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ABSTRACT
This paper describes a newly developed streamline

curvature throughflow method for the analysis ofliah or
mixed flow machines. The code includes curved wallsved
leading and trailing edges, and internal blade caieulating
stations. A general method of specifying the emplridata
provides separate treatment of blockage, losselsdawiation.
Incompressible and compressible fluids are allovirduding
real gases and supersonic relative flow in bladesrorhe
paper describes some new aspects of the codertioyter, a
relatively simple numerical model for spanwise mxiis
derived, the calculation method for prescribed gues ratio in
compressor bladed rows is described, and the metbed to
redistribute the flow across the span due to clplgngiven.
Examples are given of the use and validation ofcbae for
many types of radial turbomachinery and these stasvan
excellent tool for preliminary design.

NOMENCLATURE
c absolute flow velocity
Cq dissipation coefficient
f mixing factor
Fq dissipation force
h specific enthalpy
unigue incidence
indices (calculating planes and streamlines
distance along meridional direction
mass flow rate
Mach number
number of outer iteration
throat width
static pressure
parameter {hrg, or s)
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relative flow velocity
axial coordinate
number of blades

reek Symbols

qg = distance along calculating plane
T = temperature

r = radius

ro = radius of curvature
R = gas constant

s = specific entropy

S = entropy

u = blade speed

A\ =

z

z

G

L = relative flow angle

y = blade lean angle

Yo = blending function at inlet
Yout blending function at outlet
e = diffusion coefficient

Y = angle between streamline and plane
6 = circumferential coordinate
p = density

Subscripts

m = meridional component

t = total conditions

u = circumferential component

INTRODUCTION

In most turbomachinery design systems a meridional
throughflow calculation is the backbone of the gegirocess.
It is fast, reliable, easy to understand, dealsilyeasith
multiple blade rows and includes empirical losssiatgon and
blockage correlations. Performance and experieroen f
earlier machines can then be taken into accountha
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preliminary design, in a way which is not easy vdih CFD.
Most throughflow codes use the streamline curvature

method and derive from those of Smith (1966), No{&367)

and Denton (1978), based on the general S1/S2ytleédNu

(1952). Other methods of solving the equations hlgen

looked at (Simon and Leonard (2005), Liu et al.0@Q Spurr

(1980), Marsh (1968)), but none have displacedastliee

curvature in practice, as in throughflow methods ‘#ccuracy

is determined by the accuracy of the correlatiatear than

the numerics” (Denton (1978)).

This paper describes a streamline curvature meradio
throughflow method for radial turbomachinery knoas Vista
TF. It is a completely new coding of streamline vature
throughflow theory based on the method of Dent@v8) and
its adaptation to radial compressors by Casey aid @984),
but with many new features. The streamline cuneatur
approach is used to solve the throughflow equatioather
than a more modern numerical technique, as thethe@asy
to understand, being based on the spanwise eduitibof a
circumferentially averaged flow in an annulus. t@natically
leads to clearly defined meridional streamlinescivhineatly
allow a blade-to-blade and throughflow view of the
turbomachine for design purposes. In addition it lsa used in
a “ductflow” mode, with only leading and trailinglges of the
blade rows defined, which is often an advantagethia
preliminary design phase of multistage axial maesin

There are two main disadvantages of the streamline
curvature technique. Firstly, it allows no revefav in the
meridional plane. Nowadays, however, issues of flow
separation are best resolved with a fully viscolls GFD
solution rather than with a 2D throughflow methétds more
important that a throughflow code identifies theolgem
without breaking down, so that appropriate desigaisions
can be made to try to avoid the reverse flow. Sélgprthe
method suffers from a sharp increase in calculatimg on
grids with finely spaced quasi-orthogonals owing ttoe
stability requirements of the streamline curvataadculation
(Wilkinson (1970)). However, the calculating time a
throughflow code on a modern laptop for a radiagstis only
a few seconds, so this is also relatively unimpirta

The code described here is primarily designed iiogls
stage radial turbomachinery applications, but thereno
limitation in the code which forbids its use foryamultistage
axial or radial turbomachinery application. Keytteas of the
code are listed below:

e Highly curved annulus walls are allowed providing a
simple definition of axial and radial wall geomesiand
any combination of these.

e Any combination of blade row calculating stations,
together with duct flow regions, can be used indbmain
allowing all types of turbomachinery to be calcetht

* Curved quasi-orthogonal lines allow blades with epve
and curved leading and trailing edges to be modeled

e Internal blade row calculating stations are usedt,jost
leading and trailing edges, and blade force termes a
included to take into account the lean of the kdade
whereby the body force is assumed to act normahéo
blade camber surface.

A general method of taking into account the spaawis
variation of empirical data for losses, deviationda
blockage has been programmed, including spanwise
distributed blockage in the continuity equation émgl use

of entropy loss coefficients and dissipation caéfits.

» Dissipation force terms are used in the radial ldgyium
equation, although this is mainly of academic ieser

» Compressible and incompressible fluids are possible
including supersonic relative flow in blade rows.

e Blade row choking is not just included as additidnas,
but its effect on the redistribution of the meritkdb flow
distribution is taken into account.

* In blade rows with sufficient number of internaapés an
approximation for the blade-to-blade flow field is
calculated, which includes the effect of splittanes.

* Spanwise mixing of angular momentum, total enthalpy
and entropy across the meridional streamtubeskisnta
into account by a new model which accounts for uleit
diffusion and deterministic secondary flows.

e The code can operate with specified mass flow,sores
ratio or specified outlet swirl.

» Avestart from a previously converged solution i@hkithe

effort for a new calculation with changed geometry

modified flow parameters and boundary conditionisictv

is useful in combination with optimization methods.

