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A computer code predicting the flows through the centrifugal compressor with the radial
vaneless diffuser was developed and applied to investigate the detailed flowfields, i.e.,
secondary flows and jet-wake type flow pattern in design and off-design conditions. Various
parameters such as slip factors, aerodynamic blockages, entropy generation and two-zone
modeling which are widely used in design and performance prediction, were discussed.
A control volume method based on a general curvilinear coordinate system was used to

solve the time-averaged Navier-Stokes equations and SIMPLER algorithm was used
to solve the pressure linked continuity equation. The standard k-e turbulence model was
used to obtain the eddy viscosity. Performance of the code was verified using the measured
data for the Eckardt impeller.

Keywords." Centrifugal compressor, Three-dimensional analysis, k-c model, Secondary flows,
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INTRODUCTION

Centrifugal compressors are widely used to achieve
high pressure ratios per stage and the system results
in compact and lightweight design. The flow
through the rotor is complex due to growth of
boundary layers and separation on blade surfaces,
the formation of secondary flows due to rotation
and passage curvature and tip leakage in the
impeller passages. Resulting jet-wake formation
is associated with high viscous losses and affects the
operating range of the rotating impeller and the

diffuser downstream. To improve the aerodynamic
performance of centrifugal compressors it is neces-

sary to suppress the separation and wake forma-
tion maintaining high level of diffusion within the
impeller. It is essential to understand the flow struc-
ture to achieve these objectives within the passages.
A lot of parameters such as slip factors, flow
blockages and entropy generation etc., are used in
the design and performance prediction process. The
main purpose of the present work is to investigate
through flows and estimate such parameters with
the three-dimensional flow calculation.
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The flow calculation was carried out using a

three-dimensional, finite volume, pressure correc-
tion method, with a two-equation k-e turbulence
model, for the solution of the time-averaged
Navier-Stokes equations in a rotating frame of
reference. The discretized equations for the physical
covariant velocity components were obtained by an
algebraic manipulation of the discretized equations
for the Cartesian velocity components.
The performance of the code was verified using

the measured data for the Eckardt backswept
impeller. Eckardt (1980) performed detailed mea-

surements, using a Laser-2-Focus velocimeter, in
the high-speed backswept impeller.

GOVERNING EQUATIONS

The conservation equations for mass, momentum
and energy which govern the steady, viscous and
compressible flow, expressed in a Cartesian coordi-
nate system in a rotating frame of reference, are

given as follows:
Mass,
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where HR is rothalpy, p the density, f the rotational
speed, and c,.jk the alternating tensor.

The following additional transport equations are
solved to obtain k and c for turbulence closure:
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where

k2

#, C.p-- (6)

and the model constants are summarized as
follows: C,--0.09, C1-- 1.44, C2 1.92, crk 1.0,
o- 1.0.

METHOD OF CALCULATION

Calculations are carried out in a non-orthogonal
curvilinear coordinate (, r/, () system. The dis-
cretized equations are obtained using a finite
volume method (Karki and Patankar, 1988). A stag-
gered grid arrangement is used. The scalar variables
are located at the geometric center of a control
volume, while the physical covariant velocity com-
ponents u., u, and u are located on the mid-points
of the control faces. A power law differencing
scheme is employed to evaluate the combined
convection-diffusion fluxes on the control sur-
faces. The physical covariant velocity components,
which are directed along the coordinate lines, are
used as the dependent variables in the momentum
equations. The discretization is performed using
Cartesian velocity components in a locally fixed
coordinate system (Karki and Patankar, 1988). A
pressure correction equation is obtained by the
SIMPLE algorithm. The velocity components from
the momentum equations are corrected to satisfy
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the continuity equation. However, the pressures
are obtained by the SIMPLER (Patankar, 1980)
scheme using the full momentum equations. Density
at a control volume face is always upwind-biased.
This allows the computation of transonic and
supersonic flows.
A cyclic TDMA (Ramamurti et al., 1988) is used

to obtain numerical solution of the discretized
equation. Convergence is assumed when the
maximum relative error of the pressure field is less
than 10-4.

