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SUMMAERY

A method of designing, dnabysing ond estimating performancé
is given Jor the general case of a ducted axial Jlow fan rotoi
with prerotafors upstrean and straighteners downstrcam. The theor]
is based largely on data obtained from eaperimental tests on isolay
ted aerbjbtbs and aerofoils in cascade. This JSfaclilitates th
design of both low and high pressure rise fans.

The design method, which is direct, is developed in terms o,
two parameters, namely, the flow and swirl coefficients. Rocom
mendations Jor caloulating the losses in the rotor, stators an{
over the tail Jairing give an estimate of efficiency which ﬁ
adequate Jfor destgn purposes. As the method lends itselS ¢
graphical solution, the design variables have been presented a
simple Junctions of the abovs two parameters.

. A rapid estimate of the characteristic ocurve can be obtaine
from the method of analysis given, which is simple and of a genera

nature.

Experimental and performance data are presented which factbﬁ
tate the design of axial flow Jans made with circular arc bLade
relatively good efficiencies are possLbLe with this industrial tyz
of Jan. The tests aLso anLude an anestbga*bon on the order |
the losses over the tall jubrbng. A de ngn example and a method
construction are appendedm
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NOTATION

Camber of aerofoil (cascade theory)

Total drag coefficient of rotor or stator
blade element at radius r.

Profile drag coefficient of rotor or statorf
blade element at radius r.

Secondary drag coefficient of rotor or stator
blade element at radius r.

Annulus drag coefficient of rotor or étator
blade element at radius r,

Chord ofﬁthe rotor or stator blade element at
radius r.

Lift coefficient of rotor or stator blade
element at radius r. |
Optinum 1ift coefficient of rotob or stafor
blade element at radius r (cascade theory)
Total drag of rotor or stator blade element
at radius r.

Fineness ratio of tail fairing

Total head in a stresmline |

Mean total head loss in duct eystem (exclusive of
fan wmit)

Mean total head loss over tail fairing
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# Ahg Actual total head rise across rotor and

stator blades in an elementary annulus.

Ahth Theoretical total hesd rise across the rotor
ih an celementary annulus.

AQF Total head losses across the rotor due to
drag‘in an elementary annulus.

AhP Total head losses across the prefrotator
due to drag in an elementary annulus.

Ahs Total head losses across the straighteners
due to drag in an elemeﬁtary annulus.

Local angle of incidence (cascade theory)

’.J-

K Total head coefficient of duct loss\AH_/J_pUz )
- z
0

KD ' Mean total head loss coefficient for tail
fairing diffuser
k Coefficient of total head rise across rotor

and sﬁators

# Capital letters denote mean total head changes in
duct or fan unit as a whole, whilst smell letters are for
changes in an elemehtary annulus.,

Total head rises have small letter subscripts,

logses have capital letter subscripts.
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Coefficient
rise across
Coefficient
Coefficient
Coefficient

Coefficient

(viii)

of theoretical total head

rotor

of total head
of total head
of total head
of total head

profile drag.

Coefficient of total head
to secondary drag
Coefficient of total head
annulus drag.

Coefficient of total head
dve to profile drag.
Coefficient of total head
due to secondary. drag.
Coefficient of total head
due to profile drag.
Coefficient of total head

due to secondary drag.

loss across
loss across
loss across

loss across
loss across
loss across
loss across
loss across
loss

across

loss across

Lift of rotor or stator blade element

rotor
pre-ro@gtor
straightener
rotor due to
rotor due
rotor due to
pre-rotator
pre~rotator
straightener

straightener

at radius r.

Capital letter, K, denotes coefficient of mean

total head change; small letter, k, the coefficient for

elementary annulus.

A1l coefficients are based on zpu?
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(1x)
Slope of 1lift curve (Cp = m sin (2-P))
Length of tail fairing
Number of rofor or stator blades
Horsepower
Power coefficient
Static pressure in a streamline -
Static pressure rise across rotor in elementary
annulus
Theoretical static pressure rise across rotor in
elemeatary annulus
Torgue of rotor
Torque coefficient
Radius of rotor tip
Radius of curvature of camber line (cascade theory)
Radius of elementary annulus
Width of elementary annulus
Radius of rotor boss
Gap between rotor or stator blades
Thrust of rotor
Thrust coefficient
Mean velocity in duct of radius R (xo = 0)
Axial component of velocity in elementary
annmulus (assumed constant for whole fan)
Resultant inlet velocity relative to blade

Resultant outlet velocity relative to blade
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w Mean effective resultant velocity relative
to rotor blade
W Mean effective resultant veldelty relative to
pre-~rotator blade
Wy Mean effective resultant velecity relative to
straightener blade
X Tangential force pér blade element
x Radius ratio r/R
xo Boss ratio T,
R.
Y Axial force per blade element
o Angle of incidence (free aerofoil theory)
o Angle vector, V, , makes with fan axis,
rae Angle vector, V2, Makes with fan axis,
3‘ Angle leading edge camber line tangent makes
with fan axis.
B, Angle trailing edge camber line tangent makes
with fan axis
¥ Lift/drag ratio
s Angle of deviation
#® g Ratio of induced velocity to axial velocity
% Suffices o and m toe:and)ndenote values at rg
and “he mid-span station respectively.
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Ratio cof induced velocity, produced by
pre-rotators, to axial velocity
Ratio of induced velccity, removed by
straighteners, to axial velocity

Efficiency of rotor and stators

Efficiency of rotor

Efficiency of complete unit

Diffuser efficiency over tail fairing

Camber angle cf rotor or stator blades

Ratio of axial velocity to rotor tip velocity
Ratio of axial velocity to blade veloéity at
radius r.

Stagger angles

Density in slugs/ft.3

Solidity (the reciprocal of 5/c¢)

angle between no 1ift line of biade element
section and the planeof rotation

Angle vector, w, makes with plane of:rotation.
Angle vector, Wp, makes with plane of rotation.

Angle vector, Wy makes wlth plane of rotation.

Angle associated with’ rate of change of szrl with
flow coefficient. _

Angular velocity of induced rotation at radius r



(xii)

Angular velocity of rotation induced by pre-
rotators at radius r

Angular velocity of rotation removed by
straighteners at radius r.

Angular velocity of rotor.
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An axisl flow fan adds momentum to a b&éyﬂo$:§

N L2 anr il s
st

air without changing the general direction of the flows
There are two main types, namely, (i) non-ducted circulating
fans, and (ii) ducted fans. Intermediate between these two
are fans with shroud rings to prevent recirculation through
the tips and fans mounted in a diaphragm plate, such as
c¢rude wall exhaust fans. Origdinally, axial flow fans were
crudely designed and poorly installed and they suffered

in comparison with the centrifugal fan, Nowadays, however,
it is well known that very high efficiencies can be obtained
from well designed axial flow fans.

The ducted axial flow fan, which is considered
in the paper, is very ameniaﬁle to mathematical computation,
and advanced design technigues are now available, Such a
fan can be congidered as a means of forcing a quantity of
air through a duct system against a resistance comprised of
.skin friction, flow separations, discharge losses and losses
within the fan'unit itself, It is intended to treat the
design, performance and analysis of ducted fans in a

manner which will permit a ready application of the data.



1e1 Basic Design Theories.

There are two basic design theories which
are used conjointly to design fans to fulfil a specific
taske The first, called the Momentum Theory, is only
concerned with the momentum which the fan must add to
the air and the overall effects on the stream. The
second, called the Blade Element Theory, specifies the
aerofoil blade details necessary to produce these overall
effects.

Taking the air velocities relative to the
blade, the outlet velocity is less than the inlet velocity
and hence a static pressure rise occurs, as in diffusers.
Relative to the duct, the outlet velocity is greater than
the inlet velocity resulting in a tangentisl or swirl
component. The torgue of the fan is equal to the rate of
change of angular momentum; The gquestion of impulse or
reaction fans is discussed in section 2.2,

From the pressure rise and fiow requirements
the momentum relationships can be established and the
velocity vectors determined. The blade element theory
then enables the blade shape and setting to be investicated.
FEach elementary length of blade is usually treafed.as a

two dimensional blade section in a two dimensional flow.



1.2 Fan Configurations.,

The change in angular momentum of the air
represents a loss unless it is efficiently recovered as
pressure. There are, in general, five main design
possibilities, namely, (a) the swiri passes‘downstream
and the energy is lost, (b) the swirl is removed by
stators downstream of the fan, (c) stators are used
to impart a pre-swirl in the opposite sense to the fan
rotation, the rotor then removing the swirl; (da) a
combination of the preceding two and (e) contra-rotating
fans where the second removes the swirl of the first.

Multi-stage units are uncommon as centri-
fugal fans, due to their simplicity, are usually preferred
in this pressure rise range. However, where efficiency
is an important factor, the multi-stage unit is attractive.

In general, the fan-straightener unit is
the one most commonly used as it is usually more efficient
and convenient than the prefotator - fan unit; however,
slight 1y higher pressure rises are possible with the
1attef'for a given rotational speed, Straighteners are
sometimes used in conjunction with prerotators in order to
remove the residual rotation when the fan opcrates

substantially away from the design case.



143 Swirl and Flow Coefficients.

On passing through prerotators, the air is
deflected and accelerated with a subsequent pressure drop.
Deflections of 60° or more are possible before stator
stall conditions appear. However, the greater the swirl,
the larger the pressure rise across the rotor and hence
the danger of rotor stalling will impose some limitations
on the preswirl permissible.

In the case of downstream stators, or
straighteners as they are called when the swirl component
is completely removed, the air is decelerated, i.e. a
pressure rise occurs. A restriction has to be placed on
the design swirl of the rotor.to ensure that the
straighteners do not stall. The angle of deflection
through flow straighteners is limited, for most practical
purposes, to 45°.

From the above it can be readily seen that
the ratio hetween the swirl velocity and the axial
component, which defines the deflection angle, is an
important variable. The swirl imparted, or removed,
by the fan is a measure of the change in angular momentum
and thus of the torque of the fan. Assuming that for a
siven flow and pressure rise the efficiency remains

constant, it is at once apparent that the amount of swirl



for a given power input can be changed by altering

the design speed of the fan. This involves a second
ratio between the axial component and the rotational
speed of the blade element known as the flow coefficient.
Most of the variables associated with fan design can be
expressed as simple functions of these two ratios.

1.4 Load Distribution.

It is possible to specify the load
distribution along the span of the blade in terms of.
the swirl and flow coefficients. The most common
design distribution is obtained by assuming that the
anpular velocity of swirl is inversely proportional to
the radius. In such a flow, the centrifugal forces
are balanced by the radial pressure gradient (esga see
Ref. 1) and hence the flow particles are confined to
an elementary annulus of fixed radius. This condition, -
which gives no radial component of velocity and results
in a constant total head rise along the span, is known
as "free vortex" flow.

' With "solid body" rotation, the angular
veiocity is directly proportional to the radius, as
the name would imply. This distribution is very seldom
used owing to the radial flows introduced. The total

head rise increases as the tip is approached and because



of this it has been shown that, for moderate boss
diameter to fan dismeter ratios, the working capacity
of a fan can be increased whilst retaining high
efficiency (Ref. 1). It is of course possible to
degsiecn for this condition, or any other arbitrary
aistribution such as constant angular velocity,
provided attention is paid to the radial flows,
(Refss 1, 2 and 3).

1.5 The Blade Element,

As a consequence of the relative velccity
between the blade and the air, the blade experiences
1ift and drag forces. When compounded along the fan
axis and in the plane of rotation, thess forces define
respectively the thrust and torque on the blade
element. The 1ift is dependent on three main factors,
namely, the dynamic head due to the relative velocity,
the blade chord and the angle of incidence which the
veloeity vector makes with the blade, Increasing each
of these, within limits, will increase the pressure
rise which the fan is capablé of producing.

For a piven mass flow, the relative
velocity may be increased by increasing (a) the axial
component, (b) the rotational component. The first is

achieved by increasing the boss diameter and/or by



reducing the fan diameter. It must be borne in mind,
however, that the flow hss to be diffused back to the
mean velocity in the duct. The losses involved in this
process, as will be shown later, can reduce the overall
efficiency by a considerable amount., The second
expedient, that of incréasing the fan speed, also has
its limitations. Due to an increase in the sbsolute
dragc, the loss in efficiency at small flow coefficients,
i.es large relative rotational speeds, can be considerable
At the.tip, where the relative velocity is greatest,
compressibility troubles may arise if the relative velocity
exceeds 500 - 550 ft./sec. (Refs. 11 and 5). Noise is,
of course, augmented with increasing tip speed,

Instead of considering the blade chord
it is more convenient to use the non-dimensional ratio
of blade chord to circumferential gap between adjacent
blade elements, namely the solidity. For solidities
approaching unity and beyond, there is an aerodynamic
interference between adjacent blades which results
usually in a marked reduction in 1ift. Hence for
this and obvious practical reasons there is a Very
definite 1limit to the amount which the chord can be

increased for the purpose of obtaining higher pressure

rises.



Lastly, there is in design a limitation
on the angle of incidence of the blade, with respect
to the relative velocity, fixed usually by a large
increase in drag which precedes the stall. In order
to obtain the highest efficiency it is necessary to
use blade sections which have a high 1lift/drag ratios,

There is, of course, no lower limit on
pressure rise; it is only necessary to ensure that the
design cives the desired cfficiency.

1.6 Interference.

When the solidity is low; there is no
mutual interference Between the 1lifts of adjacent
blades. In these circumstanceg, the two dimensional
test data of suitable aerofoils, such as the RAF 6
and Clark Y (see Appendix B), can be directly applied.
This approach is known as the isolated aerofoil theory.
On the basis of experimental work (Refs, 6, 7, 8 and 9)
this theory is assumed to be invalid for solidities
greater than unity. An arbitrary limit of unity has
also been placed on the product of 1lift coefficient and
solidity (Ref. 6). In the 1light of recent experimental
work on the performance of aerofoils in cascade, these
criteria will be unreliable at small flow coefficients

(see Section 2.3).



Some attempts (Refs. 5, 9, 10 and 11) have
been made to extend the scope of the isolated aerofoil
theory by introducing an interference factor sometimes
defined as the ratio of the actual 1lift of the blade in
cascade to the 1lift it would exert if the other blades
were absent. Such methods, however, have failed in
general to produce consistant results.

One approach (Refs._11, 12 and 13) to
the cascade aerofoill theory is to theoretically remove
one blade and replace, it by a simple circulation to
represent the 1lift. This flow is then compounded with
the flow field around the adjacent blade, the latter
having béen calculated for an isolated aerofoil. From
the modified pressure distribution, the lift of the
aepofoils can be determined. Other methods of calculating
the potential flow through cascades of aerofoils are
given in References 9, and 14-18. More recently,
techniques have been evolved which enable cascade
aerofoils to be designed with a specific velocity
distribution (Refs. 19 to 23)., Whilst such methods
are promising, the majority of present day design
is based on experimental data obtained from low
speed two dimensional cascade wind tunnels (Refs. 3

and 24 to 30).
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This data, which is considerable, owes its existence
to the axial flow compreéssor research carried out

in numerous countries. In general, the blade section
183 comprised of a specified camber line which is then
clothed with a suitable symmetrical aerofoil section
(see Appendix B). The camber line and its setting are
usually sufficient to specify the duty which the blade
fulfils in desipgn,. |

1e7 Fan Efficiency.

The efficiency of an axial flow fan
depends greatly on the overall instsllation. Good
inlet and outlet conditions are not always possible,
(due possibly to space limitations or unavoidable
obstructions,) and, when this is the case, no accurate
measure of the losses can be obtained, In these
circumstances; actual experience is almost essential
in determining the losses although assistance can be
obtained from published work such as Reference 31.
Provided, however, that flow separation
is avoided within a reasonable compass of the fan, the
fan losses can be predicted with a sufficient degree of
accuracy. 1t is generally accepted now that the losses
may be arbitrarily subdivided into three components namely,
profile drag, secondary drag and annulus drag. (e.g. see

Refs., 32, 33 and 34).
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Thevfirst, which 1s a two dimensional loss, is fully
understood but the latter two, which are three
dimensional, are still receiving considerable attention
Secondary flow, i.e, flow having a
component normal to the local stream direction, arises
a8 a result of a non uniform inlet total head caused
by wall boundary layers and wakes. The centrifugal
forces acting on the air in these retarded regions
are insufficient to balance the pressure gradients
associated with turning the flow through the fan.
This leads to secondary flow near the extremities of
the bladec This éuperimposed motion represents
momentum lost to the main flow as it cannot be recovered;
the motion is dissipated finally as turbulence.
There are, in general, two approaches
to the problem, The theory which is more fundamentally
sound, tréats the secondary flow as one depending on
the properties of the passage through which it is
passing (ﬁefs. 35, 36). It has not as yet, however,
y ielded much in the way of reliable quantitative
data although qualitatively the losses are known to
depend on the turning angle and the solidity (Ref. 37)
ﬁowell and Carter (Refs. 3, 32 and 34) have

endeavoured to identify the motion with the normal
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trailing vortex system found downstream of finite wings.
Although valid objections (Ref. 37) can be raiscd to

such a treatment it has nevertheless formed the basis of

a quantitative analysis. The loss is presented as an
equivalent induced drag coefficient. It has been

shown (Ref, 34) that the real induced drag coefficient,
due to a variation in 1ift along the blade, (not including
the sudden loss of 1ift at the extremities,) is generally
very small,

The origin of the annulus ;osses as given
by Howell (Refs 3), namely, high skin friction, is not
completely satisfactory. A more satisfactory approach
is indicated by Mager and others (Ref. 33) who undertook
an esnalysis of the boundary layer deflections on the wall
near the blade tips, .

Despite the uncertainty associated with
the exact nature of the three dimensional losses, enough
is known to permit & reasonable quantitative estimate.

A similar subdivision of losses can be'made for the
stators.

Because of the direct relationship between
the fsn design and the diffuser losses over the tail
fairing, these losses have to be taken into consideration.

Finally it will be reiterated that the losses outlined
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are the major ones provided there are no flow separations
in or near the fan.

For blade Reynolds numbers below the
critical, the losses increase sharply with decreasing
Reynolds number, (e.g. See Referénce 31 and general
aerofoil test data), Another factor which has an
influence on the efficiency is the relative roughness
of the surface, Usually, roughness bnly increases the
skin friction, the main effect being a loss in efficiency.
Roughness can, however, modif'y the characteristicsﬂpf the
fan rotor (See Ref. 38),

1.8 Design Assumptions.

From the foregoing sub-sections, it is
obvious that a complete cover of the subject is impossible;
in this paper, therefore, some restriction has been
necessary. A design method has been presented which is .
general enough to permit ité application to most practical
problems without introducing undue complication. An
extension of the theory to meet any special need should not
prove difficult., Axial flow compressors are not considered.

The design method is based on the following:
(i) Only high efficiency ducted fans are treated in detail.

Tn Part B an extension to sheet metal bladed fans is

indicated,
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(ii) The general case of a rotor with stators upstream
and downstream is treated,

(i1ii) Experimental dats on isolated and cascade aerofoils
hes been used in order to éover the complete
pressure range.

(iv) The flow is incompressible, i,e. the relative
velocity at the tip is less than 550 ft/sec.

(v) Pree vortex flow which involves assuming constant
total head rise and axial velocity alons the blade
span,

(vi) The’swirl coefficient removed by the straighteners
not to exceed 1,0 and that.produced by prerotators
to be less than 1.5 (See section 1.3).

(vii) A lower limit of 0.2 on flow coefficient, A, due to

| efficiency considerations and an upper limit of
1.5 fixed by design difficulties.
Contra-~rotating fans can be designed from
the above by taking the swirl of the front fan as being the
prerotation for the rear fan.

1.9 Design Method,

In developing the present design method,
an attempt has been made to combine the best features of

existing design methods (Refs. 1, 4=7, 9-11, 24, 39-43)
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and at the same time carry out develomments aiméd at
simplifying the processes. The use of thrust and
torque gradings along the span in determining the
blade element characteristics, either on a reiterative
(Refs, L4 and 5) or a direct basis (Refs. 6 and L42),
has been eliminated; their use can be traced to an
exténsion of airscrew theory to ducted fan designe.

This present design method is an extension
of Patterson's (Refs. 6, 39-41) and hence, wherever
possible, the same non-dimensional coefficients and
notation have been retained. The virtue of a non-
dimensional treatment is self evident as it permits
the extensive use of desismn graphs, gimplifies the
design and gives a ready appreciation of design limits.
In cascade theory (Refss 3 and 2L), which was developed
for compressor design, the flow characteristics are
often defined by angles or functions of angles; this is
due to density variations which prevent, in such work,
the use of the non-dimensional fan coefficients.
However, wherever possible, this data has been reduced to
a suitable non-dimensional form enabling it to be
integrated into the general design method for both low
and hipgh pressure in fans. The standard conventions of

Ref. Ll has been adopted where additional notation is
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required. This theory is usually limited to high
pressure rise fans with moderately high boss/fan ratios.

