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Numerical Simulations of Flows in Centrifugal Turbomachinery
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A quasi-three-dimensional Navier-Stokes analysis has been extended and applied to flows in centrifugal
turbomachinery blade rows. The numerical procedure was validated using a radial fan geometry typical of
those found in fossil fuels plants and air-handling systems. The predicted blade loading and performance
characteristics showed excellent agreement with the experimental data. The numerical analysis was then applied
to a low AR centrifugal impeller. Inviscid and viscous flow simulations were performed at three operating
conditions. While steady solutions were obtained in the inviscid flow calculations, the appearance of an oscillating
separation bubble on the pressure surface of the impeller necessitated that the viscous flow simulations be time
dependent. By comparing the predicted and experimental circumferential distributions of the relative frame
velocity and flow angle downstream of the impeller, it was hypothesized that in the experiments the end-wall
secondary flows energized the impeller suction surface boundary layer, making the flow locally behave like an
inviscid fluid. The performance curve generated from the viscous calculations showed satisfactory agreement
with the experimental data, while the inviscid calculations overpredicted the performance of the impeller. It
was concluded that the physics retained in quasi-three-dimensional analysis give a useful first approximation
of the flow trends in certain types of centrifugal turbomachinery.

Nomenclature
a = speed of sound
e, = total energy
/ = rothalpy
M = Mach number
P = static pressure
Pr = Prandtl number
q = total velocity
Re = freestream Reynolds number
r = radius
v, w = tangential and radial components of velocity
/3 = inlet, exit flow angle
6 = circumferential angle
K = thermal conductivity
IJL, A = first and second coefficients of viscosity
p = density
T = shear stress
(1 = rotational speed

Subscripts
i
L
N

T
t

inviscid
laminar quantity
normal direction
first derivative with respect to r or 0
turbulent quantity
stagnation quantity
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V = VISCOUS
1/2 = inlet/exit quantity

Superscript
= relative frame quantity

Introduction

C ENTRIFUGAL compressor impellers are currently being
used for a wide variety of applications such as gas turbine

engines, air management systems, and rocket engine turbo-
pumps due to their ability to compress air to relatively high
pressure ratios over a short axial distance compared to axial
compressors. The problem with these machines, however, is
that they tend to be inefficient compared to their axial coun-
terparts due to the relatively strong secondary flows that result
from the radial turning of the flow and the rotational forces.
The ability to accurately predict the flow characteristics of
these impellers is essential for estimating and improving their
aerodynamic performance in terms of losses and blade load-
ing. Performance prediction for centrifugal compressors has
previously relied heavily upon one-dimensional analytic tech-
niques and two-dimensional potential flow solutions. While
these inviscid, irrotational techniques may yield satisfactory
predictions of midspan blade loading or overall stage effi-
ciency, they cannot give information about the viscous, tur-
bulent flow processes occurring within the impeller passage.
It is these processes that control aerodynamic performance
and are of the most interest to designers.

While two- and three-dimensional computational tech-
niques for solving the turbulent Navier-Stokes equations are
being increasingly used to analyze viscous flows within the
blade passages of axial turbomachine compressors and tur-
bines, much less effort has been put into developing similar
techniques for centrifugal turbomachinery. One possible rea-
son for the lack of prediction analyses available for centrifugal
turbomachinery flows is that it is difficult to develop a nu-
merical scheme that is capable of accurately resolving the
many diverse flow phenomena that exist within the blade
passages of these devices. Since most impeller blades are curved,
swept, and twisted, grid generation becomes extremely dif-
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ficult and can give rise to large truncation errors in the flow
solution, even when a spatially high-order-accurate integra-
tion scheme is used. Truncation error can be especially trou-
blesome, as it can overpower the natural dissipation mecha-
nisms and can lead to inviscid (numerically induced) separation.]

