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Enhancing the efficiency of an axial impulse
turbine with a diffuser

Geetam Saha, Diogo Neves Ferreira, Narasimalu Srikanth and Lei Zuo

Abstract—In oscillating water column wave energy
converters, the aerodynamic losses caused by flow
misalignment between the rotor outlet and the outlet
guide vane of self-rectifying impulse turbines are a
significant design problem. The symmetrical positioning
of guiding vanes on both sides of the rotor is the reason
for it. In comparison to the equivalent Wells turbine,
the efficiency of impulse turbines is lower because of
these losses in the outlet guide vane. This paper presents
a strategy to develop an improved design of an axial
impulse turbine to reduce the losses in the outlet guide
vane along with the residual kinetic energy loss by
integrating a diffuser between the rotor and guide vanes.
The proposed model was investigated numerically using
RANS simulations. Multiple diffuser geometries were
tested against the reference turbine for comparison of
the performance characteristics. The results support the
hypothesis behind the proposed design. The performance
was compared extensively with the reference case in
terms of the dimensionless loss coefficients for a better
insight into the contribution of all the turbine sectors.
The current work shows a possible design path for the
performance improvement of the turbine. Results also
support the fact that the guide vanes need to be redesigned
for obtaining maximizing efficiency with the proposed
design. The losses in the outlet guide vane were reduced
by approximately 50% with an overall efficiency rise of
around 2%.

Keywords—Oscillating Water Column, Wave Energy,
Impulse Turbine, Self-Rectifying Turbines.

I. INTRODUCTION

THE self-rectifying turbines have significant impor-
tance for the optimal design of oscillating water

column (OWC) wave energy converters (WEC). Self-
rectifying turbines have unique characteristics of op-
eration in the same rotational direction irrespective
of the direction of the airflow through the turbine.
These kinds of turbines are highly appreciated in OWC
applications because they eliminate the use of bypass
and relief valves for continuous energy extraction [1].
High volume flow rate and shorter time periods were
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the key challenges for the assemblies with conventional
turbines with valves for OWC WEC applications [2].
In the energetic sea states, the functioning and perfor-
mance of the valves were inferior because of choking
and minimal response time [3].

Wells Turbine, invented by Dr. Alan Wells in 1976
is one of the most widely used air turbines because
of its geometrical simplicity and high peak efficiency
[4]. Wells turbine has been utilized for application
in a number of OWC plants across the world such
as LIMPET [5]. But with time researchers have come
across several problems associated with the Wells tur-
bine when utilized for large-scale applications. These
include high tip speed [6], abrupt drop in efficiency [7],
high run-away speed [8], inferior noise characteristics
[9], hysteresis [10], and poor starting characteristics
[11]. Literature also shows the fact that even though
the instantaneous peak efficiency is significantly high,
the average efficiency under stochastic sea conditions
is way lower [12]. In order to resolve all issues, re-
searchers have developed a variety of air turbines with
improved performance. A bidirectional impulse tur-
bine (BDIT) is one of the most distinguished turbines
which have also been adopted for applications in OWC
WEC by the marine energy community. The key advan-
tage of BDIT is the broad operational bandwidth which
is of prime importance for operations in stochastic and
energetic sea conditions [13]. In addition to the absence
of stall characteristics, BDIT has an excellent starting
performance with a significantly low runaway speed
[14]. For offshore and mobile applications, this absence
of the requirement for startup is a key advantage. BDIT
despite having multiple advantages has a major fallacy,
which is the lower peak efficiency [15]. The reason
behind the lower peak efficiency is the misalignment
between the fluid flow from the rotor outlet and the
outlet guide vanes [16]. In the case of BDITs, this prob-
lem is inherited because of the identical geometry of
both the guide vanes to operate in reciprocating flows.
The flow misalignment results in a high incidence
angle at the outlet guide vane causing severe flow
separation which leads to high stagnation pressure
losses. Scientific literature suggests that researchers
have investigated this problem of flow obstruction
and have attempted to address it by utilizing different
design strategies.

