
Internationl Journal of Rotating Machinery.
1995, Vol. 2, No. 2, pp. 67-84
Reprints available directly from the publisher
Photocopying permitted by license only

(C) 1995 OPA (Overseas Publishers Association)
Amsterdam B.V. Published in The Netherlands

by Harwood Academic Publishers GmbH
Printed in Singapore

Experimental Investigation of Steady and Unsteady
Flow Field Downstream of an Automotive Torque

Converter Turbine and Stator
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The objective of this investigation is to understand the steady and the unsteady flow field at the exit of an automotive torque
converter turbine and stator with a view towards improving it’s performance. A high frequency response five-hole probe was
designed and built to measure the three-dimensional steady and unsteady flow fields. The measurements were conducted in
a stationary frame of reference and the data were processed to derive the flow properties in the relative (turbine) frame of
reference. The experimental data were processed in the frequency domain by spectrum analysis and in temporal-spatial
domain by ensemble averaging technique. The data show that the flow field is highly unsteady with high unresolved
unsteadiness (approx. 17-21% of mean value) and significant blade-to-blade periodic component approx. 6% of mean
value). The unresolved unsteadiness and periodic unsteadiness increase with an increase in the radius from the shell to the
core whereas the aperiodic unsteadiness does not show any systematic variation with the radius. The experimental data
reveal the presence of a low momentum region near the core due to possible flow separation and reattachment inside the
turbine passage. Data also show the presence of strong secondary flow near the core and weak secondary flow near the shell
at the exit of the turbine. These secondary flows generate high levels of turbulence. A comparison of the flow properties
upstream and downstream of the stator in the stationary frame of reference indicate the presence of high losses near the core
due to high turbulence levels and large secondary flows, and high losses near the shell due to possible corner separation near
the shell suction surface inside the stator blade passage. The unsteadiness in the flow properties upstream of the stator is
high. The rms value of the unsteady total velocity is approx. 20% of the steady state value. Periodic and aperiodic
unsteadiness were also found significant.
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he torque converter flow field is very complex. It is
three dimensional, viscous and unsteady due to the

close coupling between rotor and stator elements. Addi-
tional complexities arise due to differential rotor speeds
of the pump and the turbine. The unsteadiness is gener-
ated due to potential and viscous interactions at the
rotor-rotor and the rotor-stator interfaces. The turbine
and the pump passages are narrow, with long chord
length and are dominated by viscous effects, separation
and secondary flow. The nature and magnitude of the
unsteadiness varies with several parameters including
spacing between two blade rows, number of blades in
both the rotor and the stator, thickness of the blade
trailing edge, location of flow separation, secondary
flows and other geometrical and operating parameters.

Many successful attempts have been made in the past
to measure the unsteady flow field inside the turboma-
chinery elements. However, very few attempts have been
made to measure the steady and the unsteady flow field
inside the torque converter. Bahr et al. (1990) measured
the unsteady flow field in the actual configuration of the
torque converter using Laser Doppler Velocimetry. The
average intensity in velocity fluctuation at the stator inlet
was observed to be 15 to 20 percent of the mean velocity,
which is consistent with the present data. Brun et al.
(1994) and Gruver et al. (1994) measured the steady and
unsteady flow field inside the pump of a torque converter.
Their results reveal the presence of strong secondary
flows and large velocity fluctuations (approx. 20%)
inside the pump passage. They also found that the
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secondary flow changes direction from the mid-chord to
the trailing edge. Similar results were also observed in
the computational efforts by By, Kunz and Lakshmi-
narayana (1995). They attributed this phenomenon’ to the
transportation of streamwise vorticity vector in a rotating
curved passage. LDV measurements inside the turbine of
a torque converter presented by Brun (1993) show a very
complex flow field inside the turbine passage. A low
velocity zone was observed near the core-suction surface
near the leading edge of the turbine blade. The flow
reattached near the core-suction surface before the mid-
chord location and the low velocity zone was not
observed. However, a low velocity zone was observed
near the pressure surface at the mid-chord location
indicating a thick boundary layer on the pressure surface
at the mid-chord location. At the exit, two regions of low
through flow velocity were observed near the core; one
near the suction surface and other near the pressure
surface. The flow near the shell was nearly uniform from
pressure to suction surface. These observations are in
agreement with the data presented in this paper. Another
attempt, to measure the flow field inside a torque
converter, was made by Browarzik and Grahl (1992)
using a hot-film probe. The geometrical configuration
used was simplified to facilitate the measurements. Also,
the operating fluid was water instead of oil. Their
frequency spectrum shows very high levels of unsteadi-
ness at different frequencies which is consistent with the
data presented in this paper.
The objective of the present investigation is to im-

prove the performance of the torque converters through a
detailed insight into the flow phenomenon in each blade
row. The thrust of this paper is to understand the steady
and the unsteady flow field at the exit of the turbine and
the stator at maximum efficiency operating conditions.
The steady flow at the exit of the stator is presented by
Marathe, Lakshminarayana and Dong (1994).

FACILITY AND INSTRUMENTATION

The torque converter test facility used in this research
program is shown in Fig. 1. Detailed description of the
experimental facility and static pressure distribution on
the stator blade is given by By and Lakshminarayana
(1991, 1995). This facility has five components: driver
and absorption dynamometer, test section, oil system and
control system. The driver dynamometer is a 30-HP DC
motor that delivers the precise amount of torque or rpm
specified by the control system and drives the pump. The
turbine is connected to the absorption dynamometer,
which is controlled to maintain constant torque or rpm.
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FIGURE Experimental Facility, Measurement Locations and Blade
Angles.

The cross section of the torque converter flow path is an
elliptical torus formed by pump, turbine and stator
blades. The inner boundary of the torus is called the core
.and the outer boundary is called the shell. It has been
observed that high oil pressure prevents the cavitation
inside the blade rows, and maintaining elevated tempera-
tures enables stable flow conditions with repeatable
performance. Hence, an oil system is used to keep the oil
pressure and temperature constant at 14 psi and 60C,
respectively. The performance of a torque converter is
expressed in terms of torque ratio (TR) and speed ratio
(SR), defined in the nomenclature.

