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SUMMARY

In general, conventional compressor stages are designed by the
cascade method, while high stagger low soladity ductced fans are designed
on modified isolated aerofoil theory. The purpose of these nptes is to
provide a basis for discussion on the relative merits of the two methods
and on the desirability of extending one method to cover the whole range
of blading likely to be regquired in compresscrs and fans. Attention has
been mainly confined to low speed two-dimensional consideralions.

It 18 suggested that the cascade approach could provide a basis
for the formulation of a unified design method.

A project of thas nature would necessitate a programme of testing
and performance analysis of typical fangs; high stagger cascade tests
might algso provide supporting data,; although there could be doubts as

to their significance.
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1.0 Introduction

There i no generally accepted definition which distinguishes a
"ducted fan" from 2 single compressor estage. Tor the purposes of these
notes, the term will be taken to refer to a stage containing a row of
retarding asrofoils of considerably higher stagger and/or pitch/chord
ratio than are generally used in conventional multi-stage compressors.
Stagger i1z defined as the angle between the blade chord line and the axial
directions pltch/chord ratio 1s the inverse of solidity. These condi-
tions are uscually associated with low design velocity ratios, low design
temperature rises, high degrees of reaction (in the case of rotor blade
rows) or various combinations of the forsgoing.

A current application where such requirements may apply is in the
hovercraft 1ifting fan. The jet curtain velocity is low, and i1t 1s
desirable to keep the velocities right through the system to low values
alsos otherwise the system losses apart from the outlet loss (inlet, fan,
fan outlet) will be comparable to the outlet loss, leading to a relatively
large increase in the fan power requirements. A low fan axial velocity
will give low values of the axlal/perlpheral velocity ratio Va/U, and
correspondingly high bLlading staggers.

The stagper of retor blades may be further increased if it is
desired tc use two blade rows only,; l.e., 1nlet guides and rotors or rotors
and cutlet guides, with axial flow at entry and exit to the stage. In
either case, but particularly the former, the reaction will be increased,
with a consequent increase of rotor blade stagger.

If the required pressure rise (determined by the total system los-
ses) and hence temperature rise is also low, the air deflection required
in the rotor row will be small. If the fan 1s to work at hagh efficiency,
the pitc?/chord ratio will have to be correspondingly large to ensure that
the 1lift/drag ratio 1s near the maximum.

Broadly similar considerations can apply to circulating fans for
nuclear reactors. Here, however, although the axial velocity is generally
low, the circuit losses may necessitate a relatively high stage tempera~
ture rise, and hence a relatively low bladaing pitch/chcrd ratio.

Aircraft lifting and control fans, ventilating fans, fans for low
speed wind tunnels, and high reaction multi-stage compressors are other
applications where blade rows with high staggers and/or high pltch/chord
ratios may be required in varying degrees. Fans in whach reversal of
stagger is used for control purposes must have a pitch/choerd ratic above
unity along the whole blade height to avoid mechanical interfercnce.

There 1s a large amount of experience and published information
available on the cascade approach to the design of blade rows at the lower
staggers and lower pitch/chord ratiosy 1.e.; in the conventional compressor
range of parameters. At much hagher staggers and pltch/bhord ratios, i.e.
in the ducted fan range, modified isolated aerofoil theory is commonly
applied1 t0 5. There 1s of course a large amount of data available on
1solated aeroforl performance, but published information on tests and per-
formance analysis of fans designed by ithis method 18 scarce, and accurate
prediction of performance, especially at off-design conditions, may be daf-
ficult. Another difficulty which may confront the designer 1s in the
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selection of the method of design when the blading parameters tend ito lie
intermediately between the compressor and fan values.

The purpese of these notes is to provide a basis for discussion on
the desirability of formulating a unifred design method which could be
applied to the whole range of stagper and pltch/chord ratio likely to be
encountered in fans or compressors. Attention 1s mainly confained to the
two-dimensional low speed design of a single blade row, and no attempt is
made to deal in detail with three-dimensional effects, high Mach numbers,
gtc., although in a practical case such factors may have an important
bearing on the two~dimens:onal design.

2.0 The cascade method

2.1 Basic equations

The blade row 1s considered prlmarily as a device for changing the
direction of the airflow in a cylindrical surface about the fan axis.

The total temperature rise through the rotor row is given by:-

Quv
la
K
&%

T = (tan o, - tan ajp)

assuming that the axial velecity V_ 1s unchanged through the blade row
and that nc radial shift of the flow occure, and where:

AT = stage temperature rise

1 = work done factor® (usually 1.0 in a single-slage fan)
U = blade speed at ithe blade height considered

Va = air axial velocity

a, = air inlet angle relative to the rotor™

ay = air outlet angle relative to the rotor®

g = acceleration due to gravity

J = mechanical equivalent of heat

Kp = specific heat of aar at constant pressure

Thus for a gaven U and V, the temperature rise depends on (tan a; ~

tan a;). HNow the blades are designed to give the particular value of
ag (provisionally assumed constant) required by ihe velocity triangles,
whach themselves depend on the flow coefficient Va/U and on the degres
of reaction which the designer has specified. The value of (tan a, -
tan agy) for stable and efficient operation can be regarded as mainly a

“Measured frem the axisl direction
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function of 05 and of the pitch/bhord ratio, and is specified by the use of
a loading parameter,; several of which are in current use; thesse are
briefly described in the next section.

