
Figure 1 shows the performance of a typical compressor used in an engine 
measured on a test rig. Pressure ratio as a function of fl ow rate is shown 
on the lower part of the fi gure for a range of compressor speeds, increasing 
from bottom left to top right. The upper family of curves shows the cor-
responding effi  ciency variation with fl ow and speed. The pressure ratio is 
the pressure at the outlet of the compressor divided by the inlet or ambient 
pressure. The red line represents the locus of operating points of that com-
pressor in a turbocharger as the vehicle is accelerated from idle to cruising
speed. The right side of the map, where the blue lines fall, is called the 
choke region. The chart indicates that as the compressor approaches chok-
ing fl ow at a constant speed, the pressure ratio decreases but the mass fl ow 
stays relatively constant. This occurs as the fl ow approaches sonic velocity 
in the impeller passages, reaching a limiting value. The green arrow indi-
cates that because of the lower ambient pressure at higher altitudes, higher 
compressor speeds and pressure ratios are required to push the same 
amount of air to the engine to maintain power. 

Figure 2 shows the zones on the compressor map that are most important 
from a design standpoint. The turbocharger operates in the zone shown 
in green, from idle and while accelerating from a standing start. Vehicles 
typically spend much of their time in this region during city driving. The 
effi  ciency of the turbocharger is critical here because of its impact on emis-
sions. Green zone performance is also critical in terms of eliminating turbo 
lag, and avoiding this phenomenon requires rapid surge-free acceleration 
to a high-pressure ratio in the green zone, the end-point dictated by the 
peak torque point of the engine. The red zone in Figure 2 is about providing 
the engine with the high volumes of air needed to support highway driv-
ing. The stresses in the impeller are highest in the red zone, which tests 
mechanical integrity. Often the deciding factor related to performance in 
the red zone is the ability to meet the additional demands of high-altitude 
driving, for which turbocharger speeds are highest.
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Turbochargers are increasingly used in automotive applications to downsize engine capacity 
to achieve lower emissions without compromising the driver’s perception of performance and 
transient response. The challenges for turbocharger designers are to achieve higher compres-
sor and turbine effi  ciency with broader operating range and minimal inertia, while complying 
with package size limitations and cost constraints. A successful design process makes 
appropriate use of multiple levels of highly iterative analysis, from simple 1-D and 2-D 
analyses through highly sophisticated, transient, multiphysics 3-D simulation, in developing 
a new compressor.
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Figure 1.  Gasoline engine turbocharger compressor map

Figure 2. Zones on compressor map of turbocharger that are most 
important from design/research and development standpoints
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The design of the turbocharger compressor usually starts with a set of de-
sign points provided by the customer, primarily in the red and green zones 
shown on Figure 2. The customer typically provides other constraints such 
as material, manufacturability and package size. The designer begins evalu-
ating the performance of proposed design alternatives in terms of their 
ability to meet these targets. PCA Engineers uses the Vista CCD preliminary 
design tool within the ANSYS Workbench environment to estimate compres-
sor performance with minimal data input to establish an optimized 1-D 
compressor design. The user specifi es the compressor duty, including pres-
sure ratio, mass fl ow, rotational speed, gas properties and fi xed geometric 
constraints such as inducer hub diameter and vane thickness. The software 
calculates the 1-D geometry and aerodynamic dependent parameters, and 
a meridional view of the impeller is also displayed. A map can also be pro-
duced, which can be superimposed onto the targets on Figure 3. The input 
data is revised and the program rerun until a satisfactory 1-D design has 
been successfully achieved.

This 1-D design approach sets up the geometry to a good starting point 
while providing an indication of where the design sits in the designers 
range of experience and what problems may be encountered in developing 
a good design.

The next step is to defi ne the detailed geometry of the blade. First, 
BladeGen, a component of ANSYS BladeModeler launched from Vista CCD, 
is used to defi ne the basic geometry. PCA then uses the ANSYS Vista TF 2-D 
throughfl ow solver, also within the Workbench environment, to solve the 
circumferentially averaged inviscid equations of motion, supplemented 
by established empirical models for losses and deviation. With negligible 
computational eff ort, ANSYS Vista TF solutions capture many features of 
a full 3-D fl ow simulation, thereby facilitating a number of rapid improve-
ments in blade design. The process is iterative and amenable to automatic 
optimization.

Once the basic blade design is created, PCA uses ANSYS TurboGrid to pro-
duce a hexahedral mesh for the impeller and diff user prior to full 3-D CFD 
analysis in ANSYS CFX, to provide the highest-possible fi delity simulation. 
A true 3-D CAD solid model, including hub metal, blade fi llets, cutoff s and 
trims, is then defi ned for export to manufacture.

With the impeller and diff user designs determined, the next step is to add 
the volute, the component that receives the high-pressure air from the 
diff user and delivers it to the engine via a conical diff user, which slows 
the fl ow to convert kinetic energy to static pressure. PCA reduced the time 
required to defi ne the geometry of the volute with an Excel spreadsheet 
macro that drives the geometry defi nition within Workbench, producing a 
CFD model of the gas-swept surfaces in a single operation (Figure 4). 
The engineer generates another compressor map by running the CFD simu-
lation at several fl ow rates for each speed to verify that the 

Figure 3. Typical aerodynamic targets. The ANSYS Workbench 
environment has the capacity to estimate compressor performance 
with minimal data input.

Figure 4. An Excel spreadsheet macro drives ANSYS Workbench 
to provide a CFD-ready model.



compressor meets the design requirements. By taking the full 3-D geometry 
of the compressor into account, CFD illuminates issues that don’t show up 
in the 1-D or 2-D analyses, such as the eff ects of tip clearance. Tip clear-
ance tends not to scale linearly, unlike other dimensions, so small compres-
sors tend to run at relatively high clearance levels, and this is a dominant 
feature in limiting effi  ciency and range. Figure 5 shows fl ow conditions 
within the impeller to show the performance impact of the tip clearance ef-
fects, which in this case cause the compressor to surge. Understanding the 
root causes of performance issues makes them much easier to address.

The mechanical performance of the compressor determines whether it 
delivers the expected service life and integrity. The greatest concern is 
usually that the fi rst fl ap mode of the blade, the mode that is excited if one 
‘pings’ the tip of the blade (Figure 6), is at a high enough frequency for it 
not to be excited by any harmonics of unbalanced forces on the shaft or 
other features of the fl owpath upstream or downstream of the impeller. 
Structural analysis is performed within the same Workbench environment, 
eliminating the need to transfer and recreate the geometry, thereby stream-
lining the workfl ow and reducing the likelihood of errors being introduced.

Using the approach outlined above, engineers optimize the design of the 
turbocharger compressor long before committing to expensive prototype 
hardware and tests. A key advantage is that the complete design process, 
including 1-D analysis, 2-D analysis, 3-D geometry defi nition and meshing, 
3-D fl ow simulation, and structural analysis, are all performed within a 
single environment. This streamlined approach reduces engineering eff ort 
and time to market by eliminating geometry redefi nition, remeshing, and 
translation and conversion of physical parameters from one environment 
to another.
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Figure 6. Defl ection of blade excited at fi rst fl ap frequency.

Figure 5. CFD shows the dominant eff ect of tip clearance.


