitch moves closer to the pressure side of the main 
blades for highly backswept impellers (e.g., β2B=22.5◦). 

Fig. 16 presents the effect of blade outlet angle on the slip factor of 
shrouded impellers with splitters relative to the respective impellers 
without splitter blades. The curves suggest a more significant increase in 
the slip factor for impellers with a blade outlet angle of 50◦ compared to 

the blade outlet angles of 22.5◦ and 90◦. In contrast, Fig. 15 reveals that 
the relative head rise of the two latter is higher. Such observation sug-
gests that although the flow is better guided for the case ofβ2B = 50◦, 
which leads to less slip, the losses are more pronounced for such im-
pellers with splitter blades. Consequently, a lower efficiency is expected 
for impellers with a blade outlet angle of 50◦, which is highlighted in 
Fig. 17. 

Fig. 17 shows the change of total efficiency for shrouded impellers 
with splitters for three blade outlet angles of 22.5◦, 50◦, and 90◦. 
Similarly, for all blade outlet angles, the splitters have little influence on 
the total efficiency. For radial blades (β2B = 90◦), an increase of 1 % is 
observed for the total efficiency when the splitters are placed in the 
middle of the adjacent main blades. For other pitches, no perceptible 
improvement in total efficiency is observed. 

The influence of blade outlet angle on the static efficiency for 
shrouded impellers is shown in Fig. 18. The figure suggests that at each 
blade outlet angle, the static efficiency reaches its minimum at the 
splitter pitch of 50 %, like the trend observed in Fig. 13. Moreover, the 
figure suggests that the static efficiency decreases with the increase of 
the blade outlet angle so that it decreases by 13 % for the blade outlet 
angle of 90◦. 

Effect of the number of blades 
Fig. 19 presents the influence of the number of blades on the char-

acteristic indicators. The values are relative to respective impellers 
without splitters and the reference values are given in the sub-figures. 
The figure suggests that the benefits of adding splitter blades decrease 
with the number of blades, as the head coefficient and slip factors of an 
impeller with 5 blades increase more than the ones of a 6-bladed 
impeller. Adding splitters to an impeller with a higher number of 
blades increases friction and shock losses, lessening the beneficial in-
fluence of splitter blades. The negative impact of increasing the number 
of blades on the efficiency is consistent with the results of Gölcü et al. [3] 
on deep-well pumps. However, contrary to the results of Gölcü et al. [3], 
no negative influence of splitters with 6 main blades is observed on 
performance, as the head coefficient, slip factor, and total efficiency are 
still improved by using splitter blades in impellers with 6 blades. 

Effect of tip clearance 
Fig. 20 shows the effect of tip clearance on the head coefficient 

(relative to the respective impellers without splitters) for the different 
pitches for impellers with radial blades. Different trends of variation of 
head rise with the pitch can be observed according to whether the 
impeller is shrouded or unshrouded. The figure suggests that the 
placement of the splitter in the middle of the adjacent main blades (φ =
50 %) does not necessarily lead to the maximum head coefficient for 
unshrouded impellers. 

In Fig. 21, the slip factors are plotted as a function of the splitter 
blade pitch for shrouded and unshrouded impellers with radial blades. 
The figure suggests that the change of slip factors with the pitch is 
consistent with the change of the head coefficient with the pitch. 
However, although splitter blades increase the slip factor for the 
impeller with a 0.1 tip clearance ratio more significantly than for the 
0.05 tip clearance ratio pump, the relative head coefficient changes are 
smaller for the tip clearance ratio of 0.10. Hence, although the splitter 
blades improve the flow guidance in the impeller passage, the secondary 
flow losses are suggested to increase with tip clearance penalizing the 
increase in head coefficient. 

The contour of the non-dimensional stagnation pressure at the 
impeller output (defined in Eq. (22) and Eq. (23)) can be used to visu-
alize the loss distribution with increasing tip clearance ratios. The 
contour is shown in Fig. 22. The figure suggests that the minimum 
reduced stagnation pressure decreases with increasing tip clearance 
ratios. In addition, the region with the lowest value is seen to grow. 
When the tip clearance is larger, more flow leaks through it and does not 
get completely mixed with the main flow. As a result, the stagnation 

Fig. 12. The effects of pitch and length of splitter blades on the total efficiency.  

