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ABSTRACT
Multiple Exhaust DUct with Source Adjustment (MEDUSA) is a novel concept, which
may be used to control the operation of radial turbines in turbochargers. This technique
is based on replacing the traditional spiral volute with a Multi-channel Casing (MC) to
provide turbine inlet area controllability, which in turn will control the inlet flow angle.
When replacing a traditional radial turbine casing featuring a single volute by a multi-
channel casing variant, it is crucial to ensure comparable mass flow characteristics. Not
only should the effect of the casing replacement on the performance be considered, but
also the influence of the different geometrical parameters of the new casing. The present
study presents and discusses the methodology for substituting the spiral volute with multi-
channel casing while conserving the mass flow characteristics. Also, a parametric study
takes place to monitor the effect of the new casing geometrical parameters on the turbine
performance. First, a flow simulation of the radial turbine with the original spiral casing
has been performed and validated with experimental results to establish a reliable and
robust model giving the ability to study new casing designs. Secondly, two different designs
for the multi-channel casing have been studied to replace the traditional one. Finally, a
parametric study is presented to assess the new technique deeply. The results show the
possibility of replacing the traditional spiral volute with a curved MC while conserving
the same turbine performance map and sufficient turbine efficiency.
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NOMENCLATURE
A Area [mm2]
D Diameter [mm]
h Enthalpy [J/kg]
ṁ Mass flow rate [kg/s]
N Channel count []
p pressure [Pa]
r Radius [mm]
T Temperature [K]
Greek Symbols
α Absolute velocity flow angle [deg]

γ Casing hub inclination angle [deg]
δ Casing opening angle [deg]
η Normalized isentropic efficiency [ ]
θ Casing channel angle [deg]
π Expansion Ratio [ ]
Subscripts
fc Feeding channel
gv Guide vane
L Left
R Right
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red Reduced
S Isentropic
s Static conditions
sg Single
t Total conditions
th Throat
tot Total
1 Casing inlet

2 Casing outlet (or) rotor inlet
3 Rotor outlet
Abbreviations
CFD Computational Fluid Dynamics
Eff. Efficiency
MC Multi-channel Casing
MFR Reduced Mass Flow
V TG Variable Turbine Geometry

INTRODUCTION
Inflow Radial Turbines have an extensive range of applications not only because of their

suitability for low volume flow rates and their capacity for higher pressure ratios when com-
pared to axial turbines but also because they have a significant inherent cost advantage. For
these reasons, radial turbines are still used in turbochargers, small gas turbines, and many other
applications. Many attempts have taken place to enhance the performance of the radial tur-
bine especially when it operates at low flow rates. One of these attempts is known as Multiple
Exhaust DUct with Source Adjustment (MEDUSA), which is based on a radial turbine partial
admission system.

MEDUSA is a partial admission system consisting of separate flow channels that feed the
radial turbine with the working fluid. By opening or closing the individual flow channels using
external valves, the turbine flow can be adjusted. Due to the use of external valves, the sys-
tem is considerably more robust than other variable geometry systems based on adaptable inlet
guide vanes and thus becomes suitable for many applications, for instance, turbochargers con-
nected to spark-ignition engines with high-temperature exhaust flows. For better understanding
MEDUSA concept, a compares between the Multi-channel Casing (MC) control concept and
the Variable Turbine Geometry (VTG) concept as a commonly used control technique is shown
in Figure 1. In VTG the total throat area Ath,tot is controlled by rotating the guide vanes, while
in the MC it is controlled by opening or closing selected channels to change the count of feeding
channels Nfc.

Challand et al. (2013) [2] theoretically investigated the MEDUSA control system in a
turbocharger turbine and the connection with the internal combustion engine using a one-
dimensional approach and computational fluid dynamics simulation. A connection example
for a two cylinders engine and six channel casing is shown in Figure 1. The resultant perfor-
mance was compared with the available characteristics of the same turbine controlled with a
variable inlet nozzle. The main conclusion of this research predicted the importance of the new
control technique for the radial turbine and opened the door for researchers to deeply investigate
the performance of the new partial admission control system.

