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The velocity field inside a torque converter pump was studied for two separate effects:
variable pump rotational speed and variable oil viscosity. Three-dimensional velocity
measurements were taken using a laser velocimeter for both the pump mid- and exit planes.
The effect of variable pump rotational speed was studied by running the pump at two different
speeds and holding speed ratio (pump rotational speed/turbine rotational speed) constant.
Similarly, the effect of viscosity on the pump flow field was studied by varying the
temperature and/or using two different viscosity oils as the working fluid in the pump. Three-
dimensional velocity vector plots, through-flow contour plots, and secondary flow profiles
were obtained for both pump planes and all test conditions. Results showed that torque
converter mass flows increased approximately linearly with increasing pump rotational
speed (and fixed speed ratio) but that the flow was not directly proportional to pump
rotational speed. However, mass flows were seen to decrease as the oil viscosity was
decreased with a resulting increased Reynolds number; for these conditions the high velocity
regions were seen to decrease in size and low velocity regions were seen to increase in size. In
the pump mid-plane strong counter-clockwise secondary flows and in the exit plane strong
clockwise secondary flows were observed. The vorticities and slip factors were calculated
from the experimental results and are presented. The torque core-to-shell and blade-to-blade
torque distributions were calculated for both planes. Finally, the flow fields were seen to
demonstrate similitude when Reynolds numbers were matched.

Keywords: Torque converters, Pumps, Laser velocimetry

INTRODUCTION

commonly used in automobiles with automatic
The torque converter is a single stage, hydro-  transmissions. The automotive torque converter
dynamic turbomachine with two rotating compo-  function and application is described in detail in

nents and one stationary component and are  Part I of this paper (Ainley et al., 1998).

* Corresponding author. Tel.: (804) 924 6213. Fax: (804) 982 2037. E-mail: rdf@virginia.edu.

181



182 R.D. FLACK et al.

Previous Torque Converter Internal Flow Studies

Previous torque converter studies were reviewed
in Part I of this paper and are not presented here
for the sake of brevity. Static and dynamic pres-
sure measurements were taken in the stator, pump
and turbine of the torque converter by By and
Lakshminarayana (1995), By et al. (1995), Marathe
et al. (1996), and Marathe and Lakshminarayana
(1995). Laser velocimeter measurements were taken
by Bahr et al. (1990), Gruver et al. (1996), Brun et al.
(1996) and Ainley et al. (1998). In all of the above
the flow fields were found to be highly three-
dimensional and strong secondary flows were found.

Ainley et al. (1998) used the same apparatus
as Bahr et al. (1990) and Gruver et al. (1996) to
measure velocities in the pump of the torque con-
verter. In the mid- and exit planes of the pump, the
effect of various speed ratios (0.200, 0.400, 0.600
and 0.800) with a constant pump rotational speed
was studied. A laser velocimeter was used to
measure three components of velocity within the
pump mid- and exit planes. Mass flows for both
planes at all four speed ratios were calculated from
the velocity data and were found to decrease as the
speed ratio was increased. The mid-plane was found
to have strong counter-clockwise secondary flows
and the exit plane was found to have strong
clockwise secondary flows for all conditions. The
vorticity and slip factors were calculated from the
data and are presented.

Research Objectives

Two separate effects on the torque converter pump
mid- and exit plane flow fields were studied. For the
pump rotational speed effect study, the speed ratio
was held constant at 0.800 and the pump was run
at three different rotational speeds (1100, 550
and 314 rpm). Three-dimensional velocity profiles,
secondary flows, and through-flow contour plots
are presented in this paper and discussed. For the
oil viscosity effect study, the nominal working oil
was replaced with a lower viscosity oil and heated
to 3 different temperatures in order to vary the
viscosity. Speed ratios of 0.065 and 0.800 were

studied in both the mid- and exit planes for this part
of the study. Through-flow velocity plots for the
second part of the study are presented and dis-
cussed. Mass flows for all cases studied were cal-
culated and are presented. Vorticity, slip factors, and
torque flux distributions were calculated from the
velocity data and are also presented and discussed.

