Unsteady Effect in a Nozzled
Turbocharger Turbine

The unsteady behavior of a nozzled turbocharger turbine under pulsating flow conditions
has been studied experimentally in a cold flow test facility that replicates engine pulses.
The results presented are obtained at a turbine speed of 48,000 rpm for pulsating fre-
quencies of 40 Hz and 60 Hz (which correspond to 1600 rpm and 2400 rpm in a twin
turbocharger six cylinder internal combustion engine). The turbine unsteady behavior is
compared for nozzle vane angles ranging between 40 deg and 70 deg. A nozzled turbo-
charger turbine is found to behave differently from a nozzleless turbine under pulsating
flow. The existence of a nozzle ring “damps” the unsteady flow leading to a reduced level
of flow dynamics affecting the turbine wheel for all vane angles. The bigger volume in the
nozzled turbine is also another contributing factor to the observed characteristics. The
results are more pronounced in the higher frequency and maximum vane opening condi-
tion. Given this “damping” behavior, the concept of unsteady efficiency is questioned.
The level of unsteadiness in the flow is characterized by the relevant nondimensional
parameters, and the onset of the unsteadiness in the flow and its effect on a nozzled
turbocharger turbine is discussed. The onset of the unsteady effect is suggested to be at
40 Hz flow condition. However, the nozzled turbine exhibits more of filling and emptying
characteristics for both the frequency conditions, especially at close nozzle position
cases. The effect of unsteadiness on the instantaneous efficiency calculation is more
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pronounced in the nozzled turbine compared with a nozzleless turbine.
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1 Introduction

Understanding turbine unsteady behavior is crucial in the de-
sign of turbochargers in order to further improve turbocharger/
engine matching. It is common practice to select turbochargers
based on steady-state assumptions, which in most cases does not
include the unsteady characteristics. This paper aims to provide
insights into the turbine’s unsteady behavior by characterizing the
level of unsteadiness in a turbocharger stage with a nozzled-
mixed-flow turbine. Even though there has been considerable
amount of studies on turbine unsteady performance, most of these
investigations are based on nozzleless systems [1-5]. However,
nozzled stages are ever more common due to the increasing use of
variable geometry turbochargers (VGTs) that aim to improve
turbocharger-response as well as to reduce emissions. The ques-
tion of whether the unsteady concepts that apply to a nozzleless
turbine are similar to a nozzled turbine remains yet to be an-
swered.

2 Experimental Setup

An in-house developed mixed-flow turbine [6] is used in the
current study with a purposely designed volute with pivoting
nozzle vanes. The meridional view of the mixed-flow turbine and
the nozzle vane assembly is shown in Fig. 1. A set of 15 vanes is
coupled to a ring, which enables pivoting in the range of 40-70
deg (from the radial direction), corresponding to the fully opened
71% closure nozzle vane position, respectively.

Figure 2 shows the schematic of the turbocharger test-rig used
in the current study. The test-rig is a cold flow facility where the
turbine is fed with compressed air, heated sufficiently to avoid
condensation at the turbine exit. The turbine is loaded through a
high speed permanent magnet eddy-current dynamometer [7]. A
pulse generator consisting of two counter-rotating chopper plates
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is used to create pulsation in the flow simulating a diesel engine
exhaust stream in frequency and amplitude. Some of the important
measuring instruments in the test facility are also shown in Fig. 2.
The chopper plate rotation is measured with a shaft encoder,
which directly reflects the flow frequency. A single transistor-
transistor logic (TTL) signal per revolution of the encoder is used
as a trigger mark in the software to simultaneously log all relevant
instantaneous parameters. The air mass flow rate during steady
testing is measured with an orifice plate upstream of the pulse
generator.

The measuring plane in Fig. 2 is the position in the test-rig
where the isentropic conditions of flow are measured in unsteady
testing. A traversing hotwire is used to measure the flow velocities
in 36 locations in the pipe cross section, which are then integrated
and converted to the instantaneous mass flow rate with an in situ
calibrated function. A fast response strain-gauge transducer is
used to measure the instantaneous pressure of the flow. The aver-
age temperature of the flow is measured with an E-type thermo-
couple, which is then used with the instantaneous pressure to cal-
culate the instantaneous temperature by isentropic relationship.