It has been found that most design
variables can be expressed as simply functions of the
swirl and flow coefficients. This has si~plified the
precedure and opened the way to a groater use of design
graphs. The data from which the accompanying figures are
plotted, are tabulated to facilitate the preparation of
graphs large enough for design purposes. ‘

It has been found more convenient to
develop the design in terms of the theoretical,
rather that the actual, total head rise., This permits
greater use of the swirl and flow coefficients as
parameters in design graphs. The losges are more
conveniently handled separately and as functions of
the same two coefficients.'

Although the design theory of Patterson
(Ref., 6) constituted a starting point for the present
investigation, most of the design theory and method have
been recast. In Reference 6, a constant efficiency is
assumed along the blade from which the 1ift /profile
dreg ratio to give that efficiency is calculet=d for a
specific blade element. Knowing the characterigtics

of the particular aerofoil to be used, the 1ift coefficient
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and blade incidence corresponding to the above lift/drag
ratio can be determined. The computation of the blade
chord then follows, thus completing the design of a
gpecific blade element.

The present method is more direct and
only involves the sélution of & small number of simple
equations,

1410 PFan Analysis

An important part of fan design is the
determination of the operating characteristic for the
requisite range of working conditions. 4 number of
methods have been sugpcested (e.ge Refs. 7, 10, QS to 48)
which entail varying degrees of labour. In this paper
a simple method of analysis 15 presented which is very
suitable for the analysis of free vortex fans and can
be used, within reason, for other typss. /{8 before,
the general case of a rotor with both preswirl and
afterswirl is considered., An alternative method for
cascade type aerofolls 1is also givene.

2 FAN DESIGHN
20 1 General .

From experience it is found tlat the

assumption of a constant axial velocity component, made
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in section 1.8, is very reliable. The use o a nose
fairing and a moderate boss/fan ratio tend to

improve the velocity distribution, When this assumption
iLa combined with that of constanf total head riée it

can be shown (Section 2.2) that the flow satisfies

the free vortex equation, namely,

wr? = constant 25741
where o is the angular velocity of swirl.

The air is then retained between co-axial cylinders of
radius r and (r + dr),.

The theory, as mentioned previously, has been

developed for the generalized case in which stators have

been fitted upstream and downstream of the fan. Although
such a design is rarely encountered, the more usual
configurations with either prerotators or straighteners
can be readily designed by substituting the appropriate
values,

Irrespective of whether isolated aerofoil or
cascade data is used, the initial steps of design are
identical as these depend only on momentum considerations.

2.2 Momentum Consideratiogg.

From the assumptions just made and taking a

blade element of length dr, the following diagram can be drawn,
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the fan rotation. It i
leaves the fan rotor wi
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The total

by the expressions:

ing the prerotators axially

ly in a direction opposite to

s assumed that the air then

th a tangential component

t given by the prerotators thus
rs the task of deflecting the

direction.

heads at each position are given

H = p, +3zpl '
H, = b, + zpu” + p(w,7)* L 2 5.1
H,=p, + Tou® + tplw Sr',\2 ;/
H, =p, + Lo j
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where H, p, u andAwr are the total head, static pressure,
axial velocity cdmponent and tangential velocity component
respectively.

The overall change in total head in the
annulus can be written -

Hye - Hy = Aha = Ahth - AhF - AhP ~ AhS 2.2.2

where Ahth is the theoretical head rise assuming no

losses; the othér terms denote the losses in the fan,

prerotators and straighteners respectively.
Expressing the above non-dimensionally by

dividing throughout by ZpuZ.
ky = kg = ¥p - Kp = Kg 20243
This represents also the non-dimensional

static pressure rise between stations 1 and 4. The

static pressure rise across the fan rotor is given by -
p, - p, = Op = $pu(kyy - kg + &7 = &2) 2,24

where _~ =¢ and Ho = Hz = 8hy, = &hy
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ya S . Plan ¢ of rotation
r - L ((1)s - W )I‘
u
w sr
DIAGRAM 2

Neglecting for a while the flow through
the stators, the preceding diagram illustrates the
absolute velocity vectors for an element of fan blade
of length dr. The prerotator gives the air entering the
fan a rotational component ofu)pr which the fan removes
and at the same time the fan produces an additional

component ofﬂlér at outlet as described before.



22

In order to determine the mean resultant
vector which the fan experiences it is necessary to
make some assumption concerning the effective swirl.
This is taken to be the mean change in swirl assuming
the swirl changes linearly from inlet to outlet from
the blade. The resultant tangential velocity experienced

by the blade is then given by
L] 1 -
fr - 5(w, mp)r
where flr is the blade speed at radius r.

The angle which the resultant velocity

makes with the plane of rotation, ¢, can be expressed by

u \
tan o = :
ir = 4 (w, - 0 )r
s TP | \ 2,25
_ A
1 -
1 - 2(83 Ep)h )
where M, the flow coefficient = %L
: r

This indicates the direction in which the

1ift and drag forces act, From the force vector dlagram

below -



PLANE OF ROTATION

DIAGRAM 3

it will be seen that the 1ift is comprised of components
of both the axial and tangential forces Y and X; the drag

has a similar composition.
The axial force, Y, per blade element equals
Ap 8 dr 2a2o6

where s is the gap defined by 2
N

and N is the number of blades.
The rate of change of swirl momentum

gives the tangential force, X, as follows:

X

spu(wpr + wsr)dr

spu2(8p + Gs)dr 2,207
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Hence the drac of a blade element is
D =X cosp =Y sing
= spuz(ep + as)dr cose -~ 8 Ap dr sino

Substituting for Ap and dividing by fpW cdr where ¢ is

u

the blade chord, and substituting sine¢ for W

= S gin® - - 2 2 :
Cp = 3 sin cpiz(ep + es) cosg (kth eyt 8y ) sing |

s 3
Assuming no losses in the fan, the work
done will equal the work put into the fan by the shaft,

hence for a complete annulus:

Ahth 2%xpdru = 27cr-drpu2(sp + es) Qr

K \
“uh =1 | 2,2,8

Eliminating kth and substituting

coto for \
1 -'Q'(Ss -Sp)h
hv
S s .2 - . § sn3 @
Op = 2 2 sin”e (e:p + ey) {cosg - coty sin®} + 3 kF sin3 o
e = ‘S‘ in3 - 22269 .
OD =g kF sin-» o
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Similarly the 1ift, L, is

L X sino + Y coso

spu2(€p +8e.)dr sino + & % dr cos ¢

hence
S 2 i
= < sin @{Z(EP +e ) sino+ (kyy - e.% + epz) cos 0}
-g p sirf ¢ cos o

Making the same substitution as before and in addition

. g 3
substituting GD for % kF sin~o
S
Cp, = 2 (3) (ep +eg) sing - Cp cot ¢ 242410
writing-g as o0 which is the normal symbol for

propeller solidity.

00 = 2(&:P + es) sing = oC coto 2.2.11

As mentioned previously, (para. 2.1) the
condition of constant total head rise and constant axial
velocity through the fan at all stations énsures a free
vortex flow. From equation 2.,2.8

r w.r
20p )(oi’ + 8 ) 2k wu

(W ) { T-f th

le€e: wpr'2 + wsr2 = const. 24272
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The design eguation thus satisfies the
condition given in reference 1 for no radial flow,.

Another momentum consideration which
proves of interest is the questicn of impulse and
reaction blading, With impulse blades, there is no
acceleration or retardation of the flow, the sole
purpose df the blades being to change the sense of
the tangential velocity component relative to the blade.
This means there is no static pressure rise through a
stage of impulse blading., With 100% reaction blading,
the static pressure rise across the blades is equal to
the total static pressure rise of the unit i.e. rotor
and statorss In this report it is intended that this
definition should apply only to the rotor. (A similar
definition can be applied to stators'e.g. in a fan-
straightener unit with an impulse rotor, the static
pressure rise across the stators is equal to the
pressure rise of the unit and hence the stators have
100% reaction blading).

From equation 2,2.k4

2 L 2) 262:13

%_-puz(kth + ey o

il

APy
where Ap,, = & + kF%pUQ

and is the theoretical static pressure rise across the rotor.
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Since it is assumed that the air enters and
leaves the unit in an axial direction, the theoretical
static pressure rise of the unit is equal to the
theoretical total head rise, ki hpu®. Therefore
re—-arranging equation 2,2,13 we get -~

Apth/%qu

- +
- e e

Keh Kih

————— e

Kin

- B . fs | 2.2,
which expresses the degree of reaction in the rotor
blading. When only prerotators are used, the rotor

has more than 100% reaction whilst with straighteners

it has always less than this value. A combination of

the two types of stators results in a wide range of
possgibilities, It should be mentionéd that there is
another type of prerotafor which is used in high speed
axial flow compressorss The stators instead of imparting
a swirl velocity of opposite sense to the blade velocity,
add the swirl in the same sense in order to reduce the
local zir veloclities on the blade; this avoids the
formatiénvof shock waves on the blades, TheAep2 /kth

term in equation 2,2.lL then becomes ne gative.

The initial design centres around equations

2,2,8, 2.2,5 énd 2.2+.11s PFrom the first, the swirl can be
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calculated whilst thc second and third give the direction

of the velocity vectop, w, and the blade loading respectively.
There arc still, however, a few unknowns one of which is

the valus of kth‘ This depends, asmongst other things,

on a knowledge of the loss coefficients kp, kp and kS'
However, before considering the stator properties, the

fan design, based on kth’ will be studied in detail,

2,3 Blade Design Considerations.

The blade must be designed to fulfil the
requirements of equation 2.,2,141. As the second term is
a second order one, it can usually be neglected, thus -

G0 = 2(§p + es) sin o 2341

When this product of the 1lift coefficient and
solidity is well below unity, no difficulty is experienced
in designing the blade. As will be shown later, careful
attention must be paid to choosing an appropriate 1lift
coefficient when the product approaches unityc In order to
study the problem it is necessary to consider the relative

velocity diagrams at the inlet and outlet to the blade,
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The theoretical pressure rise through the
fan is given by =
bppy = 2p W2 = FpV, 24342
The optimum 1ift coefficient has been found

from experimental work on cascades of cambered aerofolls
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(reference 43) to be

. s Ap 1.375
GL = 2 ?‘1 - th }

; - for o= % to 2 2+ 343
zPV,

which occurs when the deflection for a given

s/c is approximately 80% of the maximum deflection

, (o - a2)max’ achieved just prior to the stall.
Substituting u/cosa‘ and u/coso, for Vi and V, rcspectively

and eliminating Apy,,

. RT5
Cp =2 {COS‘% | 2. 3.4

cos g,

From the preceding diagram it can be seen
that

&, + 8¢ = tena, - tena, 2¢3¢5

and from eguation 2,2.5

LR -
cote = fir =z (ws mp)r

u
= +(tang + tang,) 2.3,6
Substituting equaticns 2.3.5 and 2,3.6 in equatiocn 2.3.1
G, = % (tana‘ - tana, ) sin cot™{f (tanor+tanogl 2.3."
From equations 2+3.4 and 2,3.7 several
graphical relationships can be drawn; three of these are
presentod in Figs. 1 to 3 and Table I for solidities from

0.6 to 2.0. The abscissa in each casc 1is the outlet

angle o, In determining the sign of the angles o4 and 0O,,
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it is sufficient to accept the cascade thecry convention
(Ref. i) that the flow deflection, (@, - a,), is always
positive. It can be shown that ¢ is always positive

for a retarding cascade and o, always negative for an

accelerating onec.

The inlet and cutlet angles can also be

expressed as follows .

tan G, = 1+ eph A\L

M \ 2,3.8
ten % = 1 ~ gt 'J

A

FPor the type of rotor design conéidered in
this report, the inlet angle will always be positive
and provided the product esk is less than unity, qz'will
also be positive.

Equation 2.3.4 now becomes =

(‘Cos tan™ "' 1 + &) \l 21
* - 2) 2,3.9
CL = 2< ' v
Lcos tan™ 1 = &g
A f
c; = (sp,es,?\) 2,3.10
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From equation 2.,3.1 and the relation

- A
QP = tan-‘

i - %(ss - %p)k

Gy, = i(”p: &9 G N _ 2,311
Simple graphical presentaticns of equations
2.3410 and 2,3,11 are possible when either G% or &g is
agsumed to be zero, This is not impractical as, in most
desicns, strairchteners and prerotators are seldom used
together.

Assumines §p is zero and hence

tanoy, =

> =

ggquation 2.3.9 becomes

_ 275
* cos tan~' 1 :
CL = 2 A 2¢ 32,12
-y 1 - & A
cos tan ( 5 :ﬂ
A

thus enabling G; to be plotted against Ah for lines of-

constant es’ Similarly when Ss is zero

1

taan2 = and
A 75
»
cos tan~t /1 eph'\
¢} =2 ) 2,343
cos tan~' A J
A
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Bcuations 2,3.,12 and 2, 3,13 have been
plotted in figures 4 and 5 on which the limits of solidity
appropriate to the cascade theory have been superimposed.
(The lower limit of 2 mentioned previously is extended for 1

3
convenience to 0.6 at which the cascade theory should still

hold with sufficient accuracy).
It is also possible to obtain two simple
graphical solutions of equation 2.3.1. These are presented
in Fiss. 6 and 7 for Sp and &, equal to zero respectively.
Finally by equating 2.3.10 and 2.,3.11, the |
optimm solidity 1s obtained in terms of € and M (Figs. 8 & 9).
Data from which the above fipures were constructed are given
in Tables 2 to 5. |
In the above general considerations; an
optimum 1ift coefficient based on experimental data from
cascade aerofoils was introduced. The scope of application
was limited by lack of experimental data to a range of
solidities from § to 2, The upper limit is, for obvious
reasons, a fairlj practical one but many low pressure fans
require a much lower solidity than 2/3. In contrast, there

is no lower limit on the values of solidity which can be

used in the isolated aerofoil theory.
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28361 CGhecice of Appropriate Desirn Method.

It can be seen that, due to limited experimental
data, one desirn method cannot cover the entire ranpe of
ducted axial flow fans. The problem which arises is fixing
a nominal boundary between the isolated aerofoil theory
and the cascade theory of desicn. This is fairly difficult
as the information available concerning the multi-plane
interference between adjacent blades is not completely
satisfactory. Theory, however, seems to indicate that

when ¢ is approximately LO° and the solidity less than unity,
the interference between adjacent blades is small

(Reference 9 )+ For a siven solidity, the actual 1ift
coefficient for ¢ greater than LO® is liable to be less
than for the isolated aerofoil and vice versa.

In practice however pood results have been
obtained with the isolated aerofoil theory. Tests on @
fan so designed gave complete satisfaction, although the
design values of solidity and ¢ exceeéed the above at
the roct section (Reference Li5). Any loss of desisn 1lift
at the blade root may have been countered by an increase
in 1ift toward the tip; some justification for this
assumption is found in the systematic deviation of the
measured ¢ from the design curve in going from blade root

to blade tip. However, with a much larger boss ratio than
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that used, namely 0.5, a nett loss in 1lift may result
from exceeding the theoretical values.

On the basis of existing knowledse the
following general rule is suggested, If the product
of the lift coefficient and solidity for a siven blade
element lies above the lines of unit solidity given™
in Figs. 6 and 7, thé cascade theory of design should be
employed, Below the lines of ¢ = 0.7, the isolsted
aerofoil theory is the appropriate one. Between the
lines ¢ = 1 and 0.7 eithcr method may be employed,
althouch in the case of straipghteners only, i.e, ep = 0,
the cascade method is prefersble for values of )\ greater
than 0,8. 1In this region ¢ may exceed 40° (Figs. 10 and 11)
due to mulﬁiplane interference; loss of 1lift may result
as indicated previously. It should be mentioned that
the lines of constant solidity on Figs, 6 and 7 are for
the cptimum 1lift coefficients of equation 2,344,

The preceding recommenddtions apply to a
specifié blade element. W¥hen ﬁhe fan as a whole is
considered, modifications may be necessary. As an example,
the case of a fanvwith a moderate boss ratic of 0.5 and
hich loading locally at the root will be considered, The
greayer portion of the blade can be designed by the free

aerofoil theory but special attenticn has to,be paid to the
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root, Two alternatives which su~rsegt themselves are

(1) use the cascade theory near the root and blend
the sections so obtained into a similar cambered
aerofoil of which the two-dimensional characteristics
are known;

(1i) wuse the isolated aerofoil theory with suitable
modifications at the blade root; such as, increasing
the blade incidence to counter a probable drop in
the design iift coefficient and use the optimum
1ift coefficient (equation 2,3.4) or less; this

may involve increasing the solidity.

As mentioned in section 1.9, fans
deéigned entirely by the cascade method for free vortex
flow tend to be high pressure rise fans with large boss
ratios. | '

The choice of the appropriate design method
ig not adifficult once a little eiperience has been gained
The actual determination of the blade element sections and
their settings will now be indicated. In isolated aerofoil
theory, the shape of the blade section is assumed and it
is a simple matter to determine the chord and blade
setting; the cascade theory includes; as well,the

development of the blade section.
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2,4 Blade Element Design (Isolated Aerofcil Theory).

Provided the value of kth is known, sufficient‘
data is available to permit the design of a fan rotor
employing the isclated acecrofoil theory. From the design
equations 2,2,8, 2.2.5 and 2.2.411 the direction of the
velocity vector relative to the blade ahd the blade loading
are known., If the blade loading does not exceed the
recommendations made in the previous section, it is only
necessary to have aerofoil data giving the variation of the
1ift and drag coefficients with incidence to complete the
desipn. The optimum 1lift/drag ratio is usually attained
just after the drag starts to increase appreciably with
incidence (see Fig. 12). The design procedure is then
to choose a 1ift coefficient near the optimum incidence
and calculate the solidity from equation 2,2.11. From
the following diagram the angle of setting relative to
the plane of rotation is ¢ +cwhere oais the angle of

incidence.
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Plane of rotation

DIAGRAM 5
The detailed design procedure will be

summarized in a later section as it not possible at
this stage to outline the determination of kth‘
2.5 Blade Element Design (Aerofoils in Cascade).

To obtain the aerofoil section, a symmetrical
aerofoil is superimposed on a given cember line. Only
circular arc type camber will be treated here; this is the
more common vafiety. The following sketch defines the

main variables involved in determining the blade shape.
. . .

PLANE OF ROTATION

DIAGRAM 6
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The tangents at the leading and trailing
cdpes of the blades make angles B, and B, respectively
with the axial direction; the flow enters and leaves
the bladc at anpgles of 1 and 8 to these tangential
lines. By joining the leading and trailing edges with
a straight line, the stagger, £ , is obtained.

An important parameter in developing the

blade shape is the camber angle ©

6=8 =B = (oy=1) = (e =9) 26501
hence

Olg= S + Bz 2¢ 5-. 2

Provided the incidence, i, remains within the
limits f 5°, the outlet engle % is not sensibly altered
(Reference 32)., For this range of incidence, the angle of
deviation, &, is given approximately by Constant's rule

(Reference 25) namely:

5 = 0.260 N/, 2,53
and substituting for &
e_____(a\"'OQ -1 24 5¢04
1 = 0,26 %/

Finally the stagger, £, is given by

£ zﬁ‘_?z. 24545
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For design, it is usually desirable and
convenient to make i = 0, A further simplification

can be made by assuming, as before, that either ep or €

s
is zero.
When Sp is zero, equation 2.5.4 reduces to
' 1 - e\
tan~' 1 - tan™' (_____E_ )
6 = A A 2,5, 6

and hence © if (e, ) as g can be expressed in terms of

& and A (sce Pigs. 8 and 9) when the optimum value Cz is
used,

Similarly when €4 = 0

- (1 + SP]'> | -1 L
.o A o X 24507
=y
1"' 0.26’\//C

Equations 2.5.,6 and 2,5.,7 have been presented graphically
in Pigs. 13 or 14, (Tables 6 and 7).

The staggers £, is now given by

- e | 2,548

v ]
A2

E = tan~

when ¢._ =0

P 1+ N\ O
anad E = tan"‘ (___é_;- 5 26549
A

€ 0
when 5 =
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These reiationships are given in Firs. 15
and 16, (Tables 6 and 7).
Two of the geometric properties of the

cember, 8, can be expressed as follows:-

(1) Rewr = 1 245,10
c : ©2 s8in g )

wherevRcur is the radius of curvature,

0
(i) Camber/chord ratio, g = 1= cos 3 245411
. \
2 siné-
Equation 2.5.11 can be written approximately as
g ~ 0002219 0 for the range

& = 0 to 50° where 6 is in degrees.

3 STATOR DESIGN

Before dealing with fan performance,
it will be advantageous to consider the design of the
stators.

