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Numerical prediction of turbulent flow 
in centrifugal compressor stage 

K. P. SELEZNEV, Y. I. BIBA, B. N. SA YIN 
and A. M. SIMONOV (LENINGRAD) 

THE CALCULATION procedure of centrifugal compressor internal flow and losses based on the 
quasi-three-dimensional turbulent model is considered. The procedure includes the prediction 
of hub-to-shroud and blade-to-blade flows with tip-clearance flow, surface curvature, rotation 
and secondary flows being taken into account. A comparison of calculated results with experi­
mental data is presented. Satisfactory agreement of local and energy parameters is achieved. 

Przedstawiono procedur~ obliczeniow(l do analizy wewn~trznych przeplyw6w w spr~i.arce 
odsrodkowej, opart(l na modelu quasi-tr6jwymiarowej turbulencji. Procedura ta obejmuje 
przeplywy wewn~trzne i mi~dzylopatkowe uwzgl~dniaj(lc przeplyw przez szczelin~ wierzchol­
kowct. zakrzywienie powierzchni oraz przeplywy wt6rne. Obliczone wyniki por6wnano z danymi 
eksperymentalnymi. Stwierdzono dobr(l zgodnosc parametr6w lokalnych i globalnych (energii). 

IlpegcrasneHa pacqeTHan npoQegypa gnH aHan:n3a BHYTPCHHHX TeqeHHH B QeHTpo6e>HHOM 
l<OMnpeccope, OllHpaiOI.QaHCH Ha MogenH I<Ba3HTpCXMCpHOH Typ6y neHTHOCTH. 3Ta npoQegypa 
OXBaTbiBaCT BHYTpCHHHe H MC>Hgy nonaCTHbie TeqeHHH, yqHTbiBaH TeqeHHC qepe3 BepXHIOIO 
I.Qem,, HCI<pHBnCHHe nosepXHoCTH, a Tai<>He BTopH~bie TeqeHHH. Bbrq:ucneHHbiC pe3ynLTaTbi 
cpaBHCHhi c :mcnepHMCHTanhHhiMif gaHHhiMH. KoHcTaT:npoBaHo xoporuee connageHHe noi<anh­
HhiX H rno6anhHhiX napaMeTpoB (:meprH:n). 

Nomenclature 

A Van-Driest damping factor, 
a sonic velocity, 
b meridional channel width, 
C absolute velocity, 
D impeller diameter, 
F mass force, 

H = 1 - ay, H, = 1 -an Lame coefficients, 
h thickness of the layer between axisymmetric flow surfaces, 

enthalpy, 
i* stagnation enthalpy, 

L, L 0 mixing lengths, 

M source term modelling secondary flow, 
Mu = u2 /a symbolic Mach number, 

m mass flow ratio, 
N external force capacity, 
n distance to the surface, 

nw = wl I Wz velocity ratio, 
p pressure, 
Q surface area, 
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Ri Richardson, number, 
r radius, 

wr = u velocity of surface rotation, 
V volume, 

v* dynamic velocity, 
W relative inviscid velocity, 
w relative boundary layer velocity, 

(x, y, g;), (1, n, z) coordinates related to the surfaces, 
z0 number of blades, 

ex absolute flow angle, 
fJ relative flow angle, 

fJc empirical coefficient, 
";' angle between axisymmetric flow surface and rotary axis, 
o boundary layer thickness, 

c5*, o**, b* * * integral boundary layer thicknesses, 
()b blade thickness, 

Lllp grid step, 
Llg;s angular separation region width, Lls- tip-clearance width. 

rJ efficiency coefficient, 
C loss coefficient, 
v kinematic viscosity, 

w angular velocity, 
e density, 
a surface curvature, 

lJ> = 4ni/(ne. D~u2) flow rate coefficient, 
ll>0 flow rate coefficient at the optimal regime, 

T shear stress, 
To flow cluttering coefficient. 

Subscripts 

bb blade-to-blade losses, 
e effective viscosity, 

fr friction losses, 

hs hub-to-shroud losses, 
imp impeller losses, 

I, n, z vector components of (1, n, z) coordinate system, 

m molecular viscosity, 
mix mixing losses, 

pr pressure side of the blade, 
s separation point, 

sec secondary flow, 

su suction side of the blade, 
t turbulent viscosity, 

vd vaneless diffusor losses, 
w wall parameter, 

(x, y, u) vector components of (x, y, g;) coordinate 
1 blade row inlet, 
2 blade row outlet, 

3 vaneless diffusor inlet, 

system; 
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1. Introduction 

4 vaneless diffusor exit, 
hub surface, 

II shroud surface. 