The instantaneous actual condition of the turbine is measured at
the dynamometer end. An optical sensor is used to measure the
instantaneous speed of the turbine, which is differentiated to ob-
tain the rotor acceleration. The product of the rotor’s acceleration
and the rotating inertia is the fluctuating torque. The instantaneous
torque of the turbine is the sum of the fluctuating and the average
torque (measured with a load cell). The nozzle vane’s angle is set
and monitored through a linear voltage displacement transducer
(LVDT). The LVDT is mechanically coupled to the nozzle vane
ring and calibrated for the vane angle. A detailed discussion of all
the instantaneous measurement and analysis is given in Ref. [5].

The unsteady test conditions are set up by using the steady-state
velocity ratio as the operating point. In this manner, the time av-
eraged operating point in an unsteady test is set to correspond
approximately to its peak steady efficiency. The mean temperature
of the flow is also held constant to the steady condition. The
unsteady test is set to a constant nondimensional speed to the
steady condition. Due to the arrangement of the chopper plate and
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the specific setup of the test conditions, the amplitude of the inlet
pulse will reduce as the frequency increases for an equivalent
rotor speed (Fig. 14). Thus, the discussion of the unsteady results
in the current paper is within this limitation.

3 Results and Discussions

3.1 Steady-State Turbine Performance. The pivoting vane
mixed-flow turbine is tested with steady flow over a range of
velocity ratios (ranging from 0.5 to 1.1) at all vane positions for
an equivalent speed of 80% (48,000 rpm). Figure 3 shows that the
turbine efficiency increases from fully open vane condition (40
deg) until it reaches a peak of about 80% at a vane angle setting
between 60 deg and 65 deg, and then decreases as the vanes close
toward a 70 deg vane angle. The velocity ratio at the vane angle
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Fig. 2 Schematic of the turbocharger test facility and the mea-
suring instruments
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Meridional view of the mixed-flow turbine and the nozzle vane used in the current

setting where the peak efficiency occurs is similar to the value
obtained in a nozzleless arrangement of the same wheel. The ve-
locity ratio for peak efficiency increases from 0.53 to 0.62 corre-
sponding to vanes opening from 70 deg to 40 deg, respectively.
The shift in the velocity ratio at the peak is due to the change in
the flow condition at different vane angle settings. This can be
explained in a simplified way with a velocity triangle at the rotor
inlet, as shown in Fig. 4. The increase in the absolute flow angle
() when the nozzle closes (toward 70 deg) will result in the
increase in the loading factor (#) at fixed rotor tip speed (U). As
the velocity ratio is inversely proportional to the loading factor, its
value will tend to decrease but limited by generally higher effi-
ciency at closer nozzle positions. However, noticeable decrease in
the velocity ratio is observed at 70 deg compared with the other
vane angle settings. This suggests that the high flow blockage at
the nozzle entry increases the upstream pressure (see Fig. 14),
contributing to the decrease in the velocity ratio. Figure 5 shows
that the turbine’s swallowing capacity increases as the vanes open
up from 70 deg to 40 deg as might be expected. At a 40 deg vane
angle setting, the swallowing capacity is approximately 50%
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Fig. 3 Efficiency versus velocity ratio of the pivoting vane
mixed-flow turbine
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Fig. 4 Velocity triangle at the rotor inlet

higher than the 70 deg setting but the peak efficiency is 21%
lower.

3.2 Effect of the Pulsating Flow Frequency. The effect of
pulse frequencies (40 Hz and 60 Hz) on performance is shown in
Fig. 6 for a 60 deg vane angle setting. The equivalent quasisteady
curve is also superimposed in this figure. For both frequencies, the
unsteady curve envelopes around the steady curve, which is ex-
plained by the continuous emptying and the filling of the large
volume (pipe+volute) from the measuring plane to the rotor inlet.
At 60 Hz condition, the unsteady curve shifts toward a lower
pressure ratio compared with the 40 Hz condition. This is due to
the shorter duty cycle at 60 Hz condition reducing mass accumu-
lation in the piping and volute over 1 cycle period, compared with
40 Hz condition.
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Fig. 7 Turbine’s isentropic (a) and actual (b) power for 1 cycle
of 40 Hz pulsating flow (nozzleless [8])

