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Abstract

This paper presents an experimentally validated numerical analysis of the influence of volute aspect ratio (VAR) on the fluid
flow characteristics of a volute in a mixed flow turbine. The geometry of the volute subjects the flow to centrifugal forces
that affect the vertical motion of the fluid, commonly known as secondary flow, which is fundamentally opposed in straight
channels commonly associated with the primary flow. The flow characteristics were analysed for four-volute designs with
constant volute area-to-centroid radius ratio (A/r) but with different VARs ranging from 0.5 to 2.0 at selected circumferential
positions under steady state at different operating conditions. Secondary flow structure characteristics were identified based
on pressure contours, velocity contours and streamlines. The internal volute flow structure was found to be dependent on the
VAR. The results show corner and counter-rotating Dean effect-type vortices at higher volute aspect ratios. In addition, the
results also show that as the pressure ratio increases, the deflection of primary flow increases and at certain positions, flow
separation occurred. The resulting secondary flow structures that exist in the volute are strongly influenced by the VAR at
different operating conditions, thus affecting turbine performance.
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Subscripts

1 Volute inlet

2 Volute exit/nozzle inlet
in Inlet

out Outlet

act Actual

isen  Isentropic

m Meridional directional component
t Turbine
Introduction

Global warming is a result of the annual emission of some
50 billion tonnes of greenhouse gases (GHG) [1]. A signifi-
cant portion of this is due to human activity with the largest
single source being the emissions from the burning of fossil
fuels in internal combustion engines (ICEs) from all forms
of transport [2]. The current trend towards conventional fuel
driving shows that ICEs are still important until alternative
energy vehicles become the norm [3, 4].

To reduce the impact of emissions from ICE:s, it is nec-
essary to meet the challenges of stringent regulations for
exhaust gas emissions and improvement of its overall fuel
efficiency. The turbocharger is an effective technology
for improving fuel consumption in internal combustion
engines by reducing the waste heat losses from the exhaust
gasses [5—11]. The turbocharger consists of a turbine that
is powered by the engine exhaust to power the compres-
sor to increase air pressure and thus allow more air into
the cylinders for more efficient combustion. The turbine, an
important component of a turbocharger, comprises of three
main components, namely a volute, a rotor and a nozzle.
While the rotor design is critical to the shaft power [12], a
better understanding of flow behaviour in the turbine volute
passage is required to improve energy extraction from the
exhaust gas and minimize entry losses into the rotor result-
ing in improved efficiency of the turbocharger and therefore
the ICE itself.

In trying to improve the total performance of the turbo-
charger turbine, the turbine volute has been the subject of
several research projects. As the volute is the bulkiest com-
ponent of the turbine, manufacturers require more compact
designs for the volute to minimize costs, and a suitable com-
promise between performance and costs must be found. It is
therefore necessary to study the effect of the cross-sectional
shape of the turbine volute in order to determine the optimal
shape that balances costs and performance.

The flow in the volute is complex with the exhaust gas
undergoing rotation and then acceleration around the edge of
the volute before recirculation flow occurs under the tongue
as it flows into the rotor wheel generating the shaft power for
the compressor. According to [13, 14], volute configuration
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has a strong impact on the overall performance of a tur-
bine because its stability, operating range and location of
the best efficiency point are influenced by the volute design.
Experiments made by Barnard and Benson [15] on two dif-
ferent volute profiles showed up to 1.5% variation in turbine
efficiency.

In an ideal dimensional design procedure of a volute,
based on the conservation of angular momentum, or free
vortex, and mass for adiabatic compressible flows, the
area—radius ratio (A/r) is the most important parameter. The
area—radius ratio determines the change in the flow angle at
the volute exit region, thereby defining the incident angle to
the rotor inlet which defines the best efficiency point. There-
fore, most of the volute design effort is in the determina-
tion of the optimal distribution (A/r) in the circumferential
direction. Japikse and Baines [16] indicated that for a fluid
in equilibrium, to achieve a uniform mass flow distribution
around the volute, the linear relationship between the cross-
sectional area and the mean radius through the azimuth
angle must be met. As stated in [17], the authors suggest
that the volute design must be a linear reduction of the cross-
sectional area and centroid radius. Bhinder [18] asserted that
a non-uniform flow distribution at the rotor inlet caused by
changes in flow angle can be avoided if the a linear reduction
area—radius ratio (A/r) is a linear function of the azimuth
angle. However, the equations and the assumptions used by
Bhinder [18] are given a different interpretation from the
results he obtained on the graphs of radial area ratio (A/r)
versus azimuth angle for three different volute configura-
tions. In each of the curves, it turns out that there is a large
variation in the flow angle.

In general, the inlet of a turbine rotor is a feed with a
rotational flow accelerated by a volute at the desired angle to
optimize turbine performance. Defining the desired operat-
ing inlet conditions is the initial phase of the turbine design
procedure. Accordingly, optimization of the volute design
procedure was then carried out, followed by a three-dimen-
sional computational fluid dynamics analysis of the design.
This is necessary as the flow in the volute is three dimen-
sional and turbulent. However, despite being able to create
good theoretical volute performance, there is usually a need
to consider installation requirements [19-21].

Due to the importance of volutes, since the 1990s there
has been much research on volutes and especially on turbine
volute design procedures. In addition, over time these studies
were not limited to theory and experiment [17, 18, 21-24]
but by the priority for highly efficient engines. More studies
on turbine volutes are performed using the CFD numeri-
cal approach [19, 20, 25-33] to correctly predict the flow
behaviour in turbine volutes over a wide range of operating
conditions.

Theoretical and experimental volute flow field analy-
sis was carried out by [17] and [24]. In cases where a
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three-dimensional flow field exists, the flow is often viewed
as having two components, a primary flow and a secondary
flow. The primary flow is parallel to the main direction of
fluid movement, and the secondary flow is perpendicular to
it. The geometry of the volute subjects the flow to centrifu-
gal forces that affect the vertical motion of the fluid, com-
monly known as secondary flow. The investigation by [21]
considered the development of a flow structure in a series
of volute passages from the inlet, the volute passage to the
volute discharge. There is a clear occurrence of the flow
deflection of the primary flow which then gives rise to the
creation of a secondary flow around the volute passage. The
velocity and trend component profiles were plotted to show
the flow characteristics at each volute passage radial ratio
across the azimuth angle. In an investigation of the interac-
tion between the volute and the rotor during measurement
carried out [24], the authors concluded that the appearance
of a secondary flow in the volute passage can cause a loss
of energy that is directly related to the stage performance.
They also concluded that non-uniform mass flow distribu-
tion around the rotor contributes to poor performance.

