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Nomenclature 

a – constant of incidence correlation; b – constant of 

incidence correlation; e – total enthalpy, J; H – enthalpy, J; 

I – flow incidence angle, degree; m, n – increments of the 

trigonometric interpolation; P – pressure, kPa; r – constant 

of ideal gases, J/kg.K; T – temperature, K°; u – velocity, 

m/s; Theta – impeller circumferential position, degree;            

x – angle of the second bend position (IMC), degree;            

VC – circumferential velocity, m/s; VX – axial velocity, m/s; 

η – isentropic compression efficiency; μ – dynamic 

viscosity, kg/m.s; θblade – blade incidence angle, degree;         

ρ – fluid density, kg/m3; ω – angular velocity, rd/s. 

Abbreviations 

3D – three dimensions; CFD – computation fluid dynamics; 

DB – dual bends; div – divergent operator; FDD – flow 

distortion direction; Grad – gradient operator; IC – inlet con-

figuration; ICE. – internal combustion engine; IGV – inlet 

guide vanes; IMC – inlet manifold configuration;               

SGD – swirl-generator device; SP – straight pipe. 

1. Introduction 

Centrifugal compressors are widely used in various 

industrial sectors such as automotive industry, electric 

power generation, pipeline transport of gaseous 

hydrocarbons and several other processes. Over the last two 

decades, the design of the centrifugal compressor improved 

remarkably in terms of technology and aerodynamic 

efficiency [1, 2]. However, inlet flow distortion remains a 

serious issue for these rotary machines. It is argued that 

unsatisfactory conditions at the inlet section of the impeller 

fails to achieve the required expectations for centrifugal 

compressors equipping ICE turbochargers and gas turbines 

due to the inlet distortion, even for variable geometry 

compressors (IGV) [3 – 5]. Several techniques are 

considered to reduce aerodynamic losses caused by higher 

incidence angles generated by the flow distortions at the 

compressor intake manifold. Inlet guide vanes (IGV) 

technique is introduced to ensure a desired incidence angle 

promising impeller stability with acceptable performance 

and pressure losses at the (IGV). A bend with flow 

straitening vanes along the bend curvature, reduce the 

recirculation zones and distortion significantly near the 

impeller eye [5 – 7]. Clocking effect of 90° bend on the 

compressor intake affects compressor efficiency by the 

presence of recirculation zones as flow changes direction 

reaching the impeller eye poorly developed. The impeller 

circumferential outlet showed non-uniform distribution of 

pressure. The morphology of the flow at the volute outlet 

changes according to the angular position of the bend at the 

compressor intake manifold [8, 9]. An experimental and a 

numerical simulation of a centrifugal compressor with three 

configurations of intake manifold (straight inlet pipe, long 

and short distance of the 90° bend from the compressor 

inlet), were investigated and reported in references [10, 11], 

It emerges from these studies that a short distance to the inlet 

compressor is more adequate, whereas long distance 

between the 90° bend and the impeller eye allows significant 

distortion and turbulence to grow, leading to negative effect 

on performance. The work carried out in reference [12] 

integrates a control device at the compressor intake, which 

is a radial inlet swirl-generator (SGD) with adjustable radial 

vanes to control bulk flow incidence angle for boosted 

performances. The work stated in reference [13] illustrates 

a different flow control method, where an array of yawed 

jets distributed circumferentially at the intake enhances the 

stability of the compressor due to the pre-swirl device 

adjusting the incidence angle and reducing the tip clearance 

backflow. Reference [14] describes an experiment achieved 

with a compressor driven via an axial turbine, which 

presents the results of numerical simulations on some 

particular cases of the present paper with dual bends on 

longer manifold upstream, recognizing the adequate 

combination of bends for enhancing compressor 

performance combined with the compressor volute. 

Experimental and numerical study on four particular cases 

of the present work including straight pipe (SP) upstream, 

showed that dual bends impinge performance by distortion, 

due to clocking effect between bends [14]. Centrifugal 

compressor design does not include the geometric aspect of 

intake manifold configuration (IMC) at the impeller eye, 

which leads to a specific attention for each case design [9]. 

Distortion behavior is so far to develop, and previous work 

focused more on the effect of intake manifold using a 

control device at the impeller eye (one bend, IGV, swirling 

generator devices, air injection control, etc…) or mostly 

consider a uniform intake flow. Hence, a sequence of 

devices remains to be explored. Along this paper, several 

curved intake manifolds are analyzed and discussed for a 

better understanding of the flow pattern along the bends. 