Among the researchers investigating full three-dimensional,
computational techniques for centrifugal turbomachinery,
Moore and Moore2-3 and Rhie et al.4 have developed partially
parabolized Navier-Stokes procedures; Choi and Knight,3

Dorney and Davis,6 and Mounts et al.7 solve the thin-layer
Navier-Stokes equations; and Moore and Moore8-9 and Hah
et al.10-11 solve the full Navier-Stokes equations. In general,
these three-dimensional simulations are too expensive (com-
putationally) to use the grid density required to resolve per-
formance and boundary-layer quantities. Some researchers
have applied two-dimensional numerical techniques to predict
the flowfields within centrifugal and radial pumps. Miner et
al.12-13 and Badie et al.14 have used two-dimensional potential
flow techniques to predict the blade loadings and forces in
centrifugal pump geometries. While the assumption .of two-
dimensional flow is computationally efficient, it ignores po-
tentially important end-wall and stream-tube contraction ef-
fects. The two- and three-dimensional numerical investiga-
tions performed to date have increased the understanding of
the flow structure within centrifugal turbomachinery blade
passages, however, much more research is required to learn
how to manipulate these flows to increase efficiency.

In this investigation, steady and unsteady flows in centrif-
ugal turbomachinery are studied by extending the quasi-three-
dimensional numerical analysis developed by Davis et al.15-16

A quasi-three-dimensional procedure was chosen for this in-
vestigation because of the substantial savings in computer
resources compared to full three-dimensional techniques, and
the retention of important modeling physics such as stream-
tube contraction. The information gained from the quasi-three-
dimensional simulations can then provide guidance in future
three-dimensional simulations by pinpointing regions of the
flowfield where computational grid points should be concen-
trated, and furnishing the initial conditions for the flow var-
iables. Thus, the goal of the current work is to determine if
a quasi-three-dimensional flow procedure can be used to ac-
curately predict, and increase the understanding of, the di-
verse flow phenomena present in centrifugal turbomachinery.

In the numerical analysis, known as RADFAN, the equa-
tions of motion are integrated using a spatially second-order-
accurate, explicit, multiple-grid, finite volume, time-marching
technique. The RADFAN procedure was chosen for this in-
vestigation because its flexible C-type computational grid to-
pology eases the burden of grid generation for centrifugal
geometries and because of the numerical algorithm's proven
accuracy and efficiency, in both steady and time-dependent
problems.15-16 Validation of the RADFAN analysis was ac-
complished by performing inviscid and viscous simulations of
the flow through the Wright radial fan,17-18 and comparing the
results to experimental data. To assess the ability of RAD-
FAN to predict impeller performance at off-design flow con-
ditions, numerical simulations were performed for the Wor-
thington impeller19 at three different operating conditions,
and the predicted numerical results were compared with ex-
perimental data.

Physical Problem
The problem of interest in this investigation involves the

steady and time-dependent flow through centrifugal and ra-
dial turbomachinery. The flow is assumed to be quasi-three-
dimensional; i.e., the effects of radius change and stream-
tube contraction are included in the mathematical modeling
of the fluid dynamic equations. The assumptions used in de-
riving the quasi-three-dimensional equations of motion from
the full three-dimensional Navier-Stokes equations result in
certain limitations that must be considered when analyzing

the predicted flowfield. In the present analysis, the flow at
the computational inlet is assumed to consist of only radial
and circumferential (tangential) components. In an actual ra-
dial impeller the inlet flow undoubtedly has an axial velocity
component as well as recirculation zones caused by the abrupt
change in the flow direction near the impeller backplate.

The quasi-three-dimensional effects in the numerical anal-
ysis are produced through stream-tube contraction, which
models the "squeezing" of the flow due to the end-wall bound-
ary layers. The stream-tube thickness, however, is varied only
between the leading and trailing edges of the airfoil. This
implies that the computational analysis is modeling an im-
peller that has a parallel-walled inlet section and a parallel-
walled diffuser section. While the former condition is appro-
priate if the computational inlet is prescribed to be in the
proximity of the airfoil leading edge, the latter condition may
cause differences between the predicted numerical results and
the experimental data if the actual machine does not have a
parallel-walled diffuser.

The current procedure does not account for the secondary
and reversed flows that are generated by the end walls of the
turbomachine. Therefore, the predicted results of the nu-
merical analysis should most closely resemble the experimen-
tal data near the midspan of the blade under consideration,
and will be most accurate for blades that have a large AR.
Fortunately, in most radial fans a significant portion of the
flow near midspan is closely two dimensional in nature. 15 Even
for flows in which three-dimensional effects are important in
the midspan region, the pressure field is often only weakly
coupled to the secondary flows, permitting the use of a quasi-
three-dimensional procedure.

The effects of turbulence are modeled with an algebraic
eddy viscosity correlation that has its basis in two-dimensional
boundary-layer data, even though the actual flow in the blade
passage may have reversed flow regions.6 The choice of the
current turbulence model, therefore, reflects a compromise
between computational efficiency and numerical accuracy.