In addition, to the experimental approach, a number of
studies, Refs. [19, 29-33], have used the same numerical
CFD method in volute flow field analysis but with differ-
ent findings. Martinez-Botas et al. [29] used a k-epsilon
turbulence model of two equations and have observed on
the volute plane between azimuth angles of 45° and 270°,
the strong appearance of the secondary flow structure dis-
appears towards the centre of the circular cross-sectional
volute. Consistent with Yang et al. [19], the presence of
secondary flow structures has always been associated with
energy loss. Moreover, high pressure loss is recorded when
the flow moves towards the sharp corner of the discharged
volute. Simpson et al. [30] have also performed both steady
and unsteady state full-stage CFD simulations on different
radial turbine configurations. The authors successfully cap-
tured the secondary flow structure in the volute outlet and
found no vortex formed in the first half of the volute until at
about 90°, and thereafter, the presence of a counter-rotation
vortex was observed formed in the upper region of the trap-
ezoidal shaped cross section of the volute passage, causing
an increase in losses detected along the end wall.

The effect of volute cross-sectional shape was also stud-
ied by [19] using two asymmetric volutes of different aspect
ratios (width, b and height, /). The results show that changes
in the volute design resulted in significant variations in the
volute secondary flow structure and stage performance.
They also showed that a complex secondary flow structure
in both volute configurations, consisting of vortices of vary-
ing sizes, contributed to the entropy generation discrepancy
in the volute. However, no explanation for their formation
is given. Furthermore, comparisons were made only on one
aspect ratio of optimized volute A against the baseline volute

B. Different volute aspect ratios need to be analysed and
compared in order to find the optimal aspect ratio (b/h). In
addition, a systematic comparative approach should be used
by analysing various constant aspect ratios across the cir-
cumference azimuth angles. From the experimental results,
Ref. [19] concluded that turbines with optimized volute A
have better average cycle efficiency under pulsed conditions
for different loads and frequencies. However, this needs to
be analysed further because the optimum aspect ratio (b/h)
is the most independent parameter in achieving the best
efficiency.

The study by Lee et al.[31] used more numerical analysis
to study the structure of volute secondary flow under both
steady-state and pulsed flow conditions. In this case, the
authors studied the secondary flow in volutes by compar-
ing three symmetric designs of circular shape volute aspect
ratios of 0.5, 1, and 2. Secondary flows in volutes are studied
and explained in terms of Dean’s effects and their develop-
ment through the volutes investigated. The effect of volute
design on rotor input variation is investigated in detail to
understand the effect of volute design on rotor performance.
The results show that the secondary flow structure shows
an attractive interaction of the central and wall bound flow.
In parallel, they also found that the volute aspect ratio can
have a significant effect on the mass flow parameter (MFP)
when the ratio of volute cross-sectional area to the volute
centroid radius (A/r) is kept constant. However, the effect
of the three circular cross sections on the turbine efficiency
was low, and no further information was given on achieving
the optimum turbine efficiency. They also observed a vortex
was found to exist at about 54° late in the first half of the
volute but disappeared around the volute passage theoreti-
cally similar to the Dean-like effect. However, it was found
that this study lacked experimental validation and further
extensive parametric studies are required.

Moreover, Lee et al. [33] further performed a numeri-
cal analysis to investigate the effect of four-volute designs
on turbine performance. The first two (2) volute designs
are with the same A/r but with different aspect ratios (AR)
(width, b/height, h) each with AR=0.5 and AR =2. Mean-
while, two (2) more volute designs are with both volutes
tilted. The study showed that the large secondary flow at
AR =0.5 reduced the turbine performance. In addition, the
inclining the volute resulted in an asymmetric flow struc-
ture and the authors concluded that combining the ideas of
low AR and tilting the volute result in reduced turbine per-
formance and therefore not beneficial. Meanwhile, similar
studies have been conducted by Meghnine M. A [32]. In this
study, an investigation of four asymmetric volute geometry
shapes was conducted to analyse the flow characteristics
in the volute and to estimate its effect on the performance
of mixed flow turbines. The authors found the appearance
of vortices in each volute design and concluded that the
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number of vortices can be reduced when the volute volume
is reduced.

Volute design

The fundamental assumptions in the volute design proce-
dure are based on the conservation application of angular
momentum, or free vortex, uniform mass distribution around
the volute.

Figure 1 shows a schematic diagram of turbine volute
used in this research study. The conservation of angular
momentum, or free vortex, equation may be expressed as:

rg - Cy = constant = K D

where 6 =azimuth angle (°) from the tongue;
rg.= centroid radius of the section at azimuth angle;
C, = tangential velocity at azimuth angle.

For a fluid in equilibrium, the continuity equation for
the mass flow through any cross-sectional plane at azimuth
angle 6 is

Ty = pg - Ag - Cy 2)

For a uniform distribution of mass flow around the volute,
the ratio mass flow rate is the function of azimuth angle that
can be written as:

By substituting Eqgs. (1) and (3) in Eq. (2), the Eq. (4) can
be defined as:

Fig. 1 Mixed flow turbine
volute

[2
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< )
where ry=centroid radius of the cross section at azimuth
angle 6.

As the variations in density are relatively small, the
area—radius (A/r) ratio in Eq. (4) must be a linear function
of the azimuth angle as well the volute exit flow angle (a2),

resulting in the following expressions:

A
() (5)
Ty

tana, = Co ()

r2

By substituting Egs. (1) and (2) in Eq. (6), the volute exit
flow angle may be defined as a function of the area—radius
(A/r) ratio and density ratio.

tana, = — - @)

Hence, the important geometric parameters in volute
design based on the assumptions of uniform mass distribu-
tion, and equilibrium flow A/r and tana, are given in Eq. (4)
and (7), respectively. Indeed, there are only a few studies that
analyse the flow field structure in turbine volutes, and there
should be more research done on this field in the future to
gain a better understanding of the effect of volute flow fields
on turbine performance.

