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Abstract: 

Abstract: Digitalization of the water network is a process which 
utilizes sensors (e.g. pressure, flow, water quality), data 
collection devices, real-time monitoring equipment and advanced 
software tools to gather, analyze and utilize data to optimize the 
performance of the network. It also enables to identify pressure 
recovery potential or quantify and localize leakage. Digitalization 
therefore requires stable, robust and operable power source. The 
introduction of devices that recover energy from high-potential 
sites increases the independence of these hydraulic systems 
from the grid and therefore, it presents another important step 
towards sustainability. Within these networks there are many 
different locations for energy recovery. This paper deals with 
design and shape optimization of two conceptually different 
pressure recovery devices, specifically axial turbines for the site 
where exploitable hydro-potential was found. 
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1 Introduction 

Selecting viable hydraulic solution for pressure recovery in water distribution networks 

(WDNs) highly depends on the  pressure and discharge conditions, as well as technical 

layout at given site. Identifiing locations with exploitable hydro-potential and suitable 

layout in investigated water distribution network is therefore crutial. Locations with 

reasonably high potential are often located at PRV valves, where energy is dissipated 

into heat. Conventional solutions, such as Pumps in Turbine mode (PaT), axial turbines 

or equal pressure machines, e.g. Pelton or cross flow turbines can be therefore used 

as substitution of the valve to recover otherwise wasted energy. Some researches 

investigated other, less conventional solutions. E.g. Sinagra´s internal cross flow 

turbine [1] or lift based turbines [2]. This study deals with design and optimization of an 

axial turbine for energy recovery in Austrian water distribution network. 

 

Considering pressure and discharge conditions at the site, as well as its technical 

layout, axial turbine was chosen as most viable candidate. Two devices were 

developed. The first is conceptually arranged as classical stator – rotor axial turbine. 

Second turbine was designed on a new principle of counter-rotating runners. This type 

of turbine has already been investigated by e.g. Biner [3] 
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2 Investigated site 

In parallel article [4], in-depth study of hidden hydro-potential in rural water distribution 

network was carried out. Exploitable site for energy recovery was identified                               

at PRV valve in front of the storage tank where the required pressure and discharge, 

as well as technical conditions of the site represent suitable opportunity for energy 

recovery. The recovery devices presented in this paper were designed based on 

measurements during a typical summer day at a given site.  

Fig. 1 shows that 

the pressure and 

discharge at the 

site is almost 

constant over the 

course of a day, 

which is due to the 

specific position of 

the valve in front of 

accumulation tank.  

 

The design parameters were obtained by taking values for 1/3 of the time of day. Using 

this methodology, a head of 44.88 m and a corresponding discharge of 15 l/s were 

obtained. Another aspect is the spatial constraints, from a hydraulic viewpoint, it is in 

particular the DN100 pipe size. Furthermore, the limitations of the axial length of the 

machine itself must be taken into account, it was estimated that turbine length should 

be under value of 1 m. 

3 Design strategy 

An axial turbine was selected as the most viable solution for use in  the investigated 
site. The turbine design, encompasses two configurations: a conventional concept with 
a guiding vanes and runner. Second, more innovative variant is consisting of                   
counter-rotating runners.  The two-stage stator-rotor variant (DS turbine) was designed 
for specifically for a DN100 pipe, which is present at the site. The device on principle 
of counter-rotating runners (CR turbine) presents hydraulic challenge in its design and 
was therefore developed for a shroud diameter 80 mm to induce higher meridional 
velocities.  
 
In order to select nominal speed, considerations from perspective of hydraulic viability 
but also electrical equipment must be taken into account. The estimation can thus be 
made on the basis of the following two relations: 
 

𝑝 ∙ 𝑛 = 𝑓 ∙ 60 (1) 𝑛𝑠 = 3,65 ∙ 𝑛 ∙
𝑄0.5

𝐻0.75  (2) 

Where 𝑝 is number of pole pairs, n is RPM and 𝑓 is frequency of grid, corresponding 
with value of 50 Hz in most countries of EU including Austria. Considering the 
parameter p = 1 and synchronous speed n = 3000 min-1, the specific speed                           
is ns = 77,3 min-1. Since this value is already low and  presents a formidable challenge 
for hydraulic design of axial turbine, higher parameter p would lead to hydraulically 
inefficient solution. 