Fig. 5 Mass flow parameter versus pressure ratio of the pivot-

10
§ g O 65deg
“E-’ 74 A 60deg
© 6 % 50deg
©
o ] X 40deg
3
S 4
w
o 3
<
= 27

i 80%Speed

0 T T T

1 1.5 2 25

Pressure Ratio (Pgq/Pexit)

ing vane mixed-flow turbine

Mass Flow Parameter

Fig. 6 Turbine’s instantaneous swallowing capacity at 60 deg

10

9
8_
7
6
5
4
3
2:4
14
0

x 0.00001

80%Speed

———60deg 40Hz
==saas.60deg 60Hz
o Steady

1

T T T

15 2 25
Pressure Ratio (Pg1/Pexit)

vane angle, with 40 Hz and 60 Hz pulsating flows

Journal of Turbomachinery

Figure 7 shows the isentropic and actual power for 1 cycle at 40
Hz pulsating frequency, and the similar curves for 60 Hz condi-
tion are given in Fig. 8. The result shown is for a 50 deg vane
angle setting, where the turbine’s steady swallowing capacity is
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Fig. 8 Turbine’s isentropic (a) and actual (b) power for 1 cycle
of 60 Hz pulsating flow (nozzleless [8])
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similar to the nozzleless unit. Note that the actual power is mea-
sured at the turbine shaft while the isentropic condition is mea-
sured at the measuring plane (see Fig. 2); thus, both these mea-
surements are not in phase when compared instantaneously but in
this case phase shifted with the sonic plus bulk flow velocity
method [5]. The higher fluctuation in the isentropic power shows
that the flow is more dynamic in the 60 Hz condition compared
with the 40 Hz condition. On the other hand, the isentropic power
in the 40 Hz condition exhibits a higher peak compared with a
more flat fluctuation in the 60 Hz condition. This is because of the
combinational effects of pressure wave reflections and the higher
mass accumulation in the piping and the volute at 40 Hz condi-
tion, whereas the rate of mass emptying through the turbine is
similar in both conditions (same vane opening and speed). These
effects are found to be more significant in a nozzled turbine com-
pared with a nozzleless turbine (see Figs. 7 and 8).

The actual power of the turbine is less affected by the flow
frequency compared with the upstream isentropic power. The peak
actual power is slightly lower at 60 Hz compared with the 40 Hz
condition. The fluctuation in the isentropic power is not com-
pletely reflected in the actual power of the turbine in the nozzled
turbine especially at the peak region. This is in contrast to a
nozzleless turbine where the fluctuation in the isentropic condition
affects the turbine actual power over the whole pulse region [8],
as seen in Figs. 7 and 8. This suggests that the nozzle ring acts as
a “damping body,” which shields the turbine rotor from complete
exposure to the unsteadiness in the flow upstream. Furthermore,
the bigger volume in the nozzled stator (48% bigger) contributes
to the increase in the filling/emptying effect. However, the exis-
tence of a nozzle ring creates an intermediate volume, which has
different filling/emptying characteristics compared with the up-
stream volume (pipe+volute). It is suggested that the combina-
tional effect of the increase in volume and the intermediate body
contributes to the difference in the characteristics observed in the
nozzled turbine. Based on the current test configuration, no con-
clusive statement can be made on these effects individually. The
use of 1D and 3D-CFD will be profitable in characterizing these
phenomena.

3.3 Effect of the Nozzle Vane Angle. The turbine is tested at
different nozzle vane angle settings, ranging from an almost
closed position of 70 deg to fully open position of 40 deg. Figures
9 and 10 show the turbine instantaneous swallowing capacity at
different vane angle settings for both 40 Hz and 60 Hz conditions,
respectively. The equivalent curve with quasisteady approach is
also given for individual test cases. The pressure ratios experi-
enced by the turbine over an unsteady cycle reduce as the nozzle
vanes open from 70 deg to 40 deg. The more open position of the
nozzle vanes leads to a greater degree of mass emptying and
lower back pressure. The shift in the pressure ratios is more sig-
nificant at 40 Hz condition than at the 60 Hz condition. Another
related observation is that the turbine experiences a period of
choking at closer vane positions (especially 70 deg), which is
more significant during 40 Hz condition. This is reflected in the
hysteresis loop of the unsteady curve at close nozzle positions,
where it shifts higher than the equivalent quasisteady curve. The
range of the mass flow parameter of the turbine over an unsteady
cycle is similar in all vane angle settings at 40 Hz condition, but at
60 Hz condition the range reduces as the nozzle vanes open to 40
deg.