The current work focuses on the arrangement effect of 

double bends upstream. The analysis of previous numerical 

investigations considers a uniform flow at the impeller 

intake. However, this work investigates and prove the 

presence of non-uniform inlet flow and exposes the 

distortion mechanisms through the compressor stage. 
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Which reveals the flow behavior at the impeller intake area 

for a clear perception of the overall performance, 

furthermore determines the angular range of bends position 

for centrifugal compressors in order to operate adequately. 

2. Flow equations & numerical trends 

For experimental investigations, small size 

centrifugal compressors operating at high rotational speeds 

measurements are a bottleneck, therefore numerical 

simulations are the most adequate and reliable process to 

predict performance and flow structure [8, 15].  

Fig. 1 shows the geometric model configuration of 

the intake manifold configuration. The current study is 

based on an automotive turbocharger, the compressor 

operates under high rotational speed with no control of 

incidence angle, supplying an internal combustion engine 

within a sequence of two bends 1 and 2 on Fig. 1, and 

shroud-less impeller. To investigate DB coupling effect; 

eight positions were selected from 0° to 315° by rotating the 

bend number 2 with 45° pitch angle around ‘x’ axis 

relatively to bend number 1. The study focused on the 

interaction of bends sequence and impeller. The volute 

downstream, have no backward influence on the upstream 

bends. However, the volute is affected by the outcome of the 

flow from the impeller, thereby; the CFD model is reduced 

to double bends and impeller, also to reduce computing 

time. The numerical investigation is achieved for the 

centrifugal compressor at steady regime. A three-

dimensional approach is considered because periodicity 

cannot be applied due to the asymmetric flow structure, 

which requires computation for 360-deg passages of the 

impeller, leading to a considerable computing time for 

various operating conditions.  

The impeller components such as hub, blades and 

shroud are considered as walls. Air intake is assumed at 

stagnation pressure P0 and stagnation temperature T0. At the 

bends inlet, flow is normal to section with ambient  
 

 

                    
 

Fig. 1 Geometric model of the centrifugal compressor:          

1 – first bend connected to the impeller; 2 – rotating 

second bend in respect to the first; 3 – impeller 

 

Fig. 2 Computational domain 

 

temperature of 300 K at subsonic flow regime with an ideal 

gas assumption. The general grid interface provides 

complete freedom to change the grid topology and physical 

distribution of variables. 

Walls are adiabatic with no internal source; 

roughness is pre-defined at 0.2 mm, flow is considered 

compressible, non-gravitational, represented by the 

conservative form of Navier-stokes equations bellow, and 

solved on second order upwind scheme adopted for special 

discretization with finite volume method as per the current 

computational study specs.  

Continuity: 

 

( ) 0,div uu =
 (1) 

 

Momentum: 

 

( ) ( ). .div uu P div gradu = − +  (2) 

 

Internal energy: 

 

( ) ( ) ( ). ,div eu P div u div gradT = − +  (3) 

 

where:  
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State Equation: 
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Since the flow is considered forced through the 

narrow impeller passages, therefore wall functions are 

required for high friction at walls, the (k-ω SST) model for 

turbulence has no deficiencies in that regard. Unstructured 

mesh is generated with tetrahedron cells to fit impeller 

complexity offering better convergence compared to 

hexahedral cells, yet it is time consuming [6, 16]. The 

number of cells generated to cover the double bend (DB) 
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and the impeller is 3.2×106. Mesh is coarse at large 

passages, fine near walls and edges, for both DB and 

impeller. The cross-section located between the outlet of 

DB and the impeller inlet, is considered as a control section. 

Fig. 3 shows the mesh reliability based on 

consistency and numerical stability ensuring the 

computational convergence. We can see on Fig. 3 that after 

1200 iterations the imbalance falls down to (10-5) approving 

model consistency. Furthermore, to assess solution 

independency from mesh structure, several grids were 

considered from 1.6×106 cells to 3.48×106 cells. Hence, 

taking into account the compromise between accuracy and 

computing cost, the grid with 3.2×106 cells offered steady 

solution offering an accuracy of 3%.  

  

                          a                                               b 

Fig. 3 Computational reliability: a) consistency; b) mesh 

independency 

3. Results and discussions 

Centrifugal compressors are affected particularly 

at elevated regimes. Thereby the study is considered 

operating at its highest mass flow rate for the simulation 

range to better capture vortices and flow behavior as 

reported by the previous literature [8, 11, 17]. Results will 

be presented and discussed for different IMCs and impeller. 