RESULTS AND DISCUSSION

The data published by Eckardt (1980) were chosen
to validate the present code. The test impeller is a

typical high-speed backswept impeller shown in
Fig. 1. Eckardt (1980) performed measurement for
the performance, pressure distribution along the
shroud and the velocity field within the impeller.
The measured data have been widely used to
validate computational codes and also quoted in

describing the flow characteristics along the
impeller.
The results of the present calculation were

compared with the measured data and the flow
characteristics were also discussed in comparison
with the given data. The geometry data were

obtained from Schuster and Schmidt-Eisenlohr

(1980). The impeller has 20 blades and the main

camber line has an elliptic shape (in cylindrical
sections). The backward curvature commences at

R/R2 0.8 and terminates at the blade exit with a

backsweep angle of 30. The compressor operates at
a rotational speed of 14,000rpm and the design
mass flow rate is 4.54 kg/s. The inlet total pressure
is 101.3 kPa and the total temperature is 288.1 K.
Figure shows the backswept impeller along with
the meridional measurement planes.

Grid Test and Boundary Conditions

The computation was carried out using an H-type
grid system. Three different grid sets consisting of

Impeller

Impeller Exit

Inlet // "/IV Back
_

c./’--,- /"’clarv.ature
\ "IIa sarts

FIGURE Configuration of Eckardt impeller "A" and
measurement planes.

52 x 26 x 26, 72 26 x 26, 80 x 26 x 26 (in stream-

wise, blade-to-blade and hub-to-shroud space
respectively) points were tested for the design flow
rate. The results using the 72 26 x 26 grid was

considered to provide grid independent solutions
and was used for the calculation for the off-design
conditions. The blade thickness distributions were

obtained from the figures in Schuster (1980). The
test impeller is an unshrouded one with a tip
clearance. To eliminate the uncertainty of the

simplified tip clearance geometry on the flow fields

the geometry was not included in the present
calculations.
The flow domain is defined by blade-to-blade

and hub-to-shroud space. At the inlet boundary
upstream of the impeller, the flow is assumed
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uniform and axial. The values of total pressure and
total temperature are specified there. The turbulent
kinetic energy is uniformly distributed with inten-
sity of 10%. The absolute velocities on the
stationary shroud and diffuser walls downstream
are equal to zero and the relative velocity on
the blades and hub is zero. A wall function is used
for the boundary condition of the turbulence
model. An adiabatic condition is imposed on
the solid walls. The periodic boundary condition
is used implicitly upstream and downstream of the
impeller. The present code was implemented
on a DEC 3000/M400 workstation. Acceptable
convergence was generally attained after 1500 itera-
tions, and each iteration required 85 s CPU time.

Overall Performance and Pressure Distribution

The overall performance parameters, i.e. total
pressure ratios, total temperature ratios and isen-

tropic efficiency, downstream of the impeller exit

(position 03 defined by Eckardt (1980) at the radial
location of R/R2-- 1.075) are shown in Fig. 2. The
measured data were obtained by space averaging
the data in Fig. 6 of Eckardt (1980). The rotor
efficiency was based on the total pressure traverses
at R/R2-- 1.075 and the values of temperature were
measured at R/R2=l.687 (consequently they
include the jet-wake mixing losses in the vaneless
diffuser entry region). Two results of performance
prediction are shown. The first type of averages
were obtained by mass averaging the values
circumferentially (blade-to-blade) and then
spatially averaging them spanwise (hub-to-shroud).
The second one was obtained by mass averaging
them over the whole plane. Predicted performance
characteristics show good agreement with measure-
ments. The predicted values of total pressure rise
are 2% lower than the measured values at the near
stall and design conditions, and slightly higher at
the near choke condition. The predicted tempera-
ture rise curve is consistently 1-2% (1.3 K at the
design point) lower than the measured data. The
efficiency was best estimated at the stall and
the design flow rates and slightly overpredicted at
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FIGURE 2 Calculated and measured performance param-
eters: (a) pressure ratio, (b) temperature rise, (c) efficiency.