361 Momentun Considerations,

An analysis of stator design can be carried
out in a similar way to that followed in section 2,2 for the
fan rotor. For a blade element at radius r we have the
following diagrams, where the effective swirl component

is assumed to be the mean of the inlet and outlet swirl.
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Expregsions similar to that of eguation

2429 can be developed for the stators, the relationships

beinn,

CD = g ks sin 3q% for straighteners 3e1e1
and

GD = % kP sin?® gp for prerotators 36162

The 1lift coefficients can be shown to be

s L3 S < -
CL = 2 5 SS sin ¢, = CD ~ s for strajghteners 3.1.3
2
and ] 3
Cp=2¢ e, sin o - CD p for prerotators 3.1t
2

3.2 Straightener Design (N.P.L. Type)

When the swirl velocity is small, a simple
solution evolved et the N.P.L. is often employeds (Reference 9 ),
This consists of using stators with a gap/chord ratio of 1
unity, the stators being so arranged that in a purely axial }
flow, there is no iift on the stators, i.e, the "no 1lift"
line. of the section is parallel with the fan axis.

Provided the stators are not stalied, all swirls can be
removed with a single stator setting. Although this is only
approximately true, it is for all practical purposes an
adequate solution, perticularly in wind tunnel installaticns
where a cymmetrical section such as the N.iA.C.A. 0012 is

often us.d. The flow dlagram for such a section is given below.
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FProm the diagram, the angle of incidence

is (90° - :os) where

,
coto o —z—wsr/u

es/2 3¢241

i

Assuming the two-dimensional N.A.C.A. 0012

aerofoil commences to stall at 14° incidence, we have

eq = 0.5 as a limiting value. Hence this type of
straightener can be considered satisfactory for the desizn range.
g = 0 to O,k (Ref, L40)

Although this method of design can be extended
to higher values of & by using cambered sections, it is
not advisable or desirable to do so. The cascade theory is

the better approach to this problem.
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3.3  Straightener Design (Aerofoils in Cascade).

When the value of €q exceeds O, Ut the cascade
theory of design is usually resorted to. The design details
of the stator blades can be found in a similar fashion to

that employed in section 2.5,

| DIAGRAM 10
The above diagram gives the important

details of the flow, and the main parameters involved

in designing a circular arc camber line aerofoil. It

has been assumed that the angle of incidence, i, is zero
as this normally is the case (see Section 2,5)« When

the stasor is not working at the design case, the outlet
angle will remain constant provided the incidence, i, does

not exceed the limits, =5 to +5, mentioned previcusly.
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This is in substantial agreement with the assumed behaviour
of the N.P.L. type of straightener.

FProm diagram 10 we have the following
relationships.

6=a\+8 363,71

and substitutine for § from equation 2.5.3

Oy
e = " 30502
1 = 0,265/,

The radius of curvature and percentage
camber follow from equations 2.5.10 and 2.5.11.
The stagger angle, &, is given by

ELa]

& = Oy -

NS )

3:363

Since tanoy = &4 and &, = O, the optimum
S/c can be determined from Fig. 2 as a function of Ege
This relationship is plotted in Fig. 17 and compared
with the approximate expression given in reference 32

namcly -

1 ) -
tana, - tanc 223 3:3el

21+ 1.5 (5/;)
However, in this report, the one derived
from Fig. 2 will be employed. It will be noted from

Fig. 2 that, for the field covered in the cascade tcsts,

a
o

i.es /C = 0.5 to 1.5, thc parameter e  varies between

0,5 and 0,94, There appears to be no reason why &g cannow
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be extended to 1.0 as an uppcr limit, Beyond this

value, however, the sap/chord ratio is for practical
purposcs, becoming excessively small. For values of

ey less than 0.5 it 1s desirable to maintain S/c at 1.5
as no experimental data exist for values higher than this;
thé working Cp is then less than the optimum. .The 1ift
coefficient corresponding to the foregoing values of

s/o can be obtained from the approximate form of

equation 3,1.3, namely,

C.=2

1= € _8in ?s 36305

5
c S
>0,5, when optimum values of C;are
employed, the variation of Qf‘ with t% can be approximated
by (Pig. 17.)

L3

Cp, = 2418 = 1,43 s _ 3.3.6

The variables 6 and £ are presented in
Fio. 18 as functions of s/c gnd € _; values corresponding

to Optimum-g-are indicated. Design data for the

condition, 5 - 1.5, when 5% is less then 0,5 and for
c
optimum conditions when e, = 0.5 to 1.0 are given in
Table 8.
3okt Prerotator design.

A prerotator accelerates the air and

produces & pressure drop across the stator. This makes
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it less critical in desipgn than the strairshteners

and as a result lower golidities and higsher 1ift

cocfficients are possible.

e

DIAGRAM 11

From the diagram

e = CC2 + 8 30“‘01’
when it is assumed that i = O.

For acceleratineg . cascades and optimum desipn

conditions, the anecle of deviation, 8, is given

approximately by Reeman's ruie (Ref. 27), namely =
§ = 0,20 %/, 6 (See Refs, 43 and 26 also) 3.4,2
Substituting for 3 in equation 3.lLs1
A2

S
1 "'0020 /C

6 =

3sb63

The radius of curvature and the camber/chord
ratio arc, as before, given by equations 2.5,10 and 2.5.11
rcenectively. |
The stagpger angle, &, 1is

E = -2@ 3okoly
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Using the approximate form of equation
3.14y namely

C

L=2-§’-e sino 3.b4.5

p p
the 1lift coefficient has been plotted in Fis. 19

(Table 9) as a function of ep for various values of
s

(8]

It can be shown from section 2.3 that,
due to the zccelerating flow, the angle o, is negative.
Hence wsing Fige 2 it cen be seen that gap/chord ratios
in excess of 1,5 appear permissible. However, as no
experimental and design data is available for greater
values, this will be accepted as the maximum.

For g = 1,5 and increasing swirl, the
desipgn liftlcoefficient resches a value of 2 at
e, = 0.7 (see Fim. 19). To avoid the possibility of
increased secondary flow losses it is desirable to
place an arbitrary limit of 2 on G5 this reduces §
to 0.84 at &y = 1,5 (Pigs. 19 & 20). The change in
camber sngle, 0, with 2 and €y is given in Pig. 20
(Table 10); the limit, GL = 2, is indicated. Reference 27
tends to confirm the above recommendations as satisfactory

turning and low losses have resulted from similar values

of rmap/chord ratios.



50

The above assumes the use of camber
lines clothed with aerofoil sections. When sheet
metal prerotators are used, i.e. aerofoils with
constant thickness, there is a suggestion that
underturning may result unless special attenticon-
is paid to the design (Ref.L9). This is discussed in

detail in Part B.

L ROTOR LOSSES
bed General.

In the preceding sections, the design

has been based on the pressure coefficient'kth but
before this coefficient can be determined, the rotor
losses, among others, have to be assessed.

In the following development, the capital
letter K will be used for the mean losses and k fcr these
in an elementary annulus. The coefficient k will vary
considerably along the blade, particularly near the
ends. It is normal practice to ascertain the mean waluc
of the losses and assume these losses are uniformly
distributed along the blade. However, it is convenient
to develop the momentum relations for an elementary
annulus in order to study the effects of the various
parametecrs on efficiencys The non-dimensional losses
will be expressed as functions of the two parameters, A and

wherever possiblc.
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The losses in the rotor have been shown

Reference 32, to consist of three components, namely,

(i) profile drag,

(ii) secondary drag, and

(iii) annulus drag.
The first is that associated with the skin friction
and form drag of the aerofoil. Secondl&, as the
blade has a finite length, vortices formed at the
extremities introduce secondery 1osées. Thirdly
consideration must be given to the skin friction and other
losses on the boss and on the ducting around the fan,
as at this point the boundary layer has to overcome a
severe pressure rise. Clearance between the blade tip
and the ductin~ must be kept to & minimum in order to

curtail losses,

The rotor efficiency is given bv

Ny = Kin — Kp - 1o 1o

Kth
where = + K + K, , the loss coefficients
Kp = Kp * %p, + Fp,

depending on the corresponding drag coefficients, namely.

C + C + C

p Dg Dy

If we consider component losses 1t can be shown that
p, C'DE
et

K Cp

= C

D D

and So Ohe



52

L.2 Momentum Considerations.

Before discussing each separate contributicn

to the drag, the variation of kg with M and &€ will be

examined.,
- 8 3
CD = 3 kF sin™® or
kFt: c L|-02.1
Cp sin”

kp o Cpo _ Le24 24

where

Substituting for C;0, (equation 2.2.41), and Kips
( equation 2424 8),

kF A 0cC., cot o
Y ¥ = -
kth 8in @ kth sin “o

and substituting for Cj (equation 2.2.9)

( ¢+ coto) ke o A Le2e3.
kth sin?9 :

Normally cot® will be small compared to ¥

and equation L4.2.3 may be rewritten

Y I_CE = .__.}...E...__ Le2.l4
kth' gin<e .
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Following the procedure of .section 2.3
in assuming either &, Or &g is zero, eguation L.2.4
has been plotted in Figs. 21 and 22, (see Tables 2 and 3).
When the fan is designed by the cascade
theory, the above analysis can be carried a step
further. For a given & and A there is an optimum
value, Ci s as describéd in sections 2.3. Rewriting

the equation we get,

k A
CD gth = TEGFQTEE— ‘h.2.5
This expression has been plotted in Figs. 23
and 24 (see Tables 11 and 12) for 8p = 0 and €, =0; an
auxiliary scale has been added for the arbitrary case when
Cp = 0.02.
It should be remembered that these graphs

have been constructed by oqgtting the cot o term in

equation L4.2.3, which for praétical purposes is quite
acceptable,

Having discussed the drag‘collecfively
cach component isvnow treated separately.

L.3 Prof'ile Drag.

The estimati on of the loss in efficiency
due to profils drag will depénd on whether the fan is

designed on free acrofoil theory or on cascade principles.
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In the first case, the drag coefficient
can be ascertained from the aerofoil characteristics
once the desipn 1ift coefficient has been chosen,

(e.g. Fig. 12), From the value of Cr/Cp_ thus obtained,
the loss in efficiency is found from équgtion Le 2,4 or
Fipgs. 21 and 22,

| Limited data on the drag of ‘aerofoils
in cascade (Ref.25 ) indicate that the coefficient
(Sce Fig, L4) varies between 0.04L and 0,018 for 5 = 1.5
and 0.5 respectively at chord Reynolds numbers,
R,>3 x 10°, For R <1 x 10° it is appropriate to
add 0,007 té the above values. These drag coefficients
are wﬁth respect to the dynamic head at inlet to the
blade, namely LpV? , When the deflection of the air is
small, the inlet velocity, V|, is approximately equal
to the mean relative velocity, w. For convenience in
comparing the relative merits of elternative designs
it will be assumad in subsequent developments that the
drag coefficients above are with respect to fow?. Since
the blade thickness normally remains constant as the
solidity is increased, it is obvious that there will be
a constriction followed by increased diffusion towards
the tfailing edpe. This gives rise to an increase in

the drag coefficient with solidity as noted above.
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The loss in efficiency due to profile
dran is obtained from equation L.2.5 (Pics, 23, 24).
Although the effiéiency will vary from root to tip, the
variation will be small, Hence a mean value can be used
in desisn calculations.

When the blade has & rcugh surface,
allowance must be made for the increase in profile drag,

Loly Secondary Drag,

From the discussion of this component
given in the introdﬁction it can be concluded that very
little is known quantitatively of the losses involved.
Howell (Ref. 3) made efforts to correlate experimentsal
data of CDS with blade aspect ratio and gap/chord ratio
as well s with GLQ. The best results were obtained
from the relation

ODS = & CL2
wheré "a" ig a function of chord Reynolds number only
being 0,019 at R_ = 1 x:10° end 0.015 at R, = 5 x 10°
and CL is a mean value for the blade. As in the
previous subsection, CDS is with respect to ZpV? .
The value of "a" frequently used is 0.018 (Ref, 25)
giving

C. = 0.018 C. ? Lolied
Dg L
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Subsequent efforts by Garter (Refs.34 ana 50)
using wall bourdary layer parameters, in addition to those
investigated by Howell, have nct proved particularly
successful. Hence, until the position is clarified
i1t would be advisable to use an eguation of the form
given in L.L.1, For fans With conventional aerofoii
sections, the value of 0.018 will be retained as the
regults obtained appear to be of the right order of
magnitude; a modification for sheet metal bladed fans
is sugrested in Part B. As before, CDSWill be agsumed
to be based on pw? instead of tpVi. The resulting loss
in efficiency follows from equation L.2.4,

k.
Fs

h
where CL is the mean design value. When the cascade

- 0.018 CLN
= -’4-’4.2

kt 5in @

theory is used and the optimum 1lift coefficient, CL* ’
employed,vtheuloss of efficiency can be expressed
directly as a function of & and M (Figs. 25 and 26;
Tables 11 and 12).

It should be emphasised that the drag
coefficient given by equation L.L.1 is a mean value for
the whole blade. Hence it is sufficient to ascertain
its value at the mid-span s tation and assume it uniformly

distributed along the span.
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Le5 Annulus Drag.

This aspect of fan performance is completely
arbitrary. The drag is assumed (Ref. 3 ) to be that
agsgociated with the skin friction of the side walls i.e.
the boss and the wall swept by the blade tips. Attention
has been focussed on these localities because of the
severe pressures rises which occur and the subsequent
deterioration of the boundary layers. In cascade
practice the equivalent drag coefficient (Ref. 3 ) is
expressed as

G, = 0.020 5/}, o501

Dy
where h is the height (span) of the blade and s the
mean 7aps

The constant, 0,020, is based on a skin
friction coefficient of 0.010; this appears to be much
too high, particularly in an adverse pressure gredient
where skin friction is greatly reduced (Ref.51). A
more fundamental sapproach (Ref.33) attributes the losses
to tip effects and endeavours to present a basis for
further research.

Portion of the losses agsociated with tip
clearance may be considered to be included in the annulus
drag. Howell states (Refs. 3 and 32) that provided the

tip clearance is between 1% and 2% of the blade height,
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no additional allbwance for tip losses is necessary.

For cevery additional 1% inerease in clearance therc

is 3% drop in rotor efficiency. Closely controlled
experiments carricd out by Ruden (Ref.44) gave a |
linear increacse in loss as the clearance was increased,
the rate beins 9% loss for 1% chancse in the clearance/fan
diameter ratio. Thesg Tipures refer to the peak
efficiencies. 4 limited series of tests (Raf.1 ) gave

a slightly higher rate of loss. The small tip clearances
necessary for high efficiency are usually not difficult
to obtain and when this is so the losses may be assumed
to be included in secondary and annulus losses.

The effect of wall boundary iayer thickness
has been investigated by Boxer (Ref. 52). Spoilers were
used to thicken the boundary layers on both the inner
and outcr walls of the annulus. Despite considerable
thickéninq, the fan characteristics were not grecatly
affected and the maximum drop in peak efficiency was 2+5%.,

| In conclusion, it can be said that expression
4.5.1 is not suitable for general use in desisning fans,
As an alternative, it will be assumed that the effect of
annulus drag does not vary greatly from fan to fen, and
hence the loss coefficient,AKF , may be taken as

A/kth
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constant and equal to 0.02; this is a fair average
value, If the tip clearances are unavoidably large,
allowance must be made along the lines suggested above,
The same applies when the velocity distribution at
inlet differs greatly from the assumed design conditiocn
(i.e. u = constani),

Ly 6  Total Drag.

In addition to the.foregoing fotor losses
there is a disk drag associated with the rotor surfaces
internal tc the flow annulus, However, provided the
clearances between the rotor boss and the fairings
are small and there is no leak through lightening
holes and the like, the losses are negligible,

Having assumed the loss in efficiency due to
annulus drag to be constant, the total rotor efficiency
depends mainly on the ratio CLACDF + CDs)' This ratio
has bgen plotted in Fig., 27 as a function of CL and CDF
using CDS = 0,018 CL?. - Hence, design values of GL near
unity appear desirable provided the limitations imposed
in the cascade theory permit their use, Making the
assumptions that for cascade theory, ODP = 0,016 and
optimum design values are used, the loss in efficiency due
to these two components can be determined for the two cases,

namely 6., OF &g equal zero (Firs. 28 & 29 ; Tables 11 and 12).
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5 STATOR LOSSES.

501 qiperal.

The losses in the stators are made up of
similar components to those outlined for rotors, namely
the losses due to

(1) profile drag,

(ii) secondary drag, and

(1ii) annulus drag.

Only the essentials will be presented as the treatment
is similar to the rotor case.

5.7 Momentum Considerations.

Substituting Py OF @p for ¢ and ks cn kP
for KF.in the equations of section 4.2, we obtain for

straighteners -

sin ¢

/ A
\‘ Y + ——s- 1—{§-— = 5s2¢1
2 k s

. e _

where cot @s =_§_ aud -+ is the appropriate
2

1lift/drag ratio.

or A
. 1<S ' 50202

¥ — = -

. 2
sin ?s

€s
where ¥ > > /2
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Similarly for pre-rotators

/ €_\ A
K Y + .—P—/l-{—‘?— = — P —_— 5.203
2/ kg sinfo
T 5.2.L4
kth sin ‘¢p

The angles Qs and ?p are functions of
Gs and Sp respeétively which enable equations 5.2.2
and 5.2.4 to be plotted as in Fig. 30, (Table 13).

With the design recommend ations of Section 3
the loss in ¢fficliency can be obtained from CD,N and € only.

The appropriate equations are given in the followings

(1) N.P.L. type of straightener,

Since the solidity is unity, equation 5.2,2

reduces to

! . _.Es._ = M - 5.295

3
th 2 &g 8in“og

when the approximate expreséion for CL; namely equation
3e3e5 18 used. Eguation 5,2,5 has been plotted in Fig.31

(Table 1L4).

(ii) Straightener; cascade theory.

For the range 0.5'<€S'<1.O, the optimum
1ift coefficient is given by equation 3.3.6 and hence we

have - . - N
! S_, 50246

) (2.18 - 1.&383) sin%S
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If we can assume that for Ss <0.5 the gap/chord ratio
is 1.5 the appropriate equation is -
1 kS A

—_ = . 5¢2.7
Cp kyp 38851n3@s

These two expressions have been plotted in Fig. 32

(Table 15).

(iii)  Prerotator; cascade theory.

Since the 1lift coefficient was assumed to

be 2 for all wvalues of Gp greater than 0.7 =

1 k A

— P = — 52,8
OD kth 2 8in Qp
and for€_<0,7, S/c = 1.5
Tk M _ 50249
k £ _8i

These equations are plotted in Fis. 33 (Table 16)

5:3 Drag Components.

Ihformation on the component drag coefficients
for accelerating and decelerating stators (Refs.27,32 and 53),
is presented in a slightly different form for each type of
stator, However, the total drag coefficient is of the same
order of magnitude with the secondary drag (Refs.32 and 53)
a function of Cﬁz in each case. In view of the relative
unimporﬁance of the precise value of the drag, the drag
coefficients recommended in Section L will be adopted for

both the straighteners and the prerotatorse
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(1) Profile Drag.

The loss in efficiency can be estimated
from equations 5.2.5 :t0. 5,2,9 (Pigs. 31 to 33) using
the recommendations of Section U4, 3.

(ii) Secondary Drag.

Equation Lesle1 can be used for determining
the drag coefficient, CDS; substitution of ODS for Cpy in
Figs. 31 to 33 will give the loss in efficiency due to
‘secondary drag,

(1ii)  Annulus Drag,

In prérotators there is a pressure drop
and hence the wall boundary layers Will be thinned, The
pressure rise through the stators will usuvally be much
smaller than that throupgh the fotor; the tip clearance
losses can be avoided by proper sealing., Hence it would
appear that for both prerotsiors and straiphteners this
drag can be neglected when the above conditions apply.

5.4 Total Drag.

The raﬁio,cL/(CDP + CDg) (Fig. 27) cnables
the loss in efficiency to be determined from either
equation 5,2.2 or 5,2.4. When the recommendations of
sections 3.3 and 3.4 are followed, the efficiency loss is

obtained.directly as a function of A and e (Figs. 34 and 35).
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6 DUCT AND TAIL FAIRING LOSSES

As the boss diameter in normal fan
installations is an appreciable proportion of the fan
diameter, considerable diffusion occurs alon~ the tail
fairing and surrounding duct, The subsequent loss in
efficiency can be very hish for larpe boss/fan ratios,
particularly when flow separations occur on the fairing.

Diffuser efficiency (Ref. 5l) can be

expressed as -

AH
D
T')D=1— .Afa‘
o )
A

where AHD is the differonce. in mean total head between

stations at each end of the fairing, u is the mean axial
veiocity fhrough the fan and Ay and A, are the areas
at the upstream and downstream stations respectively.

o A loss coefficient c¢an be defined as

=2%p_
Fpu?

K

and assuming the duct diameter is constant in the region
of the fairing,
Ky = [1 =npl [x,2(2 - x,2)] 6.2

where x  is boss dias/fan dia, ratio.
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This equation is graphically presented
in Fipgure 36, Tests carried out by the author suggested
that the appropriate value of np is 0.80, provided there

is no flow separation (see Part B); the duct Reynolds

number (u.2R

v
assumed in Reference 14 is 0.85 but it is suggested by

\
/)was approximately 5 x 10°., The value

Ruden that the value is possibly a little high; no
experimental determination was carried out. However,
these values are lower than the ones associated with
ordinary small angle diffusers and this is probably
due to the additional “wetted" surface provided by
the fairing.