Figure 11 shows the changes in the isentropic (a) and actual (b)
power from a closer vane position (70 deg) to a fully open vane
position (40 deg) at 40 Hz condition. Similar results at 60 Hz
condition are shown in Fig. 12. The isentropic power shows a
higher level of unsteadiness with more localized fluctuations at 40
deg vane angle position. This suggests a higher level of pressure
wave reflections at a more open vane position. The choking of the
turbine is also reflected in the higher peak of the isentropic power
at 70 deg vane angle position, especially at 40 Hz condition. The
choking of the turbine at 70 deg vane angle position results in the
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Fig. 9 Turbine’s instantaneous swallowing capacity for differ-
ent vane angles at 40 Hz pulsating flow

peak actual power to be lower than at the 40 deg vane angle
position. However, at the lower region of the pulse, the closer
vane position obviously increases the momentum impact on the
rotor and results in a higher actual turbine power. The changes in
the actual power are observed to not completely follow the fluc-
tuation in the isentropic power, regardless of the vane angle posi-
tions. The level at which the turbine’s actual power follows the
fluctuation in the isentropic power is more dependent on the pul-
sating flow frequency than the nozzle vane angle positions.
Figure 13 shows the cycle averaged velocity ratio of the turbine
at different vane angles for 40 Hz and 60 Hz pulsating flow con-
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Fig. 10 Turbine’s instantaneous swallowing capacity for dif-
ferent vane angles at 60 Hz pulsating flow

ditions. The cycle averaged value is calculated by isentropic
power averaging method, Eq. (1), as proposed by Szymko et al.

[5].
— (1) - W)y |dt
(&)
Cii cyc_av, - o .
e f W(t),dt
0

The cycle averaged velocity ratio shows a downward trend as the
nozzle vane changes to closer positions. The change is small from
40 deg to 60 deg vane angle positions but beyond that the velocity

(1)
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ratio decreases at a higher rate. Since the rotor speed is similar in
all the cases, the variation in velocity ratio is mainly due to the
instantaneous expansion ratio changes. The pressure traces in Fig.
14 could also be used to show the decrease in the velocity ratio at
close nozzle positions, especially at 70 deg.

3.4 Instantaneous Efficiency. In an unsteady testing, the
isentropic and actual conditions of the turbine are measured in-
stantaneously at two different locations (Fig. 2). This has to be the
case for a radial or mixed-flow turbine with a volute because the
rotor accepts energy around the periphery of the volute exit and a
unique location of isentropic energy does not exist (distinct from
an axial turbomachine). The difference in the measuring location
creates a phase difference and in effect produces two separate
parameters, which need to be linked to deduce the efficiency. The
phase shifting methods, which have been proposed and used, are
sonic velocity method [1], bulk flow method [3,9], and sonic plus
bulk flow method [5]. The difference between these methods is in
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Fig. 14 Measured instantaneous inlet static pressure at differ-
ent vane angles
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Fig. 15 Instantaneous efficiency of a nozzleless turbine (a) [8]

and nozzled turbine with different vane angle settings at 40 Hz
(b) and 60 Hz (c) pulsating flows

the pulse traveling velocity assumption. Thus the instantaneous
efficiency calculation on a point-by-point comparison depends
heavily on the shifting method and thus may be misleading when
thinking about the instantaneous performance of the turbine. Nev-
ertheless to illustrate the point, Fig. 15 shows the instantaneous
efficiency calculated with point-by-point comparison of the actual
and isentropic condition after the sonic plus bulk flow speed phase
shift. Efficiency curves for a nozzleless turbine at different flow
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Table 1 Cycle average (energy weighted) and quasisteady ef-
ficiency at different vane angles

Vane angle
(deg) U/C;, Cycle average efficiency Quasisteady efficiency

40 Hz

70 0.578 0.599 0.736

65 0.598 0.697 0.756

60 0.599 0.646 0.759

50 0.619 0.649 0.669

40 0.621 0.658 0.574
60 Hz

70 0.608 0.594 0.744

65 0.648 0.746 0.770

60 0.665 0.776 0.765

50 0.675 0.835 0.683

40 0.674 0.822 0.585

frequencies are given in Fig. 15(a), and the similar curves for a
nozzled turbine with different vane angle settings are shown in
Figs. 15(b) and 15(c) (instantaneous mass flow parameter is given
for reference). The value of instantaneous efficiency goes higher
than unity in all cases and it further increases with frequency. It
appears, however, that phase shifting and its inaccuracy affect the
evaluation of unsteady efficiency much more in the case of a
nozzled system than one without nozzles.