Some of these features have either been described i
earlier papers on streamline curvature methods, a
relatively straightforward extensions of earlierotighflow
methods, and so are not described in detail hers Faper
provides a general introduction to the method umed then
concentrates on the completely new aspects of thaels in
the code and their implementation. The new featimelside
the way in which losses are taken into accountude of the
code as a mean-line tool, a built-in simplified d@ao-blade
model with blending functions for the swirl genévat a new
model for spanwise mixing, iteration to pressuréordor
choked compressor blade rows, redistribution ofvfidue to
choked streamlines, and inclusion of different dhii In
addition to describing these new features someilslaiathe
validation and verification of the code are given.

STREAMLINE CURVATURE THROUGHFLOW

Many publications derive the equations for theastréne
curvature throughflow method, so only an overviewgiven
here. The reader who needs more detail should ttotven
recent books which give a thorough discussion efrttethod,
Cumpsty (2004) and Schobeiri (2005), or refer ® ahiginal
papers already quoted.

The equations solved are the continuity equatidwe, t
energy equation (a combination of the first law of
thermodynamics and the Euler equation of turbonmecli), a
suitable equation of state and the inviscid monmargqguation
for the flow on the mean stream surface (in thenfaf the
general radial equilibrium equation). The meanastresurface
has roughly the form of the blade camber surfackraguires
geometrical input and empirical information (inaide and
deviation) to determine its precise shape.
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The grid for the calculation is based on fixed gklting
stations, which are roughly normal to channel wadlsd the
streamlines of the mean circumferentially-averafyed in the
meridional direction. The meridional streamlinedgis not
fixed, apart from the hub and shroud streamlines ttoa
annulus walls, but changes continually during ttegations.
The fixed calculating stations are oriented with kbading and
trailing edges, so need to be curved if these areed, and
can be in duct regions, that is in the blade-figgce upstream
and downstream of blades, at the leading andrigaddges of
the blades and internally within the blades. Bytahle
combinations of different types of calculating Etatany type
of turbomachine can be modeled. An example of titefgr a
single stage compressor with radial inlet, cengafuimpeller,
vaneless diffuser, crossover bend and return chawite
deswirl vanes is shown in figure 1. This is thatfistage of a
nine stage multistage radial compressor with 1téleows
that has been simulated with this method. The dedsity
shown in figure 1 is typical of that used, with fafanes for a
radial impeller.

The solution method is iterative in terms of selera
variables (primarily the meridional velocity, builsa the
density, streamline location, etc.), all of whictogressively
converge from an initial estimate to a final sauatiwithin
nested iterations. The momentum equation on thenrsie@aam
surface is a generalized form of the radial equilin
equation, developed to give an expression for fhemnwise
gradient of the meridional velocity along a caltini@ station:

g _dh _ds_ 1 do’e),
dg dg dg 2r? dq
2
+siny h+cosl,l/ cm%+ 1
r om

c

Cm

The gradient of the meridional velocity is relatedthe
curvature and the current positions of the straaesli to the
orientation of the mean stream surface (anglesd)) and to
the flow parameters from the previous iteration.efehare
several forms of this velocity gradient equatiomugtion 1
follows the method of Denton (1978), but takes iat@ount
the blade force terms as described by Cumpsty (2@0dl the
dissipation force terms as given by Horlock (19%&Egentially
as previously described by Casey and Roth (1984).

The velocity gradient equation is solved in combora
with a method for finding the correct velocity léwen the
mean streamline that ensures that the flow acrdss t
calculating station satisfies the continuity eqoati

m:Ikpcm sing dq 2

wherek is an empirical blockage factor and is the angle
between the streamline direction and the calcugdasitation.
The meridional velocity on the mean streamline athe
calculating station is specified in the innermotdrdtion,
integrated across the flow channel with the helthefvelocity
gradient, equation 1, and then continually updatatl the
mass flow is correct. Care is needed in this pogih

transonic flows as at M = 1 there is no variatidrthe mass
flow with a change in&

The meridional velocity distribution determines the
position of the streamlines of the flow on all ed#ting
stations. These positions are continually updated dach
calculating station in an outer iteration as theogpam
converges. The streamline positions are used &rpolate
new blade element data appropriate to their curiesdtion
and to find the slopes and curvatures of the stiramand
derivatives of the flow parameters along the stitgss which
are needed in the velocity gradient equation, éguidt

Crossover
Bend —
Vaneless Return
Diffuser Channel
With
Radial — Deswiirl
Inlet Vanes
Centrifugal
Impeller

Fig. 1. Industrial radial compressor stage shovétrgamlines
and calculating stations and the meridional vejodistribution

Between blade rows, the total enthalpy and angular
momentum are convected along the meridional stieasl
from the previous station. The entropy would alse b
convected in an inviscid flow, but the additionedoous losses
causes it to increase in the direction of the flowblade rows
the changes in momentum and enthalpy are calculatedthe
Euler equation on the assumption that the flowofedl the
mean stream surface. The mean stream surfaceyisaughly
aligned with the camber surface of the blade. Ih{soin the
true flow direction taking into account the incidenand
deviation of the flow, using empirical correlations

The equation of state is best solved in the forra bfollier
diagram such ag=f(h,s) as the enthalpy is derived from the
Euler equation and the entropy from the lossesligoids and
ideal gases analytical equations are used butedal gases
interpolation in tables is needed.

At the inlet plane the variation of total pressutetal
temperature and angular momentum or flow angle thage
with the gas data are defined. At the outlet pkiyeemass flow
is usually given, but for calculations with chokBdws it is
necessary to specify the outlet static pressureh sbiat the
mass flow is a result of the simulation.
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EMPIRICAL INFORMATION
Empirical methods are used to provide data forltss
production, for the boundary layer blockage and ftoe
deviation of the flow direction from the mean blackember
surface, so that the effect of viscous losses @teken into
account. The three main effects of the empirictd dae:
* In the equation of state a change in the entropgiddo a
pressure loss for a given value of the total epthal
* In the continuity equation the blockage due toehdwall
boundary layer displacement thickness leads toghehi
value of the meridional velocity.
* In the momentum equation the deviation of the ffoam

the blade camber direction changes the mean stream

surface and the swirl velocity.