EXPERIMENTAL FACILITY

The torque converter rig and laser velocimeter (LV)
system were described in detail in Part 1 of this
paper (Ainley et al., 1998). Shellflex 212 oil was
used as the working fluid for the study of the effect
of the pump rotational speed. Diala oil was used as
the working fluid for the study of the effect of the
varying the oil viscosity.

Each blade passage was defined by a pressure,
suction, core and shell side as shown in Fig. 1. For
each pump plane a measurement grid of 9 core-to-
shell by 37 blade-to-blade relative positions was
resolved as described by Ainley et al. (1998).
Approximately 135 valid velocity samples were
collected for each measurement grid position in
the rotating frame, which is sufficient for a high
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TABLE I Test Conditions

Ny (rpm) Ny, (rpm) Oil Type Speed Ratio Temp. (°C) v (cSt) Re (tip speed) Re (through flow)
880 1100 Shellflex 0.800 30 24.8 10100 1150
440 550 Shellflex 0.800 25 28.2 4500 400
251 314 Shellflex 0.800 23 29.7 2400 200
52 800 Shellflex 0.065 40 19.0 9600 2180
880 1100 Diala 0.800 25 19.0 13200 1650
880 1100 Diala 0.800 40 9.7 26000 2600
880 1100 Diala 0.800 50 5.5 42000 3900
52 800 Diala 0.065 25 19.0 9600 2250
52 800 Diala 0.065 40 9.7 18900 3900
52 800 Diala 0.065 50 5.5 30500 5500

confidence in the average velocities. The instanta-
neous angular positions of the pump and turbine
were recorded for each valid velocity signal from the
shaft encoders on both the pump and turbine shafts.

Table I indicates the operating conditions of the
torque converter for the cases studied. For all cases,
the stator does not rotate. The entire experimental
facility and data acquisition procedure were de-
scribed by Bahr et al. (1990), Gruver et al. (1996),
and Ainley et al. (1997) and the detailed dimen-
sions of the torque converter and passage geometries
were given by By and Lakshminarayana (1995).

For reference, the Reynolds numbers were cal-
culated for the exit plane for all the operating
conditions and are included in Table I. The
Reynolds number, Re = VD, /v, was calculated in
two ways: (i) based on the through-flow velocity
and (ii) based on the pump tip speed. For both
methods of calculation, the hydraulic diameter, Dy,
equals 44/P, where A is the area of the measure-
ment plane and P is the wetted perimeter. The
hydraulic diameter was 0.01901 m in the pump exit
plane. For the Reynolds number calculation based
on the through-flow, V is simply the average
through-flow velocity in that plane, and for the
calculation based on the tip speed, V' is the velocity
of the tip of the pump blade (V = rw).

RESULTS AND DISCUSSION

As previously described, experimental data was
obtained for two pump planes at ten different test

conditions. The first three test conditions were used
to determine the effect of varying the pump speed
while holding the speed ratio constant and thus to
complement the data of Gruver ez al. (1996). The
remaining conditions were used to determine the
effect of varying the oil viscosity and thus Reynolds
number on the pump flow field; for these tests two
different oils were utilized. All velocities shown
herein are relative to the rotating pump frame. Mass
flows, slip factors, and vorticities were calculated
from the average velocity data. Torque fluxes are
derived from the angular momentum fluxes and slip
factors are determined from the relative tangential
velocities.

Effect of Pump Rotational Speed

Mass flux The mass flows were calculated for
the mid- and exit planes from the experimental
data by integrating the through-flow velocity multi-
plied by the area and density across the entire mea-
surement plane. The small differences between the
mass flows from the mid-plane to the exit plane
are well within the calculated mass flow uncertain-
ties. The measured mass flow rate for the two
planes and three speeds are shown in Fig. 2 for
the speed ratio of 0.800 and Shellflex oil. The
mass flow rate increases as the pump speed is
increased. Although the increase is approximately
linear with rotational speed, the mass flow rate is
not proportional to rotational speed. Also pres-
ented in Fig. 2 are results for Diala oil at a pump
speed of 1100 rpm and at approximately the same
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FIGURE 2 Pump mass flow rate as a function of pump
rotational speed.