Inlet

A
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VARO05 VAR10

VAR15

Fig.2 The cross-sectional shape of symmetrical rectangular cross sections of each

Table 1 The parametric study for each volute aspect ratio (VAR)

Volute Aspectratio Low mass  Design mass High mass
flow/kg s~ flow/kg s~ flow/kg s~

VARO5 0.5 - - -

VARI10 1 - _

VARI15 1.5 - - -

VAR20 2 -

Baseline -

Volute geometry

This paper aims to describe the development of second-
ary flow within a rectangular cross-sectional volute, with
rounded end corners, under steady state at different oper-
ating conditions. In this research study, the volute geom-
etry used is the modified Holset H3B volute designed by
Rajoo [11] with the volute aspect ratio (VAR) ranging

Fig.3 Volute area-to-centroid 35
radius ratio (A/r) as a function 30

of azimuth angle
25

20
15
10

=o/fy=o/mm

Ag

from 0.5 to 2.0. The parameters studied are shown in Fig. 2
and Table 1, which shows the operating conditions stud-
ied for each volute geometry. The area—radius ratio as a
function of azimuth angle is given in Fig. 3. Information
on the dimensions of the optimized Holset H3B volute
is shown in Fig. 4. The four design volutes studied are
named VAROS5, VAR10, VAR15 and VAR20. The A/r cir-
cumferential distribution was designed to be the same for
four volutes; however, their cross-sectional shape is dif-
ferent. The volute aspect ratio (b/h), which refers to ratio
of the width over the height of the cross section, is used
to describe the individual volute geometries. A systematic
comparison of the performance of the four volutes is made
by maintaining a constant VAR for all azimuth angles,
see Fig. 5. This allows the optimum aspect ratio, width
to height ratio, to be determined. No such study has been
made to date with respect to the improvement of a turbo-
charger turbine performance, highlighting the originality
of the current work.

90 135 180 225 270 315 360
Azimuth angle 6/°
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Fig.4 The dimensions of the | 84 mm
volute |
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Research methodology
Experimental

In this study, experimental data of [34] were used for the
validation of the CFD modelling. The experimental data
used by [34] were obtained using the cold-flow turbo-
charger test facility available at Imperial College London.
This facility utilizes the ‘similarity approach’ developed
by Glassman [35] in order to get equivalent conditions to
actual hot operating condition in a vehicle while using
ambient air. A schematic of the cold-flow turbocharger test
facility is shown in Fig. 6.

Air is supplied to the facility by a centrally housed
compressor system, which consists of three Ingersoll
Rand screw type compressors, capable of delivering up
to 1 kg s™' compressed air at maximum pressure of 5 bars
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Circumferential angle 6/°

(absolute) to an air receiver. Air from the receiver is fil-
tered through a three-stage cyclone and is then fed under
flow control to the turbine. A safety valve provides pro-
tection in the event of any high pressure. The air is then
heated to ensure that no water condensation occurs during
expansion in the turbine.

Downstream of the heater the flow is split into two sep-
arate pipes each with its own flow controller to allow for
unequal flow through each pipe. The flow in each pipe is
measured using an orifice type meter. The flows in each limb
are then directed to a rotating chopper-plate type t pulse gen-
erator used to facilitate unsteady state testing. During steady
operation, the chopper plates are left in the fully open posi-
tion. Downstream of the pulse generator is the measurement
plane where averaged and instantaneous flow, temperature
and pressure are measured so that it is possible to calculate
the isentropic energy available to the turbine. The connect-
ing duct then connects the measurement plane and the volute
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Fig.6 Schematic of turbo-
charger test facility at Imperial
College London [34]

Individual limb
control valves

Safety & control
valves

Orifice plates

Outer limb

Pulse generator

Guillotine shut valve

inlet. This duct may be either a converging duct to merge the
flows from the two limbs into a single-entry volute, as used
in this research, or it could also keep the flows separated for
a multiple entry volute.

The turbine is directly connected to a high-speed eddy
current dynamometer capable of speeds up to 60 k rpm and
dissipating more than 60 kW of shaft power. The eddy cur-
rent dynamometer is water cooled. The dynamometer is
instrumented with a load cell and optical speed sensor for
the direct torque and speed measurement, respectively.

Numerical modelling

In this study, the turbine volute was analysed numerically
to investigate the flow field details of the four-volute con-
figurations. A complete three-dimensional CFD model is
developed for each volute based on a modified Holset H3B
nozzled mixed flow turbine unit. The computational results
are used to compare the fluid flows within each of the volute
designs. A commercial Computational Fluid Dynamics
(CFD) package, Ansys CFX, was utilized for the current
study. The addition of the Reynolds stress terms to Rey-
nold’s equation results in a

closure problem which is solved using a k—epsilon (k—¢€)
turbulent model. By using the (k— ¢) turbulent model, the
turbulent boundary layer near the wall region is kept at wall
proximity (y+ <50). Fluid flow is governed by a few ana-
lytically derived equations based on conservation of mass,
momentum, and energy. In general, CFD solves the discre-
tized form of the partial differential equations, principally

= From air
compressor
Inner limb
Measurement plane 1y ping and nozzle Eddy current
assembly dynamometer

the continuity equation and the momentum or Navier—Stokes
equations.

For a unit volume, the continuity equation can be
expressed as:

9p

=+ V- (pU) =0 ®)

Assuming incompressible flow, this equation can be sim-
plified to

V.-U=0 C)]

Meanwhile, the momentum or Navier—Stokes equations
can be written as:
DU 1

Vp + VWU (10)

Dt p

The inlet pipe and volute models are meshed using an
unstructured hexahedral mesh developed in ICEM CFD pack-
age as seen in Fig. 7a, while the rotor and vane are meshed
using a structured hexahedral mesh in ANSYS Turbo Grid. All
the discretized geometries are assembled, and the interfaces
between the geometries are specified as shown in Fig. 7b. In
the steady analysis, the frozen rotor approach is used for the
interface between nozzle (stationary domain) and rotor wheel
(rotating domain) to account for the turbine rotation. The final
assembly of a full turbocharger turbine stage and distributions
of the nodes within each domain and are shown in Fig. 7 and
Table 2, respectively. Before final assembly of the full model
for the turbocharger, a mesh study was carried out on the base-
line CFD geometry to check convergence level and determine
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Fig.7 a Final meshing and (a)
assembly of the volute section;
b assembly of the domains in
Ansys CFX-Pre; ¢ meshing
results

()

2.0

1.9

1.8

Torque/Nm

1.7
3.0

Table 2 Distribution of the computational nodes in the domain in
CFD baseline volute

Geometry CFD baseline Type of mesh

Inlet pipe 919,600 Unstructured Hexahedral
Volute 1,028,293 Unstructured Hexahedral
Vane 995,460 Structured Hexahedral
Rotor 2,257,944 Structured Hexahedral
Total 5,201,297

the distribution of nodes in each domain. The mesh conver-
gence is set up to stop when the value of RMS residuals fell
below 1x 107*. The final mesh study results for the baseline
case for the volute, rotor and vane domain are presented in
Fig. 7c. For the grid independence test, the flow parameter
of torque was selected to show the mesh convergence level.
As indicated in Fig. 7c, for mesh sizes greater than 3.5 mil-
lion cells, the torque convergence level is stable with a con-
stant convergence trend of 1.8 Nm. As a result, approximately
5.2 million mesh nodes are used to model the turbocharger
turbine domain including the inlet pipe, volute, vane, and rotor.