In view of the dearth of experimental data,
it is suggested that the diffuser efficiency be teken as
0.80; Fig. 37 presents this component loss in éfficiency
as a function of kth and X It can be inferred from
FPigs. 36 and 37 that a small boss ratio is an advantage
and low diffuser efficiencies resulting from separated
flow must be avoided., »

Limited tests carried out (Part B) showved that tail
fairings based on an eguivalent 8° included angle were
satisfactory. The equivalent diffuser is considered to
have a length L, equal to the length of the fairing and
to open from a duct of diameter, 2RVﬁT":7§;2 to a duct of

dismeter, 2R. It then follows that the fineness ratio is -
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L

2ro

1 = T

2x, tan L° 643

i

This relationship becomes invalid for small
boss ratios as the diffusion in the duct can no longer be
considered as general and it is more appropriate to treat
the fairing as though it were in an infinite stream. Irom
reference 55 it appears that streamlined shapes with a total
fineness ratio of 3 are the most efficient. Assuming that
a tail fairing constitutes the last 60% of the complete
streamline shape, £ is equal to 1.8,

The recommendations for f which are plotted
in Pig. 38 again emphasise the desirability of keeping the
boss ratio small in order to avoid long fairings.

The co-ordinates of the strcamlined shapc uscd
in the tests just mentioned were obtained from Reference £6.

7 OVERALL EFFICIENCIES

Jne of the main considerations in fan design
is the achievement of high overall efficiencies. The total
head rise required of the fan unit can be expressed as
AR 71

il 2
2P,
where Uo is the mean velocity through a duct

K =

of radius Rﬁxo = O),and‘SH jg the mean total head loss.,
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From equation 2,2.3 we have

= kth - KF - KP - kS or alternatively

K(1 - x %2 +K

a o] D 7e2

K

i

where mean values are considered,
The rotor efficiency is given by equation

oe1s1 namely -

kKiy. = K

th 3

k

nF =

th

whilst the efficiency of the fan and stators is

n, = _=a 743

Kin

Finally the total efficiency of the unit

\
. Ka - KD
T ~_*—E-——q_
“th k Zolt
24 2
= K(1 - XO ) .

Kip

When there are'no stators, the swirl
momentum is not recovered as pressure and hence must be
considered a loss. Assuming the flow is purely axial

on sntry to the fan, equation 2.2.4 reduces to -

bp = tpu® (kyy = kp - &%) 7.5
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which gives the loss in static pressure rise as FpuPe?,
Using equation 2,2,8 the subsequent loss in efficiency

is then given sas

and is expressed graphically in figure 39. Although ¢
varies from tip to root the mean loss in efficiency can
be obtained from the values of € and M at the mid-span
station. Figure 39 can also be used t0 assess the degree
of reaction in rotor blading (see equation 2.2,14).
estimate of the overall efficiency is not essential.,
Besides providing the means for estimating kth’ the loss
coefficients recommended in sections L4 to 6 allow an
assessment of the relative merits of alternative designs
and indicate ways of improving the design,

For low pressure rise fans, the value of CL/CDP
can be assumed to be high and constant over a wide range
of design flow coefficients, A. From Fiss, 21 and 22 it
follows that there is an optimum A near unity.‘ It can be
seen that € has a significant effect on fan efficiency
due to the increase or decrease in absolute drag brought
about by a change in relative velocity between the fan

blades and the airs Using this argument it can be shown
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that the fan rotor with prerotators must be'léss

efficient than one with straighteners (See Fig. 24 and 22),
The sharp increase in losses for decreésing values of A 1is
also largely due to the increase in relative velocity

for a given work outpuﬁ.

When secondary drag is included, it follows
from Figs 27 that the optimum value of CL approaches
unity; this agrees with the optimum for profile drag
only (See Pig. 12).

In the case of high pressure rise fans

desipgned by the cascade theory, the ratio, CL/CDP, is a
function of the operating conditions and hence when

Cpp is assumed constant in Pigs. 23 and 24, no optimum A
is apparent. Inclusion of the secondary drag,'however,
gives an optimum M near unity and gives similar
variations of efficiency with € and M as observed in
the previous case, (Figse. 28 and 29).

There is no significant difference between
the total losses in straighteners and prerotators (See
Figs., 32 to 35);

8 DETAILED DESIGN PROCEDURES

8.1 Preliminary Procedure.

From the foregoing developments it is possible

to evolve a rational method of design. The first step, and
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in many ways the most important, 1is to choose a flow
coefficient A, which, for the given flow requirements
will give ar optimum design. Whilst it is real ized
that certain features such as fan speed or fan diameter
may already be fixed by circumstances outside the
designer's control, the following procedure can be

readily modified to suit,

(1) Establish the values of fan and boss
diameters and hencevxo.
(ii)  Express the total head loss in the duct
system non-dimensionally as K(equatior 741)
and determine a tentative value of ki,
- from equation 7.4 by assuming a value for

Tip 5 the efficiency, s will normally be

in the vicinity of 0.85. (This value of

kth is used to assess the practicability

of the design and to obtain a reasonably
accurate estimate of the fan unit efficiency)

(iii) From the mass flow requirement, the axial
component of velocity, u, can be determined.

(iv) When the fan speed has been fixed the value

of A = Y can be determined together with
ar ,
A= % oanaM = -2 where Km is the value
0 fir o m .Q'rin . .

at the mid-span station.
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It can be readily shown that the most
critical part of the design occurs at the blade root
as here both M and € reach their maximum values., Hence
a study of this station usually suffices in determining
whether from a loading point of view the tentative

values of kth and A are practical,

(v) ‘Find (ep+es)o from equation 2.2,8 (Fig, L4O)
using above values of Ko and Ky e

(vi) Determine @ j from equation 2.2.5

(vii) Calculate (CLG)O from equation 2.3.1.

When either EP or Es is eqﬁal to zero,
(vi) can be omitted and (CLG)O obtained directly from
Figs 6 or 7.

It is now possible to determine whether
the recommended design limits have been exceeded. The
swirl, (SS)O, should be less than unity and (Sp)O less
than 1,5. If (GLG)O is somewhat less than unity, there
is no difficulty in providing sufficient blade area
to produce the desired total head rise. However, for
values approaching or greater than unity the cascade
design method may be appropriate. The upper limit of
o= 2 must not be exceeded and this can be checked fram
Fig. 3, the angle a2 having previously been obtained

from equation 2.3.8; When either e_ or g_ egquals zero,

P S
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Pigs., 8 or 9 will give the required solidity.

In the advent of one of the design
limits being exceeded at the root station,rit becomes
necessary to make fresh initial assumptions in steps
(1) and (iv). As a guide in this direction, an
increase of -A results in an increase of both & and
CLG and vice versa. It should be remembered however,
that for small values of A, which are conducive to
hish pressure rises, the overall efficiency tends to
he low (section L) and hence a more satisfactory
solution misht be a multi-stage fan, each stage
being of equal capacity.

The second aspect, that of overall
efficiency, Nps may be approached in the following
manne r -

(vii) The loss of efficiency in the rotor can be

obtaihed assuming the mean loss is equal

to the loss at the mid-span station.

(a) Loss due to profile drag - Obtained
from equation L.2.4 (Figs. 21 and 22)
for the isolated aerofoil, where y is
obtained from aerofoil characteristics
when suitable tentative values of CL
and Reynolds number are chosen (See

Pige 12.) When cascade theory is
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indicated, (see Section2.3.1), equation
L,2+5 (Figs. 23 and 24) is used whe re
CDP can be given a mean value of 0.016,

(b) Loss due to secondary drag — Obtained
from equation L.4.2 and in the case of
cascade theory from figures 25 and 26,

(¢) Loss due to annulus drag - Assume 2% loss.

(viii) In a similar way, the loss of efficiency due to
the stators can be determined using the

remeters ‘€ A
parsmete m and m®

(a) Loss due to profile drag - Obtained from
the relevant equation (equations 5.,2.5 to
5.2,9 = Figs. 31 to 33) by assuming =
suitable value for GDP, say 0,016,
(b) Loss due to secondary drag - Obtained
from equation L,L.1, and equations
5¢2.5 to 542.9 (Figs 31 to 33).
(ix) The loss in efficiency due to the tail fairing
can be obtained from equation 6.2 (Fig. 36) or
when Tp = 0.80 from Fig. 37,
By summing the above losses, the overall
efficiency of the unit can be obtained namely,
Np =1 - (KF + Ky + Kp + KD)yktﬁwﬂs efficiency can now

be compared with the original assumption,ﬂxrnT and
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provided they agree within 2 or 3%, the calculated
figure may be accepted without recourse to a second
approximation.

The preliminary design is now complete
as the maximum rotor and stator loadings are known,
and the overall efficiency has been established.

One of the adventaées of such a preliminary design
is the ease with which a number of alternative designs
can be compared.

Whilst working through the preliminary
desipn, the appropriate method of desipgn i.e. isolated
or cascade aerofoils, and the desired type of stator
will have become obvious, Hence, now that a more
exact value of Np is known, kth can be rccalculated.

8,2 Detail Rotor Design (isolated acrofoil theory).

Since kth is assumed constant along the blade
and the design value -of A is known from the preliminary
design, the detail design for a number of blade elements
along thc span can be commenccd; five or six such stations
usually suffice.

(a) Fan with straighteners and prerotators.

. A
(1) Determine M for each station (A = =)
X

(ii) Find (ep +as) from equation 2.2.8 (Fig. L4O)
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(iii) Choose value for e, and arrange spanwise variation
so that e x is a constant (see equation 2,1.1),
The value of € then follpws.

(iv) Calculate the product, C1,0s (equation 2.3.1).

(v) Determine the angle ¢ (equation 2.2.5).

(vi) Choose either CL or ¢ and calculate the other.
hAspect ratios less than 2 are not recommended due
to increasing secondary flow losses., Provided
the 1ift/profile drag ratio is in excess of 4O,
(see Fig. 12), relatively high efficiencies ecan
be obtained. Xt is inadvisable to select 1ift
coefficients which exceed the recommendation of
equation 2.3.9.

(vii) From aerofoil characteristics (e.g. Fig. 12)
obtain angle of incidence, o,

(Db) Fan with either straighteners or prerotators.

The design procedure is wvery similar to
the preceding one as it is only necessary to substitute
the appropriate values of ep or gg. In the fourth step,
Figures 6 and 7 can be employed and in the fifth, figurcs
40 and 141. The third step is of course omitted. Egquation
2.3.9 in the sixth step is presented in Figs. 4 or 5 for

ep or &g equal toc zero.’
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Two refinements which may be made to the .
above design are modifications to the 1lift coefficient
for Reynolds number (see Fig. 12) and for the effect
of the second order term in eguation 2.2.11, which was
neglected in equation 2,3.1. In the first case any of
the 1ift curves (see Fig. 12) may be used for the initial
desipgn and when the design is fixed, the appropriate
Reynolds number calculated, It is then only necessary to
make a small adjustment to o to ensure the design CL is
obtained. The approximation used in equation 2,3.1 results
in an over-estimaticn of the required CL by an amount,

CD cot » ; the appropriate correction, therefore, is a
small reduction in the angle of incidence, <.

8.3 Detail Rotor Design (aerofoils in cascade).

In peneral, this method of design has its
greatest application when both the pressure rise and
boss/fan ratio are large.

(a) ‘Fan with straighteners and prerotators.

(i) Complete the first four steps of section 8.2
(ii) Calculate Qlf from equation 2.3,9

(iii) Determine Ofrom the product, Cp O

(iv) Derive 0O from eguations 2.5.4 and 2.3.8

(v) Establish & from equation 2.5.5 where By = o ,

ioeo i = OQ
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(vi) Set out aerofoil shape (see Appendix B) on camber
line defined by 0O,

(b) Fan with either straighteners or prerotators.

Ls in section 8.2, the desipgn procedure only
requires minor modifications. 8Steps two and three may be
omitted and the value of ¢ determined directly from the
appropriate figure (Figs, 8 and 9). The angles in steps
four and five can then be determined from Fimures 13 and 1L
and Fipures 15 and 16 respectively.

One of the basic aerofoil sections used in
cascade theory is given in Reference 32 and reproduced
in Appendix B.

There are occasions when, for specific
reasons, it is not desirable to use the optimum values of
CL recommended in Referencelgs(see equation 2.3.9).- In
such cases the procedure outlined in (a) can be followed
except for step two where the desired values of 1ift
coefficient are substituted for the optimum ones.

Fipures 13 to 16 are not relevant as these are based on

£

CL .

8. Detail Straightener Design.

In the case of the N.P.L. straightener the
design method is self evident. An aerofoil section, such

as the N.a.C.a. 0012,(see Appendix B) is arranged so that
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S/c is unity at each spanwise station and the axis of
symmetry is parallelvto the fan axis. In order to prevent

a resonant beat frequency, the number of vanes should differ
from the number of rotor blades and should not have a common
multiplier.

When the cascade method is employed we have
the following steps for each spanwise station,

(i) Determine optimum S/0 ratio from figure 47 for
required value of ege
(ii) Calculate angle 6 from equation 3.3.2 where
tan @ = g (Fig. 18).
(iii) ©Esteblish stagger angle, £, equation 3.3¢3
(Fige 18).
(iv) Set out aerofoil shape {see Lppendix B) on
camber line defined by 8.

When the optimum value of s/c is departed
from, step one should be replaced by a solution of
equaticn 3<3e 5o

It is assumed in the above design that
the angle of incidence, i, is zero.

8.5 Detail Prerotator Design.

The procedure is very similar to that

followed in section 8.4.
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(1) Chbose the desired ?/c ratio (suggested values
are given in Fig, 20)

(ii)  Calculate ¢ from equation 3+4,3 (Fig. 20) where
tan o, = ep.

(iii) Determine stagger angle, £, (Fig., 20) from
equation 3,lL.l,

(iv) Clothe camber line with aerofoil shape.,

As before the angle of incidence, i, is
assumed to be zero, |

9 TORQUE, THRUST AND POWER

From reference 6 we have by definition
Q= _ % 9.1
Zp P nR®
where Q is the shaft torque and Qc the torque

coefficient,
It is also shown1that .
Q, = -[Xo hex® ax %-/Xou (sp + es)x?dx 9.2

which when we substitute for (e_ + es) from equation

D
2.2,8 gives

f\
Q. = i 2k

o x th.A X dx and when kth.ls'constant along

the blade,

—— : — 2 L]
Q, = kyp a1 - x?) 943
The torque can then be calculated from equation 9.1. When

kth is not constant alone the blade, the integral must be

evaluated.
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In a similar way from Reference 6

T
To = —— 9.4

c _;_p 1127[ Ra
where T is the thrust on the rotor and Tc

the thrust coefficient.

and

\
Tc = sz ...9____1)2 dax 9.5
2pu

Substituting for 8p (equation 2.2,4) and assuming Kyp

is constant along the blade,

r g2 e 2
s k k
% th th
Wh € == &
161 D
To= kg mp (1 = x_2) 9.7
and when Ep is zero and using equation 2.2.8
T

- ’ - 2
¢ ¥ Kn [Xo( 2xtp = kyp A7 /px)0x

K Az[lop' xJ 948

[V

2

Similarly when € is zero

k

N}

- - - 2 a2
Ty = Ky plt = x 9 tn Bllogg x 1 9.9
The rotor thrust is then obtained from equation 9.h4. 4is
before, -the integral in eguation 9.5 must be evaluated if

k+h is not constant,
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When the power coefficient is taken to be

550P
P = (Rer. 6) 9.10
¢ Tpoudxr®
we have
P, = Qe (Ref. 6) 9.11
T _

Alternatively, the power can be determined from the

torque, Q.
27NQ

Shaft H, P, = 9.12
33,000
Wher‘e N = Ro PgMo
or from,
' A
Shaft H,P, = -0 X C.F.M 9.13

3.3' 000 x "'IT
where AH is in lbs, /ft.?

In defining the torgque, thrust and power coefficients it
is tacitly assumed that u is the mean axial velocity through
the fan; this is in accordance with our initial design

assumption.

10 ANALYSIS OF GIVEN FAN

The characteristics of fan-stator combinations
or contra-rotating fans can be determined by the following
simple method. Informetion on existing methods may be

obtained from references 7, 10; 45 to 48
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As before,

the blade element will be examined

first ana the application of such data to the fan as a

whole will be indicated,

1041 Rotor Analysis.

Using the same conventions for velocity

vectors as in section 2.2,

drawn. .
T - o) 7
o mog)s N
\ rly
‘ v_
/i::jiFjﬂ7D AN
/V)V/ u
pd
P
"o @
it LA A e
ar (wpx')n

DIAGRLM 12,

the following diagram can be

(5]

A

£ >

A3
$O

B
.
c

Plane of rotation



This diagram represents a general case in
which (Qpr)n is the prerotation at zero rotor blade 1lift.
Wihen no work is done by the rotor, D will be coincident
with B and the mean relstive velocity vector will be along
the no-1ift line of the aerofoil section. From the
diagram

u= [0r + (wp,r)n] tan ¢ - | (wpr)y, - zlop ~wg)r 1

tan

Dividing by fr

i

e A ..1(5' - )'}\
) A g : z e
[1 +E‘tp n]tan@- p D 8 100141

P tan ¥ i

where KI] is the value of A at zero 1lift and is

given by
7\n=cot®1-ep 104142
When it is assumed that the prerotators
deflecf the flow through a constant angle, (%)%] = &p;
this substitution has been made in e quation 10.1.1.
It follows that | v
e = 2 tany [(1 + € xn) tan® =12 ] - E§3E1-+qp 10143

D

The angle, ¥ , can now be determined. From

equation 24341

' \
s .
Cy = 2<5} (%)-+€S) sinp and for the
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working range of the blade element

C; =m sin (2-0) 1016k
where m for the RAF 6 type of blade section is 5.7.
From the diagram the following relationships

are obtained, namely,

AD

wosin(® =p)

BD cos (% + V)

il

- po €08 (@ +V)

sin V¥

cos (@ +V)

——

sinvy

e*e w s5in(®=o9) :[(wpr-)n - F(op ~w) 1] 10e1e5

Equating equations 2,3.1 and 10.1.4 and
substituting for sin (& = ¢) from equation 10.41.5 and u

for w sin o,

cos &
tan o= . 10.1.6
i~ -
2(8p +€s) : 1 )
A 1 1 + sing
mo H.h-3z %, +25
Y ]
Substituting this value in equation 10,1.3
-
2 cosd g (1+8P7\n) tan ¢ - 1‘\
| N
Ey = e = - 28pMy & 10.1.7
() . —_ + D
2(e,. +¢e_) 1
p S 5 1 4+ sin @
e n .le +3%
mo | °p 5~ T &p Y2 By ]
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When Ep is known, the above equation can
be solved for €4, since ¢, m and O are known for the fan
and the flow requirement is specified by M,
Considerable simplification results when
there is no prerotation, the equations10.1.3 and 10.1.7

reducing to

2 tanvy
€g = _._._._._._[tan - 7\'] 10.108
.A' Fad
tand ]
and ) 2cos ® - 11
&g = )
+ sino 1061.9
mo
#
where tany = cos ¢ 10.1.10.
L.
— + sin &
mo

FProm the above, the total head rise, kth’

can be determined using equation 2.2.8, namely,

ken M = 1

15 e
2( 2+ B)

L similer expression to eguation 10.1.9 was
developed in reference 48 for a fan without prerotators;

the angle w was not introduced.

# The author is indebted-to Prof, A. Burn of the University of
Tasmania for privately communicating this expression in
October, 1947,
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It will be noted that tan ¢, as given by
gguation 10,171,110, is a constant, This results in a linsar

cnange in‘”SP with u (see Diagram 412). I% can be shown

wprg is kept constvant over a range of operating condéitionse

Assuming m = 5,7, the variation of tan V¥
with & and o, for wpr zero or constant, has been piotted iﬁ
Fipe 41. The greater the angle &(large M), the greater
the variation of u with pressure rise across the fan.
increasing the solidity reduces the variation.

I+t cen be shown from equations 10.1.6 and
10,4,7 that by altering the amount of prerotation, the
characteristic of the fan can be Qreatly modified@ This
ig often done in practice by fitting variable pitch
prerotator venes (e.g. see'R'eference'S'i')e Asg defined
in Section 2.2 and in‘Diagram912, Sp is negative and & is
positive when taken in the direction of fan rotation.
Although €y 1s usually positive, it can be negative when
the rotor is.supplied with positive preswirl from stators
or a contra-rotating fan.

