
2 Progetto a raggio medio - Mean Line Design

2.1 Parametri di partenza

Ai fini del dimensionamento, sono noti i seguenti parametri operativi della macchina.

Tabella 2.1: Parametri noti.

ṁ 31 [kg/s] p0,1 47 [kPa]
T0,1 268.5 [K] PR

tot

7
n 8500 [rpm] D

m,1 0.64 [m]
↵1 25 [�] R 287 [J/kg K]
k 1.4 � 0.4÷0.45
 M <0.4 (per stadio) DFM <0.45
(AR

rot

)
Dm 1.5 (AR

stat

)
Dm 2

2.2 Procedura di calcolo

Il primo passo consiste nel determinare il numero di stadi che costituiscono complessivamente il
compressore. Per farlo, è necessario determinare il coefficiente di pressione complessivo, definito
attraverso la (2.1).

 tot =
�H tot

0

u2
m

(2.1)

ovvero il rapporto fra la differenza di entalpia specifica dell’aria fra la sezione di uscita e quella
di ingresso del compressore e il quadrato della velocità periferica al raggio medio, calcolate
rispettivamente con l’equazione (2.2) e (2.3).
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rappresenta il rendimento adiabatico di compressione, ipotizzato pari a 0.9.

u
m

=
⇡ nD

m,1

60
= 284.83 m/s (2.3)

Considerando il valore massimo per il coefficiente di pressione per stadio, riportato in tabella
2.1, si determina il numero di stadi di compressione con la relazione (2.4). Arrotondando il
risultato ottenuto all’intero più vicino, si determina il coefficiente di pressione effettivo per
stadio.

N =
 tot

 M

=)
(
N = 7

 = 0.3924
(2.4)

Il secondo passo consiste nel determinare i triangoli di velocità per ciascuno stadio, sia al rotore
che allo statore. Sotto l’ipotesi di stadi ripetitivi, verranno determinati unicamente i triangoli
di velocità per il primo stadio, in quanto il secondo sarà del tutto simile in riferimento ai vettori
di velocità.
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conditions still appear to hold true. At high flow rates there is a systematic deviation away from
the “single-curve” law at higher rotational speeds. This effect is due to cavitation, a high-speed
phenomenon of hydraulic machines caused by the release of vapor bubbles at low pressures, which
is discussed later in this chapter. It will be clear at this stage that under cavitating flow conditions,
dynamical similarity is not possible.

The nondimensional results shown in Figure 2.2 have, of course, been obtained for a particular
pump. They would also be approximately valid for a range of different pump sizes so long as all
these pumps are geometrically similar and cavitation is absent. Thus, neglecting any change in per-
formance due to change in Reynolds number, the dynamically similar results in Figure 2.2 can be
applied to predicting the dimensional performance of a given pump for a series of required speeds.
Figure 2.3 shows such a dimensional presentation. It will be clear from the preceding discussion
that the locus of dynamically similar points in the H!Q field lies on a parabola since H varies as
Ω2 and Q varies as Ω.

EXAMPLE 2.1

A model centrifugal pump with an efficiency of 88% is tested at a rotational speed of 3000 rpm
and delivers 0.12 m3/s of water against a head of 30 m. Using the similarity rules given above,
determine the rotational speed, volume flow rate, and power requirement of a geometrically sim-
ilar prototype at eight times the scale of the model and working against a head of 50 m.

Solution
From the similarity laws, for the same head coefficient,
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pD

2
pÞ5Hm=ðΩ2

mD
2
mÞ

5.0

4.0

3.0

2.0

1.0

0.02 0.04 0.06
Flow coefficient, Q/(WD3)

Key: 2500 rpm
3500
4500
5000

H
ea

d 
co

ef
fic

ie
nt

gH
W

2 D
2

Note: gH m2/s2

          W rev/s
          Q m2/s
          D m

Observe deterioration in
performance at high speeds
(effect is due to cavitation)

FIGURE 2.2

Dimensionless head!volume characteristic of a centrifugal pump.
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where subscript m is for the model and p for the prototype. Hence,

Ωp 5Ωm
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! "
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! "1
2
5 30003
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Operating at the same volumetric flow coefficient,

Qp
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Finally, the power for the prototype can be determined assuming the efficiency is the same as
the model:

Pp 5
ρgQpHp

ηp
5 ð103 3 9:813 9:9143 50Þ=0:885 5:5263 106 5 5:536 MW

2.4 Compressible flow analysis
The application of dimensional analysis to compressible flow increases, not unexpectedly, the com-
plexity of the functional relationships obtained in comparison with those already found for
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Extrapolation of characteristic curves for dynamically similar conditions at Ω5 3500 rpm.
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Similarly to specific speed, to form the specific diameter, any pair of expressions in Eqs. (2.13a!c)
can be used to eliminate the speed, Ω. In the case of a pump, we divide ψ1/4 by Φ1/2. Thus,

Ds 5
ψ1=4
1

Φ1=2
1

5
DðgHÞ1=4

Q1=2
(2.17)

Equations (2.14), (2.15), and (2.17) are dimensionless. It is always safer and less confusing to cal-
culate specific speed and specific diameter in one or another of these forms rather than dropping the
factors g and ρ, which would make the equations dimensional and any values of specific speed or spe-
cific diameter obtained using them would then depend upon the choice of the units employed. The
dimensionless forms of Ωs (and Ωsp) and Ds are the only ones used in this book. Another point arises
from the fact that the rotational speed, Ω, can be expressed in rad/s, rev/s or rpm, and therefore,
although Ωs is dimensionless, numerical values of specific speed are sometimes specified in rev/s
rather than rad/s. In this book, unless otherwise stated, the speed of rotation is taken to be in rad/s.

The concept of specific speed just described is illustrated in Figure 2.7. This shows contours of
Ωs plotted as a function of flow coefficient, Φ, and head coefficient, ψ, using Eq. (2.14). Also plot-
ted on the same axes are typical characteristics of three types of hydraulic pumps. This plot demon-
strates how for a given type of machine, one value of Ωs passes through the operating point of peak
efficiency. In other words, once the specific speed is known, the machine type giving peak effi-
ciency can be determined. Figure 2.7 also shows how a low specific speed suits radial machines,
since these tend to give a high pressure change to a low mass flow rate. In contrast, axial flow
stages with widely spaced blades are suited to high specific speed applications because they impart
a small pressure change to a large mass flow rate.
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Contours of specific speed showing characteristics of various pump types.
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Given that specific speed is defined at the point of maximum efficiency of a turbomachine, it
becomes a parameter of great importance in selecting the type of machine required for a given
duty. The maximum efficiency condition replaces the condition of geometric similarity, so that any
alteration in specific speed implies that the machine design changes. Broadly speaking, each differ-
ent class of machine has its optimum efficiency within its own fairly narrow range of specific
speed. Figure 2.8 shows the ranges of specific speed appropriate to different types of turbomachine.
Once the specific speed at the design condition is found, a well-designed machine selected using
Figure 2.8 should give the maximum possible design efficiency.

EXAMPLE 2.3

a. A hydraulic turbine with a runner outside diameter of 4.31 m operates with an effective head,
H, of 543 m at a volume flow rate of 71.5 m3/s and produces 350 MW of shaft power at a
rotational speed of 333 rpm. Determine the specific speed, the specific diameter, and effi-
ciency of this turbine.
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Following Lewis, an interesting and useful alternative presentation of the Cordier diagram can
be made with ordinates Φ and ψ from the relationships already given. From Eqs (2.14) and (2.17),
we can derive the flow coefficient, Φ, and stage loading coefficient, ψ, as

Φ5 1=ðΩsD
3
s Þ (2.18)

ψ5 1=ðΩ2
sD

2
s Þ (2.19)

By introducing the Cordier line data into these last two equations and replotting this informa-
tion, a new and more definite shape of the optimum machine curves results, shown in Figure 2.10.
The new curve is clearly divided into two main parts with centrifugal pumps operating at a fairly
constant head coefficient at roughly ψ5 0.1 over a flow coefficient range of 0.001#Φ# 0.04 and
axial machines operating with a wide range of stage loading coefficients, 0.005#ψ# 0.05 and also
a wide range of Φ. Casey, Zwyssig, and Robinson (2010) show that the shape of the Cordier line
and the two distinct parts of the curve in Figure 2.10 are caused by the variation in centrifugal
effects in the different compressor types: In radial machines, almost all the pressure change is due
to the centrifugal effects generated by a change in flow radius, whereas these effects are absent in
axial machines (see Chapter 7).
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Cordier diagram for machine selection.
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Similarly to specific speed, to form the specific diameter, any pair of expressions in Eqs. (2.13a!c)
can be used to eliminate the speed, Ω. In the case of a pump, we divide ψ1/4 by Φ1/2. Thus,

Ds 5
ψ1=4
1

Φ1=2
1

5
DðgHÞ1=4

Q1=2
(2.17)

Equations (2.14), (2.15), and (2.17) are dimensionless. It is always safer and less confusing to cal-
culate specific speed and specific diameter in one or another of these forms rather than dropping the
factors g and ρ, which would make the equations dimensional and any values of specific speed or spe-
cific diameter obtained using them would then depend upon the choice of the units employed. The
dimensionless forms of Ωs (and Ωsp) and Ds are the only ones used in this book. Another point arises
from the fact that the rotational speed, Ω, can be expressed in rad/s, rev/s or rpm, and therefore,
although Ωs is dimensionless, numerical values of specific speed are sometimes specified in rev/s
rather than rad/s. In this book, unless otherwise stated, the speed of rotation is taken to be in rad/s.

