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ABSTRACT

A novel approach to calculate the performance map of a
centrifugal compressor stage is presented. At the design point
four non-dimensional parameters (the flow coefficientthe
work coefficient A, the tip-speed Mach numbéf and the
efficiency n7) characterize the performance. In the new method
the performance of the whole map is also based on these four
parameters through physically-based algebraic equations which
require little prior knowledge of the detailed geometry. The
variable empirical coefficients in the parameterized equations
can be calibrated to match the performance maps of a wide
range of stage types, including turbocharger and process
compressor impellers with vaned and vaneless diffusers. The
examples provided show that the efficiency and the pressure
ratio performance maps of turbochargers with vaneless diffusers
can be predicted to within £ 2% in this way. More uncertainty
is present in the prediction of the surge line, as this is very
variable from stage to stage. During the preliminary design the
method provides a useful reference performance map based on
earlier experience for comparison with objectives at different
speeds and flows.

NOMENCLATURE
a; = inlet speed of sound (m/s)
a,b,A,B,C,D,E,FGandH = coefficients in equations
b, impeller outlet width (m)
absolute velocity (m/s)
slip velocity (m/s)
impeller tip diameter (m)
specific enthalpy (J/kg)
coefficient in equation 13 (-)
disc friction coefficient (-)
tip speed Mach number (-)
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polytropic exponent

static pressure (N/in

coefficients in logistic function (-)
impeller blade tip speed (m/s)

volume flow rate (riis)
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ubscripts

impeller blade back-sweep angle (°)
isentropic exponent (-)

degree of reaction (-)

polytropic efficiency (-)

work input coefficient ()4 = Ah/u?
pressure rise coefficient (-)

global flow coefficient (-).¢p =V /u,D?

impeller outlet flow coefficient (-)
angular velocity (radians/s)

atM =0

inlet total conditions
outlet total conditions
choke point

design point

Based on Euler equation
at high speed

value on the" speed line
at low speed

meridional component
peak efficiency point
isentropic, stall

total

circumferential component
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INTRODUCTION impellers, with vaned and vaneless diffusers, giving four

An important requirement during the preliminary design of categories. Turbocharger impellers (which are similar to gas
a centrifugal compressor stage is the calculation of a reliable turbine impellers) are relatively long and un-shrouded, have an
performance map as a guide to the expected operating flowaxial inlet designed with an inducer and are equipped with thin
range and the sensitivity to speed variations when the design isblades and splitter vanes to make them suitable for transonic
completed. With this information the designer can assess if theflow. Process style impellers in multistage compressors are
design will be suitable for the application. For example, it is shrouded and shorter, they usually have radial inlets, have thick
possible to check if a new design will provide adequate blades most often with no splitter vanes and are generally
efficiency, pressure ratio and surge margin on the low speeddesigned for lower Mach numbers. The emphasis of the paper is
characteristics and sufficient choke margin at high speeds. on the application of the method to predict performance maps

This paper presents a new engineering approach to estimatdor turbocharger style impellers with vaneless diffusers, but
the performance map for such preliminary design applications. examples are also given of some other categories of stage to
This is a difficult task as the final detailed geometry (such as demonstrate the validity of the method over many applications.
throat areas, blade angles, blade number, blade thicknesses, The paper is organized as follows. First, some background
etc.) and many aspects of the aerodynamic design (diffusionto the key non-dimensional parameters and their significance in
levels, flow angles, etc.) have not been finalized at this point. this method is given. This is followed by a description of the
An additional difficulty is that the performance map is needed algebraic equations used to parameterize the efficiency
very quickly, typically during engineering discussions on a performance maps, which explains how these equations allow
proposed new development. The most accurate methods ofthe physical features of the maps to be modeled for variations of
determining the map for competing design solutions, by first flow and speed. The calibration of the coefficients in the
completing the design and then making CFD simulations or efficiency equations using test data from several sources is then
even measurements, are not suitable in this time-frame. provided. A subsequent section describes the equations used for

In some cases, the new stage may be sufficiently similar to the variation of the work coefficient with flow and speed, and
a stage that has previously been tested such that the map of thithe validation of these. A difficult aspect is the prediction of
stage can be quickly scaled to give a good estimate of thesurge and the pragmatic solution to this is described in the
expected performance. The scaling approach is limited in that it penultimate section. Finally the paper demonstrates the use of
only works if such data is available, and will not work well if the equations to predict typical turbocharger performance maps.
the design point of the new stage is sufficiently different from A discussion of the results leads to the conclusions.
previous experience, especially if the back-sweep and work
coefficient have changed as this changes the slope of the lowBACKGROUND TO THE METHOD
versus work characteristic. In addition the scaling of maps The objective is to calculate the values of two dependent
provides no parametric description, gives no speed-lines atvariables (the polytropic efficiency and work coefficient) for
higher or lower speeds than those tested and does not provide apecific values of the independent variables (the flow
useful reference based on the best experience derived fromcoefficient and tip-speed Mach number):
many different stages. . . n,A=f(gM) (1)

The common alternative to these approqches IS 10 USep|| other thermodynamic performance information can then be
empirical correlation based_meth_ods for predl_ctmg pe_rformance calculated from these variables, such as isentropic efficiency,
maps. Such methods require fairly deta_lled |r_1format|on of th_e pressure ratio, volume flow, and mass flow. Speed lines can
stage geometry, at least on a one-dlmen.smnal (1D) ba.s's'then be generated for specific values of the tip-speed Mach
Examples of 1D methods are given by Swain (2005), Aungler’ number by varying the flow coefficient and the full map
(2000.)' Ch e@ al. (1997) and Cumpsty (19_89)' The authors comprises an array of speed-lines with different tip-speed Mach
experience with such methods, however, is that they often numbers. The equations describing the functional dependency

require fairly tedious twe'aking of coefficients in the empirical of these variables include several non-dimensional parameters,
models to generate a satisfactory performance map, and that th?‘nany variable coefficients and some fixed constants, and are
characteristic curves often have unreliable shapes. described in the sections below

.The approach proposed here is based on the fact that. well- Before we consider these equations, it is worthwhile to
designed state-of-the-art compressor stages for a particular,,,gjger the four key non-dimensional parameters that are used:
aerodynamic duty tend to have fundamentally similar shapes of . The expected design point polytropic efficiengy
their efficiency performance maps. This indicates that the duty The global volume flow coefficients '
itself is an excellent guide to the form of the performance map. The gta e work coefficient
The method proposed is entirely novel in that it uses four key Th 9 . dM h, bl
non-dimensional parameters at the design point to determine the‘l’he;e valjeztasri tlt?l-:ptf/gical arcesSIlthmof ré preliminary design
performance map, rather than the geometry of the stage. ! 4