Fig. 13. The effects of pitch and length of splitter blades on the 
static efficiency. 
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pressure decreases. 

pT, red = pS +
ρ
2
(
w2 − u2) (22)  

CpT ,red =
pT, red − pT, red, in

ρu2 (23) 

Fig. 23 shows the effect of tip clearance and splitter blade pitch on 
the total efficiency of impellers with radial blades. Higher total effi-
ciency is observed when the splitter blades are employed in unshrouded 
impellers with a small tip clearance ratio (c/b = 0.05). In addition, when 
the splitters are placed in the middle of adjacent main blades, the total 

efficiency is not influenced by whether or not the impeller is shrouded 
and the tip clearance ratio. 

The influence of the tip clearance ratio on the static efficiency at 
different splitter blade pitches for impellers with radial blades is shown 
in Fig. 24. The figure suggests that splitter blades’ static efficiency is less 
affected as the tip clearance increases. The lowest ratio of static effi-
ciency decrement is observed for the tip clearance ratio of 0.10; it de-
creases by 3 % compared to 13 % for shrouded impellers. 

The numerical analysis and the non-extensive representation of the 
results above seem to suggest a strong influence of the splitter blades on 
the turbopump performance. Unfortunately, trends regarding the length 

Fig. 14. Contours normalized circumferential component of absolute velocity (cu2/u2) in the impeller passage (5 blades, shrouded, βB = 22.5◦, m′

le,sp = 25%, n =
50,000 rpm). 

Fig. 15. The effect of blade outlet angle on the head coefficient.  Fig. 16. The effects of blade outlet angle on the slip factor.  
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and the angular position of the splitter blades for shrouded and 
unshrouded impellers with different tip clearances are not straightfor-
ward. Consequently, it was decided to infer a surrogate model based on 
neural networks using the obtained results. 

Neural network model 

Estimating the slip and the head rise of impellers due to the com-
bined effects of splitter blades and tip clearance can be achieved with 
neural network (NN) based surrogate models. The parametric design 
tool enables the training of NN models on a wide range of design pa-
rameters. The NN models are trained based on the parameters and 
performance indicators achieved with the range of parameters listed in 
Table 1. 150 unshrouded impellers and their equivalent shrouded im-
pellers are randomly generated with the Optimal-Space Filling (OSF) 
design technique [33]. The geometries are then solved with the CFD 
solver to obtain well-sampled additional performance data. The pa-
rameters and performance of these geometries are not seen by the NN 

models before and are used as test data, so the accuracy of the generated 
models can be evaluated with no bias. 

The training for a selected learning algorithm continues with finding 
the optimal NN structure through an iterative process. In each iteration, 
the weights and biases of the neurons in the algorithm are adjusted by 
evaluating the model’s performance against the training data. 

The neuron is the sum of the weighted average of its input and a 
constant term called the bias unit. The weights determine the effect of 
each input on the next layer, while the bias units, independent of the 
previous layer, ensure that the neuron can still get activated despite a 
case where all inputs are zero. A non-linear function (activation func-
tion) is then applied to the sum. Therefore, the neurons of layer i can be 
computed as (See Fig. 25): 

Zi = W(i)(σ(Zi− 1) )+ b(i) = W(i)hi− 1 + b(i) (24) 

Where σ is the activation function set to the previous layer and h is its 
output. The objective function to be minimized is the mean squared 
error of predicted values with the NN model from values calculated with 
the CFD analysis and is described as Eq. (25), where m is the number of 
training data. 

J(Θ) =
1

2m

∑m

i=1

(
y(i)CFD − y(i)

)2
(25) 

The NN models of this research are developed with Flux [34] in the 
Julia programming environment [35]. Flux is an open-source NN 
package making efficient use of Julia’s native code for gradient 
computation, resulting in lower computation time. The slip factor model 
takes the splitters’ pitch and relative meridional length, the tip clearance 
ratio, the number of blades, and the blade outlet angle as input pa-
rameters. In addition to the input parameters of the slip model, the head 
coefficient model takes the flow angle at the leading edge of the main 
blade, the ratio of the inlet to outlet diameters, and the specific speed as 
input parameters. 