Setoguchi et al. proposed the integration of variable
guide vanes for the reduction of flow obstruction.
The pair of guide vanes were pivoted and made free
to align themselves with the flow by the action of
aerodynamic moments and were constrained to me-
chanical stops at two prefixed angles [17]. The peak
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Fig. 1. Scehmatic representation of impulse turbine with radially
and axially offset guide vanes (reproduced from [2]).

Fig. 2. Reduction of obstruction in axial direction (reproduced from
[21]).

efficiency was improved considerably but the design
added mechanical complexity resulting in maintenance
and reliability concerns for prolonged applications.
The losses were also investigated by utilizing smaller
values of absolute flow deflection from the inlet guide
vane for reducing blockage, but this resulted in inferior
performance of the turbine because of reduced momen-
tum transfer to the rotor blade from the fluid flow [18].

Another approach suggested by researchers was the
reduction of the flow speed at outlet guide vanes
in order to reduce the stagnation pressure losses [2].
HydroAir turbine was based on the strategy of mini-
mizing the losses by reducing the flow speed from the
rotor outlet by radially and axially offsetting the guide
vanes from the rotor blades [19], see Fig.1. The offsets
resulted in the reduction of the circumferential and the
meridional velocity which translated to reduced kinetic
energy at the outlet guide vanes. This configuration of
the turbine was considerably bulky.

A concentric guide vane row topology vanes was
proposed by Kymaner (Portuguese company) for loss
reduction. The novel design divided the flow deflection
into multiple rows for distributing the aerodynamic
load on each row resulting in the reduction of tan-
gential chord length [20]. This configuration increased
the unhindered flow passage for the outflow from
the rotor, (Fig. 2). The efficiency of the turbine was
improved by reducing the stagnation pressure losses.

Open literature suggests that out of all the bidirec-
tional impulse turbines available, the biradial turbine
has the best performance characteristics. A comparison

Fig. 3. Comparison of the biradial turbine with other types of air
turbine (MGV: Moving Guide vane, FGV: Fixed Guide Vane) [22]
[23].

Fig. 4. Schematic representation of biradial turbine with fixed guide
vanes (reproduced from [24]).

of the performance of the biradial turbine with the
other types of air turbine is presented in Fig. 3 [22],
[23]. Falaco et al. developed the biradial turbine in
2012 [24]. A primary objective behind the design was
to propose an efficient design as an alternative to the
self-rectifying axial impulse turbine which is capable
to deal with the aerodynamic stalling losses due to
the flow misalignment in the outlet guide vanes. The
schematic description of the biradial turbine is shown
in Fig. 4. A biradial turbine is an impulse turbine that
is symmetric with respect to the plane perpendicular to
the axis of rotation and operates under centrifugal and
centripetal modes. The guide vanes are radially offset
from the rotor and are connected through axisymmet-
ric ducts to the corresponding rotor inlet/outlet [25].
By virtue of this design, the circumferential and the
radial components of the rotor outflow are minimized
resulting in reduced stagnation pressure losses at the
outlet guide vanes. This reduction in losses increases
the turbine efficiency appreciably. Despite the higher
efficiency, the challenge lies in the complexity and
intricate design of the turbine assembly. The biradial
turbine configuration involves more complex design
and manufacturing processes compared to simpler tur-
bine designs.
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TABLE I
REFERENCE GEOMETRY PARAMETERS [26].