The main advantage of using a quasi-three-dimensional pro-
cedure is the substantial savings in computer resources com-
pared to fully three-dimensional techniques. Fully three-di-
mensional unsteady simulations can require tens to hundreds
of CPU hours on a Cray class supercomputer to achieve an
engineering solution on a relatively coarse grid.6-7 In addition,
grid generation for complex three-dimensional geometries can
require a trial-and-error process to produce a grid that yields
a stable flow solution. Therefore, the simplification of the
physics achieved by deriving the quasi-three-dimensional
equations of motion allows the use of refined grids, and a
more thorough investigation of the underlying physical mech-
anisms of centrifugal turbomachinery flows.

Mathematical Description
The governing equations of fluid motion considered in this

study of centrifugal turbomachinery are the time-dependent,
Reynolds-averaged, quasi-three-dimensional Navier-Stokes
equations, which can be written in nondimensional form and
cylindrical coordinates as

dQ d(G,-
dr 30

where the vector of conserved variables g, the inviscid flux
vectors F, and G,, the viscous flux vectors Fv and Gv,, and the
source term S,.H, are given by

Q =
p

pv
pw
e,.

0
— pw(v — 2flr)/r

[P + p(v - Hr)2]/
0

(2)
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(4)

= 2fiwr + A(w,. + vjr) rr(j = ^(w0/r + v,.)

(fJL/Pr)(Ir - VVr - WWr)

T,,H = VTot

e, = pe + p[v2 + w2 - (Hr)2]/2 I = (e, + P)lp

Quasi-three-dimensional effects due to stream-tube contrac-
tion are included in the calculation of the control volume
projected face areas.16 The equations of motion are cast in
blade-relative coordinates and, for the present application,
the second coefficient of viscosity is calculated using Stokes1

hypothesis, A = — IJJL. The equations of motion are completed
by the perfect gas law.

To extend the equations of motion to turbulent flows, an
eddy viscosity formulation is used. Thus, the effective vis-
cosity and effective thermal conductivity can be defined as

K/C = (5)

The turbulent viscosity IJLT is calculated using the two-layer
Baldwin-Lomax20 algebraic turbulence model. Although the
validity of the Baldwin-Lomax model is suspect in flows with
large separations, the model is very efficient and adequately
gives the first-order effects of turbulence.

The theory of characteristics is used to determine the
boundary conditions at the computational inlet and exit. For
two-dimensional (or quasi-three-dimensional) problems, there
are four characteristic waves that are associated with four
eigenvalues. For subsonic inflow (qN < a), three of the ei-
genvalues are positive and one is negative. This implies that
at the inlet the characteristics corresponding to the three pos-
itive eigenvalues must be specified, while the characteristic
corresponding to the negative eigenvalue is obtained from the
solution algorithm used inside the computational domain. In
this study, the total enthalpy //,, the total pressure P,, and the
blade rotation speed H are used to represent the specified
characteristics at the inlet. For subsonic outflow, the infor-
mation associated with the three positive eigenvalues is trans-
mitted to the boundary via the interior solution algorithm,
while the information associated with the negative eigenvalue
is specified. In this study, the average static pressure is used
to represent the characteristic wave corresponding to the neg-
ative eigenvalue. Requiring that the average pressure across
the exit boundary has a fixed value allows the local pressure
to vary without affecting the mass flow rate.16 This may also
reduce the reflection of pressure waves as initial flow tran-
sients exit the computational domain.

No-slip boundary conditions are enforced along the airfoil
surface for viscous flows, while flow tangency is enforced for
inviscid flows. A periodicity condition is used along the wake
centerline and at the outer boundary of the computational C-
grid in the midgap region of the cascade passage. In the pres-
ent study, the flow is assumed to be adiabatic.

Numerical Integration Procedure
An explicit, time-marching, control-volume, multiple-grid

procedure is used to iteratively march the governing equations

in time until a converged solution is obtained. The flow var-
iables are updated in time according to a second-order-ac-
curate Taylor series approximation and the distribution for-
mulas developed by Ni.21 A multiple-grid technique is used
to accelerate the convergence rate for steady-state flow prob-
lems. The RADFAN numerical procedure uses C-type grids
that are generated with an elliptic equation solution proce-
dure, similar to that described in Ref. 22, to obtain a nearly
orthogonal grid.

