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Abstract

The gap flow is responsible of high losses of ef-
ficiency for shrouded fan. This paper presents a
new casing treatment consisting in a helicoidal
grooving of the hub which is designed to reduce
the massflow and the swirl of the gap flow. This
device is studied through numerical simulations.
It is first described, validated and analyzed using
a simple canonical geometric model. The result-
ing complex flowfield is precisely analyzed, and
the casing treatment is then characterized and op-
timized. An optimized geometry is applied to a
test fan, achieving both leakage and swirl reduc-
tion.

1 Introduction

For modern turbomachines, the necessary clear-
ance between casing and rotors is a major prob-
lem regarding efficient design. It is well known
that this clearance is responsible for some sec-
ondary flows impinging the "main" flow, thus
generating aerodynamic losses and/or flow pat-
terns that can trigger some instabilities (e.g.
surge). For axial compressors such as fans, the
clearance is usually responsible for the biggest
part of the efficiency drop. These effects may
vary, depending on the size of the gap and the
geometry of the machine.

For the particular case of shrouded fans stud-
ied here (Fig. 1), blades are linked together by
a tip ring. This system is generally used to en-
sure stronger mechanical properties of the row
and improve the fan acoustic (reduce fan noise).
For this configuration, two problems arise from
the gap flow.

Fig. 1 Exploded view of a shrouded fan

At first, the tip clearance flow does not im-
pinge directly the main flow around the blade :
it develops through a cylindrical channel limited,
on one side, by the outermost surface of the rotat-
ing ring, and on the other side, by the inner sur-
face of the casing. The interaction with the main
flows occurs only upstream and downstream of
the row. Since this flow is mainly driven by the
mean axial pressure gradient through the blade
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row, fluid exits the gap and interacts with the
main flow only upstream of the compressor row.
Because of the pressure rise through the rotor,
fluid circulate within the gap from the outlet to-
ward the inlet of the compressor, thus reducing
the overall ’useful’ massflow of the rotor and the
achievable compression rate. For a fan, which
is designed to insure a high massflow at a cer-
tain pressure rise (to overcome the viscous loss
in the system), this is clearly a problem. The sec-
ond characteristic is related to the geometry of
the gap. The gap flow is subject to a high cir-
cumferential shear between rotor and casing. As
a consequence, the flow quickly accelerate in that
direction, acquiring an important tangential mean
velocity. This effect is even worse when the fluid
enters the gap with swirl. This velocity is then
communicated to the main flow due to viscous
mixing when gap flow exits, generating (for com-
pressors) an unwanted pre-swirl in the tip region.
The resulting off-design inlet flow conditions are
responsible for increased aerodynamic losses.

To limit the gap flow effects, the simple
solution is perhaps to use a casing treatment.
One can find several systems in literature, such
as labyrinth seal [9, 10], vortex seal, or even
’bladelets’ [8], but none of these systems is de-
signed to reduce on both leaking massflow and
swirl. For instance, labyrinth can increase the
swirl if the fin are mounted on the rotor (bigger
moving surface). Moreover, they are generally
designed to operate efficiently in particular con-
ditions, such as small gap [6]. Therefore, a new
type of casing treatment will be proposed in this
article. It consists of an helicoidal grooving of
the casing, aiming at reducing both the leakage
massflow and the exit swirl. The bent grooves
are intended to provide some fluid guidance in
order to limit the outlet swirl, but also to provide
some blockage so as to limit the massflow and in-
crease the mean axial pressure gradient through
the gap. From this point of view, the higher the
aerodynamic losses, the better. In the presently
studied low-speed cooling fan (Fig. 1), this de-
vice is interesting because it has an important gap
(due to assembly constraint, the clearance g is
about a few millimeters, leading to a ratio g/hb

of 2% where hb is the blade height). This un-
usual point is interesting to prove the robustness
of the new casing treatment. The casing treat-
ment is numerically studied here. Its geometry
and the numerical parameters are described in the
next two sections. The flow field structure is anal-
ysed next. Finally, the parameterization with sev-
eral geometric parameters is achieved to yield an
optimal configuration.

2 Description of the new casing treatment

To comply with the first part of the study, i.e. val-
idating the concept and analyzing the flowfield
generated by the grooves, the casing treatment
and the gap are first modelled in a simple way. At
this point, it is not relevant to introduce specific
technological effects to keep the most general ap-
proach as possible. This implies to use a flat ge-
ometry with sharp angles (Fig. 2). The rotor is
simulated by a plan with a uniform translation
movement. It slides above the casing wall and
the grooves. Only one groove is simulated since
periodicity in the transversal direction can be as-
sumed. The rotor blades are not simulated at this
point to simplify and to keep the case as general
as possible. Nevertheless, the fluid is supposed to
enter the gap with some swirl, imposed to mimic
(grossly) what can be seen with a full simulated
rotor.