Parameter Specification

Number of Rotor Blades 30
Number of Guide Vanes 26
Hub Diameter 210 mm
Tip Diameter 298 mm
Tip Clearance 1 mm
Rotor Blade Chord Length 54 mm
Guide Vane Chord Length 70 mm
Rotor Blade Inlet Angle 60◦

Guide Vane Setting Angle 30◦

Rotor Blade Pitch 26.7 mm
Guide Vane Pitch 30.8 mm

This paper introduces a diffuser for axial impulse
turbines located between the rotor and the downstream
guide vanes. The research objective is to increase the
efficiency of the reference axial turbine [26] with a
simpler and more compact design compared to the
HydroAir and biradial turbines. Like in these designs,
efficiency gains results from the reduction of the flow
kinetic energy before reaching the downstream guide
vanes. The main contributions of this research are the
validation of the design approach through Computa-
tional Fluid Dynamics simulations and the identifica-
tion of pathways for further enhancement.

The remainder of this paper is organized as follows.
Section III validates of the numerical tools with the
experimental results of the reference case and presents
its performance enhancement from the integration of
the proposed diffuser design. Design challenges are
also identified and discussed in this Section. Section IV
summarizes the outcomes of the research and estab-
lishes the research paths for further design improve-
ments.

II. METHODOLOGY

A. Reference Turbine Test Case

The fixed geometry impulse turbine design by
Maeda et al. [26] was considered in the present study.
The geometrical details of the rotor and the guide
vanes are shown in Fig. 5. The rotor blade profile
consists of an elliptical arc on the suction side and a
circular arc on the pressure side with a leading and
trailing edge radius of 0.5 mm. The entry and exit
angles of the rotor blade are 60◦. The guide vane profile
consists of a straight line and a circular arc with a
camber and settling angle of 60◦ and 30◦ respectively.
The hub-to-tip ratio of the reference turbine was 0.7.
The details of the geometrical parameters of the turbine
are presented in Table I.

Maeda et al. experimentally investigated the refer-
ence turbine with a 300 mm diameter in a piston
cylinder test rig under steady-state flow conditions.
The performance of the turbine was described by them
in terms of angular velocity, average torque, flow rate,
and total pressure drop. The Reynolds number based
on the relative inflow velocity [27] and the blade chord
length was approximately equal to 40,000 at the peak
efficiency. In the current work, the computational setup

was validated against the same flow conditions for the
reference turbine.

B. Diffuser design

The proposed design is an annular diffuser con-
necting the rotor outlet section to the inlet of the
downstream guide vanes. The diffuser decreases the
rotor outflow axial velocity which has two beneficial
effects on the turbine efficiency. The first is the de-
crease of stagnation pressure losses on the outlet guide
vanes since these losses are directly proportional to
the kinetic energy of the incoming flow. The second
is the decrease of the wasted flow kinetic energy at
the turbine outlet, which is characteristic of OWC
converters.

Fig. 6 and Fig. 7. present the schematic representa-
tion of the typical axial BDIT and the proposed design
respectively. In Fig. 7, sectors 2-3 and 4-5 represent
the nozzle and diffuser respectively. The rotor blade
span and the guide vanes mean radius in the proposed
design are kept equal to the reference case with the
objective to maintain a compact turbine.

The diffuser geometry was parameterized based on
its axial length, L, and cant angles, ε, of the hub and
shroud as shown in Fig 8. The turbine symmetry with
respect to a plane perpendicular to the rotor axis was
kept. As such, equal diffuser geometries were added to
both rotor sides, each behaving as a nozzle or diffuser
depending on the flow direction.

Four turbines with different diffuser/nozzle pairs
were investigated in the present work. The rotor, guide-
vane geometries, and mean radius were kept from
the reference case and the diffusers were designed as
follows. A diffuser cant angle, ε, was chosen and the
initial length, L, equal to the reference case was set.
While no boundary layer separation was detected on
the diffuser, its length was increased up to the onset
of separation. The objective was to obtain the longest
diffuser possible for different cant angles keeping the
boundary layer attached.

C. Performance Metrics

The numerical validation of the reference geometry
was based on the metrics introduced by Maeda et al.
[26] assuming incompressible flow across the turbine,
defined here as follows.