Figure 1 Duration curves of pressure and discharge 
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4 Turbine design procedure.  

Common design steps for both proposed concepts include creation of reference blade 
geometries by standard semi-empirical methods and subsequent stochastic analysis 
which was carried out in OptiSlang software for each turbine variant 

Reference geometries were parametrized 
and included into reduced CFD model 
which was simplified in terms of geometry 
and convergence criteria. Ansys CFX was 
used as numerical solver. Basic post-
processing in form of quantification of head 
and efficiency was done in CFD Post 
module. A sufficient number of designs 
were obtained during sensitivity analysis 
run for each variant by selecting specific 
parameter values from prescribed ranges 
for each sample. 

 
Created set of samples in parametric space Design of Experiment (DoE) was 
approximated by regression methods and response surfaces were generated.  
Subsequent optimization was carried out on surrogate model, also called Metamodel 
of response surfaces. 

4.1  Blade geometry and parametrization 

Reference blade geometries were created in the conformal mapping space using 

quadratic change of complementary blade angle 𝛽̅ and the theory of the infinitely dense 
blade cascade. To define the thickness, the NACA 0009 was scaled to the centreline.  
4.1.1 Counter rotating variant 

For counter – rotating variant, only first stage (swirl runner) was subject to shape 
optimization. Centerline of blade on hub was described by cubic Bezier curve. 
Individual control points were parametrized according to Fig. 3. The basic design 
parameters such as depth of blade cascade, hub radius, shroud tip gap and number 
of blades were also parameterized for a wider definition of the functional space. 
 

 

 
For every control point ± 20% movement of 
was allowed from its original position. 
 

Other defined parameters and their ranges: 

Number of blades [-] 3 – 12 

Depth of blade cascade [mm] 35 – 70 

Hub radius [mm] 32 – 36 

Shroud tip gap [mm] 0,3 – 0,6 

Where for particular control point Th represents movement in the θ coordinate and Mp 
in the meridional direction. 

Figure 2 Optimization procedure algorithm 

Figure 3 Continuous functional space 
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Counter rotating runner did not go through stochastic analysis and its design comes 
from standard semi-empirical methods. Depth of blade cascade was set to 70 mm,           
9 blade layout was chosen. Wrap angle of blades was set to value -87.1° and radius 
of hub was set to match final variant of swirl runner, hence 32 mm. 
 
4.1.2 Double stage rotor – stator variant (DS turbine) 

Reference geometry for DS turbine included rotor blade cascade and guide vanes. 
Only parameters of rotor cascade served as inputs for sensitivity analysis. Movement 
of individual control points was done similar to Fig. 3. In addition to control point 
parameters, shroud tip gap and number of blades were also parametrized. For this 
variant range of 5 to 9 blades was set, shroud tip gap range (0,3 – 0,6) mm.               
Ranges for individual controlpoints of Bezier curve were in this case 10 % from 
reference. 
 

 

Movement of Ths3 parameter in stator cascade was 
allowed, using : 

𝛽𝑠2 = 𝑎𝑟𝑐𝑡𝑔 (
𝑇ℎ𝑠3 − 𝑇ℎ𝑠4

𝑀𝑝𝑠3
’ − 𝑀𝑝𝑠4

’
) (3) 

Constraint between angles 𝛽𝑠2 and 𝛽𝑟1 to maintain 
no-shock inflow was defined: 
 

𝛽𝑠2 =  𝛽𝑟1 + 𝑎𝑟𝑐𝑡𝑔 (
𝜋2 ∙ 𝑑 ∙ 𝑛 ∙ (𝐷2 − 𝑑2)

4 ∙ 𝑄
) (4) 

4.2 Reduced CFD model 

To achieve reasonable computational efforts and simplify parametrization, reduced 
CFD model was used for sensitivity analysis. Inlet and outlet domains were modelled 
as intermediate rings. Blade channels were modeled as one passage with prescribed 
periodicity. Free-Slip condition was prescribed for inner wall. Pipe surface was 
considered no-slip. 

