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The performance and exit flow characteristics of two mixed-flow turbines have been
investigated under steady-state conditions. The two rotors differ mainly in their inlet angle
geometry, one has a nominal constant incidence (rotor B) and the other has a constant blade
angle (rotor C), but also in the number of blades. The results showed that the overall peak
efficiency of rotor C is higher than that of rotor B. Two different volutes were also used for
the tests, differing in their cross-sectional area, which confirm that the new larger area
volute turbine has a higher efficiency than the old one, particularly at lower speeds, and a
fairly uniform variation with velocity ratio.
The flow exiting the blades has been quantified by laser Doppler velocimetry. A difference

in the exit flow velocity for rotors B and C with the new volute was observed which is
expected given their variation in geometry and performance. The tangential velocities near
the shroud resemble a forced vortex flow structure, while a uniform tangential velocity
component was measured near the hub. The exit flow angles for both rotor cases decreased
rapidly from the shroud to a minimum value in the annular core region before increasing
gradually towards the hub. In addition, the exit flow angles with both rotors were reduced
with increasing rotational speeds. The magnitude of the absolute flow angle was reduced in
the case of rotor C, which may explain the improved steady state performance with this
rotor. The results also revealed a correlation between the exit flow angle and the
performance of the turbines; a reduction in flow angle resulted in an increase in the overall
turbine efficiency.

Keywords." Turbochargers, mixed flow turbines, pulsating flows, laser velocimetry, unsteady
aerodynamics

INTRODUCTION

Mixed-flow turbines for automotive turbochargers
have been recently investigated both experimen-

tally and theoretically. Steady flow results have
indicated improved efficiencies when compared to
radial-inflow turbines (Naguib [1986]; Chou and
Gibbs [1989]; Rodgers [1990]; Ikeya et al. [1992];
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Tsujita et al. [1993]; Minegishi et al. [1995]). Other
investigators have not observed a substantial gain
in peak efficiency but have suggested advantages
in using mixed-flow rotors under pulsating flow
conditions (Abidat et al. [1992!). Arcoumanis etal.
[19951 have carried out experimental tests under
engine representative pulsating conditions, and
concluded that higher cycle-averaged efficiencies
can be obtained with a mixed-flow rotor geometry.
A mixed-flow turbine overcomes one of the

principal limitations of radial-inflow turbines,
where stress and material considerations dictate
that the blade angle must be zero to maintain radial
blade sections and hence keep the centrifugal load
in the blades purely tensile (see Fig. 1). It permits
the use of non-zero blade angles without departure
from the requirement of radial blade fibres, thus
introducing an extra degree of freedom in the rotor
design. A mixed-flow rotor is capable of achieving
a peak efficiency at lower velocity ratios (or higher
pressure ratios) when compared with its radial
counterpart. This provides a better utilisation of
the engine exhaust gas energy since the maximum
energy in the exhaust gases is available at high
exhaust manifold pressure (Watson and Janota
[1982]) which, therefore, improves the engine-
turbocharger matching. In order to optimise the
design of mixed-flow rotors and hence increase its
potential in practical applications, a better under-
standing of the flow processes at the inlet, exit and
blade passages of the rotor is necessary. The
present experimental study focuses on two mixed-

F|GURE Laser measurement locations at the exit of the
mixed-flow rotor.

TABLE The geometry of mixed-flow rotor B

Rotor tip mean diameter 83.58 mm
Rotor inlet blade height 17.99 mm
Rotor length 32.50 mm
Exducer tip diameter 78.65 mm
Exducer hub diameter 27.07 mm
Blade exit angle -52
Number of blades 12

flOW rotor geometries: one with a nominal constant
incidence angle (rotor B) and the other with a
constant blade angle (rotor C). Rotor B has two
more blades and is 7.5 mm shorter than rotor C.
Table ! gives the detailed geometry of rotor B.
Due to the nature of the flow through small

