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ABSTRACT
Secondary flows are intrinsic to the understanding of
turbomachinery performance. The secondary flow structures
in a mixed flow turbine are particularly complex due to the
non-uniformity of the flow entering the rotor from the scroll,
especially in the tongue region. This creates a time varying
boundary condition for each passage as the wheel rotates.
Therefore, it is not appropriate to consider the secondary flows
as steady state in this case. The inertia of these structures in
response to these dynamic conditions must be understood.
Furthermore, one of the primary applications for a mixed flow
turbine is on a turbocharger, where it is fed by a highly
pulsating flow from the reciprocating engine exhaust. This
imposes an extra transient effect on the formation and
transformation of secondary flow structures.
In the present work, the flow field evolution in a mixed
flow turbine is investigated using three-dimensional unsteady
computational fluid dynamics (CFD). Results show that the
timescale of the secondary flows is in the same order as the
rotation period of the rotor, implying that the circumferential
non-uniformity at the volute outlet has a significant effect on
the turbine performance. In addition, by comparing the turbine
performance at different pulsation frequencies and loads, the
damping effect due to the flow field development is further
studied.
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INTRODUCTION
Turbochargers are widely used in the automotive industry
either to enhance the power output or to realise a smaller but
equally powerful engine. Turbocharger turbines recover
energy from internal combustion engine exhaust gas into
useful mechanical energy, thus enabling high levels of engine
boost pressure. They are vital to the advancement of low
emission internal combustion engines generally and more

particularly for downsized engines. These turbines operate in
highly unsteady flows leading to some interesting fluid
mechanic processes that are the subject of this paper. It is
particularly important to relate the formation and
transformation of secondary flows in this complex unsteady
flow to the performance of the turbine. A better understanding
of the evolution of the secondary flows can give us an
important insight to advance turbine design.
The common way of sizing and matching a turbine to the
engine is via the use of a 1-D model, eg. Chen et al [1] and
Connor and Swain [2], which is based on the quasi-steady
rotor assumption. This assumption can be accepted if the
reduced frequency of the problem is sufficiently low, meaning
that the time scale for the flow response is much shorter than
the time scale of the unsteady perturbation. Such analysis
results in the conclusion that turbine volute is not quasi-steady
and it maintains a ‘hysteresis’ type characteristic, or otherwise
known as ‘filling and emptying’ response. In the same manner
the rotor reduced frequency is very low, which leads to
assuming its response is quasi-steady. However, the formation
of secondary flows in the rotor makes the flow field
complicated and dependent on the upstream unsteady volute
conditions. Hence, a question remains to be answered: what is
the time response of the secondary flows in the rotor and can
this lead to the quasi-steady response indicated by the simple
reduced frequency analysis. To help in understanding
secondary flow formation, an unsteady 3-dimensional
Computational Fluid Dynamics (CFD) analysis is used.
Unsteady CFD simulations of whole-stage turbines are
available in a number of previous studies by Palfreyman et al
[3] and Newton et al [4]. However, the physical explanations
behind the performance loop are not explicitly addressed.
Secondary flows play an important role in the turbine
performance, good examples can be found in the studies of
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illustrated in Figure 1(b). By calculating the fluctuations of
each velocity component through LDV (see reference [9]), the
turbulence intensity and length scale were also shown to be
6.5% and 2 mm, respectively.

Denton [5] and Sieverding [6]. Such approach in mixed or
radial turbines under unsteady flow appears to be lacking.
Hence, the relationship between the unsteady evolution of
secondary flows and turbine performance needs to be built.
Secondary flows develop both in space and time, thereby
being affected by both non-uniform geometrical structures as
well as unsteady inlet perturbations. The former refers to the
presence of the volute tongue, which leads to a deviation from
the intended circumferential uniform flow distribution. The
latter refers to the unsteady pulsating turbine flow field
produced by the pulsation nature of the internal combustion
engine. The present study investigates both of these two
effects.
Unsteady 3-D simulations of a mixed vaneless turbine
were conducted by using ANSYS-CFX [7]. Whole-stage
simulations of a ‘Transient Rotor’, which uses an explicit rotor
rotation approach, under a steady inlet condition were initially
compared to a ‘Frozen Rotor’ analysis. The effect of the
tongue structure was studied and the timescale of secondary
flows was deduced. The response of the secondary flows and
corresponding turbine performance to a simplified pulsating
inlet condition was analysed. The results were compared to
quasi-steady response and the results show that the quasisteady assumption is compromised for the rotor at high
frequency pulsation due to the time taken for the evolution of
secondary flows.
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Figure 1 Volute Geometry and LDV Test Position