The method has been applied to a wide range of stage typesprocess based on 1D performance correlations. Together with

which are categorized here as turbocharger or process style
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the inlet flow conditions, gas properties and impeller diameter, The stage tip speed Mach numbBbt, characterizes the
they define the design point duty by the following equations: local Mach number levels in the stage and loading in terms of
¢7ZV/U2D22’ A :AI‘VUS, M = U2/31 the stage pressure and temperature_ ratio. Typical industrial
process compressor stages have tip speed Mach numbers
between 0.5 and 1.0, turbochargers for automotive applications
between 0.5 and 1.5, turbochargers for larger diesel engines
) between 0.8 and 1.7, and gas turbine compressors and
V=¢uzD22 =¢Ma.lD22 refrigeration compressors from 1.0 to 2.0. At the design

At first sight it may be surprising that these non-dimensional condition the density variation through the stage defines the

parameters also define the shape of the performance map WitH_ocaI meridional velocity I(_evels, velocity triangle_s and the work
no detailed information about the stage geometry. However, the NPUt Of the stage. Operation at other speeds will cause a change

design values of flow coefficient, work coefficient, efficiency N the density variation and the change in velocity triangles
and tip-speed Mach number determine the details of the stag

ny
% = [1+ (y-)AM 2]7-1 @)

1

deads to a different matching of the components, probably with
geometry in the subsequent design. If this design is done well@ lower performance, and a shift in volume flow coefficient.
then the performance characteristic for this optimally designed 1€ method described here captures these effects of a change of
stage can be implied from these design values. speed away from the design point, at least on a global basis.
Consider a stage designed for a certain flow coefficient and For map prediction additional information is also needed to
tip-speed Mach number with an optimally matched vaned characterize the variation in performance away from the design
diffuser. If the diffuser vane setting angle were changed to give PCINt. which will differ for different stage types. For example,
a lower throat area, then the matching between the impeller andSt29es With a vaneless diffuser tend to have a wider operating
diffuser would change and the value of the flow coefficient at '@nge than stages with a vaned diffuser. Equations are needed

peak efficiency would be reduced. Thus a change in the value of©f the variation in the best point efficiency and flow on
the design flow coefficient would characterize this change in different speed-lines an_d for the variation in perfor_mance W'_th
geometry. Alternatively the smaller diffuser could be considered flOW along each speed-line. In addition the change in work with
to be a diffuser that is better matched at a higher tip-speed for10W and tip-speed needs to be captured. The equations
the same flow coefficient, so the effective design Mach number described below provide a parameterized description of the
of the stage would be increased by this geometrical change. InPe€rformance map, whereby different values of the empirical
this way the values of the flow coefficient and tip-speed Mach coefficients are used to model the characteristics for d|ﬁergnt
number at the design point include information about the YPES Of compressor stage but the structure of the equation
optimal geometry and internal stage matching and can be usedYStem remains the same for all compressors.

to characterize this. Exactly which geometrical features are

needed to meet the performance target is the objective of theVARIATION OF EFFICIENCY WITH FLOW AND SPEED

preliminary design and detailed design but a good estimate of EQuationsfor thevariation of efficiency with flow .
the map is possible without this information. The equations used to describe the variation of efficiency

The design point efficiencyy, is defined as the polytropic with the flow go back to the system d_escrib(_ed in diagr_ams by
efficiency; this defines the aerodynamic quality of the design ;—'_iodgers _(196r4;_).thr)1dgers_ showe?l var|ou|§ d('jag?ms’ S|m|I_arr] to
and allows a simple extension to multistage machines without 'gure l.l' '3 f\|N Ic t edvl"’“('jatp?] ot normalize feh |cf|ency wit
so-called reheat factors to account for the divergence of the Normalized flow is modeled with an equation of the form
isobars in a T-s diagram. It is assumed that some system of /7 f( Q M]

correlations, is available to characterize all the losses at the,7_ Z’ 3)

design point, and this aspect of the preliminary performance /P c

prediction technique is not described in any more detail here. ~ where the ratio of the efficiency relative to that at the peak
The non-dimensional inlet flow coefficieng, characterizes ~ efficiency point @/7,) is a function of the flow coefficient

the stage type, the flow channel width and also provides a guiderelative to the maximum flow coefficient at chokge) and the

to the efficiency level that may be expected, see Cumpsty tip-speed Mach number. The lines plotted in figure 1 are an

(1989). Well-designed radial compressors have a value of theexample of those described by the equations given below and

flow coefficient close tap= 0.09 + 0.01. are not taken from Rodgers. The key aspect is that at low tip-
The stage work coefficient, characterizes the work input ~ Speed Mach numbers the operating range is largest and the flow

of the stage, including parasitic disc friction losses. Typical at peak efficiency is then furthest from the choke conditions.

values areA= 0.65 + 0.1. This parameter is determined The same information is presented in figure 2, but plotted

essentially by the outlet velocity triangle of the impeller, and so relative to the flow at peak efficiencg/¢g). The form shown in

characterizes the effect of blade number, impeller outlet width figure 2 is needed in this method, as in the preliminary design
and back-sweep angle on the work input. phase the design flow is known and the choke flow is not

known as the throat areas have still to be determined.
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Figure 1. Variation of efficiency ratio with the ratio of the
flow coefficient relative to that at choke for a range of tip-
speed Mach numbers.