Reynolds number (13 200). Results are in approx-
imate agreement with the Shellflex oil results,
indicating similitude.

To identify mass flux distributions for
SR =0.800 Figs. 3 and 4 are presented for two
pump rotational speeds. Figure 3 shows the mass
flux distribution from pressure-to-suction (blade-
to-blade) for both planes at speeds of 314 and
550 rpm. For this figure the mass flux was averaged
from core to shell. For both planes, the highest mass
flux is located at 10—20% of the pressure-to-suction
surface. Near the suction side of the blade passage
the mass flow is minimal and actually negative for
high speed ratios in the mid-plane, indicating
reverse flow. The core-to-shell mass flux distribu-
tion for both the mid- and exit planes at the same
speeds is shown in Fig. 4. For this figure the mass
flux was averaged from pressure to suction surface.
Near the core side of the blade passage the mass flux
is nearly zero in both the mid- and exit planes; the
mass flux increases steadily towards the shell side of
the passage in both planes. The general observation
from both Figs. 3 and 4 is that for all cases and
planes, the magnitudes of the mass flux increase as
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FIGURE 3 Pressure-to-suction surface mass flux distribu-
tion for pump speeds 314 and 550 rpm.
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FIGURE 4 Core-to-shell surface mass flux distribution for
pump speeds 314 and 550 rpm.

the speed increases and that the general shapes of
the distribution are approximately independent
of speed.

Torque flux distribution The torque flux distri-
bution was calculated for each differential from
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the following:
Torque Flux = 7V, pV,,

where V), is the absolute tangential velocity, r;
is the radius from the shaft center, and V, is
the through-flow velocity. The pressure-to-suction
(blade-to-blade) torque flux distribution for the
same two speeds as above is shown in Fig. 5 for
both the mid- and exit planes and the core-to-shell
torque flux distribution is shown in Fig. 6. For
these two figures the torque flux was averaged
from core to shell and pressure to suction surface,
respectively. The highest torque is located at
approximately 10-20% pressure-to-suction and
85% core-to-shell in both the mid- and exit
planes, regardless of speed. Along the suction side
and the core side of the blade passage, the torque
flux is minimal. In the mid-plane near the suction
surface the torque flux is negative for the high
speed. Low torque flux regions indicate areas
where minimal beneficial pump work is being
done on the fluid. The magnitudes of the torque
flux increase as the speed increases, as expected
when considering the mass flux distribution. The
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FIGURE 5 Pressure-to-suction surface torque flux distribu-
tion for pump speeds 314 and 550 rpm.

general observation from both Figs. 5 and 6 is
that for all cases and planes, the magnitudes of
the torque flux increase as the speed increases
and that the general shapes of the distribution are
approximately independent of speed.

Vorticity The average flow vorticity, &, is
defined in the pump by the following equation:

5:—%//(V><\7)'dA
] (e

where u is the core-to-shell velocity and v is the
pressure-to-suction velocity. The values of x and y
are the absolute coordinates of the core-to-shell
and pressure-to-suction locations, respectively.
The vorticity, calculated from a discretized form
of the above equation and the experimental data,
was non-dimensionalized by dividing by the
average through-flow velocity and multiplying by
a reference length. The reference length for this
calculation is the core-to-shell length of the pump
blade (15.5mm). The non-dimensional vorticity
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FIGURE 6 Core-to-shell surface torque flux distribution for
pump speeds 314 and 550 rpm.
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values are shown in Fig. 7 for both planes at the
three rotational speeds.

A positive vorticity value represents a secondary
flow rotation in the counter-clockwise direction
when looking directly into the plane from a down-
stream position. The highest mid-plane vorticity
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FIGURE 7 Non-dimensional vorticity as a function of
pump rotational speed.
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occurs at a speed of 550rpm and the largest
vorticity (negative) in the exit plane occurs at a
speed 1100 rpm.

