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Abstract. Using a pre-swirl mechanism upstream an impeller of a compressor allows to modify its 
characteristics curve, while weakly damaging its efficiency. Another consequence of the pre-swirl is to push 
back the surge line limit and to increase the operation zone towards the low flow rate limits. A centrifugal 
compressor has been modified in order to add a swirl generator device upstream the impeller. The incidence 
values of blades can vary from 0° (no pre-swirl) to ±90°. The variation of the stator blades incidence has 
several main consequences: to allow a flow rate adjustment with a good efficiency conservation, to increase 
the angular velocity with a constant shaft power, to produce a displacement of the surge line limit. In this 
paper, the results of experimental studies are presented to analyze the surge line and the intensity of unsteady 
phenomena when the compressor works in its surge area. 

Nomenclature 
π compression ratio; 
qm mass flow rate; 
N  rotation speed; 
RPM rotation per minute; 
ω angular velocity; 
δ pre-swirl angle; 
P shaft power; 
U1,U2 respectively entrainment velocity at the inlet and 

the outlet of the compressor wheel; 
V1,V2 respectively absolute velocity at the inlet and the 

outlet of the compressor wheel; 
α1  angle between Ui and Vi at the compressor wheel 

inlet; 
α2  angle between Ui and Vi at the compressor wheel 

outlet; 
β1  angle between Ui and Wi at the compressor wheel 

inlet. 

1 Introduction  
In order to reduce pollutant emissions and to decrease fuel 
consumption, a large part of the current automotive 
market is equipped with supercharged engines. 
Turbochargers used for these efficient systems have 
numerous advantages but their working range has two 
limits imposed by choke conditions for very high mass 
flow rates and surge phenomenon for low mass flow rates. 
This phenomenon is translated by instabilities in the 
turbocharger, with the appearance of reversed flow at the 
inlet. Deep surge is very dangerous for the system because 

of the mechanical damages caused by these instabilities. 
It is then necessary to find a way to push back this low 
limit of working range. Many devices have been studied 
[1, 2]. The pre-swirl, also called inlet guide vane, is the 
solution chosen for this study. 

The pre-swirl, using stator blades with variable angle 
of attack at the upstream of a compressor wheel engine, is 
a technique mainly applied to improve the flow rate 
adjustment and the power of large impellers. This method 
allows to obtain an angular deviation of the absolute 
velocity of the fluid upstream the leading edge of the 
compressor wheel blades (Fig. 1).  

 

Fig. 1. Theoretical diagram of a pre-swirl system. 

The consequence of this angular deviation is to 
modify, in accordance with Euler’s equation, the 
compressor power input  with our experimental device 
(Equation 1). 

 .  (1) 

Without pre-swirl, as α1 is theoretically equal to 90°, 
the second term of Euler’s equation is zero (at least at 
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nominal point). If angle α1 is no longer equal to 90° but 
takes the value imposed by the pre-swirl blades, it is 
immediately checked that the compressor power input 
increases or decreases according to the direction (angle δ) 
chosen by the user. In this paper, the positive pre-swirl 
represents values of δ which deflect the flow in the 
direction of angle β1 of the blades at the compressor wheel 
inlet. Then, negative pre-swirl describes the deflection of 
the flow in the other direction. Experimental 
measurements presented in this paper have been carried 
out for three relatively low rotation speeds, in order to 
prevent compressor damage. Indeed, during 
measurements, when the compressor works in its surge 
area it is dangerous for the compressor itself but also for 
its associated circuit [3,4]. Thus, in this paper, we focus 
on compression ratio curves in order to visualize and 
analyze the surge line limit. 

2 Compressor surge phenomenon 
All compressors forced to operate at very low flow rate 
are submitted to a very unsteady and dangerous regime 
[3,4]. This aerodynamic instability has as its consequence, 
among others, strong fluctuations of pressure and flow 
rate. The inlet geometry of the circuit upstream the 
turbocharger has effects on the appearance of surge 
phenomenon [5]. It is then important to optimize this inlet. 
 

(a) 

 

(b) 

Fig. 2. Description of the surge loop: (a) Theoretical 
characteristic curve, (b) characteristic curve. 

The unstable operating point characterizing deep surge 
describes a loop (Fig. 2) with an amplitude and a 
frequency dependent on the associated circuit [6-8]. 

3 Experimental device 

The measurements have been conducted on a test bench 
composed of a pre-swirl located near the turbocharger 
inlet and a flow control valve placed downstream the 
turbocharger in order to control the flow rate introduced 
in the system. This device allows to modify the flow rate 
to use the turbocharger in its working range or even in the 
deep surge. Many sensors are used to measure different 
values at each component of the circuit: pressure sensors 
at the inlet and outlet of each component, temperature 
sensors and a flowmeter (placed upstream the pre-swirl). 
The pre-swirl device used has nine blades (Fig. 3). All 
blades are controlled by the same screw guidance to rotate 
all blades with the same angle to their own axes. The 
incidence angle of each blade can then be imposed by the 
user for different measurements. These blades can rotate 
at 360° around their axes. 