3.1. Flow through the compressor stage 

Fig. 4 illustrates the evolution of the isentropic 

efficiency η according to the normalized mass flow rates 

which is defined as the ratio between the mass flow rate and 

its maximum value. CFD results are compared to those 

reported in reference [18] at the same rotational speed 40000 

rpm, where the inlet manifold is a straight pipe 

configuration for both simulations. Results showed good 

tendency agreement, with discrepancies due to the fact of 

considering a back sweep angle of 60 degrees, while in 

reference [18] the impeller is a pure radial profile. In 

addition, higher axial length provokes more aerodynamic 

losses leading to lower efficiencies at high flow rates for 

reference [18]. As stated in reference [13], to further reduce 

computational power tip clearance effect is neglected to 

focus more on the flow field at the compressor intake. 

3.2. Flow through the bends 

Through the bends sequence, flow is distorted by 

two mechanisms. Firstly, by the intake manifold 

configuration (IMC) and secondly via the impeller 

rotational speed, which allows the appearance of vortices  

 

Fig. 4 Isentropic efficiency benchmark 

 

 

 

Fig. 5 Total pressure contour at the control section 

 

illustrated by the low total pressures contour and streamlines 

through the bends as shown on Fig. 5. 

For wall bounded flow, change in direction creates 

centrifugal forces generating pressure gradient toward radial 

direction as shown at the control section Fig. 5. The flow 

oscillates within bends passage leading to its distortion at 

the impeller eye, and it is addressed non-uniform to the 

impeller blades. This result confirms those reported in 

reference [9]. The impeller rotational speed drives incoming 

flow into an inadequate incidence angle. Hence, the 

tangential flow direction slides along the IMC creating 

swirling. At the control section, streamlines and low total 

pressure contour zones are compelling evidence of a core 

vortex development rising from the first bend and growing 

gradually to the impeller eye, which forms a vortex whirling 

off-center of the impeller as shown on Fig. 6. The 

magnitude of distortion varies and depends on bends 

configuration as shown in Fig. 6. At the control section, 

eight cases azimuthally sorted according to the intake 

manifold configuration respectively for eight bend 

positions. Fig. 6 depicts total pressure contour taken at the 

highest masse flow rate in our simulation series, compared 
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to a centered straight pipe as a baseline model. The total 

pressure contours reveal the influence of each IMC on the 

inlet conditions of the impeller. The selection of the 

adequate configuration is reached by the crucial result of the 

combination of both distortion mechanisms and the flow 

morphology through the impeller. Fig. 6 indicates also the 

occurrence of vortices with their directions and bulk flow 

swirling direction. IMC at 0°, 45° and 315° pre-swirl the 

flow in the same direction of the impeller revolution, the 

occurrence of core vortices is less severe expressed by 

restricted regions of lower total pressures, whereas higher 

total pressure is at most inlet area. Unlike IMC at 135°, 180° 

and 225°, core vortices are developed in opposite rotational 

of the impeller revolution worsening inlet flow conditions 

for the impeller. 
 

 

Fig. 6 Comparison of total pressure contour between a 

straight manifold and eight other curved manifolds at 

maximum mass flow rate 

 

The IMC at 90° is a unique case, which develops 

twin vortices due to the symmetry of the bend configuration 

affecting moderately the inlet conditions. In the other hand, 

IMC at 270° is particularly no evidence of a vortex, except 

boundary layer separation (recirculation zone, Fig. 6) which 

agrees with literature results reported in references [8] and 

[19]. The straight manifold develops swirling distortion 

driven by impeller along the pipe, which is not the ideal IMC 

case if the pipe is considerably long from the impeller eye, 

agreeing with literature results [11].  

3.3. Flow at the impeller eye 

The flow at the impeller eye is the upstream out-

come of the flow through the IMC. Single and twin vortex 

whirling off-center as shown on Fig. 5 and Fig. 6, which 

generates an irregular pressure distribution at the wake side 

of the impeller blades leading edges as shown in Fig. 7.  

 

Fig. 7 Axial velocity contour at impeller eye 

 

Fig. 8 Turbulence kinetic energy contour at impeller eye 

 

Strong negative axial velocities are recorded for 

IMC at 90°, 135°, 180° and 225° due to the aforementioned 

distortion mechanisms, vortices and boundary layer separa-

tion. From Axial velocity contour, IMC at 0°, 45° and 315° 

allow the compressor to operate adequately with lower ef-

fect of boundary layer delamination, Fig. 7, expected by 

negative velocity which is an evidence of larger incidence 

angles at the blades leading edges, which will be discussed 
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further at the next section. Vortices intensify energy dissi-

pation by turbulence in addition to bulk flow distortion, 

Fig. 8.  

