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Abstract— This study is carried out to investigate by CFD
modeling the three dimensional turbulent air flow tirough the
centrifugal compressor used in turbocharger of diesl engines,
the full compressor stage with vaned and vanelessffdisers is
considered (i.e. From the impeller inlet to the valte outlet). A
great attention has been attributed to the effectfothe diffuser
solidity. For this purpose, three diffusers have ben considered
(vaneless diffuser, conventional vaned diffuser, ahlow solidity
vaned diffuser) in order to analyze their effect, specially on
the turbulence intensity distribution, on the pressire loss, and
on the compressor performance. To validate numericainodel,
a comparison with a similar tested turbocharger ismade in
case of vanless diffuser, and a good agreement éea.

Keywords-  Centrifugal Compressor,  Turbocharger,
Turbulence, Compressible Flow
. INTRODUCTION

The choice of the turbocharger components to form
complete system with a turbocharged engine is aptm
balance of design considerations. The engine spsed
variable; the required performance must meet thgest
possible operating range. In a competitive markeagh
performance and better fuel economy will be needéese
criteria must be met with a turbocharger requitiegs space
and adding minimal weight.
turbocharger to the engine is not a recent prolbeinthe
anti-pollution standards more stringent requiremakers to
further control the engine emissions. To carry ooe
calculations that are used to adapt the enginethdrger, it
is necessary to have an accurate representatioeact
turbocharger component and an ability to deterntime
behavior of the entire system with all its compdsein this
context and in the last years, numerical simulatiamd
experimental measurements have been put in haedstare
a good understanding of physical phenomena relatatle
internal flow through the turbocharger. Many resharorks
on the impeller diffuser interactive phenomenonehaeen
undertaken so far. But it is found from the literatthat the
study of the diffuser solidity effect on the perfance of the
turbocharger centrifugal compressor by varying rihenber
of diffuser vanes has not been the focus of atiariti these
works. The experimental study of Mohtar et al. (01

showed that the pinched diffuser and the modificatf the
volute tongue location affects the compressor iefficy and
pressure lines at high speed. Two numerical sturfid® et
al. (2009) have shown that: - the vaneless diffusat the
open angle diffuser give the stable operating raarg high
efficiency. — The study of the air flow through the
turbocharger compressor with dual volute desigreaad
that the dual volute design could separate the oesspr
into two regions treated separately with dual défudesign,
this investigation confirmed that the dual volutesign
improves a stable operating range comparing witlglsi
volute design. The impeller-diffuser -interactiom ia
centrifugal compressor have been studied by Anish e
al.(2007), four different types of diffuser configtions were
generated, by varying the radial gap between theelier
and diffuser. It is shown that the dependence df th
compressor stage efficiency is well correlated techs
interaction. Dai et al.

8 (2008) studied the performance of two differentutes
with the same impeller. A good agreement has bbtaired
between the numerical computation and the expetahen
measurements in volutes, at least at a moderats fitag
rate. It is well known that the turbulence and fldield
studies, may also give a good idea on the presauriation

The adaptation of theln the compressor, in this subject, Penarbasi (2pEsented

a detailed flow measurements at inlet plane ofrarifegal
compressor vaneless diffuser and concluded thatrémions

of high shear are identified within the flow: withihe blade
wake, between the passage wake and jet, within the
thickened hub boundary layer and between the blealee
secondary flow passage vortex. This study confirnied
each of these regions is associated with high tenbkinetic
energy. Aghaaei et al (2008) proposed a comparison
turbulent methods in CFD analysis of radial turbachines
and introduces the best way to choose turbulenaemeders
when using FLUENT software, and confirmed that the
standard ke and RNG ke models are superior turbulence
methods in CFD analysis of radial turbo machinesah be
observed from most of these numerical studiesthteaeffect

of number of diffuser vanes on system performarcevell

as on the flow field and turbulence in the turbagka
centrifugal compressor. Therefore, in order to w®lthe
effect of diffuser vanes number on the compressor



performance, in this study three types of diffusee (when a tongue is located) and a conic pipe diggh@rin
investigated with the same impeller and voluteytbaly  engine admission manifold, see figure 2.

differ in their vanes number; VLD (vaneless diffjs&.SVD
(low solidity vaned diffuser), and CVD (conventibnvaned
diffuser). For this purpose, a commercial CFD saftv
FLUENT is employed considering a steady state nuktfay
simulating the three-dimensional turbulent air fltwough
the full stage of a centrifugal compressor, used in
turbocharger of automobile diesel engine, It isnfibdrom
the analysis that the diffuser solidity presentoasiderable
effect not only on the fluid flow and turbulence
characteristics, but also on the performances gmuating
range of the turbocharger compressor.

