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• Low to medium pressure rise axial fan equipment of the arbitrary vortex 
flow rotor-only type is widely used in industrial and commercial applica- 
tions, with many of the installations and rotor designs being far from 
optimum. Complex computational methods exist for analyzing flows in, for 
example, high-speed axial flow compressors with multistage blade rows; 
however, the designers and manufacturers of low-speed, general-purpose 
axial flow fan equipment have been reluctant to embrace this technology. A 
simpler yet reliable design technique is presented that allows this category 
of ducted axial fan rotors, in the presence of swirl-free inlet flow, to be 
designed to achieve a specified duty with sufficient accuracy for engineering 
purposes. Practical blade design recommendations and limits, similar to 
those that exist for free vortex flow axial rotors, have been established for 
the arbitrary vortex flow rotor-only case. 

The technique employs a straightforward engineering approach to arbi- 
trary vortex flow axial fan rotor design, and the equation set can be solved 
by using relatively simple numerical methods. Estimates of pressure rise 
and shaft power characteristics for a proposed fan/rotor design can be 
computed and the design loop iterated until an acceptable set of blade 
parameters is identified. It is also possible to analyze the performance of an 
existing axial fan installation as a prelude to the design of a more efficient 
and effective replacement rotor. 

Experimental data used in validating the design and analysis techniques 
are also presented. These data include comprehensive Cobra pressure 
probe surveys of local flow parameters downstream of three different low 
boss ratio, low solidity, arbitrary vortex flow rotors (all with circular arc 
camber line type blades) as well as fan performance characteristics for one 
of the experimental rotors configured as a direct-exhaust fan unit. Installa- 
tion-dependent factors such as direct-exhaust losses and tip clearance 
effects are also examined. The analytical technique is shown to provide 
acceptable estimates of fan/rotor  pressure rise performance and shaft 
power characteristics over a moderately wide range of blade angles and 
operating conditions. 

Keywords: axial fan design, arbitrary vortex flow, Cobra pressure probe, 
fan testing, rotor tip clearance 

I N T R O D U C T I O N  

Axial fan equipment of both the free vortex flow and 
arbitrary vortex flow types are widely used in industrial 
and commercial applications. A free vortex flow rotor is 
designed for swirl-free inlet flow conditions with the local 
total pressure rise and axial velocity components down- 
stream of the rotor remaining constant across the blade 
span. As radial flow components are absent, the local swirl 
or tangential velocity component  downstream of the rotor 
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blade elements can be related readily to the total pressure 
rise through the blade row, and the velocity field is clearly 
defined. Efficient free vortex flow axial fan designs can be 
achieved using an existing simplified design technique [1]. 

An arbitrary vortex flow rotor represents the more 
general case where the rotor is again designed to accept 
swirl-free flow at inlet but the local total pressure rise and 
axial velocity component  downstream of the rotor both 
vary with spanwise position. In this case significant radial 
flow components exist and the situation is considerably 
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more complex. These rotors are primarily used in low to 
medium pressure rise axial fan equipment of the rotor-only 
type. These rotor designs and installations are often the 
result of ad hoc development and are frequently of a poor 
standard. 

In the arbitrary vortex flow case, the balance between 
the centrifugal force (associated with the tangential or 
swirl velocity component) and the radial static pressure 
gradient is achieved by some radial movement of fluid 
from one parallel elemental annulus to an adjacent one. 
Therefore, it is important to have a relationship that 
enables the degree of radial movement to be estimated, 
thus permitting the downstream velocity field to be estab- 
lished adequately for design purposes. 

Kahane [2] employed a radial equilibrium equation and 
assumed, for design purposes, that the radial velocity 
component terms could be ignored. This allowed a deter- 
mination of spanwise downstream axial velocity compo- 
nents that would satisfy the equilibrium condition. 
Kahane demonstrated experimentally the validity of this 
design approach for two axial rotors, both with boss ratio 
x b = 0.69. One rotor was designed to give a nearly con- 
stant spanwise downstream tangential velocity distribu- 
tion, while the other rotor was designed to achieve a 
nearly linear increase in the spanwise downstream tangen- 
tial velocity with radius (solid-body rotation), which coin- 
cided with zero blade twist. 

Wallis [3] developed Kahane's design equations and was 
able to propose a more general treatment for the design 
of ducted arbitrary vortex flow rotor-only axial fans. This 
design procedure depended solely on Kahane's experi- 
mental success; Wallis [1] subsequently recommended 
caution pending further experimental validation. More 
complex computational methods have been proposed for 
analyzing the flow through turbomachinery, including 
high-speed axial flow compressors with multistage blade 
rows, where large axial, radial, and tangential pressure 
gradients exist [4]. However, the designers and manufac- 
turers of low-speed, general-purpose axial flow fan equip- 
ment have been reluctant to embrace this technology, and 
the development of a simple yet reliable engineering 
technique for designing efficient arbitrary vortex flow axial 
fan rotors continues to be seen as a practical requirement 
by these fan manufacturers and industrial users alike. 

The CSIRO Division of Building, Construction and 
Engineering has further developed the Kahane-Wallis de- 
sign method, enabling arbitrary vortex flow rotor-only 
axial fans to now be designed with an acceptable degree of 
accuracy for engineering purposes. An experimental pro- 
gram that validates the design method for small boss 
ratios ( x  b ~ 0.4) was undertaken using three experimental 
610 mm diameter axial rotors of differing blade geome- 
tries but nearly identical design duty capability. This duty 
is consistent with that for fan-cooled heat exchanger as- 
semblies. 

Spanwise distributions of velocity and pressure down- 
stream of each of the experimental rotors were compre- 
hensively surveyed in a specially instrumented test rig. 
One of the rotors was also tested in a direct-exhaust fan 
assembly [5] as further validation of the design and analy- 
sis method. Direct-exhaust losses and rotor tip clearance 
effects were also addressed in the test program. 

The following sections of this paper deal with the arbi- 
trary vortex flow design philosophy and method, the exper- 

imental program used to validate the design and analysis 
methodology, and the important conclusions that follow 
from this work. The section dealing with the experimental 
apparatus and test procedures need not be read in depth 
unless the material is of specific interest to the reader. 

The terminology used throughout this paper is generally 
consistent with that of Refs. 1, 3, and 6. Figure 1 depicts 
some of the more important features of cambered plate 
and airfoil section blade elements. 

ARBITRARY VORTEX FLOW DESIGN 
PHILOSOPHY 

Arbitrary vortex flow axial fan rotor design procedures 
provide a practical tool when any of the following con- 
straints and conditions apply: 

1. The blade root chord length must be constrained to 
ensure that blade overlap does not occur when the 
rotor is to be injection-molded in one piece. 

2. A large nondimensional total pressure rise is to be 
achieved in the absence of stator vanes and /o r  a 
diffuser assembly, and thus a small rotor boss diameter 
must be used to minimize downstream mixing losses 
and maximize through-flow. 