The flow coefficient is

ϕ =
Vz

Um
, (1)

where Vz is the axial component of the velocity at the
rotor inlet (note that it is equal to the rotor outlet
axial velocity due to mass flow conservation), Um is
the transport velocity at the mean radius, defined by
Um = ΩRm, where Ω is the rotational speed, Rm is the
rotor blade mean radius.

The torque coefficient is defined as

Ct =
2T

ρ(V 2
z + U2

m)b lZRm
(2)
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Fig. 5. Reference case blade geometry.

Fig. 6. Reference turbine meridional view.

Fig. 7. Proposed design meridional view.

where T is the rotor torque, ρ is the air density at the
turbine inlet, b is the rotor blade height and Z is the
number of blades.

The input coefficient is

Ca =
Q(p01 − p6)

ρ(V 2
z + U2

m)b lZVz
, (3)

where Q is the flow rate into the turbine, p01 is the
stagnation pressure at the turbine inlet (section 1) and
p6 is the pressure at the turbine outlet (section 6). Note
that the turbine outflow kinetic energy, p06 − p6, is
wasted.

The performance assessment of the proposed design
is based on the metrics defined by Falcao [24]. They
are defined as follows.

Fig. 8. Diffuser design variables.

The flow rate coefficient is

Φ =
Q

ΩD3
, (4)

where D is the rotor diameter.
The pressure head coefficient, also known as the

total-to-static pressure coefficient is

Ψts =
p01 − p6
ρΩ2D2

. (5)

The torque coefficient is

Π =
T

ρΩ2D5
. (6)

The turbine to total-to-static efficiency is the ratio
of the mechanical power to the pneumatic power. It
can be calculated with either family of dimensionless
coefficients by

ηts =
Ct

ϕCa
=

Π

ΦΨTS
. (7)

Losses in a turbine sector between two sections i, j
other than the rotor, i, j = 3, 4, as illustrated in Figs. 6
and 7, are assessed using the loss coefficient,

λi,j =
p0i − p0j

1
2ρV

2
z

, (8)

where the denominator is a reference kinetic energy
based here on the axial mean velocity at the rotor
inlet. Not all the stagnation pressure variation in the
rotor sector corresponds to a loss since part of it is
converted into mechanical energy. As such the rotor
loss coefficient is

λ3,4 =
p03 − p04 − ΩT

Q
1
2ρV

2
z

. (9)
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The kinetic energy associated with the flow at a given
section in dimensionless form is given by the kinetic
energy coefficient,

Ki =
p0i − pi
1
2ρV

2
z

. (10)

The coefficients defined in (8) to (10) are useful to
compare the performance of two sectors from different
turbines, e.g. the losses in two diffusers. To assess a
sector’s losses relative to a turbine total pressure head,
the relative loss coefficients are used.

The relative losses in a turbine sector other than the
rotor are

Λi,j =
p0i − p0j
p01 − p6

. (11)

At the rotor they are

Λ3,4 =
p03 − p04 − ΩT

Q

p01 − p6
. (12)

Likewise, the kinetic energy loss with the turbine out-
flow relative to the pressure head is

Λ6k =
p06 − p6
p01 − p6

. (13)

The relative loss coefficients are related with the tur-
bine total-to-static efficiency by

6∑
i=1

Λi,i+1 + Λ6k + ηts = 1 (14)

D. Numerical Setup

In the current work, 3D RANS (Reynolds Averaged
Navier Stokes) simulations were performed using the
widely used commercial turbomachinery CFD code
CFX® 20.1. CFX® is based on a cell-centered finite
volume approach for spatial discretization. All the
simulations were performed in steady-state conditions
and assuming the working fluid as an ideal gas. Based
on the simulation conditions, k-ω shear stress trans-
port turbulence model was used with 5% turbulence
intensity. For the simulation of the BDIT, the com-
putational domain was divided into 3 subdomains.
They are stationary inlet guide vane, moving rotor
blade, and stationary outlet guide vane. The mixing
plane approach was used for interfacing the guide
vanes subdomains with the rotor blade subdomain.
Fig. 11., presents the boundary conditions imposed for
the numerical solutions. The pitch ratio used for mixing
plane interface 1 and 2 were 0.86 and 1.15 respectively.
No slip wall boundary condition was imposed on the
hub, shroud, and blade surfaces. A high-resolution un-
structured mesh was utilized in the current work with
prism layers on the blade surfaces, hub, and shroud.
Fig. 9. presents the mesh involved in the simulations.