Hexahedral meshes were 
used for every domain. 
Steady-state RANS 
calculations were carried 
out utilizing SST k – ω 
turbulence model. 
Automatic functions were 
allowed, so y+ parameter 
was kept under value of 1 

on all walls. Interface between rotor domains and its neighbor was modeled by stage 
model. Free-Slip condition was prescribed for the inner walls of the inlet and outlet 
domains, other walls were considered as no-slip. Mass Flowrate boundary condition 
(BC) was set to inlet and static pressure (atmospheric) to outlet. Low-restrictive 
convergence criteria were set by iteration range (75-150) and RMS residuals to 10-4. 

Figure 4 Parameter definition 
in stator cascade 

Figure 5 Detail of computational domains of both reduced 
CFD models with mesh renders. 
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4.3 Sensitivity analysis and optimization 

Sensitivity analysis was carried out in OptiSlang software. For every turbine concept, 
DoE space (Design of Experiment) was defined by design parameters and pre-defined 
responses (objective functions). Main purpose of sensitivity analysis was to create 
surrogate models for subsequent shape optimization. Optimization itself was carried 
out on the created response surfaces.  

Table 1 Optimization set-up 
A genetic algorithm (GA) was 
used for optimization with the 
implementation of an 
evolutionary strategy (ES) 
whose role was to find the local 
minimum, since GA is mainly 
suitable for global search of the 
function space. Set-up of 
algorithm for individual turbine 
type is shown in following Tab.1. 
 

4.3.1 CR turbine 

For CR turbine, only one objective function was defined, which 
was maximization of hydraulic efficiency (5), Used constraints 
applied for head response are in eqn. (6). 
 
                             𝑂𝐹1 = 𝑀𝐴𝑋{𝜂ℎ} [−] (5) 

 
22 < 𝐻 < 24 [𝑚]  (6) 

 
Over-all 400 samples were calculated. Isotropic Kriging model 
was used for both head and efficiency dependency. For this 
turbine variant, best feasible design from DoE was also 
selected, was called DoE Optimum. 

4.3.2 DS turbine 

Two responses were defined for sensitivity analysis of DS 
turbine.. In addition to maximization of efficiency, cu2 
component was minimized by simplified eqn (9). 
  
    𝑂𝐹2 = 𝑀𝐴𝑋{𝜂ℎ} (7)            21 < 𝐻 < 23 [𝑚]  (8) 
 

𝑂𝐹3 = 𝑀𝐼𝑁 {𝜌 ∙ ∬ (𝑐 − 𝑐𝑚) 𝜋 𝐷 𝑛 (𝒄 ∙ 𝒏)
𝑆

𝑑𝑆} [W] (9) 

Surrogate model was created based on 150 computed 
samples. Head dependency in Fig. 7  was described by linear 
regression. For efficiency anisotropic kriging model was used. 
 

Where OF is objective function, 𝜂ℎ  [-] is hydraulic efficiency, c [m/s] is absolute velocity, 

cm is meridional velocity, n [s-1] is revolution speed, 𝜌 [𝑘𝑔 ∙ 𝑚−3] is density, 𝒄 is velocity 
vector, n [1] is normal vector and D [m] represents radial coord. 