There are numerous possible combinations of datshé
empirical information, based on various definitioof loss
coefficients, dissipation coefficients, efficiengi@nd so on,
and this leads to the largest source of confusiothé data
preparation for any throughflow code, and many rirdaé
branches within typical codes. In this new codettlhatment
of the blockage, loss and the deviation is sepdrate that
individual correlations for each effect can be &ipl Where
possible the correlations for 2D effects (such radilp losses)
and for 3D effects (endwall and clearance effeet® also
separated. Spanwise variations of each of these bman
specified by the user or determined from built-dmrelations.

Some aspects of the deviation model will be descriim
the next section. Many throughflow methods workhvéitfixed
value of the blockage for all streamlines, such thahe flow
is considered to be in a “blocked” channel. In gresent
method, the blockage model includes spanwise bliged
blockage, i.e. the value of the blockage facton leguation 2
can vary across the span.

In the solution of the throughflow equations a &nigprm
of loss definition based on the entropy rise, feltgg Denton
(1993) is used, as follows,

Xturbine = Tl (52 'Sl)/(l/zczz)

X compressor: Tl (52 'Sl)/ (1/2C12 )

This entropy-based loss coefficient is shown bytDerj1993)
to be numerically the same as a kinetic energydos#ficient.
It directly determines the change in entropy whidn be
immediately used in the equation of state and iraégn 1. In
this way it is not only easier to code, but it iscaprobably a
more precise way of including losses in the caliuta Other
more common forms of loss coefficient, such asptressure
loss coefficients determined by the many corretegtimcluded
in the code, first have to be converted interntdlan entropy
loss coefficient, using the equations given by Broi@972),
before they can be used by the code.

In addition to loss coefficients or polytropic eféincy, the
code can calculate the losses from dissipation ficaafts
which also directly predict the entropy rise. Agdevalue of
the dissipation coefficient for a calculating statis specified,
and this value is then used to estimate the tatal of entropy
production on the wetted surfaces due to the baynidaer
dissipation based on the integration of

TStotaI = Ly ‘[WsdA

where w is the local surface relative velocitytet edge of the
boundary layer. In a duct region the integratiomcasried out
on the hub and casing walls, and in a blade rowviritegration
includes the dissipation on the suction and pressurfaces
using the local relative surface velocities. Th&lte@ntropy
production is then used to determine a mean spegifiropy
rise from one calculating station to the next dmid is applied
on each streamline.

As the code allows for liquids, ideal gases and geaes,
some care is needed in the determination of effagidrom the
results, and aspects of the calculation of efficyeim the code
have already been published in Casey (2007).

BLADE-TO-BLADE SOLUTION

The solution on the mean stream surface providesla
field in the meridional plane through the turboniaeh and
this needs to be combined with a blade-to-bladéatkto find
blade surface velocities. In traditional S1/S2 rod#hthis is
done with the help of an additional S1 blade-taiblanethod.
The current code includes blade internal calcuigstations
and, if sufficient of these are present to calauatreasonable
estimate of the streamwise gradient of swirl, ttida can be
used to estimate the blade-to-blade loading from lttal
circumferential blade force, similar to Stanitz amtian
(1951), as follows:

- % = (e, )

0é om

The method computes the flow based on the geonoétry
the mean stream surface. This is not congruent thidhmean
camber surface, and the differences (due to incielesnd
deviation) have to be taken into account by emairic
modifications. This is done with blending functiomgich
adapt the swirl generation in the blade row tovalibe camber
surface to be partly transparent to the flow, sttt the flow
angle differs from the blade angle as outlined baupel
(1977) and used by Casey and Roth (1984). A siraji@roach
using so-called “departure angles” is described Siyith
(2002).

When calculating radial turbomachinery of high dibyi,
the blending functions on the swirl are used inithet region
and the departure angle approach is used in tiimgredge
region. Extensive tests on many different typedlatie row
have demonstrated that this is the most effectpgraach in
high solidity blading and leads to sensible estawdbr the
blade-to-blade loading in the inlet and outlet oegi of the
blade. The angular momentum of the flow relativéhi blade
row is calculated as follows:

(rWu)i,j :(yin)i,j (rWu)in +

[(rcm)i,j tanB; j + O (Voui, )][l_ (Vin )i,j ]

The actual value of the swirl at inlet and the déwen angle at
outlet (determined by the deviation or slip coriielas) need
to be updated each iteration. The blending funstifp and
Youd follow the approach of Wilkinson (1969).

Figure 2 shows the predicted suction surface aedspire
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surface static pressure distribution along the nmaaridional
streamline of a radial impeller, calculated usifgPQANSYS
CFX11) and the approximate blade-to-blade methdttiofigh
the simplified method is not perfect, it is cleadyfficiently
accurate to guide the designer to make sensiblégrdes
decisions about blade loading distributions.

——————— CFX - mean

p [bar]

0.2

0.0

0 20 40 80 80 100

m (Streamwise (0-1)) [%&]
Figure 2: Suction and pressure surface static press
distribution along the mean meridional streamlifieaaadial
impeller ith 3D CFD (CFX) and with throughflow.

SPANWISE MIXING
A major shortcoming of the basic streamline curkatu

method is the neglect of spanwise transport of lkangu

momentum, energy and losses in the direction notmahe
streamlines. By definition, a throughflow code &sbd on the
assumption that the flow remains in concentricastrieibes as
it passes through the turbomachine, and no massféra
occurs across the meridional streamlines which tre

streamtube boundaries. So for example, in a dgibmeof a

throughflow calculation enthalpy, angular moment(swirl)

and entropy are conserved along the streamlines.

In reality, there are several mechanisms that keadn
apparent spanwise transport of fluid relative waflon the
mean streamlines, as follows:

* Non-axisymmetric blade-to-blade stream surfaceesslt
of streamwise vorticity being shed by the bladdseésn-
surface twist).

» Secondary flows in the endwall boundary layers ianthe
blade boundary layers.