The slip factor model predicts the slip of both shrouded and 
unshrouded impellers. The model of head coefficient estimates the 
relative head of an unshrouded impeller with splitters (Δψ

ψ0
) compared to 

the base-shrouded impeller with splitters: 

Δψ
ψ0

=
(ψ0 − ψ) − (ψin0 − ψin)

ψ0
(26) 

where ψ0 is the head coefficient of the respective shrouded impeller 
and ψ in is the input head coefficient of the impeller. The term (ψ0 − ψ) is 
the apparent difference in the head coefficient between an unshrouded 
impeller and its respective shrouded impeller, and the term (ψ in0 − ψ in)

is the difference in input head coefficient between the two impellers. The 
input head of an impeller is calculated as follows: 

Hin =
U2

2 − U2
1 + W2

1 − W2
2 + C2

2 − C2
1

2g
(27) 

Out of 300 hundred test impellers (shrouded and unshrouded), the 
CFD solutions of 267 impellers are converged successfully and used to 
test the slip model. For each test data for the head coefficient model, CFD 
solutions of the unshrouded impeller and its corresponding shrouded 
impeller are required. Since CFD solutions of some shrouded and 
unshrouded geometries do not converge, 92 test data out of 150 cases 
are available to evaluate the accuracy of the head coefficient model. 

A feedforward neural network with two hidden layers of 7 and 4 
neurons, each with a sigmoid activation function, determines the best 
algorithm for the slip factor. The relative deviation of slip factors pre-
dicted by the NN model for training and test data is shown in Fig. 26. The 
NN model predicts 100 % of both training and test CFD data within a ±
5% relative deviation, resulting in an average absolute deviation of 0.66 
% for the training and 1.30 % for the test data. 

The best NN scheme for the head coefficient consists of two hidden 
layers with 5 and 3 neurons, each with a sigmoid activation function. 

Fig. 17. The effects of blade outlet angle on the total efficiency.  

Fig. 18. The effects of blade outlet angle on the static efficiency.  
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Fig. 19. The influence of the number of blades on characteristic parameters.  

Fig. 20. The effect of tip clearance and splitter blade pitch on the 
head coefficient. 

Fig. 21. The effects of tip clearance and splitter blade pitch on the slip factor.  
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Fig. 27 shows the relative deviation of head loss coefficients predicted by 
the NN model for training and test data. The figure suggests that 100 % 
of CFD data are estimated within a ± 10% relative deviation with an 
average absolute deviation of 1.3 % for training and 5.7 % for test data. 

The developed NN models appropriately translate input data into 
their correct values for the slip factor and head loss coefficient. The 
model can be used to efficiently identify the ideal spitter blade pitch and 
leading-edge position for any turbopump impeller within the geometry 
and operational values in Table 1. The parameters of the NN models 
predicting the slip factor and head loss coefficient are available in a data 
repository [36]. 

Design optimization 

While the previous sections suggested that the splitter blades can 
improve the head rise and the slip factor, their influences are not as 
evident on unshrouded impellers as they are for shrouded impellers. The 

tip clearance impairs the performance of unshrouded impellers [26]. 
The results also suggested that the splitters have a minimal impact on 
total efficacy. Therefore, this section aims to determine whether a better 
design can be achieved through optimization to increase the head rise 

Fig. 22. Contours of non-dimensional stagnation pressure contour (CPT,r ) at the impeller outlet (6 blades, shrouded, βB = 90◦, m′

le,sp = 40%, n = 50,000 rpm).  

Fig. 23. The effects of tip clearance and splitter blade pitch on the 
total efficiency. 

Fig. 24. The effects of tip clearance and splitter blade pitch on the 
static efficiency. 

Fig. 25. General neural network architecture.  
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and efficiency while mitigating the impact of tip clearance on perfor-
mance degradation. 

