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INTRODUCTION

Turbocharging of diesel engines has enhanced fuel
economy and reduced diesel engine emissions.
The initial applications of turbochargers to heavy
duty diesel engines during the early 1970's
reduced Bosch smoke (a measure of particulate
matter used at the time) from 2.4 to 0.6 units. At
the same time, engine specific fuel consumption
was reduced from 0.36 Ib./bhp-hr to 0.35 Ib./bhp-
hr. Since that time, a variety of improvements
including further advances in turbocharger tech-
nology have reduced particulates to the level that
they are below 0.1 Bosch units (the bottom of the
scale) while specific fuel consumption is at the
0.32 Ib./bhp-hr level. At optimum conditions,
modern diesel engines can achieve in excess of
42% thermal efficiency which is competitive with
stationary power plant efficiencies. One hundred
percent (100%) of Cummins heavy duty diesel and
medium duty diesel engines are turbocharged.
Current turbochargers are optimized at one set of
engine conditions and by necessity, at the off-de-
sign conditions or transient conditions the fuel
economy and emissions performance are pena-
lized.

Cummins and Holset, a Cummins subsidiary, have
been working together on development of an
advanced variable geometry turbocharger system
for heavy duty diesel engines to improve off-design
conditions. Variable geometry turbocharging pro-
vides an additional control of the turbocharger and
assists in low speed response by modifying the
inlet area to the turbine rotor. Cummins has also
investigated modified radial rotors to improve off-
design turbocharger performance. We believe that
these new rotor designs coupled with variable
geometry control systems can improve turbo-
charger efficiency by up to 15% at off-design
points, which would result in particulate reductions
of up to 40% and engine fuel economy improve-
ments of 2 to 4 %. These improvements repre-

sent major advances for state-of-the-art die-
sel engines.

The current variable geometry turbines uti-
lize existing turbine rotor or impeller designs.
To be successful, the variable geometry
turbine must provide acceptable efficiency
over a 2:1 or 3:1 range in turbine flow at a
given pressure ratio. The typical turbine has
great difficulty in doing this, because the
current impeller designs cannot efficiently
accommodate such a wide range of flow
conditions. Figure 1 shows the Dry Partic-
ulate versus Response curves for standard
Fixed and Variable Geometry turbine
wheels.

A rotor was designed and a prototype fabri-
cated which showed as much as a 10%
efficiency improvement at off-design con-
ditions (1, 2). The leading edges are blunt
and rounded to accept the flow from the
turbine nozzles at a variety of inlet con-
ditions with a minimum of losses. Pho-
tographs of this prototype are shown in
Figure 2. The rotor efficiency is better at all
conditions and the advantage improves as it
operates at conditions further from the
design point. Unfortunately, the conven-
tional materials from which this turbine rotor
was constructed had inadequate strength to
allow its use on engines, and had such high
rotational inertia that transient response
would have been severely compromised.

MODELING

With the introduction of high strength, light
weight materials, such as silicon nitride
(SigN,) and titanium aluminide (TiAl), the
rotor design with blunt, rounded leading
edges was revisited. The original design
was used as a baseline design. Stress



modeling of the baseline design predicted peak
stresses of 280,000 psi for TiAl and 225,000 psi
for Si;N,. These stresses greatly exceed the yield
stress for both materials.

A series of design iterations was conducted which
minimized the peak stresses while providing a
shape which could be manufactured. Two dimen-
sional stress analysis of this design predicted peak
stresses of 49,000 psi for TiAl. Three dimensional
stress analysis and minor design optimization
resulted in a final design with peak stresses of
70,000 psi for TiAl. The finite element stress
comparison from the original design to final opti-
mized design for the TiAl rotor is shown in Figare
3. Stress modeling was not conducted for SizN,
because the rotor shape was considered too com-
plex to be produced by currently available ceramic
manufacturing methods. Photographs of the op-
timized rotor design are shown in Figure 4.

MANUFACTURING

The turbocharger rotors for testing were manufac-

Figure 1

tured using production shell casting methods
with a TiAl alloy. After metal casting and
solidification, the rotors were chemically
cleaned to remove the ceramic shell. The
rotors were then hot isostatic pressed to
densify the component and heat treated to
develop the optimal material properties for
the TiAl alloy.

The rotors were machined to develop the
blade tip profiles and a shaft bore through
the center. The wheels were then attached
to production-like shafts using a locking nut
and set of shims to set the correct operating
height within the turbo-charger shroud.

TESTING

Performance testing was conducted at the
Cummins Turbine Mapping Facility. This
facility determines the turbine stage
efficiency by measur-ing the compressor
and bearing system work as well as the
turbine mass flow and pressure ratio. The
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test facility measures turbine efficiency as Total to Performance Mapping
_ Static, meaning the turbine stage effici-ency is

reduced by the kinetic energy left in the gas as it To determine the performance character-
exits the turbine. This efficiency measurement - istics of the experimental rotor in a variable
represents the single staged diesel engine geometry turbocharger (VGT) system,. a

turbocharger efficiency. Holset HX75 turbocharger unit was selected
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 Figure 4 - Optimized Final Design

and nozzle rings were machined to expedite the
testing. Four nozzle ring vane designs were made,
one curved and three straight. The three straight
vane designs had dif-ferent critical areas (varia-
tions in nozzle throat areas) to increase actual air
flow rates. All the nozzle rings were originally
machined to 15 mm vane height to fit the HX75
unit baseline and then machined down between
maps to the next desired nozzle vane height. The
assembled turbo-charger rotor and nozzle ring are
shown in Figure 5.