The concept of specific speed just described is illustrated in Figure 2.7. This shows contours of
Ωs plotted as a function of flow coefficient, Φ, and head coefficient, ψ, using Eq. (2.14). Also plot-
ted on the same axes are typical characteristics of three types of hydraulic pumps. This plot demon-
strates how for a given type of machine, one value of Ωs passes through the operating point of peak
efficiency. In other words, once the specific speed is known, the machine type giving peak effi-
ciency can be determined. Figure 2.7 also shows how a low specific speed suits radial machines,
since these tend to give a high pressure change to a low mass flow rate. In contrast, axial flow
stages with widely spaced blades are suited to high specific speed applications because they impart
a small pressure change to a large mass flow rate.
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2.6 Specific speed and specific diameter
The turbomachine designer is often faced with the basic problem of deciding what type of machine
will be the best choice for a given duty. At the outset of the design process, some overall require-
ments of the machine will usually be known. For a hydraulic pump, these would include the head
required, H, the volume flow rate, Q, and the rotational speed, Ω. In contrast, if a high-speed gas
turbine was being considered, the initial specification would probably cover the mass flow rate, _m,
the specific work, ∆h0, and the preferred rotational speed, Ω.

Two nondimensional parameters called the specific speed, Ωs, and specific diameter, Ds, are often
used to decide upon the choice of the most appropriate machine (see Balje (1981)). The specific
speed is derived from the nondimensional groups defined in Eqs. (2.3a!c) in such a way that the
characteristic diameter D of the turbomachine is eliminated. The value of Ωs gives the designer a
guide to the type of machine that will provide the normal requirement of high efficiency at the design
condition. Similarly, the specific diameter is derived from these groups by eliminating the speed, Ω.

Consider a hydraulic turbomachine with fixed geometry. As shown by Eq. (2.3b), there will be
a unique relationship between efficiency and flow coefficient if Reynolds number effects are negli-
gible and cavitation absent. If the maximum efficiency η5 ηmax occurs at a unique value of flow
coefficient Φ5Φ1 and corresponding unique values of ψ5ψ1 and P̂5 P̂1; it is possible to write

Q

ΩD3
5Φ1 5 constant (2.13a)

gH

Ω2D2
5ψ1 5 constant (2.13b)

P

ρΩ3D5
5 P̂1 5 constant (2.13c)

It is a simple matter to combine any pair of these expressions in such a way as to eliminate the
diameter. For a pump, the customary way of eliminating D is to divide Φ1=2

1 by ψ3=4
1 . Thus, at the

operating point giving maximum efficiency,

Ωs 5
Φ1=2
1

ψ3=4
1

5
ΩQ1=2

ðgHÞ3=4
(2.14)

where Ωs is called the specific speed. The term specific speed is justified only to the extent that Ωs

is directly proportional to Ω. It is sometimes referred to as a shape factor since its value charac-
terizes the shape of the machine required.

In the case of a hydraulic turbine, the power specific speed Ωsp is often used and it is defined by

Ωsp 5
P̂
1=2
1

ψ5=4
1

5
ΩðP=ρÞ1=2

ðgHÞ5=4
(2.15)

There is a simple connection between Ωs and Ωsp. By dividing Eq. (2.15) by Eq. (2.14), we
obtain, for a hydraulic turbine,

Ωsp

Ωs
5

ΩðP=ρÞ1=2

ðgHÞ5=4
ðgHÞ3=4

ΩQ1=2
5

P

ρgQH

! "1=2

5
ffiffiffi
η

p
(2.16)
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specified so that it passes as close as possible to the point of peak compressor efficiency. However,
its exact position is a matter of judgment for the compressor designer. The term stall margin is
often used to describe the relative position of the operating line and the surge line. There are sev-
eral ways of defining the surge margin (SM) and a fairly simple one often used is

SM5
ðprÞs 2 ðprÞo

ðprÞo
(2.12)

where (pr)o is a pressure ratio at a point on the operating line at a certain corrected speed Ω=
ffiffiffiffiffiffiffi
T01

p

and (pr)s is the corresponding pressure ratio on the surge line at the same corrected speed. With
this definition a surge margin of 20% would be typical for a compressor used within a turbojet
engine. Several other definitions of stall margin and their merits are discussed by Cumpsty (1989).

Turbines
Figure 2.6 shows a typical high-speed axial turbine characteristic. The behavior of turbines is very
different to that of compressors and this is reflected in the way the characteristic has been pre-
sented. Turbines are able to operate with a high-pressure ratio across each stage because the
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Characteristic map of a transonic fan for a civil aircraft jet engine.
(Based on data from Cornell, 1975)
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boundary layers on the surfaces of the turbine blades are accelerating and therefore stable. The
high-pressure ratios soon lead to choking in the turbine stator blades and therefore a fixed nondi-
mensional mass flow through the machine. Once the turbine stators are fully choked, the operating
point is independent of Ω=

ffiffiffiffiffiffiffi
T01

p
because the rotation of the blades has virtually no influence on

either the turbine pressure ratio or the nondimensional mass flow rate.
As shown by Figure 2.6, it is more revealing to plot the flow capacity and turbine efficiency as

a function of the turbine pressure ratio rather than the other way around, since it is usually the pres-
sure ratio across a turbine that is specified and, for a high-speed case, there is limited variation in
_m

ffiffiffiffiffiffiffi
T01

p
=p01 for different values of Ω=

ffiffiffiffiffiffiffi
T01

p
.

EXAMPLE 2.2

The compressor with the performance map shown in Figure 2.5 is tested at sea level on a sta-
tionary test bed on a day when the atmospheric temperature and pressure is 298 K and 101 kPa,
respectively. When running at its design operating point, the mass flow rate through the com-
pressor is measured as 15 kg/s and the rotational speed is 6200 rpm. Determine the mass flow
rate and rotational speed when the compressor is operating at the design operating point during
high altitude cruise with an inlet stagnation temperature of 236 K and an inlet stagnation pres-
sure of 10.2 kPa.
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Performance map of a 10-stage high-speed axial compressor.
(Adapted from Cline et al., 1983)
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The design pressure ratio of the compressor is 22. Using the compressor characteristic in
Figure 2.5, determine the compressor isentropic and polytropic efficiency at the design point.
Hence calculate the required power input at the cruise condition. Assume throughout for air that
γ5 1.4 and Cp5 1005 J/kg/K.

Solution
At cruise and during the test the compressor is operating at its design nondimensional operating
point. Therefore, all the nondimensional performance parameters of the compressor will be the
same at both conditions.
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4 AERODYNAMIC DESIGN OF AXIAL-FLOW COMPRESSORS 

f i  rBlade element 

,-Flow surface 

FIGURE 2.-Flow in circumferential plane. 

radial variations of these average values may 
then be written for continuity, energy addition, 
and equilibrium in the hub-to-tip or meridional 
plane (fig. 3). In essence, then, a combination of 
two-dimensional solutions in the two principal 
planes (circumferential and meridional) is used 
to approximate the complete three-dimensional 
flow. 

In applying this approach to compressor design, 
ccecond-order corrections are used to account for 
three-dimensional variations from this simpliiied 
flow picture. Experimentally obtained data are 
utilized to account for effects such as those 
arising from viscosity, time-unsteady flow, and 
blade-row interactions. Empirical limits are 
established for such aerodynamic factors as 
maximum permissible Mach number and blade 
loading. 

No rigorous theoretical justification of this 
simplified design approach can be made. It 
appears sufficient to state that comparatively 
excellent compressors can be and have been 
designed by simplified approaches such as these. 
In the absence of a more complete threedimen- 

FIGURE 3.-Flow in meridional plane. 

sional solution to the design problem, this quasi- 
three-dimensional approach has achieved general 
acceptance in the field. 
In practice, the aerodynamic design of a multi- 

stage axial-flow compressor may be considered to 
consist of three principal phases: 

(1) Determination of stage-velocity diagrams 
for design-point operation 

(2) Selection of stage blading 
(3) Determination of off-design performance 

The first part of the design involves the determi- 
nation of the various air velocities and flow angles 
from hub to tip at the inlet and outlet of each 
blade row, to best achieve the design-point require- 
ments of the compressor (i.e., pressure ratio and 
weight flow). The annular configuration (varia- 
tion of hub and tip contours through the compres- 
sor) is determined. Next, the blading is selected 
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Fig. 1 Hub-to-tip and blade-to-blade stream surfaces

methods used for 3D calculations and their limitations requires the ability to handle very complex geometries
and is best suited to unstructured grids. This type ofare discussed in Section 4.

The main modelling limitation for 3D calculations on method is discussed in Section 6.
single blade rows arises from the boundary conditions
applied at inlet and exit which have to be obtained from

2 THROUGHFLOW CALCULATIONSa throughflow calculation. This limitation has recently
been overcome by the advent of multistage 3D calcu-
lations which solve for a whole stage or for the whole Throughflow calculations remain the most important

tool of the turbomachinery designer. At the very outsetmachine with boundary conditions only being applied
at inlet and outlet, exactly as in a throughflow calcu- of the design process, after the annulus shape and mean

blade angles have been determined by a one-dimensionallation. However, because the real interaction between
blade rows is unsteady (owing to the relative rotation) calculation, the throughflow calculation will be used to

obtain the spanwise variations in flow angle at inlet andwhile most current calculations are steady, some model-
ling of the unsteady interaction is necessary. This should outlet to the blade rows. It may be used in the design

(or inverse) mode, in which the spanwise variation innot be thought of as a disadvantage of multistage 3D
calculations; it is merely that it is now possible to con- blade work is specified and the resulting velocity distri-

bution and blade inlet and exit angles are predicted, ortemplate some approximate modelling of the unsteady
interaction which was not even thought about in pre- in the direct (or analysis) mode, when the blade exit

angles are specified and the velocity distribution andvious methods. Methods of doing this are the subject of
active development and are discussed in Section 5. blade inlet flow angles are predicted. The analysis mode

can also be used for off-design performance prediction,All modelling limitations (except turbulence) are
removed if the 3D unsteady flow through multiple blade in which case all blade angles are assumed to be known.