To assess the accuracy of the CFD method, validation of
the CFD volute aspect ratio (VAR) model is performed against
the CFD baseline and experimental data. Currently, this paper
focuses on the validation for steady conditions using the fol-
lowing parameters: the turbine pressure ratio, velocity ratio,
mass flow parameter, and efficiency.
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3.5 4.0 4.5 5.0 55
Nodes number/millions

Results and discussion
Model validation

The CFD model has been validated, against the experi-
mental data of [34] by comparing the calculated turbine
performance parameters, namely the turbine mass flow
parameter (MFP), pressure ratio (PR), efficiency (,), and
velocity ratio(VR) with available experimental data. The
inlet total pressure and inlet total temperature are imposed
as inlet boundary conditions, while the area-averaged
static pressure was used as the turbine outlet boundary
condition. The calculations are made for the turbine rotat-
ing at 50% of design speed (30,000 rpm). A comparison of
the calculated and experimental data for turbine efficiency
and mass flow is shown in Fig. 8. From the figure, it can be
seen that the calculated performance of both efficiency and
mass flow agrees well with the experimental data within
the tested range. The CFD calculated mass flow is slightly
lower than the experimental data at pressure ratios (PR)
between 1.3 and 1.7 (see Fig. 8a). The calculated turbine
mass flow parameters (MFP) and the pressure ratio (PR)
are determined using Eqs. (11) and (12):

mA/ T inlet 11

12)

Figure 8b shows the CFD calculations predict a
slightly higher efficiency value, when compared to
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Fig.8 Comparison between (a)
the steady turbine performance
map of a mass flow parameter
against pressure ratio and b
total-to-static efficiency against
velocity ratio between experi-
ment and CFD calculations
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the experimental data, for velocity ratios in the range
0.49-0.75. The efficiency and the velocity ratio (VR) are
calculated as follows:

|14
o= (13)
Wisen
where,
W, = 27Nt (14)
Wisen meTm 1- <p011t> " (15)
Pin
U
VR =
= (16)

1sen

The differences between the calculated and experi-
mental results may be due to the assumption that param-
eters such as specific heat C, and specific heat ratio y are
assumed constant. It was believed that the discrepancies
from the experimental data occurred because some param-
eters such as ratio of specific heat ¢, and y in Egs. (13-15)
were assumed constant.

0.50

0.60 0.70 0.80
Velocity ratio/VR

0.90 1.00

The root mean square deviation (RMS) was calculated
for each point to assess the goodness of fit of the model to
the experimental data. For mass flow, the average devia-
tion is 1.6%, while for the efficiency, the average deviation
is 0.61% over the entire simulation range. In addition, the
uncertainty in the experimental efficiency (#,) is illustrated
in Fig. 8b. The uncertainties in efficiency vary greatly at dif-
ferent velocity ratios. This is due to the contribution of low
torque measurement at maximum velocity ratio [36]. This
result indicates that the CFD numerical results consistently
agree with the experimental results and the model can be
confidently used for further studies.

Comparison of turbine performance analysis

In this work, four-volute configurations are studied under
steady flow conditions at a turbine speed of 30,000 RPM
and the key performance parameters are recorded. All four-
volute configurations are designed with a constant volute A/r
ratio in order to provide a consistent basis for comparison.
The influence of volute aspect ratio on turbine performance
parameters is shown in Fig. 9. Figure 9a shows that all volute
configurations capture both the trend and magnitude of the
mass flow parameter (MFP) as a function of pressure ratio
compared to the baseline simulation (see Fig. 8a). For the
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Fig.9 Comparison among (a)
volute aspect ratio towards the - 0.00007 50%(30000 rpm)
steady turbine performance é_“
map of a mass flow parameter  0-00006
against pressure ratio and b s
efficiency against velocity ratio 1, 0.00005
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same pressure ratio, the MFP for the smaller VAR is higher
than that for the larger VAR which agrees with the find-
ings of [20]. As the volute aspect ratio was maintained at
a constant A/r, the maximum flow parameter is expected to
remain constant, i.e. independent of the aspect ratio. The
results show, however, for VAROS the MFP is higher than
for the other cases, which do maintain a constant MFP. This
is consistent with the findings of [20] which suggest that
maintaining volute A/r did not ensure a constant MFP.
Figure 9b shows the comparison of four-volute geom-
etries on total-to-static efficiency which again matches the
trend from the experimental work, Fig. 8b. The efficiency
curves for each volute in the higher energy region (at low
velocity ratio) are close to one another but show a signifi-
cant difference at the higher velocity ratios. The maximum
efficiency is achieved by VAROS5 with a peak efficiency
of 74.05% compared to 71.21% for VAR10, 71.20% for
VAR1S5 and 70.06% for VAR20. These steady CFD results
imply that the smaller volute aspect ratio (VAR) leads to
higher turbine performance with less pressure resulting
in higher pressure ratio acting on the turbine rotor. The
lower VAR also has a higher efficiency over a wider range
of velocity ratio. Table 3 summarizes the turbine peak
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Table 3 Turbine peak efficiency

Volut VR
and the corresponding velocity oue Meak beak
ratio for different volute at 50% YARO5 07405 0.6
equivalent speed VARIO 07121  0.56

VARI15 0.712 0.56

VAR20 0.7006  0.56

Baseline 0.73 0.58

efficiency and the corresponding velocity ratio for the dif-
ferent volutes. It is worth noting that both the peak effi-
ciency and maximum velocity ratio reduce with increasing
aspect ratio. In theory, lower velocity region is associ-
ated with a higher-pressure region that translates to the
improved turbine performance. However, from the cur-
rent steady analysis, there does not seem to be any clear
relation between the variations in volute aspect ratio and
the peak efficiency although it seems that VAROS, the
smallest aspect ratio, obtained the highest peak efficiency
at a higher peak velocity ratio compared to the other
three volutes. To understand this, further analysis of the
flow field behaviour in the turbine and unsteady flow is
required.
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Fig. 10 Selective position of 0°, 90°, 180° and 270° cross-sectional
plane in volute