3, An existing free vortex flow rotor is to be replaced and 

CHORD LINE 
BLADE SETT,NG / 
STRAIGHT EDGE / \ -  

CAMBEREO PLATE BLADE 

~ t.._ ¢)t  

CIRCULAR ARC_ c J / 

CO.,OSITE • /XY// ! 
CAMBER LINE 'N, / / / / , , ~  ...~1 \ ; 

CHORD LINE - - - - ~  " / ~ \ 
BLADE SETTING I " 4  
STRAIGHT EDGE ~ , ~  

F-SERIES AIRFOIL BLADE 
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an increase in mean total pressure rise capability is 
required through rotor blade redesign alone. 

In an axial fan rotor, the local blade speed increases 
linearly with radius, and hence the pressure rise capability 
of the inboard portion of the blade becomes a limiting 
factor, especially in the case of a free vortex flow rotor 
design. However, arbitrary vortex flow designs normally 
result in the local total pressure rise increasing toward the 
blade tip, and consequently the design mean total pres- 
sure rise across the rotor can be higher than for a corre- 
sponding free vortex flow design of equal inboard pressure 
rise. The magnitude of the blade root loading in an 
arbitrary vortex flow design is controlled by limiting the 
total twist between the tip and the root of the blade. 

ARBITRARY VORTEX FLOW ROTOR 
DESIGN METHOD 

The design method proposed by Wallis [1] assumed in part 
that the total pressure rise at the blade midspan element 
was representative of the mean rotor behavior and that 
the spanwise swirl velocity components could be approxi- 
mated by a linear distribution. The current procedure 
instead allows a piecewise linear representation of the 
swirl distribution to be used, and the mean rotor perfor- 
mance is estimated by applying a mass-weighted integra- 
tion procedure to the spanwise pressure distributions. The 
revised design equation set developed in the Appendix 
includes first-order terms associated with the radial redis- 
tribution of flow through the rotor. 

The method, as applied to new rotor design, employs a 
straightforward approach incorporating appropriate blade 
design guidelines to establish an efficient and practical 
rotor design capable of achieving the main design duty 
requirement. In the event that the performance specifica- 
tion also calls for off-design duties to be met, then fan 
pressure rise and shaft power characteristics for the pro- 
posed rotor design are calculated and the design loop is 
then iterated until an acceptable set of rotor /blade pa- 
rameters is identified. Similarly, an existing axial fan in- 
stallation of the rotor-only type may in many cases be 
analyzed to provide estimates of the fan pressure rise and 
shaft power characteristics. 

Design of New Arbitrary Vortex Flow Rotors 

Rotor design involves identifying a suitable combination 
of blade camber 0, stagger angle s c, and blade solidity tr 
distributions that will enable the fan rotor to achieve a 
specified volume flow rate and rotor pressure rise. 

For axial rotor design purposes, the fan volume flow 
rate can be converted to a rotor nondimensional tip flow 
coefficient A [1], where 

and the total pressure rise can be converted to a nondi- 
mensional pressure rise coefficient K [1], which is typi- 
cally defined by 

K =  A H / [ ( 1 / 2 ) p V  "2] 

In the case of spanwise distributions, the blade element 

position can be specified in terms of a nondimensional 
radius ratio x [1], which is defined as the ratio of the blade 
element radius to the fan duct radius. 

The following design procedures are for arbitrary vortex 
flow rotor-only units with circular arc camber line blading, 
and the design recommendations and limits are primarily 
intended for low boss ratio fans with demanding nondi- 
mensional pressure rise duty requirements. Appropriate 
design recommendations for higher boss ratio arbitrary 
vortex flow designs will tend to approach those currently 
used for free vortex flow axial rotor designs [1]. The 
degree of iteration necessary to effect a satisfactory arbi- 
trary vortex flow rotor design solution will depend upon 
the experience of the designer. 

The design technique for arbitrary vortex flow rotors is 
as follows. 

Step 1 Preliminary estimates are made of the fan 
overall efficiency ~Tr or r/e (including fan/ ro tor  configu- 
ration-dependent losses such as the effects of excess rotor 
tip clearance), the fan /hub  diameters, and the rotor shaft 
speed. This allows the specified fan duty requirement to 
be converted to a nondimensional tip flow coefficient A 
and a theoretical mean total pressure rise coefficient Kt,. 

Step 2 Initially it is assumed that the local total pres- 
sure rise coefficient kth at the blade midspan position is 
approximately equal to Kth, and a first estimate of the 
local swirl coefficient e s at the blade midspan position is 
then obtained using Eq. (A.33) (see Appendix). The tenta- 
tively recommended maximum design values for e~ at the 
blade midspan position range from 0.7 for x b = 0.4 to 0.85 
for x b = 0.7. The preliminary estimates of fan /hub diam- 
eter and shaft speed (step 1 above) may need to be 
modified to satisfy this design recommendation. 

Step 3 A trial spanwise swirl coefficient distribution 
(usually linear or near-linear) through the previously cal- 
culated ~s midspan value and a preliminary estimate for 
the rotor blade efficiency r/R b (say 85%) are selected. In 
the case of a linear swirl distribution, the required gradi- 
ent changes progressively from a negative to a positive 
value as x b is increased and typically may range between 
-0.8 and + 1.0 depending on the values of x b and Kth. 
The corresponding spanwise downstream axial velocity 
ratio distribution ]£a is then calculated using equations 
(A.55) and (A.56). The calculated axial velocity ratio at the 
blade root should exceed a tentatively suggested design 
limit of 0.4 for small boss ratio rotors. This limiting value 
will increase in magnitude with x b owing to blade design 
problems. The trend toward more positive gradients of the 
swirl distribution will eventually result in these limits 
being exceeded. 

Step 4 The trial spanwise distribution of swirl coeffi- 
cient and the corresponding spanwise values of down- 
stream axial velocity ratio are used in conjunction with 
Eqs. (A.13), (A.14a), (A.14b), and (A.27) to produce a 
tentative estimate of the blade loading factor CLCr span- 
wise requirements. The drag-related term in Eq. (A.27) is 
usually small, and for convenience it can be ignored in the 
first instance. However, this drag-related term affords a 
necessary correction and should be considered in the later 
design iterations. 
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Step 5 Spanwise distributions of lift coefficient CL and 
solidity tr that satisfy the above blade loading needs are 
then established by iterative means. 