Figure 8 shows the secondary flow pattern of the
mid-plane at the speed ratio of 0.800 and speed of
550 rpm. Secondary flows are the relative velocities
(with respect to the pump frame) normal to the
through-flow component. The secondary flows in
the mid-plane have a strong counter-clockwise
rotational circulation. Average secondary velocities
are approximately 1.0m/s. The region of highest
velocities is located at 30% pressure-to-suction and
these velocities are 1.2m/s. Lower velocities are
located in the core-suction corner region. The mid-
plane velocity results for the other two conditions at
a speed ratio of 0.800 (Shellflex oil) show similar
flow trends but different overall velocity magni-
tudes. Such plots are not presented for the sake of
brevity.

Figure 8 also shows the secondary flow pattern
of the exit plane at the speed ratio of 0.800 and
5507 rpm. The secondary flows in the exit plane
have a strong clock-wise rotational circulation,
which is opposite that of the mid-plane. The peak
secondary flows are approximately 1.2 m/s. A com-
bined effect of the Coriolis and centrifugal forces
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FIGURE 8 Secondary flows in mid- and exit planes for N, =550 rpm.
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as well as shear forces on the fluid are responsible
for the strong secondary flow in both the mid- and
exit planes. The exit plane velocity results for the
other two test conditions again show similar flow
trends but again, the magnitudes are different and,
again, such plots are not presented for the sake of
brevity.

Slip Factor The slip factor, u, is defined as the
ratio of the actual fluid absolute tangential veloc-
ity to the ideal fluid tangential velocity. The slip
factor was calculated using the equation below for
all speeds and for both mid- and exit planes:

vitwr, w;

M = —_—
wr; Wavg

where v; is the relative tangential fluid velocity,
w is the angular velocity in rad/sec, r; is the radius
of the measurement point, w; is the through-flow
velocity, and w,,, is the average through-flow
velocity. The calculated values of slip are weighted
by the through-flow velocity, as seen in the above
equation. The pump slip factors are shown in Fig. 9
along with the values predicted for a 27-blade
conventional centrifugal pump by Stodola (1945),
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FIGURE 9 Pump slip factor as a function of pump rota-
tional speed.

Busemann (1928), and Wiesner (1967). The slip
factors varied only slightly between the speeds
with a small increase with speed, but the values in
the exit plane are significantly higher than in the
mid plane. The mid-plane values range from 0.887
to 0.928 and the exit plane values range from
0.958 t0 0.971.

The calculated values of the slip factor from
measurements at the torque converter pump mid-
plane are similar to the predicted values based on
centrifugal pump data. This small difference can be
attributed to the fact that, as previously indicated,
the torque converter pump operates similar to a
centrifugal pump especially in the inlet to mid-plane
section (the through-flow is in the radial direction).
The values of the slip factor for the exit plane do
not, however, agree as well with the predicted
values. The measured slip factor values are sig-
nificantly higher than the predicted values. The
additional chord length from the mid-plane to the
exit plane (nominal chord length between the inlet
and exit plane is 2.2 times greater than from the inlet
to the mid-plane) provides additional guidance to
the flow and produces a higher slip factor (less slip)
than for a normal centrifugal pump.

Effect of Qil Viscosity

Mass flow rate The mass flows were calculated
for the mid- and exit planes from the experimental
data again using the through-flow velocity. The
small differences between the mass flows from the
mid-plane to the exit plane are again well within
the calculated mass flow uncertainties. The mea-
sured mass flow rate for the two planes, Diala oil,
and three Reynolds numbers are shown in Fig. 10
for both speed ratios. The mass flow rate decreases
as the Reynolds number is increased. Also pre-
sented in Fig. 10 are results for Shellflex oil.
Results for the Shellflex oil are in agreement with
the Diala oil results, indicating that similitude was
achieved by the matching of Reynolds numbers.
Velocity fields The mid-plane through-flow
velocities at a speed ratio of 0.800 are shown by
Fig. 11 for two Reynolds numbers. In general a
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FIGURE 10 Pump mass flow rate as a function of
Reynolds number.

separation region is located along the suction
surface/core surface corner and velocities in this
region are as low as —0.25 times the average
through-flow velocity. The highest velocities (2.2
times the average through-flow velocity) are
located in the pressure surface/shell surface corner
of the passage. Figure 12 shows the exit plane
through-flow velocity field at a speed ratio of
0.800 again for two Reynolds numbers. A separa-
tion region is located midway from pressure to
suction along the core side of the plane. Velocities
in this region reach as high as —0.25 times the
average through-flow velocity. A low velocity
region extends along the entire suction and core
sides of the plane. Highest velocities are located
along the pressure side of the passage and measure
2.2 times the average through-flow velocity.