SET-UP DS turbine CR turbine 

Initial population 200 300 

Population size 100 200 

Max. number of 
generations 

200 500 

Archive size 100 2 

Parent number 100 9 

Ranking method Pareto Linear 

Selection 
method 

Tournament Stochastic 

Figure 6 Head 
response                            
(Th4 is Wrap angle) 

Figure 7 Head respose  
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For optimization of DS turbine, two approaches were adopted. First is single-criterion, 
where only equation (3) was used to maximize efficiency. This set-up would leave 
problem unbouded as optimum of machine is not guaranteed. In order to minimize cu2 

component at stage exit, outlet complementary blade angle value 𝛽𝑟𝑇𝐸
̅̅ ̅̅ ̅̅ = 59° was 

estimated based on meridional and peripheral velocity components. Second method 
is multi-criterion using already defined OF3 and OF4 and pareto method with both pre-
defined objective functions. 

4.4 Complete CFD model 

Complete CFD model with fully modeled fluid-flow domains and strict convergence 
criteria was created in order to validate results from stochastic analysis. 
 

 
Fig. 8 shows complete fluid 
domains of both final turbine 
variants. Similar set-up to 
reduced model was made with 
exception of setting more strict 
convergence criteria. Specifically 
required RMS residuals were 
lowered to 10-5 and minimum of 
2000 iterations was prescribed. 
Computational meshes of blade 
cascades were created in 
TurboGrid pre-processor and in 
FluentMeshing for inlet and outlet 
domains. 

5 Results 

For both turbine types, stochastic analysis ended up in multiple runner designs from 
which final candidate for given variant was selected based on its   Obtained geometries 
were validated on complete CFD model and qualitative analysis of computed flow-
fields was also done. 

5.1 DS Turbine 

Double-stage turbine was optimized by two approaches described in chapter 4.3.2. 
First consists in utilizing single objective function and second is pareto method between 
two objective functions. Therefore optimization of DS turbine resulted in two final 
runner designs, called single-criteria design and double criteria design, which was 
chosen from pareto front. Basic geometric specifics of these geometries in comparison 
with original geometry are listed in following Table 2. 

Table 2 Basic dimensions of DS turbine design procedure variants 

 Reference 
design 

Optimized 
Single-Criteria 

Optimized 
Double-Criteria 

Number of blades 7 9 9 

Wrap angle 67,5 54,8 58 

Outlet beta 29 31 29,5 

Figure 8 Top: Computational domains of DS 
turbine (top)  and CR turbine (bottom) 
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Main effect of single-criteria optimization was the decrease of wrap angle which was 
compensated by higher blade number. Multi-criteria optimization design resulted in a 
simmilar trends, main difference was in slightly higher wrap angle for blade cascade 
with same number of blades and depth. 
 
The obtained runner designs were validated by CFD computations on both models, i.e. 
on the reduced, which was previously used for the sensitivity analysis and on the 
complete model with fully modeled domains for final validation. Since only one turbine 
stage was included in the reduced model, the results on the complete model were 
evaluated only on the first turbine stage, including stator and rotor of the particular 
variant. 

Table 3 Comparison of design variants on different CFD models 

 
First, the results from the reduced and full CFD models on reference turbine geometry 
were compared. Relatively small discrepancies in head and efficiency quantities show 
sufficient quality of reduced numerical model. Subsequently, the optimized geometries 
were numerically validated on both CFD models. In the case of the single-criteria 
variant, the head and efficiency predicted by the optimization were successfully 
validated on both numerical models with only small discrepancies. Performance of 
multi-criteria variant was sucesfully validated by reduced model, however 
computations on complete CFD showed significant overestimation of head. 
  
As results from the full model were considered to be more accurate. Geometrical 
correction was done in form of blade number decrease from nine to six. CFD run on 
adjusted geometry was done again. In this case results showed head H = 24,2 m and 
efficiency η = 76,44 % with velocity component cu2 = -1,79 m/s. 
 
Results from complete CFD model considering both stages of turbine, which are in this 
case geometrically similar, with fully modeled inlet and outlet domains: 

Table 4 Final results on complete CFD model (both stages simmilar) 

 Reference design Single-criterion Double-criterion (6-blade) 

H [m] 46,4 46,7 48,16 

η [%] 72,87 79,80 77,42 

cu2 [m/s] -0,7 -1,79 -0,2 

 
Each turbine variant was at its best efficiency point (BEP). Only double-criteria variant 
was slightly overestimated in head. Both optimization procedure led to notable 
increase in hydraulic efficiency.  
 

