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Numerical prediction of turbulent flow
in centrifugal compressor stage

K.P. SELEZNEYV, Y. I. BIBA, B. N. SAVIN
and A. M. SIMONOYV (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 procedure obliczeniowa do analizy wewngtrznych przeptywow w sprezarce
odsrodkowej, oparta na modelu quasi-trojwymiarowej turbulencji. Procedura ta obejmuje
przeplywy wewngtrzne i migdzylopatkowe uwzgledniajac przeplyw przez szczeling wierzchol-
kowa, zakrzywienie powierzchni oraz przeptywy wtorne. Obliczone wyniki porownano z danymi
eksperymentalnymi. Stwierdzono dobra zgodnos¢ parametrow lokalnych i globalnych (energii).

IlpencraBniena pacueTHas MNpolieAypa OIS aHAIKM33a BHYTPEHHUX TeUeHHH B LIEHTPOOEIKHOM
KOMIIpeccope, oMUPAOLIAACA HA MOJENIH KBasUTPEXMEpHOil TypOyIeHTHOCTH. DTa Ipoueaypa
OXBaTbIBaeT BHYTPEHHHE K MEXKIYJIONACTHbIE TEUEHHsI, YUUTbIBAas TEUCHHE Uepe3 BEPXHIOI
1IeJ1b, HCKPHBIIEHHE IIOBEPXHOCTH, 8 TAK)KE BTOPHUHbIC TEUSHHA. BBIUMCIICHHbIE Pe3yJIbTATEI
CpaBHEHBI C 9KCIICPUMEHTANIbHBIMK JaHHBIMH, KOHCTaTHPOBaHO Xopolliee COBIAIEHHE JIOKAJIb-
HBIX M IJ100aJIbHBIX NapamMeTpoB (IHEpruH).

Nomenclature

A Van-Driest damping factor,
a sonic velocity,
b meridional channel width,
C absolute velocity,
D impeller diameter,
F mass force,
on Lamé coefficients,
h thickness of the layer between axisymmetric flow surfaces,
i enthalpy,
i* stagnation enthalpy,
L, L, mixing lengths,

H=1-oy, H =1-

M source term modelling secondary flow,
M, = u,fa symbolic Mach number,
m mass flow ratio,
N external force capacity,
n distance to the surface,
ny = W,/W, velocity ratio,
p pressure,
Q surface area,
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Richardson, number,

radius,

velocity of surface rotation,

volume,

dynamic velocity,

relative inviscid velocity,

relative boundary layer velocity,
coordinates related to the surfaces,
number of blades,

absolute flow angle,

relative flow angle,

empirical coefficient,

angle between axisymmetric flow surface and rotary axis,
boundary layer thickness,

integral boundary layer thicknesses,

blade thickness,

grid step,

angular separation region width, s — tip-clearance width,
efficiency coefficient,

loss coefficient,

kinematic viscosity,

angular velocity,

density,

surface curvature,

flow rate coefficient,

flow rate coefficient at the optimal regime,
shear stress,

flow cluttering coefficient.

blade-to-blade losses,

effective viscosity,

friction losses,

hub-to-shroud losses,

impeller losses,

vector components of (/, n, z) coordinate system,
molecular viscosity,

mixing losses,

pressure side of the blade,

separation point,

secondary flow,

suction side of the blade,

turbulent viscosity,

vaneless diffusor losses,

wall parameter,

vector components of (x, y, ) coordinate system;
blade row inlet,

blade row outlet,

vaneless diffusor inlet,
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4 wvaneless diffusor exit,
I hub surface,
11 shroud surface.

1. Introduction

DrsioNING 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 inviscid 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. Inviscid 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

d d
(3.1 o @BCI+ 4 (erHC,) = 0,
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0,5

(3.5 b [ orC.dy = const(x),

-0,5

where Eq. (3.1) is the continuity equation, Egs. (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) w:—’f]/lb B (H2 )] [bay( r ]

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 = Ly [1-pB.(Rix+Ri,)], Lo,= min {0.4}1; 0.09 g}, . =6,
Richardson numbers are
(3.8) - B W
H ,8 ( Cx) rl 78 ( C_L
dy \ H ay \ r

Zero boundary conditions along hub and shroud surfaces are
(3.9 c,=0, C,=0, C,=0 or C,=U for y= +05.

At the channel inlet profiles of C.(y), C (») 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) i=i*—

’

€ N
— tw

where {C?) is the averaged squared velocity. Body forces vector components are calcula-
ted as

(311) F, = (Wszu_szr)/(4n’-TO)7 F, = Fu ) CIgﬁ.