The mean thcoretical total head rige for

the rotor as a whole is given by

x dx 101577
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When the fan has been designed for free

vortex flow, the off-design variation of kth along the

blade is generally small and hence it is satisfactory
to take kth at the mid-span section as representing
the mean. At the mid spén position of the blade, the
losses are mainly due to profile drag and hence the

local total hesd rise will be given by

\
kth<i-_k1“_1.13 )¢
kth /

However, in estimating the mean total head rise for the
fan, allowance should be made for the losses at the
blade extremities. Following the recommendations of
Sections L and 5 the mean total head rise is given by

( K \‘ where Kp = kFP + kFS + kF[

kep A2 "EEL/

In determining KF , the 1ift and drag

Kinh

coefficierts. are required. The angle ¢ can be found
from equation 2.2.5 and GL then follows from equation 2e¢3.1.
Equation L.2,4 then gives the loss in efficiency when the

appropriate drag coefficients are assumed. When Eb = O,

use can be made of Figs. 6 and 21.
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In order to illustrate the above method, the
contra-rotating fans of reference 45 have been analysed.
For the front fan, eqguation 10.1.,9 was used to determine €y

at a number of flow coefficients and equation 2.2,8 gave kth’

The values of g then became €y for the rear fan and eguation
10.1+7 was solved for the sasme flow coefficient as before,
For each flow coefficient, A, the value of hn was determined
from equation 10,1.2 and equation 10,1.7 was solved by
succegsive approximations. When properly tabulated

these present no difficulty. ©Since the fans were designed
for a free vortex flow, only the mid span stations (x = 0.75)
were analysed. Details of the calculations are given in
Appendix A.

In Fig. L2, the calculated values of &g for
both fans are compared with the experimental curves., The
values of kth’ calculated from the computed values of SS,
are superimposed on the experimental curves of Kr’ the mean
total head rise across the two rotors (Fig, 43). It is
surprising that the values of ki (no allowance for losses)
are almost identical with K . These fans have previously
been analysed in Ref, 45 and U6 for the flow coefficients,

A = 0.555 and 0,65 respectively, The main results, which
are tabulated in ippendix 1, agree reasonably well with the

present work and confirm the validity of the asgcumption,
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" that the total head rise at the mid span is representative
of the fans as a whole. In reference 45 the fans were
analysed by a method involving successive approximations
of the design eqﬁations whilst reference L6 employed a
nomogram method; both are more laborious and, it is
thought, no more accurate than the present method.

No definite explanati-n can be offered for
the apparent discrepancies, mentioned above, between the
ﬁheoretical and experimental results of Fig. L3 but slightly
incorrect blade angles may have contributed, However, the
calculated trend of total head rise with flow coefficient
is in good agreement with the experimental.

The preceding treatment can be applied to
fans designed by the cascade method provided the 1lift
curve slope and no-lift angle are known. This may not,
in general, be the case. It has been found (Ref., 3 )
that when the ratio of the flow deflection, (o4 = o)), to the
optimum deflection, (e, - Ob)*, is olotted against (i - i*)/(a‘-qg*,
the curve is fairly unigue for all cascade results, (Fig. uh).
The angle of incidence, i , is the angle at which the
optimum deflection, defined by 0.80 «x"‘%a)max is obtained.
The value of i*, at which these optimum conditions occur,

does not appear to be critical, (Refs 3 )e
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VWhen the recommendations of section 2.3 are
used in design, (o, - ®)" is known and from Fig. L4 the
data necessery for analysis can be obtained, Taking

equations 2.3.8, namely,

tena, = 1 F gt
2'3.8
tanoy = ‘esl_
A

tha angleca can be determined for known values of ep and A\ ;
if the design value of o, is called &, then (1 - 1) equals
(a1— a1*)r The ouflet angle,.az, follows from Fig. hh.
enabling & to be calculated for a given value of A e 68
before, equaticn 2.2,8 Wili then give the theoretical
total head rise coefficient.

In section 2.5, it was steted that, provided
the angle of incidence remains within the limits j’5°, a,
remains sensibly constant. The value of Oy however,
varies sufficiently to prevent the use of constant c,in

determining €, and k. In Fig. U4, the dotted line gives

8
the relationship resulting from a constant angle., The
limitations of this assumption can also be established
from the general theory developed from diagram 12.

If a, is a constant it can be shown from diagram 13 that
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d(wsr)

du

is a constant when Qr is assumed constant,

DIAGRAM 13

From equation 10,1410 it was concluded that d(w§f2
———
is constant for a fan rotor without prerotation but constant

0, is only one of a number of possibilitics which satisfy

this condition; the special case 1is

tan a,= 2 teny when @br) is zero or

constant,

10,1.1 Effect of spanwise variations in

axial velocity = free vortex design.

In the theory to date, u has been assumed
constant along the span. Small varistions in velocity,

however, such as might exist in some installations, can be
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readily investigated, The following development is
confined to the case ep = O.

Qualitatively it can be said than when
the axial velocity is less than the mean, the blade
element works at a greater incidence and hence adds
more total head than it normally would and vice versa.
When, as in Section 2.2, the theoretical work done is

equated to the work put in by the shaft,

Ahth 2% r dr u = 2xr 4dr pu w_r Or

8
o.n Ah,th-—- pwsr QI‘ ) 10.101.1
From the above it can readily be shown that
sk =E888 10e1e142
th >

where Skth and Seg Bre the small changes in these
coefficients brought about by a change of $§u from the
mean velocity u. The coefficients Skth’ Seg and M\ are

with respect to the mean velocity.

Now O Q)sr) = =2 tany (see diagram 12)
T su
hence Ses = -.i3~ 2 tan V¥
u
sk = -l E:i ) ta?:g 10e1e¢%1e3
i Y

When it is assumed that the static pressure upstream of a

fan is constant on a given cross sectional plane, the
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deficiency or excess of total head with respect to the
mean is given by
zo(u + suf -fpu?

or non-dimensionally

]
k! = 229 (-_.)8“ ».

u 'u

~ du Su

R 2 ~~ when == 1s small 10e1e1elt
u u

On cdmparing equations 10,1413 and 10,1.1.4L,
8k, equals 3k' when 2 tany = A which is a distinct
possibility. Even when this pondition does not hold,
it can be seen that the rotor tends to even out the
initial total head variations, Provided the variations
are not too great, a fanAdesigned with a constant mean
inlet axial velocity does fulfil the design requirements.
Although not proven here, it can be said that a fan with
designed prerotation will behave in a similar way.

The results of references 52 and 33 are of
interest in connection with the above. In the first, the
wall boundary layers were greatly thickened by means of
spoilers on both the nose fairing and the duct walls.
Both the above references recorded a thinning of the

boundary layers on passing through the fan rotor, In
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Reference 52, the losses in pressure rise and efficiency
were not very greats Although the fan greatly re-energizes
the boundary layer, a belief is expressed in R-eference 33
that very 1little of this is useful due to tip and
secondary losses absorbing a large proportion. -

It may be concluded therefore that fans
designed for a free vortex flow tend to even out total
head variations except very close to the extremities
of the blades where the additional work done on the
slow moving air is lost in friction and-sedondary Tlow.
Hence the design assumption of éonstant u along the blade
does prove, in practice, to be very satisfactory. Fans

-designed with either increased gr decreased incidence
at the root and tip have not been very successful in

improving fan performance,

" 1062 Straightener Analysis.

When the N.P.L. type of straightener is
used, slipstream rotations approaching'ss = 0.5 can be
removed, Normally, the critical station is at the .
root and since ¢ is always greater than the computed
value owing. to the secondary flows, values of the
calculated £q much in excess of 0,4 will probably give

local stator stalling{
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As stated in Section 3.3, the cambered type of
straightener will maintain a constant outlet angle
provided the angle of incidence, i, does not exceed 3 5

When ¢ is less than the design and i less than =5°, the

s
air will tend to be over=turned., With increasirg €y
the straighteners may stall if (¢, - o) for a given f exceeds

the optimum design value by 25%, (See Pig. U4); when the
flow leaves the stator axially, o, is zero.
Making use of equation 3.3.5, Fige 27 and

equation 5.2,2 the loss in efficiency can be estimated.

103 Prerotatorgwégglxggg

Prerotators will always work at the design
condition unless there is a change in pitch or a non-design
swirl upstream. As before, when i has the limit £ 5°,
the outlet angle is sensibly constant and can be estimated
from equation 3.4:2 (See Diagram 11). The loss in
efficiency can be calculated in & similar fashion to
that for the straighteners aboves

10,4  Power Requirements,

From the foregoing enalysis which gives the
meen value of k.. (equation 1044.1), the power can be
estimated from equation 913, namely

.1. 2 i o .. -
Shaft H.P. = (Kgp 2pu®) x C.F.M R

33000
where Ik, Tp v* = AH/T]T
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APPENDIX A

ANALYTICAL DETERMINATION OF CHARACTERISTIC

CURVE OF CONTRA-ROTATING FANS (REF. L5)

Bguations: -
tanVy
5] -
8
Ken =
@Data:- For x =

FRONT _ FAN

cosd

-~

N

mo

2 tany .
_[tan @ =]

A

2 es

-

A

0,75; (o

+ sind

N

1061610

1018

2.2.8

1) = 1145, _C - 0.95, RAFGE
R

section giving & = L46.0°, m = 5.7 and o= 0.633

<", tany = 0,381

520,145 |A=0.50 |A=0,55 | 4=0,60 [A=0,65 | A=0,70 :
[ > 0.600 | 0.666 | 0.733 | 0.800 | 0,866 | 0,933

ltans-n | 0.436 | 0,369 | 0.302 | 0.236 | 0.169 | 0,102
2tanwﬂ! 1270 10145 | 14040 | 0.953 | 0.88 0.817

{°s. 0,553 | 0,423 | 0.31k4 | 0.225 | 0,149 | 0,083

Ry | 108 1,270 | 0.856 | 0.563 o.3ui Kg.lzs |
ree.us (52 0,355, x = 075 1= g = 0316 Kan{1oigrr 0T
Ref. b A=~o,‘65 , X = 0.75 1= &, = 0.158, kth('_iil—a—): oggo

o Nt —




97
REAR FAN
Equations: -
(1+e_\ 7
2 cos<I>( pn tan o-1
——— 2e M
A P n
b = “ e - .+ %% 10.1.7
2(e_+e.) | 1 A
p s = \+sin<I>
n 1 1
o - 1€
n _;SPT 2 pﬁesd\q
1 | |
Ay = — 1041.2
td -~ ¢
. co b
2(& +¢))
- P 5
k.th e — K - 2. 208

Equation 10.,1,7 can be written for a given A as

A

€ = ' , =D + £
S 1

Ble. + &) m/+sin©
p 8 [C“"%Ss-

Data:—~ For x = 0.75; (o /+ a) = 37.2°, _N_C = 0.722, RLF6E sectiony
<R

giving®= 41.7°, m = 57, o = 0.481, Ep = Eg of front

fan,sin® = 0.665 cosd = 0,747 and teng = 0.891,
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A =0.U45 |A =050 |[A=0¢55 | A=0.60 |p=0,65 | A=0,70
1y 0.600 0,666 { 0,733 | 0,800 | 0,866 | 0,933
ey 0.553 | 0,423 | 0,314 | 0.225 | 0.449 | 0,083
Kn 1.759 | 1.431 14238 | 141145 | 1,028 | 0.963
B 0.729 | 0,729 | 0.729 | 0.729 | 0.729 | 0.729
C 1e34l4 | 0,698 | 0,373 | 0.201 | 0.102 | 0.0LYL
p 3,242 | 1,819 | 1,060 | 0.628 | 0.353 | 0.171
18s 0.134 | 0.079 | 0,035 |-0.005 |=0.035 |-0.06L
UL 0.687 | 0,502 | 0,349 | 0.220 | 0.114 | 0,019
Ky 2,29 1651 0.953 | 0.550 | 0,263 | 0.0L1

_ _ .o kp
Ref. L5 A= 0.555, x = 0.75:= &_ = 0.03§ kth< I;PP = 0.929
. th/
Ref. 46| A= 0,65, x = 0.75:=¢_ =-0,028,k, . {1 = FFP = 0,280
i 8 th k‘th/
BOTH FANS

A _o 45 A=o.5o A=0, 55 A=0,60 | A=0,65 {A =0, 70

ki u 13 2,78 14 81 | 1.11 0.606 | 0,219
: - ,
Ror. L5 A=0.555: - kth(1"kFP/ - 1,74 (Bxp, K_ = 1.81)
Ky ‘

Ref U6l A= 0,65:- k (1 - P/kfh>- 0. 3L4+0. 28=0. 62* (Exp. K,=0, 60

# These are mean values obtained by integrating the total

head rise along the blade.
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APPENDIX B

LEROFOIL SECTION CO-ORDINATES

RAF 6E Suitable for isolated aerofoil theory
Cl Base aserofoil for clothing camber line = cascade theo
N4CAO012 Suitable for N.P.L. type straighteners
Distance | Distance from Chord Line.
from L.E. RAF 6E (Ref.6) | CLh(Ref,32) NACLO012 (Ref.58)
Symmetrical Symmetrical
0 1¢15 0 0
1425 3419 1.65 1,89
2.5 L2 2.27 2,62
500 6.10 3,08 3456
7.5 7e24 3462 4420
10 8,09 Ly, 02 L. 68
15 9.28 4455 5435
20 9.90 4,83 574
30 10,30 54 00 64 00
Lo 10.22 L. 89 5+ 80
50 9.80 Le57 5429
60 8.98 4, 05 4.56
70 7.70 337 3,66
80 5491 2, 5L 2,62
90 3479 1.60 1.45
95 2,58 1,06 0.81
100 0.76 0 0.13
L.E. radius 115 1.2 1.58
T7,B. radius 0.76 0,60
Chgggwligékuummwwfiat under- Axis of Lxis of
surface of symmetry symmetry
aerofoil

A11 distances given in percentage of chord distance.
(NOTE:~ For details of CLARK Y secticn see Ref. 5.)




TABLE |
OPTIMUM DESIGN VALUES FROM CASCADE THEORY

al, = 70° o, =6e0" o, = 50° oL, =40° o, = 30° ol, = 20°
o| < 13 co| cf 3 co| c2 £ con| c2 3 co| cf £ | ao| cf 13 co
06[{0 9% [0 960 [0-570 [ 0-970 [ 0-670 [0-582] 1-020 [ 0-545] 0-612] 1-061 [0 464l 0 637] 1 125[0 434[ 0-675] 1 2300 - 428 [0- 738
0-7|0-885]|1-062|0-€20| 0907|0738 [0-635|0-952 | 0-595]| 0-667| 0-995|0- 515{ 0-696| 1-059 |0 478/ 0741 |1 - 148]0-470|0 804
0-8/0830]|1-153]|0-664{0-855|0-803 |0-684|0-900 | 0-647| 0-720| 0-937|0- 61| 0-750| 1-000 |0- 521|0-800| I ‘0850 511 |0 868
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1-5|1-368|0 725 |0 530 [1:292|0-923|0-714]|1-250|1-130[0-904 {1-2%4]1-333]1-063]|1-270|1-%45]|1-217]|1-342]|1-7%52]| 1-305]|1-442|1-973} 1 37

' TABLE 5 '
OPTIMUM VALUES OF C:ANDOFOR E$=0 = CASCADE THEORY

€,=04 E,=0s E,=0-6 Ep=07 E=o08 €, =09 g =10
A c? c .o o | cf c .o o ¢t {co o ct | co o~ ct [co o ct | co o c.‘_" c.o o
03 1-021[0-505]| 0 495
0 4 1-098 |0-463|0-422|1-010|0-522|0-517|0-940|0-578|0-615|0 8740 -632]| 0 723
o6 1'025]0'%44/0-531 |0-927|0-622|0-671 |0-842|0-€97|0-828|0-768|0-769| 1-003|0-698|0-838] 1 - 200
o8 1-060 |0-555 |[0-524]|0 944 [0-650 [0 689 |0-842(0-741 [0-881|0-752|0-829| 1-102|0-679|0 9013 | 1-345|0-614|0-993 ] 1 619
101171 ]0-513|0-438]1 021 |0 625]/0-611]0-900 |0-730 |0-811 [0-800|0-835]1-042|0 7100931 |1-310|0-635|1-021|1-610|0-%66]|1-110 |1 -960
1-2| 1159 |0-956 |0-480|1-010|0-678|0-671|0-890 [0-794 |0-892{0-783[0-904 |1 153 |0-693|1-008]1-455|0-611|1-107]1-810|0 -545|1-200]2 203
1'5|1:225/0604[0-493/1-079 |0-737 |0 -683|0-939[0-862]0-918]0-826/0-98!|1-187]|0-720]1-0902|1-516|0-638]1-200|1-882|0 5641 3012 31

Ep=11 Ep=1-2 Ep= 13 E,=14 E.=1'5
x| ¢ [co o ¢t [co o ¢t |co| o ¢t |co]| o ¢t |co] o
0'3/0957|0549 [0-573]|0-897|0-591 [0-659{0-858]/0-832|0-737]|0-805{0-675]|0-838|[0-767}0-712]0 929
04|00 811 |0 685/ 0 844/0- 759|0-737 {0-971|0-711 [0-787|1 -106]|0- @66 |0-835]|1 254|0-619 |0 882 1 -425
06{0-638|0-905|1-420]/0-587(0-968 |[1-650|0-538]|1-030|1 -915]|0-495|1-090)|2-203|0-456|1-148]|2-515
0-8/0 5521070 |1-939]/0-500|1-142|2 285|0-456|1-210|2-67 |0-416 |1-276 |3 07
1-0lo-513)1-191 |2-324[0-458| 1270|2775
12| 0 4841 289(2 662
15




TABLE 6

DESIGN DETAILS FOR CASCADE THEORY AEROFOILS —&-=0

€=014 £s=o-5 &=0-6 €.=07 =08 &, =09 E€=10
Nfo | & | e | E|e|E|o|E|o| E| o0 |E|e|E
0-3 76| 695 831|691 92 | 687
04 9-6 |63-4| 10°8|62-8|12-2|62-1]13-7]61-4]|15-3|60-6
06 148 |51-6 | 1773 [50-4) 20 1|49 -0|23-2| 47-5]| 26-6 | 458 | 30-4|43-8
08| 175 |42-6 | 21-0 408 [ 24-9 |38-9 |29 -1 |36-8 338 | 34-4|38-9|31-9 |44a-3]|20-2
1-of21-8 | 34-1 ]| 26-2|31-9 | 311 |29-5]| 36526 -8 |42-2 | 23-9|48-1 210 [543 [179
1'2(25-2 |27-2|30-4(24-¢ | 36:0|21-8| 41-8|18-9|48-0| 158|54-4| 126|608 9-4
1°s]29-1 [19 2350|162 [41-2|13-1| 476| 9-9[54-1| 6-7|60-7| 3-a|67-1| 0-2




TABLE 7 | .
DESIGN DETAILS FOR CASCADE THEORY AEROFOILS — &€,=0

£P=o‘4 EP=}0-5 £.=0-6 €.=0-7 | &€ =0 €.=0-9
o o o (-] o [-] o -] o (-] [-] o
x|o|E|e|E|o|E|lo|E |0 |80 |E
0-3
04 i 751690 771693 8 I 69 ‘6
0°'6 11 -2]160 -6 It -8161-2 1251617 13 -1 62-2
0-8 139 | 53:3|15-0|54-1| 16-0|54-9 | 16-9]|55-6| 17-7]|56-2
10 156 |46 7 16 -9 47 -9 18 °3 48 9 19-5]| 498 20 -7 | 50" 6 21 °7 51-3
-2 179 |42 1 19°5]143 ‘4| 21 -1 | 44 6] 22 -6 45-6 239 |46 - 6] 25-0 475
i) 20 '8 |36 'S | 229 |38 ‘0| 24-7]| 39 -4]| 264 40-6 27 -9 141 8| 29-3 | 428
=10 Ep=1-1 Ee=1-2 Ep=1-3 E=1-4 Ep=1'5
o o o (-] (-] o [-] [ [-] o (-]
N|e|E|o|E|e|E|o|E|e|E |0 |E
0°3 59|74 -1 6 1 74 -2 6 ‘3|74 -4 65| 74-6 671747 74 -9
0-4 84169 8 8 ‘8 70 -1 91170 3| 9-4|70°6]|- 9:6}70-8 9 710
0-6 [I13-7|62-6|14-2|63:0|] 14a-8|63-4|15:-2 63_-6 158 Gflvl '6{2- 644}
0-8 |8'5-5;—'8 19:3 |57 4120057 8| 206 56 -3 21 -1 58'v8
|10 22 7 |%2 -1 23 5 52‘8/ 24:4)|153 ‘4 )
1-2 26 2 |48 -3 | 27 -2 |49 ‘1
15 305 |43 -8