Computational Model
The computational model used in the present study is
applied to the whole-stage as illustrated in Figure 2 CFD
Domain. It includes the volute, rotor and exit duct. Mesh
generation and numerical calculations are carried out by using
Ansys CFX 16.1. The k-ԑ model is used and the details of the
mesh are shown in Table 2. A grid size of more than 6 million
elements was applied to the whole geometry and the y+ of the
first grid was about 10 in the rotor. The grid independence
study by Palfreyman [11], showed that this grid size can
provide an accurate calculation of flow structures. The
rotation speed of rotor is set to 41321 rpm and the time step is
5×10-6 s; meaning that for each time step, the rotor rotates
1.24o.

NUMERICAL METHOD

Turbine Geometry and Test Condition
A mixed turbine designed for a medium-sized automotive
turbocharger is studied here. The design and geometry details
can be found in the study of Abidat (Rotor A, diameter = 80
mm) [8]. A detailed experimental study was conducted by Su
[9] using a low-temperature turbine test facility at Imperial
College London. The test conditions are shown in Table 1,
showing the actual design condition and the corresponding test
conditions that maintain the driving non-dimensional groups
of the problem (see reference [10]).

Figure 2 CFD Domain
Table 1 Actual Design Point and Equivalent Design Point
Table 2 Mesh Size
Actual Design Point

Equivalent Test Design Point

pr

2.91

2.91

Inlet Tt (K)

923

333

ṁ (kg/s)

0.414

0.689

N (rpm)

98000

58864

Mesh Type

Elements Number

Rotor

Structured

5,250 k

Volute

Unstructured

1,000 k

Exit Duct

Structured

100 k

The inlet conditions are chosen as the peak-efficiency
point, at which the highest turbine efficiency was achieved.
Total pressure and total temperature are specified as 1.6 atm
and 340 K, respectively. Turbulence intensity and length scale
are set corresponding to the experimental data (6.5% and 2
mm). At the outlet, the average static pressure is set as
atmospheric pressure. For the interface between the volute and
the rotor, the ‘Transient Rotor’ set-up is applied here for
validation and in most of the unsteady 3-D simulations in the

As shown in Figure 1(a), a nozzle-less volute is used for
the investigation. Laser doppler velocimetry (LDV) was used
to measure velocity distributions at the inclined leading edge
of the blade at 130° from the tongue, as illustrated in Figure
1(b). The LDV plane was located 3 mm upstream of the
inclined leading edge. Circumferentially averaged tangential,
spanwise and meridional velocities were measured. The
directions of the latter two (Cs and Cm) are shown in Figure
1(a) and the direction of the tangential velocity (Cθ) is
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present study. The only exception is that the ‘Frozen Rotor’
model is used to simulate a steady case for comparison as
addressed in Section 4. All other surfaces are set as walls and
the adiabatic assumption has been adopted.

Inspection of Figure 5 reveals that both the ‘Frozen Rotor’
model and the ‘Transient Rotor’ model can predict the nonuniformity along the circumferential direction. Furthermore,
the ‘Frozen Rotor’ model can in fact provide the fixed nonuniform rotor inlet conditions for individual blade passages.
Hence, the steady modelling of the ‘Frozen Rotor’ model is
here used to illustrate the flow structures of secondary flows.

Comparison to Experiment
As illustrated in Figure 3, the simulated distribution of Cm
and Cθ match well with those of the measurement. The slight
discrepancy of Cθ near the shroud is caused by the tip-leakage
vortex.
The efficiency and mass flow rate are two significant
indicators of turbine performance used for verification. A
comparison of these two parameters between CFD and
measurements under different pressure ratio (pr) is shown in
Figure 4. It is evident that CFD results agree with experiment
well. Overall, the current CFD method can provide credible
results for further discussions on secondary flows as well as
turbine performance as addressed below.