Design Quantity Optimization Reduced CFD Complete CFD 

Reference 
design 

H [m] - 28,2 23,09 

η [%] - 77,3 76,23 

Single-criteria 
design 

H [m] 23 22,3 23,3 

η [%] 78,72 78,72 79,10 

Multi-criteria 
design 

H [m] 23,62 21,78 32,2 

η [%] 78,66 77,22 78,12 
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To further investigate proposed designs, pressure load on the blades of the first turbine 
stage was investigated at the middle span.  
 

Single – criterion optimized variant had nearly 
linear decrease of pressure on both pressure 
and suction side of the blade. Double-criterion 
variant had different pressure character on the 
suction and pressure side of the blade, which 
does not lead to an ideal torque transfer. 
 
Furthermore, in reference variant as well as in 
double-criterion design, the effect of blade-tip 
vortex was identified by local decrease of 
pressure at suction side of the blade, located 
at (0,6 – 0,9) streamwise position. Vortex 
structure at the tip of the blades is well known 
negative phenomena which causes turbulent 
dissipation and disturbance of flow-field on 
suction side of the blade. 

 
Pressure contours were plotted on sections located along the depth of the row. 
Reference blade geometry was compared with single-criteria optimized design. 

 
Attenuation of blade-tip 
vortex structure was 
observed in form of decrease 
in vortex core size, indicated 
by low pressure region was 
observed. 
 
 
 

Single-criterion design has higher efficiency which is compensated by increased 
negative cu2 component at the last stage outlet. Double criteria reaches slightly lower 
efficiency with minimized cu2 component.Therefore, in order to reach the highest 
efficiency possible, a single-criteria runner was used for the first stage of the turbine, 
while a second runner was used for the second stage. 

 
Streamlines in Fig. 10 demonstrate 
no-shock inflow on every blade 
cascade of irregular row variant of DS 
turbine. Stator cascades were kept 
identical. Design point was reached          
with H = 45,46 m. Hydraulic efficiency 
of this design was 78,15 %.  
 

Figure 9 Pressure contours of rotor blade cascade 
along the depth of turbine, left reference, right single-
criteria 
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Figure 10 Relative streamlines DS turbine with 
irregular rows 
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5.2 CR turbine 

Stochastic analysis was conducted for first stage of turbine. Second stage was 
designed by standard semi-empirical methods. Three final designs were proposed for 
inovative counter rotating approach. First was selected from feasible part of DoE 
space, i.e. it was called DoE optimum. This design was further modified based on 
observed trends from sensitivity analysis, to satisfy Rotor-Stator Interaction (RSI) 
theory, this design was called DoE design. Third design emerged from optimization 
which was done on created MetaModel, i.e. it was called Optimized design. Following 
table contains basic dimensions of proposed designs compared to original reference 
geometry. 

Table 5 Different dimensions of CR turbine design procedure variants 

 
DoE design was created by correction of DoE optimum geometry. As counter-runner 
has nine blades, six blade configuration of swirl runner would lead to unfeasible set-up 
according to RSI theory. To avoid pressure pulsations in dangerous pressure mode, 
the number of blades parameter was decreased to five blades. To compensate 
expected decrease of head, depth of blade cascade was lowered while maintaining 
the same wrap angle. Both executed corrections should lead to increase in efficiency 
according to observed trends from sensitivity analysis. 
 

Table 6 Comparison of design variants on different CFD models 

 
Validation of proposed designs was made on complete CFD model. For designs which 
came from sensitivity analysis validation was succesful, only with reasonably small 
deviations in head considering difference in each model. Numerical validation of 
optimized variant on complete CFD model let to overestimation of head. This was 
mainly due to high density of blade cascades. Relative streamlines were plotted in 
order to qualitatively compare particular variants of turbine. 
 