The geometry is described using five param-
eters (Fig. 2) :

• α is the helix angle. By convention, α=90◦

accounts for axial grooves, α>90◦ (resp. <)
stands for grooves grossly opposed (resp.
aligned) to the swirling incoming fluid.

• h is the groove’s height. Please note
that the "rotor" is located 2mm above the
grooves, whatever the value of h is. This
means that the total gap height is h+2mm.

• w is the groove’s width.

• L is the groove length. For the tested ge-
ometry, it was chosen not to extend the
grooves over the wall casing to keep a de-
gree of freedom. Hereafter, the casing is
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about 27mm long, the grooves start at 9mm
from the gap entrance.

• N is the number of grooves. For a flat
model, this parameter essentially accounts
for the total width of the simulated chan-
nel, and, since the groove’s width w is set,
for the width of the wall separating the
grooves. It thus requires a "radius" R0,
chosen to be 155mm from the selected fan
geometry.

Fig. 2 Groove modelization

3 Numerical simulation and criteria

This study is based on two numerical approaches.
On the one hand, the validation and the flow
description around the treatment is done using
the RANS commercial solver Turb’FlowT M [2].

In this case, time integration is done with a
five steps Runge-Kutta time marching algorithm.
The spatial discretization is based on a MUSCL
finite volume formulation with vertex variable
storage. The Liou’s Advection Upwind Split-
ting Method [4] is used to calculate the con-
vective fluxes, and the viscous terms are deter-
mined through a second order spatial scheme.
The turbulence model is the Kok’s k-ω [3]. On
the other hand, the special high-order parametric
flow solver Turb’OptyT M is used to achieve the
parametric study of the casing treatment [5]. This
method relies on a derivation of the discretized
Navier-Stokes equations. High order derivatives
of the flowfield can therefore be calculated from
a reference configuration. Other configurations
are then extrapolated using an adequate formula-
tion. In this study, first- and second-order deriva-
tives of the conservative variables have been cal-
culated for each parameter, and the extrapolation
is achieved with Fourier’s series. The main ad-
vantage of this technique is that the time for ex-
trapolating any solution is negligible, and the cal-
culation of all the derivatives is equivalent or less
than a single RANS calculation. As a result, it is
materially possible to evaluate thousands of con-
figuration with the parametric technique, whereas
the direct RANS approach is far too much time-
consuming (several years).

In both cases, the numerical simulations as-
sume that inlet massflow and outlet static pres-
sure are imposed. In these conditions, it is not
possible to see any massflow reduction due to the
casing treatment. Therefore, the next sections fo-
cus on the blockage criteria for the groove, which
can be measured using the mean static pressure
difference ∆Ps between the inlet and outlet of the
gap. This criterion is usually negative and should
be maximized in absolute value. The swirl vari-
ation within the gap is measured with the mean
transversal velocity difference ∆Vy. Since inlet
swirl is imposed, this criterion directly accounts
for the exit swirl. It has to be minimized. A third
criterion is used to quantify the energy exchange
within the groove : it is the mean total pressure
difference ∆Pt that can shows whether the fluid
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gain or lose energy while passing through the
gap. This criterion should be as negative as pos-
sible.

4 Concept validation

Before analyzing the flowfield, it is relevant to
validate the concept of this casing treatment. In
the following, the configuration used is [α=115◦,
h=3mm, w=7.8mm, L=9mm, N=50]. This con-
figuration is compared (on the three criteria ∆Ps,
∆Vy and ∆Pt) to a simple straight gap with the
same height (i.e. h+2mm clearance), that illus-
trates the case without any treatment, and to a gap
fitted with a simple fin, i.e. the case of a simple
labyrinth seal. The latter was simulated using 0-
width grooves with L=9mm and h=3mm. Results
are listed in the table 1.

Config. ∆Ps [Pa] ∆Vy [m/s] ∆Pt [Pa]
Simple gap -7.5 5.25 60.9
Single fin -54.6 6.04 34.1
Grooves -31.6 2.89 1.7

Table 1 Casing treatments performances

As one can see, the new casing treatment
clearly improves the blockage and the outlet swirl
compared to the simple gap. Even if it cannot
create as much blockage as the single fin (which
shows the lowest section of the three cases), the
new treatment improves dramatically the swirl
and the energy exchange. The helicoidal groov-
ing is therefore valid since it improves the gap
flow, and provides a good compromise between
the simple gap and the single fin with respect to
the three criteria.