the choke condition. The difference may be due to
the uncertainty in measurements, neglected tip
clearance, turbulence modeling, various assump-
tions involved in the description of the geometry
and the boundary conditions.
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The circumferentially averaged static pressure
distributions calculated on the shroud are com-
pared with the time-mean measurements and other
calculations at the design and near choke flow rates
in Fig. 3(a) and (b). Quasi-three-dimensional
calculation with an empirical loss model by
Schuster et al. (1980) overpredicts the pressure
distribution over the inducer region. The predicted
values of the present viscous flow calculation and
Hah et al. (1988) are in good accordance with the
measured values. Figure 3(c) compares the shroud
static pressure distribution at three operating
conditions. The pressure continuously increases
through the impeller at the design and near stall
conditions. However, at the near choke flow rate,
the flow accelerates in the inducer region, especially
along the suction side over the shroud. The pressure
decreases over the inducer, then increases down-
stream. The performance and variation of static
pressure is successfully predicted in the present
calculation.

Mean Velocity Field

The calculated through-flow development of the
backswept impeller is presented in Fig. 4 for three
flow rates. The measured data at the design flow
rate are also shown for direct comparison. The plots
show the meridional component of the absolute
velocity, referred to the impeller tip speed. The
planes I and II are in the axial inducer region, the
planes III and IIIa are in the axial to radial region
and the planes IV and V are close to the impeller
exit. In the axial inducer region, the velocity
distributions develop regularly at the design and
near the choke flow rates. However, the flow
separation near shroud/suction side at the plane I
and shroud/pressure side at the plane II were shown
at the near stall flow rate.

In the axial to radial region, the velocity distribu-
tions at the near stall flow rate show that the low-
momentum fluid region is spread wide over the
shroud region at the plane III and moves to the

shroud/suction region at the plane IV. Considering
the design flow rate, the flow distortion starts near
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FIGURE 3 Distributions of static pressure over the shroud
for (a) design and (b) near choke flow rates; (c) variation of
predicted static pressure distributions for three flow rates.

the shroud wall at the plane III, which is not shown
in measurement, and as the blade-to-blade loading
increases the low-energetic fluid region is seen near
the shroud wall at the plane IIIa. No particular flow
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FIGURE 4 Comparison of flow development at three different flow rates.

deceleration is shown at the near choke flow rate
but the flow is slightly distorted near the shroud/
suction side at the plane IIIa.
Near the impeller exit region, the movement of a

low-momentum wake region to a suction side

continued at the plane IV for the near stall flow
rate. The final location of the wake region is near
the suction side of the impeller at the plane V. At the
design flow rate, the wake region moves to the
shroud/suction side due to the secondary flow and
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this wake flow pattern is also observed in the
measurement data. The pattern of the low-
momentum wake generation is not so clearly seen
at the near choke flow rate as at the design condi-
tion but the wake region is also located in the
shroud/suction side at the plane V.

Figure 5 shows the velocity distributions at the
measurement planes I-V on the blade-to-blade
surfaces near the shroud, at the mid-channel
position and near the hub for the design flow rate.
The present viscous flow calculation and quasi-
three-dimensional calculation results show excel-
lent agreement at the mid-channel position and
near the hub surfaces through all the planes.
However, considering the near shroud surface, the
present calculation simulates the wake formation
very well from the plane IIIa to the plane V but
the quasi-three-dimensional method fails. The low
momentum wake region already starts at the plane
III for the present calculation, which is guessed to
be between the plane III and IIIa in the measure-
ment, and the wake depth is slightly underpredicted
at the planes IV and V.
The velocity distributions at the near choke flow

rate are compared with experimental data and the
quasi-three-dimensional calculation in Fig. 6. Both
methods predict the velocity distribution very well
in the potential core region. The wake flow pattern
is not simulated by the quasi-three-dimensional
method near the shroud region after flow separa-
tion. The present calculation results do not simulate
the incipience of a separation zone near the shroud
suction side of the blade at the planes III and IIIa.
However, the complex jet-wake structure is pre-
dicted very well at the planes IV and V.