Figure 5 Distortion of Velocity along the Circumferential Direction

Figure 6 Blade Passage Position of ‘Frozen Rotor’ Model
Figure 3 Velocity Distribution Measured by LDV

Figure 6 presents the position of blade passages in
‘Frozen Rotor’ model, the number advances in an
anticlockwise sense. It is important to note that the tongue
corresponds to passage ‘1’. Results show that the presence of
the tongue brings a significant effect on the flow field
downstream, especially passage ‘1’ to ‘6’. The flow topology
of secondary flows in those passages are presented in Figure
7. In passage ‘1’, an obvious focus occurs at around 30%
chord on the hub accompanied by a saddle point near the
leading edge. This focus-and-saddle point structure represents
a typical tornado-like separation caused by a comparatively
positive incidence flow angle and Coriolis forces. Apart from
the hub separation, an attachment line can be found on the
suction surface and a small focus locates on the pressure
surface, implying the presence of the tip-leakage vortex and
pressure-side separation, respectively. In passage ‘2’, the
focus-and-saddle point structure on the hub moves to the 50%
chord position. Another new small focus appears at the suction
surface, which locates above the saddle point on the hub. This
flow topology represents that another tornado-like separation
happens on the suction surface and the separation on the hub
is induced by the newly formed suction surface separation.
The flow topology in passage ‘3’ is comparatively simple
showing the tip-leakage vortex and a pressure-side separation.
The secondary flows in passage ‘4’ and passage ‘5’ are similar
to passage ‘1’ and passage ‘2’, respectively. Passage ‘6’ is a
representative of passages ‘6’ to ‘12’ where only tip-leakage
vortex is mainly observed.

Figure 4 Efficiency and Mass Flow Parameter
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TIME SCALES OF SECONDARY FLOWS

Secondary Flows
The tongue region (referenced as θ = 0o in Figure 1) could
lead to the non-uniformity of flow entering the rotor.

3

Rotor’ model is compared to the ‘Transient Rotor’ model in
Figure 8. It is clear that the minimum Torque occurs just
downstream the tongue, where the flow topology indicates the
presence of complicated and strong secondary flows. While
the maximum torque is located upstream the tongue, where the
effect of the tongue-induced wake gradually fades.

Figure 8 Torque Distribution in Circumferential Direction

Time Scales of Secondary Flows
The time scales of secondary flows are vital to unsteady
turbine performance. Unlike the ‘Frozen Rotor’ model used
above, the ‘Transient Rotor’ model can show the evolution of
secondary flows for a given rotor rotation period progression.
In another words, each blade passage sees different rotor inlet
conditions during the rotation. Therefore, if the time for
secondary-flow evolution is much smaller than the turbine
rotation time, the results of unsteady ‘Transient Rotor’ model
should approach those of the ‘Frozen Rotor’. However, a
different scenario can be expected if time scales of secondary
flows are comparable or larger than the rotation period.
The flow topology of the ‘Transient Rotor’ model at
different θ positions are illustrated in Figure 9. It can be seen
that the flow topology is comparatively simple in all these four
passages where the ‘Frozen Rotor’ model predicts strong
secondary flow structures. Only in passage ‘4’, a friction line
on the suction surface at around 50% chord curves seriously,
implying a tendency to form the suction side separation. The
flow topology obtained by the ‘Transient Rotor’ can be
explained by the time scale of secondary flows. It is possible
that the rotation period at this high rotor speed (41321 rpm) is
too short to enable the formation and shedding of the
secondary flows, especially the hub separation. It is important
to note that the effects of non-uniformity still persist without
clearly visualising strong flow separations as indicated in
Figure 8.
In order to quantitatively investigate the time scales of
constructing and destructing the hub separation and compare
the time scales to the rotor rotation period (Trotation), an
unsteady single-passage CFD simulations were used. The
flow structures of ‘Frozen Rotor’ modelling in passage ‘1’ and
passage ‘6’ were chosen as the final states of hub-separation
formation and destruction, respectively. Figure 10 shows a
destruction process of the hub separation. The definition of
reduced time based on the rotor rotation period is applied
(Equation 1). The flow fields in passage ‘1’ was applied as
initial results with tangential and meridional velocity