5 Flowfield analysis of the reference configu-
ration

In the present study, the reference configuration
is [α=115◦, h=3mm, w=7.8mm, L=9mm, N=50].
The velocity field in two "blade-to-blade" planes,
(Fig. 3) at mid-height of the groove and mid-
height above the groove shows that the groove
effectively guides the fluid in the lower section of

the gap. In the upper section of the gap (i.e. be-
tween the groove and the rotor wall), the flow is
almost uniform, with a strong transversal move-
ment caused by the rotor. As previously stated,
the transversal velocity increases while passing
through the gap. Because of the viscous mixing,
this transversal movement reappears at the bot-
tom of the gap downstream of the groove.

Fig. 3 Global velocity field

Even if the overall flowfield structure is sim-
ple, a detailed analysis reveals up to five distinct
vortices interacting together. For a sake of clarity,
the entrance left and right corner of the groove
are called Li and Ri, as well as the exit corners
Lo and Ro (Fig. 3).

5.1 Entrance vortex

The first vortex, or "entrance vortex", is located
near the corner Ri. It is merely a detachment of
the fluid caused by the high turning angle at this
location (Fig. 4).

This structure is important for the massflow
reduction since it generates a backflow near the
wall and thus a reduction of the passing section
of the gap. It is also highly dissipative.
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Fig. 4 Entrance Vortex

This vortex is clearly linked to the groove an-
gle α, but the relationship is non linear. The
furthest position of the reattachment point is
achieved for α around 110◦. Indeed for lower
angles, the vortex is naturally small because of
the low deviation of the incoming fluid ; for
higher angles, the vortex decrease because of the
massflow reduction within the groove (high an-
gles are responsible for a high blockage of the
groove). This structure is also slightly sensitive
to the groove width : a large groove will lead to a
large vortex.

5.2 Groove vortex

The second vortex, or "groove vortex", is located
within the groove, but unlike the first one, it de-
velops along the groove axis (Fig. 5)

This vortex is interesting for the swirl crite-
rion since it tends to generate a transversal ve-
locity opposed to the main swirl at the bottom
of the groove. This velocity comes in addition
to the groove natural guidance. This vortex can
be seen as a passage vortex since the walls Li-Lo
and Ri-Ro stand respectively for a pressure side
and a suction side of a (poorly-shaped) blade. It
is also similar to a scraping vortex as the fluid
circulating above the groove dives when encoun-
tering the wall Li-Lo.

As it can be seen with streamlines in Fig.
5, this vortex interacts directly with the entrance
vortex : fluid particles involved in the first one are
latter convected and form the heart of the groove
vortex.

Fig. 5 Groove vortex

This vortex is mainly sensitive to the angle
α, the height h and the width w, parameters that
modify its trajectory and intensity : a shallow
and/or large groove will intensify its structure.

5.3 Rear vortices

The last three vortices lie in the wake of the wall
separating the grooves. They are essentially de-
tachments. The first is visible in a meridional
plane (Fig. 6). It is basically like the well doc-
umented backward facing step vortex, even if it
does not share the characteristics of the latter: it
is shorter because the wall is not infinite in the
transversal direction here.

Fig. 6 Meridian rear vortex

The main effect of this meridional structure
is the generation of a backward flow near the cas-
ing. It is sensible mainly to the groove height
h and the w and N parameters that modify the
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wall’s width. The bigger the wall is, the larger
the vortex will be.

The other two vortices develop in the blade-
to-blade plane. Both are flow separations occur-
ring past the Ro and Lo corners. These two struc-
tures are represented in Fig. 7 for a helix angle
α=45◦.

Fig. 7 Blade-to-blade rear vortices

The vortices are counter-rotating, with a close
interaction since they are separated only by the
wall’s width. The interaction is useful for the
swirl reduction because a massive transversal
flow opposed to the rotor movement can be ob-
served. The viscous dissipation is also interesting
for the blockage criterion.

These structures are highly sensitive to the
helix angle α. For instance, the Ro-detachment
grows when α decrease, and the Lo-detachment
grows along with α. Parameters h, w and N also
affect these structures by modifying the size of
the wall and its wake.

The last noticeable point for the rear vortices
is the complete interaction between the merid-
ional and the blade-to-blade structures. The cou-
pling generates a complex structure that can ex-
tend in front of the groove exit. For high helix an-
gle, it was noted that the resulting structure gen-
erates a backflow (negative axial velocity) near
the casing across the groove end section, thus po-
tentially limiting the massflow through the gap.