DESIG:\ING of effective centrifugal compressor stages with mixed-flow impellers is one of 
the main directions in turbomachinery. Wide spectrum of applications and high total 
energy consumption make a demand on centrifugal compressor efficiency. Now the numeri­
cal prediction of viscous flow can be successfully applied in designing centrifugal com­
pressor internal flow channels. 

The importance of internal flow channel designing based on aerodynamical analysis 
rises the experimental research cost. Numerical solution of the centrifugal compressor 
stage internal turbulent flow, representing a complex problem, is found by employing 
three-dimensional the Reynolds equations. The quasi-three-dimensional model [1] simpli­
fies the spatial problem by dividing it into two two-dimensional ones. 

2. Flow model 

The model based on the quasi-three-dimensional formulation allows to calculate 
viscous flow parameters and stage losses. Some of the flow regions are considered as: 
1) hub-to-shroud axisymmetrical viscous flow with introduced body forces replacing the 
blades flow influence; 2) blade-to-blade flow with in viscid core and turbulent boundary 
layer. 

The axisymmetric streamline surface positions are determined by preliminary impeller 
hub-to-shroud inviscid flow calculations. The blade-to-blade flow is simulated by the 
assumption of existence. the inviscid core and turbulent boundary layer. lnviscid blade­
to-blade and hub-to-shroud flows can be presented by one of the known methods [1, 2]. 
For pressure differences between the suction and pressure sides of the blade, the body 
force F replacing the blades flow effect are determined on various axisymmetrical stream­
line surfaces and used in the following turbulent axisymmetric hub-to-shroud impeller 
flow calculations. 

3. Hub-to-shroud flow 

The curvilinear orthogonal coordinate system connected with the region geometry 
is used (Fig. 1). The values y = -0.5 and y = 0.5 correspond to the hub and shroud 
impeller surfaces, respectively. 

Thin-layer equations of axisymmetric turbulent flow are 

(3.1) 
a a -ax (erbCx)+ -0Y (erHCy) = 0, 
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FIG. 1. Coordinate system for turbu­
lent hub-to-shroud calculations in 
the impeller and vaneless diffusor. 

1 a [ ( 1 acu Cu ) 1 a ac = b oy Ye b----ay- -,-cosy - Hb Yeay-

2 ( 1 oCu Cu ) F. +rYe lJ ----ay- -,-COSy COsy+ u' 
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0,5 

(3.5) b J erCxdY = const(x), 
-0,5 

where Eq. (3.1) is the continuity equation, Eqs. (3.2), (3.3), (3.4) are components of the 
momentum equation; Eq. (3.5) is the flow ratio equation. The turbulent viscosity can be 
written according to [3] as 

(3.6) 

The mixing length L is determined by the two-layer model [4] with consideration of cur­
vature according to the Monin-Obuchov formulae: 

(3.7) L = L 0 [I-MRix+ Ri,)], L 0 = min {o.4n; 0.09 ~ } , {J, = 6, 

Richardson numbers are 

(3.8) 
2bCucosy 

r' -:y ( ~·) 
Zero boundary conditions along hub and shroud surfaces are 

(3.9) Cx = 0 , Cy = 0 , Cu = 0 or Cu = U for y = ±0.5. 

At the channel inlet profiles of Cx(y), C (y) and the pressure level are given. 
Compressibility is considered approximately: density is assumed to vary in streamline 

direction only and it is determined from the gas state equation. The temperature is calcu­
lated by assuming that the heat transfer to the outer region vanishes. The approximate 
form of the stagnation enthalpy equation is 

(3.10) 

where < C 2
) is the averaged squared velocity. Body forces vector components are calcula­

ted as 

(3.11) 

The numerical solution of the problem (3.1)-(3.11) is carried out by means of the 
implicit four-points finite-difference algorithm [5]. 

Zero boundary conditions are realized by using the wall-functions analogous to the 
logarithm velocity profiles [6] for curvilinear flows with proper pressure gradient and body 
forces. 

The axisymmetric turbulent flow solution in the vaneless diffusor is the special case 
of the problem (3.1)-(3.11) solution for F = 0, according to the flow model considered. 
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4. Blade-to-blade flow 

The solution of turbulent boundary layer at the blade along the axisymmetric streamline 
surface is found by considering of surface curvature, secondary flows and the tip-clearance 
flow. The curvilinear orthogonal coordinate system is used (Fig. 2). Coordinate I is parallel 

w _______ j 
FIG. 2. Coordinate system for boundary layer calculations on the impeller blade surfaces along axisymmetric 

streamline surface. 

to the blade surface, n is perpendicular to it, surface (/, n) is tangent to the axisymmetric 
streamline surface, z is normal to it. 