Wright Fan
A geometry chosen to validate the numerical procedure,

RADFAN, is the forward-facing fan studied experimentally
by Wright et al . l 7 J K This fan is typical of those used in fossil-
fuel powerplants and in industrial air-handling systems. The
Wright fan provides an ideal test case for validating compu-
tational techniques, such as RADFAN, because detailed pres-
sure measurements were taken along the surface of the blade.
The fan, which has a diameter of 0.7620 m, was run at the
design condition wheel speed of 125.7 rad/s. The span (hub-
to-shroud distance) of the fan decreases from approximately
0.2540 m at the leading edge to 0.1905 m at the trailing edge.
With a chord length of 0.2159 m, the AR of the blades is
large enough to expect good agreement between the predicted
results of the RADFAN analysis and the midspan experi-
mental data. In the following discussions, the term "pressure
surface" refers to the fan surface leading rotation, while the
term "suction surface" refers to the surface trailing rotation.

To test the capabilities of the RADFAN analysis, both
inviscid and viscous steady flow simulations were performed
for the Wright fan test case. Performing both inviscid and
viscous calculations is helpful in determining the effects of
viscosity on fan performance. For the steady viscous flow
simulation, the turbulent quantities were calculated only once
every 20 iterations. In addition, two levels of multiple-grid
acceleration and local time stepping were used in both the
inviscid and viscous flow calculations. The calculations per-
formed during this investigation were computed on an IBM
RS-6000 workstation with 16 megabytes (MB) of memory.
Typical inviscid computations required approximately 6000
iterations at 0.00015 s/grid point/iteration computation time
to reach a converged solution. Typical viscous computations
required approximately 10,000 iterations at 0.0006 s/grid point/
iteration computation time to achieve a converged solution.
In the following simulations, the static pressure at the com-
putational exit was used to control the flow coefficient. In
addition, the mass flow was held constant between the inviscid
and viscous simulations by adjusting the exit static pressure.

A 597 x 17 (streamwise x tangential) computational grid
was used to model one blade passage of the fan in the inviscid
simulation. For the viscous simulation of flow through the
Wright fan, a 597 x 33 computational grid was used to model
one blade passage. Special attention was given to providing
adequate leading and trailing-edge grid resolution, as these
regions are important in determining viscous flow patterns.

Figure 1 illustrates the predicted and experimental surface
pressure coefficient distributions for the Wright fan. The pres-
sure coefficient is defined as

2(F - P,)
(6)

where (£/H.)tip is the fan tip velocity. The inviscid solution
exhibits a slightly greater blade loading than the experimental
data indicates, while the viscous solution shows excellent
agreement with the experimental data. Although the inviscid
and viscous simulations were performed at the same mass
flow rate, the viscous simulation predicts a smaller blade load-
ing because of boundary-layer blockage, which reduces the
effective area of the fan passage. Streamlines contours can
be very helpful in determining the global flow patterns within
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Fig. 1 Predicted and experimental pressure distributions for the Wright
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Fig. 2 Predicted streamline contours for the Wright fan, viscous
simulation.
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Fig. 4 Performance curve for the Wright fan.

the fan passage. Figure 2 illustrates the streamline contours
for the viscous simulation. Near the suction surface trailing
edge, the surface streamline moves away from the fan surface,
possibly indicating the presence of a separation bubble. The
skin friction coefficient Cf can be used to identify separated
flow regions; a negative value of the skin friction signifies that
the flow has separated. Figure 3, which shows the surface skin
friction coefficient for one blade of the Wright fan, confirms
that a shallow separation bubble exists from approximately
60% of the radial chord on the suction surface to the trailing
edge. The performance of the fan was measured in the ex-
perimental tests by determining the variation of the total pres-
sure coefficient as a function of the flow coefficient, where
the total pressure rise coefficient is defined as

2(F, -
(7)

Figure 4 illustrates the predicted and experimental total pres-
sure coefficients for the Wright fan. At the design flow coef-
ficient of $ = 0.176, the experimental value of the total
pressure rise coefficient is approximately \ftt = 0.845, the in-
viscid simulation produces a value of if/, = 0.947, and the
viscous simulation yields i/r, = 0.812. The difference between
the total pressure rise in the inviscid and viscous simulations
is mainly due to boundary-layer blockage and the separated
flow region, which act to constrict the fan passage area and
reduce the work done to the flow.