TABLE 8

RECOMMENDED VALUES FOR STRAIGHTENER DESIGN
AS FUNCTIONS OF €4

TABLE 9

) S
VALUES OF C,_ AS A FUNCTION OF ,E_ OR &_,AND ¢
FOR STATOR DESIGN —GENERAL APPLICATION

o
€& 1 o1 02] 03 | oafos |oe] oz o8 09 10 -
S/c‘uls () s 15 s 1114 [ 0088 | 06850 540] 0 430
-
€. 1lo-300|-a:s97] 0 890| 1-178] 1-458| 1-316] 1-162] 1:018'| 0 - e8é] 0 778
‘ . - ° - . Ll . L] - -
@ |8 4° |ie6” |24-6° [320° [390° |42:9° |46-3° |49 2° 51-9° a3
ILcamBER]| 1*66 | 3-67 | 543 { 707 | 8-62 | 9-47 |10-22 |10-86 |i11-46 |12 00O
¢ 1°8° | 3:0° | 4a4® |58 | 71° | 9:5°]11-8° [14-1° [16-0° li7-8°
# OPTIMUM VALUES
RECOMMENDED VALUES FOR PREROTATOR DESIGN- 4
AS FUNCTIONS OF £P
&y o1 | o2] o023 04| 05 06 | 07| oa] o9 10 11 12 13 14 15
S/c -5 15 () -5 15 15 -5 1-345] 1-215| 1- 16| 1-038| 0 975[ 0-918[ 0 872 ] 0840
[N 0°300| 0597 | o890 1-178] 1 ass| 1 728| 1-982| 20 |20 |20 |20 |20 |20 |20 2:0
e 8-1° [162° |23:9° |31-1° |38:0° |44-3° |500° |52-9° |55 4° |57-9° [e0-2° |62:4° [ea I |ee 1° |67-7°
°Lcameer|1-77 | 358 | 528 | 687 | 8-40 | 978 |11°05 [11-89 [12-25 [12:79 J13-30 [13-79 [14-16 [14-60 |14-95
4-1° | 81° [12°:0° |15-6° |19:0° [22-2° [25-0° |26 5° |27 7 |29 0% ]30-1° |31 2° [32-1° ]33-1° [33-9°

ASSUMPTIONS , SEE SECTIONS 4.2 AND 4.6

>t
£ s Toe 07 ] o8 ] 09 ) 0 | 2 3 | 4 5
©02]0199 |0 239] 0 279]0 318 |0 358 |0 398 |0 438]0-478|0 517 [0 557 |0 597
0-4|0392 |0-471| 0-549|0 6280706 |0-785|0-863|0-941|1 020 | 1-098 )1 177
06|07 |0-690| 0 os|0-920| 1035 |1-150|1-265] 1-380]1 ‘495 |1 6101 725
0-8|0-742 |0-891| 1-040| 1-189| 1-336 | 1-485|1-633] 1-781 |1 9302 080 |2 225
10[{0-893 | 1-072| 1-251 | 1-430[ 1-609 |1 789]1 9682 145|2 323
1-2] 1029 | 1-23a4] 1 4401 646] 1- 851 |2:059|2 264
14| 1145 |1 373] 1-603|1-832| 2081 |2 290
1-5|1 200 | 1°440| 1 680 1-920|2-160"|2 400
TABLE 1
LOSS COEFFICIENTS.FOR ROTOR ,€,=0 —CASCADE THEORY
53.0.‘ 4,0 5 EQ=O [
N i‘. h'Fs :"Ts) E"_ h": ':kfs) k_l. RF: ‘F'““)
CoRen| Ren | Ren o Rin| Ren | Ryn [CoRen| Rin [ Ren
04 218 |0-045[0 080
o6 1173 |0o-034|0-061 | 1-88 [0 028|0-058
o8| 1-45 |0 035 |o-058| 1'58 [0-0290 0054|171 [0 025]0 052
1:0]1-39 {0035 ]|0057] 1-49 |0 029 |0 053 |1 57 to 025|0 05!
1-2]1-38 00370 059 1-23 |o-033|0-055|1-48 |0-029(0-052
1-5]1:34 |0 045 |o-0e6]| 1-36 Jo-041 |0 063|136 [0-038]0 060
E,=0-7 Ey=0'8 €,=09
03 276 [0 054 0098 299 [0 0470 095
0-4/2-35 |0-039[0-077| 2:54 |0-033|0074|2 75 |0 0208|0072
0-6|206 [0-024 (0057|225 [0-019|0-055[2-44 |[0-016[0 055
0-8|184 {0021 |0050| 194 [0o018|0-049]|2:05 0015|0048
10| 1765 |0-022|0-049| 168 |0-020 |0-047 | 1-67 |0-018 |0-045
12| 1-49 |[6-026 |0-050| 1-47 |0-025 [0-049|1 41 |0 024 |0 047
1°5]1-32 |0-037 Jo-058] 1-27 [0-037 Jo-057|1-17 |o-038[0-057
£4=1'0
0-3] 3-22 |0-041Jo-092
0-4| 299 |0-024 0072
0-6| 267 |[0-014 |0-058
o-8]|210 [0:014 |0:047
1-0]1-62 |o-017 [0-043
12| 1-32 [0-024 [0-045
1-5| 107 |0o-040 |0 087
NOTE : FOR




f
TABLE 12 TABLE 13
LOSS COEFFICIENTS FOR ROTOR E,= 0 —CASCADE THEORY k k .
LI £03 ! LA N— VALUES OF & —= OR ¥ +> —GENERAL APPLICATION .
N N G T 2 I T ben h
CoRen| Rin | Ren JcoRen| Ren | Ren [CoRen| Ren | Ren .
o6 2 84 | 00540 099 t- 02 03 04 05 06 07 08 09 ) 0 11 12 13 ' a 15
os 245 {0°050| 0°089 | 2:88 | 0°046|0 092 0-2{0202]0303 [0 404]0 505 [0 606 [0-707 |0 8080909 | 1-10 |t 111 |1 2121 313 | 1 414 |1 515
1'0j2 08 |0-0%51 |0 084f 2-51 0047 0-087|3-00 | 0044|0092 0°4|0-208 |0°312 |0 416|0-520|0:624 {0728 |0-832|0°936 |1 040 | 144 [ 2481351 | 1- 496 |1 560
!'2]2-14 10 05210°086| 2-59 [0°048] 0°089 | 308 | 0°044 0 093 06102190328 |0-437|0 546 |0 656 |0 765 {0 874 (0 984 | 1 093] 1-202{1 311 |1 421 | 1 530 |1 640
1°5§2 15 ]0°058]0-092] 2-56 |0-053/ 0095|309 | 00490 099 08102320 348 |0-464|0 580 |0 696 [0 81209281 0as |1 1601 276 | 1 392|1 509 | 1 625[1 741
Ep=0°7 . Lps0-8 »=09 1'0 |0 250 |0-375 |0 5000 625 [0°750 |0-875 |1 0001 125|1 250| + 375 |1 50 |1 625| | 750 |1 875
041330 |0°072|0125(3-73 [0-069|0 128 4 13 |0-068[0 132 1:210°272 [0°407 |0 543]0°678 (0814 {0 950 | 1-086 |1-220 | 1:356( |-493 | 1 629 |1-764 | 1900 |2 035
06|3°:32|10051{0°103]13-7% |0-048|{0 108 |4 31| 0°046 {0 115 14710 299 [0 447 |0 5970 746 {0895 || 044 |1 1941 342 | | 492| | 64! | 790|1-940 | 2 0%0 |2 240
683 39 [0043f0 097(3-97 [oBarfo 104|458 [0-038 0 i1 1°5]0 314 ]0 471 Jo-628]|0 785 jo 942 |1 100 |1 255]1 412 |1 870 1 727 [ e85]|2 040 ] 2:200 |2 356
1 0|3 %54 |0-041]10:097|4-17 [0-038|0-105 |4 -87 00380 114 "
112]3-68 [0 04t |0 099| 4-39 [0-038[/0- 1085 21 [0-035|0 118 ~
1:'5/3:69 |0 0468|0104/ 4-45 |0-041] 0 112[5-29 | 0-039]0 124 .
Ep=1°0 Ep= 11 €12 .
03(4 61 [o 087|0 160[5 02 |0-083|0- 164|552 [0 080 0 169
04480 |0063[0 137|5 10 |0 061|0 142|562 [0-058|0 148
06/4°91 [0 0430 1225 57 |0 041|0-130-|6 28 {0039 |0 140
0-8|5 28 |0 036/0 120|614 [0-034[{0-132|7-03 [0032]|0-144
1'0l5 74 |0-033]|0-125|6 63 [0-032{0 138|778 |0-030{0 154
1-216-13 [0-033]0-131|7-22 |0-031]|0" 145 -
. 15|86 26 |0-036|0-136 . TABLE 15
‘ LS TR Lk VALUES OF A ™ FOR RECOMMENDATIONS OF SECTION 3-3'— CASCADE THEORY
031591 [7078[0-173]86-43 |0 075{0 178 (6:93 |0 074 [0 185 . Co Ren :
0°4|6 14 |0056|0°154(6-75 [0°054[0 1627 49 [0052(0"172 =
0 6|7 10 fo 037|0 150|803 [0-035|0-163|9-02|0-033)0-177 13
oe8{s- 08 |0030|/0-160]9-23 |[0-028| 0 176 s 02 03 IO‘ o5 06 o7 o8 o9 1o L} 12 13 I 4 (-
NOTE . FOR ASSUMPTIONS SEE SECTIONS 42 AND 4.6 o1 [o ees|i-03071-337 |1 672 [2°008 |2 34 |2 68 301 [3-3a5[3 68 [4 0i5fa 35 [ 68 [502
- TABLE |4 02 10°338 (0:508 (0677 [0°847 | 1015 |1 184]1 3521 521 |1-694 |1 862|206 |2:20° |237 [2 54
0:3 [0230|0-345{0 480 Jo 575 |0 €90 [0 805|0-920|1 035 |1 15 |1-265]1-380 | 14951 6101 725
VALUE | h., 04017710 265(0 353 j0 44/ |0 530 [0 6180 7086|0794 |0 882 |0 972 |1 06 | 1147 ]| 2361 325
S OF E " Ry FOR 'N.P.L TYPE OF STRAIGHTENER 0'S [0145]0°218 /0290 |0-363 |0 4350 508 |0 5800653 |[0°725|0 798 (0°87i |0 943| 1017|1089
0 th 06 |0 168 |0-248]|0°331 |0 413 |0496[0 579 {0 6610743 |0 827|0 909 [0 991 1074 | 1156 |1 239
£ - A 07 |0-19! |0 2860 38! |0-476 |0-571 |0 666 |0 762{0 857 |0 9521 048 |1 142 |1 2381 332 )1:429
slo2 03 ] 04 05 |ose o o8 fos to () 2 13 L) 18 08 [0°224]0 3360 448 [0 560 |0 671 [0 7830 - 895| 1007 |1 1201231 |1 343 |1 4541 5671 680
01 ]1:002| 1-504 [2-005]|2-505] 3-:006|3-%08]/4-01 |4-51 [8-0! [5%2 602 |52 [7702 [7-52 09 |0-269 0 403[0-538 (0673|0807 [0 941 |1-076]1-210 |1-345]|1-480(1-613|1-750| 1-882 |2 020
02|0-508| 0762f1°015|1 269/ | 5241 776/2 030|2-283(254 [2:79 [3-05 |3 30 |3-55 [3 8} 1 0 10-333/0-500 0667 [0-833]1 000 |1 167 |1 3331500 |1 667]1:833[2-000|2 167223332 500
"|o-3]0345| 0517(0-69p|0-862f 1035] 1-207{1-380] 1-5%52| |-724( 1895|207 [2-24 |2:41 [2 59 :
0'4/0:265/0:398(0530/0 663| 0796|0928 1°061 [ 1-194]1325|1-460]1-59p| 1-724]|1-8%8] 1990
05]0:219/0-329/0-438/0 548]| 0657 0:767/ 0876/ 0-986| 1-095[1-205[1-314] 1 424/1-533]| 1-643 .
e, TABLE 16 »
VALUES OF ED ®en FOR RECOMMENDATICNS OF SECTION 3:4 — CASCADE THEORY .
£ 5z 03 oaJosToe o7 [os]os ) 11 12 1-3 -4 15
° ol [o-e6s| 1-03 [1-337]1-672]/2008 |2:34 [2-68 [3-01 [3345]368 [4015[a35 |4 68 [502
0'20-338|0:508[{0-@77] 0847|1015 |1-184)1-382|1-521|1-604|1 862|208 |2:20 |2:37 [254
0:3 10230/ 0:345/0- 460/ 0575|0690 |0-805{0-920|1-035|1-15 |1-265| 1-380 1-495|1 6101725
. 0410 177/ 0-285/0 353[0-441|0-530|0'618 |0-706{0-794|0-882|0-972| 1060 1 1471 -236]1 325
0°510"145]|0-218/0-290|0-363/0°435/0°508|0-580|0-653 |0-725|0-798|0-871{0 943}1-017]1-089
060 127]0-190[0- 253] 0-316|0 380 |0-443|0 5070570 |0 633]0 697|0 760]0 824|0 887]0 950 .
0-7|0-114/0-170[0- 227/ 0-283/0-340| 0 396]|0-453/0-510 |0-566[0-623[/0-680| 0-738[0 7940 -850
0'8|0-118/0-174/0 232/0:290|0°348|0-406[0-464/0-522|0-580|0-638|0-696 |0 754|0-812[0-870
090120/ 0 180(@ 240/0-300|0 360[{0-421|0-481|0-541]0-601[0-682|0 722| 0 782|/0-842]/0-902
- 1°0[0-125{0-188]/0-250| 0-313(0-375[0'438|0-500[0'562|0-625{0 688|0 750{0'812/0-875|0 938
11 |0-130|0-195/0-260/ 0-326(0-391[0-456|0-521{0-586]|0-65i1|0-716/0 782} 0-847|0:912| 0977
1'2]0-136| 0 204/0 271/0-339|0-407[0°475[0-543]0 611 [0-879[0-746{0-814|0-882|0-950{1 017
1 3/0-142|/0°213[0-284|0355({0-426[0 4970 568/0-639|0-710|0-782|0-852|0-924|0 9951068
1:410°150[0-224(0°299({0:373(0-448|0°523{0597({0-672]|0-746(0-821{0-895/0 970|1 045]1 120
1°'5/0-157] 0-235/0°314]0:392/0-471]0:550/0-628{0-706 |0-785]0 864|0 942| 1 -020]1 099j1 178
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Fig. 12. Characteristic curves for fan blade element
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'PART B

TESTS ON SHEET METAL BLADED FANS

ADDITIONAL NOTATION

o

'k

Total head rise across rotor in elementary
annulus at radius r.

Coefficient of total head rise across rotor
in olemontary ennulus st radius » /= SBr )

tp ¥/

Cocfficiont of mean total head risg across
rotor

Mean axial velocity through rotor.

The following variables wore defined in the

notation of Part A but slight modifications are‘ngcessary -

(ng)

a

(u)

In the sbsence of gtetors in these tests, this

efficiency applies to the rotor only;i.e. equalsrg

As before, the axisl velocity at radius r but

pot a constant,

Thé flow and swirl cocfficients are A =~5L- and

T (R
e =,_fL respectively.

u
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11 INTRODUGT ION

11+1 General.

In industry, axial flow fans fabricated from
sheet metal are in universal use, the most common variety
employing blades made from simple cambered plates. In
general;‘these have been developed on rough empirical rules

awhéch are governed to a certain extent by manufacturing
exﬁédiency. Usually the aerodynamic shape is poor and
the efficiency low. Cambered plate fans have been used,
however, in relatively high efficiency aircraft cooling
installations (Ref. 59).

Lt the time thié present research was commenced
no satisfactory aerodynsmic design data were available,

Hence as a first step, the two-~dimensional characteristics of
isolated plates with varying degrees of camber were experiment-
ally determined (Ref, 60).‘ Subseguent to the work of
Réference 60, a similar investigation has been carried out

in Holland (Ref. 641). Although, to the author's knowledge,

no comparable data are avallable for these aerofoils in
cascade, it is usually assumed that they will behave in a
similar fashion to orthcdox aerofoils with the same camber

1ine provided the inlet flow is approximately tangential to

the leading edge of the blade (see Part A)e The limitations

of this method are discussed in Appendix'F.
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11.2 Description of Ians Tested.

The three fans tested in this present investigation
were desigrnied by Pattermon's method (Ref.6).l Fans No, 1 and 2
were designed for actual installations and since no reliable
curved plate data were available at that time, the fans utilized
blades which were twisted from root ﬁd ﬁip but the biéde éiements
of which were completely flat., The third féh was constructed
for the sole purpose of testing a fan designed from the durved
plate data of reference 60, As constant chord was a desirable
feature in each case, the designs were modified in the manner
suggested by Patterson {(Ref, 6).

Geometric details are given in Table 17 and the
design calculations for No, 3 fan tabulated in Appendix C,

Fans No, 2 and No.»3, illustrated in Fig. U5, rebresent two
designs having the same design capacity and total head rise
at a given fan speed.

The construction of No. 3 fan was a little
unusﬁal. Free vortex design requires a rate of twist Which
varies along the hlade; this condition was readily met by
cutting the blades from a cylinder according to the method
of reference 62, For completeness, the essential points
of this method are reproduced iﬁ Appendix &,

11¢3 General Methods of Fan Testing.

Before discussing the tests on the foregoing

“fans, it is advantageaous to consider in broad outline the
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various methods of testing.

In general, most fans are tested in a rig
provided with a bellmouth entry, throttling device and a
power unit incorporating some form of dynamometer. The
pressure and velocity wmeasuring equipment can vary appreciably
from rig to rig.

The simplest test procedure consists of fitting
a surface static pressure tube in the duct upstream of the
nose fairing and one downstream of the tail fairing. Provided
the throttle is at the outlet of the rig, the mass flow can
be deduced from the upstream static tube since the total head
is equal to atmospheric pressure and where the duct area is
the same at both stations the difference between the two tubes
gives the static pressure rise, In industry, the‘duty of a
fan is usually specified by the static hea:l which, by
definition, is the static pressure rise less the mean axial
dynamic head. The static head is therefore the dcwnstream
static pressure with respect to the upstream total head,
which in this case is atmospheric pressure. Tle rower and
efficiency can be calculated from dynamometer readings and
the ébove data. When appreciable residual éwirl exists
downstream of the fan, the above method will be inaccurate

due to radlcl pressure gradients,
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The results obtained from the above test
procedure are of limited use in dsveloping design methods,

A method of overcoming this limitation consists of obtaining
radial distributions of velocity upstream of the fan and
distributionsof total head and flow direction both upstream
and downstream of the fan, Mean values are obtained by
integration methods. Examplesof this experimental approazh
are given in References 1, 38, L5, 63 and 64. The measuring
instruments are usually of the pressure type which are assumed
to record mean values.

However, the flow is intermittent due_ﬁainly ﬁo
wakes shed by each blade and it is possible that errors may
arise when the instruments are close to the trailing edges of
the blades, Because of its quick response the hot wire
instrument is very sultable for measuring the instantaneous
velocities and this technique has been employed by Weske
(Ref., 65) and Pearson (Ref. 66).

Fan design methods based on the calculation of
blade shape to give a specified chordwise pressure distribution
necessitate a knowledge of the aerodynamic interference between
adjacent blades, To elucidate this and other problems
associated with rotating blades, different methods of transmitting
pressures from the blades have been evolved (Refs, 65, 67 and 68).
By this means the actual pressure distributions on the rotating

blades can be ascertained.
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Certain stalling phenomena can be studied

visually by attaching light-weight tufts to the blades and
viewing the flow pattern by stroboscopic means.

12 FAN TESTS

The experimental work on the fans of section

112 is confined to obtaining radial distributions of velocity,

total head and flow direction. These déta are usually sufficient

to permit an evaluation and development of design methods.
Detailed results are given for No, 2 and No. 3 fans; only the

general characteristics of No. 1 are presented as the details

are somewhat similar to those of No. 2. |
12.1 - - Egquipment.

The test rig in which two of the fans, Nos, 2 and

3, were tested is presented in Figs. 46 and 47 showing No. 2
fan and its accompanying fairings in position; the rig for the
smaller No, 1 fan was aerodynamically similar. Both the
fairings and fan bearing were supported by Véry small cylindrical
rods in order to reduce interference to a minimum, To enable
measurements to be made at sny axial station with the ..
econdition cf 2 constant mean axial velceilty compongnt,»the
streamlined nose and tail fairings were separated by a
cylindrical section which extended some distance upstream and
downstream of the fan. The fan was driven by a constant
speed electric motor,'a ;et of pulleys and a V belt giving a

step-up in speed of approximately 2:1 (Fige 47). A transmission
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dynamometer capable of recording low torgues was fitted
in conjunction with a pulley to the end of the fan shaft,
The torgue on the shaft was measured by the twist in a
torsion spring, the deflection on the seale being reacd by
stroboscopic means (Fig., 48). On account of the static
friction, the unit was calibrated dynamically with a Prony
brake; one inch on the scale represented 0.15 1lbs. ft.
torque.

Readings of total head and yaw were obtained
with a #" diameter cylindrical tube having three holes,

each with separate preésure leads.

4

wrd

O =

1R

240

Mo
\i . d
\ d
y ¥

b

Yawmeter Head

DIAGRAM 14

When the axis of the tube is placed normal to the axls of
‘the tunnel, the direcﬁion of the stream can be determined by
rotating the tube until the pressures in the side holes are
the same, and the centre hole which is precisely midway
between the other holes then reads the stagnation pressure,

i.e., the total head of the stream. Velocity measurements
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upstream‘dfﬂihe fan were made with a conventional type

pitot=static tube,

12,2 Method of Analysis

All three fans were tested over a range of
operating conditions, the pressure rise being varied by
the addition of wire screens at the entrance of the duct,
The objectives for each condition, were to determine
“ww(i)ﬂ the mean veiocity of the stream;

(ii) the distribution of swirl velocity;
(iii) the distribution of total head added to
| , »tﬁé stream by the fan;

(iv) ~fan Spééd;

(v) 'pOWégfébsorbgd;' and-

(vi). fan efficiency.