turbomachines, which is complex with high velo-
cities and time-dependent, the measuring instru-
ments must be robust to withstand the unsteady
aerodynamic forces, must have high spatial and
temporal resolution and must not disturb the flow.
Only optical methods, in particular laser veloci-
metry, can fulfill these requirements. For such
applications, laser-Doppler (LDV) and transit
two-focus (L2F) velocimeters have been used
widely (e.g., Elder et al. [1986]; Zaidi and Elder
[1993]). The preference for one ofthese two methods
depends on many factors, for example, on the
number of the available windows, the direction at
which the scattered light is collected, the level of
flow turbulence and the level of data rate (Elder
et al. [1986]; Schodl [1986]). Consideration of all
these requirements in the present set up has led to
the choice of a laser-Doppler velocimeter for the
flow measurements in this research programme.
On the other hand, the L2F method has been used
to obtain useful velocity and flow angle results in
radial turbines at realistic speeds such as by Kitson
et al. [1990], Baines and Yeo [1991], Zaidi and
Elder [1993] and Benisek [1994]. Limited velocity
results have also been obtained using LDV, for
example Elder et al. [1986], Khezzar et al. [1987]
and Murugan et al. [1994]. The first two studies
made measurements in high speed compressors
while the last one obtained detailed three-compo-
nent velocity measurements in the exit of a radial
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turbine but at the well off design speed of 1000
rpm. The last two studies employed a counter for
signal processing while Elder et al. used a corre-
lator to eliminate noise from the signals.
The aim of the present work was to study the exit

flow of two mixed-flow turbines using a laser-
Doppler velocimetry system. The performance of
the two turbines was also examined in order to be
able to relate the variation of the overall efficiency
of these rotors to the corresponding exit flows and
in particular the flow angles.

FLOW CONFIGURATION AND
INSTRUMENTATION

The present test rig is the same as that used by
Hakeem [1995] and a schematic diagram is shown
in Fig. 2. Air is supplied to the turbine from two
Howden compressors which can provide com-
pressed air of up to 5 bars pressure equivalent to
kg/s flowrate. The air is filtered through a three-

stage cyclone and paper filter system. Downstream

of the filter system, there are two motorised valves
operated from the control panel, one is the main
valve for regulating the mass flow rate of air into
the turbine rotor and the other acts as a safety
valve. When the main valve is turned on, the air
enters into a 104.4 mm diameter pipe. The pipe
incorporates a 59.8 mm diameter orifice plate to
measure the mass flow rate of air according to the
BS1042 [1981] with an accuracy better than 1.5%.
The air is then heated up to the equivalent turbine
inlet design temperature (333-343K) by three
electrical heaters, two of 36 kW and one of 9 kW
rating to avoid any condensation of water vapour
occurring during the expansion process in the
turbine rotor. The air then passes through an
instrumented section which contains the necessary
static pressure tappings and thermocouples to
characterise the turbine inlet flow parameters. This
section is connected to the turbine volute through a

divergent duct section. After the air enters the
turbine volute, it flows through the mixed-flow
turbine rotor, before it is discharged into the at-
mosphere. In order to perform LDV measurements
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FIGURE 2 Overall illustration of the turbocharger test rig.

Turbocharger



280 C. ARCOUMANIS et al.

at the rotor exit plane, the exhaust pipe was
replaced with an identical perspex tube 150mm
long, as shown in Fig. 1. The other end of the
perspex tube was connected to the flexible pipe of
the exhaust system.
On the compressor side, atmospheric air is

sucked into a 96.19mm diameter pipe, it then
passes through a 59.84mm diameter orifice plate,
through a throttle valve which is electrically
controlled and through a flow straightener that
consists of fine gauze filters and honeycombs to
generate a uniform flow prior to entering the inlet
of the compressor with a 127mm impeller dia-
meter. A manual throttle valve, which is controlled
by a Bowden cable from the control panel, is
located downstream of the compressor exit. The
compressor exhaust gas is then dumped into a large
plenum which contains a honeycomb flow straigh-
tener, to recover the kinetic energy of the flow and
hence to achieve a more accurate measurement of
the total temperature at the compressor’s exit. The
exhaust gas eventually discharges into the same
exhaust system through a flexible hose.
The turbocharger test rig facility is capable of

testing single-entry or twin-entry radial-inflow or
mixed-flow turbines under steady-state or pul-
sating flow conditions. A detailed description of
the test rig is given by Hakeem and Khezzar [1994].
The steady-state performance characteristics

(total-to-static efficiency and swallowing capacity)
were evaluated by means of the energy balance
method, where the turbine actual output power is
estimated by measuring the power absorbed by the
loading device (centrifugal compressor) and the
heat discharged to the bearing lubricating oil. For
this purpose, a good number of pressures and
temperatures need to be measured. The measuring
positions for these physical quantities were
described by Hakeem and Khezzar [1994]. Two
pressure transducers installed in a 24-channel
Scanivalve are used to measure the wall static
pressure during the tests. One of the pressure
transducers (type Druck PDCR 23D, range: +/- 3.5
bar (gauge)) is used for the high pressure measure-

ment, and the other (type Druck PDCR 22, range:

