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Abstract

Visualization of CFD data for turbomachinery design poses
some special requirements which are often not addressed by stan-
dard flow visualization systems. We discuss the issues involved
with this particular application and its requirements with respect
to flow visualization.

Aiming at a feature-based visualization for this task, we will
examine various existing techniques to locate vortices. The specific
flow conditions for turbomachines demonstrate limitations of cur-
rent methods. Visualization of turbomachinery flow thus raises
some challenges and research topics, particularly regarding fea-
ture extraction.

1 Introduction
Water turbines used in hydroelectric power plants are large

machines (typical runner diameter 3-7 m, Fig. 1) manufactured
and designed individually for the specific conditions of the instal-
lation and requirements of the customer. Today, efficiencies exceed
the level of 93%. A thorough introduction to hydraulic machines
can be found in [1], a brief overview in [2].

During the design process, Computational Fluid Dynamics
(CFD) is routinely used for optimization and comparison [3]. To
investigate details in the flow and analyze its response to small
changes of the machine geometry, visualization of the 3D flow in
its proper spatial relationship with the channel geometry is crucial.
A representative flow is shown in Fig. 2.

2 Issues of Turbomachinery Flows
Industrial turbomachinery flow simulations typically provide a

steady (time-averaged) solution of either Euler (inviscid) or
Navier-Stokes (viscous) equations. For the rotationally symmetric
parts, only onechannel (the space between twoblades) is simu-
lated; rotating parts are calculated in a rotating frame. Grids used
for turbine flow simulations are 3D, 3-space, irregular structured
meshes fitted to the geometry of the passage. A typical mesh for a
Francis runner is depicted in Fig. 3.

Although only the flow in one channel is modeled, there is a
strong demand for visualizing the flow in the whole machine.
Before entering the space between two blades, a large part of the
flow crosses channel boundaries (as visible in Fig. 2). Displaying
streamlines only inside one channel is not sufficient since it does
not provide an informative picture of the flow around the blades.

When flow exits the computational domain at places neighboring
another channel, streamlines or particle paths have to be continued
by entering the domain again at the opposite side. Except for
Visual3, none of the major flow visualization packages offers this
feature.

To study the interaction between different elements of a tur-
bine, such as runner and draft tube, it is essential to connect two
individually calculated parts for visualization. Particle traces then
have to continue in the mesh of the draft tube after exiting the
rotating mesh of the runner, for example. Displaying flow in multi-
ple blocks moving relative to each other is another feature not sup-
ported in most visualization systems.

Due to the limited support in existing flow visualization sys-
tems for these critical issues, software for turbomachinery flows

Figure 1:  Simulation model of a Kaplan turbine runner, a type of
water turbine often used in river power plants. This case

study describes issues of visualizing results of CFD
simulations for the design of such water turbines.



was developed at ETH Zürich, in collaboration with the turbine
manufacturer Sulzer Hydro, Ltd. This program is used during the
design phase for explorative flow visualization by the engineers at
Sulzer Hydro as well as to produce high-quality pictures and video
animations for showcasing to customers results and design deci-
sions. An overview of this software and some selected topics such
as streamline integration can be found in [2].

While streamlines and animated particles can be effective,
their usability highly depends on carefully selected starting points.
To improve this situation, current research (e.g. [4], [5]) has started
to focus on automatic extraction of individual flow features.

3 Extraction of Flow Features: Vortices
In our application, the most important flow structures are vorti-

ces, which are to be avoided or minimized during design. Avortex
is a region of swirling flow; unfortunately, there is no agreement
on any more formal definition. It is important, however, to realize
that not all regions of curving flows are considered to be vortices.
If the flow is smoothly bent by an array of blades but does not
detach, no vortices are present in the flow.

Currently available techniques to detect vortices are summa-
rized below.

Vorticity magnitude

The simplest idea to find vortices automatically is to look for
regions of highvorticity magnitude. Vorticity is defined as the curl
of the flow vector field. However, the occurrence of curl in a flow
does not necessarily imply any “swirling motion”. An obvious
example is sheared flow of constant direction but varying flow
speed. Although all streamlines are straight lines, a curl perpendic-
ular to the flow results.