Ilievski et al. (2015) [4] designed, optimized and implemented the MEDUSA four chan-
nel casing variant, which provides the partial admission control system and installed it to a
turbocharger radial turbine, which was originally controlled by a waste-gate. This work was ac-
complished using CFD by simulating the flow inside the turbine with a MEDUSA stator. More-
over, experimental work was carried out to validate the numerical results. The performance of
the turbine with the new casing variant was compared to the performance of the original turbine
with the conventional waste-gate. It was found that the partial admission of the radial turbine
using the optimized four channel stator allowed control of the turbine mass flow in a range of
40-100 percent at sufficiently high expansion ratio to extract work at all conditions, thereby
yielding an acceptable drop in efficiency.
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Figure 1: Left: comparison between VTG and MC in controlling radial turbine. Right:
schematic of the connections between turbine and cylinders of the internal combustion
engine, investigated by Challand et al. (2013) [2]

One of the main issues that are associated with replacing the spiral casing with MC and
applying the MEDUSA concept is the deviation in the mass flow characteristics between the
turbine with the spiral casing and turbine with MC at full admission condition. This change
prevents a reasonable performance comparison between these different casings. Therefore,
The primary objective of this study is to replace the turbine spiral casing with a multi-channel
casing while ensuring comparable mass flow characteristics. In addition, a parametric study
has been performed to understand the effects of the selected geometrical parameters on the
turbine performance as a continuation and extension of previous studies [2, 4, 3] that discuss
the performance for the MEDUSA technique. This investigation is carried out using a steady
state numerical simulation of the flow inside a radial turbine. Moreover, unsteady simulation
has been performed for a selected case to compare the performance with the steady simulation.
Experimental work has been performed to validate the numerical results.

GEOMETRICAL MODELS
The radial turbine chosen for the current study is part of the K03/05 turbocharger model by

Borg Warner Turbo Systems (BWTS). Two models are generated from this radial turbine. The
first model (M1) represents the original design of the radial turbine with the traditional spiral
casing. The second model (M2) represents the rotor of the original system as shown in Figure 2
attached to the modified multi-channel casing.

M1 consists of three domains: spiral casing, rotor, and outlet pipe. To apply the MEDUSA
concept, M2 is designed by replacing the spiral casing with MC as shown in Figure 3. Two
designs for these channels have been implemented: M2.a. is designed as a straight channel,
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while M2.b. is designed to give improved guidance of the flow by using single-arc curved
channels.

Figure 2: Radial turbine rotor

MESH GENERATION
All domains in the numerical models except the spiral volute in M1 and multi-channel casing

in M2 have meshed with hexahedral cells. For the spiral and multi-channel casing, tetrahedral
cells in combination with ten prism layers with an expansion ratio of 1.2 were used to resolve
the boundary layer at the walls. The rotor domain mesh has been generated using ANSYS
Turbo-grid, while the other domains meshed using ICEM software. The models domains and
the mesh is illustrated in Figure 3. The number of elements was chosen after doing a grid
independency analysis based on the comparison between the number of used elements versus
the reduced mass flow rate and the total to static efficiency as shown in Figure 3. The exact
element number of each domain is shown in Table 1.

Table 1: Number of Elements in each Domain
Domain Number of elements

Spiral Casing 423260
Multi-channel Casing (Single channel) 243815

Rotor (Single blade channel) 337674
Outlet Pipe 74786

CFD MODEL
The numerical models M1 and M2 consist of three attached domains: spiral casing (in M1)

or multi-channel casing (in M2), outlet pipe, and rotor. The first two domains are simulated in
a stationary frame of reference while the third one is simulated in a rotating frame of reference.
For the steady simulation, the rotor is considered as a single blade passage, and the interface
between the different frames of reference is chosen to be a stage interface with mixing planes.
On the other hand, a time-marching transient simulation has been performed in order to com-
pare the performance with the steady simulation for a selected case. The full rotor full casing
model has been considered in the transient simulation and the interfaces between the stationary
and rotating reference frame chosen to be a transient rotor-stator (sliding mesh). the unsteady
simulation used the steady result as an initial condition and the time step chosen as 360 steps
per one rotor revolution after performing a time step independency analysis.
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Figure 3: Domains, meshing, and grid independency analysis

The 3-D Reynolds-averaged Navier-Stokes and energy equations are expressed in the finite
volume formulation have been solved using the commercial software ANSYS CFX [1].

The terms of the differential equations on the volume interfaces are obtained by a high-
resolution scheme (second-order upwind scheme). The pressure-velocity coupling is achieved
using the SIMPLE algorithm. The kω -SST turbulence model with an automatic wall function
was applied. The value of y+ calculated for the steady design point is shown to be between 0
and 10. Total pressure and total temperature at the inlet and average static pressure at the outlet
are used as boundary conditions. The value of the static outlet pressure is 1 bar while the total
inlet pressure is adjusted for every operating point. The total temperature at the inlet is chosen
to be 876 K according to the experimental data.