A review of throughflow calculation methods, cover-rows can be calculated. This is just becoming possible
but requires too much computer power to be usable for ing both theory and application, was carried out by

Hirsch and Denton in 1981 [2]. Although this review isroutine design work. Two-dimensional unsteady calcu-
lations or 3D calculations for a limited number of blade 16 years old, little has changed in the meanwhile. The

streamline curvature method remains the dominantpassages are more affordable and are mainly used for
estimating the unsteady forces on blades. In the foresee- numerical scheme because of its simplicity and ability to

cope with mixed subsonic–supersonic flow. The onlyable future it will be possible to calculate the 3D
unsteady flow through the complete annulus of a whole alternative numerical method commonly used is the

stream function method [3]. This effectively solves themachine with many blade rows. The accuracy of such
calculations will, however, be limited by the limitations same equations as the streamline curvature method but

uses an axisymmetric stream function rather than solvingof turbulence and transition modelling for many years
to come, if not for ever. directly for the primary variables. In principle this sim-

plifies the numerics because the continuity equation isAs the flow through the primary flow path becomes
more and more predictable, that in secondary flow paths, satisfied via the boundary conditions of the specified

stream function on the hub and casing rather than bysuch as tip leakage flows, cavity flows, cooling flows and
bleed flows, becomes increasingly important. Calculation an iteration. However, the stream function method

encounters severe problems when the flow becomes tran-of such flows and their interaction with the primary flow
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FIGURE 1400.-Comparison of basic thickness distributions for conventional compressor blade sections. 
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FIQURE 141.-Zero-camber minimum-loss incidence angle 
angle for 10-percent-thick C.4 profile. Solidity, 1.0 
(ref. 192, pt. I). 

are also available for the C-series parabolic-arc 
blades (refs. 40, 192, 200, and 201) and the 
NACA 65-(AI)-series blade (ref. 123); but, in 
view of the limited use of these forms in current 
practice, no attempt was made at this time to 
deduce corresponding incidenceangle rules for 
these blades. 

Effect of blade maximum thickness.-As indi- 
cated previously, some correction (expressed 
here in terms of (KJt ,  eq. (262)) of the base 
values of (io)lo obtained from the 10-percent- 
thick 66series blades in figure 137 should exist 
for other values of blade maximum-thickness 
ratio. According to the theory of the zero- 
camber effect, (&)# should be zero for zero 
thickness and increase as maximum blade thick- 
ness is increased, with a value of 1 .O for a thickness 
ratio of 0.10. Although the very limited low- 

speed data obtained from blades of variable 
thickness ratio (refs. 202 and 203) are not com- 
pletely definitive, it was possible to establish a 
preliminary thickness-correction factor for ref- 
erence zero-camber incidence angle as indicated 
in figure 142 for use in conjunction with equation 
(262). 

Effect of inlet Mach number.--The previous 
correlations of reference minimum-loss incidence 
angle have all been based on low-speed-cascade 
data. It appears from limited highapeed data, 
however, that minimum-loss incidence angle will 
vary with increasing inlet Mach number for 
certain blade shapes. 

The variations of minimum-loss incidence angle 
with inlet Mach number are plotted for several 
blade shapes in figures 143 and 144. The extension 
of the test data points to lower values of inlet Mach 
number could not generally be made because of 
reduced Reynolds numbers or insufficient points 
to establish the reference location at the lower 
Mach numbers. In some instances, however, it 
was possible to obtain low-apeed values of inci- 
dence angle from other sources. 

The blades of Sgure 143 show essentially no 
variation of minimum-loss incidence angle with 
inlet Mach number, at least -p  to a Mach number 
of about 0.8. The blades ol: figure 144, however, 
evidence a marked increase in incidence angle with 
Mach number. The difference in th8 variation of 
minimum-loss incidence angle with Mach number 
in figures 143 and 144 is associated with the 
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Results of an unpublished analysis of cascade 
losses in terms of the momentum thickness of the 
blade wake (as suggested in ref. 156) indicate 
that a local diffus ammeter in the form given 
previously or in 
satisfactorily correlate expe 
data.' The term 'local diffusion parameter" is 
used to indicate that a knowledge of the maximum 
local surface velocity is required. The correla- 
tion obtained be tween calculated wake momen- 
tum-thickness ratio O*/c and local diffusion 
factor given by 

(265) vmU2-v' 
V- D l O C =  

obtained for the NACA 65-(Al,)-series cascade 
sections of reference 39 at reference incidence 
angle is shown in figure 146. Values of wake 
momentum-thickness ratio for these data were 
computed from the reported wake coefficient 
values according to methods similar to those 
discussed in reference 156. Unfortunately, blade 
surface velocity-distribution data are not available 
for the determination of the diffusion factor for 
other conventional blade shapes. 

Local diffusion facto;, 

FIQUBE 146.-Variation of computed wake momentum- 
thickness ratio with local diffusion factor at reference 
incidence angle for low-speed-cascade data of NACA 
65-(A,0) 10 blades (ref. 39). 

The correlation of figure 146 indicates the 
general validity of the basic diffusion hypothesis. 
At high values of diffusion (greater than about 
0.5), a separation of the suction-surface boundary 
layer is suggested by the rapid rise in the momen- 
tum thickness. The indicated nonzero value of 
momentum thickness at zero diffusion represents 
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Compressor Blade Caseades by sepplour Liebein. NACA RM E67A28.1957. 
Expe-mtal Low-Speed IAXS a d  Stall Charaoteristie Of W0-D 

the basic friction loss (surface shear stress) of the 
flow and also, to a smaller extent, the effect of 
the finite trailing-e thickness. The correla- 
tion of figure 146 indicates that wake 
momentum-thickness ratio at reference incidence 
angle can be estimated from the computed local 
diffusion factor for a wide range of solidities, 
cambers, and inlet-air angles. The loss relations 
of equation (264) and reference 156 can then be 
used to compute the resulting loss in the total 
pressure. 

Velocity diffusion based on over-all velocities,- 
In order to include the cases of blade shapes for 
which velocity-distribution data are not available, 
a diffusion parameter has been established in 
reference 9 that does not require a specific knowl- 
edge of the peak local suction-surface velocity. 
Although originally derived for use in compressor 
design and analysis, the diffusion factor of refer- 
ence 9 can also be applied in the analysis of cascade 
losses. The diffusion factor of reference 9 at- 
tempts, through several simplifying approxima- 
tions, to express the local diffusion on the blade 
suction surface in terms of over-all (inlet or outlet) 
velocities or angles, quantities that are readily 
determined. The basis for the development of 
the over-all diffusion factor is presented in detail 
in reference 9 and is indicated briefly in figure 147. 
The diffasion factor is given by 

which, for incompressible two-dimensional-cascade 
flow, becomes 

As in the case of the local diffusion factor, the 
diffusion factor of equation (266) is restricted to 
the region of minimum loss. 

Cascade total-pressure losses at reference mini- 
mum-loss incidence angle are presented in refer- 
ence 9 as a function of diffusion factor for the 
blades of reference 39. In a further unpublished 
analysis, a composite plot of the variation of 
computed wake momentum-thickness ratio with 
D at reference minimum-loss incidence angle was 
obtained from the available systematic cascade 
data (refs. 39 and 192) as shown in figure 148.' 
Blade maximum thickness was 10 percent in all 
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the basic friction loss (surface shear stress) of the 
flow and also, to a smaller extent, the effect of 
the finite trailing-e thickness. The correla- 
tion of figure 146 indicates that wake 
momentum-thickness ratio at reference incidence 
angle can be estimated from the computed local 
diffusion factor for a wide range of solidities, 
cambers, and inlet-air angles. The loss relations 
of equation (264) and reference 156 can then be 
used to compute the resulting loss in the total 
pressure. 

Velocity diffusion based on over-all velocities,- 
In order to include the cases of blade shapes for 
which velocity-distribution data are not available, 
a diffusion parameter has been established in 
reference 9 that does not require a specific knowl- 
edge of the peak local suction-surface velocity. 
Although originally derived for use in compressor 
design and analysis, the diffusion factor of refer- 
ence 9 can also be applied in the analysis of cascade 
losses. The diffusion factor of reference 9 at- 
tempts, through several simplifying approxima- 
tions, to express the local diffusion on the blade 
suction surface in terms of over-all (inlet or outlet) 
velocities or angles, quantities that are readily 
determined. The basis for the development of 
the over-all diffusion factor is presented in detail 
in reference 9 and is indicated briefly in figure 147. 
The diffasion factor is given by 

which, for incompressible two-dimensional-cascade 
flow, becomes 

As in the case of the local diffusion factor, the 
diffusion factor of equation (266) is restricted to 
the region of minimum loss. 

Cascade total-pressure losses at reference mini- 
mum-loss incidence angle are presented in refer- 
ence 9 as a function of diffusion factor for the 
blades of reference 39. In a further unpublished 
analysis, a composite plot of the variation of 
computed wake momentum-thickness ratio with 
D at reference minimum-loss incidence angle was 
obtained from the available systematic cascade 
data (refs. 39 and 192) as shown in figure 148.' 
Blade maximum thickness was 10 percent in all 
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momentum-thickness ratio for these data were 
computed from the reported wake coefficient 
values according to methods similar to those 
discussed in reference 156. Unfortunately, blade 
surface velocity-distribution data are not available 
for the determination of the diffusion factor for 
other conventional blade shapes. 