(i) A velocity traverse upstream of the fan was
made for each test condition. The mean velocity was
obtained from the integral -

] .
U: /.R 2ur dI'= zux dx . ’ 120201
J 2
r

2 Fa — - 2
o R -1, : 1 =-x7)
o}

where u is the local velocity, r the radius, R the fan radius,

r the boss radius and x equals r/R, It is more convenient

U s
to express the flow non-dimensionally as A.=.5§$ where 01 is

the angular velocity of the fan.
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(ii)  The induced or swirl velocity, wr, can be

. . . 0] .
expressed non-dimensionally as g = .mf where e is the

tangent of the effective yaw angle. tE-.I‘he effective yaw in
these tests was taken to be the difference between any
slight yaﬁ upstream cf the fan and the angle of yaw
downstrcam. _ ' .

The torque of the fan can be expressed

as the rate of change of the angular momentum of the air;

the torque coefficient, Qc’ is given in section 9 as
q

U = e ; 91
c' %pU2R3ﬂ where Q is the shaft torqua

it

' 2
4[(%) ex?dx (Ref, 6)

@
]

> S
or h.-/ ex?dx when u~U as is normally 9.2
*o : the case.
slthough 1ot the primary reason for measuring e,
The torquc values obtained by this method have been
‘compared with the dynamometer readings.
(iii) The total head distributions werc measured

directly ﬁpstream and downstream of the fan. It was found
that the measured total head variéd markedly with the

station downstream ané hence a number cf distributions at

different positions were obtained.
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The difference of total head across the fan for

a given elementary annulus can be expressed non-dimensionally
Ahp
zpU?
total head and %pU? is the mean dynamic head of the axial

as kr = WhereAhr is the increment of the resultant

component thrOugh the fan. The mean value for the fan can

then be expressed (Ref. L5).
1

2
XK = - — f k x dx 12.242
r 1_x2j r
o %o

(iv) Pan specd was measured with a dial gauge
indicator type cof tachometer, the calibration of which was
checked with a stop watch and a 125 ¢ 1 reduction box,

driven from the shaft,

(v) The power was calculated from the expression -
H.Po = g'w—'—" . 1202.3
33,000

where n = R.P.M, and Q is the fan torgue obtained

from the dynamometer readings.

(vi) Pan efficiency can be shown (Ref. L5) to be -
2
Ko A(1 - x,2)

Qe

-T‘]az 12;20”

12,3  Results

The mean duct velocity upstresm of the nose
fairing varied around 25 ft./sec. for No. 1 fan and around

38 ft/sec for No. 2 and No. 3 fans.
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Stations at which traverses were taken
upstream and downstream of the fans are given in Table 18,

12¢3.1 Velocity Distribution.

The velocity distfibutions in all cases are
fairly uniform with a slightly increasin~ velocity towards
the bogs; this effect is due to the presence of the nose
fairing (see Fim. 49), The wall boundary layer at the tips
is approximately 0,06 of the fan diameter for each'of the
three fans. «t the boss, the boundapry layers are very thin.

. 124342 Swirl Velocity Distributions.

The rotation of the air can be expressed in

terms of the non-dimensional parameter, € , as mentioned in

the preceding section. This‘parameter is plotted asainst

x, the radius ratio, in Figs. 50 and 51 fof the various

flow conditions under which No. 2 and No.3 fans were tested.
Botl the dosi~sn distributions are superimposed on the results

and illustrate the boundary effects at the root and tip. 1In

the intermediate repion, the agreement with theory is satisfacto.,

for the No, 3 fan. The tests on No. 2 fan were carried out in

a reletively small lapcratory and recirculation tended to

upse inlet conditions to the teSt rig. This would tend to

reduce the accuracy of the results. The lower values of g

cbtained experiment2lly for No. 2 fan would suroest that the

two dimansional drag near the centre of the span is less than
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expected in design. s leading edoe separation is almost
certainly present on the flat plate blade element at design
incidences, difficulty in predicting the drag accurately
must be expected.

The distribution for all three fans was found
to be a little flatter than assumed in the design. This has
alsoc been observed in the contra-=rotating fan tests of
Reference 45,

The manner in‘which the swirl changes downstiream
of No, 3 fan is demonstrated in Fig, 2 for a near design case;
for No. 2 fan the distributions at the recar station are
superimpdséd on I'ig, 50. The most significant trend is
ﬂhe reduction of € at the blade extremities with increasing
distance from the fan. . considerable proportion cf the
momentum a§sociated with the lafge values of & at the
extremities is contained in the secondary flows described in
Part iis These flows break.down intc random turbulence and
hence such a reduction in & must be expected.

Test distributions of & are also us=ful in
detecting the stalling characteristics of the fans. For
example, “he blades of No, 3 fan at a test A of 0,171
have stalled everywhere with the possible exception of ‘
¥ = 0.75 (see Fig., 51); this is inferred from the manner

o

in wnich *the swirl distribution has been modifieds.



112

Distributions such as that at station 3 (Fig., 51) can be taken
ag representative of a stalled fan. |

£ilthoush the comparison between theory and
experiment is only fair, the behaviour of the fans, on the
whole, is satisfactory as will be shown later.

12.3.3 Total Head Distribution.

For all three fans, the rise in total head
remains reasonably constant along the blade except for
regions at the root and tip (see Fips, 53 and 54). The
mean values of the total head rise coefficient at various
downstream stations are plotted in Fig. 55 for Nos. 1 and 3 fans,
It will be seen that the mcasured value drops rapidly by
approximately 10% in the first inch or so downstream. 4
possible explanation is that, owing to the pulsaeting nature
of the flow, the total head measured immediately downstream
of the fen is not the true mean total head. However, it )
appears likely that mixing and gecondary losses account for
some of the discrepancy. (A similar phenomenon occurred in
Ref. 63 and the 10% loss measured there was attributed to
mixing of the flow downstream of the'fan.) The chenge of total
head with downstream station is shown in detail in Fig. 56
for the ncar desisn case of No . 3 fan, The change is more'or
less constant along the whole blade sugeesting that the wall

boundary lsyers are not the primary reason, Station 2 for
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fan No, 2 and station 3 for fan No. 3 have been chosen
arbitrarily as giving conditions which are fairly representative
of the fans, The corr:sponding distributions are given in
Figse 53 and 5L.

A dimensional plot of the total head rise
distributions given by the No. 3 fan is presented in Fig. 57,
For the case A = 0,171, the blade is stalled over the whole
span except at x = 0,75. This agrees with the conclusion
drawn in the previous subsection from Fig. 51. 4 phenomenon
which appears to be assoclated with tip stalling is the
large total head increases aéhiéved 1ocally,(see Firs. 53, 5.
‘and 57); this was most noticeable on the fla% plate fans,
(Nos, 1 and 2) which are more prone to stall at the tips.
The major portion of this increase, however, is associated
with large swirl velocity heads of which very little can be
recovered as bressure heéd°

120.3.4 Characteristic Curves.

The mean total head rise coefficient, Kr’ has
been plotted against the flow coefficient, A, in Tigs. 58 to
60, for the threc fans tested. Despite deviations of the
actual spanwise distributions from the theoretical, as
described in the preceding subsections, reasonable agreement

with design has been obtained.'
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Although fans 2 and 3 were designed to fulfil
the same design condition, this is not apparent from the above
figures: Using thesc curves, the characteristics have been
plotted dimensionally for a fan speed of 2,800 R.P.M, (Fig., 61).
Although the fans agree at the desiéﬁ point, the characteristic
at higher pressure rises is different.

1243:5 Power and Efficiency.

The torgue coefficient, power and efficiency
curves for Nos. 2 and 3 fans are respectively.given in Pics.
62 and 63. Efficiency is based on the mean total head rise
at stations 2 and 3 for fans 2 and 3 respectively. In both
cases, the peak efficiency is approximately at the design
point with the cambered blade fan 11 per cent more efficient,
The torque of fan No. 1 could not be obtained very accuratcly
and hence power and efficiency curves for this fan are not
given,

The torque coefficients, as derived from
yawmeter readings, show considerable inconsistcncy. The
results at sfation 3 07 No, 3 fan are given in Fig. 63; thosec
for No, 2 fan were 10% below dyamometer recadings when based
on station 4. Very close agreement, however, was obtained
in References L5, 63 and 6L between yawﬁeter and dynamometer
readings for orthodox aerofoil blades, ‘This suggests thav

yawneter torque measurements may not be accurate for the

cambered or flat plate type of fan.
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13 LOSSES OVER T.IL FAIRING

Some experimental work was carried out on the
No. 3 fan installation to determine thé order of the tail
fairing losses. Two fairings of different fineness ratios,
namely £ = 1.35 and 2.35, were tested with and without flow
straighteners in the unit. The efficiency as expressed
by Patterson (Ref, 54) and elabora%ed upon in Part 4 was in
the vicinity of 80% for all cases with the exception of the
smaller fairing with flow straighteners. Here the efficiency
was lower owing to a flow separation on the rear portion of
the felirizpg, The longest tail fairing is based on an
equivaelent 8° includeé angle diffuser.

Llthough no detailed measurements were made of
the losses over the tall fairing of the No., 2 fan unit, it
was deduéed from the measured total loss in the test rig
that tne eff301ency was also approximately 80%."

These efficiencies are lower than the 90%
values qu0ued for a wide range of diffusers 1n reFerance 54

In che casr of a fan unit however,>uhe tall Lairlﬂg 1s an

s?responswble

addltlonal weuted surrace whlch, -no doubt,“_

for greater ¢os 380  L
“‘The nature of the flowvin-+he vicinity of the
tail fairing is of interest; ve1001ty and yaw distributions

are given in Figs. 6L, and 65, The yawmeter was used for

meLsuring velocity having first been call orated in the duct
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upstream of the fan with and without a wire screen at the
tunnel inlet. When the direction of the stream is found
from the two pressure holes, which are 90° apart, the
instrument is tumed through 45° so that one gives the
total pressure, ho’ and the other a pressure p,, which is
a function of the velocity head, ’For the test Reynolds
number range the value

h, - P

TpV?

was approximately constant at 2,08 and independent of the
turbulence added by tﬁe wire screen.

The addition of straightenérs thickens the three
dimensional wall boundary layers (Fig, 64) as would be
expected. Plotting the axial velocity component distributions
(Fig, 64), however, shows that the mass £low has been
increased.

As the floﬁ progresses down the taill fairing
the law of conservation of angular momentum results in an
increase of angular velocity with decreasing radius; this
can be demonstrated from Fig, 65.

In comparing the boundary layer profiles for
the two fairinps (Fig. 6L), it should be noted that the
traverse for the fairing, £ = 1.35, is slightly more than
412 inches downstream of the end of the fairing. In this

distance, a favourable redistribution of boundary layer
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momentum would have taken place. Keeping this in mind,

it can be inferred from Tig. 64 that the fairing, £ = 2,35,

is in no danger of stalling with or without flow straipghteners.
Hence the recommendation of an 8° included equivalent

diffuser angle (Part .) appears satisfactory.

n CONCLUSION |

The tests conducted on fans with sheet metal
blades have shown that the free vortex design method is
satisfactory._ Not only arc the design distributions of
total head and flow direction approximated in practice,
but the efficiency is good and if suitable allowahcesv
are made for losses, then the fan can be expected to
fulfil design recquirements. The order of the tail fairing
losses has been determined, demonstrating the need fof
keeping the boss ratio as low as practicaﬁle,

This data, with the design theory of Part 4
and the cambered plate data of reference 60, enables ducted
axial flow fans with sheet metal blades to be designed with
confidences Fans with uncambered metal blades are, for
efficiency reasons, not recommended.
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APPENDIX G

DESIGN DETLILS OF NO. 3 I/,

As mentioned previously, the design o this an
followed the procedure set out in Reference 6 by Palierson,
The important design calculations are tabulated below. 4 4%
cambered plate was used for the blade éections, the acrodyramic
chéracteristics being obtained from the data of refercnce 60

for a Reynolds number of 3.14 x 10°.

The initial design assumptions were

Ky = Kp_ = 155
A- = Oo 29L|-
XO = 096
~n = 0,92 (based on profile drag only)
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0.6

0.8

1.0

x 0.7 0.9
A 049 0uh2 | 0.367 | 0.327 | 0u20h
G - 0.3 0.354 | 0.309 | 0.276 | 0.248
tan ¢ 0.5U45 0.453 | 0.389 | 0.343 | 0:305
o 28,6° | 2U.u° 21,3° 18,9° [17.0°
Y 24,9 28,5 32,3 3640 3949
o 0.7°. 1.1° 1.7° 2,3° 3,0°
Cy, 0+49 053 0,58 0,65 0.71
Cpp 0,0190 | 0,0180| 0,0176} 0,0184 | 0.,0186
Cy 040421 04475 0.53l 0,609 0.674
e? 01710 0.1255{ 0,0952| 0,0760 | 0,0615
sin®e 042290 | 0,1700| 0.1315| 0,1050 | 0.0851
¥ 0.905 0,712 | 0,571 | 0.455 | 0.376
¥Cy, 0.443 0,377 | 04331 0,296 | 0,267
C(¥=0.5) 0.886 | 0,754 | 0.662 0,592 0,534
o 4e9° 345° 2,6° 148° 1,2°
o +0a 3345° 27,9° 23,9° 20, 7° 18,2°

g = (kth ~ kFP)

The desipgn equations used were -

2.n - A
tand= M
EETa
¥ = (1 - %er) (n=Zer) + 122
A1 =-m)

' C, = Cp, cosg - Cp sing
2x(ky, - lpp - &9 sirfg

y:
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The product, yCL, was obtained and the blade
planform adjusted in the manner sugrested in Reference 6,
The chord was assumed to be constant and the CL range chosen
so that the wratio. '65;f ’ was large at all stationse.
4 modified o was then obtained thus giving the blade
setting relative to the plane of rotation as

q>+oc

Lssuming 8 blades and from the expression
y =.§E. (=2x0) where N is the number of blades.
xR

¢ = 1,67 ins. when y = 0,5
From the above data, the shape of the blade
wés developed out of a rolled sheet by the method of

Lppendix G (Ref. 62).
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APPENDIX D

INALYSIS OF FAN LOSSES

TEST RESULTS

The losses in a fan rotor are éomposed of

the following main components (see Part 4).
(a) Profile drag.
(b)  Secondary drag.
(e¢) Annulus drag.

In Part A, each of these losses is treated in
some detail and hence will not be elaborated on here. Due to
the relative crudity of sheet metal blades, the above losses
Willvbe greater then for a fan using orthodox aerofoil
sections° The profile drag losses can be ca1cu1ated from
aerofoil data, but the second and third types of loss are not
known with any degree of accuracy. However, the fullowing
tentative suggestions are put forward -

The secondary drag coefficient recommended in

Part 4 ig -

2
C = 0,018 CL

Dy

but for sheet metal blades the following relationchip based

on test results, is suggested

= 0,025C, 2
CDS 50,

Usins these figures and the expression devcloped

in Part A namely
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-7
~
=

A
"..‘:,-.....§...
th sin 9

|

~

we obtain the loss in efficiency due %o secondary drag from
K

=
w

(0 OZEOL)

.fﬂ

T_inadT

where the suffix m denotes the values at the mid-span station.

In Part A,the loss in efficlency due to annulus
drag was assumed constant at 2% but for the present type of

fan, an increase to 3% is recommended.

Efficiency losses for Fans No. 2 and No. 3

Design From above Total Efficiency
value rccommendations '

Fan Profile Secondary Anntlus Test Calculated
drag loss |drag loss drag loss Value from above

No, 2 00,22 OQOLI- O¢03 0072 oo 71

No. 3 |- 0,08 0,05 - 0,03 10,83 0. 8L

The numerical subdivision of the losses is
somewhat arbitrary due mainly to the limited test data
available. Whilst it should be relatively easy to obtain
consistent results for cambered plate fans this may not
be possiblé for flat plate fans (e.g, fans Nos. 1 end 2;
see section 12.3,2), For cambered plate fans the above
recommendations should be of the right ordgp and their

adoption is suggested for design purposes.
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APPENDIX E

CAMBERED PLATE FAN

=y

ten ¥ = 2082 10,1510
=z + sin @
€ = E_fan \l;[tan d~ A] 10,1, 8
iy, = _2{_’_ 202,8
Data:~ For x = 0,80, (assumed to give mean values for fan)
@+d=23e9°,€%§'= 0,50 and cember = 4% (Appendix C),
From Fig, 66 a suiteble linear 1lift curve is, ho~lifi
angle = =4,9° and m = 5,4, Hence ®= 28,8° ana
: tan V= 0,308
B A=0,17 A= 0,20 A= 0,25 A = 0,30 A= 0,33
\ 0,213 | 0,250 0,313 0,375 0o’
tan @ - A 0 337 ¢ 300 237 0175 157
2 tan ¢ /A 3404 2447 1497 1,65 1,49
e 1,025 0.740 0,467 0,288 0. 20k
Kin 9,63 5093 2,99 o5k 0,99
X 740 L9 T 2.60 | 71.37 0,78
| (statibn 3) |

i

greater than the measured efficiency.

The efficiency, Kr/k , is in general
’ th

Hence a curve based

on computed values of kth and the actual efficiency would be

pessimistic, as in Appendix A.
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APPENDIX F

DESIGN EXAMPLE

GENERAL
When the design specification permits the use
of isolated aerofoil data (Ref. 60) the method is straight-
forward, The proceduré of Part A is more suitable than that
due to Patterson (Ref, 6) as it permits the choice of camber
to be left to the concluding stages of thé design. This ensures
the most efficient camber for the_CL range contemplated (Ref:60>o
With high pressure rise fans necessitating
the use of cascade theory it is usual to make the assumptions
outlined in section 11.1. However, én experimental investigation
of the turning angle through plate prerotators (Ref. 49) |
suggests that the turning angle is less than that of an
orthodox aerofoil with the same camber line; ceftain objections

can be raised to these results e

——

# The results of Ref., 49 were obtained in a convergent annulus
and were corrected in an arbitrary fashion for axial flow. Two
criticisms can be made of the recommended curve of turning angle
versus camber. angle for zero local inlet -incidence, i.e. i = O
Pirstly the curve does not tend to the origin which is the

case of a flat plate parallel to the stream. Secondly the
percentapge deviations from the recommendations of the caécade
theory ( Part A) increase considerably as the camber angle is
decreased i.e. as the loading is reduced. These findings

fail torsatisfy physical reasoning and hence must be treated

as suspect.
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Conditions which may lead to "underturning"
will now be discussed, Difficulties arise from leading edge
separatlon which occurs when the local 1n01dence, i, of
cambcred plates cexceeds approximately 2°, Wlth_lncreaslne
incidence, the region of separation Spfeads towards the
trailing edpe piving a rapid drapg increase and frem a
potential fiow point of view, an effecﬁiverthickening of the
plate towards the treiling edge. This latter effect is
equivalent to reducing the camber, which impiies "underturning's
In the rotor, which has to give a certain non-dimensional
bressure rise such a phenomenon would, compared with the
desimm, result in a snall flow reduction and an.increase in
biade incadence: Underturning in either prerctators or
stralnhtencrs also leads to small flow reductlons, €oZe A
gmall residual rotatlon downstream of the stralghbeners
represcenits an add¢t10na1 loss which the rotor must overcome,

Since “he camber line and not the symmetrical
aerofoll with which it is clothed is the main variable which
determires ithe turning angle. an extension to cambered plates
appears recaconable., Althous: the possibility of "underturning"
.cannot by ipgroic :.insufficient data exist to warrant,
at the momznt. any modification to'the theory of Rart A
other than & Ximitatiocon ch the local incidence at the leading
edoe., I% is rvecomucnded, as hefore, that the incidence, i,

should be zero at the design point (see also Ref, 6L).
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Outside the limits of say i = % 3°, the behaviour of &
cambered plate will probably start to differ from that of
the orthodox aerofoil,

In conclusion it can be said that errors arising
from any possible "underturning? will be of a very minor nature
provided the above recommendations are followed, If experience
showed the ebove to be incorrect the apprdpriate place to make
the correction would be in Constantis rule (eq. 2.5.3); this
would produce a modificetion to the camber end stagger angles.

ACTUAL EXAMPLE.