* Wake momentum transport downstream of blade rows.

» Tip clearance flows with tip clearance vortices.

» Turbulent diffusion.

If realistic loss levels are specified for the ewmalt regions,
and spanwise mixing is neglected, then unrealtifiles of
the loss occur after several blade rows as therends
mechanism for the high losses generated near thevelts to
be mixed out. The simplest approach to deal with ghoblem
is to specify unrealistic loss distributions acrthes span which
avoid high levels in the end-walls. In fact, in Iprénary
design calculations it is often adequate to spezifpean-line
value of loss and to assume that the entropy gtteia the
same on each stream-tube. This approximates a etanpl

mixing of the losses across the span.

More sophisticated methods to include the physits o
these mixing processes have been attempted soethlatic
loss distributions can be specified. The commorr@ggh is to
model the spanwise mixing as a turbulent diffusiengen
though some of the effects are due to determinifities
features. Spanwise mixing is needed to mix ouhigh losses
close to the endwalls, but the precise model of tr@wmixing
is included appears not to be particularly impdrt@penton
and Hirsch (1981), Adkins and Smith (1982), Galligno
(1986) and Lewis (1994))

The model in this code follows that described bynfoa
(Denton and Hirsch (1981)). Improvements to this guided
by the turbulent diffusion model of Lewis (1994h& model
assumes that some proportion of the local flowpigead across
the streamlines by deterministic spanwise flowsa thuct flow,
the entropy, angular momentum (swirl) and totahelty on a
particular grid point are determined mainly by treues on
the same streamline at the upstream station arity jpgrthe
values transferred from the adjacent streamlinefsagtion of
the flow (1-f) is convected along the streamlines and a fraction
(¥4f) is transferred from each of the two adjacentashies,
wheref is a mixing factor with a value less than unitges
figure 3.

I +1

-1 i

Figure 3: Mixing factor model proposed by Dentofg&1)

The value of the convected parame®eis first calculated
on the assumption of no mixing and this is then ifrexi by a
small amount due to mixing as follows:

AP =(=F)Ry; +(f /2P 1 ju +(f /2P 4

In this way a fractiorf of the conserved parameterdiffuses
away from the streamline (actuaff2 to the upper streamline
andf/2 to the lower streamline) and a fractiiéd of the values
on the upper and the lower streamlines diffusesthis
streamline. This can also be written in the follogvform

AR ;= (F 1Py jur = Pg) = (Royj ~ Poyj)]

If we write the difference between the parametenRdjacent
streamlines as

P _1js1=Pgju—PRy; and Py =P -P_ja

we obtain
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Api,j =(f /2)(d:’i_lj+1_d3i-lj) 3

Note that with a positive gradient in P along tlaculating
station there is a positive contribution to theueafrom the
upper streamline and a negative contribution frowm lower
streamline due to mixing, and if the gradient isistant then
this leads to no change in the parameter P.

This is very effective in causing mixing as thewflo
proceeds downstream, but it has a large drawbaekgaseral
model: If the meridional grid spacing or the numbmr
streamlines are changed, then a different valuthe@fmixing
factor is needed to produce the same level of siga@mwixing.
Denton suggested simply that a valud of0.5 should be used
to cure any problems of entropy buildup in multdé-row
calculations. This disadvantage can be overcoragtifbulent
diffusion equation is used to determine the stiengft the
mixing factor, as explained below.

Following the approach of Lewis, we assume that the
spanwise mixing of a paramet& which may be angular
momentum, total enthalpy, or entropy, is determirsd a
diffusion equation of the type

where m is the meridional direction, and is the spanwise
direction, P is the parameter undergoing spanwise mixing and
¢ is a diffusion coefficient. For simplicity in thisiodelq is
taken as the distance along the quasi-orthogottaréan the
exact spanwise direction, although this simplifizat could
easily be removed if necessary. For a small stepgathe
meridional streamline we obtain that the change thie
parameter P due to spanwise mixing by diffusiogiven by
2
AP = @ga_P
Cn aq2

The second derivative along the calculating stattan be

written as
o)
agq® gl oq

If the gradient of parameté&is constant then this term is zero
and no spanwise mixing takes place, as the sparteinsfer
due to diffusion of from the streamline with the higher value
is compensated by the spanwise transfer from thaceut
streamline with the lower value.

An approximate value of this second derivative is

a%p _ 2 [Pi—l,jﬂ_Pi—l,j B Pi—l,j _Pi—l,j—l}
aq? i Qs G- L G T Qij —9,j
and if the streamlines are evenly spaced, we obtain
i jor = j-i =20 j+1 — i) =2(di j =0, j-1) = 2

The second derivative & can be approximated by

a°p 1 [

— S5 l(Rajua " Raj) (R _Pi—lj—l)]
6q2 i &:Ii,jz

so that we obtain

2 = 2
9% ; & ;
The change in paramet@rdue to spanwise mixing becomes
d’nl. g.’.
AR = J I—lz(d:)i—],jﬂ_d:)i—],j)
mii, j i, j
This includes a positive contribution transferrednf the
upper and the lower streamtubes and a loss dudfusian to
these streamtubes. By comparison with equation 8an be
seen that this is formally identical to the mixirigctor
algorithm. This algortihm is equivalent to the gmln of the
diffusion equation if the mixing factor is directtglated to the
physical diffusion coefficient as follows:
My &
Cmiij d:]i,jz
The actual value of the mixing factbiis not a constant
but needs to be changed throughout the flowfieldbreM
diffusion, wider spacing of the quasi-orthogonalewer
spacing of the streamlines, or a lower value ofrtiezidional
velocity all require a higher value of the mixiragfor.

Equation 4 can also be written as the product af tw
dimensionless terms

Bl
&:]i,j dn,j

The numerator represents the rate of spread ofredeaP
across the streamlines under the influence of glifity. The
denominator is related to the grid structure, as ihe tangent
of the angle between adjacent neighboring pointsd a
represents the spread of the grid. In this wagiit lose seen that
the mixing factor needs to be adjusted to take &umount the
spread of parameté&¥relative to the spread of the grid.