In reality it is thermodynamically unreasonable to suggest effi-
ciencies greater than unity, and the authors are not suggesting
otherwise. Figure 15 simply illustrates the void in the current
unsteady methodology to accurately assess a radial/mixed-flow
turbine instantaneous efficiency with the aim of achieving satis-
factory design criterion for a turbocharger. One solution for this is
to compare the cycle averaged power to deduce the cycle aver-
aged efficiency. Such efficiency exhibits the behavior of the tur-
bine over a pulse cycle but naturally lacks instantaneous features.
The cycle averaged efficiency and the estimated equivalent quasi-
steady value for different test conditions are given in Table 1. In
each instance of time in an unsteady cycle, the measured instan-
taneous velocity ratio is used to extract the equivalent quasisteady
efficiency from the steady map. These quasisteady efficiencies are
then averaged using the isentropic power averaging method [5] to
obtain the cycle averaged quasisteady efficiency. Figure 16 shows
the cycle averaged power with different vane angle settings at 40
Hz and 60 Hz pulsating flows. The cycle averaged actual power of
the turbine is almost similar at all vane angle settings and frequen-
cies. But the cycle averaged isentropic power shows a greater
difference especially at closer vane angle settings due to the
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Fig. 16 Cycle averaged turbine power with different vane
angle settings at 40 Hz and 60 Hz pulsating flows
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nozzle choking, which is also reflected in the decrease in the
velocity ratio (see Fig. 13). The cycle averaged efficiency of the
turbine is found to be generally higher at 60 Hz flow condition
compared with the 40 Hz condition. The variation in the cycle
averaged efficiency over the vane angle range at 40 Hz flow
shows similarity to the quasisteady value, with the peak at 60
deg/65 deg settings and lower efficiency as the vane angle moves
to either open or close. However, this is not the case at 60 Hz flow
condition, where the more open vane positions exhibit higher
cycle averaged efficiencies compared with the close vane position.
The cycle averaged efficiencies at 60 Hz-40 deg and 60 Hz-70 deg
conditions are 82% and 60%, respectively. This is completely dif-
ferent from the quasisteady efficiencies (Table 1), which are 58%
(40 deg) and 74% (70 deg). For the vane angle setting of 60
deg/65deg (peak steady efficiency settings), the cycle averaged
efficiency is closer to the equivalent quasisteady value in the 60
Hz conditions. The same could not be said for the 40 Hz condi-
tion, even though the comparison is better than the fully open/
closed nozzle settings. In the authors’ opinion the cycle averaged
efficiency is not the optimum solution in an unsteady methodol-
ogy especially for nozzled turbine, even though it should be noted
that it is satisfactorily used in many cases. Thus more study and
analysis need to be carried out especially with 1D and 3D-CFD
methods to formulate a better way of defining a nozzled radial/
mixed-flow instantaneous efficiency in an unsteady cycle.

3.5 Unsteadiness Parameter. The Strouhal number, St, is
usually used as the basis for measuring the effects of unsteady
flow in fluid machinery, Eq. (2).

St="— (2)
v
A modified version of Eq. (2) is the reduced frequency, 8 [10], as
given in Eq. (3).

B=— 3)

The importance of the unsteady effect can be assessed by using
the reduced frequency as a criterion [5,10,11], where if 8<1,
unsteady effects are small; if 8> 1, unsteady effects dominate;
and if b= 1, both steady and unsteady effects are important.

Since the pulse waveform in a turbocharger is not sinusoidal,
further modifications are proposed [5], which take into account
the pulse fraction over a period. Modified Strouhal number, MSt,
is given in Eq. (4).

MSt= L . 1 4)
v 2¢

If the gas velocity, v, in Eq. (4) is replaced with the velocity at
which pressure waves are propagated, one arrives at the pressure-
modified Strouhal number, PMSt, as in Eq. (5).

PMSt= S . RS (5)
vta 2¢

Based on MSt and PMSt values, the turbine unsteady condition
can be described as quasisteady (MSt<<0.1), steady encapsulated
hysteresis (PMSt<0.1), or fully unsteady (PMSt>0.1). Table 2
shows the unsteadiness parameter values (Egs. (2)—(5)) for differ-
ent vane angle positions at 40 Hz and 60 Hz pulsating flow con-
ditions. The length scale, L, used is 0.79 m, which is the distance
from the measuring plane to the 180 deg azimuth angle location in
the volute. The values of the unsteadiness parameter show a very
minimal change over the different vane angle positions for both
flow frequency conditions. The values suggest the beginning of
the onset of unsteady effect at 40 Hz flow condition, with the
closer vane position slightly more unsteady. At 60 Hz flow con-
ditions, the higher than 0.1 values for both the MSt and PMSt
suggest a full unsteady regime. However, comparison between