Worthington Impeller
The RADFAN computational procedure has also been used

to perform "numerical experiments" for the Worthington
impeller geometry (see Fig. 5).19 Three sets of numerical sim-
ulations have been performed, one at the design and two at
off-design flow operating conditions. Inviscid and viscous cal-
culations were performed at all three operating conditions.
The aerodynamic conditions used in the numerical simulations
are presented in Table 1. Only the aerodynamic performance
parameters from the cf> = 0.12 flow conditions are included

Table 1 Aerodynamic parameters for Worthington impeller

Parameter

Qn
Re
N
'le
rtc

4> = 0.06
0.1155m3/s
314.15 rad/s
1270.0/m
7
0.0607 m
0.1590 m

4> = 0.09
0.1540
314.15
1270.0
7
0.0607
0.1590

4> = 0.12
0.2310
314.15
1270.0
7
0.0607
0.1590

Fig. 5 Worthington impeller.
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in this study, as the other aerodynamic flow quantities at this
flow coefficient are qualitatively similar to the cf> = 0.09 re-
sults.

Reference 19 presents experimental relative frame flow an-
gle and velocity distributions for the first passage of the seven-
bladed Worthington impeller. Experimental results were pre-
sented for only the first passage, since the flow in any blade
passage was considered qualitatively representative of the flow
in every blade passage. In the current study, however, the
experimental data has been area averaged over the circum-
ference of the impeller to facilitate comparison with the pre-
dicted results of the numerical simulations (which examines
only one blade passage of the impeller). The surface definition
of the Worthington impeller was obtained by discretizing an
x-ray photograph of the impeller hub section (i.e., at the
backplate). Since the Worthington impeller has swept blades
and a constant airfoil section, the only difference between the
hub section and the midspan section is the blade arc length.
The errors associated with the manual discretization process
cause the leading- and trailing-edge definition to differ slightly
from that of the experimental impeller. In the numerical sim-
ulations, a circular arc was fit to the leading edge, while the
trailing edge was generated at a constant radius. A 401 x 17
computational grid was used to model one blade passage of
the impeller in the inviscid simulations. In the viscous simu-
lations, a 641 x 25 computational grid was used to model
one blade passage of the impeller.

Numerical experiments revealed that the viscous flow sim-
ulation produced a periodically oscillating, pressure surface,
leading-edge separation bubble that precluded a steady-state
solution. In addition, it was determined that this separation
bubble gradually disappeared as the flow coefficient was re-
duced below the design point value. To preserve the funda-
mental physics of the viscous flow phenomena, the numerical
analysis was used to perform time-dependent viscous flow
simulations. Therefore, a global minimum time step was en-
forced, the turbulent quantities were calculated every itera-
tion, and multiple-grid acceleration was not used. The fre-
quency of the separation bubble oscillation was determined
and the numerical results were time averaged over one period
to facilitate comparison with the predicted results of the in-
viscid simulation and the experimental data. The period of
one oscillation Tosc was determined to equal 4800 iterations.
The period for one blade passing 7hp in the viscous calcula-
tions was 11,000 iterations. The Strouhal number can be de-
fined as

St = /„„//„„ (8)

where /osc and /bp are the separation bubble oscillation fre-
quency and the blade passing frequency, respectively, and

(9)

(10)

The Strouhal number for the viscous design-flow simulation
was calculated to be St = 2.29. This value is in the same range
as that calculated from the experimental data,19 and indicates
that the quasi-three-dimensional analysis may be properly
representing some of the flow physics associated with large-
scale unsteadiness in this centrifugal impeller geometry.

Figure 6 illustrates the streamline pattern from the design
flow viscous simulation, based on the time-averaged flowfield.
The viscous results indicate a leading-edge separation bubble
on the pressure surface of the impeller. The size of the sep-
aration bubble can be quantified by examining the time-av-
eraged skin friction coefficient Cf along the surface of the
impeller (see Fig. 7). The pressure surface separation bubble
is large near the leading edge, then diminishes in size until
the flow reattaches as it enters the uncovered portion of the

LEADING EDGE

Fig. 6 Predicted streamlines for the Worthington impeller, viscous
simulation, <f> = 0.06.
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Fig. 7 Time-averaged skin friction along the surface of the Wor-
thington impeller, <f> = 0.06.

passage. In addition, this figure reveals a shallow separation
bubble on the suction surface of the blade, which extends
from approximately 15% of the radial chord to the uncovered
portion of the passage.