The effect of an increasing Reynolds number is
seen to increase the size of the separation region and
also decrease the size of the high velocity region. In
general the characteristic shape of the through flow
velocity field is unaffected by the Reynolds number.
As the Reynolds number increased, the diagonal
line dividing the two regions moves from the
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FIGURE 11 Through-flow velocity contours in mid-plane
for Reynolds numbers 13200 and 42000. (See Color Plate I at
the back of this issue.)

suction/core quadrant towards the pressure/shell
quadrant. Thus, as Re is increased, the flow rate
decreases as evidenced by Fig. 10.

Secondary flows were relatively unaffected by
changes in Reynolds number. Changes in non-
dimensional vorticities were within the uncertainty
of the calculations.

CONCLUSIONS

A laser velocimeter was used to measure the flow
field in the mid- and exit planes of an automotive
torque converter pump. Ten test conditions were
studied for both planes in order to determine the
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FIGURE 12 Through-flow velocity contours in exit plane
for Reynolds numbers 13200 and 42000. (See Color Plate II
at the back of this issue.)

effect of the pump speed and the effect of varying
the oil viscosity. The conclusions drawn from this
investigation are:

1. While the pump speed was increased from 314
to 1100 rpm and the speed ratio held constant
at 0.800, the mass flows increased in the mid-
plane from 3.1 to 14.0kg/s and increased in the
exit plane from 3.2 to 14.9kg/s. Although the
increase was approximately linear with speed,
the mass flow rate was not proportional to
pump rotational speed.

2. The mass flux distributions show that the mass
flux is highest near the pressure and shell side of
the blade passage in both the mid- and exit

planes. Separation regions at a speed ratio of
0.800 are located near the suction side of the
mid-plane and the core side of the exit plane. The
general mass flux distribution did not change
with speed.

. The torque flux distributions show that the

torque flux is highest near the pressure and shell
side of the blade passage in both the mid- and
exit planes. The genecral distribution did not
change with speed.

. Strong secondary flow patterns are present in

both the mid- and exit planes as is evident from
the calculated vorticity values for the operating
conditions using the Shellflex oil. The secondary
flow is counter-clockwise in the mid-plane and
clockwise in the exit plane. The general
secondary patterns did not change with speed,
although the magnitudes did change with speed.
The strongest secondary flow occurs at a pump
speed of 550rpm in the mid-plane and at
1100 rpm in the exit plane. The circulation is
the result of the combination of Coriolis,
centrifugal and viscous forces.

. The slip factors in the torque converter pump

were calculated for SR =0.800 using the Shell-
flex oil and compared to predicted values for
conventional centritugal pumps. The calculated
values at the mid-plane compared favorably
with the predicted values. However, the pump
exit plane slip factors were higher than predicted
values. The added passage length adds to the
fluid control, and thus reduces the amount of
slip present at the exit plane. The slip factor
increased slightly with increasing speed.

. For the speed ratio of 0.065 (Diala oil), the mass

flows decreased from 22.5 to 16.6kg/s and 21.0
to 16.0kg/s in both the mid- and exit planes,
respectively, as the oil temperature was increased
and the resulting Reynolds number increased
from 13200 to 42000. The mass flows at a speed
ratio of 0.800 (Diala oil) decreased from 15.6 to
10.6 kg/s and from 16.1 to 12.4kg/s in the mid-
and exit planes, respectively, as the resulting
Reynolds number increased from 13200 to
42000. For similar Reynolds numbers the mass
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flow rates agreed with results for Shellflex oil
indicating similitude was achieved.

7. The effect of increasing the Reynolds number is
seen to increase the size of the separation region
and also decrease the size of the high velocity
region, which is consistent with the measured
flow rates. The general shape of the through flow
velocity field is unaffected by the Reynolds
number. As the Reynolds number increased,
the diagonal line dividing the high and low
velocity regions moves from the suction/core
corner towards the opposite corner.
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