Volute

Compressor Inlet

Il. COMPRESSORGOMETRY M ODELLING

The compressor geometry development is carriedrout
gambit software the various components of the cessar
are designed individually and all are assemblea: Blade

Impeller

profiles are generated with help of coordinates tlage been Conventional Vaned Diffuser (CVD)
introduced, a single blade profile is made and therblades Vaneless diffuser VLD
are arranged by further rotating over an angle 2602 is Low Solidity Vaned Diffuser (LSVD)
number of blades. b
Figure 2: geometry model of turbocharger compressor
1 é lll. MATHEMATICAL MODEL
(L\ Volute
t;' _ . A.  Average Navier-Stokes equations
\@ > ) The average Navier-Stokes equations describe the
] Diffusg Dyi2 statistic average component of turbulent flows; the
' instantaneous turbulent field is conventionally aleposed
Shroud T into an average component and fluctuating of zewramge
Dyi2 [6, 10, 18]. For a steady state compressible fltvese
) equations are presented in the following conseudtrm:
Dsy/2 L ub
T I ANANNNNW i »  Continuity equation
L —> d
Figure 1: Schematic of the centrifugal compressor s aT(:"“l )=0 1)
For generating the volume of impeller inside theoad I
volume, the blade volume must be subtracted from th *  Momentum equation
shroud volume, a single rotary volume is obtaired it is
limited by the impeller inlet surface, outlet swda and 3 P d ou, Ouj 2 _ dup,
shroud surfaces, including the blade passage. ifluset is o, WM j): _6_-+6_- 6_-+0_-_§ ' ox
modeled as a hollow disc; its vanes are modelexhasrfoil Xi X OX; Xj 0% Xm
located in base angle position. The dimensions hef t @)
impeller and the diffuser sketched in figure 1 shewn in | 0 Py aiJraﬂ _2 K+ O | 5
table 1. oxj|"\ox; ox ) 3 Oy )
TABLE 1 GEOMETRICAL DIMENSIONS OFTHE
COMPRESSORSTAGE DESIGNEDWITH GAMBIT Wherep represents the density (kgmu the velocity
Description Symbol Dim. (mm) (m/s), P the pressure (Pa), k the turbulence kinetiergy
Number of full blades Z 7 (m?/s%), 1 the laminar viscosity (kg/m s), apgthe turbulent
Number of splitter blades <z 7 viscosity (kg/ms), the subscripts: ] and m represent the
Impeller outlet diameter/ m D 0.08 directions (x, y, and z}; is the Kronecker delta, it is 1 when
Diffuser outlet diameter /m D 0.126 i =j, otherwise it is 0.
Impeller outlet vane height/ m b 0.0045
Inlet shroud diameter /m i) 0.068 B. Energy equation
Inlet hub diameter /m R 0.018 5 5 o7
Impeller axial length/ m L 0.026 i _ e
Inlet mean line blade angle By 50° ;[ul (PE + P)] = E{Keﬁ E U (TIJ ) et J ®)
Outlet blade angle B, 30° :

Where E is the total energy {fsf), and the effective

) _ ) thermal conductivityc (W/m K) are calculated as:
The volute is modeled by assembling a casing of- non P2

symmetrical cross section beginning from 0° endih@60° E=zh-——+— (4)
0
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Wherex is the thermal conductivity of air (W/m K), arng
is the specific heat capacity of air (J/kg K). Anstant value
of 0.85 is used for the turbulent Prandtl number Phe
term involves(zj)es is the viscous stress tensor (kg s
and(zj)e (kg/m $) is defined as:

Kef =K+

ﬂ+6uj

an a
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C. ldeal gasEquation

The density variation in case of compressible ftam be
determined by the ideal gas equation:
E = R-r
0
R is the gas constant (J/kg K) of air, and T isderature

(K);

(8)

D. Turbulence modeling

The conservation equations for the turbulent kieti
energy k(¥s) and its rate of dissipation (n?/s’) are
governed by the following equations [6, 10, 18]:

d d Hy
—_— )= — + +Gy — =Y, 9
a,(pk”') x| (ﬂ ak]a, k= PE =Yy ©)
0 0 &
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Whereoy ando, are the turbulent Prandtl numbers for k

and ¢, and constant values of 1.0 and 1.3 are used,

respectively. G (kg/m $) represents the generation of
turbulence kinetic energy due to the mean velagpiadients,
and Yy (kg/m $) is the contribution of the fluctuating
dilatation in compressible turbulence to the overal
dissipation rate, they are calculated as

aup Ouj ) 2 au au;
Gy = Sy A kg |y L (11
K = | H ax; oy 3(,0k Ht 0XmJ i | oxi (11)
Y = 2,08% , and yz% (12)

Yy is the contribution of the fluctuating dilatatiom the
dissipation rate (kg/mf y is the specific heat ratio ang,
is calculated as:

k2

He = pcy ? (13)

Whereoy ando, are the turbulent Prandtl numbers for k

and ¢, and constant values of 1.0 and 1.3 are used,

respectively. The values of the model constants G, and
C, are 1.44, 1.92 and 0.09, respectively.