Figures 8 and 9 illustrate the blade-relative velocity ratio
distributions from the experiment, the inviscid simulation,
and the viscous simulation, respectively, at two different radii
downstream of the trailing edge. These radii correspond to
positions that are 1.875 and 5.000% greater than the trailing-
edge radius of the impeller. In the current investigation, the
velocity ratio is defined as the local relative velocity divided
by the impeller tip velocity. All figures containing flow angle
and velocity distributions have the trailing-edge location de-
lineated by a solid vertical line, the pressure side of the pas-
sage denoted by PS, and the suction side of the passage de-
noted by SS. The experimental data19 indicate a velocity jet
near the trailing edge, which remains at approximately a con-
stant circumferential location as a function of radius. As the
flow in the jet moves downstream, it mixes with the surround-
ing fluid and gradually dissipates. The fact that the velocity
jet is located on the pressure side of the trailing edge indicates
that its presence may be, in part, due to the flow expanding
around the constant radius portion of the trailing edge (similar
to the Coanda effect). The velocity jet may also be associated
with the jet-wake phenomena, as described by Eckardt.23 The
jet-wake phenomena is characterized by a pocket of high-
momentum/high-velocity fluid collecting on the pressure side
of the blade at the impeller exit (the jet), and a collection of
low-momentum/low-velocity fluid developing near the suction
side/shroud corner of the passage (the wake). In the midpas-
sage region, the core flow is driven towards the pressure side
of the passage at a relatively high velocity by a pair of counter-
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Fig. 8 Relative frame velocity magnitude for the Worthington im-
peller, 0 = 0.06, &RIR = 0.01875.
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Fig. 9 Relative frame velocity magnitude for the Worthington im-
peller, <f> = 0.06, \R/R = 0.05000.

rotating vortices. The spanwise location where the experi-
mental data was acquired (approximately midspan) may cor-
respond to this high velocity region between the two vortices.
Thus, the assumption that the jet-wake phenomena is con-
tributing to the velocity jet may explain why the jet remains
at a constant circumferential location with increasing radius.

The predicted viscous results show a large velocity deficit
in the suction side trailing-edge region. Downstream of the
impeller passage, the wake mixes out and begins to lag behind
the impeller rotation. The rapid circumferential movement of
the viscous wake with increasing radius is due to the large
tangential component of the velocity that develops as the flow
moves along the constant radius portion of the trailing edge.
The absence of a velocity jet in the viscous simulation is
probably due to the absence of end-wall secondary flows in
the numerical procedure. It is interesting that the predicted
inviscid results do indicate a small jet in the trailing-edge
region. This suggests that in the experiments the end-wall
secondary flows energize the blade suction surface boundary
layer, reducing the trailing-edge wake and making the flow
appear locally inviscid. The inviscid velocity distribution matches
very well with the experimental data near the trailing edge,
but discrepancies become evident with increasing radius. These
discrepancies correlate with differences in the flow-angle dis-
tributions and are probably caused by the lack of a diffuser
in the experiment, and the lack of end-wall secondary flows
and viscous effects in the inviscid numerical simulation. Al-
though the inviscid and viscous flows exhibit different char-
acteristics near the trailing edge, with the viscous results in-
dicating a wake and the inviscid results showing a small jet,
the two sets of numerical results show better agreement down-
stream of the trailing edge as the viscous wake mixes with the
surrounding core flow.