Secondary Flow and Jet-Wake Formation

Simulation of the through flow shows the
mechanism how the rotation and curvature contrib-
ute to the formation and movement of the jet-wake
flow pattern within the impeller. Streamwise vor-
ticities and secondary flows develop when a shear
or boundary layer is subjected to centrifugal and
Coriolis forces. The relative magnitude of these two

contributions is defined by the Rossby number
(R0--W/coRn). The blade curvature induces the
secondary flow in the inducer region and the shroud
and hub curvature induce secondary flow in the
axial to radial bend. Rotation induces the
secondary flow in the radial section of the impeller
downstream. For the backswept impeller, the
Coriolis-induced secondary flow is usually opposed
by the secondary flow generated by the backswept
blade curvature.
The secondary flow is defined as the departure of

the local relative velocity vector from the local
streamwise direction. If the ideal flow follows the
local blade direction in the B-B planes and local
streamwise grid direction in the H-S plane, the
components of secondary velocity vectors are zero.

According to the above definition, the velocity
vectors of the secondary flow at the measurement
planes IV and V are shown for three operating flow
rates in Fig. 7. The contours in Fig. 7 are the
predicted meridional velocity components (Cm/U2).
The migration and accumulation of low
momentum fluid in the boundary layer and the
wake can be illustrated by the secondary flow
motion through the impeller. To describe the
secondary flow development and the wake forma-
tion, it is useful to define dimensionless rotary
stagnation pressure as

p, P* Pnin (7)
/)max Pmin

where p*-p/1/2PW2-1/2pco2r2 is the rotary stag-
nation pressure. It conserves along a streamline in
steady, inviscid, incompressible flow through the
rotating impeller. The distributions of dimension-
less rotary stagnation pressure at the planes IV and
V are shown in Fig. 8. At the near stall flow rate the
prevailing anti-clockwise passage vortex is located
at the suction side. When the flow rate is low, the
Rossby number is small and the wake flow appears
on the suction surface. The low P* fluid, which is
near the shroud/suction side at the plane IV, moves
to the suction side of the impeller exit at the plane V.
Inoue and Cumpsty (1984) reported that as the
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FIGURE 5
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Blade-to-blade relative velocity distributions at the design flow rates: (a) near shroud, (b) mid-span, and
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FIGURE 6 Blade-to-blade relative velocity distributions at near the choke flow rates: (a) near shroud, (b) mid-span, and
(c) near hub.
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FIGURE 8 Dimensionless rotary stagnation pressure contours near the impeller exit: (a) near stall, (b) design, and (c) near
choke flow rates.

Rossby number becomes small (in case of
R0-0.48), the strong Coriolis force moves the
stable location of the wake from the shroud to the
suction surface and inertia of the strong secondary
flow pushes the wake further around the hub side.
In the present predictions, the Rossby numbers at
the plane IV are 0.66 for the near stall, 0.84 for the
optimum and 1.48 for the near choke flow rates,
respectively.
For the design flow rate, migration of vortex

along the shroud to the suction side is enhanced
by the Coriolis forces due to the rotation at the
plane IV. However, the secondary motion over the

shroud is less than that of the radial impeller due
to the blade backswept curvature. The low P fluid
from two secondary flows, i.e. over the suction-
shroud surfaces, collides in the shroud/suction side
corner and makes the wake region. The final loca-
tion of the wake locates at the shroud/suction
corner at the plane V.
For the near choke flow rate, the Rossby number

is large and the secondary flow due to Coriolis force
is rather small, so that the vortex pattern near the
suction side plays a dominant role compared to the
stall and design flow rates. The low P* fluid collides
over the shroud (y/t 0.6-0.7) at the plane IV and
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the wake region locates at the same position. As the
flow rate increases, the flow inertia becomes large.
The increasing inertia of high flow rates tends to
maintain the flow direction, so the secondary flow
pattern between the planes IV and V becomes more
similar as the flow rate increases.