+ 0.35 bar (gauge)) for the low pressure measure-
ment. Two shielded type-E thermocouples are used
to measure the turbine inlet temperature. All
instruments were calibrated prior to the per-
formance tests resulting in uncertainties of
8.46 x 10-3 bar for the high pressure transducer,
0.897 x 10-3 bar for the low pressure transducer,
and 0.6 K for the thermocouples.
The laser Doppler velocimeter was operated in

the dual-beam near-forward scattering mode and
comprised an argon-ion laser (Spectra Physics)
operating in the green light with a wavelength of
0.514 gm and power of up to W, a diffraction-
grating arrangement to divide the laser beam into
two of equal intensity and to provide frequency
shifts up to 14 MHz, a collimating and a focusing
lens for bringing the two beams to an intersection
volume, a photomultiplier, and a frequency
counter (TSI model 1990) interfaced to a micro-
computer; the system is similar to that described by
Arcoumanis et al. [1996]. The intersection volume
was approximately 4951am in length and 42gm in
diameter, with a fringe spacing of 3.041am. The
signals from the photomultiplier were processed by
the TSI counter which was operated in the "single
measurement per burst" (SMB) mode with simul-
taneous frequency validation. The digital output of
the counter was fed into a microcomputer, via a

purpose-built DOSTEK DMA interface card,
where the ensemble averaged values of the mean
and rms velocities were estimated from between
2000 to 3000 sample points over many turbine
rotations.

It should be noted that these averaged values
obtained over 360 of turbine rotation represent a

true circumferential average. In order to resolve the
details of the flow, it will be necessary to average
over a much smaller angle, say for example , of
the turbine rotation. The values averaged over
many turbine rotations may contain blade-to-blade
mean flow variations, hence the ensemble-averaged
rms velocity values obtained in this way may
overestimate the true turbulence. The use of
circumferential averages was found to be sufficient
for the purpose of assessing the suitability of the
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present optical measuring/processing system and
providing means for comparison of the exit flow
between the two rotors, which may help to explain
the differences observed in their steady-state
performance. However, the development of an
averaging technique over very small angles is in
progress with the aim of achieving a spatial
resolution of up to ts, equivalent to 0.36 of the
turbine rotation at a turbine speed of 60000 rpm.

Exit flow measurements were obtained at a near-
forward scattering angle at three exit planes: 50 to
the optical axis for the first exit plane (where the
presence of the hub limited any shallower angle, see

Fig. 1) and 30 for the other two downstream
planes. The signal to noise ratio was initially very
good, but subsequent window fouling due to the
seeded oil and dust particles caused rapid dete-
rioration in its quality. This was a frequent
problem especially for the measurements at the
higher design speeds which became increasingly
more tedious and time consuming.
A source of measurement uncertainty can be the

size of the silicone oil droplets and their ability to
follow the flow fluctuations. The droplets were

generated by an air-blast atomiser and added to the
flow in the divergent duct upstream of the volute.
The atomiser has been shown to produce droplets
with Sauter mean diameter, dp, of up to 2 gm which
corresponds to a maximum effective Stokes
number of 0.1, defined as the ratio of the particle
response time (-p-ppd2p/18#) to the flow re-

sponse time (-/= L/Ut) where pp, #, L and Ut
are the particle density, the fluid dynamic viscosity,
the length of the blade span at exit and the rotor tip
velocity, respectively. This implies that the droplets
on average follow the mean fl,ow although occa-
sional larger droplets may occur, giving rise to an

uncertainty due to their size which can be consid-
ered to be negligible. Uncertainties due to velocity
gradients were minimised by using a small
measuring volume and collecting the light off the
optical axis. The statistical uncertainty was esti-
mated to be less than 1.5% and 3.2% in the mean
and rms value of the velocity respectively, with a
95% confidence level and a turbulence intensity of

30%. The maximum counting ambiguity of the TSI
counter having a clock frequency of 1000 MHz was
1.1% of the Doppler frequency shift. The whole
optical system was mounted on a 3-dimensional
traversing mechanism with a positional uncertainty
of 0.025 mm.