Improvement of meridional profiles 
The effect of meridional profiles of the hub and shroud on pump 

performance is investigated for both shrouded and unshrouded impel-
lers with splitter blades. Two impellers with blade outlet angles of 22.5◦

and 90 running at 50,000 rpm are selected for the investigations. The 
splitter blades of both impellers are in the middle of the main blades (φsp 
= 0.5) and their relative leading-edge locations are at 25 %. Initially, the 
profiles are obtained with a linear distribution of the cross-section area 
(F1(r)), leading to a linear change of the theoretical meridional velocity 
(blade blockage is not considered). Five more distributions of the cross- 
section area, depicted in Fig. 28, are studied to investigate the effect of 
meridional profiles on performance. Functions of F2 and F3 are parabolic 
(2nd-order) curves with a larger cross-section change in the vicinity of 
the outlet and the inlet, respectively. The Functions of F4 and F5 are 3rd- 
order polynomials. The first has a more significant cross-section change 
at both ends, while the latter has the greatest change in the middle. 

Finally, F6 leads to a sharp cross-section variation at the inlet and a 
smooth outlet change. 

Fig. 29 and Fig. 30 present the performance characteristics, including 
head coefficient, total efficiency, and static efficiency achieved with 
different distribution functions for impellers with the blade outlet angle 
of 22.5◦ and 90◦, respectively. The performance characteristics are 
relative to characteristics achieved with the F1 distribution function. The 
figures suggest that the distribution of cross-section has little effect on 
the performance of shrouded impellers. Zakeralhoseini and Schiffmann 
[26] reported extremely low hydraulic losses of shrouded impellers 
designed with the F1 distribution function, leading to very high total 
efficiency. Thus, the gain of such iterations on the area distribution is 
expected to be minimal. However, by accepting a slight decrease in 
static efficiency, it is possible to achieve higher head coefficients up to 
1.9 % for the blade outlet angle of 22.5◦ and 4.5 % for the blade outlet 
angle of 90◦. 

For unshrouded impellers, the figures suggest that the distributions 
with a greater change of cross-section area in the inlet region lead to 
higher performance characteristics. As much as a 4 % increase in the 
head coefficient and total efficiency and an 8 % increase in the static 
efficiency can be achieved with the F6 distribution function for the tip 
clearance ratio of 0.10. The F6 distribution function improves the 
characteristics of the impeller with a tip clearance ratio of 0.05 so that 
more than a 5 % increase in static efficiency can be achieved. Higher 
static efficiency of the impeller is likely to lead to lower losses in 
downstream components, e.g., diffusers and volutes, since the flow ve-
locity at the outlet of the impeller will be smaller, and the friction loss is 
proportional to the square of the velocity. 

Fig. 31 compares the meridional profiles achieved with the F6 dis-
tribution function to those achieved with the initial F1 distribution 
function. 

Fig. 32 compares the contours of normalized velocity (w/u2) ob-
tained with the F1 and F6 distribution functions for the impeller with a 
tip clearance ratio of 0.10. A lower velocity magnitude at the shroud tip 
suggests that the tip leakage flow and its influence on the main flow can 
be reduced for the design achieved with the F6 distribution. The visu-
alization of streamlines can help clarify the influence of tip-leakage flow 
on the main flow. Fig. 33 presents the streamlines, colored by relative 
velocity (w/u2), and the contours of total pressure. The figure suggests 
the wake region between the pressure surface of the main blade and the 
splitter blade for the impeller designed with the F1 distribution (left) 
vanishes for the impeller designed with the F6 distribution (right). 
Although the wake region remains between the suction surface of the 
main blade and the splitter blades, the energy imparted to the flow is 

Fig. 26. Relative deviation of slip factor predicted with the NN model from 
CFD results. 

Fig. 27. Relative deviation of head coefficient predicted with the NN model 
from CFD results. 

Fig. 28. Area distribution functions for generation of meridional profiles.  
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improved as the secondary losses caused by the tip clearance diminish. 
Fig. 34. 