Equations of the turbulent boundary layer at the curvilinear surface (secondary flow 
being neglected) are 

a j~ ( wf . ) H, or - - - a-- +2ww1smy dn+ ----- -2ra+2H1wnwsiny, ol HI e on 
n 

(4.2) 

where a is the curvature of the blade surface. 
The shear stress is 

(4.3) 
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Turbulent viscosity, according to the Cebeci-Smith model [7], is equal to 

(4.4) (Prandtl formulae) 

in the wall region, and 

(4.5) vr = 0.0168W~* (Clauser formulae) 

in the outer region. 
The mixing length L is calculated by considering the effects of curvature and rota­

tional influence according to the Monin-Obuchov formulae: 

Ri = 
2wsiny-w1a 

0 , 
H~ -a;z<wt!Ht) 

(4.6) L0 = 0.4+ -exp ( -v. A:J), v* = V T/e, 

(
. W dW )-t;z 

A = 26 1- ll.8vm ·v; --d/-

Equations (4.1) and (4.2) are solved under the following boundary conditions: 

(4.7) 
{ 

W1 = 0, 

WI= WI 

by 

by 

n = 0, 

n = ~ . 

where W1 = (2~wsiny+ W)jH1 . The value Wnw is calculated by analogy with the Couette 
solution of constant turbulent viscosity tip-clearance flow, 

(4.8) 

The source term Min the continuity equation characterizes the secondary flow influence 
by blowing (drain) of the fluid parallel to the surface and perpendicular to the streamline 
[8]. We assume that the secondary flow velocity profiles are similar to those at the blade 
and at the meridional surface. Then, using the relations obtained in [1], we have 

(4.9) Wsec = cW[l-(wdW)3
] • (wdW), 

where c; = tgL1f), L1 ;3 is the angle of limited streamline from the main flow on the mer­
idional surface, and 

(4.10) 

Substituting wdW by "one seventh"-law, and averaging M over y and z, we obtain 

( 4.11) M = 0.175 W[tg(L1fJ)u- tg(L1f))1]/b. 
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To achieve a good accuracy of the finite-difference solution of the equations (4.1)-(4.2), 
it is essential to concentrate the numerical grid points near the blade surface by means of 
a new coordinate system: 

(4.12) ~=I, 
n 

"P = -b(l)g(n) ' 

where g(n) is the function of point concentration. It reduces the grid step LJv, close to the 
blade surface according to the power-law 

(4.13) 

i-l 

LJ LJ ( Ll'l/)mln )--, 
"Pt = "Pmax j - - ' 

'Pmax 

I is the total number of grid intervals, i is the number of the interval considered. 
The numerical procedure of solving the problem (4.1)-(4.10) is carried out by a march­

ing six-points finite-difference procedure [5] and by using nonuniform grid genera­
tion (4.12) 

Integral boundary layer thicknesses are obtained in the form 

(4.14) 

(4.15) 

(4.16) 

15 

O* = f ( 1 _ w1 H,-; sin y · n ) _;;, , 

tJ 

f5** = J w,H,-2wsiny · n (l- l1~1 H1 -2wnsiny ) d!! 
W W H,' 

0 

6 

O*** = f \11• H,-:wnsiny [I- ( w,H,-;siny · n n -~- . 
0 

Mixing losses related to separation are essential in the general loss balance. Usually 
the separation region is developed at the suction side where the local flow breaking is 
strong. To make the separation point position more accurate, it is essential to consider 
the unbalanced boundary layer influences [7] in turbulence simulation, i.e., by changing 
the turbulent boundary layer structure up to separation. That is why the modified 
Clauser formula [9] is used. 

5. Loss model 

The internal stage flow energy losses are determined near the zero inlet flow angles 
as follows. According to the asumption, the impeller flow energy losses can be subdivided 
into blade losses calculated using the blade-to-blade solution, and surface losses calculated 
by means of the hub-to-shroud solution. Blade losses consist of friction blade losses and 
the mixing ones related to the exit flow separation near the suction side of the blade. 
These losses related to the secondary flows and tip-clearance flow, are usually included 
in the blade-to-blade boundary layer losses. 
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The efficiency of the stage is equal to 

(5.1) 
where 

L1111mp = L1nhs + L117bb. 