242 Loadinz parameters

6,7

Perhaps the "nominal' deflection 18 the most commonly used load-
ing parameter. It 1s generally presented as deflection & (1.6.5 a3 - ag)
ag a function of air outlet angle ag with the pltch/chord ratio s/c as a
secondary parameter. Figure 1 presents typical curves for three pltch/
chord ratios. The bagic equation for the curves 1s generally taken as

—~ W
cos Uy
cos Gy

CL =

where C7 is the theoretical 1lift coefficient (neglecting the drag term
"-Cp tan.am") where Cp 1s the drag coefficient given by

G, = 2 f-(tan a1 - tan ap) €08 apy

and the vector mean air angle a_ 1s defined by

m
tan o = 0.5 (tana, + tan ag)
and s = Dblade pitch
¢ = Dblade chord

The usual range of application is for az from O to 40° and s/c from 0.5 to
1.5,

Another cr1terion8 13 defined by

C = constant

v

where 01, 1is the theoretical lift coefficient based on the velocity leav-
ing the %iade row and is defined by the equation

a
Cos “Gg
cos Qp

S
Cva = 2 "E (tan Gy - tan 0:2)

The constant in the previous equation 18 given in Reference 8 as a function
of the pitch/bhord ratio, and the recommended value for normal compressor
purposes is
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CLV = 1035)(—_6

3

Qo

Curves are given in Reference 8 for s/c values of 0.5 to 1.5 and for am
valuss up to 500. For reference purposes, values of & are tabulated in
Appendix I of the present Memorandum for az = O fo 800, s/c = 1.0, 2.5 and
4.0, and CLVE = 1,0,

The American "diffusion factor"9 1s another loading parameter, and
is defined by

cosay ), cos 4 g
D = (‘I-cos%)+ 5— 5 (tan @y - tan o)

Reference 10 suggests values for the constant "D" of 0.6 for rotor blads
roots and C.5 for rotor hlade tips. It 1s not clear however, over what
range of s/c and &5 this parameter has been checked.

c
There 13 also an early American rule11 given by :%t = constant,

where the constant may have values between 0.8 and 1.1. It has presum-
ably been superseded by the diffusion factor in later American designs.

The ranges of pitch/chord ratic and air cutlet angle over which it has been
applied are not known to the author.

Any of these loading paramefers could of course be used outside
their normal range of application as a basis for extending cascade methods
to the high stagger and/or high pitch/chord range; and indavidual
degigners may on occasion have used them in this manner, though probably
vwithout any firm experimental backing.

2.3 Deviation and incidence rules

2.3.1 Brztish rules

A commonly used devaation rule 1is

Cr?
]

g
m —
® c

deviation angle

where & = 4z - B3
8 = B -~ Bz = blade camber angle

B, = blade inlet angle¥®, 1.e., of tangent to camber
line at leading edge

Ba = blade outlet angle®, i.e., of tangent to camber
line at trailing edge '

“Measured from the axlal direction
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and where the coefficient m 1s presented as a function of the blade stagger
for circular arc and Earaholic arc (P40} camber lines. It is a modifica~
tion of earlier rules! and summarises the results of potential flow inves~
tigations and cascade tests at N.G.T.E.12,  Reference 6, vhich gives a
formula for m, states that it 18 reasonably accurate up to an air outlet
angle of 50°, the implied pitch/chord ratic range being 0.5 to 1.5. Indi-
vidual designers may of course prefer to use medifications of this rule.
Reference 12, which gives curves of m (reproduced here in Figure 2 for
reference purposes) emphasises that the rule holds only for the cambers and
staggers commonly asscciated with each other, 1.e., for normal values of
blade loading parameters.

Incidence rules are more open to the individual preference of the
designer, and within limits are of less importance in determining the per-
formance of the stage, since although the deviation directly determines ag,
the choice of incidence angle {considering a fixed flow and variable blade
gecmetry) does not affect a, or ag.

An early rule i1n use at N.G.T.E.13, is

20 _ a_ B
i¥ = 10( 2 S C )

incidence angle (= a, - 8;)

where i

a = position of maximum camber from the
blade leading edge

This rule has a partly emparical and partly theoretical basis, taking into
consideration the necessity of avoiding choking at high speeds and the
desirability of having the stagnation point near the leading edge. It is
intended to apply in the range s/c = 0.5 to 1.5. For circular arc (a/ec =
0.5) and parabolic P40 (a/c = 0.4) camber lines, the recommended incidences
are then as followss-

s/c 0.5 0.8 1.0 1.5
i for C50 +50 +20 0o s =50
i for PAO +30 0o -20 -7°

Another griterion for incidence iz given in Reference 14 and its
derivatives!?+'%,  The basis 1s again the position of the front stagnation
point. Curves of design incidence against camber angle can be derived,
with pitch/bhord ratio as a secondary parameter, and are presented for
instance in Reference 17, for camber angles from O to 509, pltch/chord
ratios from 0.5 to 1.5, and with the limits of ay stated as O to 40°.