Improvement of splitter blade profiles 
It is observed that the influence of tip clearance on the performance 

of unshrouded impellers can be mitigated by employing splitter blades 
and modifying the meridional profiles of the hub and shroud. In the next 
step, the profile of the splitter blades can be modified (depart from the 
main blade geometry) to study its influence on the performance and 
possible mitigation of tip clearance effects. For this purpose, the devel-
opment of the splitter blade angle (β) is uncoupled from the main blade. 
It is defined separately as a parabolic distribution from the leading edge 
to the trailing edge of the splitter blades as follows: 

βm =
(
βle,sp − β2

)
m2 + 2

(
β2 − βle,sp

)
m+ βle,sp (28) 

The β-angle function is defined in such a way that the function’s 
extremum is placed at the blade trailing edge to minimize the flow 
variation in the vicinity of the outlet. While the splitters’ pitch and their 
leading edge’s location remain constant, the leading-edge angle varies 
between 15◦ to 40◦. 

The elliptic profile of the splitter blades is also changed to study its 
influence in improving the flow characteristics in the vicinity of the 
leading edge. The elliptical shape can be controlled with the ratio of the 
semi-major axis (a) to the semi-minor axis (b), which is called the ellipse 
ratio (Fig. 4). The blade thickness constrains the semi-minor axis (b); 
therefore, the ellipse ratio is changed by changing the semi-major axis of 
the elliptic profile. 

The design space is constructed with the OSF design technique. The 
OSF design technique, an optimized Latin Hypercube Sampling (LHS), 

Fig. 29. The effect of area distribution functions on the head rise, static efficiency, and total efficiency normalized by the performance obtained by the linear 
distribution (F1). 

Fig. 30. The effect of area distribution functions on the head rise, static efficiency, and total efficiency normalized by the performance obtained by the linear 
distribution (F1). 
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reduces the number of design points to best cover the design space. The 
optimization is carried out for a shrouded impeller and two unshrouded 
impellers with tip clearance ratios of 0.05 and 0.10. All other impeller 
parameters are the same, each with a blade outlet angle of 22.5◦. For 
each sample point generated by the OSF sampling technique, the para-
metric design tool generates the geometry and performs the CFD anal-
ysis through the framework of ANSYS Workbench. Once the analysis is 
carried out, the results are processed and saved in an ASCII-text file, 
which the parametric design tool then interprets. The head coefficient 
and total efficiency will be simultaneously maximized for the splitter 
leading edge angle (βle,sp) and the ellipse ratio (∊). Thus, the objective 
functions and boundaries of the optimization problem are defined as 
follows: 

Maximize ηt = fη
(
βle,sp,∊

)
(29)  

Maximize ψ = fψ
(
βle,sp,∊

)

Subject to 1 ≤ ∊ ≤ 25  

15◦

≤ βle,sp ≤ 40◦

Once the costly objective function is evaluated at sample points, the 
algorithm builds a response surface. It then uses the generated response 
surface to predict the objective functions in the entire design space. The 
response surface is updated throughout the optimization as the algo-
rithm will search for a new different sample point for the subsequent 
costly function evaluation and reconstruct the response surface. The 
Non-Dominated Sorting Genetic Algorithm II (NSGA-II) [37] is 
employed in a multi-objective optimization problem to search in the 
response surface to find the optimal geometry of the splitter blades. 

Table 2 compares the optimized impellers’ design variables and 
performance characteristics with the baseline designs. The lower 
leading-edge angle of the optimized solutions compared to the baseline 
designs suggest that the position of the leading edge moves toward the 
suction side of the main blades (see Fig. 35). 

Fig. 35 shows the optimized splitters compared to the baseline 
splitters. The optimized splitters are longer than the baseline, suggesting 
higher friction loss, while the total efficiency is increased for the opti-
mized splitters. Such an increase suggests a reduction in hydraulic losses 
compared to the baseline splitters. 

The improved performance of the optimized splitter can be explained 
by Fig. 36, which compares the contours of normalized velocity (w/u2) 
at the mid-span between the baseline design and optimized design for 
the shrouded impeller. The figure suggests that the wake region (blue 
contours) between the suction side of the main blade and the splitter is 
moderated by optimizing the splitter blades. In addition, the flow is 
accelerated significantly along the pressure side of the splitters (red 
contours) for the baseline design. The optimized splitter blades diminish 
the negative influence of the splitters on the approaching flow, inducing 
a less severe pressure gradient around the leading edge of the splitters. 
The finding is consistent with the conclusion made by Zhou et al. [5] 
that the leading edge of splitter blades considerably affects performance. 