Tests were conducted at SR 0.0, 0.2, 0.4, 0.6 and 0.8
to simulate all the conditions the torque converter expe-
riences in actual automatic transmission. The design
speed ratio of the torque converter is 0.6. It has a
maximum efficiency at SR 0.8 and minimum efficiency
at SR 0.0. The data acquired at the exit of the turbine
at SR 0.8 is presented and interpreted in this paper. The
blade geometry, blade angles and inlet flow angle,
(obtained from one-dimensional analysis) at this speed
ratio, are shown in Fig. 1. Measurements are carried out
at 6 radial positions and tangential position at 0.4276
stator axial chords upstream of the stator, (or 0.068
turbine core section chord downstream of the turbine
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trailing edge and 0.203 turbine shell section chord
downstream of the turbine trailing edge) as shown in Fig.
1. The non-dimensional radial position at the turbine
shell and core will be designated by H 0.0 and 1.0
respectively.
A miniature fast-response five-hole probe (1.67 mm

tip diameter) was designed and fabricated to facilitate the
measurements of the flow properties upstream and down-
stream of each of the blade rows. Details of the five-hole
probe are shown in Fig. 2. Five miniature pressure
transducers were mounted inside the five-hole probe.
This allowed extremely small cavity volume between the
probe tip and the pressure transducer. The cavity between
the probe tip and the pressure transducer was filled with
oil to improve the response time of the probe. The tests
performed in a hydroacoustic chamber indicate a fre-
quency response of approximately 8 KHz. This fre-
quency response was considered sufficient since the
maximum blade passing frequency is 585 Hz. The
validation of the five-hole probe for measurement of
unsteady flow field will be presented in another paper in
preparation. A pressure tap was installed on the stator
shell surface (hub) for measuring the hub static pressure.
This static pressure was used for normalizing the stag-
nation and static pressures measured by the five-hole
probe upstream and downstream of the stator.

6.53

,--/’-7

24.13 mm

9.14

FIGURE 2 Transient Five-Hole Probe.

The signals from the pressure transducers were routed
through the recess in the stator shaft to a common-mode
signal amplifier outside the test section. The amplified
signal was acquired and recorded by the DAS-50 data
acquisition system. Maximum data acquisition rate of the
DAS-50 system is MHz. However the data was
acquired at 50 times the blade passing frequency (ap-
prox. 25 KHz for SR 0.8) for both the pump and the
turbine blades to obtain 50 points in each passing blade
passage. A signal from the shaft encoder, mounted on the
turbine shaft, was used as clocking frequency to maintain
the data acquisition rate precisely at 50 times the blade
passing frequency of the turbine. The data acquisition
frequency data was downloaded from the DAS-50
memory buffer to a PC-486 where it was processed in
both the frequency and the temporal-spatial domain. Two
static pressures on the stator were used as reference
pressures for normalizing the total and the static pres-
sures obtained from the five-hole probe. A thermocouple
was installed on the hub of the stator for accurate
reference temperature. The probe calibration has an
accuracy of _+1 in angle measurement. The pressure
measurements are obtained to an accuracy of e0.01 psi.
The transducer drift introduces a maximum error of
0.5%. This results in a maximum 1-2% error in the
velocities and 0.5% error in the static and total pressures.
Corrections to the probe due to the blockage and the
pressure gradient are incorporated into the data process-
ing. The maximum cumulative error in the velocity and
pressure measurements is estimated to be 2-3%.

SIGNAL PROCESSING AND AVERAGING
TECHNIQUE

The method of deriving Po, Ps, o, [3 from the five-hole
probe data is described by Treaster and Yocum (1979).
The unsteady pressure data from the five-hole probe is
processed to obtain the instantaneous values of P0, Ps, o,

[3. The data was processed using two different methods
described later in the paper. The signals from the
pressure transducers, connected to the five-hole probe,
were processed digitally and also through a spectrum
analyzer to determine the dominant frequencies. The
dominant frequency was found to be that due to the
turbine blade passing frequency. It is beyond the scope of
this paper to discuss the details of the spectrum analysis.
The nature of unsteadiness can be classified as deter-

ministic and non-deterministic or unresolved. The deter-
ministic unsteadiness is generated by the rotor-stator or
the rotor-rotor interactions and is normally periodic over
one revolution/cycle. The deterministic unsteadiness can



7O B.V. MARATHE AND B. LAKSHMINARAYANA

be further divided into two categories. 1) Passage-to-
passage periodic fluctuations 2) Passage-to-passage ape-
riodic fluctuations. The passage-to-passage periodic fluc-
tuations are caused by the variation of flow properties
from the suction tb the pressure surface in the upstream
blade passages. The passage-to-passage aperiodic fluc-
tuations are caused by the fluctuations at shaft frequen-
cies and also due to variations in the passage-to passage
flow due to 1) manufacturing defects 2) misalignment
between the .stator and the rotors 3) vibrations due to
eccentricity of the shaft and 4) unsteadiness induced by
the oil pump. The periodic unsteadiness is caused by
viscous and potential interactions. Viscous interactions
change the magnitude and direction of absolute flow
velocity and hence the incidence angle upstream of the
stator blade row. The incidence angle to the stator differs
from the design, and it is also unsteady. Hence, the stator
operates not only at off design inlet angles .but also with
considerable unsteady flow. The unresolved or non-
deterministic unsteadiness is generated by free-stream
turbulence and is normally random in nature. However
the unresolved unsteadiness referred to in this paper
includes random unsteadiness due to turbulence and
other non-deterministic/random unsteadiness generated
by sources not periodic over one cycle.
The signal from the pressure transducer was decom-

posed to deterministic and unresolved components.
Since, the deterministic signal is generated by the rela-
tive motion between the stator and the rotor blade
passages, it repeats over every revolution in conventional
turbomachinery. However, for the torque converter the
pump and the turbine rotors have different rotational
speeds. As a result, flow conditions do not repeat over
one revolution of any rotor. Hence, it was necessary to
find the period over which the deterministic part of the
signal repeats itself. At SR 0.8. the pump and the
turbine shaft speeds (revolutions per second) are in 5:4
proportion. Hence, five revolutions of pump and four
revolutions of the turbine are completed in identical time
period. Since the rotational speeds are maintained with
high accuracy (less than + 0.05% deviation in rpm), it
can be assumed that the deterministic part of the signal
will repeat after 5 revolutions of pump or 4 revolutions
of the turbine. It should be noted that for speed ratios 0.6,
0.4, 0.2 and 0.0 the pump and turbine shaft speeds are in
5:3, 5:2, 5:1 and 5:0 proportions respectively. Therefore,
the flow conditions (and relative positions of the blade)
would be identical after five revolutions of the pump.
Time required to complete five revolutions of the pump
will be referred to as "cycle" in this paper. Hence, all
deterministic signals are considered repeatable over ev-
ery cycle. Hence, ensemble averaging technique was

employed over one cycle instead of one revolution. The
ensemble average technique used by Suder et al. (1987)
for LDV measurements inside a compressor was modi-
fied to incorporate once per cycle averaging in the torque
converter. The technique was also adapted to process the
five-hold probe data using continuous averaging tech-
nique instead of statistical averaging technique used for
LDV data. The modified averaging procedure is as
presented below.
The pressure signal from the transducer can be divided

into four parts.