This exposes a clear weakness of the method. Iftiae
has wide spacing along the meridional directioretbgr with
small spanwise distances between the streamlireattorf
becomes very large. Clearly it is not sensiblehi thecomes
too large. With a value of the mixing factor of 0.&s
suggested by Denton, the algorithm causes the @owany
particular streamline to have the same influencé¢has from
the adjacent streamlines and more mixing thanishist really
possible across a single streamtube.

A second weakness is that the algorithm as givesveb
only accounts for changes that take place acrosingle
streamtube. At high mixing levels or with closelpased
streamlines the next adjacent streamtubes areafflstted by
diffusion, so that some of the conserved parametethese
streamtubes is also transferred to the streamlinderu
consideration. If we assume a constant grid spafiom
streamline to streamline and examine the contdbutio
parameter P that is transferred by diffusion frdimadjacent
streamlines we obtain the result that this efféctimishes with
the square of the grid spacing, as shown in equatiabove.
Taking into account the effect from all streamtuligges
additional terms in the mixing algorithm so thaé thositive
contribution from all adjacent streamtubes is

2
9P il (@)

fl2=

4
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ARY = +(f1.3 MR 1 jus+ (fi2 /OR_1ju0

+(fj1 /2R g ju + (fj0 /2R
+(fj2 /18R + (-3 18R 3
The negative contribution that is lost from thedbstreamline
is given by
AR =(fj+f;/4+1f; /9+f; /16+--)P |
The maximum value of the infinite series hergrig 6 so that

if not more than 100% of the local value can béuddd away
this leads to a maximum value of the mixing facbr

f; =6/m" =06
In the current mixing algorithm the first 4 ternmsthis series

are taken into account so a minimum of 9 streamliie
needed if spanwise mixing is used.

The analysis above shows formally that, with the

appropriate coefficients and adjustment to take itcount
the effect over several streamtubes, the mixingofamodel
can be identified with a turbulent diffusion eqoatand so can
be used to model this effect by appropriate tunirfigthe
mixing factor. The mixing factors associated witlack
individual source of spanwise transport in eackasttube
(including turbulent diffusion) can be combineddbtain the
cumulative effects. In practice, the code makes afs¢his
algorithm, but uses a mixing factor determined franuser-
specified eddy diffusion coefficient from equatidn In the
interest of simplicity, the actual value of the mix factor is
calculated separately for each streamline in ihefield based
on constant values of the diffusion coefficientd ghe same
value off is used to redistribute the paramefenpwards and
downwards to adjacent streamlines. This approasbren that
the span-wise mass-averaged values of the parameterthe
calculating station are conserved despite the mixiatween
the streamlines. In addition the algorithm take® iaccount
the non-uniform spacing of the streamlines and gpecial

streamlines close to the wall where only one adjace

streamline is present.

The data given by Gallimore (1986) and Lewis (1994)

identify a physically realistic value for the diffion coefficient
€ scaled with the mean meridional velocity and tlages length
for axial turbines and compressors. There is cenalile
scatter between different machines and differentragng
points. A larger value is needed where spanwiséngiis high
due to deterministic effects (secondary flows, astreurface
twist, etc.) and a lower value is required to actdor pure
turbulent mixing, which is higher in compressorsrthin
turbines. In the current calculations the actuduegor the
mixing coefficient used is based on the numericdlies of
Gallimore and Lewis but is scaled by a referendecity and
the reference diameter of the calculation, as fedlo

£=0.0001U,¢ D,of 5

In radial turbomachinery the reference conditiorinmpeller
outlet for compressors and impeller inlet for tads.

The mixing algorithm has been incorporated
redistribute the pressure losses generated by tiasvad!
boundary layers, but an example of its use fortsrgpurpose

to

is shown in figure 4. This shows a simulation ofraalial

impeller for an ethylene refrigeration applicatiaith a cold

sidestream. In the calculation with no mixing tradc(blue)

and warm (red) inlet flows do not mix through théole

compressor and remain stratified to the outlet.ng/sthe

spanwise mixing model with a diffusion coefficiggiven by

equation 5, as recommended above, leads to mixinighw
closely matches that of a CFD simulation of thipéter.

Throughflow/§ Throughflow. 3D CFD

No Mixing Mixing

Figure 4. The effect of spanwise mixing on the terapure
stratification in a refrigeration impeller with ald sidestream,
Left: No mixing Middle: Mixing (equation 5) , Righ3D CFD

CHOKING

Before discussing how choked flows are calculatedet
important points need to be made.

Firstly it should be noted that the throughflow heet is
not particularly well suited for choked blade roWwhe mean
stream surface equations average out the flow ie
circumferential direction and are thus not reallyage of any
high Mach numbers on the suction surface of blades.
addition, any shocks that may be present in turlobimary
flows are generally not oriented in the circumfeian
direction, so they are smeared out in the circuemial
averaging of the flow to determine the mean streanfiace.
Nevertheless, despite these serious limitationatEampt has
been made to model choking in the blade rows s tha
combination with correlations, the maximum flow atite
additional losses related to shocks are takenaiotount in the
overall predicted performance. In this way the codgudes
aspects of choking that are compatible with theelleof
empiricism of typical 1D calculation methods. Thasuseful in
a code intended for design purposes, as it idestifhoking
problems early in the design process, and aids
understanding of the matching of the blade rowstres
rotational speed varies.

Secondly, in a fully choked flow it is better tolaaate
with a specified pressure ratio rather than witlspecified
mass flow. Simulations in which the specified mdlesv
exceeds the choking mass flow lead to a physigahossible
solution and there are many solutions with difféneressure
ratios available for the choking mass flow. Denid®78)
explained very briefly how to solve this problenr farbine
blade rows where choking takes place near thengaddge
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based on the so-called “target pressure” method;hwhk also
described in more detail by Came (1995). The neweco
includes these techniques for turbines, but thi f@aw been
extended to compressor applications where chokiogurs
near to the leading edge.

