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ABSTRACT

The use of a three dimensional Euler inverse method for
the design of a centrifugal impeller is demonstrated.
Both the blade shape and the endwalls are iteratively
designed. The meridional contour is modified in order to
control the mean velocity level in the blade channel, while
the blade shape is designed to achieve a prescribed loading
distribution between the inlet and the outlet.
The method solves the time dependent Euler equations in
a numerical domain of which some boundaries (the blades
or the endwalls) move and change shape during the transient part of the computation, until a prescribed pressure
distribution is achieved on the blade surfaces.
The method is applied to the design of a centrifugal compressor impeller, whose hub endwall and blade surfaces are
modified by the inviscid inverse method. The real performance of both initial and modified geometries are compared
through three-dimensional Navier-Stokes computations.
-

NOMENCLATURE
Nb

R,
V

number of blades
static pressure
radius
curvature radius of meridional streamlines
absolute velocity
relative velocity
blade-to-blade flow angle
meridional angle (from axial direction)
density
speed of rotation

Subscripts

in

o

meridional direction
normal direction
circumferential direction

Superscripts

reg

value at the time step ri
required value

INTRODUCTION
Computational Fluid Dynamics (CFD) has now matured
to the point at which it is widely accepted as a key tool for
aerodynamic design. The principles underlying the design
and implementation of robust schemes which can accurately
resolve compressible flows around complex geometries are
now quite well established. CFD is however still not being
exploited as one would expect in the design process. Most
designers still adopt a 'trial and error' approach, analysing
the current design, and modifying it as a function of the
computational results or the experimental data, according
to empirical rules or to their own experience. This approach
can be time consuming, and does not allow for the highest
performance, such as those of transonic shock free blade
sections.
A more efficient definition of optimized three-dimensional
designs is possible by means of optimization and/or inverse methods, which allow for the generation of geometries
achieving a prescribed performance.
Numerical optimization methods iteratively modify a set
of geometrical parameters, until an error function which
expresses the difference between desired and actual performance is minimized. These methods can be combined with
any type of flow solver, and can easily handle geometrical
and aerodynamic constraints. However they usually have
the disadvantage of being expensive in terms of CPU time.
Inverse methods define the blade shape for a prescribed
Mach number or pressure distribution. They use physical models to derive the geometrical changes required for
achieving the prescribed performance, and are therefore
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APPLICATION OF A THREE-DIMENSIONAL INVERSE METHOD
TO THE DESIGN OF A CENTRIFUGAL COMPRESSOR IMPELLER

'

RADIAL TURBOMACH1NERY DESIGN

The design of turbomachinery stages is often based on the
well-known S1-S2 decomposition. Throughflow calculations
determine a set of streamsurfaces and the streamtube thickness evolution throughout the stage. Blade-to-blade calculations are performed on the axisymmetric surfaces. These