Slip Factor

The slip factor is a piece of information im.portant
to the compressor designer, of which accurate
prediction enables the energy transfer between the
impeller and fluid to be estimated. Many models
have been suggested in the past as a function of
blade numbers, flow coefficients, blade angles, etc.
The flow pattern at the impeller exit is quite
complex due to the development of the secondary
flow through the impeller, so that the slip or
deviation angle distributions may also be difficult
to obtain in the experiment.

Figure 9 shows the variation of the slip factor
with the flow coefficient. Two averages, i.e. space
and mass averages at the impeller exit, were

performed. Estimated values obtained in the
present calculation are compared with Eckardt’s
experimental results. The measured values were
obtained by mass averaging the total temperature
rise between the inlet and R/R2-- 1.687. According
to Wiesner (1967) correlation of slip factor, which is
widely used in design and performance prediction
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FIGURE 9 Variation of slip factor with flow coefficient.

programs, the slip factor decreases with the flow
rate. However, the measured and calculated values,
which are within an experimental error band, show
completely different tendency. Eckardt (1980)
explained this aspect as inertia effect, i.e. the
S-shaped blade design of impeller, which guides
the flow nearly to the radial direction until the
backsweep starts downstream between the planes
IIIa and IV. Simulation describes the three-dimen-
sional flow structure near the exit of the impeller.
As shown in Fig. 7, the increased inertia of a high
flow rate keeps the flow to maintain the strength of
the secondary flow up to the impeller exit. There-
fore, the effects of the backsweep on the flow at the
high flow rate become small. The deviation angle
reduces at the impeller exit and the slip factor
increases with the flow rate.

Blockage Factor and Entropy Generation

An aerodynamic blockage is usually defined based
on the displacement thickness ofthe boundary layer
in the external flows. However, it is difficult to

define the boundary layer thickness on the impeller
because of the non-uniformity of the flow.
Zangeneh (1993) defined the extent of the flow
non-uniformity in the ratio of the area (pitchwise)
averaged meridional velocity to the mass-averaged
meridional velocity. The aerodynamic blockage
distributions in the meridional plane and the
blockage development through the impeller for
Eckardt (1980) impeller are shown in Fig. 10.
The blockage is mainly generated near the shroud

from the axial to radial bend at the design flow rate.
The blockage grows from the plane I to IIIa due to
the blade to blade velocity difference, i.e. the blade
loading. After the plane Ilia the blade loading
reduces and the non-uniformity of the jet-wake
flow increases, so that the blockage remains nearly
constant down to the impeller exit. The jet-wake
flow pattern mixes out in the vaneless diffuser

region downstream of impeller exit at plane VI
(R/R2 1.077) and the blockage decreases.

For the near stall flow rate, the blockage becomes
large at the impeller inlet, especially over the shroud
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FIGURE l0 Aerodynamic blockage distributions and
mass-averaged values at measurements plane: (a) near stall,
(b) design, and (c) near choke flow rates.

The loss mechanism aspect is strongly three-
dimensional. One of the important and interesting
parameters related to the amount of the loss is the
entropy generation. The gradient of an entropy is
also used as the source of vorticity and plays an
important role in describing the loss mechanisms
through the impeller.
The mass-averaged entropy distributions on the

meridional plane and the development through the
impeller are shown in Fig. 11. The variation of
the entropy generation rate is quite similar to that
of the blockage. The values of the entropy for the
near stall flow rate are large at the plane I due to

C )timum30
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20

!15 v vl

10 Ilia V_...,:r-’

L.o 0.5 1.0 1.5

wall due to the leading edge separation. The shroud
blockage region is wider than that for the design
flow rate. After the plane III, the blockage
decreases over the plane IV according to the
recovery of the separation region and increases
again at the impeller exit (plane V). The flow for the
near choke flow rate is quite stable and the blockage
distribution is small everywhere except the small
region near the shroud in the axial to radial bend.
The mass-averaged blockage increment from the
plane I to III depends on the blade loading.
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FIGURE Entropy generation distributions and mass-
averaged values at measurements plane: (a) near stall, (b) design,
and (c) near choke flow rates.
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the inlet shroud separation. For the design flow
rate the entropy gradually increases from the inlet
to the exit and are quite stratified from the hub to
the shroud at the impeller exit. For the high flow
rate the entropy generation from the plane I to II is
definitely higher than for the other flow rate due to
the rapid change of loading. The mass-averaged
value of the entropy at the impeller exit shows the
highest value for the near choke flow rate, which
indicates the lowest value of efficiency shown in
Fig. 2.