Static pressure and velocity distribution

In order to further understand the factors affecting the flow
characteristic within the volute passage, a steady CFD
method is employed for the detailed flow structure analy-
sis upstream of the turbine rotor. For this study, the speed
of 30,000 rpm and a pressure ratio of approximately 1.3
are chosen as this represents the peak turbine performance.
Therefore, the analysis represents the flow field behaviour
at the optimum steady-state operating conditions. Analyses

Fig. 11 Pressure contours at dif- 0°
ferent azimuth angles of volute
VAR20

of the flow field within the turbine volute (at 50% span) are
made at four different azimuth angles (0°, 90°, 180° and
270°) (see Fig. 10). Typical flow profiles in terms of pressure
and velocity contours in the volute cross section are shown
in Fig. 11 and 12, respectively, for VAR20. It may be seen
that the static pressure is distributed in a radial direction
and the pressure drops into smaller values as the flow turns
towards volute outlet in the most circumferential position.
The pressure reduced gradually towards the volute exit in a
relatively uniform manner. The flow within the volute stage
generally accelerates circumferentially (due to the reduction
of the radial distance of the volute centroid to the centre of
rotation) and radially as it moves towards the volute outlet.
The velocity contours at each volute cross section indicate
that the flow accelerates almost radially. This behaviour
demonstrates that the flow distribution in the volute is not
influenced by the downstream geometry but depends on the
design of the volute.

Secondary flow field analysis

In a mixed flow radial turbine, the fluid undergoes a signifi-
cant radius change as the flow distributes around the annulus
periphery of the turbine volute and turns towards the rotor
while retaining a large-scale swirl component of velocity.
The complexities of the volute geometry induce the develop-
ment of secondary flow, hence resulting in inefficiencies in
the turbine performance. In addition, emerging vorticity in
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Fig. 12 Velocity contours at dif- 0°
ferent azimuth angles of volute
VAR20
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a streamline flow, due to centrifugal force generated by the
curvature of the volute, increases flow resistance resulting
in higher pressure drop along the periphery of the volute.
This results in less energy for torque production leading to
a reduction in turbine performance.

In an effort to understand the influence of aspect ratio
on volute internal flow structure, steady flow structure
characteristics of the flow field within the turbine stage are
analysed under different operating conditions, as given in
Table 1. To demonstrate the changes in flow structure from
volute inlet to volute exit, the radial and circumferential
velocities are plotted and as a function of dimensionless
spanwise distance X/B from hub to shroud volute wall at a
constant radius as defined in Fig. 13.

Figure 14 shows streamlines and contours of radial veloc-
ity at four planes around the volute for each volute geom-
etry at the optimum design condition at a turbine speed of
30,000 rpm. The presence of vortex structures is identified
in volutes with a larger aspect ratio. It may been seen that
as the flow accelerates towards the cross-sectional plane,
the topology and size of vortices increase at different loca-
tions. Initially, a small “corner vortices” pattern is formed
approximately at the top of radius ratio (r/R=1) of the 90°
cross-sectional plane for volutes VAR15 and VAR20. The
vortices then migrate closer to the centre plane of symme-
try (approximately at the radius ratio (#/R=0.5) of the 180°
cross section for both volutes. At this stage, the vortices
have has become bigger and show a strong secondary flow

Fig. 13 Position of radius ratio
(r/R) in spanwise distance on
each volute cross section

structure. It is believed that the radial pressure gradient
causes the migration of vortices (see Fig. 14a). In this study,
the volute cross section is symmetrical and rectangular. In
contrast, the presence of vortices for an unsymmetrical rec-
tangular cross section by [19] and a circular cross section by
[20] were found in different planes with different topologies.
Figure 14b shows that the flow of radial velocity is almost
uniform at 0° cross-sectional plane for all volutes. However,
as the flow accelerates over the 90°, 180°, and 270° cross-
sectional planes, the change in through velocity is found to
turn in the parallel to the plane wall which is thought to be
due the curvature of the volute passage. It is also observed
that as the through velocity changes, the radial velocity par-
allel to the plane increases as the flow moves to the volute
exit. At this point, secondary swirling flows are beginning
to develop at the top of all volutes cross section.

For volutes VAROS5 and VAR10, the flow becomes more
uniform as it moves towards the exit. Furthermore, the radial
pressure gradient across the volute cross section did not
appear to influence the flow structures significantly [31];
as a result, no vortex structures are apparent in the cross
sections for VAROS and VAR10 at this optimum design con-
dition. In contrast, the streamline shows strong secondary
flow over the 0°cross-sectional plane for volutes VAR15 and
VAR20. However, this behaviour clearly disappeared when
flow moving after the 180° cross-sectional plane, no vortex
was developed in all volute geometries albeit the variation in
radial velocity across the plane still exists. It is apparent that

* r, = Radius of volute cross section to rotational axis (m)

* R = Radius of volute discharge to rotational axis (m)
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Fig. 14 Plot of a streamline and b radial velocity contour across the volute stage at mass flow 0.3 kg s™', (30 K rpm)

the volute geometry directly influences the centrifugal body
forces that affect primary streamwise flow. At the optimum
design condition, a larger volute aspect ratio intensifies this
effect creating more vigorous secondary fluid motion such
as the presence of vorticity in the volute region.

The development of the apparent of vortex core in the
volute VAR20 is presented in Fig. 15. The flow parameters
profiles are obtained at constant radius ratios of 1 and 0.5.
For all the plots in Fig. 15, the right and left side corre-
sponded to the shroud and hub side of the volute, respec-
tively. As indicated earlier, the vortices were found at two
different locations. It is seen that the “corner vortex” devel-
oped at the top (/R=1) of the 90°plane which is near to
volute edge VAR20 (see Fig. 15d). Figure 15a shows that
the reduction of the pressure occurs towards the midspan
of the volute cross section. Based on the radial velocities

(see Fig. 15b), there seems to be a low momentum in the
centre of the vortex, x/b=0.2 and x/b=0.8, respectively.
The appearance of the “corner vortex” structure indicates
higher flow loss in the vortex region. At radius ratio=0.5
(r/R=0.5) in the 90°plane, the trend of pressure gradients is
similar, however, to the magnitude of primary flow distor-
tion which is reduced, while the vortices remain apparent in
the upper corners of the volute. This again shows that the
flow structure is not influenced by the radial pressure gradi-
ent that occurs across volute from inlet to outlet. The volute
cross-sectional area reduces as the azimuth angle increases.
It is considered that this reduction in area results in the radial
pressure gradient affecting a larger proportion of the cross-
sectional area, thereby migrating the vortex to the centre
of the 180°plane of symmetry (at a radius ratio of approxi-
mately 0.5 (/R=0.5)). Furthermore, the strong downward