For IMC corresponding to 90°, 135°, 180° and 

225°, the energy losses are mostly manifested at blades 

wakes, mainly at blades tips, where peripheral velocities are 

higher than that of the blade root, and at the core vortices 

region. The other IMC are less affected by turbulence, 

approving the above results of adequate IMC for the 

centrifugal compressors. 

3.4. Flow through blades passages 

Turbocharger’s compressor is commonly used 

with bends sequence and operates often at off-design 

conditions leading to variation of incidence angle through 

each impeller channel passage resulting to involuntary 

asymmetric flow. Incidence angle on the blades leading 

edges affects performance. Losses occur by boundary layer 

separation as shown on Fig. 9. at the main blades, unlike the 

splitter blades, which are not affected because the flow is 

already developed before reaching its leading edges. The 

CFD analysis revealed that for higher incidence angle 

I more boundary layer separation is experienced, 

substantiating previous results reported in literature [6]. As 

the non-uniform flow enters the impeller, disturbance 

extends further along the impeller channels altering flow 

regime from leading edge to the trailing edge.  

Higher incidence angles are more pronounced for 

IMC of 135°, 180° and 225° on the main blade leading edge. 

Reducing boundary layer separation as much as possible by 

reducing incidence angle I, which could be controlled via a 

passive mode only by matching the manifold pipe 

configuration to the centrifugal compressor operating 

conditions and analyzing the flow behavior for any possible 

intermediate configuration. Fig. 9 shows the total pressure 

contour of impeller channels for different IMC. The straight 

pipe expresses full flow across all the inlet section of the 

impeller. For IMC at 0° and 45°, the total pressure contour 

covers a large part of the inlet section of the impeller 

representing a satisfactory flow IMC.  

For IMC at 270° and 315°, the total pressure 

contour covers moderately the inlet section of the impeller 

leading to an acceptable and convenient performance.  The 

remaining IMC (90°, 135°, 180° and 225°) are the worst 

configurations due to the disturbance extension caused 

mainly by unstructured flow resulting from the bends 

configuration generating boundary layer separation and 

reducing the suction pressure.  

Hence, asymmetric inlet flow at the inlet impeller 

section alters flow through the blades passages creating a 

vibratory force imparting less kinetic energy to the flow, 

generating more noise, which shorten the compressor life 

time and finally causing damage to the bearing system.  

According to Fig. 9, IMC at 135°, 180° and 225° 

involve higher positive incidence angle due to the effect of 

bulk distortion for all impeller blades passages. However, 

for IMC at 90°, the distortion effect is remarkable only for 

the region of the twin vortices. 

3.5. Flow at the impeller circumferential outlet 

The flow at the impeller outlet is the outcome of 

the upstream IMC. Flow is already altered before entering  

 

        SP            DB-0°       DB-45°      DB-90°     DB -135° 

 

       SP         DB-180°    DB-225°     DB-270°     DB-315° 

 

Fig. 9 Total pressure contour in comparison to straight pipe 

at mid-span of blade-to-blade arrangement 

 

 

Fig. 10 Total pressure at impeller exit for each IMC 

 

the impeller passages causing disturbance of the stream at 

the impeller exit due to asymmetric inlet flow at the impeller 

eye.  

Fig. 10 illustrates the polar diagram of the total 

pressure fluctuations at impeller circumferential section 

[Theta] stating the effect of IMC distortion to the flow and 

disturbance at the compressor outlet. The straight pipe 

shows the most uniform pressure distribution, which results 

to a uniform outflow representing the baseline model in 

terms of stability.  

However, for IMCs at 90°, 135°, 180°, and 225°, 

the total pressure fluctuates remarkably indicating poor flow 

supply for the compressor. For IMCs at 0°, 45°, 270° and 
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315°, the flow is less disturbed. Thus, unsatisfactory IMCs 

generate severe whirling vortices extending disturbance 

from the bends sequence through blades passages to the 

impeller outlet. From Fig. 10 the flow fluctuations are more 

pronounced at the upper half of the impeller outlet from 

theta = [330° to 150°], whereas from theta = [150° to 330°] 

the contribution of disruption is less severe, which further 

developed into the above sections of the suitability of each 

IMC for the centrifugal compressor. 