two problems are solved iteratively, and if the coupling is
not too strong, convergence is quite rapidly obtained.
Centrifugal compressors usually have long blades with increasing pitch toward the outlet, which makes the streamsurfaces less axisymmetric, and is responsible for the lower
accuracy of the S1-82 approach. Another main characteristic of centrifugal impellers is the strong curvature of the
meridional streamlines. This curvature induces a centrifugal
force, which is opposite to the centrifugal force caused by
the swirl of the flow. The equilibrium between these forces
results in the pressure gradient in the direction ri normal to
the meridional streamlines:
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where r, 6 and flg refer respectively to the radial position, the direction (with respect to the axis of rotation)
and the radius of curvature of the meridional streamlines.
The relation (1) together with the continuity equation determines the meridional streamtnbe distribution. Any change
of blade shape induces significant changes of the blade-toblade flow angle (0), and hence of this meridional equilibrium. On the other hand, the endwalls have a direct influence on the curvature radius and on the relative velocity
level W in the channel.
In radial machines, part of the work is done through the
flow deflexion by the blades, while the other part results
from the radius change, defined by the shape of the endwalls. The blade-to-blade pressure gradient is related to the
evolution of the swirl rill; throughout the meridional section
of the machine:
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where Nb refers to the number of blades, and * is the relative velocity vector.
The conclusion that can be drawn from this short introduction is that both the endwalls and the blades influence
the flow in radial components, and that their effects are
strongly coupled, which slows down the convergence of a
classical quasi-3D design approach. A more efficient design
procedure for radial impellers must therefore be based on
the three-dimensional flow equations, and must include the
design of the endwalls.
In this paper, it will be shown that the 3D Euler inverse
method previously published by the authors (Demeulenaere
and Van den Braembussche, 1996) can be used for this
purpose. The method is based on the inviscid flow equations, and is therefore unable to predict the large secondary
flows and flow separations usually occuring at the outlet of
centrifugal impellers. It is however well accepted that secondary flows do not influence the pressure distribution along
the blade walls that much (except if boundary layer separation occurs). An inverse method based on a pressure target
distribution is therefore valid for impellers that are not too
heavily loaded.
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more efficient. The CPU time required for designing a new
geometry with these methods is of the same order of magnitude as for the analysis of a given geometry (usually 2
or 3 times longer), while optimization methods sometimes
require hundreds of analyses.
On the other hand inverse methods require the definition
of a target pressure distribution, which is supposed to be
optimized, and must face the problem of existence of a solution. As soon as the flow becomes compressible, it has never
been possible to guarantee that any feasible geometry corresponds to a given target pressure distribution. Moreover,
if a solution exits, it does not necessarily meet all the design
requirememts, which can be of mechanical nature (blade
thickness, weight, inertia) or aero- and thermodynamic nature (pressure ratio, mass flow, turning angle).
Although it is now better understood in the field of turbomachinery (Leonard and Van den Braembussche, 19926),
it must however be recognized that this problem of existence
of a solution is sometimes responsible for the difficult integration of inverse methods into industrial design processes.
One often has to try several target pressure distributions
before the one that leads to an acceptable solution is found.
Moreover many inverse methods tend to "blow up" as long
as the target is 'inappropriate'. This further complicates
the target definition, as no feed-back is given on how the
target should be modified. An inverse method needs years
of development and experience to be sufficiently mature so
that it can be used in industry.
The method presented in this paper is the result of 9
years of development. Leonard and Van den Braembussche
(1992a) developed a two-dimensional Euler inverse method,
and applied it to the design of transonic compressor and
turbine cascades. Demeulenaere and Van den Braembussche
(1996) extended the method to three dimensions.
The method has recently been reformulated, in order to
be applicable to both viscous and inviscid problems (Demeulenaere and Leonard, 1997). The new version offers several advantages when compared to the previous one. It is
faster in many cases, and gives a better control of the geometry modifications, which facilitates the definition of the
target (Demeulenaere, 1997). The constraints imposed on
the blade thickness and the outlet flow angle can automatically be taken into account, respectively by imposing the
pressure on a part of the blade surface (the rest of the surface being defined from an imposed thickness distribution),
and by introducing a degree of freedom in the target. This
degree of freedom allows for a direct control of the surface
of the pressure diagram, and hence of the flow deviation by
the blades.

DESCRIPTION OF THE INVERSE DESIGN STRATEGY
FOR RADIAL MACHINES

Fig. 1: 3D View of the initial design

explicit 4 step Runge-Kutta algorithm is used to integrate
the equations in time toward the steady-state.
The blade is re-designed for a prescribed streamwise distribution of suction to pressure side pressure difference. The
mean pressure level is not explicitly controlled during this
step, but as already pointed out, it is mainly influenced by
the shape of the endwalls. It is therefore expected that the
mean velocity distribution remains more or less constant as
long as only the blade walls are modified.
The inverse method is organised exactly as if both suction and pressure sides were re-designed, but as the blade
thickness is maintained constant, the pressure distributions
imposed on both sides of the blades are iteratively modified,
according to the prescribed value of pressure difference, and
according to the average pressure level resulting from the
previous time iteration:
-