@ Springer



3102 A. Azmi, M. H. Padzillah
(b)
VARO5 |
l a
\/
0° 180° 270°
VAR10 ,! \ / L/ 0
- Uy _\\"i /\\
0° 90° 180° 270°
VAR15 O O O}
0° 90° 180° 270°
ﬁ {
VAR20 0 'q O W
; N N
o0 90° 180° 270°

Increasing velocity radial/m s

Fig. 14 (continued)

flow into the volute exit has transported low momentum flow
from the corner of volute towards the centre of the plane of
symmetry [31]. Figure 15b, c illustrates the detail of the
radial fluid velocity in the volute passage. This shows that
the radial velocity profiles at /R =1 are non-uniform as the
flow accelerates towards the plane of cross sections 90°
and 180°. As flow moves down to #/R=0.5, the magnitude
of the radial velocity increases towards the centre of the
plane resulting in severe spanwise flow distortion. In addi-
tion, the radial velocity profiles show tangential flow towards
hub and shroud of the volute wall, rat spanwise distance
X/B<0.2 and X/B > 0.8, respectively, corresponding to the
Dean effect [37]. By its nature, the vane has a shorter hub
than its shroud and the flow acceleration appears to impact
the flow structure on hub and shroud of the volute wall. An
interesting point has been made in this observation that the

@ Springer

change in flow angle at the shroud is greater than at the hub
(see Fig. 15d, e) which show that a stronger magnitude of
vortex structure is developed on the shroud side.

Mass flow effect

Figures 16 and 17 show weak deflection of streamwise flow
at the lower mass flow rate changing to strong deflection
both with position and increasing mass flow. At stronger
deflections of primary streamwise flow, separation occurs
resulting in the generation of stronger vortex structures
within the volute cross sections especially at higher mass
flow rates. These variations of the flow field structures may
result in a lack of continuity in the turbine performance
curve. For the two volutes, VARO5 and VAR15, shown in
Figs. 16 and 17, respectively, the lower velocities at the low
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Fig. 15 The development of the apparent of vortex core in the volute
VAR20. Graph a pressure at radius ratio (#/R=1) and (/R=0.5)
at 90° and 180° plane; b and c radial velocity at (#/R=1) and

mass flow lead to the development of positive radial fluid
pressure field in the volute cross section, thus inducing fluid
motion from the top of volute cross section to volute exit.

Spanwise distance, X/B

(r/R=0.5), respectively, at 90° and 180° plane; d and e absolute flow
angles at (/R=1) and (r/R=0.5), respectively, at 90° and 180° plane

As more fluid enters the volute at the design mass flow
rate, the fluid motion becomes stronger and there is a larger
the radial pressure field in both designs. Meanwhile, at a
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Fig. 16 Volute VAROS5 flow
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mass flow higher than the design rate, significantly stronger
fluid motion is seen with a larger fluid velocity and amplified
radial pressure field, Figs. 16 and 17. The combination of
these two elements of larger radial pressure and the viscous
effect inhibit fluid motion forming a stagnation region in
volute VAR1S5. In this analysis, the presence of vortex struc-
tures in the stagnation region has been identified to occur
only in volute VAR15 and not in volute VAROS albeit the
variation in radial velocity across the plane still exists as
shown in Fig. 20. The vortices that formed were observed to
have different sizes and topology at different locations across
these volute cross sections, Fig. 17. A small “corner vorti-
ces” pattern (labelled in Fig. 17) was formed approximately
at the top of 90° cross-sectional plane of volute VARI1S,
while, due to the flow towards the volute exit, the vortices
migrated closer to the centre plane of symmetry at the 180°
volute cross section. A strong secondary flow structure was
captured at this particular cross section, and the vortices
appear to be larger size.

@ Springer

The contour distributions of the static pressure and total
pressure across the volute VAR1S5 cross-sectional plane at
180° are shown in Figs. 18 and 19, respectively. The static
pressure is distributed in a radial direction, and the pressure
drop becomes smaller as the flow turns towards the volute
outlet in the most circumferential position. The appearance
of vortex structures in the centre plane of symmetry of 180°
volute cross section at design and high mass flow rates indi-
cates that a low momentum flow is entering vortex region as
a result of the static pressure gradient. Therefore, the total
pressure is higher in the volute cross section centre (feature
A) than near the wall, and this is shown in Fig. 19. However,
as the flow reaches the volute exit, the magnitude of the total
pressure decreases for all operating conditions.

Figures 20 and 21 show contours of radial velocity at
four-volute cross-sectional planes around the volute for both
geometries at three different mass flow rates. It was observed
that in all operating conditions, the radial flow velocity was
almost uniform at 0° cross-sectional plane for both volutes.
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Fig. 17 Volute VAR15 flow structure

Fig. 18 Static pressure distribu- Low mass flow
tion at 180° cross section of
volute VAR5 at three different

operating conditions

Design mass flow High mass flow

Static pressure/Pa

However, changes in through velocity are seen over the other
plane cross sections for both volutes, as the flow turns paral-
lel to the plane wall due to the curvature of the volute.

The maximum radial velocity was found to occur par-
allel to the plane wall (feature B) and becomes larger in

Increasing

magnitude as flow moves down to volute discharge. This
condition results in the onset of flow distortion at the top of
both volute cross sections; however, it may be seen that for
volute VAROS the flow is more uniform towards the volute
exit compared to volute VARIS.
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Fig. 19 Total pressure distribu- Low mass flow Design mass flow High mass flow
tion at 180° cross section of
volute VAR1S5 three different
operating conditions
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Fig. 20 Radial velocity contour across volute VAROS cross section at three different operating conditions
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Fig. 21 Radial velocity contour across volute VAR1S5 cross section at three different operating conditions

Consistent with [31], for volute VAROS the pressure
gradient across the volute cross section did not appear to
influence the flow structures significantly with no vortex
structures seen under all operating conditions. In contrast
for VARI1S5, as indicated in Fig. 17, the streamlines show
strong secondary flow development over the 0° cross-sec-
tional plane at all operating conditions. Interestingly, the
vortex regions are clearly seen in the radial velocity con-
tours, Fig. 20. It is apparent that in Fig. 17 the topology and
size of vortices in volute VAR15 cross-sectional planes are
almost identical in the design and higher mass flow rates
conditions. At the higher mass flow, however, the vortices
are more distinct and have a stronger structure. In addition,
higher velocities and high pressure losses are recorded at
the larger mass flow rate as flow moves towards the sharp
corner of the volute discharged [30]. At the larger mass
flow rate, the combination of larger radial pressure gradi-
ent and viscous effects strongly inhibits fluid flow causing
the formation of a stagnant flow region. At this point (see
Fig. 17), the fluid flow direction reverses and forms a weak
local recirculation flow and secondary couple vortex flow
structure in stagnant flow region, and this effect is attributed
to Dean [37].