PIJK p "b 161 -+- IJ -+- PIIflK (1)

Where, PIJK is the instantaneous pressure signal mea-
sured by the five-hole probe, P is the temporal average of
the signal,/i is the passage-to-passage periodic compo-
nent, PIJ is the passage-to-passage aperiodic component
and PJI is the unresolved component. It should be noted
that the subscript T is used for all the points in one blade
passage, the ’J’ subscript is used for all the blade passages
in one cycle and ’K’ subscript is used for all the cycles in
one data set. Passage-to-passage periodic component PI
is generated by the blade passing frequency under
consideration. Passage-to-passage aperiodic component,
PIJ is due to the deterministic signal at frequencies other
than blade passing frequency, and unresolved component
PJK includes random fluctuations and other fluctuations
related to noise and vibration.
The temporal averaging is performed by taking the

average of all the data points. That is,

PIs (2)P
NcycNbpcNppbg=lJ--lI=l

Where, Ncy is the number of cycles per data set (1
cycle 5 revolutions of the pump), Nbp is the number of
blade passages per cycle and Nppb is the number of points
per blade passage.

The averaging was performed by calculating passage-
to-passage periodic component by averaging pressure
signal over number of blade passages. The equation used
is given by.

Ka jE (PHK- P) (3)PI Ucyc Ubp =1

The passage-to-passage aperiodic fluctuating compo-
nent is then calculated by subtracting the respective
periodic component from the instantaneous pressure
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signal PIJK and then averaging the remaining part over
number of cycles. The equation is given by.

H Ncy K=ZI (PIJK P #I) (4)

The unresolved pressure component is then calculated
by subtracting both the passage-to-passage aperiodic and
the passage-to-passage periodic component from the
instantaneous pressure. The equations used.are:

P’IJK PIJK- P PI- lIJ (5)

(P’IJK)RMS a 2(P IJK)

(6)

Two different approaches were used for processing the
data to derive the mean, steady (in the relative frame) and
fluctuating velocities. In the first method, the instanta-
neous pressure signals are processed to obtain instanta-
neous flow parameters (Po, Ps, o, [3, V etc.). The
instantaneous flow parameters are then processed to
obtain the mean, periodic, aperiodic and unresolved
components of each flow parameter. However this data
processing method cannot incorporate spatial error (finite
dimensions of the probe) correction. As a result, the
quantities obtained by this method could have a large
spatial error in the highly unsteady flow field. This
method is probably accurate for deriving unresolved
unsteadiness. It should be noted that, due to high levels
of unresolved unsteadiness, approximately 10% points
were out of the probe calibration range and were elimi-
nated during the averaging process. As a result, the
number of averages at each relative measurement loca-
tion was different. This also introduced error in the
ensemble averaged values as the ensemble averaged
values near the calibration limits were eliminated due to
the unresolved component.

In the second method, the instantaneous pressure
signals were processed to obtain ensemble (phase lock)
averaged values of the pressure, removing the unresolved
component from the pressure signal. The ensemble
averaged values were processed with a correction for
spatial error to obtain the ensemble averaged values of
each flow parameter (Po, Ps, ci, [3, V etc.). These values
are then processed to obtain mean, periodic and aperiodic
components of each flow parameter. Since the unre-
solved pressure component is removed from the instan-
taneous pressure signal, the values remain in the calibra-
tJ.on range. Hence, less than 0.1% points were eliminated

in the averaging procedure. Thus, the number of averages
for each relative measurement position were constant.
Also, the spacial error could be corrected in this method.
Hence, this method was thought to be more accurate for
obtaining periodic and aperiodic components. The data
presented in this paper has been processed by using the
second method.
The passage-to-passage distribution of the important

flow parameters, as well as the radial distribution of the
steady and unsteady flow properties at the exit of the
entire turbine passage are discussed in the sections that
follow. Since the data obtained from the five-hole probe
was in the absolute (stator, stationary) reference frame, it
was processed to obtain distribution of the flow proper-
ties in the relative (turbine, rotational) reference frame.
The tangential velocity at each radial location, in the
rotating frame of reference, was derived using the
equation W0 U- V0 where, U is the blade speed at the
measurement radius and V0 is the absolute tangential
velocity component measured by the five-hole probe.
Using values of We, Wx and WR, the value of total
relative velocity, relative stagnation pressure and relative
yaw angle were obtained. All the velocities, in both the
relative and the absolute frames of reference, were
normalized by VREF. The pressures were normalized by
reference dynamic head QREF"

TURBINE EXIT FLOW IN RELATIVE
REFERENCE FRAME

A comparison of the distribution of the ensemble aver-
aged relative total velocity in approximately three con-
secutive blade passages is shown in Fig. 3. The flow is
nearly periodic with aperiodicity in certain regions. The
relative positions of low and high momentum regions are
periodic. However, the shape .and size of these regions
change from passage-to passage. It should be noted that
the relative position of the pump blade passage is
different by 0.141 passage widths for each consecutive
turbine passage. As a result, the inlet flow in each blade
passage is significantly different for each passage. This
induces aperiodicity in the turbine exit flow field. The
magnitude of the aperiodic component is comparable to
the magnitude of the periodic component. However, the
study of aperiodic flow properties is beyond the scope of
this paper. Hence, passage-to-passage distribution of
only periodic values is presented in the paper. However,
the radial distribution of rms of aperiodic values is
presented for comparison with the rms of periodic and
unresolved components. Since the flow field under con-
sideration is the turbine exit flow field, the properties are
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LEVEL 1 2 3 4 5 6

W0/V. 0.520 0.610 0.700 0.790 0.880 0.970

FIGURE 3 Contours of Ensemble Averaged Relative Normalized
Total Velocity at Turbine Exit (in Approximately Three Blade Passages).

presented only in the relative (turbine) frame of refer-
ence. However, the radial distributions of the mass
averaged quantities are presented in both the relative and
the absolute frame of reference to show the radial
variation of the flow properties as observed by the
turbine and by the stator.

Stagnation Pressure Coefficient (Po) at Turbine
Exit

The distribution of relative stagnation pressure coeffi-
cient (Tpo) is shown in Fig. 4. The tangential distribution
of relative stagnation pressure near the shell (H--0.149
to 0.396) shows that tangential variation in the stagnation
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FIGURE 4 Contours of Relative Total Pressure Coefficient (d’PO)REL
at the Turbine Exit.

pressure coefficient is small. It should be noted that the
distance between the probe and trailing edge of the
turbine decreases with an increase in the radius (see Fig.
1). Hence, at lower radii (near shell) larger downstream
distances between the probe and the turbine blade
trailing edge cause larger wake decay and this results in
smaller variations in the flow properties. Also, the flow
field geometry near the turbine shell has a step in the flow
path as shown in Fig. 1. This step causes rapid flow
mixing and diffuses the endwall boundary layers near the
shell. As a result, the flow near the shell is nearly
uniform. The variation of relative stagnation pressure in
tangential direction is high near the core region, where a

region of low stagnation pressure is observed close to the
wakes. This region extends from H 0.520 to 0.767. This
low stagnation pressure region corresponds to the region
of low relative velocities discussed later in the paper. The
low velocity zone could be attributed to the separation
and reattachment of the flow inside the turbine blade
passage near the core-suction surface comer. Also, the
passage vortex near the core generates a low momentum
region in the center of the vortex. This low momentum

region can be observed in the mid-passage region.
In addition, a region of high relative stagnation pres-