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 / is parallel

Fi1G. 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 (/, #) 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

aw ow, dw
4.1 w ";j,([i +w,,H,--3;'— +w W, = W

—

L]
o (. wt ; ) H, ot
— 3 j (m]T’-}-Zwu,smy dn+ S

i = 210+ 2H,w,wsiny,
“4.2)

a a .
aT(leh)+ ’%(QH[hW,,)"‘M = O:
where ¢ 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) v, = L2H,fgn (w,/H,)  (Prandtl formulae)

in the wall region, and
(4.9) v, = 0.0168Wo*  (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:

2wsiny —w, o

L=L/(I-fRi), Ri= —7"——,
H, o (wi/H)
(4.6) LO = O.4n[l —exp (—‘U* A’%—)]’ -z‘r* —_ V"”]Ql
' —1/2
A:ZG(I—]I.Sv,,, H: dW) .
\ vy dl

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

L O~ Wn = Wy by n = O)
4.7
w, = W, by n=0,

where W, = (20wsiny+ W)/H,. The value w,, is calculated by analogy with the Couette
solution of constant turbulent viscosity tip-clearance flow,

1s WA-wi)-ds
4.8 S ! 2 ,,s,‘,l, pr. —1.
e e [‘“’* ]/(“”’) T 48001685,
The source term M in 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) Weeo = eW[1=(wi/W)*]- (w, /W),
where ¢ = tg/p, Ap is the angle of limited streamline from the main flow on the mer-
idional surface, and

9(wsec Hi0)

4.10 7=
( ) M 0z

Substituting w;/W by “one seventh”-law, and averaging M over y and z, we obtain

(4.11) M = 0.175W[tg(A)n — te(AB)]/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:

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

(4.12) E=1l g=

A 1
(4.13) Ay, = A.pm,,,(--@“) ,

1 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

g w H,—2wsiny - n \ dn
(4.14) o* = ( W ) H,

V(usrny n (l— w H,—2wnsiny ) dn
w i, "

(4.16) o¥¥¥ = 1—

w H, -

[
Jt
[}
@.15) ar* = f .
f

wy H, — ansmy [ (w H,—2wsiny - n) ] dn

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
(Sl) n= 1_A77 = ]_Anlmp_Anvd:
where

A"]imp = Anhs“'dﬂbb-
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,

" 2 2
[c-vpar+ [o C;_ Cd0— [ o g_c‘dg
(5.2) Ay =1- " : ‘

.figic:FrdV-’- fT")’CudQ; J.TII}:CH;{éV 7
V 11 1
Blade-to-blade losses are determined from the boundary layer thicknesses both on the
suction and pressure sides of the blade,
14

: 1y = Loy —— e,
©=) i = S o=
where

- L
Sbb T Smix T Sfro»

% Wz ? . 7 - o
LI N7 sin?f,0%** /(sin f§, — 6%)?,
1
[ 1 .., 2sinf;—1
* _ *¥y2 "7 L
. ( W{Z )Zsinzﬁz 26 (sinﬂ2 |)+((3 ) »Sinzﬂ;
W (sin B, —0%)*

~bb
1

with the following boundary layer thicknesses:
0% = (Op2 + Ay - 2r v, /20 + 05;) /(27012 [20),

O** = [(08%0b)s/(02b2) + 051/ (27r2/zo),
O*** = [(05F*0b),/(02b2) + 8321/ Qnry [2,).

6. Numerical results

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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FiG. 4. Boundary layer velocity profiles along the
middle streamline blade surface, @ = 0.065,
n = nzo[(2ar,), w = w fu,.

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

D,, = 0.61, relative exit blade height b, = b,/D, =
= 0.04.

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

, : D
M, =078, b, = »gi« =10, D, = ”Da = 1.8
2 2

It is shown that the impeller and stage efficiencies calculated have maxima depending
on n,, and @,. Maximum efficiency values decreases with decreasing @,. Optimal values of
n, lie between n,,, = 1.2 and 1.3. In the interval n,, < n,,,, decreasing of 7 is related to
the increase of the relative height of the channel. In the interval n,, > n,,,, the efficiency
increases with increasing n,, 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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of low n,,. Right branches of the curves for n,, > n,,, are similarto the calculated data.
They show the efficiency decreasing with the increase of n,, due to rising impeller breaking
losses.

The centrifugal compressor stage loss as a function of velocity ratio n,, is presented
in the Fig. 6. The stage consists of a mixed-flow impeller with outlet blade angle £, = 60°
and vaneless diffusor. The boundary layer friction loss component is a slowly increasing
function. When n,, > 1.8 the profile losses increase by flow separation on the blade suc-
tion side. The hub-to-shroud losses reaches a minimum when n,, = 2.0. At low values of
nv, 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 n,
values.

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