III. RESULTS AND DISCUSSION

A. Validation

In the current work, the numerical results for the
reference turbine were compared with the experimen-
tal results of Maeda et al. [23] in terms of the turbine

TABLE II
DIFFUSER DESIGN RESULTS.

ϵ [◦] L/b [-] L [mm] Area Ratio [-]

0 0 0 1.0
5 1.6 70.4 1.49
7.5 1.3 57.2 1.56
12.5 0.68 30 1.52
15 0.56 25 1.52

efficiency against the flow coefficient ranging from
0.5 to 2.5 at equally spaced intervals, as illustrated
in Fig. 11. It can be seen that the results matched
considerably with the experimental results within an
acceptable tolerance range validating the numerical
methods and respective parameters chosen.

The reference turbine losses distribution relative to
the total pressure head are illustrated in Fig. 12. It is
observed for the design point, ϕ ≈ 0.195, that outlet
guide vane losses amount to 23% of the available
pressure head and the inlet guide vanes amount to 3%.
This result indicates that improvements to guide vane
geometry should aim to reduce the losses of the outlet
vanes or of other components, namely the rotor, which
are Λ3,4 ≈ 0.26. The losses on the outlet guide vanes
and the outflow kinetic energy lost collectively amount
to 37% of the total available pressure head, justifying
the objectives of the present research.

B. Proposed design
Four diffusers were designed following the proce-

dure described in Section II-B for cant angles 5◦ <
ε < 15◦. It was observed during the design cycles
that the flow is prone to separation at the diffuser hub
due to low rotor outflow momentum in this area. This
was a limiting factor on the diffuser length, L, and
as such over the pressure recovery. The four diffusers’
geometric parameters are listed in Table II.

The four diffuser-integrated BDIT geometries were
compared against the reference case for similar flow
rate coefficients. The four efficiency curves are illus-
trated in Fig. 13. It is noticeable that the turbine effi-
ciency curves follow the same trend regarding changes
to the flow rate coefficient. Only the diffuser-integrated
design with ε = 7.5◦ deviates from the trend at ϕ = 2.0.
It can be seen that for the diffusers with ε = 5◦ and
ε = 7◦ the turbines depict lower efficiency over the
entire bandwidth of flow conditions whereas turbines
with ε = 12.5◦ and ε = 15◦ have a superior perfor-
mance in comparison to the reference turbine. From
the two, the turbine with ε = 12.5◦ exhibits higher peak
efficiency but lower performance at low flow rates.

Considering that all the diffuser-integrated designs
should decrease the kinetic energy at sections i = 5 and
potentially increase the turbine efficiency, individual
sector losses, λi,j , in all four cases and reference one are
listed in Table III alongside the kinetic energy, Ki, at
relevant sections for further analysis. It is seen that the
the kinetic energy at section i = 5 is in fact lower than
the reference case for all diffuser-integrated geometries,
resulting in significant reduction in downstream guide
vane losses, λ5,6 and wasted turbine outflow kinetic
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Fig. 9. Reference case mesh.

Fig. 10. Simulation setup.

Fig. 11. Validation with Experimental Results

energy, K6. But it can also be observed that the designs
ε = 5◦ and ε = 7◦ have increased rotor losses, λ3,4.