Helicity

Helicity is defined as the projection of the curl onto the flow
vector, thus remaining zero in regions of straight sheared flow. If
the sheared flow is not straight, however, as is usually the case for
turbomachinery, the results still turn out be of no practical use.
Sheared and bent flow, or flow of uneven acceleration, influences
the curl in a way that does not allow to visually associate isosur-
faces of helicity with apparent vortices.

Minima of pressure

A technique which is frequently used is looking for regions of
low pressure. It is argued that to keep the flow in a circular motion,
a pressure gradient with low pressure in the center of a vortex is
needed to generate a centripetal acceleration. This definition
appears to work nicely for many applications with free-flowing flu-
ids. However, by looking at the pressure distribution in turboma-
chines, which are characterized by large pressure gradients and
strongly guided flows, it is obvious that a pressure minimum does
not appear in the vortex centers. We attribute this to strong guid-
ance of the flow by bent channels or widening tubes, causing pres-
sure variations orders of magnitude greater than those caused by
the small slow-rotating vortices.

λ2-Method

A more sophisticated method is suggested in [6], which also
lists some other definitions of a vortex and extensively discusses
counterexamples where those methods fail, including vorticity and
minima of pressure. The method defines vortices as regions where
two of the three (real) eigenvalues of the symmetric matrixS2+Ω2

are negative.S andΩ are the symmetric and antisymmectric part
of the Jacobian of the vector field, respectively. However, we found
this condition to hold for almost all the space in the turbine chan-
nel. Hence, individual vortices within the channel are not resolved
very well.

Minor variations of methods mentioned above are listed in [6]
and [7]; since they use similar paradigms, they share the same
weaknesses when applied to our data.

Searching for vortex cores

Looking for regionscontaining vortices did not prove helpful
for our application. More promising are methods designed specifi-
cally to find the core lines of vortices. Since a vortex is usually
imagined as a line segment around which the flow swirls, it seems
useful to look for these vortex center lines, which are called the
core or skeleton of a vortex.

Figure 2:  Example for turbomachinery flow visualization:
Detaching flow at the stay vane blades



Streamlines from 3D critical points

Few publications deal explicitly with finding vortex core lines.
[8] claims that vortex cores can be found by looking for3D critical
points (isolated points in the flow where the velocity is zero) and
integrating streamlines from there starting in the direction of
eigenvectors if the critical point is of a spiraling type. Although
reported successful for other application areas, this does not seem
to be the case for our turbomachinery data. The problem starts with
the fact that hardly any 3D critical points occur within the flow. It
is possible to imagine a flow in a tube which has a constant for-
ward component but is straight at first and starts a swirling motion
later. This flow clearly contains a vortex in the second part, but
obviously does not contain any critical point where the center
could be traced from. In addition, critical points associated with
vortices could lie outside the computational domain. Due to the
numerical instability of streamline integration near the vortex cen-
ter, it is difficult to track the center even if a suitable starting point
is present.

Method of Singer and Banks

A method presented in [7] suggests integratingstreamlines of
the vorticity field. Addressing the issue of very unstable integration
near the vortex center, they propose a prediction-correction algo-
rithm that corrects each step along the vortex core in direction of
the flow vorticity by moving to a localminimum in pressure in a
plane perpendicular to the current vorticity. This method is the first
to combine information from the vector field with the scalar field
of pressure. However, we already established that for turbomachin-
ery flows, pressure distribution is governed mainly by the guidance
of the flow and not by vortices. Therefore, the correction step
would fail here usually by moving toward the boundary of the
computational domain.

Curl parallel to flow

The two contradictory suggestions that vortex cores are
streamline segments of the vorticity field (e.g. Singer/Banks), or
streamlines of the vector field itself (e.g. Globus et al.), fuels the
idea they are neither and to define the vortex core line as the place
wherevorticity (curl) is parallel to the vector. After implementing

this, we found the resulting line segments sometimes form coher-
ent structures acceptable as vortex cores. Most fields, however, did
not exhibit the expected features.