sure from H 0.643 to 0.767 can also be observed near
the mid-passage in Fig. 4. This may have been caused by
acceleration of the flow due to the blockage generated by
the low momentum region at H 0.520 to 0.643. The
axial velocities in this region are found higher than those
near the wake, as explained later.
The low relative stagnation pressure region near the

core coincides with the low absolute stagnation pressure
region (not shown). These low absolute stagnation pres-
sures are attributed to the lower values of the static
pressure and the axial velocity in that region as discussed
later in the paper. A region of low absolute stagnation
pressure is also observed at H 0.396 which coincides
with the region of high relative stagnation pressure. This
indicates that the high velocity jet in the relative frame is
perceived as a low momentum region in the absolute
frame of reference due to high values of axial and
relative tangential velocities in that region. This also
explains the lower values of (;PO)ABS near the shell and
higher values near the core.
The radial distribution of the mass averaged relative

stagnation pressure coefficient (Cpo)REL shows rather
smooth distribution from shell to H 0.396 (Fig. 5), with
a sudden decrease from H 0.396 to 0.520 and a gradual
increase towards the core from H 0.520. The low
(Cpo)REr region corresponds to the low pressure core
region shown in Fig. 4. The values of (Cpo)IEL are
generally lower from the mid-span to the core.
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FIGURE 5 Radial Distribution of Mass Averaged Pressure Coeffi-
cients (Cpo)ReL, Ces) at the Turbine Exit.

Static Pressure Coefficient (PS) at Turbine Exit

The distribution of static pressure coefficient (Fig. 6) at
the exit of turbine passage shows nearly uniform distri-
bution of ((Tps) near the shell. Lower static pressures are
observed at mid-passage and higher inside the blade
wakes at both the shell and the mid-span region. This is
consistent with the static pressure distribution in the
typical turbine blade rows where higher static pressures
are observed inside the blade wake. However, near the
core region the static pressure is maximum at mid-
passage and minimum near the wake regions. One
possible cause for this type of distribution is that the flow
field at the exit of the turbine in the core region is fully

COR .TURINE (SR 0.8)................................. .T.ATOR
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FIGURE 7 Contours of Relative Normalized Total Velocity (if’o/
VREF) at the Turbine Exit.

developed and hence the static pressure distribution
inside the turbine blades is different from the conven-
tional turbomachinery blade rows.
The distributions of (TpO)REz. and ((?es) near the core

are very similar. The flow at the mid-passage near the
core is dominated by blockage effects caused by low
momentum region near the wakes. The acceleration of
the flow causes higher relative velocity as seen in Fig. 7
and lower absolute velocity as seen in Fig. 8. This results
in the lower static pressure drop (or higher static pressure
in this region). On the other hand, the region dominated
by the separation (inside the turbine blade) has lower
relative velocity and higher static pressure drop (or lower
static pressure). The region dominated by the secondary
vortex also shows lower (;’Ps) values at the center of the
vortex. This is consistent with the observations made by
Zaccaria and Lakshminarayana (1995).
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FIGURE 6 Contours of Static Pressure Coefficient (PS) at the
Turbine Exit.
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FIGURE 8 Contours of Absolute Normalized Total Velocity (f’o/
VREF) at the Turbine Exit.
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Radial distribution of mass averaged static pressure
coefficient (Cps) (Fig. 5) shows a smooth variation of
static pressure. The static pressure decreases with an
increase in the radius. This could be attributed to the
curvature of the streamlines in meridional as well as in
azimuthal directions as explained by Marathe, Lakshmi-
narayana and Dong (1994).

Velocity Profiles at the Turbine Exit

The distribution of non-dimensionalized relative total
velocity behind the turbine (IizOl) is shown in Fig. 7. The
velocity distribution is nearly uniform near the shell with
only 7% variation across the blade passage. The wakes
are not well defined. The turbine wakes are thin due to
small blade thickness and the flow mixes rapidly down-
stream of the turbine blade. Also the extended stator hub
generates a step in the flow path near the shell (see Fig.
1). This step enhances the flow mixing and influences the
streamline structure near the shell. As a result, the wake
decays rapidly and the velocity distribution is uniform
near the shell. A region of low total velocity is observed
near the core which extends from the pressure to the
suction surface and from H 0.55 to H 0.88. The low
velocity region near the suction and the pressure side of
the wake can be attributed to the flow separation and
reattachment of the flow inside the turbine blade and also
to the larger boundary layer growth on the pressure
surface as observed by Brun (1993) at mid-chord of the
turbine blade. The measurements by Brun (1993) con-
firm the presence of a low momentum region near the
core-suction surface due to possible comer separation
near the leading edge of the turbine rotor, and reattached
flow with the low velocity region near the core-suction
surface at the trailing edge of the turbine. Another
possible cause of the low velocity zone is the presence of
the passage vortex near the core discussed later in the
paper. As mentioned earlier, the higher velocity near the
mid-passage of the core region and also near the mid-
passage near H 0.396 is caused by flow acceleration
due to the blockage caused by the low momentum
regions near H 0.520 to 0.646.

The distribution of the absolute total velocity is shown
in Fig. 8. The contours show a low velocity region near
H 0.520 near the suction surface. This is consistent
with the low absolute stagnation pressure coefficient in
this region (not shown). This low velocity region could
be attributed to the low axial velocities in this region. A
low velocity region is also observed near H 0.396 near
the pressure surface. This can be attributed to the smaller
values of (170) caused by high values of (XTV0) and lower
values of U at that radius. This also explains the presence

of higher values of velocities near the core and lower
values of velocities near the shell and mid-span.

Radial distribution of the mass averaged non-dimen-
sional relative total velocity (Wol) (Fig. 9) shows uni-
form distribution near shell with a small drop near
mid-span region. This drop in the relative total velocity
can be attributed to an approximately 20% drop in the
axial velocity and approximately 10% drop in the rela-
tive tangential velocity at this location. The drop in the
axial relative tangetial velocity can be atributed to the
low relative velocity zone discussed earlier in the paper.
The drop in the relative tangetial velocity results in an
increase in the absolute tangential velocity. As a result,
the radial distribution of mass averaged abolute total
velocity is smooth. It should be noted that although
measurements cover only 60% of the turbine passage
span, they cover approximately 82% of the stator passage
span. Since the endwall boundary layers from the turbine
blade are convected to the stator blade passage, the
effects of the endwall boundary layers should be notice-
able at the measurement locations. However, the effects
of either the shell or the core endwall boundary layer
were not observed in either the relative or the absolute
total velocity distribution at the stator inlet.
The absolute total velocities, shown in Fig. 8, are

lower near the mid-span (H 0.520) and higher near the
shell and the core. This could be attributed to two
possible explanations: 1) The boundary layers on the
endwalls of the turbine are thin due to the accelerating
flow inside the blade passage. The flow separation does

NORMALIZED RELATIVE VELOCITY, W/Vm:r

FIGURE 9 Radial Distribution of Mass Averaged Normalized Veloc-
ity Components (W/VREF) at the Turbine Exit.
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not occur near the shell endwall. A small corner separa-
tion occurs near the core endwall inside the turbine blade
passage. However, the flow reattaches and the low
momentum region generated by the flow separation is
transported towards the mid-span region due to strong
secondary flows. 2) The shell boundary layer is mixed
due to a step in the flow path geometry before it reaches
the five-hole probe location and the core boundary layer
is partially mixed with the secondary flows and partially
bled into the core region through the gap in turbine and
stator cover. This also explains the small amount of
radial outward flow near the core observed in the radial
distribution of the mass averaged radial velocity shown
in Fig. 9, and discussed later in the paper.