MODEL VALIDATION
For the validation purposes, the numerical results from CFD were compared to the exper-

imental results. The measurements have been performed on a hot gas test rig Figure 4 at the
Institute of Thermal Turbomachinery and Machinery Laboratory (ITSM) at the University of
Stuttgart [5]. Figure 5 illustrates the validation of original design Model M1, which describes
the reduced mass flow and the normalized total to static isentropic efficiency against the total
to static expansion ratio for different rotational speeds as calculated using Equation 1 and 2.
Moreover, the same comparison has been repeated regarding the modified design Model M2.b
and the results are shown in Figure 6. The comparison between numerical and experimental
results for the mass flow rates shows a good agreement with an error less than 2% in a limited
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number of operating points. Conversely, it gives a significant error for the efficiency of up to
15% for high expansion ratio. This error may be attributed to the adiabatic and steady flow
assumptions in the numerical simulation and the isentropic efficiency measurement uncertainty
especially in this kind of small-scale turbomachinery with the inhomogeneous flow. Despite
this error in efficiency, the numerical results are considered to be reliable for the comparison
between different case-studies.

ṁred = ṁ×
√
Tt1
pt1

(1)

ηt−s =
ht1 − ht3
ht1 − hs3S

(2)

Figure 4: Hot gas test rig scheme. Top: spiral volute arrangement, Bottom: Multi-channel
casing arrangement

RESULTS AND DISCUSSION
The multi-channel casing design procedure is described using the flowchart shown in Fig-

ure 7. A complete 3D model of the original radial turbine with spiral volute combined with the
turbine map and efficiency curves are considered as input to the design tool. A CFD design tool
has been built to generate the 3D Model and perform a flow simulation of the modified turbine
with the multi-channel casing. A comparison between the mass flow of the original and mod-
ified design controlling the adjustment of the casing throat area and generate new geometrical
parameters and run the simulation again. This design step repeated iteratively until the mass
flow of the different designs matches.

In order to achieve the main objective of this study, a comparison between two different
models of radial turbine took place. The first model represents the original radial turbine while
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Figure 5: Numerical model validation for M1

Figure 6: Numerical model validation for M2.b

Figure 7: Multi-channel casing design flowchart
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the other model has the same structure but replaced the spiral casing with the multi-channel
casing. The second model based on two different designs: Model M2.a considers a straight
channel profile and Model M2.b a single-arc curved channel is shown in Figures 8. In addition,
the figure illustrates the geometrical parameters which are varied for the following case-study.

Figure 8: Geometrical parameter for: a) straight - b) curved multi-channel casing

Four case-studies based on model M2.a are presented in this paper to discuss the effect of the
casing replacement on the turbine performance. The geometrical parameters of these four cases
are stated in Table 2. The selection of these parameters aims on achieving the same turbine map
and helping to study the effect on the turbine total to static efficiency when compared to model
M1.

Table 2: Model M2.a Geometrical parameters

Case number θR2 (deg) θL2 (deg) δ (deg) γ (deg) D1 (mm)
1 60 30 32.5 67

85
2 60 30 32.5 77.5
3 75 75 25 77.5
4 75 75 23 77.5

The turbine performance of the Model M2.a cases compared to the Model M1 at two dif-
ferent rotational speeds is depicted in Figure 9. It was found that the straight multi-channel
casing is not able to deliver the same performance as the spiral casing. This type of casing
could not be adjusted to give the same performance at different rotational speeds. For instance,
case 4 shows an acceptable deviation in the lower rotational speed, while the deviation for the
same case at high rotational speed is not acceptable. Moreover, this kind of casing could not
provide sufficient flow guidance to get a uniform inflow angle. Therefore, it results in a poor
(total-to-static) efficiency as shown in Figure 9.

The alternative design is the single-arc curved multi-channel casing. An intensive investi-
gation has been done with this design because it shows promising results. Twelve cases have
been chosen to be presented in this paper. The main parameters of these twelve cases are list-
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Figure 9: Turbine performance for Model M1 and M2.a for full admission

ed in Table 3, whereas the 3D isometric view for selected cases is shown in Figure 10. The
geometrical parameters have been chosen to cover the majority of the design configurations.