5.4 Possible technological effects

It is necessary to validate the basic assumption of
the model (sharp angle, flat geometry) since the
associated technological effects can greatly mod-
ify the flowfield. A flat geometry with 0.3mm
radius fillet was simulated. All the described vor-
tex are present, some being slightly altered. An-

other cylindrical geometry with sharp edges was
also tested, with no significant difference with the
plane configuration (Fig. 2). In both cases, the
aerodynamic criteria are nearly the same than in
the present simplified model.

6 Parametric study

The study of the sensitivity of the criteria to
various parameters underlines some interesting
trends for the application of the casing treatment.
The parameterization is achieved with the unique
parametric Navier-Stokes solver Turb’OpTyT M.
The five parameters described in section 2 are
first studied separately. Their coupling is then
considered and the final optimization is pre-
sented.

6.1 Groove length L

Fig. 8 Effects of the parameter L

The variation of the criteria with respect to
the parameter L are shown in Fig. 8. The first or-
der (only the first order derivative is taken into ac-
count) and second order (first and second deriva-
tives are used) variations are represented. As one
can see, the length has a monotonic influence on
the static pressure and swirl criteria. The total
pressure criterion variation (not shown here) is
also monotonic, so that we can conclude that long
grooves are better for all criteria. It may also be
noticed that the static pressure variation is essen-
tially linear. Second order effects are only visible
for the swirl criterion.
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6.2 Groove width w

Fig. 9 Effects of the parameter w

Fig. 9 represents the variation of the static
pressure and swirl criteria with respect to the
groove width w. The total pressure criterion evo-
lution is similar to the swirl. Some direct calcu-
lations with the RANS solver Turb’FlowT M are
also represented for a validation sake. The most
noticeable point is that for this parameter, static
pressure and swirl/total pressure cannot be im-
proved simultaneously. The first one demands
narrow grooves (which is coherent with what was
observed on the single fin during the validation),
whereas the swirl reduction is better with large
grooves (allowing a strong flow inside them).

This time second order effects are quite im-
portant for all criteria. The difference between
the extrapolated variation and the direct simula-
tion suggests that higher order effects can also
be present. Therefore, it would be relevant to (at
least) calculate third order derivatives.

6.3 Number of grooves N

The effects of the parameter N on the criteria are
represented in Fig. 10.

Once again, the static pressure criterion is op-
posed to the other. Dealing with swirl or to-
tal pressure, the trends indicate that numerous
groove are the best. Since the parameter N con-
trols the wall width, grooves separated by thin
walls are the most efficient for turning the flow
within the gap. This is somehow similar to what
has been seen for the parameter w. For a fixed

Fig. 10 Effects of the parameter N

number N, increasing w will lead to thin walls.
As can be noticed from the direct simulations,

the variations are mainly based on some first-
order physics, except for the static pressure. Yet,
away from the reference (N=50±3), the second
order extrapolation differs greatly from these di-
rect simulations, which suggests that the trunca-
tion error of the reconstruction is not negligible
any more. For this reason, the study will now be
restricted to the interval [N=48,N=52].

6.4 Groove height h

Fig. 11 Effects of the parameter h

The study of the influence of parameter h
(Fig. 11) clearly indicates that shallow grooves
are efficient for massflow reduction, but not for
swirl reduction (once more, the total pressure ob-
jective behaves like swirl). This last point is quite
obvious since it means that the gap is narrow
and thus the transversal shear is at a high level.
The static pressure drop may be more surprising.

7



L. SOULAT, P. FERRAND, S. AUBERT, S. MOREAU, M. HENNER

Actually, this is coherent with the parameteriza-
tion: it was chosen to keep the massflow con-
stant independently from h, as well as the fluid
incidence. This implies to reduce the mean ax-
ial velocity when increasing the height. In these
conditions, it can be shown that for the same de-
viation of the fluid, the pressure gradients within
and around the groove are stronger for low values
of h. Aerodynamic losses are also increased for
small height.

6.5 Helix angle α

Fig. 12 Effects of the parameter α

This parameter exhibits very interesting
trends. As shown in Fig. 12, the static pressure
varies monotonically, decreasing toward high an-
gle. The casing treatment asympotically there-
fore mimics the single fin for α tending to 180◦.