If the blade loading factor at the root approaches 1.2, 
then it is recommended that the root solidity be selected 
such that the corresponding blade element isolated lift 
coefficient Ct. requirement is kept below 1.3. Lift coeffi- 
cients of this ~nagnitude are usually associated with blade 
element camber angles approaching 36 ° . High solidity in 
the blade root region will cause interference effects be- 
tween neighboring blades and necessitates the use of an 
interference factor CL/CL, which is discussed further in 
the Appendix. In this case'the corresponding isolated lift 
coefficient C L requirement at the blade root will be 

• i 

higher than the calculated C L design value• 
The spanwise distribution of solidity is then selected by 

iteration, adopting either a constant or tapered chord 
blade form. For equally spaced blades it can be shown 
that the ratio nc/R is equal to 2~rxtr. The value of these 
terms is constant in the case of constant-chord blades, 
whereas both the chord c and the ratio nc/R will vary 
linearly with radius ratio x for a straight tapered blade• 
The blade tip solidity is set such that the corresponding 
lift coefficient requirement in the blade tip region is 
conservative. For small boss ratio rotors, blade tip lift 
coefficients below approximately 0.7 are recommended 
and are usually associated with blade element camber 
angles of approximately 18-22 ° . This approach is impor- 
tant if an acceptable increment in peak total pressure rise 
performance is to be achieved after the onset of flow 
separation from the blade root. 

The number of blades and the blade chord details are 
selected with strength and manufacturing considerations 
in mind. A blade aspect ratio l/c of approximately 2 is 
seen as desirable to promote good blade stiffness• 

Step 6 The isolated lift coefficient requirements are 
then evaluated against available two-dimensional airfoil 
lift and drag data such as those referred to in the Ap- 
pendix. An airfoirs lift and drag performance can be 
significantly affected by Reynolds number and blade sur- 
face irregularities [1, 7, 8]. Some design guidance is avail- 
able in Ref. 1. 

Appropriate cambered plate or airfoil sections are cho- 
sen across the blade span, and the corresponding inci- 
dence angle a and stagger angle ~ are calculated such 
that the required lift force requirements are satisfied. The 
blade section camber should be chosen with care to mini- 
mize the corresponding profile drag losses, taking into 
consideration any rotor off-design operational require- 
ments. The camber value chosen for the blade root should 
enable the required isolated lift coefficient to be achieved 
while also allowing a prudent margin with respect to the 
maximum attainable section lift coefficient. The spanwise 
distribution of camber usually takes the form of a smooth 
curved line of decreasing slope toward the blade tip. 

Step 7 The blade element drag coefficients are ob- 
tained by combining the appropriate estimates of profile 
drag Co, , with a secondary drag loss Co~, the latter being 
based on the blade midspan position. The empirical rela- 

tionship given in Eq. (A.38) provides a useful estimate of 
Cos in a well-designed axial fan rotor• 

Step 8 The spanwise distributions of theoretical total 
pressure rise coefficient kth, blade element pressure loss 
coefficient k R, actual total pressure rise coefficient k r, 
and blade element efficiency ~Rb across the rotor are 
calculated using Eqs. (A.33), (A.44), (A.45), and (A.46), 
respectively• The corresponding static pressure rise coef- 
ficient distribution can be obtained using Eq. (A.35). An 
integration procedure using a mass-weighted technique 
suitable for incompressible flows [9] can be applied to the 
above spanwise pressure distributions to calculate the 
rotor mean theoretical and actual total pressure rise co- 
efficients. Hence the rotor mean total pressure rise esti- 
mates, AHth and AH r, corresponding to a zero-loss rotor 
tip clearance situation can be calculated. 

Step 9 These total pressure rise estimates, together 
with the volume flow rate, enable the shaft input power W 
and the overall total efficiency r/R to be calculated for a 
zero-loss rotor tip clearance situation• The downstream 
axial and tangential flow velocity pressure component 
distributions can also be integrated [9] to enable the fan 
inlet total pressure (FITP) and the rotor exhaust efficiency 
r/E to be estimated for a zero-loss rotor tip clearance 
situation. The relevant total pressure rise and shaft power 
are then corrected for other specific configuration losses, 
for example, those due to rotor tip clearance effects• The 
influence of excess tip clearance is discussed in Ref. 1, and 
further information pertaining to suggested corrections 
for low to medium boss ratio direct-exhaust applications is 
given in the Appendix• 

Step 10 The whole or part of the design process should 
be iterated until the designer has identified a practical 
rotor design that meets the specified duty condition• Span- 
wise distributions of blade geometry parameters such as 
chord, camber, and stagger angle are usually smooth and 
faired in the final design. The predicted blade setting 
angle tkt is the complementary angle to the stagger angle 

at a specified blade span position. 

In the design method it has been assumed that 

I. The redistribution of tangential (swirl) and axial veloc- 
ity components are both essentially complete immedi- 
ately downstream of the rotor blading. 

2. The contribution from the local downstream radial 
velocity components in the calculations represents a 
second-order effect and as such can be ignored. 

3. The arithmetic mean of the upstream and downstream 
axial velocity components at a given radius can be used 
to modify the local flow and swirl coefficients for the 
purpose of blade element design. 

In the event that the motor is required to operate over 
a wide range of pressure duties and /o r  a maximum avail- 
able shaft input power has been specified, then the de- 
signer would use the following procedure to analyze the 
off-design performance of the proposed rotor design• 

Analyzing Arbitrary Vortex Flow Rotor Designs 
It may be possible to analyze the performance of either a 
proposed or an existing arbitrary vortex flow rotor-only 
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fan assembly, given the rotor blade geometry (chord, 
camber, and stagger angle distributions), the relevant 
two-dimensional lift and drag force data, the fan /hub  
diameters, the rotor tip clearance, and the shaft rotational 
speed. The equation set given in the Appendix is used in 
conjunction with the following procedure to provide esti- 
mates of fan pressure rise and shaft power over the range 
of nominated flow rate conditions, provided that the dis- 
tributions of swirl coefficient result in positive axial veloc- 
ity components over the blade span at these flow rates. 

An algorithm for analyzing an arbitrary vortex flow 
rotor design is as follows. 

1. Make first estimates of the rotor total efficiency r/R 
and theoretical mean total pressure rise coefficient 
Kth. Equating Kth to the local total pressure rise 
coefficient kth at the blade midspan and using Eq. 
(A.33), tentatively establish the local swirl coefficient 
e s at the blade midspan. 

2. Assume initially that the spanwise local swirl coeffi- 
cients are constant at the value estimated above. 

3. Compute the corresponding downstream axial velocity 
ratio distribution that satisfies Eqs. (A.55) and (A.56). 
The first equation explicitly gives the downstream 
axial velocity ratio provided x 0 (the position where 
the downstream and upstream axial velocity compo- 
nents are equal) is known. The value of x o can be 
iteratively adjusted until Eq. (A.56) is satisfied to some 
desired precision. This procedure can be automated 
by using a standard root-finding technique such as the 
false-position method or half-interval search [10]. 

4. Calculate the implied spanwise values of the angle of 
incidence using the relationship a = t im  --  ~ ,  where 
/3 m values are calculated using Eqs. (A.13), (A.14a), 
and (A.14b). 

5. Estimate by iteration the secondary drag based on the 
midspan blade element position using Eqs. (A.13), 
(A.26), and (A.38). 