Review of Jet-Wake Model

The design and performance prediction method
with the jet-wake model was proposed by Japikse
(1985). The basic idea of the model is to divide the
impeller exit flow into jet and wake zones. The
assumptions of the model are as follows:

(a) The flow in the jet zone is isentropic;
(b) The flow in the wake zone contains all non-

isentropic losses and it leaves the impeller
congruent with the blading;

(c) The mass rate ,fraction of the wake is about
15-25%.

Rohne and Banzhaf (1991) modified the classical
jet-wake model based on the measured data.

(a) The jet, although it contains lower losses than
the wake, is not isentropic and must be
corrected with polytropic efficiency;

(b) The flow in the wake zone is not congruent with
the blading and must be applied with

Cuzw F,w * C,2j, (8)

where F,w is the circumferential velocity factor for
the wake zone.

The original jet-wake theory is based on the
conceptual two-zone model (primary and
secondary zones). The boundary of the two regimes
does not physically exist; the model indicates only
that there is an isentropic core flow and that all the
non-isentropy of the flow concentrates in the
secondary flow regime. However, Rohne and

Banzhaf (1991) defined the wake zone where the
local value of the meridional component of velocity
is less than 90% (DFw=0.9) of the global mean

value. Therefore the properties in the jet and wake
zones in the two models are different from each
other. The capability of predicting the mixed-out
conditions and the parameters in the two models
were investigated using predicted values in the
present calculation.
The distributions of the entropy at the impeller

exit for the three flow rates are shown in Fig. 12.
This calculation shows that only the small region of
the isentropic core could be found at the impeller
exit. A relatively high entropy region (wake region)
resides near the suction side for the near stall flow
rate and over the shroud/suction corner for the
design and choke flow rates. The calculation veri-
fies the first assumption, by Rohne and Banzhaf
(1991).

Figure 13 shows the velocity triangles at the
design flow rate in the impeller exit. The velocity
components with two models were obtained using
the secondary mass fraction (c =0.135) and area
fraction () 0.367). The solid lines were obtained
from the present calculation for DFw=0.9. The
values of the secondary mass and area fraction from
the present three-dimensional flow prediction are
0.191 and 0.290 respectively. Note that the mixed-
out velocity vectors are in good agreement with the
values from two models. However, there appear
small differences in the calculated total conditions
at the impeller exit (see Table I). When the predicted
values of total temperature and total pressure at the
impeller exit in the present three-dimensional
calculation are used, the mass fraction and slip
factor can be obtained using two models (0.564 for
the original model and 0.16 for Rohne and Banzhaf
(1991) model). Rohne’s model with F,w 1.1 shows
the best prediction of the wake absolute tangential
velocity component with that of the three-dimen-
sional calculation. Figure 14 shows that both
models unusually over-predict the mass fraction in

comparison with 0.15-0.25 for the original jet-
wake model and 0.13-0.14 for Rohne and Banzhaf
(1991) model.
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FIGURE 12 Entropy distributions at impeller exit: (a) near stall, (b) design, and (c) near choke flow rates.
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FIGURE 13 Comparison of jet-wake and mixed-out velocity vectors (with proposed input wake mass and area fraction):
(a) jet-wake model from Japikse, and (b) jet-wake model from Rohne.