Thirdly, choking occurs at the throat between tviadbs.
Although the throat is generally not a calculatpigne of the
throughflow calculation it can be used as a virtpkne to
assess whether the streamline concerned is chokktb dimit
the mass flow accordingly. A good estimate of theking
flow should make use of accurate estimates ofhiheat areas
and throat position so the throughflow code neeulsbé
combined with a geometry definition system to eaghat the
throats and throat positions are well-defined. Tisisnot a
practical limitation as the blade geometry data tnedchannel
geometry also have to be prepared by such a program

The choking calculation can be considered to be a
straightforward extension of the simple one-dimenal
isentropic flow of a perfect gas through a streabet of
varying area. Classical one-dimensional gas dyrarttien
determines the mass flow per unit streamtube aseaa a
function of the Mach number and the maximum mass fier
unit area at a Mach number of unity. In a throughfl
calculation we do not have a one-dimensional flavlave a
series of individual streamtubes across the spha.choking
of each individual streamtube must be analyzed omne:
dimensional basis and the maximum possible maasfliothe
calculating station can then be calculated by natidgg the
maximum mass flow at each streamtube across the bpthis
process an individual streamtube on a particukticst can be
choked but others are still able to pass more #ovthe whole
calculating plane is not yet choked.

Close to the leading edge of a compressor andtoghe
trailing edge of a turbine the maximum value of libeal mass
flow per unit streamtube width is limited by thedht to be:

y+l
Py [ y_+1j 209

JRT/y\ 2

The equation for the maximum flow across the caking
station adjacent to the throat is then determinethtegration
across the span as

rhmax,th = I (km;nax,th Sinl//)dq

At a turbine outlet, the procedure used is simitathat
described by Denton (1978) and Came (1995), sowiitide
described first. They assumed that the choking édérhaine
always occurs at the throat which is taken to leseclto the
turbine trailing edge plane. Their calculations evgenerally
for axial blade rows without internal planes, aheytassumed
that there are no relative total pressure lossesgala
streamtube between the turbine leading edge indtepand
the turbine throat. In the new code with internkdde row
calculating stations it is assumed that there aréosses from
the next upstream quasi-orthogonal to the throhis Would
be the leading edge if no internal planes are dedu In rotors
of radial turbines, and in turbines with a highrdélathere may
be a radius change between the stations and thidsrte be

mmax:h =Zo

taken into account to determine the local relattal pressure
and temperature at the throat. These can be detinffom

the values at the upstream calculating plane omssamption
of adiabatic isentropic flow and from the conditithmat the
rothalpy is conserved in the impeller. For chokedbine

outlets the effect of supersonic deviation needsetincluded,
and in the throughflow code this causes the ofitet angle in

supersonic flow to be determined from the contineijuation
rather than from correlations.

Choking at a compressor inlet is more complex asiit
occur through three separate mechanisms, see Gu(2p864).
Firstly, if the inlet flow is subsonic, choking Wibccur if the
Mach number reaches unity at the throat betweerblddes.
This can occur at subsonic inlet Mach numbers wiilh
negative incidence, or at low incidence with verick blades
with high blade blockage and a small throat aregthEBases
give rise to an acceleration from a subsonic flonatMach
number of unity at the throat, so there are fewtemtl losses
caused by this process, other than incidence sffect

Secondly, if the inlet flow is supersonic then tiade can
also choke at the throat. If the flow chokes at tti®at this
implies that first there is a detached shock fréwa $uction
surface of the blade to upstream of the adjacesdebl The
supersonic inlet flow becomes subsonic at this lskzox then
re-accelerates to be supersonic again at the thrbatrelative
total pressure at the throat is thus lower than élhdhe inlet
because of the losses across the shock, and theses|are
generally modeled as if they occur in a normal Ehoc

Thirdly, if the inlet flow is supersonic at highietet Mach
numbers (say M > 1.2) choke may occur due to unique
incidence. At unique incidence, the flow in theeintemains
supersonic up to and including the throat. The flswhoked
upstream of the throat by the supersonic expansiane
between the leading edge of the upper blade andubgon
side. Lower incidences are not possible than th&uen
incidence condition, as they would imply a highexss flow
than this choking mass flow. The exact mechanisrthisf is
explained by Freeman and Cumpsty (1989) for axial
compressors and has been extended to transoni@l radi
compressors by Lohmberg et al. (2003).

For choking at the throat it is assumed that thislése to
the compressor inlet and that there are no chaingedative
total pressure and temperature between the irggiephnd the
throat, except those which may occur in the detaheck. It
is assumed that the detached shock is normal tficdtveand
that the shock Mach number is the same as the ésth
number to the blade row.

If the streamtube is choked at the throat thenlitmiss the
maximum mass flow on this streamtube and limits the
maximum meridional velocity of the flow leading &olower
limit on the incidence that is possible. Lower deices are
not possible as they would imply a higher mass ftban the
choking mass flow. In this way this mechanism fboking
also produces a lower limit on the incidence atheunique
incidence condition.

At a throat, the value of the mass flow is checladng
the inner iteration for mass flow in the iteratipecedure. If
the local value is found to be above the maximuime/af a
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choked flow, then a limit on the meridional velgcin this
streamtube is applied. The choking of an indivicsiedamtube
then automatically redistributes the mass flow senhe inlet
plane of a choked compressor blade row.

An example of this is given in figure 5. This shothe
distribution of incidence and meridional velocitgraess the
inlet plane of an industrial radial compressor. Thpeller was
designed for an axial inlet flow but used in a tstétge
machine with a radial inlet leading to a severalgnat of the
meridional velocity across the span due to the pshalet
curvature. The calculation taking local chokingoirgccount
automatically limits the mass flow in the outer kéd
streamtubes so that more flow enters the inner akezh
streamtubes. The same effect can be seen in thibudli®n of
incidence in the outer streamtubes, which canrtige below
that at choke.