The testing was conducted using standard test
procedures. During mapping, we had two major
rotor bursts which destroyed the nozzle rings (see
detail in Burst Testing). Once the cause of the
failures was deter-mined to be related to defects
in the wheel, the mapping proceeded without inci-
dent. The initial testing showed that the curved
nozzle vane gave the slightly better perform-ance.
Therefore, we mapped the HX75 unit using the
curved nozzle vanes with vane heights of 15, 1 3,
11,9,7,8, 3,and 2 mm. Then, in order to obtain

data with higher flow rates, two of the straight -

vaned, increased throat area nozzle rings were
mapped at a vane height of 15 mm.

Performance Comparison of the Experimental Ro-
tor to a Conventional Rotor

The purpose of this effort was to improve the low
flow efficiency of the VGT turbine which would
then increase acceleration capabilities therby
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reducing particulate emis sion and improve
overall trip fuel economy. Figure 6 shows
the comparison of the experimental rotor
and two standard rotors in VGT systems.
Since all the units had different mass flow
capacities it was necessary to evaluate at
the data on a non-dimensional basis. To
determine the non-dimensional mass flow
ba-sis, the mass flow point of peak turbine
efficiency (where the nozzle vane height
was equal to the rotor inlet tip height) was
used as the 100% point. All other mass
flows were divided by this value.

'Figure 5

Assembled Turbocharger Rotor and Nozzle Ring -




Firgure 6

Variable Geometry Turbine Comparison
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All the data points shown in Figure 6 are raw data
without any curve fitting. As can be seen, the
experimental rotor has significantly improved the
turbine stage efficiency over the 0.30 to 0.80
range as well as showing improvement in the 1.10
to 1.20 range.

Burst Testing -

The TiAl rotor was inadvertently accelerated to

high speed conditions when a hose in the load
absorption system which controls the rotor speed

ruptured. The rotor was operating at
65,000 rpm at the time the hose ruptured,
and immediately spun up to a speed which
caused a hub burst of the rotor.

The TiAl rotor fragments were contained
completely within the housing of the
turbocharger which was a successful result.
The TiAl fragments were generally small
granular pieces with the largest fragments

measuring less than 1 in. by 2 in. by 1 in.
Analysis of the fragments did not reveal any

Figure 7 - Burst Test .

Hub Burst

Blade Tip Burst
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Figure 8 - Typical Turbine Map
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mechanism for the fracture, however, dye
penetrant examination of the remaining rotors
showed small cracks in the machined bore on two
rotors. A crack may have been present in the
shaft bore causing the hub burst fracture when the
rotor made a rapid change in speed.

A second TiAl rotor fractured during testing with
the blade tips being removed from the hub. The
blade tips again fragmented into small granular
pieces and were contained completely within the
housing. Examination and analysis of the hub and
fragments did. not reveal any mechanism for the
fracture. However, based on the condition of the
remaining rotors, it was suspected that a small
pre-existing surface defect or crack caused one
blade tip to fracture. The fracture caused rapid
progressive damage of the other blade tips in the
tightly toleranced space. The hub burst and blade
tip burst are shown in Figure 7.
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Demonstration of Advanced Turbocharger
System

The objective was to evaluate the novel ro-
tor geometry in a variable geometry

turbocharger system and compare the
operation to the operation of a conventional
design rotor in a variable geometry turbo-
charger system.

In order to compare the novel geometry
turbine rotor to a standard rotor, Cummins
used in-house engine simulation and vehicle
simulations pro-grams. These programs are
computer simulations of engine conditions
which have been modeled and verified
through comparison with engine perform-
ance data.



To complete this evaluation and comparison, engi-
neers matched the engine simulation program
conditions to an experimental data set which used
the standard rotor in a variable geometry turbine.
Then the simulation was run and used to predict
the experimental system performance over the
operating range. This simulation process is a
standard operating procedure at Cummins and the
results for various comparisons have consistently
shown excelient agreement with experimental
testing. For the simulation to work correctly the
subsystem component maps must be supplied as
input. These maps were available for the standard
rotor in the variable geometry turbine but had to
be generated for the experimental rotor.

For a variable geometry turbine several turbine
maps must be generated to show the overall capa-
bility of the unit. Each map consists of running
the unit at.a constant pressure ratio while varying
the rotor speed to determine the flow capacity and
efficiency. This must be done at several pressure
ratios since the engine will drive the turbomachin-
ery to operate at pressure ratios from 1.0 to
approximately 4.0. A typical map will include data
for 1.1, 1.2, 1.4, 1.8, 2.2, 2.6 and 3.0 pressure
ratios. Figure 8 is a sample turbine map showing
rotor speed vs. efficiency and mass flow at differ-
ent pressure ratios. For the variable geometry unit
with the novel wheel, eight maps were generated
at different nozzle vane heights to simulate what
would be required during an actual engine test.

Once the mapping was completed, a valid com-
parison could be made with Cummins engine simu-
lation programs. This comparison was accomp-

lished by running the simulation at various opera-
ting conditions which have been determined to be
major contributors to the system fuel consump-
tion by engine measurements over a standard driv-
ing route on the highway. A different set of oper-
ating conditions, determined by engine measure-
ments, was used for emissions reduction predic-
tions.

The final results of the comparison after analysis
with the simulation programs showed predicted
improvements in cycle fuel consumption of 2 to 3
% and reduction in particulate emissions of ap-
proximately 30%.

CONCLUSIONS

The demonstrated performance of the
experimental rotor in the VGT has provided
the means to reduce particulate by approxi-
mately 30% and improved cycle fuel
consumption by 2 to 3%. The basis for
these results is a comparison to previous
engine testing and cycle simulation modeling
on the original prototype rotor. These re-
sults showed additional improvements in the
cycle simulation model which predicts the
above overall improvements compared to
conventional designed rotors.
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