6. Given the relevant lift and drag force data (in terms of 
blade camber, angle of incidence, and blade Reynolds 
number, similar to those given in the Appendix) and 
using an approximate relationship between solidity, 
stagger angle, and the lift coefficient modification due 
to multiplane interference (see Appendix), establish a 
lift coefficient distribution for the angle of incidence 
values calculated in step 4. A second estimate of the 
lift coefficient distribution can be obtained from Eq. 
(A.26) using iteration, the /3,,, values from Eq. (A.13), 
and the secondary drag estimate from step 5. The 
difference between the two lift coefficient distribu- 
tions is then quantified by calculating a weighted 
"least squares error" over the blade span. In this case 
it was decided to use a root mean square technique, 
with the square of the difference between the two lift 
coefficients estimates for each blade element being 
weighted according to the blade element radius ratio. 

7. If the least squares error is not a minimum, then 
adjust the swirl distribution, return to step 2, and 
continue iterating. This outer iteration loop can be 
automated by employing methods for minimizing mul- 
tidimensional functions such as Powell's method [10]. 

8. Once the best-fit swirl distribution has been deter- 
mined, estimate the rotor theoretical total pressure 
rise and rotor pressure loss coefficient distributions 

9. 

10. 

11. 

using Eqs. (A.33) and (A.44), respectively. Then apply 
the integration procedure using the mass-weighted 
technique for incompressible flow situations [9] to the 
above spanwise pressure distributions to predict the 
rotor mean theoretical and actual total pressure rise 
coefficients and hence the rotor total efficiency corre- 
sponding to a zero-loss rotor tip clearance situation. 
If the estimates of rotor total efficiency (used in step 3 
and calculated at step 8) have not converged, then 
assume the latter to be the best trial estimate to date 
and return to step 2. 
Deduce the fan/ ro tor  overall performance by estimat- 
ing any additional fan configuration-dependent losses 
(rotor tip clearance effects, etc.) and applying these 
corrections to the fan pressure rise and efficiency 
estimates. 
The above steps 1-10 can then be repeated over a 
nominated range of flow conditions to predict the 
approximate fan / ro tor  pressure rise and shaft power 
characteristics. Use the previous estimate of swirl 
coefficient distribution and rotor total efficiency as the 
initial trial estimate for each new volume flow rate 
condition. 

The estimated fan/ ro tor  pressure rise and shaft power 
characteristics over the nominated range of flow rate 
conditions can provide useful information when preparing 
a fan / ro tor  performance upgrade specification. If an ex- 
isting rotor design is to be modified, then the performance 
benefits derived from intuitive changes to the rotor geom- 
etry, such as changes in blade pitch, the number of blades, 
etc., can be investigated using the above procedure. How- 
ever, if a completely new rotor design is sought, then the 
procedure outlined for designing a new rotor would be 
more appropriate. 

EXPERIMENTAL ROTOR DESIGNS FOR 
VALIDATION PURPOSES 

All three rotors, Mark 1, 2, and 3 (Fig. 2), feature ad- 
justable pitch blading and are of aluminum construction, 
with the latter two having cast blades. The Mark 1 rotor 
has eight constant-thickness (t = 2 ram), circular arc cam- 
ber line blades and, except for the blade root region 
(inboard of radius ratio x = 0.5), employs conventional 
blade design and loading limitations as applied in free 
vortex flow fan design practice [1]. The rotor features a 
continuously varying blade chord (84 mm at the tip in- 
creasing to 135 mm at the root) and displays blade overlap 
in the blade root region. 

The Mark 2 and 3 rotors employ significant design 
modifications from the Mark 1 rotor, including the adop- 
tion of constant-chord (125 mm) blades. The blade chord 
departures away from the Mark 1 design result from a 
desire to reduce the root solidity, eliminating any overlap 
at the blade root, and to increase the tip solidity in 
recognition of a tendency of arbitrary vortex flow fans to 
stall from the blade tip region. The former is a require- 
ment if the rotor is to be plastic injection-molded in one 
piece. 

The Mark 2 rotor uses six circular arc camber line 
lamina blades (t = 4 mm, faired to 2 mm in thickness over 
the final 20% blade chord length), whereas the Mark 3 
rotor is fitted with six F-series airfoil blades of 10% 
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Figure 2. Test rotors with respective blade tip cross-sectional profiles. From left to right: Mark 1, eight cambered plate blades; 
Mark 2, six cambered plate blades; Mark 3, six F-series airfoil blades. 

maximum thickness and featuring d = 2.5% "nose droop" 
[1, 6]. It was postulated that the reduction in inboard 
solidity in these latter two rotors would alleviate multi- 
plane interference effects between neighboring blades and 
allow higher overall lift coefficients to be achieved in the 
blade root region. The inboard blade element cambers are 
therefore slightly greater than for the Mark 1 blading. 

EXPERIMENTAL APPARATUS AND 
PROCEDURES 

An arbitrary vortex flow fan rotor test rig (Fig. 3) was 
commissioned to enable detailed spanwise blade perfor- 
mance measurements (outside of the wall boundary layer 
regions) to be conducted on the three 610 mm diameter 
(boss ratio x b = 0.38) experimental axial fan rotors. An 
existing fan inlet chamber assembly test facility (Fig. 4) 
was used to measure the overall performance characteris- 
tics of several fan/ ro tor  configurations. 

Arbitrary Vortex Flow Rotor Test Rig 

An aerodynamic outline of the arbitrary vortex flow fan 
test rig is shown in Fig. 3. The test fan draws laboratory 
air through six permeable walls of a screen box (1) into a 
British Standard (BS) conical inlet [11] flow rate measur- 
ing module (2). The air then passes through an inlet 
flow conditioning module (3), which incorporates a 
screen/honeycomb configuration as recommended in Ref. 
12, and into a machined fan inlet duct (4). A flow visual- 
ization module (5) incorporating a curved acrylic window 
can be fitted between the fan inlet duct and a machined 
fan tube (6) as required. The air enters the fan tube 
module, where it passes through the test rotor, which 
imparts a swirling motion to the flow, the latter being a 
function of the fan loading. From the fan annulus the flow 

enters an expanding annular diffuser (7) prior to being 
discharged to the laboratory through an adjustable load- 
ing screen system (8). 

The rotor drive system is fully enclosed in a centerbody 
and supported by three pairs of faired struts in the fan 
tube and annular diffuser. A three-phase electric motor 
(9) is electrically connected via a static frequency con- 
verter speed control unit. An inline shaft torque trans- 
ducer assembly (10) and a shaft rotational speed module 
(11) are housed within the expanding centerbody section 
and the cylindrical centerbody section behind the test 
rotor (12), respectively. 

The fan pressure loading is altered by initially adjusting 
the loading screen assembly (8) axially with respect to the 
diffuser outlet as required. A movable perforated screen 
can be slid across the face of a similar stationary screen, 
enabling the open area of the loading screens to be varied. 
Locating the loading screen assembly downstream of the 
test rotor ensures that the turbulence level upstream of 
the rotor blading is independent of the fan pressure 
loading. 