A possible reason behind the increase in rotor losses
for all diffuser integrated cases is due to changes in
the rotor absolute flow angle induced by the nozzle,
(i, j) = (2, 3). Defining the absolute flow angle with

Fig. 12. Relative loss coefficients for the reference turbine.

TABLE III
LOSSES IN EACH TURBINE SECTOR AND KINETIC ENERGY AT

RELEVANT SECTIONS.

ϵ λ12 λ23 λ34 λ45 λ56 K4 K5 K6

0◦ 0.42 0.00 8.37 0.00 3.15 2.25 2.25 1.91
5◦ 0.32 0.32 8.45 0.21 1.48 2.12 1.59 1.32
7.5◦ 0.26 0.26 8.82 0.19 1.19 2.20 1.64 1.11
12.5◦ 0.24 0.24 8.32 0.05 1.46 2.04 1.59 1.09
15◦ 0.26 0.26 8.42 0.11 1.40 2.09 1.62 1.19

respect to the axial direction, at a section i it is αi =
Vθi/Vzi . Then due to mass conservation Vzi increases
from i = 2 to i = 3.

For completeness, the losses on the sectors of the
diffuser-integrated turbine design with ε = 12.5◦ is
plotted in Fig. 14. As intended, the ratio of the cu-
mulative losses in the outlet guide vanes and turbine
outflow to the turbine pressure head have decreased
from Λ4,6k = 0.37 in the reference case (see Fig. 12)
to Λ4,6k = 0.23. On the downside, the rotor losses
increased from Λ3,4 = 0.26 to Λ3,4 = 0.34 limit-
ing the potential gains from these particular diffuser-
integrated designs. Nevertheless, a total efficiency gain
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Fig. 13. Efficiency comparison between the diffuser-integrated ge-
ometries and the reference case.

Fig. 14. Relative loss coefficients for the diffuser integrated turbine

of almost 2% was achieved.

IV. CONCLUSION

This paper introduces an annular diffuser for a
well-known axial impulse turbine geometry available
in the open literature. The design choices are aimed
at increasing the efficiency of the starting geometry
and keeping the overall turbine compact when com-
pared to existing models with integrated diffusers.
The design objectives were implemented by keeping
the diffuser mean radius constant while increasing the
meridional channel height. Several diffuser-integrated
turbines were simulated using Computational Fluid
Dynamics methods and their performances were as-
sessed. The design method achieved its goal of ob-
taining a turbine geometry with increased efficiency
while being compact. Nevertheless, while the losses at
the downstream guide vanes were reduced in 50%, the
turbine efficiency gains were only around 2% despite
the losses in the downstream guide vanes represent-
ing 37% of the original turbine pressure head. The
efficiency gain was penalized by the reduction of the
flow absolute angle induced by the converging nozzle

which decreased rotor performance. To take advantage
of diffuser-integrated axial impulse turbines, the guide
vane deflection must also be adjusted at every design
iteration in order to keep a good rotor performance.
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APPENDIX

TABLE IV
NOMENCLATURE.

Symbol Description

ϕ Flow Coefficeint
Vz Axial Velocity (m/s)
Umean Angular Velocity at Mean Radius (m/s)
Ct Torque Coefficeint
T Torque (Nm)
ρ Density of working fluid (kg/m3)
b Rotor Blade Height (m)
l Chord Length of Rotor Blade (m)
Z Number of Rotor Blades
Rm Mean Radius of Rotor Blade (m)
∆p Total to Static Pressure Drop (Pa)
Q Volume Flow Rate (m3/s)
Φ Flow Rate Coefficient
ω Rotational Velocity (rad/s)
p Static Pressure (Pa)
p0 Total Pressure (Pa)
ψts Total to Static Pressure Coefficient
π Turbine Power Coefficient
ηTS Total to Static Efficiency
Λ Relative Pressure Coefficient
λ Pressure Coeffcient
Vref Reference Velocity (m/s)
A Cross Section Area of Rotor Inlet (m2)
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