Local diffusion facto;, 

FIQUBE 146.-Variation of computed wake momentum- 
thickness ratio with local diffusion factor at reference 
incidence angle for low-speed-cascade data of NACA 
65-(A,0) 10 blades (ref. 39). 

The correlation of figure 146 indicates the 
general validity of the basic diffusion hypothesis. 
At high values of diffusion (greater than about 
0.5), a separation of the suction-surface boundary 
layer is suggested by the rapid rise in the momen- 
tum thickness. The indicated nonzero value of 
momentum thickness at zero diffusion represents 

aA later analysis of cascade totfd-pressure losses is given in Andy& of 

Compressor Blade Caseades by sepplour Liebein. NACA RM E67A28.1957. 
Expe-mtal Low-Speed IAXS a d  Stall Charaoteristie Of W0-D 

the basic friction loss (surface shear stress) of the 
flow and also, to a smaller extent, the effect of 
the finite trailing-e thickness. The correla- 
tion of figure 146 indicates that wake 
momentum-thickness ratio at reference incidence 
angle can be estimated from the computed local 
diffusion factor for a wide range of solidities, 
cambers, and inlet-air angles. The loss relations 
of equation (264) and reference 156 can then be 
used to compute the resulting loss in the total 
pressure. 

Velocity diffusion based on over-all velocities,- 
In order to include the cases of blade shapes for 
which velocity-distribution data are not available, 
a diffusion parameter has been established in 
reference 9 that does not require a specific knowl- 
edge of the peak local suction-surface velocity. 
Although originally derived for use in compressor 
design and analysis, the diffusion factor of refer- 
ence 9 can also be applied in the analysis of cascade 
losses. The diffusion factor of reference 9 at- 
tempts, through several simplifying approxima- 
tions, to express the local diffusion on the blade 
suction surface in terms of over-all (inlet or outlet) 
velocities or angles, quantities that are readily 
determined. The basis for the development of 
the over-all diffusion factor is presented in detail 
in reference 9 and is indicated briefly in figure 147. 
The diffasion factor is given by 

which, for incompressible two-dimensional-cascade 
flow, becomes 

As in the case of the local diffusion factor, the 
diffusion factor of equation (266) is restricted to 
the region of minimum loss. 

Cascade total-pressure losses at reference mini- 
mum-loss incidence angle are presented in refer- 
ence 9 as a function of diffusion factor for the 
blades of reference 39. In a further unpublished 
analysis, a composite plot of the variation of 
computed wake momentum-thickness ratio with 
D at reference minimum-loss incidence angle was 
obtained from the available systematic cascade 
data (refs. 39 and 192) as shown in figure 148.' 
Blade maximum thickness was 10 percent in all 
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momentum-thickness ratio for these data were 
computed from the reported wake coefficient 
values according to methods similar to those 
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for the determination of the diffusion factor for 
other conventional blade shapes. 

Local diffusion facto;, 

FIQUBE 146.-Variation of computed wake momentum- 
thickness ratio with local diffusion factor at reference 
incidence angle for low-speed-cascade data of NACA 
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the basic friction loss (surface shear stress) of the 
flow and also, to a smaller extent, the effect of 
the finite trailing-e thickness. The correla- 
tion of figure 146 indicates that wake 
momentum-thickness ratio at reference incidence 
angle can be estimated from the computed local 
diffusion factor for a wide range of solidities, 
cambers, and inlet-air angles. The loss relations 
of equation (264) and reference 156 can then be 
used to compute the resulting loss in the total 
pressure. 

Velocity diffusion based on over-all velocities,- 
In order to include the cases of blade shapes for 
which velocity-distribution data are not available, 
a diffusion parameter has been established in 
reference 9 that does not require a specific knowl- 
edge of the peak local suction-surface velocity. 
Although originally derived for use in compressor 
design and analysis, the diffusion factor of refer- 
ence 9 can also be applied in the analysis of cascade 
losses. The diffusion factor of reference 9 at- 
tempts, through several simplifying approxima- 
tions, to express the local diffusion on the blade 
suction surface in terms of over-all (inlet or outlet) 
velocities or angles, quantities that are readily 
determined. The basis for the development of 
the over-all diffusion factor is presented in detail 
in reference 9 and is indicated briefly in figure 147. 
The diffasion factor is given by 

which, for incompressible two-dimensional-cascade 
flow, becomes 

As in the case of the local diffusion factor, the 
diffusion factor of equation (266) is restricted to 
the region of minimum loss. 

Cascade total-pressure losses at reference mini- 
mum-loss incidence angle are presented in refer- 
ence 9 as a function of diffusion factor for the 
blades of reference 39. In a further unpublished 
analysis, a composite plot of the variation of 
computed wake momentum-thickness ratio with 
D at reference minimum-loss incidence angle was 
obtained from the available systematic cascade 
data (refs. 39 and 192) as shown in figure 148.' 
Blade maximum thickness was 10 percent in all 
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the basic friction loss (surface shear stress) of the 
flow and also, to a smaller extent, the effect of 
the finite trailing-e thickness. The correla- 
tion of figure 146 indicates that wake 
momentum-thickness ratio at reference incidence 
angle can be estimated from the computed local 
diffusion factor for a wide range of solidities, 
cambers, and inlet-air angles. The loss relations 
of equation (264) and reference 156 can then be 
used to compute the resulting loss in the total 
pressure. 

Velocity diffusion based on over-all velocities,- 
In order to include the cases of blade shapes for 
which velocity-distribution data are not available, 
a diffusion parameter has been established in 
reference 9 that does not require a specific knowl- 
edge of the peak local suction-surface velocity. 
Although originally derived for use in compressor 
design and analysis, the diffusion factor of refer- 
ence 9 can also be applied in the analysis of cascade 
losses. The diffusion factor of reference 9 at- 
tempts, through several simplifying approxima- 
tions, to express the local diffusion on the blade 
suction surface in terms of over-all (inlet or outlet) 
velocities or angles, quantities that are readily 
determined. The basis for the development of 
the over-all diffusion factor is presented in detail 
in reference 9 and is indicated briefly in figure 147. 
The diffasion factor is given by 

which, for incompressible two-dimensional-cascade 
flow, becomes 

As in the case of the local diffusion factor, the 
diffusion factor of equation (266) is restricted to 
the region of minimum loss. 
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the basic friction loss (surface shear stress) of the 
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the finite trailing-e thickness. The correla- 
tion of figure 146 indicates that wake 
momentum-thickness ratio at reference incidence 
angle can be estimated from the computed local 
diffusion factor for a wide range of solidities, 
cambers, and inlet-air angles. The loss relations 
of equation (264) and reference 156 can then be 
used to compute the resulting loss in the total 
pressure. 

Velocity diffusion based on over-all velocities,- 
In order to include the cases of blade shapes for 
which velocity-distribution data are not available, 
a diffusion parameter has been established in 
reference 9 that does not require a specific knowl- 
edge of the peak local suction-surface velocity. 
Although originally derived for use in compressor 
design and analysis, the diffusion factor of refer- 
ence 9 can also be applied in the analysis of cascade 
losses. The diffusion factor of reference 9 at- 
tempts, through several simplifying approxima- 
tions, to express the local diffusion on the blade 
suction surface in terms of over-all (inlet or outlet) 
velocities or angles, quantities that are readily 
determined. The basis for the development of 
the over-all diffusion factor is presented in detail 
in reference 9 and is indicated briefly in figure 147. 
The diffasion factor is given by 

which, for incompressible two-dimensional-cascade 
flow, becomes 

As in the case of the local diffusion factor, the 
diffusion factor of equation (266) is restricted to 
the region of minimum loss. 

Cascade total-pressure losses at reference mini- 
mum-loss incidence angle are presented in refer- 
ence 9 as a function of diffusion factor for the 
blades of reference 39. In a further unpublished 
analysis, a composite plot of the variation of 
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obtained from the available systematic cascade 
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the basic friction loss (surface shear stress) of the 
flow and also, to a smaller extent, the effect of 
the finite trailing-e thickness. The correla- 
tion of figure 146 indicates that wake 
momentum-thickness ratio at reference incidence 
angle can be estimated from the computed local 
diffusion factor for a wide range of solidities, 
cambers, and inlet-air angles. The loss relations 
of equation (264) and reference 156 can then be 
used to compute the resulting loss in the total 
pressure. 

Velocity diffusion based on over-all velocities,- 
In order to include the cases of blade shapes for 
which velocity-distribution data are not available, 
a diffusion parameter has been established in 
reference 9 that does not require a specific knowl- 
edge of the peak local suction-surface velocity. 
Although originally derived for use in compressor 
design and analysis, the diffusion factor of refer- 
ence 9 can also be applied in the analysis of cascade 
losses. The diffusion factor of reference 9 at- 
tempts, through several simplifying approxima- 
tions, to express the local diffusion on the blade 
suction surface in terms of over-all (inlet or outlet) 
velocities or angles, quantities that are readily 
determined. The basis for the development of 
the over-all diffusion factor is presented in detail 
in reference 9 and is indicated briefly in figure 147. 
The diffasion factor is given by 

which, for incompressible two-dimensional-cascade 
flow, becomes 

As in the case of the local diffusion factor, the 
diffusion factor of equation (266) is restricted to 
the region of minimum loss. 