These curves are reproduced in Figure 3 of the present Memorandum.

2.3.2 N.A.C.A. rules

Systematic generalisations of cascade incidence and deviation data
are given in Chapter VI of Reference 10, for N.A.C.A. 65-series blades,
with modafications for application to circular arc camber line blades.
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They are largely based on the extensive cascade tests of Reference 18.

The correlations are based on "reference" values of incidence and devia-
tion, i.e., those occurring at the minimum loss condition for the cascade.
In the analysis, both deviation and incidence are taken to be linear fune-
tions of camber, so that -

Bref =] 80 + mo
and lgp = 1o+ no
where
Bref 18 the reference deviation angle

8, is the reference deviation for zero camber
6 is the camber angle

iref is the refersnce incidence angle

i, 1is the reference incidence angls for 2zZero camber
m and n are functions of a; and s/c

Data 1s given for finding ig and 8o, agd curves are given presenting m and
n as functions of a3 {fora; = O to 70°) at solidities of 0.4, 0.6... 2.0,
i.e.y at pitch/chord ratios of 2.5, 1.667... 0.5.

Additionally, the function 1 - m + n is plotted to @, for the same
wvaluees of pltbh/bhord ratic. This 18 useful in calculating the blade
camber, since

o = &- lrer ¥ 6:cef
1eBe,
§-1,+ &
e _ﬁ._O___O L]

1-m+n

where & 1s the required deflection derived from the loading parameter.
Examination of Figure 57 of Chapter VI of Reference 10 shows that

(1 = m + n) decreases as a; increases and as the pitch/chord ratio
increases; the curve for s/¢ = 2.5 passes through zero at a; = 66.3.
Thus the above equation would give infinite camber, whatever the value of
the numerator & - 1o + 8o, and 1t 1s found in general that cambers tend
to becoms ridiculously large at haigh pltch/chord raties and inlet aix
angles.

It 1s interesting therefore to examine the scope of the test
results on which this data 1s based. The major variables of the tests
have been deduced from the test points shown in the supporting figures.
They are listed in Appendix II, where 1t is seen that the highest pitch/
chord ratio of the tests 1s 2.0 (at @y = 45 and 60°), while at a; = 70°
the highest value is 1.0,
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It is thus apparent that the N.A.C.A. data 1s 1nadequate as it
stands for design work outside these limits. If the incidence rule were
neglected, and some arbitrary incidence taken, 1t would of course be possi-
ble to use the deviation rule outside the test limits, although the signi-~
ficance of such a step would have to be examined closely.

Finally, 1t 18 well known (and in fact 1s mentioned in Refsrence 10)
that the N.A.C.A. rules give higher deviations than the N.G.T.E. rule;
this need not however prevent the use of bhoth sets of data as guides to
design, although it may render difficult the recommendation of a preferred
system.

244 Lower limits of pitch/chord ratio

In normal multi-stage compressor practice, 1t s rare for pltch/
chord ratics to fall below about 0.5 at any positicn on the blade height
(except perhaps for some low diameter ratio first stages), and 1in any case
the lower values are generally associated with low gtaggers. Inspection
of blade passage gecmetry suggests that the limiting pltch/chord ratio for
efficient operation would increase with increase of stagger. Thas as
quite apart from high speed effects which are not considered i1n these
notes. Thig subject can be of importance in high reaction multi-stage
compressors19, where the rotor blades are set at high stagger, and where
low pltch/bhord ratios may be desirable 1n order to ensure high stage tem—
perature rises. Some tests on medium stagger blading i1n a water compres-
sor®” have suggested a serious loss of performance (compared with simple
predictions) at a mean diameter pitch/chord ratioc of 0.5, while tesis on
two stages of lower stagger bladinge1 have shown good performance at the
same value. Reference 22 describes a test of six stages of high reaction
blading with a mean dirameter rotor pltch/chord ratio of 0.5 and an air oui-
let angle of 52.3%, i.e., in the fairly high stagger range. The perform-
ance was very poor, and the velocity profiles suggesied that the biggest
losses occurred at the inner diameter, where the pitch/bhord ratio was
lowest. Apart from these examples, Roference 18 provides a useful guide
to cascade performance over a wide range of stagger at medium pltch/chord
ratios but 1t does not indicate the limits of safe design.

It is evident that a comprehensive design method would have to
include (as a secondary but important feature) a knowledge of the lower
limits of usahle pltch/chord ratio over the whole stagger range.