Blade-to-blade distribution of axial velocity (Fig. 10)
clearly shows a low velocity zone near the core suction
surface, where axial velocities are 50% lower than those
near the shell. The higher axial velocities near H 0.767
can be attributed to the presence of secondary flows in
the core region and the blockage effect caused by the low
momentum fluid region near H 0.520. The axial
velocity distribution is nearly uniform from the pressure
side to the suction side near the shell. This could be
attributed to the high flow mixing near the shell. It should
be noted here that the flow near the shell remains
attached to the blade surface inside the turbine as
observed by Brun (1993). It should also be noted that
although the secondary flow is strong near the core the
axial velocities do not show low velocities at the center
of the vortex.
The passage-mass averaged axial velocity at the inlet

of the stator was found to be 0.07% smaller than that
measured by Marathe, Lakshminarayana and Dong
(1994) at the exit of the stator. The radial distribution of

the mass averaged axial velocity (Fig. 9) shows an
almost linear variation in the axial velocity from H
0.06 to 0.39. The gradient in the axial velocity in this
region is identical to the gradient in the axial velocity in
the corresponding region downstream of stator reported
by Marathe, Lakshminarayana and Dong (1994). This
indicates that redistribution of mass flow inside the stator
near the shell is small. Low axial velocities from H
0.520 to H 0.643 are caused by the low momentum
core flow region discussed earlier. The secondary flows
and blockage due to the low momentum fluid region
redistribute the mass flow near the core increasing the
mass averaged axial velocity at H 0.767. This obser-
vation is consistent with the data acquired by Brun
(1993).

Yaw Angle () Profiles at Turbine Exit

The contours of the yaw angle (measured from the axial
direction) are shown in Fig. 11. As indicated in Fig. 1, the
blade outlet angle is -61.5 degrees at the shell and -67
degrees at the core. The distribution of yaw angles is

nearly uniform near the shell except near the wakes. The
flow is substantially underturned in this. region, with

higher underturning occurring near the wakes. This is
consistent with the higher axial velocities observed in
this region. A high flow turning region is observed near
the core which corresponds to the region of low axial
velocity discussed earlier in the paper. The high flow
turning region is attributed to the presence of strong
secondary flow in the core region. A small region of flow
overturning is observed from H 0.520 and 0.643 close
to the wake regions. The flow is substantially under
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turned in all other regions. The deviation angles calcu-
lated from the passage averaged velocities are very high
(approx. 20-25 near the shell, low near mid-span
(approx. 10-13 and high (approx. 15-20 near the
core.

Axial flow turbomachinery turbine blades do not show
large deviation angles except in the regions of secondary
flow as reported by Zaccaria and Lakshminarayana
(1995). In the axial flow turbine rotors the flow remains
attached to the blade surface and the effect of secondary
flow is restricted to the 20% blade span near hub and tip
endwalls. It should be noted that although the five-hole
probe measurements were taken at 40% axial chord
upstream of the stator, the thick leading edge of the stator
blade generates significant blockage effect at the mea-
surement location (which is approximately 2 leading
edge diameters upstream of the stator leading edge). As
a result, the flow deviates before it reaches the five-hole
probe and the yaw angle measured is higher than the
actual yaw angle at the exit of the turbine. The change in
the yaw angle due to the deviation of flow caused by the
stator leading edge is estimated to be as high as 10
degrees in the relative frame of reference. Hence, the
flow deviation angle after the correction is approximately
5-15 near the shell. It should be noted that the flow
turns by approximately 180 in x-r plane and approxi-
mately 130 in r-0 plane in a turbine passage. Hence, the
flow deviation angle is small compared to the overall
turning of the flow. The distribution of the yaw angle
shows higher yaw angles in the low momentum core
flow region. This can be explained as follows" The
reattachment of the separated flow on the suction surface
near the mid-span deviates the streamlines towards the
suction surface causing overturning of the flow in the
region of low momentum fluid. Another possibility is
that the low momentum fluid region is generated due to
the passage vortex and the overturning in the region of
low momentum fluid is due to the overturning arm of the
passage vortex.

The radial distribution of passage (mass) averaged
relative yaw angles (i.e., yaw angles calculated from the
mass averaged axial and tangential velocities) is shown
in Fig. 12. The flow is underturned at every location,
with largest values occurring near the core, and the
smallest values near the mid-span region. These values
are attributed to the secondary flows and core flow region
as explained earlier.

Pitch Angle () Profiles at Turbine Exit

The contours of the pitch angle 6 are shown in Fig. 13.
The distribution of pitch angle shows very large varia-

o
C

SHELL

-75.0 -50.0 -25.0 0.0
RELATIVE F’LOW ANGLES.(aMu.((0):t),.,)

Fi_IGURE 12__ Radial distribution of Mass Averaged Flow Angles
(ct , (([3)REL)t (/) at the Turbine Exit.

tions in & from the pressure to the suction side and from
the core to the shell. The largest variation in the pitch
angle is near H 0.643 where pitch angles are as high as
13 degrees near the pressure surface and as high as -49
degrees near the suction surface. The variation is less
severe near the shell region. However, a variation from 7
degrees near the blade surfaces to -12 degrees near the
mid-passage is observed near H 0.273. These large
variations are attributed to strong secondary flows
present at the turbine exit. The pitch angle variation is
smaller near the shell and the mid-span and larger near
the core. This indicates the presence of strong secondary
flows near the core and weak secondary flows near the
shell. This observation is consistent with the observation
by Brun (1993).

The radial distribution of the passage-mass averaged
radial velocity (Fig. 9) and the pitch angle (Fig. 12)
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FIGURE 13 Contours of Pitch Angles (&) (in degrees) at The Turbine
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shows nearly uniform distribution from H 0.149 to
H 0.396 and a smooth increase in the radial velocity
from H 0.396 to H 0.767. The radial velocities are
very small and negative (inward) near the shell but
significant near the core. High magnitudes of radial
negative velocities near the core are caused by radially
converging flow path from the turbine exit to the stator
inlet and by the strong secondary flow near the core. As
a result, the streamline angles change from high negative
(-25 near the core to low negative (-5 near the
shell. The uniform distribution of pitch angle near the
shell (from H 0.149 to H 0.396) is the result of
enhanced flow mixing due to the step in the flow path as
described earlier in the paper. This observation is con-
sistent with the data by Brun (1993).