Real valued eigenvector parallel to flow

Since all methods discussed above (except the ones using pres-
sure) are based on some elements of the Jacobian of the vector
field but not on higher order derivatives, a locally linear model for
the flow field is always assumed at each point. Close inspection of
linear flow fields containing a swirling motion reveals that the
direction of the center line corresponds not to the curl, but rather to
the only real valued eigenvectorof the Jacobian. This leads to a
method of looking for places where the Jacobian has only one real
valued eigenvector, and where this is parallel to the flow. The same
idea was also suggested independently by Haimes and Sujudi [9],
who formulated that the local velocity minus its component paral-
lel to this eigenvector must be zero.

For a linear vector field, this appears to be the correct solution.
Unfortunately, the line segments produced by this method still did
not show any relation to observed vortices for our turbomachinery
data.

Curved line vortex: a mathematical model

To study this problem and discard any effect of the underlying
discrete grid as well as numerical problems, we defined mathemat-
ically a flow field consisting of a single vortex. When the vortex
center is chosen as a straight line, all streamlines are helical except
for the vortex core, which is straight. In this case, all methods
involving curl or the eigenvector mentioned above work out per-
fectly; the center can be found by looking for locations where the
flow is parallel to the curl.

After bending this helical flow into a circle of radiusR and
restoring the solenoidal property, we get a mathematical model for
a curved vortex. The resulting bent helical flow field is shown in
Fig. 4 and defined as

Parameters of this field are the rotational componentω, the for-
ward motionγ along the vortex core, and the radiusR to which the
vortex core is bent.

Figure 3:  Typical mesh fitted into a channel of a runner

Figure 4:  Two views of a model for a bent line vortex.
Each streamline is a bent helix. The vortex
core, itself a streamline, is the black circle.
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For this bent helical flow, we expect to find simply the circle of
radiusR (dark line in Fig. 4) as the core line, since all remaining
streamlines swirl around that curve. For very largeR, the vortex is
nearly straight and most methods work fine. Also, even for small
R, things work as long asω is large enough. However, if a slowly
swirling vortex is bent to a large curvature (smallR), then curl and
eigenvector show an additional component indicating the rotation
around the Z axis introduced by the bending. This causes locations
where the curl or eigenvector is parallel to the flow to move inward
to a radius smaller thanR, as shown in Fig. 5.

4 Conclusions and Future Work
As the overview in this paper indicates, none of the commonly

used vortex finders seems to be successful for typical turbomachin-
ery data.

A major difference with most other areas of CFD applications
is that the flow is confined to a channel, which is often strongly
bent and changes its cross-section. Therefore, pressure distribution
and directional changes of the flow are governed mainly by chan-
nel geometry rather than by the presence of vortices.

Furthermore, design of hydraulic machines has reached a level
where vortices can be suppressed to a relatively high degree. As a
consequence, vortex finding algorithms are confronted with weak
structures in comparison with other fields of CFD. Streamlines
thus often do less than a full revolution around the vortex core.

Given the limitations of current techniques, our goal is to
develop a refined method to identify vortices in practical turboma-
chinery flows. We expect this new algorithm to find the apparent
vortex core in the bent helix model introduced above.

In the projected feature-based visualization system, such a
method will serve as a low-level feature extraction. We assume any
such method will produce artifacts due to the discretization or
noise in the flow data. Also, some very small features might be
considered unimportant by the users. Therefore, we plan process-
ing the output of the raw feature detector by high-level methods of
computer vision and pattern recognition.

Using these building blocks, we intend to assemble a func-
tional feature-based visualization system for turbine design. By
automating the tedious search for important flow structures, the
visualization cycle can be shortened, which is highly desirable in
the context of industrial simulations.
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Figure 5:  The apparent vortex core is depicted by a circular stream
surface around it. The place where real valued

eigenvector is parallel to the flow is marked by the black line.