IV. NUMERICAL SIMULATION

A. Grid generation

Given the complexity of the compressor geometrg, th
full computational domain is meshed with tetrahédyad
cells, the clearance gap between the impeller blade the
shroud wall is taken in consideration when meshing
impeller volume, near the impeller blade and d#fusane
walls, the mesh is refined as shown in Figure 3.

The number of mesh cells of each compressor eleatent
different diffusers is shown in table 2.

Table 2. NUMBER OF MESH CELLS OF EACH
COMPRESSOR ELEMENTS WITH DIFFERENT

Compressor elements  Impelle Diffuser  Volute

VLD 272730 56180 743808
Number || SvD 772917 315381 743391
of cells "eyp 772917 | 529796 | 743391
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Figure 3: Computational wall mesh of the centrifugal
compressor full sage with vaned and vanless diffuse



B. Solution settings

The high complexity of fluid flow in the rotatinghpeller
makes the CFD modeling very difficult, only steashate
flow is investigated, the governing equations impated in
a commercial CFD code Fluent 6.3.26 are solvedgusin
finite volume method, with the most
discretization scheme (pressure based implicitesplvthe
fluid (air) is treated as an ideal gas, the momanand
energy equations are solved using first order sehdhe
turbulent kinetic energy and dissipation rate eiquat are
solved using the power low differencing scheme (B),Rhe
coupling velocity-pressure correction is treated thwi
SIMPLE (Semi-Implicit Pressure Linked Equation)
algorithm. The under relaxation factor for the pres is
taken 0.2 it seems very conservative, a commorevaf.5
is taken for the momentum, energy, and turbulenee k
model equations. The convergence criteria of &fe used
for all the governing equations [24, 25]. The maxm
number of iterations is estimated so that the nflass rate
computed for the outlet cross section become urgygtin
this can be observed since about 400 iterationsdoh case
of simulation figure 4.
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Figure 4: Monitoring of the mass flow rate computed over
the compressor outlet during the iteration process

C. Boundary conditions

The meshed fluid volume has only one flow inlete(th
compressor inlet) and one flow outlet (the voluk&)e For
the flow inlet, the pressure inlet boundary couwmditiwith

appropriate

walls in the inertia frame of reference, that aset f the
rotating reference frame, are treated as movindgswéth a
rotational speed of absolute zero [18].

V. VALIDATION

The pressure ratio characteristics from both théd CF
calculations and the experiments are shown on igpe5F It
can be seen that difference between CFD and expetan
results is less than 5%, and this little gap mayekaained
by the fact that the CFD model does
compressor elements with the exact same dimenssonse
part dimensions of tested compressor are not dlailm
open literature. That is why calculated mass flates with
the CFD model at given outlet pressures are nosdinee as
the real compressor. Noting that, this comparisamade for

a vanless diffuser compressor which considered as a

reference case.

25

w Exp [8]
w Present CFD

Pressure ratio {total to total)
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Mass flow rate (kg/s)
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Figure 5: Comparison of pressure ratioaracteristic
with J90S-2 [8]

VI. RESULTS AND DISCUSSION

The turbulent air flow through the turbochargestisdied,
considering the full stage of the centrifugal coegsor,
consisting of an air inlet, leading to an impelldrat
discharges the air radially through a vaned diffusethe
volute. The aim of this study is to predict theluehce of
varying diffuser vanes number on the flow
characteristics: velocity, pressure and tempegatior this,

atmospheric pressure (101325 Pa) is taken as taé toWe consider three types of diffuser with the sameeiller

pressure for the compressor entry, the total teatper is
taken as the ambient (288.15K), the default vahfemlet
turbulent kinetic energy and its dissipation rate taken
respectively 1,21 s* and 1,82 fis’. At the volute exit, the
pressure outlet boundary condition is used, puttang
prescribed static pressure (this value is requipgdthe
engine operating conditions, it must be upper thiam
atmospheric pressure), the actual total temperatiréhe
outlet is calculated or
simulation. At both the inlet and outlet, the défaalues of
turbulent intensity and viscosity ratio (10 pergeane taken
for the back-flow condition, which corresponds toe t
occurrence of reversed flow at same grid cell famethe
outlet cross-section. Since all the operating rargapparent
reverse flow has been observed when the simulagon
converged. For the rotor, all reference frame mpwialls
are part of the rotating reference frame, Thesdswale
treated as moving walls with rotational speed ofoze
relative to the adjacent cell zone which rotatiNg. rotating

prescribed by the numerical

and volute, they only differ in their vanes numb#iD

(vaneless diffuser), LSVD (low solidity vaned difr), and
CVD (conventional vaned diffuser). All the simutats are
carried out for the same rotational speed of 80 @@ and
one point of the operating range is chosen foresgmting
pressure and velocity distributions at a flow @t€.47 kg/s.