Secondary Flow Vectors at Turbine Exit

The secondary flow vectors (in the relative frame of
reference) at the exit of the turbine blade passage are
shown in Fig. 14. The secondary flow pattern in the
turbine passage is complex due to the presence of
meridional, and longitudinal curvature as well as rotation
as analyzed by Lakshminarayana and Horlock (1973).
The presence of streamwise vorticity at the inlet to the
turbine (from the pump) cause the secondary flow to
deviate considerably from those observed in isolated
rotors or cascades. The secondary flow velocity WSEc is
defined as

WsEc [(Wo)MEASURED (Wo)IDEAL] at- R WR (7)
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Secondary Flow Vectors at the Turbine Exit (WsEc).

Where ideal tangential velocity (W0)IDEAL is calculated
by using blade outlet angles as ideal flow outlet angles.
In radial and mixed flow turbomachinery it is necessary
to account for radial flow direction and calculate the
radial component of secondary flow, R [(WR)measured
(WR)idea]. However, in the present studies the exact
value of the radial component could not be determined.
Hence, (Wl)ideal was assumed to be zero.
The secondary flow shows presence of a vortex

encompassing the entire passage. However, influence of
this vortex is weak near the shell and strong near the
core. The long flow path and the presence of the step in
the flow path at the turbine exit probably decays and
modifies the secondary flow considerably near the shell.
The core region shows strong secondary vortex which.
has a clockwise (pressure to suction in the outer part of
the vortex) rotation. This is consistent to the passage
vortex observed in isolated blade rows and is also
consistent with the observations by Brun (1993).

RADIAL DISTRIBUTION OF THE MASS
AND TIME AVERAGED FLOW
PROPERTIES UPSTREAM AND
DOWNSTREAM OF THE STATOR

The mass averaged flow properties in the absolute frame
of reference, at both the inlet and the exit of the stator,
are presented in this section. Radial distribution of the
mass averaged stagnation (Cpo)ABs and static pressure
coefficients (Cps)ABS upstream and downstream of the
stator are shown in Fig. 15. The radial distribution of the
absolute stagnation pressure coefficient at the inlet to the
stator is smooth with lowest stagnation pressure occur-
ring near H 0.520 and higher stagnation pressures near
the core and the shell. The radial distribution of stagna-
tion pressure downstream of stator shows higher stagna-
tion pressures near the mid-span and lower stagnation
pressures near the core and the shell. Thus the stagnation
pressure loss in the stator blade row is low near mid-span
and high (approximately 20-30%) near the shell and the
core. The stagnation pressure rise at mid-span across the
stator blade is attributed to the redistribution of the
stagnation pressure inside the stator passage. The higher
losses near the core and the shell are attributed to the
secondary flows, wall boundary layers and possible flow
separation in these regions.
The radial distribution of passage-mass averaged static

pressure indicates that the static pressure drop through
the stator is approximately 0.7 QREF" This pressure drop
is much smaller (45%) than the pressure drop calculated
from one dimensional analysis. The discrepancy in the
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pressure drop arises due to the fact that the stator flow
field is highly three-dimensional, turbulent and viscous
and also that the one-dimensional analysis cannot predict
the flow angles accurately. The static pressure drop is
higher near shell than near the core. This is attributed to
the differential flow turning in the stator blade. The flow
turning is maximum (approx. 17 deg.) near the shell and
minimum (approx. 8 deg.) near the core. Also, the flow
turns in azimuthal direction due to torus flow path
geometry. As a result the radial gradient of static pres-
sure is determined by streamline curvature equation.
Hence, relative values of V and V0 influence the static
pressure distribution.

Radial distributions of the mass averaged absolute
velocities are shown in Fig. 16. It should be noted that
although the radial distribution of the total velocity
distribution in the turbine reference frame is non-uni-
form, the velocity distribution in the stator reference
frame is smooth. Comparison of the total velocities
upstream and downstream of the stator show very small
acceleration of the flow near the core and high accelera-
tion near the shell. This is consistent with the flow
turning angles (Fig. 17) which show higher flow turning
near the shell and lower flow turning near the core. The
mass averaged axial velocities (Fig. 16) upstream and
downstream of the stator show identical distribution
from shell to mid-span. However, the axial velocities
upstream are lower than the axial velocities downstream
from 55% to 71% of the blade span. This can be
attributed to the low momentum region downstream of
the turbine, due to possible flow separation and strong

secondary flows, which are redistributed through the
stator resulting in the higher axial velocities near 88%
span. The distribution of mass averaged tangential ve-
locity (Fig. 16) upstream of the stator shows uniform
distribution from shell to 39% span, with an increase in
V0, from this location to the core. Considerable redistri-
bution takes place inside the stator due to differential
blade turning, with higher change occurring near the
shell and lower change near the core region. The V0
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FIGURE 16 Radial Distribution of the Mass Averaged Absolute
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distribution is more uniform downstream of the stator.
The maximum change occurs near the mid-span region.
The radial distribution of the mass averaged yaw

angles (Fig. 17) show very small flow turning near the
core region and higher flow turning near the shell. The
distribution of yaw angles downstream of stator shows
small variation from the shell to the core. However, yaw
angle distribution upstream of the stator shows large
non-uniformity in the radial direction. The maximum
variation from the shell to the core is approximately 18
degrees. As a result the flow field inside the stator blade
varies substantially from the shell to the core. The radial
distribution of pitch angles show radial inward flow at
the inlet and radial outward flow at the exit of the stator.
The magnitudes of the pitch angles are smaller near the
shell and higher near the core. The higher pitch angles
near the core downstream of the stator could be attrib-
uted to the differential bending of the streamlines as
explained by Marathe, Lakshminarayana and Dong
(1994).

RADIAL DISTRIBUTION OF UNSTEADY
FLOW PROPERTIES UPSTREAM OF THE
STATOR

Radial distribution of the rms values of each of the
unsteady components, (periodic, aperiodic and unre-
solved) downstream of the turbine, (upstream of the
stator) are presented in this section. The rms values are
calculated by using the equations:

(PIj) and
gPPb J I=,

.N_cy (p,,j)(P’IJK)RMS
Nbpc Nppb K 1J 1I

(8)

Where, P is a derived flow property (V, o, [3, Po, Ps etc.)
and N is total number of points processed in a data set
(typically 261000 points)

All the quantities presented here are in the absolute
frame of reference. These quantities represent the un-
steady flow properties perceived by the stator.