Cascade total-pressure losses at reference mini- 
mum-loss incidence angle are presented in refer- 
ence 9 as a function of diffusion factor for the 
blades of reference 39. In a further unpublished 
analysis, a composite plot of the variation of 
computed wake momentum-thickness ratio with 
D at reference minimum-loss incidence angle was 
obtained from the available systematic cascade 
data (refs. 39 and 192) as shown in figure 148.' 
Blade maximum thickness was 10 percent in all 
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FIQURE 147.-Basis of development of diffusion factor 
for cascade flow from reference 9. D=v"'az-v2 
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cases. A separation of the suction-surface 
boundary layer at high blade loading is indicated 

AXIAL-FLOW COMPRESSORS 

v) .06 
In W e 1 
32.04 
s .P 

E 

Ta3 

c- 
e 0.02 

r: 
W L  

0 .I .2 3 .4 .5 .6 .7 .8 
Diffusion factor,D 

FIQUBE 148.-Variation of computed wake momentum- 
thickness ratio with overall diffusion factor at reference 
incidence angle for low-speed systematic cascade data 
of references 39 and 192. Blade maximum-thickness 
ratio, 0.10; Reynolds number, =2.5X 1W. 

by the increased rise in the wake momentum 
thickness for values of diffusion factor greater 
than about 0.6. 

For situations in which the determination of 
a wake momentum-thickness ratio cannot be made, 
a significant loss analysis may be obtained if a 
simplified total-pressure-loss parameter is used 
that closely approximates the wake thickness. 
Since the terms within the braces of equation 
(264) are generally secondary factors, a loss pa- 

rameter of the form Ul 2 (sy should con- 

stitute a more fundamental expression of the basic 
Ioss across a blade element than the loss coefficient 
alone. The effectiveness of this substitute loss 
parameter in correlating two-dimensional-cascade 
losses is illustrated in figure 149(a) for all the data 
for the NACA 65- (A,,)-series blades of reference 
39. (Total-pressure-loss coefficients were com- 
puted for the data from relations given in ref. 9.) 
A generalized correlation can also be obtained in 
terms of ;J1 ~ B Z ,  2u aa shown in figure 149@), but 

its effectiveness as a separation indicator does not 
appear to be as good. Such generalized loss 
parameters are most effective if the wake form 
does not vary appreciably among the various 
data considered. 

Effect of blade maximum thickness.-Since an 
increase in blade maximum-thickness ratio in- 
creases the magnitude of the surface velocities 
(and therefore the diffusion), higher values of 
wake momentum-thickness ratio would be expected 
for thicker blades. From an analysis of limited 
available data on varying blade maximum- 
thickness ratio (refs. 202 and 203), it appears that 
the effect of blade thickness on wake momentum- 
thickness ratio is not large for conventional 
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thickness ratio. Values of the intercept term 6; 
and the slope term m were obtained by fitting a 
straight line to each data plot of reference equiva- 
lent deviation angle against equivalent camber 
angle for a fixed solidity and air inlet angle. The 
straight lines were selected so that both a satis- 
factory representation of the variation of the data 
points and a consistent variation for the resulting 
6: and m values were obtained. The extrap- 
olation of the values of m to &=O was guided 
by the data for the 65-(12Alo)10 blade at  solidities 
of and 1.5 reported in the cascade ,-,uidevane 
investigation of reference 213 (for an aspect ratio 
of 1, as in ref. 39). 

For the deviation-angle rule as given by equa- 
tion (269), deduced values of ms=l and exponent 
b as functions of inlet-air angle are presented in 
figures 163 and 164. The deduced rule values 
(eq. (268) or (269)) and the observed data points 
are compared in figure 165 to indicate the effective- 
ness of the deduced representations. The flagged 
symbols in the high-camber range in the figure 
represent blade configurations for which boundary- 
layer separation is indicated (D  greater than about 
0.62). In view of the higher loss levels for this 
condition, an increase in the magnitude of the 

6:= (Ka)a(Kd) t(8:)lo (271) deviation angle is to be expected compared with 
the values extrapolated from the smaller cambers 

where (Sz)lo represents the basic variation for the for which a lower loss level existed. 
10-percent-thick 65-series thickness distribution, C-Series circular-arc blades.-In view of the 
(Kdsn represents any correction necessary for a absence of systematic cascade data for the C- 
blade shape with a thickness distribution different circular-arc blade, an accurate determination 
from that of the 65-series blade, and (Kd repre- of the rule constants cannot be made for this blade 
sents any correction necessary for maximum blade shape. However, a preliminary relation can be 
thicknesses other than 10 percent. (For 8 10- deduced on the basis of limited data. It appears 
percent-thick 65-series blade, (Kdt and ( K a > s n  are that, for the uncambered C.4 section (ref. 192), if 
equal to 1.1 The Problem, therefore, is reduced a value of (&)rb equal to 1.1 (as for the determi- 
to finding the ValUes of m, b, and 6: (though eq. nation of &) is used, a satisfactory comparison 
(271)) as fUIlCtiOnS Of the pertinent variables in- between predicted and observed 6; values is 
volved for the various blade shapes considered. obtained. 

NACA 65- (Alo)-.series blades.-From an exam- The characteristic number mu-l in the devia- 
ination of the plots of equivalent deviation angle tion-angle design rule of equation (269) for a 
against equivalent camber angle a t  reference given blade mean line corresponds to the value of 
minimum-loss incidence angle obtained from the (a0-66o,)/(p at  a solidity of unity. Cascade data 
cascade data, values of zero-camber deviation for a C.4 circular-arc profile obtained from tunnels 
angle can be determined by extrapolation. The with good boundary-layer control are presented 
deduced plots of zero-camber deviation angle in references 167 (pt. I) and 199 for a solidity of 

and slope term m as functions of solidity 1.0 for &=30°, 42.5O, 45O, and 60°. Values of 
and air-inlet angle are presented in figures 161 and (60-660,)/(p were computed for these blades accord- 
162 for these blades. The subscript 10 indicates ing to the s", variations of figure 161. A value of 
that the values are for 10-percent maximum- mu-l for &=Oo was obtained from the per- 

10 20 30 40 50 60 
Blade -chord angle, yo, deg 

FIGUBE 16O.---Variation of faetor m, in Carter's deviation- 
angle rule (ref. 88). 

ensuing correlations, both forms of the deviation- 
angle relation (eqs. (268) and (269)) are used, 
since each has a particular advantage. Equation 
(268), with m plotted as a function of #?, and u, 
is easier to use for prediction, especially if the 
calculation of a required camber angle is involved. 
Equation (269) may be better for extrapolation 
and for comparison with Carter's rule. 

As in the case for the zero-camber reference 
minimum-loss incidence angle, the zero-camber 
deviation angle can be represented as a function 
of blade thickness as 
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Inlet-air angle, p,  , deg 

FIGUEE 161.--Zero-camber deviation angle at reference minimum-loss incidence angle deduced from low-speed-crtscade 
data for 10-percent-thick NACA 65-(A1,+seriea blades (ref. 39). 

formance data of a free-stream circular-arc inlet 
guide vane presented in reference 214. These 
values of m are plotted in figure 166 against inlet- 
air angle, and the proposed variation of mopl 
for the circular-arc mean line is shown by the 
solid line. 

In the absence of data covering a range of 
solidities, it is assumed that the solidity exponent 
b in the deviation-angle rule of equation (269) is 
independent of the profle shape and will therefore 
also be applicable for the circular-arc mean line. 
This assumption agrees with limited experimental 
data. The variation of ratio of deviation angle to 
camber angle obtained from constant-thickness 
circular-arc guidevane sections of reference 2 15 
(6z=Oo for guide vanes) over a wide range of 
solidities is shown in figure 167. A computed 

variation based on values of b and mn=l obtained 
from figures 164 and 166, respectively, is shown 
in the figure by the solid line. A satisfactory 
agreement with these circular-arc data is thus 
demonstrated for the vdue of b obtained from the 
65-series data. On the basis of these results, 
deduced curves of m against B1 for a range of 
solidities (for use in conjunction with eq. (268)) 
were computed for the C-series circular-arc blade 
as indicated in figure 168. 

Double-circular-arc blades.-Although limited 
data are available for the double-circular-arc blade 
(refs. 40 and 197), it was felt that these data could 
not be reliably utilized in the construction of a 
deviation-angle rule because of the questionable 
two-dimensionality of the respective test tunnels. 
However, since the Cseries and the double- 
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FIGURE 162.-Deduced variation of slope factor m in deviation-angle rule for NACA 65-(A+~ieries blades aa equivalent 
circular arc. 

circular-arc blades differ only in thickness distribu- 
tion, it is reasonable to expect that, as in the case 
of the reference-incidence-angle correlations, only 
the zero-camber deviation angles will be materially 
affected. Therefore, the slope-term value m 
deduced for the C-series circular-arc blade (fig. 
168) might also be used for the double-circular-arc 
blade, but the 6; v 
arbitrarily selected 

circular-arc blade. 
Comparison of rules.-In view of the widespread 

use of Carter’s rule (eq. (270) with fig. 160) for 

predicting the deviation angle of circular-arc- 
mean-line blades, some results obtained from the 
use of Carter’s rule were compared with the de- 
duced rule of equation (269) with figures 161, 164, 
and 166. The principal difference between the 
two rules occurs in the blade orientation parameter 
used for the m variation and in the 6; and b varia- 
tions. The value of the solidity exponent of % in 

lim- 
a. Carter, in a later work pro- 

ca tes 
values close to 1 for accelerating cascades and close 
to X for decelerating cascades. The variation of 
b obtained from the NACA 65-(Alo)-series blades 

tion (270) was originally obtained 
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Inlet-air angle, PI , deg 

FIGUBZ 163.-Value of m,,=l in deviation-angle rule for 65-(Ajo)-series blades aa equivalent circular arc (deduced from 
data of ref. 39). 
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FIGURE 164.-Value of solidity exponent b in deviation-angle rule (eq. (269)) (deduced from data for 65-(Alo)-series blades 
in ref. 39). 
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Equivolent 

(a) Solidity, 0.5 and 0.75. 
(c) Solidity, 1.25. 