0.4

of D varies from 2.1 on the low speed characteristics to 1.7 on
the high speed characteristics, and this is clearly related to the
physical increase in the strength of the incidence losses at high
Mach numbers. The equations do not include any specific
details related to flow separation or instability at low flows and
retain a simple ellipse-like shape down to zero flow. This is a

nn, weakness in the prediction of the onset of instability as in reality
1 e relatively small changes in the slope of the pressure rise
0.9 _ | ! \ variation with flow can cause the onset of instability.
0.8 ng fits 1”, %Y For flows above the peak efficiency these equations are
Vi e -¢-0.5 '1#‘& “\:QQO HY
07 P —~-08 SRR ok further modified to take account of the fact that when the
0.6 ,%“?%W .- i * X 3& "xi\{{ maximum flow is reached, the efficiency may differ from zero:
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Figure 2: Variation of efficiency ratio with the ratio of the
flow coefficient relative to that at peak efficiency for a range
of tip-speed Mach numbe

below the peak efficiency point and this leads to a smooth
transition between the two arcs around the peak efficiency. The
curves automatically have the maximum efficiency at the flow
coefficient for peak efficiency and have the maximum flow with

Rodgers (1964) gave no equations for these curves but irf vertical characteristic at the flow coefficient for choke. The

several publications (Swain (1990), Casey (1994) and Swain cogff|0|entsH, G and the ratio of the flow coefficient at peak
(2005)) some analytic equations for such curves have been€fficiency to that at chokegg/@), are not constant but also vary
described. After extensive experimentation with these published With the tip speed Mach number to give narrower characteristics
equations, and many other forms, a new more physically basedf different shape as the Mach number increases, see figure 2.
equation structure has been developed. Clearly the equations | N€ €xponenH has a similar function to the exponénin
used are not actually a real physical model of the losses but sfduation 5. This exponent takes into account the fundamentally
particular structure has been chosen in order to reproducedifferent shapes of efficiency characteristics for low Mach
important physical effects in the stage characteristics. number and high Mach number impellers. Low Mach number
In the current work the variation of stage efficiency with |mpell_ers tend to have a smooth drop in efficiency ratio rfel_ated
flow along a speed line is a modified form of an elliptic curve: to incidence losses as the flow increases above peak efficiency.

L2 A value ofH near to 2, giving elliptical curves, is needed to
x>y X _ y match low-speed experimental data. High Mach number stages
? + F - 5 =|1- B 4) tend to have a small plateau of high efficiency close to the peak

efficiency point and then drop much more sharply into choke.
For flows below the peak efficiency point this equation is To match experimental data on the shape of high Mach number
modified to have a variable exponent to give the characteristic characteristics a value bif =3.5 is needed, which is close to the
curves for efficiency ratio as a function of flow ratio as follows  exponent of 4 used by Swain (2005).
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Equation 6 includes an additional change to account for the¢ ) )
fact that the location of maximum flow at choke is not _”:(1—P P o+p 2
necessarily at zero efficiency, but at an efficiency ratid eB). @. @) @)
High Mach number impellers reach choke at relatively high
efficiency (with 0>G>1), or even at peak efficiency if all p= 1 , t=(M-B)(AM +C)
sections operate at unique incidence conditions, see Lohmberg  1+e¢™
et al. (2003). The vertical choked characteristics start The parameteP in this equation is the s-shaped logistic
immediately below this point and not when zero efficiency has function, and varies from 0 to 1 with increasing tip-speed Mach
been reached, as shown in the high Mach number curves innumber. It blends the values of the coefficients between the low
figure 2. In contrast, low Mach number impellers fall to an tip-speed Mach number asymptote (subsdrip} and the high
efficiency of zero well before the maximum choke flow is tip-speed Mach number asymptote (subsdii)t At low Mach
reached (withG>1), as high losses due to negative incidence number the variation with Mach number is smallPasemains
stall occur before choke, see Casey and Schlegel (2010). Theclose to 0, which is physically realistic as the flow is effectively
flow continues to increase below the point of zero efficiency, as incompressible up toM = 0.3. At high Mach number the
also shown in the low Mach number curves of figure 2. In this equations also attain a constant asymptotic value with P close to
way G is also a function of the tip-speed Mach number. 1, which matches experience that the form of the characteristics

The analysis of test data for typical turbocharger style remains similar at high Mach numbers. The transition between
stages indicates that at high speeds a val@=®0.3is needed these extreme values reaches the halfway value between the

— indicating that choke occurs at an efficiency ratio of 0.7. At upper and lower asymptotic values with a valu® &f 0.5 with
low speeds a value @& = 2 is needed, which indicates that t = 0 at a Mach number dfl = B, and the rate of transition

choke occurs well down the characteristic when the efficiency around this value is determined by the constaraad C.
ratio reaches -1. The diagrams shown by Casey (1994) include

()

this effect but are simply elliptical at all speeds withk 2. The 1
equations of Swain (2005) do not include these choking effects %/% [ F—.
and always become vertical at a maximum flow at zero g %
efficiency ratio, as they effectively have a value G@f= 1. / L R P
Neither system includes any variability of the strength of 08 . 5 /
incidence effects below the peak efficiency point. ' /’ z//
7| s

Variation of coefficients with M ach number 0.7 Vs I/ ‘  rocess- vaneless

Equations 5 and 6 include many variable coefficients which /' L P
depend only on the tip-speed Mach number. These coefficients0.6 77— — = Swain "loss-based"
are constant along each speed-line but vary from one speed-line /,’",L/
to the next. At low-tip speed Mach numbers the flow is o5 F——72 === Swain "original"
effectively incompressible and there is only a small effect of ,f"'

.. /3 = turbocharger-vaneless

Mach number, so the coefficients have a constant value at low ya

speeds. Analysis of test data, see below, has identified that the

coefficients also tend to have a constant value at high tip-speed 04 06 08 1 12 14 16M18 2

Mach numbers, indicating that the normalized shape of the high Figure 3: Ratio of the flow coefficient at peak efficiency to that

speed characteristics no longer changes with Mach number. Inat choke over a range of-speed Mach numbe

the current method the coefficients for intermediate Mach

numbers are then determined from the two asymptotic values at ~ Different types of stages (process or turbocharger impeller,

low speed and at high speed with the use of a blending function.vaned and vaneless diffuser) have different coefficients for the

This procedure is demonstrated with regard to the ratio of ratio of g/@ at high and low Mach numbers. Vaneless diffuser

the flow coefficient at peak efficiency to the flow coefficient at stages tend to have lower values of this ratio than vaned diffuser

choke @/ @), which appears in equation 6. A low value of this stages as vaned diffusers are usually matched such that they

coefficient indicates a high operating range between peak choke before the impeller and this limits the range of the stage

efficiency and choke. Experience shows that the operating rangegiving a larger value ofg/@. Two lines demonstrating the

of compressors is largest at very low Mach numbers and value @/ for different coefficients are shown in figure 3. The

remains constant at low Mach numbers. The range thenupper thin curve models process stages with vaneless diffusers

decreases with increasing Mach number but again remains moregwith impellers having thick blades and no splitters) and the

or less constant at much higher Mach numbers. Equations havdower thick curve models modern turbocharger stages with