The variations of ∆Vy and ∆Pt reveal that
there is an optimum located approximately at
α = 110◦. This result is confirmed by the good
agreement between the extrapolated curves and
the one obtained with direct simulation. This op-
timum can be explained as follows: for low an-

gle, the measured massflow within the groove
is high, but the fluid deviation is low, so that it
does not counter the main swirl efficiently. On
the contrary, at high angle, the deviation is very
important, but because of the blockage within
the groove, the massflow circulating through it is
low, which results in a low swirl reduction capac-
ity. At the optimum, a compromise is achieved
between high massflow within the groove and
high deviation of the fluid. In that case, the to-
tal pressure variation mainly accounts for the dy-
namic pressure variation.

6.6 Parameter coupling

The coupling between parameters is studied
through the use of second order cross derivatives
of the flowfield. For this casing treatment, cou-
plings are generally low, except for h and L or
w and L. In the first case, the coupling under-
lines that long and deep grooves are useful to im-
prove ∆Vy, and for the second case, thin and long
grooves are even more efficient to increase ∆Ps.

6.7 Casing treatment optimization

In order to be applied efficiently to the fan test
case, the modelled casing treatment is optimized.
This multi-objective multi-parameter optimiza-
tion is achieved with the NSGA-2 genetic algo-
rithm [1], coupled with the parameterization pre-
viously studied. Optimal population is reached in
approximately 50 generations, for a total number
of 100 generations of 500 individuals each. The
Pareto-optimal population is analyzed thanks to
a Self Organizing Map (SOM) algorithm [7]. In
this type of representation (Fig. 13), each map
represents one information (value of parameter
or objective) over the population with the same
topology, so that one point -one configuration-
can be quickly found on every map.

The first thing to note is that some parameters
are blocked at the limit imposed for the optimiza-
tion. For instance, every optimum has a length
L=10mm, which suggests that the optimization
can be continued beyond this point. In the same
approach, the number N takes only two values,
N=48 and N=52.
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Fig. 13 SOM analysis of the optimal population

Other parameters vary in a smoother way.
The clear opposition between ∆Ps and ∆Pt-∆Vy
is present in the optimal population. One can
also find that the best individuals for ∆Pt and
∆Vy are slightly different, but both belong to a
zone with low angle (around 115◦), large height
(4mm) and width (around 9mm). This is consis-
tent with what as been previously noticed.

7 Application of the casing treatment on a
test fan

A casing treatment geometry taken from the opti-
mization is applied to the complete test fan. The
chosen geometry is the one corresponding to the
total pressure optimum. This geometry had to be
slightly modified to satisfy the simulation con-
dition (most notably the chorochronicity hypoth-
esis), so that the applied geometry is [α=112◦,
h=3mm, w=8.5mm, L=10mm, N=54]. Yet, it was
found that this casing treatment does not improve
the flow within the gap relatively to the case with
the standard gap. The reason of this bad perfor-
mance is linked to the gap geometry of the stud-
ied fan.

As illustrated in the meridional cut of the gap
for the test fan (Fig. 14), the rotor shroud is fitted
with a labyrinth seal, i.e. a radial extension that
creates elbows in the gap. Because of this device,
the outlet vortex of the grooves is so much ampli-
fied that it totally closes the exit of the grooves,

annihilating the massflow within them and mak-
ing them ineffective.

Fig. 14 Gap configuration for the test fan

To suppress this problem, longer grooves and
smaller vortex seal are used (Fig. 15).

Fig. 15 Corrected gap configuration

With such a configuration, the gap flow is
greatly improved.

As it can be seen in table 2, the massflow
within the gap is almost divided by two with the
casing treatment, the swirl rise is divided by al-
most 5, and the static pressure difference is mul-
tiplied by more than 2. From this point of view,
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Config.
∆Ps
[Pa]

mass f low[
10−2.kg/s

] ∆Vy
[m/s]

Standard gap -97.5 2.58 5.02
Casing treat. -208.7 1.42 1.04

Table 2 Gap flow characteristics

we can conclude that the new casing treatment
is effective, reducing dramatically both swirl and
leakage.

8 Conclusion

The casing treatment proposed in this paper has
been validated from a simple canonical model to
a real test case. This is an helicoidal grooving of
the casing that allows to reduce both leakage and
swirl for the gap flow in shrouded fan configu-
rations. The precise description of the flowfield
associated with this grooving has revealed sev-
eral interacting vortices, as well as their sensitiv-
ity to some geometrical parameters defining the
groove. The casing treatment has been character-
ized relatively to these geometrical parameters,
and then optimized.

At this point, only the casing treatment was
optimized. It would be relevant in future stud-
ies to also modify the fan, since late results have
shown that the improvement of the gap flow in-
duce a critical modification of the inlet flow over
the blade tip. Therefore, the blade should be
re-adapted, before optimizing simultaneously the
casing treatment and the fan.
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