TABLE Comparison of exit total conditions of two kinds of jet-wake theories using proposed parameters

Model Guessed Guessed Predicted Predicted
mw/m Aw/A P02m (kPa) T02m (K)

Fuw

Classical jet-wake theory
Rohne’s jet-wake theory
Three-dimensional calculation

0.135 0.367 201.3 351.1
0.135 0.367 199.4 359.4
0.191 * 0.290* 198.0 353.4

0.93

Values are obtained using DFw 0.9.

Fuw=1.1
Etap(pol)=0.923

Prediction Prediction
Calculation with --rC,,-,’ Calculation with
jet-wake-model jet-wake-model
according to Japikse (1985) according to Rohne (1991)
Data reduction from 3D prediction Data reduction from 3D prediction
msec/m=0.5640 msec/m--0.1604
Asec/A=0.6819 u Asec/A=0.2826

FIGURE 14 Comparison of jet-wake and mixed-out velocity vectors (with data reduction mode using three-dimensional
prediction results): (a) jet-wake model from Japikse, and (b) jet-wake model from Rohne.

Reasonable pre-input of the secondary mass

and the area fractions in the two jet-wake
models are critical for the accurate performance
prediction. Figure 15 shows the effects of the para-
meters on the predicted values of total pressure

and temperature. The dashed lines denote the
total conditions at the impeller exit in the pre-
sent calculations. The models can be investigated
and improved using the CFD technique in the
future.
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FIGURE 15 Variation of exit total conditions with wake mass and area fractions: (a) jet-wake model from Japikse, and
(b) jet-wake model from Rohne.

CONCLUSIONS

(1) The present CFD code correctly predicts the
pressure ratio, total temperature increase and
efficiency of the centrifugal impeller over a
wide range of operating condition from the
near surge to choke flow rates.

(2) The predicted flow development through the
impeller is in good agreement with the
measured data.

(3) The code reasonably simulates the evolu-
tion of the secondary flow in the impeller
which affects the jet-wake formation and
location. The core of the wake region at the
impeller exit exists near the suction side for
the near stall flow rate, and the shroud/suction
side corner for the design and near choke
flow rates.

(4) The predicted values of slip factor increase
with the flow rate for the backswept Eckardt

impeller and are in good agreement with mea-
sured values.

(5) The distribution of entropy generation is
strongly three-dimensional and correlated with
the passage blockage.

(6) The mixed-out velocity vectors by the present
three-dimensional flow prediction are in good
agreement with the values from the two jet-
wake models except small differences in the
calculated total conditions at the impeller exit.
However, unusually large values of the mass
fraction should be used in the two jet-wake
models to match the calculated total tempera-
ture and pressure at the impeller exit.
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NOMENCLATURE

A
b

C#, C1,
C2, O’k, O

h

HR
k
rn

P
PS
p*

R
Ro
Rn

y/t

X/Sm

x, y, z

I, II, III,

area
meridional channel width
absolute velocity

constants in turbulence closure
models
circumferential velocity factor for
wake

enthalpy
rothalpy
turbulence kinetic energy
mass flow rate
pressure
pressure side
rotary stagnation pressure
(P + 1/2PW2 1/2Pwzr2)

dimensionless rotary stagnation
pressure
(P* (P*--P*min)/(Pnax- Pin))

radius
Rossby number (W/coRn)
radius of curvature of impeller
passage

meridional shroud contour length
suction side
blade spacing
temperature
velocity component
impeller speed at exit
relative velocity
normalized coordinate along the
pitch

normalized meridional coordinate
across the channel

normalized meridional coordinate
along the shroud

Cartesian coordinates

IIIa, IV, V optical measuring planes
X mass fraction in jet-wake theory
,.y Kronecker delta

dependent variable or flow coefficient

#

#t,,
P

dissipation rate of turbulence energy or

wake area fraction
viscosity or slip factor
eddy viscosity
general curvilinear coordinate system
density
impeller rotational speed

Superscripts

fluctuating component

Subscripts

I inlet
J jet
m meridional component or mixed-out

condition
opt optimum condition
u tangential component
w wake
2 impeller exit
oc ideal, blade-congruent flow
0 stagnation condition
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