The presence of a secondary flow structure is always
associated with energy losses [24]. At the design mass flow
rate, secondary flow structures were not observed for both
volutes resulting in continuity of the turbine performance
curve enhancing its overall performance. At low mass flow,
however, different mechanisms are observed. A weak almost
uniformly constant radial flow velocity (see Figs. 20 and 21)
is seen at circumferential positions in both volute geom-
etries. In addition, as indicated in discussion of Fig. 18, at
low mass flow, low-pressure magnitude is recorded as the
flow moves towards the circumferential curvature of the
volute discharge. Nevertheless, in both volute aspect ratios,
at all different operating conditions, as flow moves over the
remaining 270° of volute cross section, no vortex structure
is seen in both volute geometries albeit the variation in radial
velocity across the plane still exists. It is apparent that the
volute geometry directly influences the centrifugal body
forces that affect primary streamwise flow motion.

A larger volute aspect ratio may create more vigorous
secondary fluid motion resulting in vorticity in the volute
region. As noted earlier, the variations in the flow field struc-
tures in volute passage result in poor turbine performance.
In addition to the parameter study, extensive analyses of the
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complex flow structure in the volute were carried out under
different operating conditions. The flow parameters of abso-
lute flow angle are presented as a function of dimension-
less spanwise distance, X/B from hub to shroud volute wall
(see Fig. 22). The absolute flow angles profiles are graphi-
cally demonstrated at two locations spanwise distance, X/B
denoted as (feature C at 90°) and (feature D at 180°), respec-
tively. The volute passage absolute flow angle is defined as
the angle of the flow from the radial direction (see Fig. 22).
At low mass flow rate, the absolute flow angles were
observed to be the greatest uniform of both volute geometry
of all three mass flow rates analysis. As seen in Figs. 23 and
24, the difference between the absolute flow angles profiles
of both volutes is small, but greatest fluctuation flow was
found at feature D at 180° of volute VAR15 plane.

For each volute, the absolute flow angles, as a function of
the dimensionless spanwise distance, X/B, for the 90° and
180° cross-sectional planes, are plotted in Figs. 23 and 24,
for three different mass flows. For volute VAROS, Fig. 23
shows that at the 90° and 180° plane positions, there is
a significant drop of the flow angle towards the hub and
the shroud at spanwise distances X/B <0.2 and X/B>0.8.
Figures 23 and 24 also show non-uniformity of flow at the
hub and shroud for all mass flows. For both volutes, the
tangential flow angle is uniform for 0.2 <X/B <0.8; how-
ever, as the flow increases, the angle becomes less uniform.
The rate of drop off of the flow angle is greater in the 90°

cross-sectional plane due to the strong flow separation in this
(feature C spanwise) section. The results for volute VAR1S5,
Fig. 24, show the similar trends exist for flow angle and flow
non-uniformity at the same spanwise locations as in volute
VAROS. This flow variation is indicated by the feature D at
180° plane position where the absolute flow angle dropped
significantly, by a maximum of 13° at a spanwise distance
between 0.2 and 0.6. Due to a reduction in the volute cross-
sectional area creating a strong downward flow into the
volute exit, transporting momentum flow from the top cor-
ner (feature C spanwise) of the volute towards the centre
of the plane of symmetry. Moreover, with volute VAR5,
non-symmetrical flow angle profiles (see feature D) were
found during design higher mass flow rate.

In a parallel study, an important observation was that
the flow structure for volute VAR10 exhibited significant
deviation at lower and higher pressure ratios. As the mass
flow is increased, the deflection of primary streamwise flow
becomes stronger, and the radial pressure field is intensi-
fied as shown in Fig. 25a, b. As the flow migrates gradu-
ally inwards to the volute exit, the secondary flow pattern
demonstrates an almost symmetrically paired and counter-
rotating vortex (Dean flow pattern) at lower section of the
volute cross section (see Fig. 25b). Based on the pressure
profiles, these counter-rotating vortices are transporting low
momentum boundary layer fluid away from the centre region
(X/B=0.5) towards the hub and shroud between X/B=0.2
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Fig.22 The volute flow angle (a) direction and dimensionless spanwise distance, X/B of both volute cross section
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Fig. 23 Comparison of the trend
of absolute flow angle distribu-
tions on C and D spanwise
distance, respectively a at 90°
and b 180° of volute VAROS
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and X/B=0.6. However, the strong downward flow into the
volute exit causes growth of the boundary layer towards
the volute wall side at (0.2 < X/B>0.8). In addition, it may
be seen that increasing the pressure ratio results in higher
velocities towards the volute exit (see Fig. 25¢). Although
the volute geometry is symmetrical, the plot of the absolute
flow angle across the shroud demonstrates more asymmetry
as the load increases, Fig. 25d. The flow angle dropped to
37° in the shroud region as a result of the stronger vortex
structure. The radial velocity profiles Fig. 25¢ show some
interesting features, namely a weak localized swirl stream-
wise towards the centre lower part of 90° plane position.
Consistent with [19], it is apparent that the secondary flow
in the volute is enhanced by the higher load, thus resulting
in stronger primary streamwise deflection. With the pressure
drop towards the centre lower region of the volute cross sec-
tion, a low radial fluid flow is established around the swirl
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streamwise deflection resulting in the secondary couple vor-
tex flow structure, Fig. 25e.

Under the steady flow condition, early indications showed
that at lower pressure ratios, the free vortex development is
satisfactory for the smaller volute aspect ratios of VAROS
and VARIO at all the positions. Meanwhile, for the volutes
with higher aspect ratios, more streamwise flow deflection
occurred at certain positions producing vortex structures.
This shows good agreement with steady flow the CFD
results which demonstrates that smaller aspect ratios result
higher turbine performance (see Fig. 8b). As such, this gives
an early indication that flow behaviour is greatly influenced
by the volute aspect ratio.