RESULTS AND DISCUSSION

Performance Measurements

The steady-state performance of turbines B and C
was investigated by Hakeem [1995] and Chen et al.

[1992] in a volute made out of epoxy, a material not
suitable to install optical windows. It was therefore
found necessary to produce a more durable volute,
and a cast iron one was manufactured by Holset
Engineering. As shown in Fig. 3 the housing geom-
etry of the new volute is different from the old one
which was designed following one-dimensional
analysis and assuming the flow satisfies the free
vortex law upstream of the rotor; the casing
configuration analysis was done without consid-
ering friction and other losses (Abidat [1991]). The
new volute is based on a twin-entry turbine whose
partition wall was removed to obtain the desired
single entry geometry. It is therefore expected that
a larger swallowing capacity can be achieved.
Before carrying out the LDV measurements, it
was necessary to do steady-state performance tests
in order to determine the conditions of peak
efficiency to be used for the LDV measurements.
The total-to-static efficiency was calculated

using the energy balance method mentioned in
the preceding section and can be defined as

(7]t-s) Steady
VT)Actual

VT)Isentropic

VT)Isentropic

which can be rewritten in the following form by
introducing the specific heat capacity at constant
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FIGURE 3 Housing geometry of mixed-flow turbine volute
(a) new design; (b) old design.

pressure, i.e.

(T]t_s)Steady-- l,l Cp, cdT+1/2(U2,t- Ui2n)c
LJ in

 ou, II,’ 211-t-rhoil l. Cp, oildT r Cp, cdT+U
in

(2)

This parameter is usually plotted against velocity
ratio given by

U2 rd2N
Cis 60(/2[f2 cpdT+1/2u] )

(3)

where the isentropic expansion velocity, Cis, is a
function of the total-to-static pressure ratio and
represents the velocity that would be obtained if the
working fluid was expanded in an ideal nozzle over
the same pressure ratio as that of the turbine.
A pseudo-non-dimensional mass flow parameter

(M.P.) is used to evaluate the swallowing capacity
of the turbine, it is defined as

M P
rhT/--To

Pol

which is plotted against the pressure ratio (P.R.)
given by

P01

where Pe is the turbine exit pressure (atmospheric
in this case).
The performance tests were carried out at five

different rotational speeds covering a range of 50%
to 90% equivalent design speeds. The total-to-
static efficiency characteristics of the mixed-flow
turbine rotor B with the new and old volute are
shown in Fig. 4. It is clear that the new volute gives
rise to higher overall efficiency levels, particularly
at low rotational speeds and high velocity ratios.
Table II summarizes the difference in performance
between the two volutes; the peak efficiency levels
for the new volute were several percentage points
higher, ranging from 4 points at 50% to 0.8 points
at 90% equivalent design speed. The results with
the new volute also show that the efficiency
increases with rotational speed up to the 70%
equivalent design speed, after which the efficiency
remains nearly the same except at high velocity
ratios. The new volute efficiency curves become
fairly flat at speeds between 70% and 90%.



PERFORMANCE/EXIT FLOW CHARACTERISTICS 283

00

0.70

0oltl

050
:5[IX OES SPEED

4> :60X SIGN SPEED
+: 7. SPEED
:80X OESIGN SPEEO
:O0’g OESIGN SPEED

d" ’o.S’’ ’o b. ’o.’’ b.E;"’ b.?d’’ b.S’’ b
VELOCITY RATIO (U2/Cis]

o.8o

0.70

ON

d"’ b),i’’ b." b" b." io.I’’ b.d’’ b.’’ b
VELOCIh’ RATIO [U2/Cisl

FIGURE 4 Efficiency characteristics of mixed-flow turbine
rotor B (a) new volute; (b) old volute (Hakeem, 1995).