been selected which include this feature as a natural property: vaneless diffusers. Other curves are needed for vaned diffusers.
Swain has suggested 2 forms of variation of this ratio with the
Mach number, but supplied no equations for this. These are
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shown as dashed lines in figure 3 — the shorter dashes ardixed set of coefficient values is needed for particular stage
Swain’s original correlation and the longer dashes are his recenttypes. The typical good agreement using these fixed set of
“loss-based” curve, see Swain (2005). Note that the curves ofcoefficients is shown in figure 4 giving variations of efficiency
Swain show broadly similar trends, although they are derived ratio with flow ratio for a typical turbocharger stage with a
for the impeller only, except at very low Mach numbers where vaneless diffuser. The measurement data has been obtained
the trend of Swain appears unrealistic as at low Mach numbersalong a number of constant speed lines and the curves are the
constant values are expected. It should be noted that at lowcalculated variations at these speeds using the equations of this
speeds it is in any case difficult to be precise about choking aspaper. Taking into account inevitable experimental error
no test data ever reaches this condition. (probably at least £+ 2% on the characteristics of typical
The coefficientB in equation 7 can be envisaged as a turbocharger rigs) the agreement is exceptionally good.

measure of the transonic capability of the stage, or as a sort of
critical tip-speed Mach number of the design. Analysis of test 1.0 -

data has shown that typical turbocharger stages tend to require
value of B of around 1.1 or 1.2 to match their characteristics.
Process style stages in multistage compressors tend to require 4
value ofB of around 0.8 to 0.9. In all stages examined a good
match with the transition over the range of Mach numbers was 0.7
given with values oA betweerD and1 andC betweert and5.

The coefficient®, G andH in equations 5 and 6 make use of
a similar approach to determine their values at intermediate .
Mach numbers from the values at high and low tip-speeds:

0.6

D= (1_ P) Do + PDy 04 B
G=(1- PG, + PG, @ 03 S
H= (1_ P)HLO + PHHI 0.2 iy T;lm

0.9 1

¢ Mu=0.410
--=- 055
¢ Mu=0.550

A Mu=0.825
-=--0.962

® Mu=0.962
11

B e e ek ol 5

The blending functiof® is the same as in equation 7. o1
The equations given above describe the variation of 06 08 10 12 14 16 18

efficiency with flow relative to that at the peak efficiency point Figﬁre 4 Normalized efficiency ratio of a vaneless

along each speed characteristic. In addition to these equationsturbochargér stage using equations 5, 6, 7 and 8 compared
some additional efficiency equations are needed for the peakWith test dat at different ti-speed Mach }lurhbe

efficiency and the flow coefficient at peak efficiency on each
speed line. These equations are determined from test data on a
more ad hoc basis, as outlined below.

i )

f \
® Mu=1510 d : ¢ (I
| ! VA
t

|
T

The test data on this case show clearly that there is a
need for different characteristic shapes for the efficiency below
the peak efficiency point as the Mach number varies, using
different values oD in equation 5. Note that the coefficients

: o e ~~used here have not been selected to match the performance of
that these adquately describe the variation of efﬂugncy with this particular stage but are the mean values needed to match
flow and speed in real compressor stages. An analysis of MOr&e performance of a range of similar turbocharger stages. This

than 45 different compressor stages covering a wide range Ofdemonstrates that the method appears to be useful to adapt
applications has been carried out to determine the most SUitablqmowledge gained on the operating range of one stage to

vall_Jes of the coefficients in the equations. The test data covers ?)rovide a reference for another of a similar type.
variety of state-of-the-art turbocharger and process compresso The equations for the variation of the ratio of the flow

cha;%ctetrllsltlcs from mgasurter:]me?;s made by a tI;/ arlet.y. Ofl coefficient at peak efficiency to the maximum flow coefficient
confidential sources and nertner the sources nor e ongnaly, q,qq &/ @) have also been determined from test data. The

dat"’.‘ may be disclosed. Of the many performance maps, alues at very low Mach number have been calibrated from data
available to the authors only those for the best stages have beeBublished by Gilich (2005) for the operating range of

used for the correlations. No further information can be . N .
provided, but in all cases attention has been given to the centrifugal pumps (withl = 0), and this causes the trend at low

. . . ach numbers to differ from the curves of Swain, as already
fgl?aslﬁéevr\]/i% ?Jp:ir(]:;dsftfi:%%i;elsrrg?:isr;dt?wr:?afr?gzeéeo/zy sound an(g\r/lldicated in figure 3. At higher Mach numbers the validation
With fine tuning of the available coefﬁci—ents' in the process is slightly more difficult and requires some fine

equations given above it is possible to match almost exactly theengmeerlng judgment. Firstly, the test data towards choke

variation of efficiency ratio with flow along any speed line for usually do not have sufficiently low pressure ratios that the
y g any sp maximum flow at choke is achieved, especially on the low

any specific case, but for the purposes of a general method SMach number speed-lines. Secondly, the efficiency curves are

Validation of the efficiency equationswith test data
Having defined these equations it remains to demonstrate
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very flat near the peak efficiency point and the small number of Figure 7 shows the variation of the peak efficiency, relative
test points along each characteristic combined with the to that at the design point over a range of tip speed Mach
experimental error does not uniquely define the flow coefficient numbers. The horizontal axis is the ratio of the Mach number to
at the peak efficiency point. These issues have been tackled bythe design Mach number. Here the scatter appears to be very
using the equations given here to model each characteristiclarge but this is slightly deceptive. The test data includes many
individually and to determine the required flow ratig/ ) of turbocharger stages whose apparent efficiency drops rapidly
from the modeled characteristics. Figure 5 shows the variation towards low tip-speed Mach number, as depicted by the dotted
of the flow ratio determined by this process from the analysis of line. This is not an aerodynamic effect but is an error in
test data from several turbocharger stages with a vanelessfficiency measurement due to ignoring the heat transfer effects
diffuser. In these cases with turbocharger style impellers the from the turbine in the efficiency determination on a
choke flow is defined by the choke of the impeller inlet. The turbocharger test rig; see Casey and Fesich (2010). The strength
differences are related to the different throat areas, bladeof this effect depends on the amount of heat transfer, and for

thicknesses and shroud diameter of the different impellers. adiabatic stages there is only a small fall in efficiency as the
Mach number is reduced below the design point. The
1 experimental error in the efficiency determination in these tests
q)/@ is probably not better than + 2%.
0.9 ——
0 @ [0} W
0.8 —& 2 13 o
00
0.7 g b
1.2
0.6 > G
9 g gog = turbocharger-vaneless
05 goﬂ%iikr -
° o testdata 11
0.4 | | | |
04 06 08 1 12 14 16M18 2 <5
Figure 5: Ratio of the flow coefficient at peak efficiency to that 1
at choke over a range of tip-speed Mach number for ‘_'t“rb"Ch_argerl"’a”e'ess
turbocharger compressor stages with a vaneless di processvaneless M
0.9