(b) Solidity, 1.0. 
(d) Solidity, 1.5. 

FIGURE 165.-Comparison between data values and deduced rule values of reference minimum-lo= deviation angle for 
NACA 65-(A3lO-i3eries blades as equivalent circular arc (data from ref. 39). 

as equivalent ckwlar arcs in figure 164 essentially 
confirms this trend. Actually, the deviation-angle 
rule in the form of equation (269) constitutes a 
modification of Carter’s rule. 

In addition to the basic differences between the 
rules in the magnitudes of the m, b, and 6; values, 
it is noted that Carter’s rule was originally devel- 
oped for the condition of nominal incidence angle, 
whereas the modified rule pertains to the reference 
minimum-loss incidence angle. However, since 
Carter’s rule has frequently been used over a wide 
range of reference angle in its application, both 
rules were evaluated, for simplicity, for the refer- 
ence minimum-loss incidence angle. 
An illustrative comparison of predicted reference 

deviation angle as obtained from CarterIs rule and 
the modified rule for a -lO-percent-thick, thick- 
nosed circular-arc blade is shown by the calculated 
results in figure 169 for ranges of camber angle, 
solidity, and inlet-air angle. Deviation angles in 
figure 169 were restricted to cascade configurations 
producing values of diifusion factor less than 0.6. 

Blade-chord angle for Carter’s rule was computed 
from the equation 

(272) y0=p1-2-- * Q  
2 

Reference incidence angle was determined from 
equations (261) and (262) and figures 137 and 138. 

The plots of figure 169 show that, in practically 
all cases, the deviation angles given by the modi- 
fied rule are somewhat greater in magnitude than 
those predicted by Carter’s rule for the 10-percent- 
thick blade. This is particularly true for the high 
inlet-air angles. Thus, greater camber angles are 
required for a given turning angle amrding to 
the modified rule. Differences are even less for 
the double-circular, arc blade, as indicated in figure 
170, since the 60, values are smaller for these blades. 
However, it should be kept in mind that the 
magnitude of the factors in the modified rule are 
proposed values based on limited data. Further 
research is required to establish the modified rule 
on a firmer foundation. 
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FIGURE 172.-Deduced maximum-thickness correction for zero-camber reference minimum-loss deviation angle (eq. (271)). 
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Blade-chord Reynolds number, Re, 

(a) lOC4/25C50 blade. Solidity, 1.33; blade-chord angle, 
42.5' (ref. 40). 

(b) 10.5 2A/25C50 blade. Solidity, 1.33; blade-chord 
angle, 42.5' (ref. 40). 

(c) NACA 65-(12) 10 blade. Solidity, 1.5; inlet-air angle, 
45' (ref. 39). 

FIGURE 173.-Illustrative variations of reference deviation 
angle with Reynolds number. 

Blade-chord Reynolds number, Re, 

FIQUR~ 174.-Variation of deviation angle with Reynolds 
number for 10C4/40 P40 blade. Solidity, 1.33 (ref. 
183). 

constant solidity, the slope of deviation angle 
against incidence angle increases as the chord 
angle is increased. These trends indicate physi- 
cally that the greater the initial guidance effect 

FIGUBE 175.-Variation of reference deviation angle with 
Solidity, inlet Mach number for circular-arc blades. 

1.333; blade-chord angle, 42.5' (ref. 40). 

Inlet Mach number, MI 

(a) T1(18&La)08 blade. Solidity, 1.6 (ref. 207). 
(b) 65-(12Alo)10 blade. Solidity, 1.0; inlet-air angle, 45'; 

angle of attack, 16.5' (ref. 122). 
FIQUEE 176.-Vsriation of air-turning angle with inlet 

Mach number in region of minimum loss. 

(high solidity and low blade angle), the less 
sensitive the deviation angle is to changes in 
incidence angle. 

For analysis purposes, since the region of low 
loss is generally small, the variation of deviation 
angle with incidence angle for a given cascade 
geometry in the region of minimum loss can be 
represented as 

where (dSo/di),,, represents the slope of the 
deviation-angle variation at the reference incidence 
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FIGURE 151.- Variation of total-pressure-loss coefficient 
with blade-chord Reynolds number for parabolic-arc 
blade 10C4/40 P40. Inlet-air angle, 28" to 40"; 
solidity, 1.333 (ref. 183). 

at minimum loss with blade-chord Reynolds 
number for a large number of blade shapes is 
shown in figure 152. Identification data for the 
various blades included in the Sgure are given in 
the references. For the blades whose loss data are 
reported in terms of drag coefficient, conversion to 
total-pressure-loss coefficient was accomplished 
according to the cascade relations presented in 
reference 9. The effect of change in tunnel 
turbulence level through the introduction of 
screens is indicated for some of the blades. 

It is apparent from the curves in figure 152 that 
it is currently impossible to establish any one value 
of limiting Reynolds number that will hold for all 
blade shapes. (The term limiting Reynolds 
number refers to the value of Reynolds number at 
which a large rise in loss is obtained.) On the 
basis of the available cascade data presented in 
figure 152, however, it appears that serious trouble 
in the minium-loss region may be encountered 
at  Reynolds numbers below about 2.5X105. 
Carter in reference 190 places the limiting blade- 

ber based on outlet velocity 
at 1.5 to 2.0X105. Considering that outlet 
Reynolds number is less than inlet Reynolds 
number for decelerating cascades, this quoted 

value is in effective agreement with the value of 
limiting Reynolds number deduced herein. 

The desirability of conducting cascade investi- 
gations in the essentially flat range of the curve of 
loss coefficient ag nolds number in order 
to enhance the corr of data from various 
tunnels, as well as from the configurations 
of a given tunnel, is indicate cade operation 
in the flat range of Reynolds number may also 
yield a more significant comparison between 
observed and theoretically computed loss. Reyn- 
olds number and turbulence level should always 
be defined in cascade investigations. Furthermore, 
the development of some effective Reynolds 
number (ch. V) that attempfs to combine the 
effects of both blade-chord Reynolds number and 
turbulence should be considered for use as the 
independent variable. 

Effect of inlet Mach number.-In the previous 
correlations, attention was centered on the various 
factors affecting the loss of cascade blades for 

Blode-chord Reynolds number, Re, 

FIGURE 152.-Composite plot of loss coefficient against 
er in region of minimum l o s ~  
blade sections at low speed. 
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Blade-chord Reynolds number, Re, 

(a) lOC4/25C50 blade. Solidity, 1.33; blade-chord angle, 
42.5' (ref. 40). 

(b) 10.5 2A/25C50 blade. Solidity, 1.33; blade-chord 
angle, 42.5' (ref. 40). 

(c) NACA 65-(12) 10 blade. Solidity, 1.5; inlet-air angle, 
45' (ref. 39). 

FIGURE 173.-Illustrative variations of reference deviation 
angle with Reynolds number. 

Blade-chord Reynolds number, Re, 

FIQUR~ 174.-Variation of deviation angle with Reynolds 
number for 10C4/40 P40 blade. Solidity, 1.33 (ref. 
183). 

constant solidity, the slope of deviation angle 
against incidence angle increases as the chord 
angle is increased. These trends indicate physi- 
cally that the greater the initial guidance effect 

FIGUBE 175.-Variation of reference deviation angle with 
Solidity, inlet Mach number for circular-arc blades. 

1.333; blade-chord angle, 42.5' (ref. 40). 

Inlet Mach number, MI 

(a) T1(18&La)08 blade. Solidity, 1.6 (ref. 207). 
(b) 65-(12Alo)10 blade. Solidity, 1.0; inlet-air angle, 45'; 

angle of attack, 16.5' (ref. 122). 
FIQUEE 176.-Vsriation of air-turning angle with inlet 

Mach number in region of minimum loss. 

(high solidity and low blade angle), the less 
sensitive the deviation angle is to changes in 
incidence angle. 

For analysis purposes, since the region of low 
loss is generally small, the variation of deviation 
angle with incidence angle for a given cascade 
geometry in the region of minimum loss can be 
represented as 

where (dSo/di),,, represents the slope of the 
deviation-angle variation at the reference incidence 
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Outlet Mach number, M2- 

Fxau~m 156.--Correction factor Kc for calculation of 
total-pressure-loss coefficient for compressible flow on 
basts of incompressible equation (264) as determined 
from model wake form with power velocity profile. 

blade is currently impossible. At the moment, 
this pursuit is primarily an experimental one. Fam- 
ilies of curves of wake momentum thickness and 
form factor against diffusion factor are required 
(with appropriate definitions for subsonic or 
supersonic flow) as in figure 146 or 148 for a wide 
range of inlet Mach number. Analytically, a 
simple compressible relation is needed between 
O*/c and Z as a function of Mach number. 

DEVIATION-ANGLE ANALYSIS 
PRELIMINARY mfirsrs 

The correct determination of the outlet flow 
direction of a cascade blade element presents a 
problem, because the air is not discharged at the 
angle of the blade mean lime at the trailing edge, 
but at some angle 6" to it (fig. 124). Since the 
flow deviation is an expression of the guidance 
capacity of the passage formed by adjacent blades, 
it is expected that the cascade geometry (camber, 
thickness, solidity, and chord angle) will be the 
principal influencing factor involved. 