It is clear that a reduced sensitivity to the
rotational speed has been achieved with the new
volute, which is in line with typical radial-inflow
turbine results (Dale and Watson [1986]). This
behaviour will tend to improve the transient per-
formance of the turbine since a change in the
rotational speed will produce a small change in
efficiency levels. It is also evident that the efficiency
curve for a given constant rotational speed is flatter
with the new volute. This result points towards an
improved pulsating behaviour of the turbine;
during a typical engine pulse the turbine operating
point moves from high to low velocity ratios or vice
versa at fairly constant rotational speeds (Hakeem
[1995]).
For turbine rotor C, the test results are shown in

Fig. 5 and Table III. It can be seen that the new
volute has similar effects on turbine efficiency. The
results also show that, as with rotor B, the
efficiency curves do not vary much after the 70%
equivalent design speed except at high velocity
ratios. The peak efficiency of both rotors reaches a

maximum at 70% equivalent design speed, which
prompted the decision to perform the LDV
measurements at 50% and 70% equivalent design
speeds using the new volute. It is also clear that the

TABLE II The total-to-static efficiency of turbine rotor B with old and new volute at choke, peak effi-
ciency and surge test conditions

Test condition Equivalent design speed Tt old T]t-s,new ]t-s t s,old

(%) (%) (%)

compressor 50 60.3 64.2 3.9
choke 60 64.3 66.7 2.4

70 65.2 66.6 1.4
80 68.3 68.1 -0.2
90 68.9 69.4 0.5

turbine 50 62.3 66.3 4.0
peak efficiency 60 64.9 68.0 3.1

70 66.1 70.0 3.9
80 68.6 71.1 2.5
90 70.6 71.4 0.8

compressor 50 55.3 56.8 1.5
surge 60 54.9 62.1 2.2

70 56.7 63.6 6.9
80 56.2 67.2 11.0
90 61.6 69.7 8.1
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FIGURE 5 Efficiency characteristics of mixed-flow turbine
rotor C (a) new volute; (b) old volute (Chen et al., 1992).

efficiency of rotor C is higher than rotor B at all
design speeds so that the overall peak efficiency of
rotor C is typically 2 percentage points higher.
The swallowing capacity of rotor B with the new

and old volute is shown in Fig. 6; the swallowing
capacity has increased significantly with the new

volute, for example at 90% equivalent design speed
and for the same pressure ratio of 1.875, the mass
flowparameterincreasesby 35% withthenewvolute.
This is mainly because of the increased flow area in
the passage of the new volute. On the other hand,
Fig. 7 shows that the swallowing capacity ofrotor C
with the new volute is similar to that ofrotor B.
From the preceding paragraphs, it is evident that

the new volute has enhanced the turbine overall
performance, mainly due to the geometric differ-
ences between the two volutes, as shown in Fig. 3.
The shroud line of the old volute protrudes well
into the flow passage of the volute and forms a very
sharp corner near the volute exit, which might
obstruct the flow into the rotor; in addition the
turning curvature of the top wall of the volute is

large. Martinez-Botas et al. [1996] in their numer-
ical investigation have pointed out that these
features create disturbed flow conditions near the
sharp corner of the volute, where the total pressure
loss was shown to increase and the overall

TABLE III The total-to-static efficiency of turbine rotor C with old and new volute at choke, peak
efficiency and surge test conditions

Test condition Equivalent design speed T]t_s,old T]t-s,new Tit..... T]t-s,old
(%) (%) (%)

compressor 50 65.0 65.0 0.0
choke 60 66.8 68.9 2.1

70 68.2 71.0 2.8
80 70.6 72.2 1.6
90 72.9 69.0 -3.9

turbine 50 67.8 67.5 -0.3
peak efficiency 60 69.1 70.6 1.5

70 70.6 72.5 1.9
80 72.1 73.3 1.2
90 74.4 72.4 -2.0

compressor 50 45.2 59.9 14.7
surge 60 34.0 60.5 26.5

70 58.8 65.8 7.0
80 62.1 68.4 6.3
90 65.0 70.5 5.5
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FIGURE 7 Mass flow rate characteristics of mixed-flow tur-
bine rotor C with new volute.

performance of the volute was thus reduced. They
also suggested that reducing the sharpness and
curvature, that is adopting a smoother inlet profile,
will improve the flow situation. The new volute has
a smoother curved wall without significant dis-
continuities, which allows the flow to be better
guided than the old one.

Velocity Measurements

Measurements of the axial and tangential mean
and rms velocity components at the exit of rotors B
and C were obtained at the peak efficiency
condition at 50% and 70% equivalent design
speeds corresponding to 29500 and 41500rpm,
respectively (see Table IV). Measurements were
taken at three different axial planes: X 9.5 mm,

31.5 mm and 50.0 mm from the trailing edge of the
blades as shown in Fig. 1. The radial distance is
normalised with the exit pipe inner radius, R. It
should be emphasised that the results presented
here are ensemble-averaged over many turbine
rotations and are therefore circumferentially aver-
aged quantities.