THE BLADE DESIGN METHOD

•

The blade camber line is designed with the 3D inverse
method previously published by the authors (Demeulenaere
and Leonard, 1997).
This method is organised as a time marching procedure,
in which the walls move during the transient part of the
calculation. Each iteration is decomposed into two steps.
The first step modifies the blade shape with a transpiration
method, the transpiration flux computation being based on
the permeable wall concept. The second step consists of
updating the flow field, taking into account the blade wall
movement during the time stepping.
The computer code is based on a high resolution threedimensional finite volume Euler solver. An upwind-biased
evaluation of the advective fluxes allows for sharp shock
wave capturing, and low numerical entropy generation. The
wall boundary conditions make use of the compatibility relations, in order to respect the hyperbolic character of the
Euler equations. Non reflecting boundary conditions are
applied along the inlet/outlet boundaries, in order to avoid
spurious reflection of the incident waves (Giles, 1989). An

= P:v ± AP"
2

(3)

THE ENDWALL DESIGN METHOD
The design of the endwalls is based on the same in-

verse strategy, except that this time the two-dimensional
circumferentially-averaged Euler equations are solved. This
axisymmetric computation is performed in the meridional
plane, and can be seen as a three-dimensional calculation
performed with only one cell in the circumferential direction.
The 0-momentum equation is not solved, but is replaced
by the hypothesis that the average blade-to-blade flow angle
distribution equals the one resulting from the 3D computation around the previous geometry, which automatically
takes the slip factor effect into account. The advective fluxes
through the blade surfaces reduce to the pressure forces,

3
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The thickness of radial impeller blades being usually imposed from mechanical considerations, only the shape of the
camber line of the blades can be re-designed. In this case
it is impossible to control the pressure distribution on both
sides of the blade surface, because this would lead to an
over-determined (and hence ill-posed) problem. One degree
of freedom is missing to obtain a full control of the pressure
distribution, but it can be (partially) recovered by controlling also the shape of the hub and/or tip endwalls
The strategy that we propose here is based on the idea
that the blades and the endwalls play complementary roles.
It is widely accepted that the meridional velocity variation is
more or less fixed by the hub and shroud contours, whereas
the blade-to-blade loading distribution within the impeller
mainly depends on the shape of the blades. Many turbomachinery manufacturers agree with this approach, and use it
succesfully to design their machines (Casey et al, 1992, Van
den Braembussche et al, 1993).
We decided to perform successively some meridional
contour and blade shape (camber line) modifications, in
order to control respectively the mean velocity level and
the blade loading distributions. For comparison purpose,
the Circulation method (Hawthorne et al, 1984), that has
been used to design radial components, defines the blade
shape corresponding to a prescribed streamwise distribution of swirl or blade-to-blade pressure gradient (Zangeneh,
1993, Dang, 1997). This method however does not offer the
possibility to design the endwalls, and therefore does not
provide any control of the velocity level, and hence of the
diffusion along the blades. Recently Zangeneh (1997) presented preliminary results of a new version of the method,
including the design of the endwalls.
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In the analysis mode, the usual inviscid slip condition is
imposed along the hub and shroud endwalls, and the results
obtained in terms of average pressure distribution show a
satisfactory agreement with the 3D calculations, as shown
by figures 3 and 4 for the centrifugal impeller whose redesign will be presented in the next section.

whose components in the axial and radial directions are introduced as source terms in the formulation. The blade-toblade pressure difference is computed from the meridional
distribution of swirl, through relation (2). In this relation,
the axial and radial derivatives of the swirl are iteratively
computed, using the Green theorem:

Ox

0.2

Fig. 5: Isentropic Mach number and loading distributions
around the initial blade - Hub section

Fig. 3: Initial design - Circumf.-averaged pressure distribution in the channel - 3D flow calculation

3(73/4)

o

In the inverse mode, the average pressure between pressure and suction side is prescribed along the hub and/or
tip endwalls, giving rise to a distribution of normal velocities along the wall, which is used to modify the endwalls
by means of a transpiration method. The inlet section is
kept unchanged, and all discretization points defining the

(4)
(5)

4
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around the initial blade - Tip section
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Fig. 7: Hub contour modification
endwalls are then displaced along the local normal distance,
applying the mass conservation principle to compute the
amplitude of the displacements. As this approach does not
allow for a direct control of the position of the hub and/or
shroud outlet points (moving in the axial direction), one
may expect some stability problems when large modifications are undertaken. However, when the method is used in
order to improve an initial design, the inlet/outlet pressure
levels are usually not modified by the user. The mass flow
then remains unchanged, and no convergence problems are
encountered.