        
(a)                                          (b) 

Fig. 3. Pre-swirl device used at compressor inlet in the test 
bench: (a) picture of the pre-swirl inlet, (b) pre-swirl diagram 
in sketch. 

4 Results 

4.1 Effect of the pre-swirl on the surge line limit 

The experimental results are presented in Fig. 4. These 
first measurements have been carried out for four 
arbitrarily chosen values of pre-swirl angle: 26°, 52°, –26° 

and –52°. A short analysis of these results confirms the 
effect of the pre-swirl of the flow upstream the 
compressor wheel on the appearance of the surge line 
limit. A pre-swirl in the flow direction at the compressor 
wheel inlet allows to push back this limit. This movement 
of the surge limit is accompanied by the light 
improvement of the compression ratio for a moderate pre-
swirl angle. 

In the case of a negative pre-swirl, the surge line limit 
is pushed back too for a considerable angle as for example 
with an angle of –52°. However, this angle of pre-swirl 
induces a large decrease of the compressor performances. 
On the other hand, a moderate negative pre-swirl has 
beneficial effects on the surge limit since it moves back in 
this case. The main challenge of this problem is to find the 
optimal angle to push back the appearance of surge 
phenomenon but also to improve compressor 
performances. 
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Fig. 4. Effect of different angles and direction of the pre-swirl 
on characteristic curves: (a) for a positive pre-swirl, (b) for a 
negative pre-swirl. 

4.2 Effect of the pre-swirl on the intensity of 
instabilities in the surge area 

The pressure and flow rate instabilities may be compared 
thanks to surge loops by analyzing the area. Indeed, the 
area of surge loops is sensitive to the intensity or to the 
dissipated energy during the compressor surge. Fig. 5 
shows the evolution of pressures at the inlet and outlet of 
the compressor when the compressor operates in its surge 
area. The dissipated energy is then quantifiable with the 
loop describing the operating point. 
Previous measurements, corresponding to five positions 
of the pre-swirl and three rotation speeds of the 
compressor, have been carried out by the surge loops 
recording (Figures 6 and 7). It progressively shuts the 

vane at the outlet of the compressor until a deep surge is 
reached simultaneously acting on the valve before the 
turbine to maintain a constant speed. Pressure 
measurements permit to calculate instantaneous 
compression ratio and air flow. 

This zone corresponds to unstable operating points for 
which flow rate and compression ratio oscillate with a 
periodic signal described by a stable frequency.  

In the case of a positive pre-swirl we can conclude that 
for any rotation regime, surge loop area decreases for a 
moderate pre-swirl at δ = +26° but seems to increase 
slightly for δ = +52°. On the other hand, in the case of a 
negative pre-swirl, the surge loop area increases for δ = –
26° and falls rapidly for δ = –52°. 

The measurement of the unsteady flow rate seems to 
be biased for some values of the pre-swirl angle. The 
location of the inclined blades of the pre-swirl between 
the flowmeter and the compressor disturbs the flow when 
it becomes reversed during the surge instabilities. The 
differential sensor associated to the flow rate 
measurement is not able to evaluate clearly the pressure 
variations due to the pressure reducing orifice. 

5 Conclusions 

The measurements obtained on our surge test bench show 
that the pre-swirl does not only affect the appearance of 
the surge phenomenon, as it was shown in the literature 
for other different systems, but also on the intensity of the 
instabilities in the deep surge range. This information is a 
new important result that implies further studies of the 
optimal incidence angle of pre-swirl blades are needed. In 
order to improve our study, new experiments are in 
progress. In order to analyze more precisely the flow 
upstream blades of the compressor wheel, a pressure 
measurement can be insufficient. An optical access 
allowing PIV (Particle Image Velocimetry) or LDV 
(Laser Doppler Velocimetry) measurements should be 
considered to have more precise results which will be 
completed with CFD (Computational Fluid Dynamics) 
simulations. 

Our first analysis shows that a positive pre-swirl is 
beneficial for pushing back the surge line limit and for 
increasing the compression ratio in the case of a low 
incidence angle of pre-swirl blades (+26° for example). It 
also appears that for this angle, the adiabatic efficiency is 
slightly increased. 

 

Fig. 5. Inlet and outlet pressure fluctuations during surge operation. 

(a) 

(b) 

MATEC Web of Conferences 133, 04002 (2017) DOI: 10.1051/matecconf/201713304002
BulTrans-2017

3



 

   
N = 80 000 RPM 

δ = 0° 
N = 90 000 RPM 

δ = 0° 
N = 100 000 RPM 

δ = 0° 

   
N = 80 000 RPM 

δ = +26° 
N = 90 000 RPM 

δ = +26° 
N = 100 000 RPM 

δ = +26° 
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Fig. 6. Characteristic curves obtained in surge operation for a positive pre-swirl. 
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Fig. 7. Characteristic curves obtained in surge operation for a negative pre-swirl. 
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