.Fi.gure 6 shows the. gdditional charggterizatiqn of the 02 04 06 08 1 12 14 16 1.8
variation of the flow coefficient at peak efficiency with Mach ) ) o o
number for stages with vaneless diffusers. The bottom axis is Figure 6: Ratio of the flow coefficient at peak efficiency to that
the impeller tip speed Mach number and the vertical axis showsat 10w speed over a range of tip-speed Mach number for
the variation of flow coefficient at peak efficiency relative to Vaneless stages. Turbocharger compressor stages shown as a
that at a low tip-speed Mach number. The process compresso/dashed line and open symbols and process compressor stages
stages are shown as solid symbols and are modeled empiricallypnown a@full line and full symbol.
by the full curve shown. The open symbols represent
turbocharger style stages and are modeled by the dashed line. 11

The flow coefficient at the peak efficiency point tends to n/ny
increase as the tip speed Mach number increases. This is cause R
partly by the effect of the change in the density on the velocity | e 5,5% 0%5’ ' o
triangles at impeller inducer inlet with speed. It is also related to LT e
the mismatch with the diffuser as this becomes too small for the 0.9 S ")
impeller at low speeds forcing the peak efficiency of the stage o — Corrected efficiency \
to move to a lower flow coefficient. At very high tip-speed 0.8 » - — Apparent efficiency
Mach numbers there is a drop in the flow coefficient at peak b \
efficiency related to the onset of choking in the impeller inlet, Lo M/M,
which clearly happens earlier in process stages. This is o7 z '
believed to be related to the general use of thicker blades and ¢ 0.2 0.4 0.6 0.8 1 1.2 14 1.6
lack of splitter vanes in process compressors. Polynomial
equations have been developed for the curves shown here.

Figure 7: Ratio of peak efficiency to that at design over a range
of tip-speed Mach number for stages with vaneless diffusers,
with and without the correction for heat transfer e
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Summary of the calculation procedurefor the efficiency If we consider compression in the impeller as a polytropic
For the calculation of efficiency on a given speed line, the process with a kinematic degree of reactioppfee Casey and

first step is to calculate the values of the variable coefficients Schlegel (2010), and a polytropic exponent ngf then the

(D, G, Hand g/@) that correspond to this tip-speed Mach density ratio from inlet to outlet can be derived as

number, from equations 7 and 8. The peak efficiency and the Yo, 1

flow coefficient at peak efficiency need to be determined from —% = [1+ (y-l)yd/lM 2]"d‘1 (11)

the equations for the curves shown in figures 6 and 7. For a Pu

given inlet flow coefficient this then allows the efficiency to be and the Euler work input coefficient can be expressed in terms

determined from equations 5 for flows below the peak of the inlet volume flow coefficient as

efficiency or equation 6 for higher flows. C ¢ tan,B'
At this point it is useful to summarize what has been Ag,, =1-—+-"2 : - (12)
achieved with regard to the prediction of efficiency. The u, bz”[l+ (y—l)y M 2]?—1
d

objective was to calculate the value of the polytropic efficiency

for specific values of the independent variables (the flow When operating at a flow coefficient near to the peak efficiency
coefficient and tip-speed Mach number). A completely new set point, backswept impellers have a fairly constant value of the
of parametric equations has been developed for this purposedegree of reaction (around 0.6), so this and the slip factor are
based on the key non-dimensional parameters which determinetaken as constant along the characteristic. The polytropic
the performance at the design point. The equations describingéxponent can be approximated from the stage efficiency.

this functional dependency are physically realistic. They also ~ The design value of the work coefficient includes not only
include many variable coefficients (which are a function of the the Euler work but also the disc friction work so that:
tip-speed Mach number) and some fixed constants, and typical k of

values of these have been given above. The excellent agreemently = Ao 4| 1+— (13)
shown in figure 4, which is typical of other cases, demonstrates N

that the objective has been achieved with these equations andWhere the value oky is a disc friction coefficient and can
coefficients for turbocharger style stages to within an error band typically be taken as 0.003 or calculated from the design value
of roughly + 2% in the efficiency, which probably corresponds of the disc friction power using correlations from Daly and

to the accuracy of these measurements. Nece (1960). The Euler work coefficient varies linearly with
flow so that from equation 12 at the design point we derive a
VARIATION OF WORK INPUT COEFFICIENT linear expression at the design tip-speed Mach number and then

The second part of the functional relationship of equation 1 have
is the variation of the work input coefficient with flow and tip- C
speed Mach number. This variation is based on the Euler Ag e ¢ =1——+ @K,4 (14)
equation following an approach described by Casey and - 2
Schlegel (2010). Under the assumption that the flow has no The value of the coefficient in this equation, which is the slope
swirl at inlet to the impeller, then the Euler work due to the of the Euler work coefficient curve with a variation in the flow,
adiabatic work input of the impeller can be approximately can be determined at the design point as

estimated from the velocity triangles. The work is related c

directly with the flow coefficient at impeller outlet kﬂd _(AEuIer g _1+_SJ/% (15)

@, = Cyp/u,, the assumed slip velocityc,/u, and the h u,

impeller outlet blade angl¢g, , as follows: The slip factor is assumed to stay constant and needs to be
c c ' specified, but the coefficient for the slope changes with the

AEuIer =u2 —1-7s +¢2tanIB2 (9) Mach number, as can be seen in equation 12. An approximate
u, u, relationship for this slope, which is related to the change in

Note that the impeller outlet angle is negative for a backswept density at impeller outlet with speed follows from equation 12,
impeller with the notation used here. For a constant value of theand assumes that the impeller efficiency is similar to the stage
slip factor the work input coefficient can be expected to efficiency so that the polytropic exponent can be calculated:
decrease linearly with the impeller outlet flow coefficient. ) 1

We convert equation 9 into a form which takes the density Ki_ - [1"' (y_l)yd/]dM d]”d'l
change from the stage inlet to the impeller outlet into account; kaa ) 1
so that the flow coefficient based on the inlet volume flow can [1"' (y_l)yd/‘d M; ]”“ '1
be used, as follows: Equations 15 and 16 provide the slope of the work coefficient
1 D2 Pu curve at each speed and the complete equation for the variation
®» = ¢_b__ (10) of the work coefficient with flow and tip speed Mach number is
T, P then given as