Static pressure measuring stations (13) consisting of 
sets of four wall tappings spaced 90 ° apart around the duct 
circumference are located on the conical inlet (2), on the 
machined aluminum fan inlet duct (4), and in the fan 
annulus (6) on the machined aluminum fan tube and 
corresponding sheet metal centerbody (Fig. 3). Seven Co- 
bra pressure probe (14) mounting stations are available: I, 
II, III, and IV on the fan inlet duct (4) and V, VI, and VII 
along the fan tube (6) downstream of the blading. 

Fan Inlet Chamber Assembly Test Facility 

The fan inlet chamber assembly arrangement, used to 
measure the overall rotor performance for a series of 
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I H V-VII  

MEASUREMENT STATIONS DETAILS (VIEWED FROM UPSTREAM) 
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1, Screen box 
2, BS 848 conical inlet 
3, Flow conditioning module 

4, Fan inlet duct 
5, Flow visualization module 
6, Fan tube (D = 610 mm) 
7, Annular diffuser 
8, Adjustable screens 
9, Electric motor 

10, Torque transducer 
11, Shaft speed transducer 
12, Fan test rotor 
13, Static pressure tappings 
14, Pressure probe 

2 m sides, woven 0.1 mm thread x 2.5 pores/lin, mm 
1.25D long 
0.75D long, includes: 16 S.W.G. No. 3 wire woven screen, 65% open area; 
antiswirl honeycomb element, hexagonal cells, 4.5 mm sides × 75 mm deep; 
turbulence reduction screen, woven 0.1 mm thread × 1 pore/lin, mm 
0.75D long 
0.5D long (optional) 
1.0D long; diameter D, centerbody diameter 0.38D 
1.6D long: outer included angle 27°; inner included angle 16 ° 
No. 1 fancy pattern perforated sheet, 36% open area 
4 kW, four-pole motor with static frequency converter speed control 
0-5 Nm capacity 
Optoelectronic sensor 
Nose fairing 135 mm radius × 75 mm deep 
Four equispaced wall tappings 
Four-hole Cobra pressure probe 

Figure 3. "Arbitrary vortex flow" fan test rig aerodynamic outline. 

direct-exhaust fan / ro tor  configuration tests, exceeds the 
requirements for testing fans to the Australian Standard 
[5] using the Inlet Chamber Assembly method. An aerody- 
namic outline of this test facility is shown in Fig. 4. 

A booster fan (1) draws in laboratory air, which passes 
through a fan diffuser section (2) and then discharges into 
a plenum chamber (3). The air then passes through the 
chamber assembly, where it encounters a series of flow 
settling screens (4), a set of 10 ASHRAE Standard flow 
measuring nozzles [13] mounted in a partition wall (5), a 
second series of flow settling screens (6), a honeycomb 
flow straightener (7), and a final series of turbulence 
reduction and flow settling screens (8) prior to entering 
the test fan inlet plenum chamber (9). 

The test rotor (10) is mounted, for example, in a 
bellmouth inlet assembly (11), which is set into the end 
wall of the fan inlet chamber. The rotor drive system 
(12-14) is similar in principle to that used in the arbitrary 
vortex flow fan test rig. 

Static pressure measuring stations, consisting of sets of 
four equispaced plenum wall tappings, are located imme- 

diately upstream and downstream of the nozzle set (15, 16) 
and on the fan inlet plenum chamber (17). 

Instrumentation 

The instrumentation is illustrated, in part, in the aerody- 
namic outlines shown in Figs. 3 and 4. A compact four-hole 
Cobra pressure probe assembly (Fig. 3, 14) is used on the 
arbitrary vortex flow rig to provide flow direction (yaw and 
pitch components), flow velocity, and total pressure data 
[14] as the pressure probe is traversed across the fan inlet 
duct or across the fan annulus in the vicinity of the 
trailing edge of the low solidity blading. The pressure 
probe is used in a non-nulling or "fixed-angle" mode after 
being calibrated at fixed yaw and pitch angle combinations 
in a 244 mm square working section of a blowdown, 
open-discharge air tunnel at a nominal flow velocity of 9.5 
m/s .  Checks at an approximate flow velocity of 13.5 m / s  
indicated that the Cobra pressure probe calibration was 
essentially independent of Reynolds number in this veloc- 
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1, Auxiliary or booster fan; 
2, Auxiliary fan diffuser; 
3, Plenum chamber; 
4~ 

5, 
6, 

7, 
8, 

9, 
10. 
11. 
12. 
13. 
14. 
15. 
16 
17 

Flow settling screens: one No. 1 fancy pattern perforated sheet, 36% open area; three 
fabric screens, woven 0.1 mm thread × 1 pore/lin, mm; 
Flow measuring nozzles: 10 nozzles, 25-103 mm diameter ASHRAE 51-75; 
Flow settling screens: one perforated sheet, 46% open area; one fabric screen, woven 0.1 mm 
thread × 1 pore/lin, mm; one perforated sheet, 51% open area; 
Antiswirl element; hexagonal cells, 4.5 mm sides × 75 mm deep; 
Turbulence reduction and flow settling screens: fabric screens, woven 0.1 mm thread × 1 
pore/lin, mm; 
Test fan inlet chamber; 
Fan test rotor; 
Bellmouth entry; 
Shaft speed transducer, optoelectronic sensor; 
Torque transducer, 0-5 Nm capacity; 
Electric motor; 1.1 kW, four-pole motor with static frequency converter speed control; 
Static pressure tappings upstream of nozzles; 
Static pressure tappings downstream of nozzles; 
Static pressure tappings test fan inlet chamber. 

Figure 4. Fan inlet chamber assembly test facility aerodynamic outline. 

ity range. The mean annulus velocity at the test rotor 
design condition was approximately 7.5 m/ s .  

The instrumentation systems for both test rigs are es- 
sentially the same except that the Cobra pressure probe is 
used only with the arbitrary vortex flow rig. High-resolu- 
tion, low-pressure-range transducers are used in conjunc- 
tion with the conical inlet, the Cobra pressure probe, and 
the duct and plenum chamber wall static pressure tap- 
pings. These pressure transducers were regularly cali- 
brated against a precision micromanometer, and the 
torque transducers were calibrated at representative rotor 
test speeds using a rope brake type device. The shaft 
rotational speed modules incorporate an optoelectronic 
sensor unit and rely on the data acquisition system clock 
for accurate time interval determinations. 

A Digital Equipment Corporation (DEC) P D P l l / 4 4  
computer system fitted with an LPAl l  digitizing system 
and an Interactive Laboratory Systems (ILS) software 
package were used for high-speed data acquisition and 
online data processing during the experimental program. 