However, as the pressure ratio increases (at more than
0.65 kg s!), the secondary flow in the volute cross section
becomes stronger resulting in vortex generation even for
volute VAR10. This finding was clearly explained in the
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Fig.24 Comparison of the trend (a)
of absolute flow angles distribu-

tions along C and D spanwise

distance, respectively a at 90° 90 Hub
and b 180° plane of volute
VARI1S5 during low, design and
high mass flow rates conditions
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work of [37] and [38] who pioneered the work in this field.
In conclusion, the flow distribution in the volute is not influ-
enced by the blade geometry downstream but depends on
how the design of the volute. This may be better understood
by performing unsteady flow analysis and experimental work
in the near future.

Flow transition over volute passage

The variation of flow transition over the volute passage
of VAR20 is presented in Fig. 26 for radius ratios, 7/R as
described in Fig. 26, of 1 and 0. Figure 26a (left) shows
that the radial velocity profiles at radius ratio (#/R=1) in
the inlet (0°plane position) are distributed uniformly; how-
ever, as the flow accelerates towards the plane of cross sec-
tions 90°, 180°, and 270°, the radial velocity profile become
less uniform. Meanwhile, at the lower radius ratio, #/R=0
Fig. 26a (right), the maximum radial velocity is found at
the centre and remains less uniform in all volute plane posi-
tions. Figure 26a (right) also illustrates the secondary flow
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Spanwise distance, X/B

effect on the radial fluid velocity in the volute passage. The
radial velocity profiles indicate that there is tangential flow
towards hub and shroud volute walls, respectively, at span-
wise distances X/B <0.2 and X/B > 0.8 corresponding to the
Dean effect. Meanwhile, the profiles show a nearly sym-
metrical distribution with spanwise distance in the region
of 0.2 < X/B>0.8. In a symmetric distribution, the hub wall
side of the distribution is a mirror image of the shroud side
of the distribution. The circumferential velocity distribution
is shown in Fig. 26b (left); there is an obvious change in
the flow structure as the flow moves around the volute. At
constant radius ratio, (#/R = 1), the magnitude of velocity
circumferential decreases towards the plane centre, while
at r/R=0, the circumferential velocity increases towards
the plane centre, Fig. 26b (right). The greatest variations
are in the 90° and 180° planes where vortices are found in
the volute cross section. However, at the 0° and 270° planes
more uniform velocities are found as there are less second-
ary flow effects at the inlet and towards the outlet of the
volute. Figure 26¢ shows the absolute flow angle around the
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Fig. 25 Comparison of the flow characteristics under lower and higher load for VAR10 at 90°

circumference of the volute at constant radius ratios (/R=1)
(left) and (/R=0) (right). At the higher radius ratio, the
absolute flow angle was found to be uniform at the volute
inlet position compared to the remaining volute plane posi-
tions. The absolute flow angle becomes less uniform at the
lower radius ratio where significant variations are seen in
all planes. It is apparent from Fig. 26c right that the 90°
and 180° planes show similar flow angle fluctuations with a
maximum variation of 22 degrees, indicating the presence
of a vortex in these planes.

Fluctuating velocity

The function of the volute is to uniformly accelerate fluid
around the rotor periphery to the desired velocity and flow

angle. In this study, the volute cross section is rectangular
with rounded corners and since it is symmetrical, the distri-
bution of radial velocity profiles is somewhat symmetrical
about the section mid span, X/B=0.5 (see Fig. 26a). The
data are almost similar in direction and magnitude between
spanwise distances, 0 <X/B>0.5 and 0.5<X/B>1. The
radial velocity variation with azimuth angle is shown in
Fig. 27 for the radius ratio #/R =0 and for two spanwise dis-
tances of X/B=0.2 and X/B=0.5. Overall, the symmetri-
cal volute cross section causes at the inlet the main radial
inflow to occur at the centre of the volute cross section.
In all the volute geometries, there is a reduction in radial
velocity as the flow reaches the 90° azimuth angle, increas-
ing back as the flow moves around the volute. Except for
volute VAROS, the main radial velocity is observed in the
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Fig.26 Volute VAR20 passage a radial velocity; b circumferential velocity; ¢ absolute flow angle at radius ratio (#/R=1) (left side) and radius

ratio (r/R=0) (right side) at 0°, 90°, 180° and 270° position

centre region (X/B=0.5) of the volute cross section. How-
ever, for volute VAROS, despite having a higher inlet radial
velocity, 35 m s7L compared to the other volutes, as the
flow reaches the 90° azimuth angle, the radial velocity at
X/B=0.2 becomes higher than the centre velocity, X/B=0.5,
as the flow moves round the circumferential volute. Even
though this may be evidence of secondary flow structure

@ Springer

developed in this plane for no vortex, no vortex is seen under
the current steady flow conditions. Instead, the tangential
flow trends occur between the 90° and 180° planes in the
cross section of volutes VAR15 and VAR20 correspond-
ing to the Dean effect. Figure 28 shows the development
of Dean-like vortices in volute VAR20. The appearance of
vortices at 180° volute plane indicates a higher flow loss
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Fig. 28 Dean-like vortex development on volute VAR2

region occurring from the midspan (X/B=0.5) of vortex
cross section toward the volute wall region (X/B=0.2).
As a consequence, there is a significant drop in the radial
velocity profile towards the volute wall, X/B=0.2, as the
flow moves round the volute which is not seen in the other
volutes. Meanwhile, it is believed that at large value azimuth
angles the increasing radial velocity along the centre region
(X/B=0.5) is due to the influence of the volute tongue.

Conclusions

This work analysed the effect of volute aspect ratio (VAR)
on the secondary flow characteristics of a mixed flow turbine
volute at different operating conditions. The flow structures for
the four-volute geometries are found to be dependent on the
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volute aspect ratio (b/h) with greater secondary flow structures
occurring at higher aspect ratios. Meanwhile, at higher mass
flows, the secondary flow is enhanced resulting in stronger
secondary flow development. There are significant differences
in the flow profiles for each volute geometry and operating
conditions suggesting a strong correlation between the volute
geometry and primary streamwise deflection. At the optimum
design conditions, at low aspect ratio there is a high continu-
ity in the turbine performance curve. This work may provide
a guideline for the analysis downstream of the turbine volute
discharge. Future work such as conducting analysis under
unsteady conditions is recommended to further understand
volute design.
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