JULY 2010, Vol. 132 / 031001-7

Downloaded 28 May 2010 to 128.113.26.88. Redistribution subject to ASME license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



Table 2 Unsteadiness parameters for nozzle vane angle range
of 40-70 deg, pulse frequencies of 40 Hz and 60 Hz, length
scale of 0.79 m, and ¢=%

Vane angle

(deg) St B MSt PMSt

40 Hz
70 0.316 1.987 0.474 0.101
65 0314 1.971 0.470 0.102
60 0.283 1.780 0.425 0.099
50 0.277 1.740 0.416 0.099
40 0.274 1.724 0.412 0.099

60 Hz
70 0.465 2.921 0.697 0.151
65 0.458 2.877 0.687 0.150
60 0.451 2.832 0.676 0.151
50 0.433 2.718 0.649 0.150
40 0.448 2.817 0.672 0.151

unsteady and quasisteady curves shows that the turbine exhibits
more of filling and emptying characteristics for both the frequency
conditions, especially at close nozzle position cases. This can be
due to the larger volume in the nozzled turbine (~48% bigger
volume). Additionally, this could also be due to the lower swal-
lowing capacity of the nozzled turbine (at closed position), which
leads to mass accumulation and possible choking. Thus, the
thresholds of the unsteadiness parameters need to be defined with
more experimental results, and additional computational analysis
will be profitable.

4 Conclusions

The current paper investigates the unsteady behavior of a
nozzled turbocharger turbine in comparison to a nozzleless ver-
sion. The turbine is based on a mixed-flow rotor for which a
pivoting nozzle vane stator is designed with a vane angle range of
40-70 deg.

The existence of a nozzle vane ring is found to act as a damping
body that shields the turbine rotor from the upstream flow fluc-
tuation. This is more significant at higher flow frequency and at a
more open vane positions. Furthermore, the increase in the vol-
ume of nozzled volute compared with the nozzleless unit could
also contribute to the difference in turbine characteristics ob-
served.

The turbine observed goes through choking in a pulse cycle at
closer vane position because of the faster rate of mass accumula-
tion in the piping and volute compared with the emptying rate
through the turbine. The choking is more significant at 40 Hz
condition compared with 60 Hz.

The point-by-point calculation of instantaneous turbine effi-
ciency in an unsteady cycle is deemed to be inaccurate especially
at higher frequency condition. This is because of the difference in
the location of actual and isentropic condition measurement. The
discrepancies in the instantaneous efficiency are more critical in a
nozzled turbine because of the nozzle ring affecting the unsteady
features of the pulsating flow before it imparts energy to the rotor.

The use of reduced frequency analysis in the form of relevant
parameters, St, 8, MSt, and PMSt, is discussed. The frequency of
the pulsating flow is found to be the dominant parameter in de-
ciding the onset of the full unsteady regime. The values of un-
steadiness parameters are found to be very similar over a range of
vane angle settings. At 40 Hz condition the PMSt value is about
0.1 in all vane angle settings, whereby at 60 Hz it is about 0.15.
The level of unsteadiness based on these PMSt values shows simi-
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larity to a nozzleless turbine, but the unsteady effect on the per-
formance is found to be more significant in a nozzled turbine.
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Nomenclature
a = speed of sound, m s~
C = absolute flow velocity, m s~
CFD = computational fluid dynamics
C;; = isentropic expansion velocity, m s~!
d = cylinder diameter, characteristic length of flow,
m
f = Karman vortex sheet frequency, wave
frequency
L = characteristic length scale, m
mass flow
parameter = (T;)%/ po,
MSt = modified Strouhal number
p,P = pressure, Pa
PMSt = pressure-modified Strouhal number
PR = pressure ratio, p;/p,
St = Strouhal number
T = temperature, K
U = rotor tip speed, m s~!
v = gas velocity, m s~
W = relative flow velocity, m s~
W = turbine work, W
EGR = exhaust gas recirculation
rpm = revolution per minute
Subscripts
0 = total condition
1 = stage inlet
2 = stage exit
m = meridional direction
6 = tangential direction
cyc-avg = cycle averaged (isentropic power average

method)
Greek letters

B = reduced frequency, wL/v
B = relative flow angle, deg
B, = inlet blade angle, deg

a = absolute flow angle, deg
6 = air pulse period, s

¢ = pulse length as a fraction of wavelength (duty

cycle)

o = angular frequency, 27f
¢ = loading coefficient

n = efficiency
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