Arbitrary Vortex Flow Rig Test Procedures 

The purpose of the arbitrary vortex flow rig was to estab- 
lish the spanwise blade element performance (outside of 
the wall boundary layer regions) of the three experimental 
rotors for both on-design and off-design fan operating 
duties, that is, differing combinations of fan volume air- 
flow rate and fan total pressure rise at constant-speed 
operation. Each rotor was tested at its design blade setting 
or pitch angle, which corresponds to blade setting angles 
at the blade midspan of ~bp = 23.3 °, 23.5 °, and 22.5 ° for 
the Mark 1, 2, and 3 rotors, respectively. It should be 
noted that "free-discharge" fan operating conditions can- 
not be obtained in the arbitrary vortex flow fan test rig 
because of the significant pressure loss associated with the 
flow conditioning module (3) upstream of the rotor (Fig. 
3). 

The blade tip clearances for the three rotors were in the 
range 1.0-1.7 mm (corresponding to rotor tip clearance 
ratios based on blade span of t c = 0.5-0.9%), and the 
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blade root clearances were a minimum, consistent with a 
requirement that the blade pitch be adjustable on a cylin- 
drical hub over a range of approximately _+8 ° from the 
design blade setting angle. 

The fan rotor test speed was 1000 _+ 2 rpm, which 
corresponds to blade Reynolds numbers [5] based on the 
blade tip chord of  approximately 2.2 x 105 for the Mark 1 
rotor and 2.5 x 10" fo r  the Mark 2 and 3 rotors. 

The Cobra pressure probe was progressively traversed 
radially through typically 20 point locations lying on a 
single radial line within the fan annulus, for example, 
measurement station V (Fig. 3). At each measurement 
point the transducer output signals were logged concur- 
rently over a 16 s period at a rate of  500 samples /s  for 
each transducer. This logging duration was chosen after 
investigating the reproducibility of the results in the pres- 
ence of the typical flow structures moving downstream 
from the rotor. These sampled data were reduced online 
to provide mean and standard deviation values for the 
pressure and torque transducer signals. Transducer zero 
offsets were measured at regular intervals and applied to 
sampled mean data values to minimize the effect of  trans- 
ducer a n d / o r  data acquisition circuitry zero drifts. The 
above data acquisition technique provides time-averaged 
"mean"  results, as the sampling was not initiated to coin- 
cide with the blade passing frequency. 

Fan Inlet Chamber Assembly Test Procedures 

The Mark 3 rotor (without nose fairing) was installed in a 
direct-exhaust f a n / r o t o r  configuration and tested using 
the fan inlet chamber assembly (Fig. 4) to quantify the 
f a n / r o t o r  mean performance characteristics over a range 
of blade setting angles. The rotor blade trailing edges at 
the blade tip section were situated just within the throat 
section of the bellmouth for each of the blade setting 
angles tested. 

The Mark 3 f a n / r o t o r  direct-exhaust configuration per- 
formance characteristics have been established in terms of  
fan inlet volume flow rate and fan inlet total pressure 
(previously known as fan static pressure [1, 5]) for blade 
setting angles (at the nominal midspan location) of  ,;bp = 
18 ° , 24 ° , 30 ° , 36 ° , and 42 ° . For the duration of these tests 
the rotor was configured with a nominal blade tip clear- 
ance of 2.5 mm ( t  c = 1.3%) in a 612 mm diameter end- 
wail-mounted bellmouth comprising a 150 mm inlet radius 
section and a 100 mm long parallel throat section. The 
blade root clearance was increased to enable the blades to 
accommodate the highest setting angle of  42 ° . 

The effect of  rotor tip clearance on the direct-exhaust 
performance of  the Mark 3 f a n / r o t o r  has also been 
established at one blade setting angle, ~b = 24 °, with the 

P 
rotor installed in a 617 mm diameter end-wall-mounted 
bellmouth comprising a 43 mm inlet radius section and a 
64 mm long parallel throat section. The blade tip clear- 
ance was varied in the range 1-5 mm (to = 0.6-2.5%) by 
adhering solid, fully profiled extensions to the blade tips 
to achieve the required tip clearance. 

Each fan inlet chamber assembly test was conducted at 
constant shaft rotational speed conditions. However, be- 
cause the maximum airflow rate capability of  the facility is 
approximately 1.1 m3/s,  the test rotor operating speed 
must be limited to enable testing to include free-discharge 

conditions. A speed of 580 rpm was used for the 18 ~ blade 
setting angle, being progressively reduced to 310 rpm for 
the 42 ° blade setting angle, which corresponds to bladc 
Reynolds numbers (based on the blade tip chord) of 
approximately 1.5 × 105 and 0.8 x 105, respectively. 

Test Rig Commissioning 

The arbitrary vortex flow fan test rig (Fig. 3) underwent 
extensive commissioning, and it was found necessary to 
incorporate the screen box (1) and the upstream screen 
(3) to obtain uniform flow velocity profiles at Cobra 
pressure probe measurement stations I - I V  in the fan inlet 
duct upstream of the rotor nose fairing. Subsequently the 
axial velocity profile data derived from the Cobra pressure 
probe measurements along the four radii in the fan inlet 
duct were integrated using an area-weighted basis [9], and 
the implied airflow rate for the cross section was found to 
agree, within 3%, with the fan inlet volume flow rate 
measured using the BS conical inlet method [11]. The 
corresponding flow pitch and yaw angle data (outside of 
the wall boundary layer) were within + 1.5 ° with respect to 
the duct centerline axis. The static pressure distributions 
derived from the Cobra pressure probe measurements 
were found to be in acceptable agreement with the corre- 
sponding measured wall static pressure. 

The size of the Cobra pressure probe head becomes a 
limiting factor in highly sheared flows, and the following 
discussion is, in general, restricted to the spanwise region 
between the centerbody and outer wall boundary layers. 
In the case of a low boss ratio, low solidity rotor operating 
at or near the design duty condition, the time-averaged 
mean flow properties across such a region downstream of 
a rotor can be expected to be essentially uniform, with 
typically less than 10% of the sampled data collected in 
the presence of a blade wake passing. 

Cobra pressure probe surveys were conducted at mea- 
surement stations V - V I I  in the fan annulus (Fig. 3) 
downstream of the Mark 1 test rotor for a range of rotor 
operating conditions. The static pressure distributions de- 
rived from the Cobra pressure probe measurements were 
found to be in acceptable agreement with the correspond- 
ing measured duct wall and centerbody static pressures. 
Station V was located the equivalent of approximately half 
the blade chord (blade midspan basis) distance down- 
stream from the rotor blade trailing edge, which corre- 
sponds to the closest position recommended in Ref. 1 for 
reliable total pressure rise measurements. Stations VI and 
VII were situated further downstream, at approximately 
one and two midspan blade chord distances from the rotor 
blade trailing edge, respectively. 