EXAMPLE OF CENTRIFUGAL IMPELLER DESIGN
The initial geometry that we intend to re-design is shown
in figure 1, while figure 2 shows the meridional cross section. This geometry has been designed with a rapid onedimensional method. The 20 twisted blades rotate at 18,000
RPM. Figure 2 also shows the 12 axisymmetric surfaces on
which periodic H-grids have been generated to discretise the
numerical domain. The flow conditions that have been considered are the following: mass flow= 7 kg/s, 7r (total pressure ratio)= 2.66, r (total temperature ratio)= 1.32.

Fig. 8: Initial (grey) and modified blade shapes - Superimposed view of 5 sections from hub (bottom) to
shroud (top) in the (m,rO) plane

A three-dimensional Euler computation has been performed around the initial geometry, for a zero inlet swirl,
and an outlet isentropic Mach number of 0.755. The thentropic Mach number distributions along the hub and tip
blade sections are shown in figures 5 and 6. Four curves
are plotted on each figure, showing not only the Mach number distributions along the suction and pressure sides, but
also the average value and the pressure-to-suction side Mach
number difference. The hub velocity distribution is clearly
not optimal, with a significant deceleration in the first 30%,
which is due to the concavity of the hub contour downstream of the leading edge. The velocity distribution along
the tip section is acceptable, but the loading shows some

oscillations, that should be eliminated.
This impeller blade has been re-designed in three steps.
• The hub endwall has been modified, in order to reduce
the flow deceleration occuring in the first half of the
channel.
• Secondly the blade shape has been re-designed, to obtain a more gradual increase of blade loading.
• After these two steps, the mean velocity distribution

5
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Fig. 9: Trailing edge of the initial and modified blades
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Fig. 12 Circumf.-averaged pressure distribution in the
channel - Modified design

Fig. 10: Isentropic Mach number and loading distributions
around the initial and final designs - Hub section

at the hub section (bottom of the figure).
In order to avoid the appearance of spurious oscillations
of the blade shape in the spanvrise direction, the target
pressure distribution is imposed at 5 equidistant sections
from hub to tip, and calculated by interpolation between
these sections. The trailing edges of the initial and modified blades can be compared in figure 9, which compares
the initial and modified distributions of the re coordinate
along the spanwise direction. The new blade presents a
larger spanwise variation, but should however still be manufacturable.
The isentropic Mach number distributions along the hub

along the hub section of the blade was still showing
an important deceleration, and the hub endwall was
modified a second time.
The total modification of the hub endwall is shown in figure 7, and the initial and final blade shapes are compared
on five equidistant sections from hub to tip in figure 8. The
profiles are represented in the (m, re) plane, and have been
(for the sake of clarity) gradually translated along the vertical direction (the leading edge of the blade is not leaned, and
the profiles should therefore coincide at the leading edge).
The most siginificant blade shape modifications are observed

6
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Fig. 13: Navier-Stokes calculations - Initial (—) and modified (±) is. Mach number distributions along the
hub and tip sections