3.0 Isolated aerofoil approach

3t Basic eguations

As in the cascade method, conditions are examined in a developed
cylindrical surface about the axis of rotation, but attention 1s 1nitially
directed to the forces acting on the blades. The basic aerodynamicg are
of course the =same 1n the two methods. The sirip theory equat10nse3 to 27
relate to the thrust and torque on an element of blade of radial width dr,
and are given iypically in the form
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a7
dr

% pchZG cot ¢

q _ 1 3
= 5 pzcvaﬁr cot ¢

dr
. C i Cy ) CLcos(¢+0')
T sin¢ cos¢ T s1n P cos¢ cOS O
- c, , Cy ) C. sin (¢ + o)
T cogd  sin¢ = sin ¢ cos ¢pcos o
C
tan o = Eg
L
where
CL = 1ift ceefficient based on vector mean
velocity
CD = drag coefficient based on vector mean
velocity
@ = torque
T = thrust
Va = axial velocity
¢ = blade chord
r = radius
Zz = number of blades
P = air density
¢ = angle of vector mean velocity of air relative
te rotor blade, measured from the tangential
direction
= 90O -0, conventional cascade symbols

Reference 24 additionally gives

Va 1
tan ¢ = T;'(?—:“a)
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and ’
1 zcH
1 -a LR
where
U = blade peripheral velocity
a = "rotational inflow factor"

These equations merely express the relationship between ¢ and Va/ﬁ for the
case when there are no inlet guides.

The pressure rise and temperature rise may be deduced at any radius
from the thrust and torque equations.

As 1n the deszgn of a fan on cascade principles, the blade stagger,
represented roughly by ¢, will depend largely on the velocity ratio and on
the degree of reaction. The designer has to find a blade section which
when operating in a flow represented by ¢, will give the required 1ift
coefficient, when the other factors have been settled. Three main inter-
related decisilons have in fact to be made. The first 1o the choice of
asrofoeil section to be used; the second 18 the 1ift coefficient at which
1t 18 desirable to operate the section; and the third is the correction
(if any) to be applied to allow for cascade interference. These decisions
correspond broadly to the cholce of aerofoil section, loading parameter,
incidence, and deviation in a cascade.

3.2 Choice of aerofoil and lift coefficient

Various profiles have been used i1n fan designs, the emphasis being
on those with a flat under-surface.

The following are taken from some of the references:-
Reference 1 Gottingen 436
Gottingen 436 with increased camber
NSymmetrical aerofoeil" on carcular arc
camber line

Gottingen 385

Gottingen 398

References 2, 25 Clark Y
R.A.F. 6E
References 23, 24, 28 N.P.L. series (flat under-surface)

Details of some aerofoil sections and performances are given in References
29 and 30.
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Various empirical rules for allowable lift coefficient are given in
the literature, the chief considerations being that too high a value might
result in stalling, while too low a valus will result in a low 11ft/&rag
ratio and hence i1n a low efficiency. The choice will obviously depend to
some extent on the properties of the asrofoill section used. A selection
of published rules is given below.

Reference 1 Stalling avoided if the hub s/c is not smaller
than 0.9 and if the bub Cj, 1s less than 1.0
Reference 24 Cr, = 0.6 at the rotor tip 1s usually chosen, a
. value in excess of 0.7 not being usually
attainable
Reference 25 C1, should not exceed 1.0 at the rotor hub;

0.9 15 preferable
Reference 27 Cy, = 1.0 at the rotor hub
C1, = 0.7 at the rotor tip.

3.3 Corrections for cascads interfersnce effects

Cascade interference calculalicons appear to be generally based on
the well-known results of Wein1g395531’32 for potential flow through cas~
cades of flat plates.

The 11ft coefficient of an 1solated flat plate in i1deal flow 1s
given by

C;, = 2=n sin (¢ - o)

where ¢ 135 the angle of the plate relative to some datum and ¢ is the
angle of the airflow relative to the same datum, the sign of Cp depending
on the sign convention used fcor the angles.

If the flat plate 1s now put 1n cascade with others, ¢ becomes the
vector mean air angle, usually taken relative fto the tangential direction,
and T+ ¥ = 90O where ¥ 1s the usual cascade stagger angle, taken relative
to the axial darection. The equation is then

C;, = 2nf sin (¢ -0)

where the lift factor f 1s a funetion of the pitch/chord ratio s/o and the
plate angle C or ¥.

Weinig's curves for f were later deduced independently by Collar31.
They are given in Figure 4 of the present Note, and show changes in the
11t coeffacient at a given plate setting angle and vector mean air angle
whon the plate 1s subjected to interference by other similar plates at
various pitch/chord ratios. It seems reasonable to use these curves as
guides when considering thin blades of low camber operating at incidences
away from the stally in such cases, ¢ becomes the incidence angle rela-
tive to the no~1ift line, the position of which for a given blade will
depend on the pitch/bhord ratio and stagger.
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What 1s perhaps of more importance however is the effect of inter-
ference on the allowable 1lift coefficient or alternatively on the stalling
value, the two being interdependent. This obviously cannot be predicted
by simple potential flow theory, as 1t 1s a function of boundary layer
behaviour. Any systematic relationship between pitch/chord ratio and
allowable 1aft coefficient would of course correspond to a comprehensive
cascade loading parameter.

Reference 25 includes a summary of some of the results of the high
stagger experimental and theoretical cascade investigations described in
Reference 33. In particular, curves are given presenting the no-1lift
angles for cambered aerofoils of finite thickness, as functions of the
thickness, camber stagger, and pitch/chord ratio. These curves were
derived theoretically, but were given some support by the experimental
work.