For the rotor design flow case, significant differences 
occurred between some of the spanwise flow data distribu- 
tions at stations V, VI, and VII. The flow yaw angle 
distribution reduced progressively between stations V and 
VII  by approximately 5 ° in 30 ° , whereas the flow pitch 
angle distribution reduced by approximately 2 ° in 10 ° 
between stations V and VI, and remained nearly constant 
between stations VI and VII. The total pressure rise 
coefficient distribution remained nearly constant for all 
three measuring stations, which is consistent with data 
presented by Wallis [1]. The derived downstream axial 
velocity ratio distribution did not vary significantly be- 
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tween the three measurement stations, and the implied 
airflow rates calculated from these distributions (including 
wall boundary layer regions) were found to agree with the 
measured fan inlet volume flow rate to within 4%. The 
derived tangential (swirl) velocity ratio distribution re- 
duced progressively by approximately 10% between suc- 
cessive measurement stations. 

The integrated elemental rotor torque corresponding to 
the tangential velocity ratio distribution at station V (in- 
cluding wall boundary layer regions) was found to be of 
the order of 10% below the measured rotor shaft torque. 
Thus, it is concluded that the magnitude of the tangential 
(swirl) velocity ratio at the rotor exit plane is significantly 
underestimated when the flow yaw angle data measured at 
station V are used to determine the tangential velocity 
ratio distribution. However, station V was subsequently 
chosen as being the most practical and representative for 
local flow measurements downstream of the rotor for the 
design flow case, and these measurements are considered 
to represent useful approximations, with the above cau- 
tion, to the mean flow properties at the trailing edge plane 
for this low solidity rotor. 

Similar surveys at stations V - V I I  for the rotor operat- 
ing near the onset of stall and into the stall region 
indicated that the distributions of flow velocity, flow direc- 
tion, and total pressure varied significantly between the 
stations, with the axial velocity ratio distributions becom- 
ing progressively skewed toward the outboard region of 
the blade span as the measurement plane was moved 
further downstream of the rotor. At each of the higher fan 
pressure |oadings, the tangential velocity ratio distribu- 
tions reduced progressively between successive measure- 
ment stations, but at a lesser rate (to below 5%) than that 
observed for the design flow case, while the total pressure 
distributions also reduced progressively between measur- 
ing stations. Although the trends disclosed in the mea- 
sured data corresponding to off-design flow conditions can 
be considered indicative, discrepancies between the mea- 
sured distributions at station V and the flow properties at 
the trailing edge of the rotor (rotor exit plane) may 
increase under these conditions. 

The fan inlet chamber assembly test facility generally 
exceeds the minimum performance requirements as pre- 
scribed in the relevant Australian Standard [5]. The in- 
tegrity of the airflow measurement capability of this rig 
fitted with the multiple-nozzle configuration has been 
confirmed by comprehensive comparison calibrations 
against a 254 mm diameter British Standard orifice plate 
installed in a 380 mm diameter straight duct run in 
accordance with BS 1042 [15]. 

UNCERTAINTY ANALYSIS 

The estimated measurement uncertainty (to 95% confi- 
dence limits) pertaining to the instruments used in the test 
program is given in Table 1 and is based on the method 
proposed by Kline and McClintock [16]. 

The estimated overall uncertainty (to 95% confidence 
limits) pertaining to the data presented from the experi- 
mental program is given in Table 2 and is based on the 
method proposed in Ref. 16. In the case of derived span- 
wise distributions of downstream velocity ratio and rotor 
pressure rise coefficient, the respective uncertainty esti- 
mates correspond to the rotor midspan region, it being 

Table 1. Measurement Uncertainty Estimates 

Uncertainty 
Transducer / Instrument Estimate 

Arbitrary Vortex Flow Fan Test Rig 
Airflow rate (BS conical inlet) < ± 2.5%" 
Pressure transducers (above 1/4 full-scale) < ±2.0% a 
Shaft torque < ± 1.0% a 
Shaft rotational speed < ±0.05% a 

Fan Inlet Chamber Assembly Test Facility 
Airflow rate (ASHRAE nozzles) < ± 1.3%" 
Pressure transducer 

Near fan peak pressure duty < ± 1.2%" 
Near fan free-discharge pressure duty < ± 3.5%" 

Shaft torque < __. 1.1% a 
Shaft rotational speed < + 0.15% a 

Cobra Pressure Probe d 
Flow pitch angle < ± 2 ° 
Flow yaw angle < ± 3 ° 
Flow velocity < __ 3% a 
Flow total pressure < + 3%" 

Miscellaneous 
Barometer < ±0.2 kPa 
Air temperature < ± I°C 
Blade setting angle jig < ± 0.2 ° 

aOf measured value. 
bin 9.5 m/s uniform velocity profile airstream. 

assumed that the Cobra pressure probe is operating in the 
presence of essentially uniform flow in the region between 
the centerbody and duct wall boundary layers downstream 
of the rotor. The uncertainty estimates for the derived 
rotor performance characteristics (~R and ~/R) are based 
on the rotor midspan region estimates, which are assumed 
to be representative of the flow over the complete fan 
annulus. 

EXPERIMENTAL RESULTS 

For axial rotor design purposes, the fan volume flow rate 
can be converted to the rotor nondimensional tip flow 
coefficient A, and local velocity components can be con- 
verted to nondimensional velocity ratios in terms of Va 
[1]. Similarly, local pressure data can be converted to 
nondimensional pressure coefficients k in terms of the 
simple axial velocity pressure ( l /2)pVa 2, and the blade 
element position can be specified in terms of a nondimen- 
sional radius ratio x [1]. 

For commercial fan applications, it is more convenient 
to define nondimensional coefficients in terms of the fan 
diameter, shaft rotational speed, and air density. The fan 
inlet volume flow rate and the fan total pressure (rise) or 
fan inlet total pressure (rise) can be expressed in nondi- 
mensional terms as a fan volume flow rate coefficient qb, 
and fan pressure coefficients ~b r and ~E, respectively [5]. 