Figure 8 presents the axial mean and rms
velocities of both rotors at three axial locations
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FIGURE 8 Exit axial mean and rms velocity of mixed-flow
rotors B and C for the 50% equivalent design speed at three axial
locations (a) X 9.5 mm; (b) X 31.5 ram; (c) X 50.0 mm.



286 C. ARCOUMANIS et al.

TABLE IV Flow conditions at peak efficiency for the LDV measurements

Rotor type B C

Equivalent design speed (%) 50 70 50 70

Tit 0.6615 0.7007 0.6732 0.7238
U2/Cis 0.5992 0.6060 0.5989 0.6063
Pol/Pe 1.2884 1.6487 1.2853 1.6496

mTV’/Pol 4.5236 5.6834 4.4676 5.6890

/horif (kg/sec) 0.3246 0.5257 0.3231 0.5229
rhLi)v (kg/sec) 0.3202 0.5113 0.3177 0.5368
((thLDV ghorir)/thorir) 100 (%) -1.36 -2.74 -1.67 2.66

for the 50% equivalent design speed. At the first
plane (X 9.5 mm) close to the trailing edge of the
blades, a different mean flow distribution can be
seen for the two rotors, with rotor B being more
uniform. The axial velocity for rotor B increases
from shroud to hub, and becomes almost constant
in the annular core region before increasing to-
wards the hub. Rotor C, on the other hand, exhibits
a plug-type profile with a minimum velocity of
55 m/s at r/R =0.6 rising to 72 and 81 m/s close to
the shroud and hub, respectively. The results
indicate that the axial flow development within
the blades, from inlet to the exit, of the two rotors is
different which is due to the different inlet blade
angle, camberline and blade length (Chen et al.
[1992]). They also suggest that the radial flow
distribution of the two rotors from the shroud to
the hub is. different. Further downstream at X--
31.5mm, (Fig. 8(b)) the velocity profiles become
more uniform and similar in pattern exhibiting two
peaks. Close to the axis of rotation in the wake of
the hub and shaft assembly, the velocity decreases
rapidly as expected. This effect is more pronounced
with rotor B since it is shorter in length and the
measuring location is closer to the region of the
wake. At X 50.0 mm (Fig. 8(c)) the flow is further
developed and the differences between the two
rotors are reduced; the effect of the wake in the
central region diminishes considerably.
The rms velocities of Fig. 8(a) at the exit of the

rotors show large variations across the blade span
with higher values close to the shroud which are
reducing towards the hub; the rms levels for rotor B
are higher everywhere. The contribution of peri-

odic components of the mean flow due to the blade
passage can be in part responsible for these high
levels of the rms velocity, particularly close to the
shroud. This was evident from the probability
density function, pdf, of the velocity fluctuations
which exhibited a bimodal distribution with large
velocity variations from one blade to another, i.e.
from the suction side to the pressure side. Further
downstream, at X 31.5 mm and 50.0 mm, the rms
velocity distributions are much more uniform with
lower values than those at the exit, indicating the
reduction of the periodic influence of the mean

flow and the diffusion of turbulence. The rms

values with both rotors are very similar with
average values of around 10 and 8m/s at X-
31.5 mm and 50.0 mm, respectively.
At the higher equivalent design speed of 70%,

Fig. 9, a similar flow pattern to those at the lower
speed can be seen, giving a maximum velocity of
116 m/s for rotor B and 118 m/s for rotor C at the
exit plane near the hub position. The periodicity of
the flow induced by the blade passages was

stronger than at tile lower speed and was observed
further downstream at X 31.5 mm and even at

X-50.0mm close to the shroud. The flow in the
wake of the hub and shaft assembly with rotor C
was somehow unsteady with large variations in
their mean velocity causing a skewed pdf and high
rms velocities; this effect was stronger in the
tangential component of velocity where together
with the very high levels of turbulence intensity,
swirl flow precession could be present around the
center of the exit. pipe. Attempts were made to

quantify the precessing frequency by fast Fourier
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transform (FFT) but due to the low data rate
(lkHz) this was not possible.
The mass flow rates were calculated by inte-

grating the axial mean velocity profiles of Figs. 8
and 9 and compared to those obtained from the
orifice plate. The results are presented in Table IV
in a percentage form, with the maximum difference
between the two of 2.7%. This level of agreement is