Figure 7 Flow Structures of ‘Frozen Rotor’

Turbine performance such as torque is related to the flow
structures. The torque on each blade obtained by the ‘Frozen
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distributions achieved in passage ‘6’ as inlet conditions. As
shown in Figure 10 (a)-(d), the hub separation moves
downstream and degenerates into a weaker one alongside a
focus on the suction surface before completely vanishing at srp
= 1.2. The formation of hub separation was studied in an
opposite way. Results of passage ‘6’ was used to initialise
flow fields with inlet velocity distributions of passage ‘1’ as
inlet conditions. Figure 11 illustrates the formation process of
the hub separation. At srp= 0.3 (Figure 11 (b)), a focus appears
on the suction surface, implying the formation of a tornadolike suction-side separation. The focus then moves to the hub
and induces the hub separation (Figure 11 (c)) after another srp
= 0.3. The hub separation is not stable until srp = 2.3 (Figure
11 (e)). A comparison of Figure 10 and Figure 11 reveals that
both of time scales are in scale of srp = 1.0. This means that the
rotation of turbine can affect the evolution of secondary flows
significantly, which in turn influences turbine performance.

Figure 10 Destruction of Hub Separation

Figure 11 Formation of Hub Separation

s rp =

Figure 9 Flow Structures of ‘Transient Rotor’
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RESPONSE TO UNSTEADY PULSATION
The concept of the reduced frequency (β), Equation 2, is
used as a criterion to judge the unsteadiness of the flow.
‘Quasi-steady’ assumption is valid when β → 0. One typical
frequency of engine exhaust gas is about 60 Hz; therefore, for
the present turbine, the reduced frequencies of the volute
(about 3.0) is 100 times larger than the rotor (about 0.03).
However, it is unclear that if β ≈ 0.03 is small enough to be
viewed as ‘quasi-steady’. Bearing in mind that secondary
flows in turbines, the time scales of which are close to the
rotation period, are likely to interact with the pulsating flow
and make the scenario more complicated.
In order to understand a potential level of steadiness
around β ≈ 0.03, a linear system of symmetric airfoil under a
simplified symmetric single pulse is here studied first and the
findings can be compared to results of turbines, which have a
more complicated and non-linear pulsating flow field.
β=

ωL.

durations. The analytical solutions of cl(s) under different smax
are shown in Figure 14. The quasi-steady line is equivalent to
an infinitely large smax, which means that the pitch motion of
the airfoil is so slow that no unsteady effects can be observed.
Inspection of Figure 14 reveals that a ‘hysteresis’
characteristic is becoming more evident with the decrease of
smax. In addition, the maximum cl also decreases during the
process. The decrease of smax is in fact an increase of
unsteadiness. It is noted that smax = 50 is, in fact, equivalent to
β = 0.02. It can be observed that the unsteady effect is already
evident. Hence, it is meaningful to discuss the response to
pulsations in turbines. The observed ‘hysteresis’ characteristic
and decrease of maximum output response are used to
measure the level of unsteadiness.
cl =

cl

(2)

v

steady

Fl

ρ ∞U 2b

.

= 2πα steady .

(3)
(4)

ϕ ( s ) = 1 − 0.165e −0.0455 s − 0.335e −0.3 s .

where ω is the pulse frequency, L is the characteristic length
and v is the gas velocity.
Unsteady Performance of a Symmetric Airfoil
Unsteady flows of the airfoil are well studied in the
literature by theory, experiment and CFD, eg. Gűlciat [13] and
Cebeci [14]. To study the response of lift to a single ‘triangle
pulse’ of incidence angle can help us understand the inherent
unsteady characteristics.
The schematic of a symmetric airfoil is illustrated in
Figure 12. The half chord length of the airfoil is b and the air
flows parallel to the x direction with a constant speed U. The
airfoil makes a pitching motion around the y axial, the
amplitude of the incidence angle α is small enough to ensure
the validity of the linearisation theory (see reference [15]).