Radial Distribution of rms of Unsteadiness in
Absolute Stagnation Pressure

The radial distribution of various components (periodic,
aperiodic, unresolved) of absolute unsteady stagnation
pressure coefficients are shown in Fig. 18. The total
unsteadiness in stagnation pressure is approximately
23% of the reference dynamic head near the core and
approximately 13% near the shell. However, the refer-
ence dynamic head (Q REI P V2REF/2) is approximately
43% of the stagnation pressure drop in the turbine blade
(calculated from one dimensional analysis). Hence, the
rms value of total unsteadiness in the absolute stagnation
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pressure coefficient downstream of the turbine is ap-
proximately 9.9% of the stagnation pressure drop in the
turbine blade passage near the core and approximately
5.6% of the turbine stagnation pressure drop near the
shell. The total unsteadiness is highest near the core. It
decreases smoothly to 40% stator span and remains
uniform from 40% stator span to shell. The higher
magnitude of unsteadiness near the core is caused by
flow separation and reattachment, within the turbine
passage, which generates the low momentum region. The
secondary flow will also contribute to total unsteadiness.
This increases turbulence and hence the unresolved
unsteadiness. The total unsteadiness includes the peri-
odic fluctuations. However, the magnitude of periodic
fluctuation is directly related to the tangential variation
of the flow parameters inside the blade passage. Hence,
nearly uniform distribution of the flow parameters across
the passage from shell to mid-span (as discussed earlier
in the paper) generates lower magnitudes of unsteadiness
from the shell to the mid-span, whereas low momentum
region and secondary flow regions observed from the
mid-span to the core cause higher values of total un-
steadiness. The unsteady flow field is dominated by
unresolved unsteadiness (which includes turbulence)
which is nearly 80% of total unsteadiness near the core.
The periodic and aperiodic components contribute ap-
proximately 10% each to the total unsteadinessl It should
be noted that the aperiodic component is generated by
several sources periodic over one cycle but not at the
blade passing frequency. As a result, the contribution of
the aperiodic signal is significant. However, detailed
study of aperiodic signals is beyond the scope of this
paper. Therefore, only the radial distribution of the rms
values will be presented.
The radial distribution of the periodic component of

the unsteady stagnation pressure shows a rather smooth
distribution except at 55% stator span, where a sudden
change in the magnitude of the blade periodic component
occurs. It should be noted that this change in magnitude
coincides with the jump in the relative stagnation pres-
sure and the axial velocity as discussed earlier in the
paper. This suggests that the periodic component of
the stagnation pressure increases in the region of flow
separation and secondary flows as these regions induce
high non-uniformity in tangential direction. This jump
can also be attributed to the jump in the periodic
fluctuations in the axial velocity at the same location.
The distribution of rms value of the periodic component
of the axial velocity is discussed later in the paper.
The rms value of the aperiodic component shows nearly
uniform distribution indicating that the radial variation

of mean stagnation pressure does not influence aperi-
odic component.

Radial Distribution of rms of Unsteadiness in Static
Pressure

The radial distribution of rms values of unsteady static
pressure coefficient (Fig. 19) is significantly different
from the radial distribution of the stagnation pressure
coefficient. A sudden drop in the unresolved unsteadiness
is observed at 55% stator span. This drop is attributed to
the drop in the unresolved unsteadiness in total velocity
as discussed later in the paper. The rms values of periodic
component show non-uniformity from shell to core. A
jump in the rms value is observed near the core. This
jump can be attributed to high variation of static pressure
in the tangential direction with higher static pressure at
mid-passage and lower static pressures near the wakes.
The distribution of rms of aperiodic unsteadiness is
uniform from the core to the shell. This shows that the
aperiodic components of the pressures are not affected by
the non-uniform radial distribution of the flow param-
eters. This may be caused by the non-uniform passages
of the pump and non-uniform flow at the inlet of the
pump.

Radial Distribution of the rms of the Velocity
Components and the Yaw Angle

The radial distribution of the rms value of the total
unsteadiness in the total velocity (Fig. 20) is very similar
to that of (Cr,s)RMS. The values of unresolved unsteadi-
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Inlet.

ness are high (approx. 22% of the mean total velocity,
Vol) near the c,ore due to the reasons explained earlier. A
sudden drop in the unresolved unsteady total velocity is
observed at 55% stator span from the hub. This drop is
attributed to the drop in the unresolved unsteadiness in
the tangential velocity (not shown) at the same radial
position. Both relative and absolute tangential velocity
distribution (not shown) indicate a nearly uniform distri-
bution from suction surface to pressure surface at 55%
stator span. The maximum variation is less than 10% of
the mean value. This causes low values of unsteadiness
in periodic and unresolved unsteady components of
tangential velocity. This significantly reduces the unre-
solved unsteadiness in total velocity at 55% stator span.
The other types of mixed flow turbomachinery also
exhibit low velocities near the convex shroud endwall
due to the separation. The flow field near the convex side
separates due to curvature and the adverse pressure
gradient. This results in the higher losses and lower
velocities near the convex endwall as observed by Khalil
et al. (1976) and Johnson and Moore (1983). The
influence of the endwall boundary layers on the flow
field is more pronounced in the mixed flow turbomachin-
ery than in the axial flow turbomachinery. As a result, the
flow separation and reattachment of the flow near the
core could result in high turbulence intensity and hence,
high values of unresolved component. The contribution
of the periodic and the aperiodic component of unsteadi-
ness in total velocity is small (approx. 4-6% of Vol
each). The periodic component shows nearly uniform

distribution from the core to the shell except at 22% of
the stator span where the periodic component is very
small. This non-uniformity can be attributed to the
smaller rms value of the periodic component of the
tangential velocity. The distribution of aperiodic compo:
nent is non-uniform near the core and nearly uniform
near the shell region. This type of distribution is also
observed in aperiodic components of axial and tangential
velocities. The radial distribution of unsteadiness in the
tangential velocities were found similar to those of the
total velocity.
The radial distribution of passage averaged unsteady

components of axial velocity (Fig. 21) is significantly
different to that of total velocity. All the unsteady
components (periodic, aperiodic, unresolved and total)
show nearly uniform distribution from 7% stator span to
39% stator span. The magnitude of unresolved, aperiodic
and total unsteadiness increases smoothly from 39%
stator span to 71% stator span and decreases slightly
from 71% stator span to 88% stator span. However, a
sudden jump in the periodic unsteadiness is observed
from 39% stator span to 55% stator span. This jump is
caused by the presence of the low velocity zone near the
core as discussed earlier in the paper.
The distribution of the rms values of yaw angles (Fig.

22) show small variations in the rms values from core to
shell. The unresolved unsteadiness dominates the total
unsteadiness. The rms of periodic unsteadiness is small
(3 near the shell and 7 near the core). However, this
unsteadiness would change the incidence angle by + 5
near the shell and +/- 10 near the core. This would affect
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the stator flow field significantly. The maximum tangen-
tial variation in the yaw angle is found to be + 14 near
the core, + 15 near the mid-span and + 10 near the
shell. It should be noted that the radial distribution of
periodic unsteadiness in the yaw angle is similar to the
radial distribution of the periodic unsteadiness of the
axial velocity. Since, the variation of tangential velocity
from pressure surface to the suction surface (not shown)
is significant only at 7%, 39% and 88% of the stator span,
the variations of the yaw angle at other radii are caused
by the axial velocity variation at those radii.