In the following fan-straightener example,
certain conditions have been fixed but no difficulty should be
experiecnced in re-arranging fhe preliminary design procedure

to suit individual reguirements,

BPECIFICATION

4 ducted axial Slow fan Sfitted with
Jlow straighteners is required to deliver
12,000 C+FolMs through a duct eystem in
which the total head loss 18 2.0 inches
of water. It is desirable to limit the
Jan'dtdmefer to 30 inches. The fan,.which DI
18 to operate at sea level, ie,to be directly
coupled to an electric motor (1430 R.P.M.)

enclosed in the tall Jairings



127

The preliminary desicn of a poseible confiouratior
will be studied in detail; the results are finally tabulated

and compared with thosec obtained from a number of other

designs,
Agsuming fan diameter = 30 inches
boss diameter = 18 inches
then boss ratio x, = 0.6

Mean axial velocity through fan

CQF.NI. 1
60 x(R? - roz)

u

b

{t

63.6 ft./s8C,
The dynamic head

 fpv® = Le8d lbs/fi;éﬁ' e
where p= 6;002378 slugs/ft.°> at S.T.F,
Reducing the total heed loss in the duct system to the same
units ag above

AH = 2 x 5.2 = 10,4 1lbs/ft.2
Aggsuming an overall efficiency of 0.77; thc

theoratical total heed rise coefficient, ki, is given by
kth L\H/"-—é'pu2

it

Mg
= 2681
Tip speed of Tan
ar = B8 M or
TG
187 f£t/sec.

il
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FPlow coefficient

A= 2
QR
= 0,340
with A, = 0s567 at the root
Km = 0.425 at the mid span station

For ressons outlined in Yart A, the loadincs
on the rotor and stator blades are more critical at the
root section.

From figure LO for ki, = 2,8

. e, = 0,80 which specifies the maximum stator
loading to be encountered. 4s this is 1ess_than unity, the
limit suggested in Part 4, the stator design is completely
practical,

Using the above values of Ko and g o9 the rotor
loadinc is obtained from Fig. 6.

(CLG)O = 0, 9“-
is this is a relatively high value, a check

should be made on the optimum 1lift coefficient, Gio frem

Fipure U4, which is based on the cascade theory of design,

CL* is obtained as a function of &, and Koo
c.® = 0,70
Lo

The solidity, 0 , is therefore found to bo
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O, = 1.34 which is in excess of unity, the value recommended

o]
as an upper limit for the free aesrofoil theory of design. I%

will be shown later how the frec aerofoil theory can be
modified at the root to overcome this difficultw.
-The losses can be determined approximately as

functions of eIn and7xm where the suffix m denotes the mid-

Span values. Now
.
m

€
m

be obtained in the following manner:-—

0.425 and from Fig. 40 we have

0,60 from which the loss in efficiency can

i

Firstly the general equation L.2.L ogives

Kp _
= 2,21 (see Fip. 21)

| —

- K¢n
The loss components will be taken separately
(a) =rofile drag:
The 1ift and drag data of Refs 60 has boen
reproduced in Fips. 66 to 69 for ﬁwo Reynolds numbers,

namely 3.14 x 10° at 6,28 x 10° ,
In the present desipn; the qrder of the

appropriate Reynolds number can be determined for the mid
span station by considering only the rotational velocity

component. 4ssuning the chord, ¢, is half the blade nheighi

R, =°>""m ® xR.P.M. = 240,000
60y
and therefore Figs., 66 and 68 will be the apprcpriate

CE
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Frorm the preliminary investicatlion at the roow
station a tentative G, range along the blade can be assumzd,
. P

say 0,70 to 0,90; the 6n cambered nlaite appears the most

¢fficient for this C, range (see_Figs. 70 end 71, and giveg

a mean 1lift/profile drag ratio = L2,
Hence
) K -~
FP Za 27
= = 0,053
1 Lo
“th He

{b) #SBecondary drag 10Ss.

Assuming the wmecan G is 0,86 the efficilency

,

joss is (see Appendix D)

X,
B
= 2

Kin

2% x 0.025 z 0,8

o

0,04k

{c) Lnnulus drag logs

-
h?

", ‘ ‘
—2 = 0,03 (see¢ appendix D)

.
“th

he asevmed tentatively that the ef'fizioncy

v

i
ct
=]
)
CA
o
o

of the rovor is
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The losses in the stators can now be determined-

From the general equation 5.2.5 (Fig. 30)

Xs

Y = 0,465 for )\.m = 0.425 andsm = 0.60

a——

Kih

Since¢€ will be in excess of 0.4, the stators
will be designed by the cascade method. For optimum conditions
CL and hence CDS (see appendix D) are knovwne. Frgm reference 60
it can be shown that the profile drag coefficient for optimum
1if't /profile drag ratio is approximately 0,022 for all
cambers. The asbove data permits ¥ to be expressed as a
fungtion of € for optimum conditions (see Fig. 72).

‘ For the present design |
Yy = 20
and the loss in efficiency
Kg 0.465

20

kth
Tail fairing losses are the last major
contribution to the fan unit losses. When 80% diffuser

efficiency is assumed we obtain for x_ = 0.6 and kyy = 2.81

°

Kp |
= 0,042 (see Fig. 37)
Kin |
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The total efficiency of the fan unit is then
Np = 0, 808

say 80%
This is 3% more efficient than was originally assumed. Hence

a correction can now be mgde for kth .

= 2.81 X' 0.77

kth =
0.80

n

2¢ 71
Thevsmall corrections to €, and Qm due to the change in kth
wouldvnot affect the foregding calculation to any worthwhile
extent; the estimates are only of a preliminary nature,

Whilst this design is satisfactory, it might not
repfesent the optimum from an efficiency point of view. As
a rule it is not only desirable; but usually neeéssary, to
complete a number of these preliminary designs. _These can be
set out in the following tabulated form Where design B is the

one just described in detail.



C.P.M. = 12,000 and M = 2,0 ins. of water (1430 R.P.}M.)

C

Design A B D E i
Fan diameter = 2R (inso) 30 30 30 27 27 ;
Bogs diameter = 2ro (ins. ) 20 18 16 : 20 18 |
z, = o 0,667 0.6 0.533 | 0.741 0.667
R L
u = C°F'2M" —(ft/sec.) 73.L 63,6 57.0 111.1 90.6
60 ®(R*- r, )
Dynamic head = $pu® (1b/ft?) |6.11 L4.81 3.86 14.7 9,76
X 1
Kpp = Tipa® - (Mp = 0.77) {2,10 2,81 3. 51 0.91 1.38
Tip speed = 2 TM oxR (£t/sed] 187 187 187 168 168
A= 2 04392 0.340 0. 305 0.663 | 0.540
“tIp speed
A, = L 0.588 0.567 0.572 0.89L 0.811
-‘{O - - - o,
A A
_— - 0.471 0.425 0.398 0. 761 0,649
f Xm _
e, (from Fig. LO) 0,61 .80 1,00 0.40 0.56
(cLo)O (from Fig, 6) 0.72 0.94 1.2 0. 61 0. 81
. . |
C.LO' (from Fig, lt) 0.90 0.70 0054 i 0.9
c
o 0.79 1,34 > 2 0.54 0.87

cel



Design

a B c D E
e (from Fig.i0) © 0.50 0. 60 o 0.36 0.4l
| , =
)]
Y °F, (from Fig. 21) 2,12 2.21 = 1.75 1.78
Kin | =
-
=
CL g
___ (assumed see Fig. 70) L2 L2 & L8 L2
C .,
Dp =
H Q
5455
KFP 0.051 0.053 g E 0.036 | 0.o0L2
/kth g o .
KFS'/k 0.048 0. Olyly o ‘é’ 0.044 | 0,040
th (6;=0.9) (¢ =0.8) H (cL.—.1 ) (cL=o.9)
= .
Kp 0.03 0.03 H 0.0 0.0
g 0.871 0.873 é 0.89 0.888
. | - |
¥ ks/kth( from Fig. 30) 0.50 0. 1465 & 0.78 0.68
¥ (from Fig. 72) 19.5 20.0 % 21.2 20,3
) =
Kq S 0,026 0.023 0.037 0.03L
KD/kth(from Figs, 37) - 0.066 0.042 0.176 | 0.100
n .
T 0.779 10,808 03677 0.754

he L



135

A survey of-the five designs establishes the
second as the most suitable, The most significant factor
influencing the overall efficiency of the fan unit is the !
tail fairing loss. Although rotor efficiency increases

with A, it is more than countered by the above diffusion

loss. The third figure in the total efficiency is not a
significant one and hes only been included for comparison
purposes. ;
The power required to drive the chosen fan is é
C.F.M. x total hesd rise N |
33,000 x 7q | | |

i

12,000 x 5,2 x 2.0

33,000 x 0,80

L4e73 H.P.

i

Ls the frame size of a suitable 5 H.P., motor
will be less than the 18 inches diameter of the fan boss, the

orizinal requirement concerning the housing of the motor in

the rear fairinc will be readily met.
It will be assumed that the total head rise !
coefficient kth and the axial velocity component, u, are both

constant along the blade span (see Part A for design assumptionsj
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The first basic design equation is

kthh
= 1 (2,2,8) where LI A and € are respectively
2¢ \ :

non-dimensional measures of the head rise, flow and torque
respectively for any blade element. From this equation,

the unknown, ¢, can be determined.

Secondly,
A .
tango = _ ~ (2.2,5) where o is the angle
' 1 = 2ed

which the resultant velocity has to make with the plane of

rotation in order to maintain the correct relationship

between the axial, swirl and blade éomponenté of velocity.
Knowing the velocity vectors it is possible

to calculate the loading on the blades. This gives the third

design equation as

Cic = 2esing (2.3.1)

This completes the first part of the detail
design; the results of the calculations for the design

example are tabulated below:



137

X =g 0.6 § 0.7 0.8 0.9 140
Ao L 0.567 | 0.486 | 0,425 | 0,378 0.3140
Kgn - —
£ = — 0,768 | 0,658 | 0,576 | 0.512 | 0.L61
1 = Ler 0.782 | 0.840 | 0.878 | 0.903 | 0.921
tan» = . 0.725 | 0.578 | 0.48L | 0.418 | 0.369
1~Ler .
? 35,9° [30,0° |25.8° [22.7° |20.3°
sin o 0.586 | 0,500 | 0,435 | 0,386 | 0,347
G0 0,900 | 0,658 { 0,501 | 0.395 { 0,320

When the tabulated design data of tables 2 and 3
(Part A) are plotted to a convenient scéle, ¢ and Cjo can be
read directly as functions of ¢ ané N
The blade element details will now be considered:
Three gimple methods of fixing the blade plan form are to
(a) |
()
(ec)

agsume a constant chord
assume 'a constant Cp, and
assume a linear variation of chord
along the blade,
Before choosing the planform of this design,

the root condition will be re-examined for the modified

value of kth’ namely 2.71. From Fig. L
o2 = = 0,768
C;, = O.74 for lo = 0,567 and &g 0.7

o]
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and hence

0, = 16215

When constant chord is assumed, the C, at the
tip is O.44 which for a 6% cambered plate, (téntatively
chosen, ) is unacceptable for éfficiency reasons (See Fig. 70).
In this design the second method, namely constant CL has been
chosen with a slight modification. For efficiency reasons
a lift coefficient of 0.8 is more desirable than O.74 for
stations other than at the root (sec Fig. 70).

The final stage of the design can now be

completed =

x 0.6 0.7 0.8 0.9 | 1.0 |
Cq, 0,74 | 0.8 0.6 | 0.8 [ 0.8

o 1.215 | 0.822 | 0,626 | 0,49k | 0,400
Ne (ine.) = |68.7 |54e2 |47.2  |M1.9 [ 37.7
c(N=16) ins, 4429 3439 2,95 | 2.62 2.36

o (see Fig, 66)] 1.9° 2,6° 2,6° 2,6° 2,6°
o+ 37.8° [32,6° [28.,4° [25,3° |22.9°

(38.7°) |

It will be remembered that the solidity
at the root is in excess of that normally used in the free’
aerofoil theory. Hence a check of this station along

the lines of the cascade theory appears warranted.
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From Fig. 13 the optimum camber angle (Part 4) is 6 = 20.5°
at the root station and from Fig. 15 the stagger angle
(Part 4).

£ = 50.3°
Now the stagger angle is equal to

90° ~ (@ + ¢) and hence from the cascade

theory we obtain

(¢ +0) = 39,7°
The camber/chord ratio is giveh by equation 2,5.11

/1 - cos 8 \/2 . @  which for
- 2 / sin >

0= 20.,5° is 0,045,
| When we assume a stagger angle of 50.3°,
the angle of.incidence is 3,8° (¢ = 3519°) and interpolating
for a L4.¥ cambered plate in Fig. 66 we get a 1lift coefficient
of 0i82, The incidence at which a 6% cambered plate free
aerofoil attains a 1ift of 0:82 is 2,8°, and hence the
amended angle of setting at the root station is
) | a+ ¢ = 38,7° .

From the above the Iif't of the aerofoil in
cascade divided by the 1ift of a free aerofoil is 0.85
which is of the right order (see Reference 9).

The blade details are now known from the

foregoing table, the amended figure being included in brackets.
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- Finally the torque is given by

qQ = Qc%pua'ltR:’ 9.1
or ‘
Qo= KMt - x,°) ‘ 9.3
= 0,59

..O Q = 170“» ft‘. le.
~and the thrust. by
T

T, 5pu* "R ? 9.

i

v . 1 _
when T, ckth_nF(j_fﬁx° ) + % k%h? A’(logéxo) 9.8
1-0292 '

T = 30'5 le'

| Two further portions of the fan unit remain to
be designed. These are thevstraightener vanes and the nose
and tail fairings.

Ls mentionéd’previougly, the cascade stator
design method will be used. When dfvis%assumed that the '™
flow enters the vane along the tangent at tﬂé leading edge,
this being the most féVOurable condition.for cambered plates,
the opt;mum design_is a fﬁnctiop_of only one variable,
namely, € . “This ehébles all thé v;he details to be presented
as in Figs. 17 end 18. o

Taking the values of & from the fan design for

the various radial stations, the following design results»
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0.6

x 0.7 0.8 0.9 1,0
€ 0.768 | 0.658 | 0.576 | 0.512 | 0.L461
/s 0.74 0.98 1,22 1.46 1450
6 48,3°  [LL.9° [ 41,9° | 39.5° |36,7°
% Camber 10,7 9.9 9.3 8.7 841
£ 13.4° 10,8° 8.9° 7.5° | 6.,7°
S (ins.) 377 L, 40 5¢ 03 5¢ 66 6.29
c(N=15) ins 5609 bely9 Le12 13,88 4,19

The number of stator vanes, namely ;5, differs
by one from that used in the rotor design; this is to reduce
the noise resulting from the beat of a number of rotor blades
rassing a similar number of vanes simultaneously.

~When thé above design is set out graphically
it will be seen that the vane differs only slightly from a
‘ conical shape. Hence for practical purposes the vane design
may be adjusted to make usé of the simple geometric shape if
so desired, Such adjustments include small Qhord incréases
(a decrease is not. recommended), and maintenance of the local
angle of incidence, i, within the limits I3, smanl
deviat;ons from the vane outlet angle necessary to giye

purc axial flow are not serious since small residual swirls

are usually of little consequence,
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The nose and tail fairings should preferably
be good streamlined shapes. One such shape is given in

Reference 56; the co-ordinates are reproduced below.

[Tg)

. ’ [SVIg}

Distance from nose - DO O 00 0O QOO0 0 W’o
O 0O ~aA MM 3TV WOWMNSMOVDOOO
s« @®©  » & & e ¢ =

Total length 0030030000 oo o <«
0 O «~ Y O o O 0O — O On

. . ~ O 4 <« O O O O W O

Diameter at point S50 0 00O N~D DO T w©

o M W0 0 0O 0oy ™0 M - O
. s ® & @
Max, diameter 000000 <00 oo o o.

It is usually convenieht to consider the
‘nose ard tail fairings separately, that is, the portions
forward and aft of the'ua% position respectively. Nose
fairings should be kept relatively short whilst tail
fairings may have to be long if flow separation is to be.
avoided, When the recowmendations of Part & are used, fhe‘
fineness ratio,vf, can be expressed as a function of Xy
provided there is no divergence of the duct walls (Fig. 28).
For this design example the appropriate valué is 2,35 which
proved satisfactory in No, 3 fan installation where the boss
yratio was also O.6. 4 suitable fineness ratio for the nose
fairings is 1.2 as this provides a good‘entrtho the fane.
An alternative nose fairing is a hemisphere; the totél losses

are much the same in both cases.

The final design is illustrated in Fig. 73-
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ALPPENDIX G

CONSTRUCTION METHOD FOR C/MBERED BL.DES (Ref, 62)

Irrespective of the method vsed in designing

a fan, the final rcouirements are a certain camber, chord
and blade setting at each station alons the blade. 4&s the
chief advantage of using cambered blades of shect material
is to facilitate manufacture it is essential to have a
simple but accurate procedurec for producing the blades.

| The method outlined here is beést illusirated
in diagram 15 where the blade is set at an angle to the
axis of a cylinder in crder to obtain the correct degrec
of twist, The simplost application of this method is when
the fan desigh is arranged with constant chord and camber

‘along the blades
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DILGRAM 15
The blades are marked out on a sheet of
flat metal by means of a template. A4After rolling the plate
into a.part leinder with its axis in the appropriate
direction, the blades can be profiled.out on a bandsaw,
In setting out the blade, it is assumed that
the line joining the mid-chord points at the root and tip

is perpendicular to the chord line (see diagram 16).
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From diagram 16 it can be seen that m'h' and
ob are the axis and radius of curvature respectively. The
cross section of the blades is no longer circular but
elliptical. However, when the camber is small, which is
usually the case, the section is, for all practical purpcses,
circular, with a radius of curvature given by
2 .

+ .3=\._ +

R _ c”
2 8 x camber. = i2 8a J

cur

_ (camber chord® (a

where a = mt
1.4
¢ =ab
The radius to which the sheet has to be rollcc

is then given by

r cur

(a (c cos C)?
Lé_ * 8a }

If D were the desired angle of twist between

blade sections c'd' and a'b', the angle A will then be

- \
A = tan 1 \/E.aﬂ._P__e

‘cos C /

\ .

Once the angle C is determined, it is then

possible to set out the blade. .Let the length of the blade

equal %s Then

sin C = R also
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n'h' = Toyp Sin 4, hence
r sin A
sin ¢ = °ur
A/
2 2
a ) -
/a , c cos C\: g/31n tan~1 tan D\}
\.2 8a s\ cos C/
T

This equation can be solved very readily by
substituting an assumed value for cos C in the sin 4 term.
This methdd of approximations gives a rapid convergence to the
true value of C as small changes in cos C have only a seccnd
order effect on the equation. The sin .. term éan now be
replaced by sin 4' where sin 4' is calculated using the
assumc d value of cos C. By writing 1 .- sin® C for cos?® C

the following quadratic is obtained

L sin°C + 1sinC - M =0

2 . y oo
whepe L = ¢.sin &' o m=1 4 8 sin/
8a . 2
~pV § + LIM

hence sin C =

2L

Lfter a little experience, one or two
approximations usually suffice in the determination of G,
If E were the angle of twist between sections

e'f' and a'b' then the angle B would be
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1 tan B
sy
cos C

tan~

The arc lenzth pm is then the product of L and B where B
is in radians., Other stations alonz the blade can be
treated in a similar manner.

| Hence once C has been determined it is then

possible to find the radius r and set out the curved

cur
centre line of the blade. After modifications have been
mede to the root, to allow for fixetion to the boss, &and
to the tip for duct clearance, it is possible to construct
a template from which the blades are marked out. Only two
operations are then required to produce the blade,'namely‘
the rolling of the material to the desired curvature and
shaping with a power saw. A desirable refinement, especially
when the material is thick relative to the chord, is the
rounding of the leadins and trailing edges of the blades.
The asbove peometrical treatment can be
applied to blades of tapering plan form but in this case the
aerodynsemic design problem has to assume a trial and errcr
procedure owing to the varying amount of camber along the
blade. ‘ .
When the correct aerodynamib twist is maintained
alonr the blade, the leading and trailing edpes form spiral
curves, which, if the boss diameter were less than half the
fan diameter, would assume an extreme shape for fan blades,
Héwever, ag it is difficult to design an efficient fan for a

boss ratio less than half, the above limitation will not be

serious.
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TABLE 17

DETLILS O FANS

DET.,ILS OF MEASURING ST.TIONS DOWNSTREAM OF F/LNS

FAN 1 2 3
Diameter of fan (ins) |{10.75 17 17 i .
Disameter of boss{(ig) | 5.375 8.5 1042
Blade Chord éins.) 2 2.5 1.65
Number of blades 6 8 8

X
Blade setting o.'5 5645° 38,6° ——e

relative to Q.6 L7° 3145° 3345
plane of 0.7 41° 26,5° 2749
rotaticn, 0.8 36° 2341° 2349
(¢ +) 10,9 31° 20,14° 20,7

1.0 29° 18,2° 18,2
TALBLE 18

Fan

Distances from Longitudinal ¢ of fans (ins.)

_Station 1 Station 2 |Station 3 | Station L
125 2.00 3425 5436
0.95 2495 - -

0,65 1433 24355 4, 35

N.B. Upstream stations were immediately in front of fan.




Fig. 45

Fig. 4?(a) No. 2 Fan

Fig. 45(b) No. 3 Fan

GENERAL VIEW OF FANS
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