From cascade potential-flow theory (ref. 80, 
e.g.), it is found that the deviation angle increases 
with blade camber and chord angle and decreases 
with solidity. Weinig in reference 80 shows that 
the deviation angle varies linearly with camber for 
a given value of solidity and chord angle for 

at zero incidence. 

mum loss. 

angle is zero at  zero camber angle. However, 
analysis indicates that this is not the case for 
blades of conventional thicknesses. A recent 
theoretical demonstration of the existence of a 
positive value of zero-camber deviation angle ac- 
cording to potential-flow calculations is given by 
Schlichting in reference 193. The computed var- 
iation of zero-camber deviation angle for a con- 
ventional 10-percent-thick profile at zero incidence 
angle as obtained in the reference is shown in 
figure 158. 

It will be recalled from the discussion of the 
zero-camber minimum-loss incidence angle that, 
for the conventional staggered cascade (Oo<ro 
<goo) with finite blade thickness set a t  zero in- 
cidence angle, a greater magnitude of velocity 

Franx~ 157.-Theoretical variation of deviation-angle 
ratio for infinitely thin circular-arc sections at "impact- 
free-entry" 
theory of re 

691464 0-65-1s 
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essentially incompressible or low Mach number 
flow. Tests of cascade sections at higher Mach 
number levels have been relatively few, primarily 
because of the large power requirements and 
operational difliculties of high-veloci 
As a consequence, it has not been 
establish any empirical correlations that will permit 
the estimation of Mach number effects for con- 
ventional blade sections. The limited available 
dat.a indicate, however, that a marked rise in loss 
is eventually obtained as Mach number is in- 
creased. 

A typical example of the variation of total- 
pressure-loss coefficient with inlet Mach liwnber 
for a conventional cascade section at fixed inci- 
dence angle in the region of minimum loss is 
presented in figure 153(a). The inlet Mach 
number at which the sharp rise in loss occurs is 
referred to as the limiting Mach number. The 
variation of the wake profile downstream of the 
blade as Mach number is increased is shown in 
figure 153(b) to illustrate the general deterioration 
of the suction-surface flow. The flow deteriora- 
tion is the result of a separation of the suction- 
surface boundary layer induced by shock-wave 
and bound ary-layer interactions. 

Inview of the complex nature of the shock- 
wave development and its interaction effects, the 
estimation of the variation of minimum total- 
pressure loss with inlet Mach number for a given 
blade is currently impossible. At the moment, 
this pursuit must be primarily an experimental 
one. Schlieren photographs showing the forma- 
tion of shocks in a cascade are presented in ref- 
erences 41, 205, and 206, and detailed discussions 
of shock formations and high-speed performance 
of two-dimensional-cascade sections are treated 
in references 41, 205, and 207 to 209. Cascade 
experience (refs. 40 and 205) and theory (refs. 41, 
88, and 209) indicate that a location of the point 
of maximum thickness at about the 50-percent- 
chord position and a thinning of the blade leading 
and trailing edges are favorable for good high 
Mach number performance. The avoidance of a 
throat area within the blade passage is also 
indicated in order to minimize the effects of flow 
choking. Discussions of the choking problem 
are presented in references 203 and 208, and blade 
throat areas ar . for several blade shapes in 
references 123 0 to 212. The effects of 

Percent blade -spacing, s 

(a) Total-pressure-loss coefficient. 
(b) Blade wake. 

FIGURE 153.-Variation of cascade blade loss with inlet 
Mach number for NACA 6 5 4  12AlO) 10 blade in region of 
minimum loss (ref. 122). 

camber distribution on high Mach number per- 
formance are discussed extensively in the litera- 
ture (refs. 123, 200, and 201). Results indicate 
that, for the range of blade shapes and Mach 
numbers normally covered, camber distribution 
does not have a large effect on maximum Mach. 
number performanee as obtained in the two- 
dimensional cascade. 

SUMMABY 

From the foregoing correlations and considera- 
tions, the low-speed loss in total pressure of con- 
ventional two-dimensional-cascade sections can 
readily be estimated. If blade surface velocity 
distributions are available, the suction-surface 
local difFusion factor Dlac is determined according 
to equation (265) and a value of 6*/c is then 
selected from figure 146. In the absence of blade 
surface velocity data, the diffusion factor D is 
computed from over-all conditions by means of 
equation (54) and 6*/c is selected from Sgure 148. 
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Incidence angle, i, deg 

(a) C.4 Circular-arc blade. Camber angle, 25'; maximum- (c) Double-circular-arc blade. Camber angle, 25'; maxi- 
thickness ratio, 0.10; solidity, 1.333; blade-chord angle, mum-thickness ratio, 0.105; solidity, 1.333; blade-chord 
42.5' (ref. 40). (b) C.4 Parabolic-ard blade. Camber angle, 42.5' (ref- 40). (d) Sharp-nose blade. Camber 
angle, 25' ; maximum-thickness ratio, 0.10; solidity, angle, 27.5'; maximum-thickness ratio, 0.08; solidity, 
1.333; blade-chord angle, 37.6' (ref. 40). 1.15; blade-chord angle, 30' (ref. 205). 

FIGWRB 130.-Effect of inlet Mach number on loss characteristics of cascade blade sections. 

angle (as compared with the optimum or nominal 
incidence settings of ref. 196 or the design incidence 
setting of ref. 39) requires the use of only the loss 
variation and also permits the use of tke diffusion 
factor (applicable in region of minimum loss) as 
a measure of the blade loading. 

At this point, it should be kept in mind that 
the reference minimum-loss incidence angle is 
not necessarily to be considered as a recommended 
design point for 'aompressor application. The 
selection of the be& incidence angle for a par- 
ticular blade element in a multistage-compressor 
design is a function iof many considerations, such 
as the location of the blade row, the design Mach 
number, and the type and application of the design. 
In general, there is no one universal definition 
of design or best incidence angle. The cascade 

incidence ongle, I' ,deg 

F'IGURE 131.-Definition of reference minimum-loss iaci- 
dence angle. 

reference location is established primarily for 
purposes of analysis. 
Of the many blade shapes currently in use 

in compressor design practice (i.e., NACA 65- 
series, C-series circular arc, parabolic arc, double 
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ANALYSIS OF THE S-SHAPE DESIGN 
The impact of the shaping produced through the FFD 
optimization is discussed here in detail. The most notable 
feature generated by the optimization is the S-shape of the 
blade around mid-span. This acts to control the shock and 
provides several key benefits. This is discussed below in detail.  

  

 
FIGURE 15. RELATIVE MACH NUMBER CONTOUR 
COMPARISON AT 30% (a), 50% (b) AND 70% (c) SPAN 

 
Figure 15 shows relative Mach number plots of the datum 

and optimized designs at 30, 50 and 70% span. First, the S-
shape and its effect on the shock can clearly be seen. The shock 
impingement point on the blade has moved downstream and the 
shock shape has been significantly altered, making it more 
oblique. The point of the shock-induced separation that 
influences the blade wake has in turn moved downstream, and 
the amount of separated flow has been reduced.  

Suction surface static pressure contours in Figure 16 show 
how the shock position has moved downstream for the majority 
of the span, increasingly towards the tip. This trend is reflected 
in the spanwise distribution of efficiency benefit from the 
datum to optimized designs, shown in Figure 26 in Appendix 1. 
This highlights the effect that changes to the shock have on the 
blade efficiency.  

The contribution of the S-shape produced by FFD can be 
clearly identified in Figures 15-18. The S-shape protrudes into 
the passage around the shock region. The effect of this is to 
form a ‘pre-compression ramp’ that causes the flow to slightly 

increase in pressure and decrease in velocity. Figure 16 shows 
the large area of higher pressure from around 30-100% span 
before the shock.  

  
FIGURE 16. SUCTION SURFACE STATIC PRESSURE 
CONTOURS a) DATUM, b) OPTIMUM 

 

 
FIGURE 17. DATUM STATIC PRESSURE CONTOURS 

 
 

 
FIGURE 18. OPTIMIZED GEOMETRY STATIC PRESSURE 
CONTOURS SHOWING THE PRE-COMPRESSION EFFECT 
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Secondary flow structure within a blade passage.
(Adapted from Langston, 1980)
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Exit air angle from inlet guide vanes.
(Adapted from Horlock, 1963)
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Sweep and Lean

because there can be no fluid acceleration perpendicular to the endwalls. Given the normal pressure
gradient is small, if the blade sweep is such that moving perpendicularly away from the endwall is
moving towards a region with low loading (or where there is no blade) then at the endwall the load-
ing must also be low. Conversely, if moving perpendicularly from the endwall is moving rearward
in the blade to higher loading, the endwall loading must be high. Blades that are swept forward
towards the hub and casing will, therefore, have reduced loading at the leading edge, which can be
beneficial in reducing losses.

Lean
Lean is where a blade row is not stacked in the radial direction, as illustrated in Figure 6.24(b). It
is more applicable to stators than rotors, since the centrifugal stresses in a rotor will usually demand
radial stacking. The effect of lean is to introduce a radial component of the blade force, which acts
in addition to the radial pressure gradient and hence modifies the spanwise velocity field. For
example, if a stator blade row is leant with the pressure surface towards the hub, the static pressure
at the hub will be increased and the meridional velocity will be decreased. This effect has been
applied with great success in high aspect ratio steam turbines (Grant and Borthwick, 1987). In
these turbines, the hub reaction is very low and decreasing the hub velocity with lean increases this
reaction and can significantly improve efficiency.

Endwall profiling
Shaping the hub and casing annulus lines of a turbomachine can be applied to control blade velocity dis-
tributions by changing the local meridional curvature and by varying the annulus area. This is, strictly
speaking, a two-dimensional effect as it could be predicted by a through-flow method, and the flow field
can still be described with axisymmetric stream surfaces. However, endwall profiling in the meridional
plane will also affect 3D flow features and it can be applied to reduce secondary flow effects.