200 7T 40

150 A 30

—— Cm with
—O~ Cm without
—&— |ncidence with
—O— ‘Incidence without

T 20

Incidence (9

Q

Meridional Velocity (m/s)
o S
o o

0 0.2 0.4 0.6 0.8 1
% Span

Figure 5: The effect of the choking model on thewfland
incidence distribution at inlet to a choked compogs

Choking by unique incidence is also dealt with by

applying a limit on the meridional velocity. Assugi a
correlation is available for the unique incidenigg @r that this
is known from other data, then the maximum flowlarag the
leading edge on a particular streamline can beutzéd from
the blade angle. The swirl velocity upstream of kbading
edge is known and this allows the maximum valuethef
meridional velocity due to unique incidence to tstineated
from the blade inlet angle, as follows:

Cm,max =Cy /tan(ﬂl +iu)
for a stator and a similar equation with the rekatswirl
velocity for a rotor. If this value is less tharattwhich would
occur due to choking at the throat, then this edu® limit the
meridional velocity at the leading edge plane oris th
streamtube.

It should be noted that choking of any particulzeam-
tube means that the meridional velocity of thisatntube is no
longer determined by the velocity gradient equatfoom
radial equilibrium theory, but rather by the maxmmu

meridional velocity determined from the continugguation.
In some blade rows calculated with many internadbl
calculating planes, the second and even the tlatculating
plane may actually be upstream of the effectivedatrso an
error results from the assumption that the threatat the
leading edge plane. This is taken into account gmciying
the location of the throat together with geometrtbeoat area
as input data.

ITERATION TO PRESSURE RATIO

The target pressure method of Denton is used teerga
the iteration to a prescribed pressure ratio. Ia thode, the
operating point is defined by the expansion ratiotfirbines
(or pressure ratio for compressors) between tlet gthgnation
pressure and the static pressure at the trailigg ed the last
blade row on the mid-span streamline. At all ottrailing
edges a value for the static pressure on the nad-sfyeamline
is estimated, whereby these pressures are calkedatiget
pressures. These estimates can be approximateegsath
improved during the iteration procedure to be cstesit with
the mass flow through the machine and the specdiestall
pressure ratio.

During the iterations the normal internal mass flow

iteration procedure is used at all planes whichrextetrailing
edges, in that the meridional velocity distribuare obtained
from equation 1 to satisfy continuity with the camt value of
the inlet mass flow. At trailing edge planes a afifint
procedure is used. Here the meridional velocityttwa mid
streamline is adjusted not to match continuity tautchieve
the target mid-span static pressure. The differérmd@een the
actual pressure and the target pressure is usedrtect the
estimate of the meridional velocity on these plaaefllows:

& - _ ptarget COSZ,B

m
m

This can be derived from the Euler equation, usihg
assumption that a small change in meridional valaines not
change the losses or the relative flow outlet andlbe
corresponding mass flow at the trailing edge i tfeaind by
integration of equation 1. In the first instanckere is no
attempt to satisfy continuity with the inlet madewf The
program continues for a maximum number of outenitens
at which point the target pressures will have baehieved
with sufficient accuracy, or fewer if the targetepsure has
already been achieved.

At this point the estimates of target pressuresthadnlet
mass flow are revised. The estimates of targetspresare
adjusted to improve agreement between the masstifimmgh
the next downstream trailing edge and the currstitnate of

the inlet mass flow, using the simple correctiomfola:

N-1
mlnlet

p| 1~ p| l mi N-1
where N is the number of the outer iteration. Thange in
target pressure is relaxed to ensure stability. ififet mass
flow is then updated to be that through the firatling edge
plane. The inlet mass flow is also relaxed.
In a choked compressor blade row the losses withen
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bladed region are no longer a function of the nflasg which
is fixed, but become a function of the back presstiis is
rather like the situation in a choked inviscid 1Bneerging-
diverging Laval nozzle, where the back pressurerdehes
the location and strength of the shock, and thellef losses
that occur are a function of the shock strengthloter back
pressures in a 1D Laval nozzle the shock movesvisrds in
the diverging channel and becomes stronger withentmsses
at the same time. The shock losses in a choked ressqr
blade row are modeled in a similar way.

The equations given above are first used to identié
maximum mass flow at the throat plane. If the fliswchoked
and the calculation is at a specified pressureo,ratien
additional losses need to be generated within khaebrow so
that the mass flow at outlet (where the target qunes is
specified) matches the choked mass flow. Withoutitemhal
losses the outlet density would be too high andntiss flow
on the blade trailing edge would be too large. @ditional
losses are distributed evenly across the span aiidrmly
downstream of the first calculating plane whiclhuighoked.
In each iteration the additional losses are detegthifrom the
condition needed to correct the mass flow at thging edge.
This algorithm assumes that when the target presssir
achieved (dp = 0), then from the Gibbs functionhage

Tds=dh-vdp, ds=dh/T =c,(dT/T)

The equation for an ideal gas can be differentitaegive

pv=RT, d—’Ozﬁ—£
Y p T

and if dp = 0 these equations can be combinedvi gi
ds=-c,(dp/ p)

The error in the density is assumed to be relabethe
error in the mass flow at the trailing edge so Ww&ain that the
additional losses that are needed to match the fioagst the
trailing edge with the choked mass flow at the tirdan be
estimated from the trailing edge mass flow error as

As=—c, (Am/ )

The error in the mass flow at the trailing edgthiss used
to update the losses within the blade row untihbtbe mass
flow and the target pressure at the trailing edgecarrect. In
this process the change in the additional lossekmsped in
each iteration. The additional losses in this pssceare
determined by the program and are in addition tp lasses
that may be specified by the user or determinedthsy
specified correlations. Few engineers are awatbisffeature
of choked flow calculations, whereby the level o§des are
determined directly from the pressure (or dengiio rather
than the detailed aerodynamics of the blading.