Figures 10 and 11 illustrate the circumferential distributions
of the blade-relative flow angle from the experiment, the
inviscid simulation, and the viscous simulation, respectively,
at the two radii discussed above. The inviscid simulation pre-
dicts relative flow angles that are nearly constant across the
midpassage region, downstream of the impeller. The inviscid
simulation also shows a flow angle deficit near the impeller
trailing edge. The inviscid results indicate the flow is basically
convected downstream of the trailing edge, except that a com-
bination of numerical dissipation and truncation error smooths
the trailing-edge flow angle deficit. Both the predicted viscous
results and the experimental data indicate that the flow angle
increases from the suction side of the passage to the pressure
side of the passage. The results of the viscous simulation and
the experimental data also show that the flow mixes out as it
moves downstream, reducing the gradient in the flow angle
associated with the trailing edge. Both the inviscid and viscous
numerical results predict that the flow angle decreases more
rapidly with radius than the experimental data indicates. One
cause of this behavior is that in the experiment there was no
diffuser section (i.e., the flow exited into free air), while the
numerical procedure assumes that there is a parallel-walled
diffuser. A second contributing factor is that the experimental
flow angle distributions are undoubtedly affected by the end-
wall secondary flows, which are not accounted for in the nu-
merical procedure. In general, however, the flow angles pre-
dicted in the viscous simulation show good agreement with
the experimental data. One conclusion that can be drawn from
these numerical experiments is that a viscous simulation is
necessary to predict the quantitative behavior of the flow
angle (e.g., increasing flow angle from the suction side to the
pressure side of the blade passage), while an inviscid simu-
lation is probably sufficient for predicting the average flow
angle.
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Fig. 10 Relative frame flow angle for the Worthington impeller,
0 = 0.06, A/?//? = 0.01875.
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<J> = 0.06, &R/R = 0.05000.
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At the off-design operating conditions (0 = 0.09), the blade
loading predicted in the viscous simulation is much lower than
that predicted at the design flow operating conditions. In-
vestigation of the time-averaged results revealed that the av-
erage size of the temporally varying separation bubble was
larger than that observed at the design flow conditions. The
larger separation bubble causes increased blockage and re-
duces the useable work (pressure rise) available from the
impeller for a given mass flow rate.

Figures 12 and 13 illustrate the blade-relative velocity ratio
distributions from the experiment, the inviscid simulation,
and the viscous simulation, respectively, at the same radii as
above. At this flow coefficient (4> = 0.09), the experimental
data indicates that the velocity jet near the trailing edge has
grown larger. The relative velocity within the jet varies very
little with radius, implying that the absolute velocity is de-
creasing with increasing radius. This supports the hypothesis
that the velocity jet may be caused by a combination of flow
expansion around the trailing edge and secondary flows. At
the higher flow coefficient the increased flow expansion cre-
ates a larger velocity jet, but the secondary flows become
weaker and cannot sustain the jet. The results of the inviscid
simulation also show that the velocity jet is somewhat larger
than that predicted at the design flow conditions. The inviscid
velocity distributions show very good agreement with the ex-
perimental data at both the radial locations, suggesting that
as the end-wall secondary flows become weaker the flow in
the midspan region of the impeller passage behaves more like
a two-dimensional inviscid flow. The viscous results show a
deeper wake than at the design flow conditions, as well as a
more rapid increase in the velocity from the suction side of
the passage to the pressure side of the passage. The viscous
velocity distributions behave differently than the experimental
data near the trailing edge, but exhibit improving agreement
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Fig. 12 Relative frame velocity magnitude for the Worthington im-
peller, </> = 0.09, &R/R = 0.01875.
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Fig. 13 Relative frame velocity magnitude for the Worthington im-
peller, <£ = 0.09, A/?//? = 0.05000.
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Fig. 14 Relative frame flow angle for the Worthington impeller,
0 = 0.09, &RIR = 0.01875.
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Fig. 16 Performance curve for the Worthington impeller.

with the experimental data farther downstream, as the wake
mixes with the surrounding flow. All three data sets show
greater velocity variations with radius in the midpassage re-
gion than in the proximity of the trailing edge.

Figures 14 and 15 illustrate the circumferential distributions
of the blade-relative flow angle from the experiment, the
inviscid simulation, and the viscous simulation, respectively,
at the radii discussed previously and for a flow coefficient of
(j) = 0.09. The relative flow angles from all three data sets
have increased with the flow coefficient. The experimental
flow angles show more variation with radius than was apparent
at the design flow conditions. Again, this may signify that the
secondary flows are not as strong as at the design flow coef-
ficient, allowing the viscous effects to dissipate the velocity
jet more rapidly. The flow angle distributions from the inviscid
simulation show little variation across the blade passage and
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a nearly linear decrease with radius. The inviscid flow angle
distributions show only fair agreement with the experimental
data near the trailing edge, but good agreement farther down-
stream after the jet-wake flow mixes with the surrounding
core flow. The predicted viscous results indicate that the rel-
ative flow angle does not decrease as rapidly with radius as
in the design flow calculation, which is in better agreement
with the experimental data. As before, the viscous results and
the experimental data show an increase in the relative flow
angle from the suction side of the passage to the pressure side
of the passage. In general, the flow angle distributions from
the viscous simulation exhibit good agreement with the ex-
perimental data.