Figure 5 of the present Memorandum reproduces some of the test
results of Reference 33; 1ift and drag coefficients, and the 11ft/ﬂrag
ratio are shown for an isolated aerofoil and for the same aerofoil in cas-
cade at pitch/chord ratios of 1.5 and 1.0. The reduction of stalling
1ift coefficient, the increase of the no-1lift incidence angle, and the
change of slope as the pltch/ohord ratio 1s decreased are clearly seen.
Figure 6 presents the 1ift coefficients for the cascade tests recalculated
on the basies of the outlet velocity; the '"thsoretical' walues which
neglect the drag term are also shown for comparison.

The cascade tunnel was of a simple open ended type exhausting to
atmosphere and no precautions were taken against contraction and other
effects; for many of the tests only five blades were used. The details
of the results must therefore be treated with scme reserve.

In some intermediate cases it may be possible to check a design
baged on isolated aerofo1rl theory against existing cascade data or minor
extrapolations of existing cascadc data., It ghould also be noted that in
sonme fans of high pitch/chord ratio the interference correction may be
negligible, except perhaps near the hub. )

4.0 Effect of blade satting and air anzle errors

It 1s of interest to examine the effect of blade setting errors on
the pverformance of a fan or compressor stage; the subject has a direct
bearing on the desirable accuracy of the design method and calculations
and of the machine construction as well as on the analysis of the test
performance.

The total temperature rise across a rotor blade row ig given by

Quv
a

&%,

using the cascade notation and assumptions of Section 2.7. Hence for a
given axial velocity and blade speed the temperature rise depends
directly on (tan a; - tan az).

AT = (tan a, - tan a,)

12,31,34

Now simple potential flovw considerations for cascades give

tan a; = A+ B tan a
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where A and B are constants depending on the cascade geometry. TFor con-
ventional low pltch/chord ratio compreszor type cascades, the term B tan a4
18 small compared with Ay, 1.0+, ap 18 practically constant. This is pro-
grogsvely loss truce however as the pltch/chord ratio and the stagger
increase. Appendix ITT lists values of A and B for ag = 0° to 800 at

CLy, = 1.0 and piteh/ctord ratios of 1.0, 2.5 and 4.0. These values are
based on Weinig's curves for flat plates in potential flow. For compari-
gon,; scme unpublished test results from a single stage fan are alsc quoted.
The dependence of @y on @y 15 prescnted in a somewhal different mammer in
Figure 55 of Chapter VI of Reference 10, where the rate of change of devia~
tion angle with incadence angle at the N.A.C.A. "reference' condition is

plotted to solidaly ('= E}E ) for various values of the air inlet angle a;.

These curves are said to bo based on the cascade tests of Reference 18, with
the use of Weinig's investigations as a guide. In a real cascade, the
change of the width of the blade wakes may also contribute to the change of
ag with 1.

We may thus write
tan a; — tan @z = tan o3 (1 ~ B) - A

and the effect of a small change (say 0.10) in @1 on the temperature rise

at constant U and Vg can be readily calculated; 1f A and B are known.

Such a chenge could arise for instance if the inlet guide blades were incor-
reetly sot or i1f tholir deviation angle was inccorrectly estimated.

What 1s perhaps of more practical interest i1s the effect of a small
change 1n tho blade stagaer, rosulting in changes in A and B. A theoreti-
cal treatment covering all cascades 1s obviously ampessible, but Weinig's
curves can be usod to investigate those changes in cascades of flat plates
in 1deal flovw, and thus provade at leost an indication of the trends to be
expected.

The effect of a small changs 1n ag 1s also of interest; since the
multi-stage compressor designer tends to assume that a small change 1n the
stagger setting will cause an approximately equal change in agz; thas is of
course true only at low staggers and low pltch/chord ratios.

Caloulations were carrzed out at pitch/chord ratios of 1.0; 2.5 and
4,0 for agz = 10%, 20° ... 80°, &t an 1mitial CLy, of 1.0 1n each case.
Tho percentage changes in (tana; - tan ap) were estimated for changes of
0.1% 1n the air inlet and outlet angles 0y and Gz and in the stagger
angle Y3 thoy are plotited i1n Figures T, 8 and 9. These curves probably
give a reagonable indication of the behaviour of conventional cascades
operating away {rom the stalling condition. Perhaps the mogt significant
feature 1e the relatively small effeot of the chaonge in stagger as com-
pared with that of the change in air inlet or outlet angle, for the two
higher values of pltch/chord ratio at the higher values of dg. Thus for a
pltch/chord ratio of 4.0 the pocrcentage error in the temperaturc rise 1is
~0.75 at a; = 0° and -1.12 at ay = 80 For 0.1% error in ¥, while for a
similar error in Gg, the corresponding percentage values are -1.4 and -8.6.
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The guestion of blade setting errors is probably of greater interest
in the design of multi-stage compressors, rather than in single-ctage fans.
Errors-in the stage performance are not easily corrected in conventional
mlti-stage machines, since 1t 1s not generally practicable to allow for
adjustment of the blade stagger in every stage. In a single-stage fan,
however, it 1s probably less incoanvenient to make provision for small
changes in the stagger of a single row of inlet guide or rotor blades.