Large periodic fluctuations in the radial velocity (Fig.
23) generate large fluctuations in the pitch angle (not
shown). The rms values of the overall unsteady pitch
angle are as high as 35 degrees near the core and 10
degrees near the shell. It should be noted that the pitch
angles are calculated with reference to the axial direc-
tion. The distribution shows that the contribution of the
periodic component to total unsteadiness is high (approx.
25% near shell and approx. 60-75% of near core). This
is an important observation since the overall unsteadi-
ness is dominated by unresolved unsteadiness in all other
flow parameters. In the region of strong secondary flow
(71% span) the periodic component is higher than the
unresolved component. This could be attributed to the
high tangential gradient in the radial velocity in the
secondary flow region. The aperiodic component is
relative small approx. 8-10% of rms value of total
unsteadiness) and distribution of aperiodic component is
nearly uniform from core to shell except in the region of
secondary flow where aperiodic component is higher.j
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The radial distribution of the unresolved component of
the unsteady radial velocity is different from those
observed for other components (Fig. 21). The unresolved
component is nearly-uniform from core to the mid-span
and reduces gradually from mid-span to shell. Also the
magnitudes of the unresolved unsteadiness are smaller
than those observed for other unsteady velocity compo-
nents. However, it should be noted that the magnitude of
the total unsteadiness in the radial velocity is similar to
that observed for other components of velocity, and
pressure.

8

0.00
SHELL..

10.00 15.00

((ll)t.x)mu

a ((P)

UNSTEADYABSOLUTE YA W ANGLE in degrees

FIGURE 22 Radial Distribution of rms of the Unsteady Components

of Absolute Yaw Angles ((f3)AS)eMs at the Stator Inlet.

CONCLUSIONS

The distribution of flow properties at the exit of the
turbine of an automotive torque converter, in the relative
reference frame, shows a very non-uniform flow field
near the core and nearly uniform flow field near the shell.
The blade wakes are thin and the wake decay is rapid
near the shell. A velocity profile similar to a fully-
developed flow profile (in blade-to-blade direction) is
observed at all radii, which is more pronounced near the
core. A small zone of low momentum fluid is observed
near the core suction surface due to possible flow
separation and reattachment of the flow inside the turbine
passage. The static pressure varies significantly near the
core, with lower static pressures inside the wake and
higher static pressures near the mid-passage. However,
the radial distribution of mass averaged static pressure is
smooth from the shell to the core indicating that all the
radial variations in the mass averaged relative and
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absolute stagnation pressures are caused only by the
radial variations of the mass averaged velocities.
A secondary vortex, observed near the core, results in

lower stagnation pressure, lower static pressure and
lower relative velocities in this region. The yaw and the
pitch angles near the core are strongly influenced by the
vortex. The secondary flow is weak near the shell and is
swept away by the underturning flow. The influence of
secondary flow near the shell is negligible. However, it
influences the periodic components of unsteady veloci-
ties.

Each instantaneous unsteady flow property was di-
vided into four components; time mean, periodic, aperi,-
odic and unresolved. The unresolved unsteadiness of all
properties dominates the unsteady flow field, which is
consistent with the data reported by Brun (1993). The
unresolved unsteadiness in the velocity at the stator inlet
is high (approx. 20% of the mean value) near the core
and moderate near the shell (approx. 14% of the mean
value). These magnitudes indicate very high levels of
turbulence at both the core and the shell regions. The
periodic component generated due to the blade-to-blade
distribution of the steady state flow properties in the
turbine reference frame is significant. Due to closed loop
circuit path and close spacing of the blade row, the pump
flow field influences the unsteady component at the inlet
to the turbine generating unsteadiness at frequencies
which are combinations of the blade passing frequencies.
As a result, the aperiodic component is also significant.
Although, the fluctuations of radial component of the
velocity are highest among the three components, the
unsteadiness in the tangential velocity and static pressure
show maximum influence on the unsteady total velocity
and stagnation pressure.
The radial distribution of flow properties upstream and

downstream of the stator indicates higher losses near the
core and the shell and slight increase in the stagnation
pressure near the mid-span. High losses are caused by the
thick boundary layer near the shell suction surface and
due to the low momentum region near the core whereas
the slight rise in the stagnation pressure is due to the
redistribution of the stagnation pressure inside the stator.
The radial distribution of the static pressure is influenced
not only by the swirl velocity but also by the meridional
streamline curvature. The distribution of the axial veloc-
ity. at the inlet and the exit is identical except in the
region of low momentum fluid where a redistribution of
axial velocity is observed. The distribution of radial
velocity at the inlet of the stator is also similar to that at
the exit. However, the radial distribution of the tangential
velocity changes significantly, from inlet to the exit of
the stator, due to higher flow turning (approx. 20) near

the shell and lower flow turning (approx. 3) near the
core, inside the stator passage.

It can be concluded that the flow field inside a torque
converter is highly three dimensional, viscous and un-
steady. Hence, the effects of three dimensionality and
unsteady effects should be incorporated in the design of
torque converter elements to ach{eve improved perfor-
mance.
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Nomenclature

c
(Cpo)REL
(Cpo)ABS
Cps
H

cYc

NBPC
NppB
P
PHUB
PS, SS
QREF
R
S
SR
TR
U
V

VREF

w

p
)RMS

Chord length
2 (P0)REL- PHUr) OV2REF
2 (P0)ABS PHUB) pV2REF
2 Ps PHUB) OV2REF
Spanwise distance from turbine shell (hub)
normalized by the turbine blade span (H=0 at

the shell, at the core)
Number of cycles in a data set

Number of turbine passages in a cycle
Number of data points per turbine passage
Pressure normalized by OV2REF 2
Reference pressure on the hub
Pressure and suction side
Reference dynamic head oVZREF 2
Radius
Blade spacing
Speed ratio (turbine rpm/pump rpm)
Torque ratio (turbine torque/pump torque)
Blade speed
Absolute Velocity normalized by VREF
Normalizing Velocity

UTZe,UM, V/’] SR))
Mass averaged axial velocity downstream of
the turbine
Relative Velocity normalized by VREF
Pitch angle, tan-1 (VR/Vx)
Yaw angle (measured from the axial direction)
tan-1 (Vo/Vx)
Density of the fluid
The root mean square values of fluctuating
quantities (V, Po, Ps, or, [3)

Subscripts

1,2
O,S
ABS
REL
X,R,O
hub, tip
Max

Inlet and exit of the stator

Total/Stagnation, static
Absolute (stator) reference frame
Relative (turbine) reference frame
Axial, radial and tangential components
Property at the hub and tip, respectively
Maximum value
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RMS
LJ,K

Root mean square value
Subscripts defining data point number inside a
blade, blade number in a cycle and cycle
number respectively. (Typically I=1-50, J= 1-
29, K=1-50)

Superscripts

Passage (mass) averaged value (Equation 2)
Passage-to-passage periodic component
(Equation 3)
Passage-to-passage aperiodic component
(Equation 4)
Unresolved Component (Equation 6)

Passage Averaged Value
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