(16)
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17) in work with tip-speed Mach number. This determines the slope
(7 u, of the pressure rise characteristic, which is different for
In this expression index i represents the different speed lines. ~ different stages, and would not be obtained by a simple scaling
The novel aspect of these equations is that the variation ofof measured characteristics. The method, as described here,
the work coefficient with flow is calculated with no prior does not capture the additional fall in work coefficient as the

knowledge of the impeller outlet velocity triangle or geometry. impeller chokes towards high flow on the high speed
The value of the work coefficient at the design flow coefficient Characteristics, but a method to include this has already been
together with the slip factor determines the slope of the work described by Casey and Schlegel (2010), and is currently being
input characteristic at the design speed. The slope is thenincluded in the method.

adjusted to take into account the effect of the speed on the work

input, via the density change at impeller outlet. The PREDICTION OF STABILITY LIMIT

determination of this slope in this way eliminates the need for One of the most difficult aspects of compressor flows is the
any specific knowledge of the blade geometry and ensures thatPrediction of the stability limit due to the onset of rotating stall
the flow-work characteristic is in accordance with the Euler OF surge. The difficulty is exacerbated by the fact that different

kdf c increase in work coefficient as the flow reduces and the change
A =1+ — | 1-—=+ gk,

equation. components (diffuser or impeller) may be responsible for the

instabilities, different phenomena may occur (rotating stall, and

0.80 surge), test procedures to identify instabilities may differ and
¢ that the compression system itself may play a role.

o O\A\ With such a large number of effects it is not surprising that

0.75 T © Mu=0.699 . . . .
A|—oss \% N any systematic comparison of different stages shows the wide
& Mu0238 \\C‘\ \ variability of the operating range of compressor stages. As an
ororTe X\& example of the typical large amount of scatter, Baines (2005)
>
@

7

~4 relative to that at choke may vary by at least a factor of 2 for a

'\'\% range of different designs. It is clearly not possible in a

preliminary design method with no detailed information on the

0.65 T
—116

shows that the ratio of the flow at the onset of instability

o/ .
y

—1257

060 T o wum12s7 ! . X

— i }.\ internal aerodynamics, geometry and loading of the stage to
oss Lo \ predict the stability point exactly. In fact, even with more
0,030 0.040 0.050 0.060 0.070 0.080 0.090 detailed knowledge of the geometry and internal flow, and even

Figure 8: Variation of work coefficient with flow and tip-speed ~ With the help of computational fluid dynamics, it is still

Mach number for a turbocharger stage with a vaneless diffuser. exceptionally difficult to predict the onset of instability with any
certainty.

Validation of work coefficient curveswith test data The best that can be done in the framework of this method

The avaijlable test data has been used to examine thelS to derive a logically consistent set of equations for the
variation of work coefficient with flow and Mach number. Note variation of the flow at the stability point, and to suggest a
that it is necessary to define a value of the slip factor (typically range of typical coefficients that can be used in these equations
in the range 0.1 to 0.2), a value of the disc friction coefficient to express an optimistic, a realistic and a pessimistic stability
(typically between 0.002 and 0.004) and the degree of reactionline. A summary of the instability points of the vaneless
(typically between 0.50 and 0.65) for these curves, so that someturbocharger stages that have been analyzed is presented in
limited additional information about the stage geometry is figure 9. This shows the ratio of the measured flow coefficient
useful for this. As this information is usually known early in a at the onset of instability relative to that at the choke point
preliminary design process this is not difficult. (@/@) on each speed line, as denoted by the tip-speed Mach

Figure 8 shows an example of a turbocharger impeller number. The large scatter is immediately apparent and this
tested with a vaneless diffuser in a dedicated compressor teswould be larger if poor quality stages had been included.
stand, which avoids the heat transfer effects on the work The dark symbols are conventional stages without the use
coefficient found in turbocharger gas stands. The large white of a re-circulating bleed system for enhancing the map width.
dot in the middle of the diagram is the design point of the stage The open symbols are stages using some form of re-circulating
at a tip-speed Mach number of 1.25 and the variation of the bleed, which clearly improves the operating range on the high
work coefficient with flow and with Mach number on different speed characteristics. This diagram also includes the upper and
characteristics (from 0.6 to 1.45) away from this point is well lower limits of the correlation of Baines (2005) as dotted lines.
captured by the equations above. The symbols are the measuretiote that the original curves of Baines are expressed in terms of
work coefficient values roughly situated on the lines determined a pressure ratio and here these have been converted
from the equations. Note that the equations reproduce theapproximately to a tip-speed Mach number using sensible

engineering assumptions.
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The lowest operating range of the well-designed stages efficiency at low Mach numbergo, which is lower than the
examined is slightly better than the correlation of Baines and design flow coefficient. The lines given in these diagrams are
the dot-dashed line shows the equations developed for thisthe curves given by the equations in this paper, and the points
pessimistic variation of the instability point. The other dashed are the measured surge, peak efficiency and choke points of the
line expresses the correlation for stages with a wide range andstages used for validation at different tip speeds.
this agrees partly with the upper optimistic limit quoted by The variation with tip speed Mach number shown provides a
Baines. The full line in this diagram is the pragmatic equation useful presentation of the operating envelope and resembles a
used for a mean range, which is considered realistic for a well typical “alpha-Mach” diagram used to visualize the available
designed stage. This is based on the equations already describedperating range of compressor cascades at varying incidence