5.0 Effect of varying aar outlet angle on fan performance

The variation of ag with a; given by the squation
tan Gy = A+ B tan o3

will reduce (in magnitudc) the slope of the estimeted fan temperature rise
characteristic, in comparison with the case wherc ap is assumed to be con-
stant. Figure 10 illustrates this for a hypothetical fan design for
axi1al discharge from the rotor, with az = 70 at CLUb = 1.0 and a pitch/
chord ratio of 4.0. The valuss of A and B are again those derived for
flat plate cascades in potential flow. The curves show that tho assump-
tion of a constant value of oy is quitc unjustified for even approximate
estimates of fan performance at high values of a, (or stagger) and high
pitch/chord ratics.

6.0 Comparison of scme fan designs

It is of interest Yo compare the lcading features of some existing
fan designs 1n torms of the usual cascade paramcters at the .mean diameter.

Design A is described in Reference 24. It has & two=-bladed rotor
of 8,5 £t tip diameter, with a hub/flp diameter ratio of 0.35, operating at
1000 rev/min. The blade profiles consist of N.P.L. sections which are
flat on the underside. There are ne i1nlet or outlet guldes.

Design B is described in Rsference 1. It has a four-~bladoed rotor
of 23.6 in. tip diamoter, with a diameter ratio of 0.33, operating at about
3000 rev/hin. The blade profiles are of symmetrical asroforl sections on
cirecular arc camber lines. Inlet swirl 1s provided by guide vanes 1n a
radial inlet, the rotor being designed for axizl discharge. -

Design C 1s described in Reference 1, It has a six-bladed rotor of
23.6 in. tip diameter, with a diameter ratio of 0,33, opsrating at about
3000 rev/min. The blade profiles are Gottingen 398, 436 and 385, depend-
ing en the radial position. Inlet swirl is provided Ly guide vanes in a
radial inlst, the rotor boing designed for ax:al discharge.

Design D is described in Reference 1. It has a ten-bladed rotor of
23.6 in. tip diameter, with a diameter ratio of 0.33 operating at about
3000 rev/ﬁin. The blade profile is Gottingen 436. Inlet swirl is provi-
ded by guide vanes in a radial anlet, the rotor beins designed for axial
discharge.

Design B is described in Reforence 1. It has a {twenty-bladed rotor
of 23,6 in. tip diameter, with a diamcter ratio of 0.7, operating at about
1500 rev/ﬁin. The blade profile is Gottingen 436 wath increased cambers.
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Inlet swirl is provided by guide vanes in a radial inlet, the rotor boing
decigned for axial discharge.

Design F 15 a purely hypothetical design, which might however be
takon as suitable for the circulating fan of a nuclear rcacter. It has
a tuelve-bladed rotor of 48 in. tip diameter, with a diameter ratio of
0.63, operating at about 3000 rev/gin. The blade profile 1
Gottingen 436. Inlet guades are fitted, and the rotor 1s designoed for
axial discharge.

In Appendix IV, which tabulatcs the leading parameters, the usual
cascadc symbols are used. In gencral, the figures should bo regarded as
approximate only, and the lasgt decimal place should be regarded with
reserve. The cambers of the blade profiles were found by drawang a mcan
line through the scction; tho blade inlet and cuilet angles 3; and B
rofer to this line, and the aineadence 1 and deviation § are also hased on
B, and Bz rcgpectavely. Tho values of the Jift coefficients €], and CLy
are the theoretical valucs, thc drag ceefficient terms being neglected.

The table shows that from the cascade vicwpoant, the ceambers arc of
mediuvm value, the incidences arc highly negative, and the doviations are
fairly conventional.  All excopt onc of the valucs of o, are above 700.
The 11t coefficients vary from 0.72 to 1.0, with corresponding values
based on the outlet velocity of 0.84 to 1.53. The latter valus however
refers to Fan B which gave a peor test performance.

7.0 Goneral pbservations

Summarising the foregoing, oxisting British cascade data is
generally adeguate for pltch/chord ratios of Q.5 to 1.5 or possibly 2.0 and
for sar outlet angle of O to 400; thore 1 room however for further
refinement of the data. The systematic cascade tests published by the
N.A.C.A.18 anga goncralised 1n Referonce 10, can serve as a guide over a
pltch/chord ratio range of about 0.7 to 2.0 for air outlet angles of about
0 to 60° but caution should be used in the extrapolation of this data
outsido the limits of the original tosts.

For the pltch/chord ratios above 2.0, 1n association with air outlet
anglos of 65 to 750 or highor, the isolated aerofoil approach would gonor-
ally be used at prcsent. The major problems facing the designer here are
the choice of 11ft coefficient, cascade lift factor and acrofoil section.
Attainment of exact design performance i3 probably of less practical
wmportance in a single-stage fan than in a multi-stage compresser, since
sufficiont mechanical adjustment 1s 1n general morc casily accomplisheds
and 1n any casc, errors 2n blade sctting anglc do not appcar to be of
greatly incrcased 1mportance at high air outloet angles 1f the piten/chord
ratio 1s also reasonably high.