(5)

Figure 13 Motion of the Airfoil

Figure 12 Pitching Motion of the Symmetric Airfoil

The lifting coefficient (cl) is expressed in Equation 3.
When the incidence angle (α) is fixed, a steady flow results
show that cl is proportional to the α (Equation 4). The unsteady
movement of α can be treated as a linear system as long as α
is limited within a small range. Analytical studies show that
the response of this linear system to a unit step function can
be expressed by the Wagner Function (as shown in Equation
5, see reference [15]). The unsteady cl for any other input can
be gained via Duhamel integrals.
As shown in Figure 13, a single symmetric ‘triangle
pulse’ of incidence angle was applied to investigate the effects
of pulsation on lift coefficient. Different maximum reduced
time (s = tU/2b) was used to generate different pulsation time-

Figure 14 Unsteady cl at Different smax

Unsteady Response in a Mixed Turbine
In the previous section (Section 4), the total pressure of
the volute inlet is fixed at 1.6 bar. It would be interesting to
observe the evolution of secondary flows at higher or lower
pressure ratios. Cases with pressure ratios fixed at 1.2 to 1.8
were calculated by using ‘Transient Rotor’ based on wholestage simulations. Results show that flow field becomes
similar and less distorted when the pr is higher than 1.4.
However, for lower pressure ratios, the presence of a strong
pressure-side separation is evident. Hence, only cases with
pressure ratios fixed at 1.2, 1.3 and 1.4 are illustrated in Figure
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low pressure-ratio range was taken as 1.2-1.6, while a middle
pressure ratio range was from 1.4 to 1.8. The variation of
pulsation time-duration was also studied.

15. It can be seen that the flow field becomes more distorted
with a decreasing pressure ratio. A focus develops on the
pressure side at the pressure ratio of 1.4 and then expands to
the hub at pr = 1.3 before a new focus is formed on the hub
near the leading edge at pr = 1.2.

Table 3 Numerical Cases for ‘Damping’ Effect Investigation
pr

Time of Pulse

Pulse Style

Case1

1.2 -1.6

1/60s

Single Triangle

Case2

1.2 -1.6

1/120s

Single Triangle

Case3

1.4 -1.8

1/60s

Single Triangle

Case4

1.4 -1.8

1/120s

Single Triangle

Torque is one of most representatives of the turbine
performance. The response of torque to the single triangle
pulse is illustrated in Figure 17, where time is normalized by
the total time-duration of pulsation and torque τ is normalized
via steady maximized and minimized values. ‘Quasi-steady’
results obtained from fixed volute inlet conditions are drawn
in circles. In addition, to remove the most significant part of
‘filling and emptying’ effect, a ‘phase shifting’ is done. The
shape of Case1 is close to the response of airfoil when smax =
50 as shown in Figure 14: the peak value of both cases is
around 0.9 of the maximum. It is interesting to note that the
result of Case1 (1/60 s) is significantly below the quasi-steady
equivalent points at the beginning of the pulse, implying the
presence of an additional ‘damping’ effect. This effect not
only affect the τnormalized at very low pressure ratios but also
influence the maximum τnormalized that the rotor can achieve.

Figure 15 Flow Topology at Low Pressure Ratio

Figure 16 (see reference [9]) shows a typical trace of
instantaneous volute inlet static pressure against an air pulse
frequency of 60 Hz. It is evident that turbines face a significant
variation of pressure ratios in a pulsation period, with the static
pressure ranging from 1.1 bar to 2.0 bar. Also, the static
pressure increases much faster than it decreases. This implies
that a study on the variation of pressure magnitudes as well as
pulse frequencies is very important.

Figure 16 Volute Inlet Static Pressure with f = 60Hz
Figure 17 Torque Response to Single Triangle Pulse

Four cases are carefully considered as shown in Table 3.
In order to understand the turbine unsteady performance under
different pressure ratios, two pressure ranges were chosen. A