EQUATION OF STATE
Internally the losses are defined via a changeninopy
using an entropy loss coefficient, and the totahaipy is
determined by the Euler equation, so that the fafithe
equation of state that is most useful is
p=f(hs), p=f(hys)
Many loss coefficients used in turbomachinery datiens are

defined not as entropy loss coefficients but asqne loss
coefficients, so the code internally converts thesentropy
losses so that the operation with the equationtait salways
involves the parametelsands, and the subroutines involving
the equation of state remain relatively simple.

The forms of the ideal gas equations used by the
throughflow code can be derived by integration e Gibbs
equation for an ideal gas, and lead to the follovgquations

P2/ p= (hz / hl)y/(y_l) e /R

1/(y-1) -
P2l py :(hzlhl) VD glem)/R
The Gibbs equation can also be integrated to fiedeguation
for the pressure in an incompressible calculatsrfpllows

P, = py = pl(hy —hy) _CpTl(e(Sz 2 -1)]
together with an equation for the density, whichdastant.

In the case of real gases, the real gas propeaties
currently being incorporated via tables of valugther than as
equations of state, as this procedure is only reeedee for all
possible gases. For reasons of consistency witr otides the
real gas data are provided to the code in the fafrtables of
properties in the form of

h=f(p,T), p=1(p.T)
in a standard file format known as .rgp files wittiie ANSYS
CFX software system.

At each step in the streamline curvature iteration
procedure the values of h and s are updated fremogses
and the Euler equation. The throughflow code themects the
other gas properties to find better estimates ftoenreal gas
tables. In this process the valuespsfand T* are first taken
from previous iteration (here denoted by an as¢erand
corrected to an improved estimate consistent wihds.

First the value oT” consistent with the new value lofind
earlier value op* is found from table of properties such that:

h=f(p,T'
Then a new value & consistent witil” andp* is found from
s=f(p,T

together with a new value of density (specific vo&)
consistent withl” andp*

V= f(pT)
Finally, the Gibbs equation is used to find a bettgimate of

the pressurg” as follows
Tds=dh-vdp dh=0, dp=-Tds/v

p=p —(T"/V)(s'-s)
These steps could then be repeated to convergeucas this
process is embedded within the streamline curvaterations,
it automatically converges on the correct value mie whole
solution has converged.

MEANLINE CALCULATION

A novel feature of the code is its ability to rus & quasi
mean-line method. In this process the spanwise citglo
gradient (equation 1) can be multiplied by a uperfied
factor less than unity. If a factor of zero is ustekn the code
effectively becomes a mean-line code with no spsawi
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variation in meridional velocity. Other parametessch as the
blade speed, still vary across the span, so ibtseractly a
mean line code, but is close to this if combinethlie use of
correlations operating only along the mean stre@mli

Clearly as a mean line code it has a large overliead
computational effort, but this has advantages iy @me code
needs to be developed and maintained and ensunssteEmcy
between mean-line and through flow approximatiohbis
feature can also be extremely useful for debuggind for
analysis of difficult cases, as it allows the peogrto avoid
blowing up due to high spanwise velocity gradiedtsing
early iterations. Even very difficult cases conwergadily with
a reduced spanwise gradient. This ensures thatate
matching along the mean streamline of the bladesrisv
approximately correct and when converged it is ipesso
approach the correct solution with the correct ahdi
distributions by slowly relaxing the value of theslacity
gradient multiplication factor towards unity.

RIS
SRR

Fig 6. Comparison of the meridional flow of a mixédw
pump compared with a 3D CFD calculation (ANSYS CFX)

VALIDATION AND VERIFICATION

The code has been verified by calculation of a eaafy
simple cases with analytical solutions, and vaédatby
comparison with other throughflow codes, where ibss

A streamline curvature code cannot be expected to
reproduce the fine details of any real flow, so soead flow
distributions have not been used to validate thdetsoof the
code. In many cases predictions of the code hawn be
compared with 3D CFD simulations as shown in thengdes
already given in figures 2 and 4 above. Figure gares the
3D CFD (ANSYS CFX) and throughflow (Vista TF)
predictions of the mean meridional velocity in axed flow
pump with an axial diffuser operating close todésign point.
In this case the impeller simulations used a shgtdr
correlation and the losses are uniformly distridutgigure 7
shows a further comparison of the mean meridioe#boity

distribution for a mixed flow radial turbine. Inishcase the
outlet flow angle has been determined from the reosule
with a correction for the underturning of the tgakage flow,
and losses are again uniformly distributed. Theellegf
agreement in both cases is extremely good, espetiing
into account a uniform distribution of losses weised, and
identify clearly that the tool is sufficiently aacate for
preliminary design.

Throughflow

e

CFD
\ R e

=

Fig 7. Comparison of the meridional flowfield ofraxed flow
turbine compared with a 3D CFD calculation (ANSYSX}

CONCLUSIONS
With suitable empirical correlations, the new thgbflow
code is able to closely match 3D CFD simulationsréaial
and mixed flow machines. Owing to its speed (sesaather
than hours), and ease of use, it is eminently Isiaitdor
preliminary design calculations. Clearly the codenrot
replace more modern 3D methods in the later detaiésign,
but it has an important role in an integrated tunbohinery
design process (see Robinson and Casey (2007))irand
automated preliminary design optimization (Casey aét
(2008)).
Newly developed features of the current code are:
» The general methods for including losses with gutioss
coefficients and dissipation coefficients.
* A new diffusion-based spanwise mixing model, whackds
relatively little additional complexity to the bashnethod.
* lteration to pressure ratio for compressors.
* The models for choking of compressor blade rowntak
account of the redistribution of the flow due t@kimg.
e The ability to use the code as a quasi-meanline.cod
e The implementation of different equations of stébe
liquids, ideal gases and real gases.
It is currently planned that the code will be ineggd as part
of a future release of the ANSYS BladeModeler safay
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