Conclusions 

The performance of shrouded and unshrouded impellers suitable for 
small-scale ORCs is studied numerically using CFD analysis to determine 
the influence of adding splitter blades. A parametric design tool is 
developed to generate different turbopump geometries that can be 
examined through CFD analyses. The analysis is carried out on 1620 
impellers with different design parameters, and the influence of the 
parameters on the performance characteristics is established. Engineers 

Fig. 31. Meridional profiles obtained with F6 distribution compared to F1 
distribution. 

Fig. 32. Meridional contours of normalized velocity (w/u2) for profiles obtained with the F6 distribution (right) compared to profiles obtained with the F1 distri-
bution (left). 
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may design small-scale turbopumps with fewer iterations using the 
reduced-order models given in this study. The CFD results are utilized to 
infer different surrogate and reduced-order models to predict the per-
formance characteristics, including slip factor and head coefficient. The 
models can be applied to predict the influence of splitter blades on the 
performance characteristics of centrifugal turbopumps as long as the 
parameters in Table 1 are met. The following conclusions are drawn 
from the findings:  

1. Splitter blades can increase the head coefficient and slip factors of 
impellers up to 10% – 24% depending on the blade outlet angle, the 
number of blades, and the tip clearance ratio. 

2. While the total efficiency is not influenced significantly, the occu-
pation of flow passage by splitter blades can decrease the static ef-
ficiency by 13 %.  

3. The CFD calculations predict that the placement of splitters leading 
to the maximum head coefficient moves from the middle of the 

Fig. 33. Streamlines and contours of total pressure for profiles obtained with the F6 distribution (left) compared to profiles obtained with the F1 distribution (right).  

Fig. 34. Splitter blades generated with the upper and lower range of βle,sp.  

Table 2 
Optimization of blade profile.  

Variable  shrouded c/b ¼
0.05 

c/b ¼
0.10 

Unit 

Blade angle 
at LE 

Initial 26.35 26.35 26.35 (◦)  

Optimized 19.15 21.5 21.3 (◦) 
Ellipse ratio 

at LE 
Initial 2 2 2 (–)  

Optimized 14 18 18 (–) 
Head rise  0.74 0.48 0.01 Relative 

increase (%) 
Total 

efficiency  
1.42 0.10 2.43 Relative 

increase (%) 
Static 

efficiency  
0.97 1.14 − 0.49 Relative 

increase (%)  

Fig. 35. Comparison of the optimized profile with the baseline design for the 
shrouded impeller. 

Fig. 36. Comparison of contours of normalized velocity (w/u2) at the mid-span 
between the baseline design (left) and optimized design (right). 
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adjacent main blades for shrouded impellers to the suction side of the 
main blade for unshrouded impellers.  

4. Although the splitter blades improve the flow guidance in the 
impeller passage, the secondary flow losses increase with the tip 
clearance and penalize the increased head coefficient.  

5. The influence of dominating parameters on the slip factor and the 
head coefficient is modeled using feedforward neural networks. The 
models can be used to estimate the combined effects of splitter blades 
and tip clearance on centrifugal turbopumps’ performance. Surro-
gate models predict CFD data with an average relative variance of 
1.7 % for the slip factor and 5.8 % for the head loss coefficient of 
unshrouded impellers.  

6. Meridional profiles with a larger change in cross-section area near 
the inlet compared to a linear change are more advantageous for 
unshrouded impellers. Higher head rise, total efficiency, and static 
efficiency are observed for this new cross-section profile.  

7. The optimization of splitter blade profiles is less successful than the 
optimization of meridional profiles in mitigating the effects of tip 
clearance flow, as only a 2.43 % improvement in total efficiency is 
achieved. In comparison, the head rise remains constant, and static 
efficiency decreases by 0.49 % for an impeller with a tip clearance 
ratio of 0.10. 
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