Table 3: Model M2.b Geometrical parameters

Case θR2 θL2 δ γ Case θR2 θL2 δ γ
number (deg) (deg) (deg) (deg) number (deg) (deg) (deg) (deg)

1 15 15 80 80.5 7 20 20 63 67
2 15 15 80 81.6 8 20 20 63 72.5
3 15 15 80 83.5 9 20 20 63 78
4 15 15 75 73 10 10 10 75 58
5 15 15 75 76.5 11 10 10 75 65
6 15 15 75 75 12 10 10 75 72

For all cases:
θR1 = 40◦, θL1 = 10◦, D1 = 85mm, D2 = 50mm

Figure 10: 3D Isometric view of multi-channel casing (selected Cases)
The numerical results for model M2.b including the reduced mass flow rate of the turbine
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and the total to static isentropic efficiency against the expansion ratio at two different rotational
speeds are illustrated in Figure 11.

It is found that it is possible to replace the spiral volute with multi-channel single-arc casings
for the same turbine map with acceptable deviation as shown for case 2, 5, 8, and 11. On the
other hand, it is clear that the four different geometrical combinations that retain the original
turbine map have different efficiencies as shown for the same four cases in the efficiency curves.
The differences in efficiency in each case are attributed to the change in the absolute velocity
flow angle values and distributions at the casing outlet. According to Rohlik [6] the maximum
efficiency of radial turbine expected at absolute velocity flow angle with average value between
70 and 72. Figure 12 represents the distribution and the average value of the absolute velocity
flow angle at the casing outlet (rotor inlet). It is found that case 2 provides a homogeneous
velocity flow angle with average value of 71.5. this explains why case 2 has a higher efficiency
compared to the other three cases. The final choice of the appropriate shape will not only
depend on the steady performance but also a manufacturing requirement as well as unsteady
aspects such as aerodynamic forcing.

For the radial turbine with multi-channel casing, the mass flow of the working fluid is af-
fected mainly by the casing shape. For instance, it increases by increasing the opening angle
because of the increase in channel throat area. In addition, it decreases when the hub inclination
angle increases. Moreover, the casing outlet angles (θR2, θL2) could guide the flow to the desired
inflow angle, while the casing inlet angles (θR1, θL1) are more useful for controlling the casing
inlet shape and area. Another critical point to consider is that a change of the casing inlet and
outlet angles change the throat area. So, the opening angle or the hub inclination angle could
also be altered to compensate this change. All these geometric influences are deduced from
the comparison between the four different case-study groups which are plotted in Figure 11.
In order to discuss the applicability of the used steady model in predicting the mass flow char-
acteristics. A time-marching transient simulation has been performed for case 2, which shows
the same mass flow characteristics for the spiral casing and MC with approximately equal effi-
ciency. It is found that the deviation in predicting the mass flow from the steady and unsteady
simulation is maximum with approximately 1.5% at the higher rotational speed as shown in
Figure 11. Therefor the steady model which has been used in this study considered reliable in
predicting the mass flow characteristics and perform the comparison between different cases.
Finlay this deviation in the mass flow characteristics between the test data, steady simulation,
and unsteady simulation can be compensated at the final design phase by controlling on of the
geometrical parameter.

CONCLUSIONS
Numerical simulations have been performed with a radial turbine to investigate the possi-

bility of replacing the spiral volute with a multi-channel casing. This would be useful in partial
admission and its application in radial turbine operation control. Two models with differen-
t designs have been investigated. The first one is the turbine with the original spiral volute.
The second is the turbine with multi-channel casing, which is studied for two different design-
s, one with the straight channels and one with the single-arc curved channel. The numerical
results of the first and second model showed a good agreement compared to the experimental
results. The numerical investigation of the multi-channel casing demonstrates the possibility of
using different combinations of geometrical parameters to achieve the same turbine map with
acceptable deviation using a single-arc curved multi-channel casing. On the other hand, these
different combinations produce different efficiency values. This difference may be attributed to
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Figure 11: Turbine performance for Model M1 and various M2.b variants at full admission
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Figure 12: Velocity flow angle at the casing channel outlet, BEP

the varying ability of each design to provide a uniform inflow angle. Based on the mass flow
characteristic data which obtained from the steady and unsteady simulation, the steady simu-
lation could considered as a reliable approach to compare the mass flow among different case
studies. Finally, the results show the possibility of replacing the traditional spiral volute with a
curved multi-channel casing while conserving the same turbine performance map, to be used in
the operation control using partial admission.
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