NAVIER-STOKES VERIFICATION

In this last section the results of the Navier-Stokes analyses of the initial and modified designs are presented.
The 3D Navier-Stokes computations have been performed
with the Numeca FINE/TURBO solver for internal flows,
whose validity in the prediction of the flow in centrifugal
impellers has been demonstrated (Hirsch et al, 1996).
The method solves the three-dimensional Reynoldsaveraged Navier-Stokes equations on multi-block structured
grids. The computation of the advective and viscous terms
is based on a cell-centered finite volume formulation. The
.multigrid approach ensures the efficiency of the code by providing fast convergence to steady state. In the computations
presented hereafter the algebraic model of Baldwin-Lomax
has been selected.
The mesh generation process has been performed with
the Numeca's IGG/Autogrid (Interactive Geometry Modeller and Grid Generation System) software, which allows
for a rapid and fully automatic meshing of turbomachinery
components.
In the present simulations mono-block periodic H-type
structured grids have been used to discretise both impellers,
which VMS found to be consistent with the previous 3D Euler computations. The number of mesh points used was
129x33x33, for a total number of 135168 cells. A high
stretching has been imposed along the walls, so that a correct capturing of the boundary layers was ensured (the nondimensional distance of the first mesh line from the walls
was of the order of 1). The leakage flow has been neglected,
and the case of a shrouded impeller has been considered.
The computations have been performed in order to have
the same mass flow of 7 kg/s through both impellers. The
computed isentropic Mach number distributions are compared at hub and shroud in figure 13. Although it is always
difficult to realise the same working conditions, the results
clearly confirm the ones predicted by the inviscid calculations. The mean velocity distribution along the hub is more
constant, and hence a lower amount of diffusion is created. ,
Along the tip section the Mach number corresponding to the
initial design rapidly decreases along the pressure side, this

Fig. 14: Initial design - Meridional projection of the velocity vectors on a grid surface close to the suction
surface

deceleration being less significant for the redesigned blade.
This modification of blade loading at the rear part of the
blade was underpredicted by the inviscid calculations. The
incidence on the blades is slightly smaller than the one predicted by the inviscid calculations, which can be attributed
to the endwall boundary layers blockage (neglected in the
inviscid calculations). In order to improve the correspondence between the results, the mass flow should have been
imposed at a slightly smaller value.
Although the number of mesh points used is probably insufficient for predicting accurately the efficiency, it is often
accepted that results can be used for a comparative purpose.
The efficiency of the impellers has been computed, comparing the total enthalpy rise to the isentropic one (calculated
from the total pressure ratio). The calculated efficiency for
the redesigned impeller is 89.5%, to be compared to 87.6%
for the initial one. These results seem to indicate that the inverse method permitted to increase the real efficiency of the

7
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and tip sections of the new geometry are compared to the
initial ones in figures 10 and 11. Almost linear distributions
of blade loading and mean velocity level have been achieved
along the hub section. The tip loading distribution has also
been improved, showing more monotonic variations, and a
decreased loading near the exit.
As the outlet section has been slighly modified, the outlet static pressure has been iteratively modified during the
design, in order to keep a constant mass flow, and hence
an unchanged incidence on the blades. The spanwise distribution of outlet flow angle remained practically unchanged
(differences of 0.5 degree in relative outlet flow angle have
been observed). The iso-pressure lines in figure 12 show
that a more constant compression rate is achieved along the
endwalls.
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impeller. This gain of efficiency can probably be explained
by the reduction of the size and intensity of the suction side
separation predicted near the shroud. The figures 14 and
15 permit to observe that the size of the separation zone is
clearly smaller in the case of the modified design.
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CONCLUSIONS
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An inverse method has been used to improve the pressure field in a centrifugal impeller. The design method is
based on Euler computations with moving boudaries. The
blade design is made by means of the 3D inverse method,
while the endwall design is based on a 'meridional' version
of the method, solving the circumferentially-averaged Euler
equations in the meridional plane.
It has been shown that the strategy consisting of modifying separately the hub contour and blade walls in order to
control respectively the mean velocity and loading distributions is efficient.
An example has been presented, in which the hub endwall
and the blades of a centrifugal impeller have been redesigned
in order to reduce the amount of diffusion and to obtain a
linear distribution of blade loading. Navier-Stokes computations have confirmed the inviscid prediction in terms of
pressure distributions. An expected gain of 1.9% of efficiency has been calculated, that should be experimentally
confirmed.
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