for the peak efficiency to choke flow ratigyg) in equation 8, and flow Mach number levels in the preliminary design of axial
as modified in equation 18: compressors, see the examples given by Casey (1994). The
@ @ @ variation with Mach number of the different lines in these
IS5 = (1— P) L= + Pl = diagrams agrees well with the measurement data and the lines
@ 2 )0 @) are consistent with each other. This provides further
1 (18) justification for the coefficients used to determine these
= = - individual curves
P—1+e_t1 t_(M Bs)(ASM-FCS)
The coefficients used for the realistic surge line shown in figure @-Mach Diagram for vaneless diffusers
9 are as follows; @/ @) 0= 0.225, @& @)n = 0.835,A; = 0.0,B; 2.5
= 1.25, andC,= 4.75. 9 B0
2 b g Nbh
1 T #..‘ = = phi_c/phi_p0
- _‘:"i = phi_c/phi_p0
0.9 1+ @/1# 1.5 1 ::I :.:\ = phi_p/phi_p0
o 5008 oo~ o phi_p/phi_p0
08 | T_femeicse 1 N e R
-=-- Optimistic surge 1 ] TSRPS0 (LT *  phi_s/phip0
— -Baineslowrange 37
0.7 T «oeee Baines highrange : . "‘"‘
‘0 o 00'_."
og' s & 4%
06 _ 0.5 ot b sled
hg B R
0.5 . 1
P * 0
vl _ J
ol LA R =, 0 0.5 1 15 M 2
03 f2= '_ g
02 el z—'fr : Figure 10: Flow coefficient - Mach number diagram for
=== A - turbocharger compressors with a vaneless dit.
0.1 17— =
0 M @- Mach Diagram for vaned diffusers
04 06 08 1 12 14 16 18 2.5
Figure 9: Variation of the ratio of the flow coefficient at Wl%o
instability with that at choke for vaneless turbocharger stages @ 2 13
(@/@). The open symbols are stages with inlet bleed " e, i r}‘:,gﬁ';\:\\ — = phi_c/phi_po
] R Y S S A A —— - - - . N = phi_c/phi_p0
recirculation 1.5 = T 7 v N —— o om0
..:' o phi_p/phi_p0
PREDICTION OF OVERALL OPERATING RANGE 1 o e phi_s/phi_p0
During the development of the correlations presented here ‘o g & phi-s/ohip0
: : NS I FUIPO0 IO SO SO0t PR
different ways of comparing the performance of different stage
types has been developed. One of these is shown in figures 1( 0.5
and 11. Figure 10 shows the variation of the choke flow
coefficient, the peak efficiency flow coefficient and the surge 0
flow coefficient as a function of the tip-speed Mach number for 0 0.5 1 15 M 2
the typical vaneless diffuser turbocharger stage, and figure 11 ) )

shows this variation for a turbocharger stage with a vaned - — .
diffuser. In both cases the flow coefficients are normalized Figure 11: Flow coefficient - Mach number diagram for
relative to the flow coefficient that would occur at peak turbocharger compressors with vaned diffusers.
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The difference between these two diagrams also shows upgreat interest is the fact that this stage has a very high back-
some interesting aspects related to the effect of matching on thesweep leading to a work coefficient at the design point of only
characteristics at different speeds. Firstly, the much wider range0.5, compared to a value of 0.6 to 0.75 for the other stages. The
of stages with vaneless diffusers can be seen from the spacingonsequence of this is that the steeper flow coefficient versus
between the surge and choke lines in these diagrams. Secondlwork coefficient relationship from equation 9 leads to steeper
the shift in the flow coefficient at the peak efficiency point with pressure rise characteristics. This effect cannot be predicted
Mach number is very different for the two cases. In the vaned simply by scaling characteristics of other stages and
diffuser case, Figure 11, the diffuser is generally matched to thedemonstrates the predictive nature of the method adopted here.
impeller at high speeds and then becomes much too small at low

speeds. This causes the impeller to operate at high incidence 450 T—— 7

and forces the stage characteristic to move to a lower flow 8 Fee T

coefficient. This effect is much less strong in the vaneless % T~ %58%6222 %

diffuser. A vaneless diffuser with no blades can accept higher o8 a \

flows at lower speeds as it does not choke and the impeller is 3';.5[0 1 —5oee /

not forced to operate at such a low flow coefficient. "o NiLi00 yar BN \

300 1= T%Azfsms . Y '\"\o

PREDICTION OF PERFORMANCE MAP b0 | = tetom < 4 e \ ‘
As a demonstration of the capability of the method Ml e < ‘\.\ \’\_ ‘ ‘

described here, figures 12 and 13 compare the predicted and thi, g9 L A e

measured characteristics of a typical turbocharger compressot ﬁzwﬁj\ ‘\ \\ \. l

stage with a vaneless diffuser over a range of speeds. The 1.50 A O\O\Dﬁ*\ ‘

measured characteristics were obtained on a turbocharger ga _&m\m \ \‘ H

stand using a small compressor impeller with a back-sweep of 1.00 ‘
approximately -30° over a range of speeds from 40,000 to 0000 0020 0040 0060 008 0100 0120  0.140
230,000 rpm. The predictions are based on the equations giver Inlet volume flow m3/s

in this paper, whereby the coefficients used were derived from aFigure 12: Predicted and measured pressure ratio performance
whole range of turbocharger stages. The measured points on almap for a turbocharger with a vaneless diffuser over a wide
speed lines agree very well (to within £ 2%) with the range of rotational speeds. The coefficients used are derived
predictions, and the measured surge line lies typically betweenfrom an analysis of many stay, including this on.

the limits of the predicted pessimistic and optimistic lines.

The design point of this stage is denoted as a large oper
circle on the third fastest speed line. The non-dimensional
values of the key parameters (efficiency, flow coefficient, work
coefficient and tip-speed Mach number) and the impeller
diameter have been specified at this point and all other curves ﬁ o NN\ ; E‘ ?\\
are then calculated from this point using the correlations and 0.60 74 o +
equations given in this paper. In addition to these non- o o o
dimensional coefficients, the slip factor, the degree of reaction /s /Vw °
and the disc friction coefficient are specified, whereby standard ,,, 1 A
values from other impellers may be used if these are not known, o \
but no other information on the geometry is needed. As this /
compressor stage has been tested in a turbocharger with hee o 4
transfer from the turbine, the efficiency shown here includes a ©2°
correction for the effect of heat transfer according to the
approach of Casey and Fesich (2010), whereby the empirical
coefficient needed for this has been adjusted to match the test g
data. Without this correction the apparent peak efficiency would  o0.000 0020 0040 0060 0080 0100 0120  0.140
not drop sharply as the speed decreases as shown in figure 13 Inlet volumeflow m3/s
The curves also include an extrapolation to a higher rotational

speed, which was not measured, to demonstrate that the systerfiigure 13: Predicted and measured efficiency performance map
still produces sensible characteristics at higher speeds. for a turbocharger with a vaneless diffuser over a wide range of

A further case is shown in figure 14. This stage was not rotational speeds. The coefficients used are derived from an
included in the stages used to generate the coefficients in theanalysis of many stages, including this one, and a correction for
correlation equations, and is extremely well-predicted with the the effect of heat transfer at low speeds is made. Symbols as in
equations and coefficients derived from the other stages. offigure 12.
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include the individual components so that separate sets of
performance curves for each component can be developed and
stacked to produce a more accurate stage performance, which is
actually the procedure suggested by Rodgers (1964) and used
by Swain (1990). The extension to include the separate diffuser
and impeller characteristics would also allow the method to
@\:\ \ identify in more detail the choking and instability limits of each

component and to study changes in component matching with
speed, and is currently being pursued.