Second stage was designed based on flow-field results from outlet of swirl runner. 
Theoretically available head was predicted and based on this, efficiency was predicted 
and second stage was designed based on standard semi-empirical methods.              
Overall head of this wariant considering whole hydraulic profile of turbine                            
is H = 44,9 m and efficiency 𝜂 = 68 %. 

 
Cascade 
depth [mm] 

Hub Radius 
[mm] 

Blade 
count [-] 

Shroud 
GAP [mm] 

Wrap 
angle [°] 

Reference design 35 33,4 5 0,5 108,4 

Optimized 60,85 32,5 10 0,5 115,50 

DoE optimum 39,5 32 6 0,58 111,41 

DoE design 35 32 5 0,58 111,41 

 Optimization Reduced CFD Complete CFD 

 H [m] η [%] H [m] η [%] H [m] η [%] 

Optimized 23,01 70,73 24,00 67,53 37,29 55,25 

DoE optimum - - 22,26 68,58 20,92 71,66 

DoE design - - 24,70 62,00 23,09 68,59 
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No-shock inflow on the first stage of turbine was reached for every investigated variant. 
Small incidence on pressure side of the blade was allowed for the second stage.  

5.3 Turbine characteristics 

Relative turbine characteristics were obtained by computations on complete CFD 
model and compared for both final variants of turbine. 

 
Both turbines have linear QED-nED characteristics. Five regimes at the center of 
characteristic are corresponding with pressure and discharge conditions at site. In this 
region DS turbine characteristic was flat without notable decrease in efficiency. For CR 
turbine, slight decrease was observed with increasing ned. In addition, broader 
investigation of off-design regimes was carried out. The investigated regimes are 60% 
underload and 140% overload relative to design discharge. Significant decrease of 
efficiency was observed in part-load. This behavior was slightly more significant for DS 
turbine. This type of turbine, on the other hand, achieved a flat behavior of efficiency 
at higher ned without any decrease in efficiency. 
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Figure 11 Streamlines, 
DoE optimum 

Figure 12 Streamlines, 
DoE design 

Figure 13 Streamlines, 
Optimized 
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Streamlines were plotted in order to compare off-design regimes with design point flow-
field. 

Table 7  Streamlines of off-design regimes compared with BEP 

DS turbine CR Turbine 

Q = 9 l/s Q = 9l/s 

Q = 15 l/s Q = 15 l/s 

Q = 21 l/s Q = 21 l/s 

 
For both developed turbines, the axial outflow was achieved in its optimum operation.  
Outlet strut of DS turbine stabilizes the flow in case of operation at BEP. This profile 
had however negative effect in investigated off-design regimes, where a substantial 
rotation of the water occurs. In case of the CR turbine with no residual cu2 component, 
strut was placed further away from the turbine outlet so as not to interfere with the flow 
in non-optimal conditions. 
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6 Conclusion 

Two conceptually different axial turbines were designed and optimized using response 
surface techniques and subquent optimization, this was done specifically for pressure 
recovery in investigated Austrian water distribution network. First turbine was designed 
as standard stator-rotor variant with two stages (DS turbine). First stage was optimized 
specifically for maximize the efficiency and second stage for highest possible efficiency 
while minimizing cu2 component. Final DS turbine had therefore geometrically different 
rotor runners, while the same guide vanes were used for both stages. This variant 
reached the efficiency of 78,15 % for design point,  i. e. best efficiency point. Stochastic 
analysis which was conducted also on CR turbine which led to proposition of three 
designs. Final design reached hydraulic efficiency 68 % in BEP. 
 
For each turbine the axial outflow as well as inflow with small or no incidence on blades 
was maintained. Hydraulic efficiency of DS turbine was in comparison with CR turbine 
higher in BEP and also in higher ned. Main advantage of CR variant is therefore its 
compactness and size. 
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