4. Incidence angle 

The flow incidence angle at the impeller eye is 

calculated by the Eq. (9). For a given blade geometry this 

angle depends on the axial and the circumferential 

velocities. This angle varies according to the blade leading 

edge height at the rotor inlet due to the variation of the 

circumferential speed. In this work, the average incidence 

angle is calculated at the blade mid-span via the Eq. (7): 

 

.C
Blade

X

V
I arctg

V


 
= − 

 
 (7) 

 

If the flow at the inlet is not tangent to the blade, 

the compressor performance is negatively affected; hence, 

the importance of the flow incidence angle becomes crucial 

for acceptable operating conditions. 

Fig. 12 shows the average incidence angle plotted 

for various IMCs (identified by the angular position of the 

second bend) at different regimes of the compressor.  

Taking into account the results presented on 

Fig. 11 and Fig. 12, the enhanced compressor performances 

are expressed by the lowest incidence angles like those of 

the range (0-10°). Hence, any IMC in the ranges (0°-45°) or 

(360°-315°) is considered as suitable for the compressor 

operating conditions. In contrary, the range (90°-315°) leads 

to higher incidence angles and consequently degrades the 

compressor performance.  

Fig. 12 shows also that the general trend of the 

curves is preserved, and it can be concluded that the impact 

of the compressor regime on the average incidence angle 

trend is quasi-linear. Consequently, a contribution to build a 

mathematical correlation as a harmonic relation between the 

average incidence angle and the angular position of the 

second bend, which define the relative incidence angle to 

each specific IMC. 
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Via Eq. (8) intermediate intake manifolds 

configurations could be captured. Thus, using the equation 

abovementioned allows the prediction of centrifugal 

compressor incidence angle in order to preserve 

performance in a passive mode by adjusting the dual bends 

angle accordingly. 

5. Conclusions 

This work confirms the remarkable impact of the 

flow disturbance at the impeller inlet of a centrifugal 

compressor due to the geometric configuration of the intake  

 

Fig. 11 Total–to-total isentropic efficiencies of the 

compressor for the eight IMCs 

 

Fig. 12 Average incidence angle according to the second 

bend angular position and the compressor regime 

 

manifold. The inlet flow distortion motivated the 

investigation of the intake manifold configuration 

distinguishing between the adequate and the worst IMC. 

• It is greatly recommended to consider predicting flow 

structure before integrating an intake manifold to 

centrifugal compressors in order to provide a uniform 

flow as much as possible with the right incidence angle 

for the compressor. 

• Involuntary inlet flow distortion and impeller 

rotational speed could be used to control the incidence 

angle at the blades leading edges, which is more 

effective for centrifugal compressors in a passive 

mode and less cumbersome. 

• The proposed mathematical correlation saves the 

efforts and time of CFD analysis allowing quick 

prediction for adequate IMCs leading to better flow 

incidence angles and consequently better 

performances. It is also greatly recommended for 

industrial use as a passive control of centrifugal 

compressor working at steady state regime other than 

turbochargers where dynamic adjustment is needed 

according to impeller regime. Thereby, the cost of any 

additional device for incidence angle is eluded. 
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M. Maammeur, A. Benarous, A. Bettahar, A. Liazid 

PASSIVE FLOW CONTROL FOR CENTRIFUGAL 

COMPRESSORS WITH BENTS INTAKE MANIFOLD 

S u m m a r y 

Centrifugal compressors installations often require 

bents conduits at the intake due to space constraints. The 

intake bent manifold creates flow distortion affecting 

unfavorably the global performance of the compressor. The 

degradation generated by the inadequate inlet conditions 

due to turbulence and inlet flow disturbance, which 

negatively affects the flowing fluid through the curved 

intake manifold. Hence, significant distortions, within 

presence of single or twin core vortices whirling off center 

of the impeller intake alter flow incidence angle and 

consequently the impeller circumferential energy. 

Furthermore, inadequate bends configurations generate 
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higher incidence angles, which lead to boundary layer 

separation and stalling. This paper deals with a 3D 

numerical investigation of dual bends located upstream of 

the centrifugal compressor. Several bend setting positions at 

the compressor intake describing various sequences of 

intake piping are considered. As first results, specific 

positions of dual bends are identified for fewer flow 

disturbance at the impeller eye and stable outflow 

controlling the incidence angle in a passive mode. it is less 

cumbersome and cost effective compared to additional 

devices. For practical industrial prediction, this 

investigation contributes also toward a mathematical 

correlation to check the adequacy of intermediate manifold 

configuration in order to predict the corresponding 

incidence angle at the impeller intake of the centrifugal 

compressor for enhanced performance and instantaneous 

control. 

Keywords: passive flow control, intake manifold, double 

bends, inlet distortion. 
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