It is also possible to use nonaxisymmetric endwall profiling to reduce secondary flow effects.
Varying the endwall shape in the tangential direction modifies the endwall pressure distribution,
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The application of 3D design: (a) sweep and (b) lean.
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human factors and organisational issues carry equal weights and
deserve special considerations. The following three rules apply to a
successful deployment of ADO/MDO,

● Find an early adopter who will champion the new technology,
● Be prepared to suspend all new development work and concen-

trate solely on supporting the nascent user base,
● Success breeds success — ultimately you have to be offering

users something they want. It’s amazing how previously
strongly held objections and prejudices can be quickly
abandoned in the face of success.
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mentioned to be easily solved by just using a software that provides
work-flow management and/or an optimisation library whilst the
automation of the simulation tools, interpolation of solutions from
different sources onto disparate meshes, and ‘hot-to-cold’ geometry
translations have very little to do with being able to search a design
space efficiently, adequately and of course automatically. Work-flow
management is not the same as multi-disciplinary coupling. It is well
known that one of the main benefits of ADO comes from the
automation itself, even without doing any optimisation. 
It is well known that (if not careful) optimisers will exploit the

weakest point in the design process. Although, exposing such weak
links is beneficial, ultimately leading to a much more robust system,
in the midst of design (specially if fire-fighting), the last thing you
would want to do is to tell your chief engineer that you have
obtained no improved solution because the mesh generation does not
work robustly, or the problem is not formulated correctly, and
further constraints are needed to produce a practical design or your
HPC queuing system is not adequate for automatic optimisation. In
promoting ADO/MDO, it should be remembered that confidence is
hard to gain, but easy to lose!
A series of pilot project needs to be carefully crafted and conducted

leading to the best practise solutions generated and published for
future use (ready and off-the shelf, as described in Fig. 1). 

3.0 CONCLUSIONS
Automatic design optimisation (ADO) has not had the anticipated
impact in the turbmachinery design. The intent of this paper is to
highlight the problems & challenges facing the engineers who would
like to apply ADO and MDO technique to aid the design process to
take corrective actions. The challenges are both technical and organi-
sational/people related.
Over the past 20 years, considerable research has been done on

techniques needed to conduct automatic optimisation in order not to
replace the human designer but produce a valuable tool that would
aid the design process. Resources and planning are needed to address
the technical, cultural and organisational barriers that have been
identified in this paper. 
It is extremely important for the companies to recognise the

importance of all the seven technical steps identified in this paper
and make sure adequate, resource and funding are available for
research and development in all seven areas. Although, not explicitly
defined in all sections of this paper, the key to success in
ADO/MDO is to conduct a series of pilot studies and recognise that
upstream ‘pre-work’ is needed to make sure people-processes and
tools are at the ‘production’ technology-readiness-level. 
It should also be recognised that attention to the ADO technology

and tools by itself is not enough, non-technical issues related to the

NUMBER THE AERONAUTICAL JOURNAL OCTOBER 2011

Figure 14. Evolution of jet engine fan blades over time.
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often takes the form of a ‘S’ shape; as we reach the plateau region on
top, a ‘jump’ or step-change in technology is needed to meet the
challenges set for the design community. Arguably the topology
optimisation will help in this endeavour.

2.2.4 Not overselling the ADO/MDO

Sometimes people who advocate the usage of ADO/MDO inadver-
tently causing it a great disservice by overselling its capabilities. The
author has attended many engineering meetings, where quite hard
problems such as ‘un-running’ a geometry and FE-CFD couplings are
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Figure 12. Datum and optimised satellite boom, tested at Southampton University(48). 

†† Φ = (1 + √5)/2.

Figure 13. Datum and optimised stator 
blade tested at the Whittle lab, Cambridge(49).

evolutionary and not revolutionary, most passenger aircraft today
looks the same as aircraft designed in the ‘60s: a cylindrical fuselage
with two wings sticking out, the high bypass ratio family of aero-
engines whether two shaft or three shaft almost looks very similar. 
It is true that necessity is the mother of most inventions, strange

shapes produced for stealth fighter/bomber (shown in Fig. 7)
developed during the cold war arguably is the manifestation of a very
strong requirement to stay undetected, a similar requirement could
lead to strange shapes for the ‘green-aircraft’ of futures, see Fig. 8.
In the engineering design there is a common understanding that ‘If

things are right, they look right’! This may be a strange notion that a
number of arguably good aerodynamic designs based on solving the
Navier-Stokes equation are rejected because they don’t pass the test of
the eye.
Human eye is very quick to detect change in gradients of a geometry

(basically curvature variation, similar to shadowgraphs in experimental
fluid dynamics), basic aerodynamics tells us that the static pressure
variation directly relates to this, and hence the state of the boundary-
layer etc. From stress point of view sharp corners and turning should
also be avoided! Although, the engineers past experience is extremely
valuable, the reason for the above judgment could have non-scientific
and perhaps evolutionary reasons. In literature, the golden divide ratio
(also refer to as divine ratio) (1.61803:1)†† is mentioned as the ‘perfect’
ratio between components defining an assembly. There are plenty of
examples that fall in this category(47). Humans also appreciate
symmetry, and most ‘beautiful’ things have natural symmetry, hence
most people find fractals and symmetrical repeat pleasing to the eye,
e.g. the Persian carpet shown in Fig. 10. Of course, arguably, there are
exception to this rule, see Fig. 11.
As mentioned in Section 2.1.1, it is extremely important to have a

flexible design space, and global optimisers (if allowed) will explore
the design space outside the previous experiences and can produce
shapes that do not conform to any previously-seen. Figure 12 shows
such a shape based on a numerically optimised three-dimensional
boom for satellites(48). The optimised geometry has better vibration
frequency modes (as tested in the lab) and yet deviates from a regular,
symmetrical shape.
It is also quite possible to obtain turbomachinery blades that does

not pass the ‘test of the eye’ yet have better performance, e.g. the
stator blades, shown in Fig. 13, as part of a high fidelity CFD-based
optimisation have much better aerodynamic performance compared to
the base blade (as tested in the lab)(49). Arguably, lack of constraints in
the optimisation process could produce a shape that is perfectly
optimum for one discipline but not the other one. For example, for
structural reasons the blades may not be able to sustain the end loads
or even the gas loads on them. Hence, it is crucial to include all the
necessary disciplines in the optimisation process, leading to MDO and
not just ADO. Never-the-less, it seems the aerospace design is evolu-
tionary and very much conservative rather than revolutionary, as Fig.
14 illustrates, however, the technology advancements (with time)
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by opening the baseline cavity at the LE and TE.
Further interrogation of the CFD results is presented
in this subsection in order to investigate how
this change in geometry affects the aerodynamics.
At a fundamental level, the leakage flow causes a loss
of efficiency as it mixes out with the freestream.
Assuming a constant-pressure mixing process, equation
(6)23 quantifies the entropy generation rate during these
mixing processes

!_smix ¼ Cpð! # 1Þ
_mleak

_mpassage
M2

SS 1# Vleak

VSS
cos "

! "
ð6Þ

The mixing loss !_smix increases with three key par-
ameters: the mass flow _mleak leaking over the tip; the
freestream Mach number M at which the mixing
occurs and the mismatch angle " between the main
flow and the leakage flow. Therefore, improved effi-
ciency can be achieved by reducing the leakage mass
flow rate, reducing the mismatch angle or by injecting
the leakage flow into regions of lower Mach number
(higher static pressure). To illustrate the behaviour
of the flow over each tip, stream-lines are presented
in Figure 10; traces have been released from just
above the PS squealer rim. Slices of relative total pres-
sure are also shown to highlight the evolution and the
interaction of the over-tip leakage and passage vor-
tices. In general, the flow leaking over the PS squealer
rim tends to roll into a cavity vortex as it enters the
cavity, before passing over the SS rim. This cavity-
vortex flow regime reduces the leakage mass flow by
providing an effective double seal for the over-tip

flow.3 For the reference case in Figure 10, the
cavity-vortex first forms behind the PS squealer rim
in the LE region of the tip. Moving aft, the vortex
is observed to migrate towards the SS rim before
interacting with the SS rim at around mid-chord,
whereupon the flow is observed to exit the cavity.
Downstream of this location, the flow entering
the PS of the tip gap passes straight over the cavity.
In this region, the cavity is no longer effective, and the
leakage mass flow rate increases to a value similar to
a plain tip. For the reference case, it can also be
observed that some of the leakage flow emerging
from the SS is entrained into the passage vortex
rather than the tip leakage vortex. In general, the opti-
mum designs have higher sealing effectiveness than
the baseline. In particular, more of the flow leaking
over the PS rim is captured in the cavity vortex, which
persists much further aft than for the reference case.
This difference can be largely ascribed to the TE open-
ing in the SS squealer, which allows the cavity vortex
to be ejected intact from the tip gap. Thus, the double
seal effect is preserved over more of the blade tip.
For the winglet design, further benefits are observed
from the increased width of the tip section. In particu-
lar, the long residence time in the cavity flow tends
to align the emerging leakage flow towards the free-
stream direction. Further reductions in losses are
achieved because the SS overhang moves the emerging
leakage flow to a higher static pressure region of the
flow. Figure 10 also shows that the optimal designs
reduce the amount of leakage flow entrained into the
passage vortex. Figure 11 shows the relative total

Figure 10. Flow stream-lines at the tip of the blade and relative total pressure contours. (a) Reference; (b) Design A; (c) Design B
and (d) Design C.
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