Assumang 1t to be dcsirable to have a single method covering the
whole practiczl range of stagger and p1tch/chord ratic, thesc are tHwo
obvious linecs of attack. The first i1s to select and extend present cas-
cade rules, with medafacation whero necessary, inte the high pltch/bhord
ratio rezion, where interference cffocts become progressively less. The
second 18 to take i1sclatoed nerofoil data and to extend 1t to the low pltoh/
chord ratio region, where interforoence and thorefore correction factors
become progrossively larger. This xs much less attractivo than the first
approach, cspecially as thc only availeble systematic information on
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interference effects appears to be that of Weinig, with some support from
the work of Shimoyama33. According to Reference 3, this type of approach
has been used in Germany; as described, it appears to be very laborious in
application.

For an extended cascade loading parameter, the use of theo 1ift
coefficrent CLy,, modificd as appropriate, appears to be a possible choice,
since 1%t 1s shown in Reference 8 that this offors a measure of theoretacal
correlation between compressor and turbine cascades and i1solated aero-
foils. The chorce of a comprehensaive deviation rule might of course be
rendercd somewhat difficult by the disparity between the British and
N.A.C.A. data, but a satisfactory solution should be attainable. Inci-
dence rules and the setting of lower limits to the pitch/chord ratio are of
secondary importance. Any extension of cascade datz would of course neces-—
sitate further experimental investigations. These could be carried out on
actual fans and compressors or possibly on cascade tunnsls.

Vory little work has been carriced out on high staggor cascadss in
this country. Among the objcctions to their usc are the difficulty of
measuring small air deflections sufficiently accurately, and the possibi-
lity of oxcossive wall interforence effects. Nevertheless, they could
possibly provide useful data in support of that derived from actual fan
tests.

Tests on fans go some way towards avoiding the difficulty of accu-
rate estimation of air angles, 1f torque or temperature rise can be
measured, and in general they arc probably less laborious than systematic
cascade experiments. Analysis of fan tests nocessitates the separation of
three-dimensional effects from the puroly two-dimensional porformance of
the blade sections. In this respect the influence of blade aspect ratio
and tip cloarance on efficiency and on stalling incidence might well be
important. MNach number effcects would zlso need separats consideration in
a high epoed fang; this 1s another ficld where cascade tests might be of
valuo in the provision of supperting data.

Thero appcars to be relatively little published work on the detailed
analysis of high stagger fan tests. References 35, 36 and 37 arc uscful
recent additions to the literature.

8.0 Conclusions

Fane with blade rows of high stagger (e.g.s ag = 65° or above) and
high pitch/chord ratio (c.g.y 2.0 or above) arc usually designed on isola—
ted aerofoil theory; corrections may bo made for cascade interference
gffects where the dosigner considers this to be necessary. There 1s
l1ttle published infermation rclating performance to design in such fans.
Stages of multi-stage compressors, genorally in the range a, = 0 to 40°,
and s/c = 0.5 40 1.5, arc usually designed by the cascade approach. In
this case, there is a considerable amount of information relating perform—
ance to design.

Desagners who work exclusively in the fan or compressor ficlds are
probably reascnably satisfied with the particular methods they employ.
There appoars to be a case however, for the development of a urmificd design
method which would cover thoe whole range of geoometry likely to be met with
in compressors or fans. Most importantly, this might provide a fairm basas
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for deszgns which fall between normal and fan and compressor practice
(1v64y 852 in the range 1.5 to 2.5 approximately) and in addition should
result in improved performance prediction in the fan region. The N.A.C.A.
cascade data, together with the existing British information, would prob-
ably form a useful starting point, although care would be necessary in
extrapolating 1t beyond the limits of the original tests.

A project of this kind would necessitate a supporting programme of
tests and detalled performance analyses of typical fansy this could be
supported by cascade tests, although the value of the latter a1s somewhat
doubtful at the highsr staggers and pitch/chord ratios.

The foregoing relates to purely two-dimensional low speed design
considerations;y three-damensional and high speed effects would have to be
conzidered separately, though probably in parallel with the primary inves-
tigations.
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APPENDIX I

Deflectriong and theoretical 1i1ft coefficients

&° CL
25.91 0.944
23.13 0.880
20.30 0.828
17.45 0.787
14.58 0.754
11.68 0.729
8.77 0.709
5.85 0.696
2.93 0.690

for CLy, = 1.0

1125
" 10.57
9.65
8.56
T.33
5.98
4.56
3.07

1.54

0.990
0.959
0.930
0.906
0.886
0.868
0.856
0.846
0.839

T.11
6.79
6.29
5.65
4.89
4.02
3.08
2,09

1.05

0.997
0.976
0.956
0.940
0.926
0.912
0.903
0.899
0.891
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APPENDIX II