A. Static pressure distribution

Fig. 6 show that the static pressure increasesdlyags it

exits the impeller and passes through the statoes/and
then slowly increases in the volute. At higher floates, the
static pressure trend is significantly differermrfr that for

low flow rate due to the pressure loss particulatlympeller

exit and diffuser inlet. The static pressure recpve the

diffuser vanes and volute occurs at shorter digtancthe

low number of vane diffuser while it takes longéstance

inside the vanes and volute for larger number afiega
diffuser. The peak of the static pressure recowways

occurs after exiting the diffuser inside the volute

not include al

local



The high velocity of air at the diffuser exit foarger

number of vanes may lead to longer vane wakes and

therefore the flow has to travel longer distancepdss the

vortex region and have the pressure recovered.r Afte

reaching the peak static pressure, the airflowmgixiom all
vanes became dominant and therefore a pressuredosss
in this region. Further away from the mixing regibe flow
became more uniform and the volute diversion haeeem
influence and therefore the static pressure ineseasile the
total pressure is almost constant [3].

Strong pressure drop and recovery is seen for VLD

comparing with the LSVD and CVD diffusers.

The static pressure distributions at the mid-spathe
compressor with different impeller are shown in <=ig,8
and 9 it can be observed clearly that for differdiffusers,
static pressure is gradually increase from impdldgt to
outlet, at the same impeller radius, the staticsuree on
pressure side is evidently greater than that oticgsuside.
For all diffusers,
distributions in diffuser region is affected by then-
symmetric scroll casing, and this is seen in FignBen we
can remark that the uniformity is better in impetegion for
the same rotation speed and same mass flow ratés tteen
as well as the number of diffuser vanes increa&@ls [
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Figure 6. Average of radial pressure over the compressbstage

23000
22050
21100
20150
19200
| 18250
17300
16350
15400
14450
13500
12550
11600
10650
97000
87500
78000
68500
59000
49500
40000

Figure 7: Contours of radial static pressure for LSVD
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Figure 8: Contours of radial static pressure for CVD

Figure 9:Contours of radial static pressure for VLD

B. Mean velocity distribution

Figs (10a),(10b), and (10c) show the velocity vecto
mapped on turbulent intensity distribution, jet-wea
phenomenon is clearly seen in impeller exit andusdér
blade passages for LSVD and CVD, while for VLD, jet
weak phenomenon become weaken and recirculatiom imon
mid-plane is seen only near volute tongue. Figd)Xhows
the average radial velocity magnitude, it seen thateffect
of diffuser solidity is clear in the diffuser regioas a
deceleration and acceleration zone [3].

Because all the simulations presented in this papeat
the design speed of 80 000 rpm, the tangentialcitede at
the impeller exit are similar for all the simulat&g and the
radial velocity at the impeller exit is mainly diteéd by the
air flow rate. Showing vector plots of velocity, loed
according to its magnitude. The recirculation zonasthe
impeller and diffuser suction sides are clearlybkésfor all
the configurations. The influence of rotating stalimes into
force for diffuser vanes with larger number of v&an&he
reasons for this are two folds: Firstly the stallin
phenomenon is associated with the blade passiggdrey.

With larger number of vanes on the diffuser, thadbl
passing frequency increases leading to rotatingl. sta
Secondly, this occurrence is due to narrower vaassgges
of the diffuser in which recirculation on the soctiside of
the diffuser vanes gets converted into a rotatiaty $1].
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Figure 9: Velocity vectors mapped on turbulent intensity coms
diffusers

VII. CONCLUSION

The numerical modelling and simulation of a chose
compressor with altering Vaneless Diffuser (VD),w.o
Solidity Vaned Diffuser (LSVD) and Conventional \&h
Diffuser (CVD) was successfully carried out. Anady®f
flow from the inlet to the exit of a centrifugal ropressor
stage is done for different Mass flow rates catedaat a
given outlet pressures. The vector plots, turbuletensity
contour plots and Static pressure plots are gestbrédr
better understanding of fluid flow through the vadrand
vanless centrifugal compressor stage. The resbitsired
from CFD analysis were validated with the experitabn 4]
results for the pressure ratio such as a perforeqpacameter
and a good agreement is seen with a differencehass5%,
this difference may be explained by the fact tingt €CFD
model does not include all compressor elements tith
exact same dimensions, any part's dimensions dedes
compressor are not available in open literatureat T why
calculated mass flow rates with the CFD model aemi
outlet pressures are not the same as the real essgr To
obtain a close agreement, the calculated massréiavmust
be corrected.
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