very satisfactory considering the errors involved in
the velocity measurements, in the integration of the
velocity profiles and in the calculation of the local
air flow density.
The variation of the tangential mean and rms

velocities at the lower speed across the blades is
presented in Fig. 10. It shows two distinct flow
regions at the exit plane of X--= 9.5 mm, one close
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FIGURE 9 Exit axial mean and rms velocity of mixed-flow
rotors B and C for the 70% equivalent design speed at three axial
locations (a) X 9.5 mm; (b) X 31.5 mm; (c) X 50.0 mm.
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FIGURE 10 Exit tangential mean and rms velocity of
mixed-flow rotors B and C for the 50% equivalent design
speed at three axial locations (a) X 9.5 mm; (b) X 31.5 mm;
(c) X 50.0 mm.
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to the shroud where the tangential velocity increases
rapidly from about r/R 0.55 towards the shroud
and a second region from this point towards the hub
where the tangential velocity becomes uniform with
only a gradual increase close to the hub. The flow in
the outer region (close to the shroud) in rotor B
tends to behave as a forced vortex (as radius
increases, there is an increase in the tangential
velocity and a decrease in the axial velocity,
assuming negligible radial flow); this effect is not
so clear in rotor C. Further downstream at X-
31.5mm and 50.0mm, the flow patterns change
given that there is no longer a hub present. The
minimum velocity between the two flow regions is
located at almost the same place. The second flow
region is extended to cover the central region, with
the swirl velocity increasing slowly to a peak close to
the centre before dropping again.
At the higher design speed (Fig. 11) similar flow

patterns can be seen at all locations except that the
position of the minimum velocity is closer to the
hub (at around r/R 0.45), and the swirling flow
induced by the action of the blades becomes more
dominant as the speed increases. Furthermore, the
tangential velocity increases at a faster rate close to
the axis.
A clear difference between swirling flows

obtained with the two rotors is that the tangential
mean velocity is consistently lower for rotor C. At
the lower rotor speed and in the first exit plane, the
maximum value of the tangential velocity is 64 m/s
and 50m/s for rotors B and C, respectively; the
tangential velocity close to the hub is of the order
of 15 and 10 m/s respectively. The corresponding
values at the higher design speed are 77 and 52 m/s
close to the shroud and 19 and 15 m/s close to the
hub for rotors B and C, respectively. The reasons
for the lower swirl velocities with rotor C may be
attributed to the longer rotor length and the fact
that the flow is better guided by the blades. The
results also indicate that the exit kinetic energy loss
is reduced, which may explain the increase in
overall efficiency of this rotor. It is also evident
from Figs. 10 and 11, that the tangential mean
velocities do not scale with rotor speed; this is also

reflected in the overall performance curves which
show higher efficiencies at the higher speed.
The variation of the absolute velocity for rotors

B and C is presented in Figs. 12 and 13 for 50% and
70% equivalent design speeds, respectively. The
results show similar trends to those of the axial
mean velocity distribution, with the differences
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FIGURE 11 Exit tangential mean and rms velocity of mixed-
flow rotors B and C for the 70% equivalent design speed at
three axial locations (a) X=9.5mm; (b) X=31.5mm;
(c) X 50.0 ram.
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between the two rotors reduced as expected due to
the similarity of the tangential velocity components
between the two cases.

Figures 14 and 15 represent the variation of the
absolute flow angle, c tan - (W/U), for the 50%
and 70% equivalent design speeds. The trend seems
to follow a similar pattern to the tangential
velocity. In general the flow angle decreases from

the shroud to a minimum value close to r/R 0.5
for rotor B and r/R 0.4 for rotor C at 50%, and r/
R 0.45 for rotor B and r/R--0.375 for rotor C at
the 70% equivalent design speed. From then
onwards a slight increase towards the hub can be
seen due to the induced swirl from the hub
rotation. The increase in the absolute flow angle
becomes more pronounced at X=31.5mm and
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B and C for the 50% equivalent design speed at three axial
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FIGURE 15 Exit absolute flow angle of mixed-flow rotors
B and C for the 70% equivalent design speed at three axial
locations (a) X- 9.5 ram; (b) X- 31.5 mm; (c) X 50.0 ram.

50.0 mm. It is clear that the flow angle for rotor B is
considerably higher than that of rotor C, especially
close to the shroud. At the X- 9.5 mm exit plane,
the maximum and minimum flow angles with rotor
C at the lower speed are about 29% and 25% less
than those for rotor B; the corresponding differ-
ences at the higher speed are 40% and 47%.