Range of tests on which generalised cascade
data sheets of Reference 10 are based

At each pitch/chord ratio s/c and camber O, the air inlet angle a4
was kept constant at a selected value, and measurements were made at
various blade staggers. The itests were then repeated at other values of
a3, The data sheete of Reference 10 are based on generalisations of the
"reference” or minimum loss conditions of these tests. The following
table gives the leading parameters of sach of the tests, as judged from
the figureo of Reference 10,

| al s/c e°

Fosm s e wle o [ . L

A S —

. 1.0 104 20, 30, 37.5, 45
; 0.8 10, 30, 45
0.67 10, 20, 30, 37.5, 45

. 45 2.0 205 45

; 133 30, 45

; 1.00 30, 37.5, 45, 52, 59

: 0.80 30, 45

) 0.67 10, 20, 30, 37.5, 45, 52, 59

60  2.00 30, 45

‘ 1.33 30, 45

' 1.00 30, 37.5, 45, 52
0.80 10, 30, 45

103 2D, 30’ 37'53 45

O

-

(o)
1

70 1.00 10, 20, 30, 37.5
: 0.80 20, 30, 37.5
: 0.67 10, 20, 30, 37.5

]
Bt e e e et mremein e rma— et o it ees e b e
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APPENDIX TTT

Valuos of A and B 1n equation tan ap = A + B tan a,
for flat plate cascades 1n potential flow

s/c = 1.0 s/c = 2.5 s/c = 4.0

% g A B A B A B
% 0 -0.021 0.041 ~0.056  0.284  -0.057  0.459
L 10 0.148  0.043 0.070 0.284 0.038  0.458
20 0.324  0.046 0.197  0.293 0.134  0.466
‘ 30 0.524 0.048 0.329 0.311 0.229 0.486
; 40 0.769  0.050 0.467  0.343 0.325  0.516
" 50 1.094 0.053 0.617 0.388 0.422 0.559
,E 60 1.577  0.057 0.776  0.455 0.519  0.616
§ 70 2.506 0.061 0.950 0,547 0.611 0.691
80 4.203 0,182 1,137 0.574 0.696  0.784

The stagger setting is that which gives the appropriate value of o4
at CLV2 = 1.0,

Notes Some unpublished test resulis on a single-stage fan gave
A = 2.10 and B = 0.27, for Gottingen 436 blade sections at a
prtch/chord ratio of 1.5 and ap = 72.9° at CLy, = 1.0.
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APPENDIX IV

Leading mean diameter parsmeters of some exasting fan designs

i - - ‘ - " -y

" Design A B C D b F

; V,/U 0,280  0.279 0.270 0.314 0.471 o.3oo§
;KPAT/%UQ 0.126 0,127 0.232 0.377 1.160 o.57o£
| No. blades 2 4 6 10 20 12 ?
'Es/b T.22 T.36 3.87 2.19 1.18 1.50 :
i /o 0.12 0.08 011 0.11 0.11 0.11
‘n/c 2.20 4,20 3.71 2.52 1.32 1.32 |
fe 37.7 18.0 25.0 25.0 37.1 25.0
gy 99.9 82,7 91.2 90.1 92.8 91.9
B 62,2 64.7 66,2 65,1 55,7 66.9
S 144 753 7644 75.2 1344 76.1

| iz 13.4 1444 4.5 72,6 64,8 7241
€ 1.0 0.9 1.5 2.6 8.6 4.0
fi -25.5 ~T.4 ~14.8 -14.9 -19.4 -20.8 %
's 11.2 9.7 8.7 7.5 5.1 5.2 E
g’CL 0.91 0.88 0.82 0.72 1.00 0.770.
" CLy, 0.96 0.94 0.91 0.84 1.53 0.99
tan ay - tan az 0,23 0.23 0.43 0.59 1.23 o.95oi

Note: t = blade maximum thickness

h = Dblade height

'3

@ - Qg
The remaining symbols are ag defined in the text.

The 1ift coefficients are the theoretical values which neglect the drag
term.

Angles are given in degrees.

D 76920/1/125875 K4 10/66 R & TXL
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confined to low speed tweo-dimensional considerations.

It §s suggested that the casczde approach could provide a basis
for the formulation of a unified design method.

A projeect of this nature would necessitate a programme of testing
and performance analysis of typical fans; high stagger casczde tests might
also provide supporting data, although there could be dcubts as to their
significance.
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NOTES ON DUCTED FAN DESIGN

In general, corventlional compressor stages are designed by the
cascade method, while high stagger low solidity dueted fans are designed on
medified isclated aerofoil theory. The purpose of these notes is to provide
a basis for discussion on the relati{ve merits of the two methods and on the
desirability of extending one method to cover the whole range of hlading
likely to be required in compresscrs and fans. Astentlon has been mainly
confined to low speed two-dimensional considerations.

It 1s suggested that the cascade appreach could provide a basis
for the formulation of a unified design method.

A project of this nature would necessitate a programme of testing
and performance analysis of typlcal fans; hlgh stagger cascade tests might
also provide supporting data, although there could be doubts as to thelr
signiflcance.
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