The aerodynamic performance of turbomachines is often
quantified by measuring the variation of the static pressure
rise coefficient with the variation in the flow coefficient, where
the static pressure rise coefficient can be defined as

(11)

Figure 16 illustrates the experimental and predicted pressure
rise coefficient distributions for the Worthington impeller. At
the design flow coefficient of </> = 0.06, the experimental value
of the pressure rise coefficient is approximately (// = 0.435,
the inviscid simulation yields a coefficient of if* = 0.551, and
the viscous simulation produces a value of i/> = 0.401. The
predicted results of the inviscid simulation indicate a greater
pressure rise through the impeller than either the experimen-
tal data or the viscous results due to the absence of separated
flow or boundary-layer blockage. The pressure rise predicted
by the viscous simulation agrees quite well with the experi-
mental data. At a flow coefficient of <f> = 0.09, the experi-
mental value of the pressure rise coefficient is approximately
i// = 0.395, the inviscid simulation gives </r = 0.529, and the
viscous simulation yields if/ = 0.369. Again, the inviscid sim-
ulation overpredicts the pressure rise, while the viscous results
agree very well with the experimental data. Inviscid and vis-
cous simulations were also performed at a flow coefficient of
4> = 0.125. At this flow coefficient, the experimental value
of the pressure rise coefficient is approximately ifs = 0.325,
the inviscid simulation gives i/> = 0.490, and the viscous sim-
ulation produces $ = 0.275. Inspection of Fig. 16 reveals that
the inviscid simulations consistently overpredict the pressure
rise coefficient. This behavior is expected since the flow is
subsonic (i.e., no shock losses), and there are no physical
sources of loss in the inviscid procedure. The performance
curve obtained from the viscous simulations more accurately
represents the performance characteristics observed in the
experiments. Thus, the inclusion of viscosity in the numerical
modeling process is vital to the accurate prediction of aero-
dynamic performance. The favorable agreement between the
viscous results and the experimental data also suggests that
useful first approximations of the aerodynamic performance
characteristics of certain radial turbomachinery geometries
can be obtained without using expensive, fully three-dimen-
sional numerical techniques.

Conclusions
A quasi-three-dimensional Navier-Stokes procedure has

been modified and applied to steady and unsteady flows in
centrifugal turbomachinery. The numerical analysis (RAD-
FAN) was validated using the radial fan geometry of Wright.I7J8

Predicted blade loadings and performance parameters showed
very good agreement with the experimental data.

The RADFAN procedure was used to perform "numerical
experiments" for the Worthington impeller.19 Inviscid and
viscous flow calculations were performed at three different
operating conditions. Relative frame flow angle and velocity
ratio distributions predicted with the RADFAN analysis were
compared with the experimental data at various locations

downstream of the impeller trailing edge. While steady flow
solutions were obtained in the inviscid calculations, the pres-
ence of an oscillating separation bubble in the viscous simu-
lations required the solution of the time-dependent equations
of motion. The time-averaged size of the separation bubble
was observed to change as the flow coefficient was varied.
The Strouhal number of the oscillation was in the same range
as that determined experimentally. In general, the flow angle
distributions obtained from the viscous simulations showed
better agreement with the experimental data than the flow
angles predicted in the inviscid simulations. Both the viscous
simulations and experimental data indicated that the flow
angle increased from the suction side of the blade passage to
the pressure side of the blade passage. In the inviscid simu-
lations, the flow angle remained relatively constant across the
blade passage. The velocity distributions predicted in the in-
viscid simulations showed closer agreement with the experi1

mental data than the velocity distributions obtained from the
viscous simulations. The inviscid results and experimental data
indicated a velocity jet near the trailing edge of the impeller,
while the viscous simulations exhibited a wake in the trailing
region. This suggests that in the experiments the end-wall
secondary flows may energize the impeller suction surface
boundary layer, making the flow locally behave like an in-
viscid fluid. The performance curve obtained from the viscous
calculations showed close agreement with the experimental
data. The inviscid simulations, as expected, overpredicted the
performance of the impeller due to the lack of physical loss
mechanisms (e.g., boundary layers, flow separation, etc.).

The favorable agreement between the numerical results and
the experimental data suggests that quasi-three-dimensional
flow procedures may be used to gain an understanding of the
flow mechanisms in certain centrifugal turbomachines.
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