The results also show that there is an overall
reduction in the flow angle as the speed increased
from 50% to 70%; this trend is more pronounced
for rotor C. The reduction in the maximum and
minimum flow angles for rotor B as the speed in-
creases from 50% to 70% design speeds at the exit
plane is 11% and 21%; the corresponding reduction
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for rotor C is 26% and 44%. It is well known that
the performance of a turbine depends on the exit
flow angle. As the exit swirl velocities become
smaller for a given rotational speed, the exit flow
angle will decrease and the flow will become more
axial. The reduced loss of exit kinetic energy can
thus be expected to lead to an increase in efficiency,
as long as there is not a significant increase in the
internal loss generation which is controlled by the
relative exit velocity magnitude (Whitfield [1990]).

Overall, the present experimental results show a
correlation between turbine efficiency and exit flow
angle. The turbine efficiency increased when the exit
flow angle (or the swirl velocity)decreased from 50%
to 70% equivalent design speed. Besides, the exit
flow angle of rotor C with the fewer number of
blades, longer overall rotor blade length and
constant inlet blade angle across the spanwas smaller
than rotor B, which agrees with its higher efficiency.

CONCLUSIONS

The effect ofthe volute geometry on the performance
of mixed-flow turbines has been examined under
steady-state conditions for two volutes and two
different rotors. The exit flow characteristics of the
two rotors were quantified by laser Doppler veloci-
metry for 50% and 70% equivalent design speed.
The main findings can be summarised as follows:

1. The overall total-to-static efficiencies of both
rotors increased with speed up to 70% equiva-
lent design speed after which they remained
almost constant except close to the surge condi-
tions. The overall efficiency of rotor C having
constant blade angle was higher than that of
rotor B (constant incidence) by up to 2.5
percentage points.

2. The effect of the volute configuration on turbine
performance revealed that the new volute
having a larger swallowing capacity gave rise
to a higher efficiency at lower speeds. With the
new volute the isentropic efficiency achieved a
maximum at 70% design speed, compared with
the 90% design speed for the old volute. The

results also showed that the variation of
efficiency with respect to pressure ratio for a
fixed rotational speed was much flatter with the
new volute. These results indicate that careful
investigation of the volute geometry should be
carried out, particularly in a nozzleless device.

3. The axial velocity results for the 50% and 70%
equivalent design speeds showed different and
non-uniform exit flows, with rotor B being
slightly more uniform, indicating different flow
structures within the blade passage. Further
downstream, the flow distribution becomes more
uniform with the differences in the exit flow
between the two rotors significantly reduced.

4. The exit swirl velocities with both rotors
exhibited two distinct flow regions, one close
to the shroud where velocities reduce from a

maximum value in the vicinity of the shroud to a

minimum in the annular core region in a manner
similar to that of solid body rotation, and a
second region close to the hub which is almost
uniform with a gradual increase towards the
hub. The results also showed that rotor B
generated higher swirl velocities than rotor C
at all locations and for both rotational speeds.

5. Large variations in the exit flow angles were
seen at all axial planes and both speeds, fol-
lowing closely the trend of the tangential
velocity variation with maximum angle in the
vicinity of the shroud. The exit flow angles were
reduced as the rotor speed was increased and the
flow angles with rotor C were considerably
lower than those of rotor B.

6. A reduction in the exit flow angle was accom-

panied with an increase in the overall turbine
performance suggesting a close correlation
between these two characteristics.

NOMENCLATURE

C isentropic expansion velocity
specific heat capacity at constant pressure
Saunter mean diameter; rotor mean
diameter



292 C. ARCOUMANIS et al.

L length of blade span at rotor exit; rotor

length
M.P. mass flow parameter
rh mass flow rate
N rotational speed
P pressure
P.R. pressure ratio

0 power
R exit pipe inner radius
r radial distance
T temperature
U Turbine rotor speed; air velocity; axial

mean velocity
W tangential velocity
l/k power
x axial distance from the trailing edge
c absolute flow angle
/ efficiency

# viscosity
p density- time response

Snbseripts
0 total or stagnation value

turbine inlet
2 rotor inlet
3 turbine exit
act actual
c compressor
e turbine exit

f flow
is isentropic
p particle
T turbine

rotor tip
t-s total-to-static
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