The case 3 (1/60 s, higher pressure ratio condition)
maintains a ‘quasi-steady’ response at the start of the pulse.
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As we compare the cases, at t/T=0.125, the τnormalized in Case1
is only about 60% of the quasi-steady value while Case3 is
almost 100%. It is of interest to note that the τnormalized in Case3
has an evident lag after the peak point at the pressure ratio of
1.8 due to the sudden decrease of pressure at the volute inlet.
However, after this point, Case3 ‘comes’ back to the quasisteady results more quickly than case 1.
The ‘damping’ effect is even more noticeable if we
further reduce the time of the triangle pulse to 1/120s
corresponding to Case2 and Cases4. Case2 shows a large level
of ‘damping’, deviation from quasi-steady, while Case4
follows a response close to the quasi-steady results. Bearing
in mind the flow structures shown in Figure 15, it is likely that
the ‘damping’ effect is induced by flow separations, which are
more visible at low pressure ratios. To further investigate the
‘damping’ effect in Case2, the relationship between τnormalized
and ṁ is illustrated in Figure 18. For the solid line, ṁ is
calculated just at the inlet of the rotor, while for the dashed
line, ṁ is measured just at the outlet of the rotor. It is clear that
these two lines are almost overlapping. In addition, since the
same τnormalized implies the same point in time, Figure 18 shows
that at any time, the rotor inlet and outlet mass flow rate are
almost identical, meaning there is only a very small amount of
mass accumulation in the rotor. Thus, the difference between
the value of τnormalized for the unsteady and quasi-steady results
is mainly due to the inertia of the flow structures. Letting
ṁnormalized = 0.5, the τnormalized differences between unsteady and
quasi-steady results account for about 14% of the quasi-steady
value, both for the rising and decreasing parts of the triangular
pulse.

=1.2 and pr = 1.3 at point ‘a’. Similarly, Figure 19 (c) and (d)
show an intermediate flow field between Figure 15 (a) and (b).
In both scenarios, case 2 presents a more evident ‘hysteresis’
characteristics, implying evident ‘damping’ effects of
secondary flows on the turbine performance.

Figure 19 Flow Topologies at Point ‘a’ and Point ‘b’
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CONCLUSIONS
In the present study, unsteady simulations based on a
commercial CFD code are conducted to investigate the effects
of unsteady secondary-flow evolution on the turbine
performance in a mixed turbine. The non-uniformity of flow
field induced by the tongue region and the unsteadiness caused
by pulsation flow inlet were studied separately.
By using whole-stage turbine simulations with a fixed
volute inlet condition, it is evident that both the flow field and
torque vary significantly along circumferential direction. The
comparison of flow topology between the ‘Frozen Rotor’ and
‘Transient Rotor’ and a further investigation based on
unsteady single-passage simulations reveal that the time scales

Figure 18 Unsteadiness of the rotor

The observed ‘hysteresis’ characteristic in Figure 17 and
Figure 18 can be further confirmed by comparing flow
structures. Two observation points (‘a’ and ‘b’) are chosen.
The corresponding inlet conditions of total pressure are in the
range of 1.2-1.6 bar. In order to study the unsteady
characteristics at location ‘a’ and ‘b’, it is necessary to
compare these unsteady flow topologies with the fixed total
pressure cases as shown in Figure 15. Flow fields of case 1
and case 2 at points ‘a’ and ‘b’ are illustrated in Figure 19. A
comparison of Figure 15 and Figure 19 (a,b) reveals that both
case 1 and case 2 represent a transition flow field between pr
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of secondary flows are comparable to that of the rotor rotation
in this particular case.
The unsteady effect caused by pulsations was initially
examined by studying a linear system of a symmetrical airfoil.
The observed unsteady characteristics were used to support
the explanation of unsteadiness in turbines. The response of
turbine performance represented by torque to the pulsation is
consistent with that of the airfoil, showing a ‘hysteresis’
characteristic and decrease of maximum torque. This
‘hysteresis’ characteristic in turbines is believed to be related
to secondary flows through the investigations of secondaryflow structures. It is important to note that the unsteady effect
is evident in these cases although the value of reduced
frequency is small.
The evolution of secondary flows response to both nonuniform structure and pulsating inlet conditions results in a
deviation from the ‘quasi-steady’ assumption. The
understanding of reduced frequency would be vital to the
future turbine design.
NOMENCLATURE
α:
incidence angle
β:
reduced frequency
ρ:
density
τ:
torque
ω:
pulse frequency
lifting coefficient
cl:
b, L:
character length
lifting force
Fl:
ṁ:
mass flow rate
N:
rotation speed of rotor
pr:
pressure ratio
s:
reduced time
normalized time
srp:
T:
period, temperature
t:
time
U, v:
velocity
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