The hub-to-shroud losses include the losses of hub and shroud surfaces, the losses of 
turbulent flow core and the losses connected with the hub-to-shroud secondary flows, 

f C · VpdV+ J e -~~ CxdQ- f e C
2 

CxdQ 
v 2 2 1 2 

f eC · F dV + f ruyCudQ- f ruyCudQ 
(5.2) ;1'YJhs = l-

V II I 

Blade-to-blade losses are determined from the boundary layer thicknesses both on the 
suction and pressure sides of the blade, 

(5.3) 

where 

'"" ( W2 )
2 

. 2p ~***/( . fJ ~*)3 L, rr= --~- Sin 2 u Sill 2 -u, 

- ( I ) --- 2sin{J2 -l 

( 

2 2 2o* - :- -·--- - _1 +(o*) 2 

'"" W ) . 2 {3 sm {3 2 sin2 {J2 
(., bb = W sm 2 - -- ( . fJ ~*)2 -- ----

I Sin 2 -u 

with the foJlowing boundary layer thicknesses: 

6. Numerical results 

o*. = ( 0b2 + L1qJS • 2nYio2/zo + o:r)/(2nr2/zo), 

o** = [( oiu*eb)s/(e2b2) + o:r*]/(2nr2/zo), 

o*** = [( o:u**eb}~l<e2 b2) + o:r**]/(2nr2/zo). 

As shown in Fig. 3, there is satisfactory agreement of the static pressure values achieved. 
The discrepancy is observed at high negative inlet flow angles, when the local separation 
region is formed near the blade and the flow cluttering suddenly increases what leads to 
an increase of velocity. The cause of the existence of a low pressure region at the impeller 
inlet has not been established in calculations. 

Thus the results presented show the possibility of approximate estimation of real flow 
parameters by means of the regimes close to the optimum ones. 

Boundary layer velocity profiles show (Fig. 4) the growth of boundary layer thickness 
from blade row inlet to outlet, and the effect of the blade surface curvature on the profile. 
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= pfp* 

1.3 

0.9 

0.7 

0.2 0.4 0.6 0.8 1.0 

l/lz 
calculations 

--o---o---o----o-- experiments 

FIG. 3. Static pressure distributions along shroud 
surface of the mixed-flow impeller for various flow 
rate coefficients. Dimensionless inlet shroud diameter 

D.1 = 0.61, relative exit blade height b2 = b2 / D 2 = 
= 0.04. 

0.2 0.4 0.6 w 

calculatt'ons 

--o----o---0---o-- experiments 

FIG. 4. Boundary layer velocity profiles along the 
middle streamline blade surface, f/> = 0.065, 

fi = 11Zo / (2nr2), W = W /liz . 

Figure 5 shows the calculated and experimental efficiencies of impellers and stages 
with vaneless diffusors having different values of impeller velocity ratio nw. Stages for 
different flow rate coefficients $ 0 = 0.04 ... 0.09 were investigated for 

Mu = 0.78, 1.8. 

It is shown that the impeller and stage efficiencies calculated have maxima depending 
on nw and $ 0 • Maximum efficiency values decreases with decreasing $ 0 . Optimal values of 
nw lie between nwopt = 1.2 and 1 .3. In the interval nw < nwopt decreasing of 17 is related to 
the increase of the relative height of the channel. In the interval nw > nwopt the efficiency 
increases with increasing nw as a result of growing breaking losses. They are intensified with 
ncreasing velocity ratio. No maxima were established at the experimentally determined 

values of the efficiency as a function of the velocity ratio. They probably lie in the region 
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various flow rate coefficients. 
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6. Stage loss components, W0 = 0.1, 

0.03 :::::; b2 = b2 /D2 :::::; 0.06. 
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of low nw. Right branches of the curves for nw > nw opt are similar to the calculated data. 
They show the efficiency decreasing with the increase of nw due to rising impeller breaking 
losses. 

The centrifugal compressor stage loss as a function of velocity ratio nw is presented 
in the Fig. 6. The stage consists of a mixed-flow impeller with outlet blade angle {3 2 = 60o 
and vaneless diffusor. The boundary layer friction loss component is a slowly increasing 
function. When nw > 1.8 the profile losses increase by flow separation on the blade suc­
tion side. The hub-to-shroud losses reaches a minimum when nw ~ 2.0. At low values of 
nw, the non-uniform turbulent core velocity field predominantly influences the growth of 
hub-to-shroud losses; likewise, the hub and shroud surface losses prevail at high nw 
values. 

The sum of impeller losses reaches a minimum at nw ~ 1.6. The vaneless diffusor losses 
increase with nw since the absolute flow angles are reduced with increasing nw. Therefore 
the total stage losses l1r] reach a minimum at lower nw values than the optimal impeller 
ones. Thus, it is advisable to use optimal velocity ratio interval as nw = 1.2 ... 1.4. It is 
possible that a three-dimensional analysis would yield more accurate results. 
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