The fact that such a simple technique can predict the shape
of characteristics of compressor stages is of great relevance to
the use of performance correlations. There are many competing
correlation systems in the literature, see for example the
extensive but non-exhaustive list provided by Oh et al (1997).
Loo All of these seem to do equally good jobs of predicting

0000 0100 0200 ~ 0.300 ~ 0400 0500 ~ 0600 0700 performance maps when the empirical coefficients have been

Inlet volume flow m¥/s tweaked appropriately. The important finding from this paper is

Figure 14: Predicted and measured pressure ratio performancethat, provided the methods predict the peak efficiency point

map for a turbocharger with high back-sweep over a wide rangereasonably well, the variation away from this point is then fairly

of rotational speeds. This stage was not used to derive thesimilar for all well-designed stages of a similar type and duty

correlations used here. and can be predicted without the need for correlations of
individual effects or information about the geometry.
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DISCUSSION AND OUTLOOK
The work presented here allows an estimate of the cONCLUSIONS

performance map of a centrifugal compressor stage to be The theoretical analysis and correlations in this paper
obtained from limited design data during the preliminary design provide a completely novel way of predicting centrifugal
phase, without prior knowledge of the stage geometry. Most of compressor performance maps during the preliminary design
the examples presented are for turbocharger compressor staggshase. The basis of the method is the scientific analysis of
with vaneless diffusers, but in work not described in detail here measured stage characteristics using classical non-dimensional
the method has also been adapted to predict other categories qﬁarameters and the approximation of these with suitably
compressor stages by the use of different empirical coefficients designed parametric  equations. The non-dimensional
in the equations. parameters predict a reasonably accurate performance map for a

The equations provide a fully parameterized system of particular duty, based on experience from other stages, which
algebraic functions for the shape of the performance map, can be used as a reference to quickly assess the operating range
which can also be used in different modes, in which the of a compressor against objectives for a new design. This
coefficients are adjusted to exactly match the measuredmethod also produces an important new insight into the off-
performance of a particular stage. This then provides an gesign performance — that for a well-designed stage this is also
algebraic set of equations for a performance map that could begefined by the design duty. The weakest aspect of the method is
used in whole engine performance calculations, allowing the the considerable uncertainty that remains with the prediction of
performance for any flow and speed to be calculated extremelythe surge line, but an optimistic, a realistic and a pessimistic
rapidly with very little data required and no detailed knowledge estimate can be made. It is hoped that the same equations when
of the geometry. Alternatively a single measured speed line Canadapted to predict component performance will be more
be approximated and other speed-lines then generated by theccessful in respect of surge prediction.
equations. The novel features of the method are:

The method has been developed on the basis of the inherent A new set of parameterized algebraic equations has been
non-dimensional performance coefficients of the stages, and  geveloped that describes the variation of efficiency with
because of this can be adapted to other gases and other changes in flow and speed away from the design point.
applications relatively easily. It has already been adapted to, The method requires the values of only four key non-

generate a stage stacking tool for multi-stage process
compressors allowing the behavior of several stages of a
multistage compressor to be analyzed.

An obvious limitation of the method is that it only considers

the global performance data and not the component losses,

(impeller, diffuser and volute) which are the cause of this
behavior. The method can naturally be developed further to

dimensional parameters at the design point (the efficiency,
flow coefficient, work coefficient and tip-speed Mach
number) to define the whole performance map and requires
very little knowledge of the geometry.

The equations are designed to automatically produce
physically realistic behaviour of the characteristic curves
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and include empirical coefficients that adjust the shape of [6] Casey, M.V., (1994), "Computational Methods for
the efficiency characteristics to match experimental data on Preliminary ~ Design and  Geometry  Definition in

different speed-lines of compressor stages. Turbomachinery”, AGARD-LS-195, AGARD Lecture Series on
The variation of work input with changes in flow and speed Turbomachinery Design using CFD, NASA-Lewis, 1994.

away from the design point is determined from the Euler [6] Lohmberg, A., Casey, M. and Ammann S., (2003),
equation, using empirical data for the disc friction, the Transonic Radial Compressor Inlet Design”, Proc. IMechE,

. . . . Vol. 217 Part A: J. Power and Energy.
degree of reaction and the slip factor, also with no detailed [7] Casey, M. V. and Schlegel, M. (2010), “Estimation of the
knowledge of the geometry.

. . . . performance of turbocharger compressors at extremely low
The coefflcu_ents in all these equations have been calibrated pressure ratios”, Proc. IMechE, Vol. 224 Part A: J. Power and
from extensive test data on a range of compressor stagesgnergy, pp 239-250.

Typical values of the necessary coefficients for well- [g] Giilich, J. F., (2008)Centrifugal PumpsSpringer, Berlin,
designed turbocharger stages with vaneless diffusers areGermany.

given in the paper. [9] Daily, J.W. and Nece, R.E., (1960), “Chamber dimension
A new and useful form of presentation of the operating effects on induced flow and frictional resistance of enclosed
envelope of a compressor stage called, a “Flow coefficient- rotating disks”, ASME Trans., J. Basic Engineering, Vol. 82, pp.
Mach” or a ¢-Mach diagram, has been developed. This 217-232. _ ) N
diagram is different for different stage types and highlights [10] Casey, M. V. and Fesich, T. M. (2010), “The efficiency of

interesting aspects of the stage behavior related to mismatchfuroocharger COMPressors with diapatic flows”, Trans. ASME,
g asp g Journal of Engineering for Gas Turbines and Power, July 2010,

at off-design speeds of stages with vaned and vaneles:;voI 132 / 072302-1
diffusers. . _ [11] Baines, N. C., (2005)undamentals of Turbocharging
The method has been described mainly for turbocharger Concepts/NREC, Vermont, USA, ISBN 0-933283-14-8
compressor stages with vaneless diffusers but with different 1121 oh, H.w. Yoon. E.S.. Chuﬁg M.K. (1997), “An obtimum
values of the empirical coefficients it is possible to adapt the set of loss models for performance prediction of centrifugal
same equations for use with stages with vaned diffusers andcompressors”, Proc. IMechE, Vol. 211 Part A: Journal of Power
with industrial process impellers. and Energy.
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