Mark 1, 2, and 3 Rotor Spanwise Performance Trends 

The rotors were tested in the arbitrary vortex flow test rig 
(Fig. 3) over the range A = 0.15-0.255, and selected re- 
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Table 2. Experimental Data Uncertainty Estimates 

Experimental Data Uncertainty Estimate 

Arbitrary Vortex Flow Fan Test Rig 
Radius ratio 
Local Axial velocity ratio (A = 0.23) 
Local tangential velocity ratio (A = 0.23) 
Local radial velocity ratio (A = 0.23) 
Local rotor total pressure rise coefficient k r (A --- 0.23 b) 
Local rotor static pressure rise coefficient (A = 0.23) 
Fan volume flow rate coefficient q~ 
Rotor total pressure rise coefficient OR (A = 0.23, iv b) 
Rotor efficiency, total rtR (A = 0.23, iv b) 

Fan Inlet Chamber Assembly Test Facility 
Fan volume flow rate coefficient qb 
FITP coefficient ~O E (near peak fan pressure) 
FITP coefficient ~b E (near free-discharge pressure) 
Fan efficiency, exhaust ~%. (near peak fan pressure) 

< + 0.001 
< +5% a 
< + 9% ~ 
< _+ 40% a 
< +5.5% ~ 
< +7.5% ~ 
< + 2.5% a 
< + 6 %  a 
< _ 6 . 5 %  a 

< -4- 1.3% a 
< + 1.2% 2 
< ___ 3.5% a 
< _+1.1% a 

a o f  calculated value. 
bRefer to Figs. 7 and 8. 

sults are presented in Figs. 5-8.  The wall boundary condi- 
tion values corresponding to x = 0.38 and 1.00 are in- 
cluded in the figures, and in the case of  the total and 
static pressure rise coefficient data these have been de- 
rived from measured duct wall and centerbody static tap- 
ping pressures. The implied airflow rates calculated from 
the downstream axial velocity ratio distributions (including 
wall boundary layer regions) (Figs. 5a, 6a, and 7a), were 
always found to agree with the measured fan inlet volume 
flow rate to within 4.5%. The rotor total and static pres- 
sure rise distributions (Figs. 5d, 5e, 6d, 6e, 7d, and 7e) 
represent the respective pressure changes across the rotor 
blading with respect to a reference plane situated in the 
fan annulus upstream of the rotor. These data were de- 
rived from measurements at the static wall tappings in the 
fan inlet duct and at the fan annulus measurement station 
V plane, using the assumption that the total pressure 
losses as the flow enters the fan annulus are negligible. A 
flow coefficient A = 0.23 corresponds approximately to 
the  design flow condition for each rotor. The Mark 1 and 
2 rotors are operating in the stall region at A < 0.18. 

In the case of  the Mark 1 rotor, the flow in the hub 
vicinity remains attached at the lower pressure duties 
(higher flow coefficients), but reverse flow is evident 
downstream of the hub at the higher fan pressure rise 
loadings (Fig. 5a). The boundary layers on the outer duct 
wall and the centerbody become appreciably thicker at 
higher pressure rise operating conditions, and to satisfy 
continuity the downstream axial velocity ratios are seen to 
be augmented between the wall boundary layers. The 
spanwise local tangential (swirl) velocity ratio approxi- 
mates to a linear distribution over the major portion of  
the blade span (ie, outside the wall boundary layer re- 
gions) even up the higher pressure load duties (Fig. 5b). 
At  the design condition, the radial flow component  pitch 
angle is found to be approximately 4 ° . However, major 
changes occur once the inboard downstream axial velocity 
components become negative, with the flow pitch angle 
attaining a peak of approximately 15 ° for the A = 0.15 

flow condition, as reflected in the radial velocity data 
presented in Fig. 5c. 

The spanwise position at which the local total pressure 
rise equals the mean value is approximately x = 0.72 for 
the A range 0.255-0.21 (Fig. 5d). The calculated peak 
rotor total efficiency (based on the mean total pressure 
rise across the blading, including the swirl component) is 
approximately 86% and corresponds to A in the range 
0.23-0.24. When the swirl component  is excluded, the 
calculated peak rotor efficiency falls to approximately 
77% and again occurs at A values between 0.23 and 0.24. 

Similar radial flow characteristics were recorded for the 
Mark 2 design rotor case (Fig. 6c), but as the stall is 
approached the increase in radial flow is more restrained 
across the blade span. The total pressure duty capabilities 
of the Mark 2 rotor are superior to those of the Mark 1 
unit across the whole of  the operating range investigated, 
especially in the stall onset region (Figs. 5d and 6d). The 
Mark 2 peak rotor total pressure efficiencies (85% with 
the swirl component  included and 75% with the swirl 
component  excluded) are similar to that achieved in the 
Mark 1 unit, but the falloff in efficiency and shaft power 
are far less pronounced over the operating range tested. 

The Mark 3 rotor is superior in performance to both 
the Mark 1 and 2 rotors as the stall is approached, with 
lower peak swirl values at the blade tip (Fig. 7b). The 
falloff in the inboard axial velocity components (as the 
stall is approached) in the Mark 3 rotor (Fig. 7a) results in 
increased radial velocity components as shown in Fig. 7c. 
A notable feature of  the Mark 3 blading is the absence of 
the large blade tip vortex as implied by the trough in the 
velocity distributions (Figs. 5a, 6a, and 7a). The ability of  
airfoil blades such as the F-series to outperform cambered 
plate blades, particularly in respect to the maximum lift 
attainable, is well known. The result is a significant in- 
crease in the maximum total pressure rise obtained at the 
stall condition, with a slightly steeper characteristic curve 
than for the first two rotors. An apparent increase in the 
calculated peak rotor total pressure efficiencies to 89 and 
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Figure 5. Spanwise distributions downstream of the Mark 1 rotor. (a) Axial velocity ratio; (b) tangential velocity ratio; (c) radial 
velocity ratio; (d) rotor total pressure rise coefficient; (e) rotor static pressure rise coefficient. 
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78%, respectively, with and without the swirl component 
included, were obtained with the Mark 3 rotor• 

Mark 3 F a n / R o t o r  Performance Characteristics 

100 

The Mark 3 rotor was also tested in a direct-exhaust 
configuration (Fig. 4); the measured fan performance 
characteristics are shown in Figs. 9a and 9b for a range of  
midspan blade setting angles between ~b_ = 18 ° and 42 °. 

• . p 

The fan inlet total pressure capabdlty toward the stall 
region is maintained for the higher blade setting angles 
(Fig. 9a). Peak exhaust efficiencies (based on the fan inlet 
total pressure) of  approximately 57% were obtained for 
blade setting angles in the region of the design pitch angle 
(Fig. 9b). 

The effect of  varying blade tip clearance was investi- 
gated using the Mark 3 rotor• An optimum blade tip 
clearance for such a rotor is thought to be of  the order of  h 
t c = 0•5-1.0% [1]. Figure 10 shows the measured perfor- 
mance of the Mark 3 rotor, in essentially the same direct- 
exhaust configuration (Fig. 4), with the blading set at 
~bp = 24 ° and for a range of rotor tip clearance ratios t c 
between approximately 0.5 and 2.5%. The zero pressure 
rise performance is shown to be essentially insensitive to 
rotor tip clearance variations over the range tested• How- 
ever, increases in rotor tip clearance ratio cause signifi- 2.00 
cant reductions in the fan inlet total pressure capability as 
the fan pressure increases• Figure 11 presents these data 
in terms of  a pressure loss ratio (the ratio of  the fan inlet ~ ~50 
total pressure loss due to rotor tip clearance effects t c > 
0.5% to the fan inlet total pressure capability at t c = 0.5%) 
as a function of  the rotor tip clearance ratio t C and the w_ 

O 1.00 operating system resistance (typified by the system resis- 
tance curves in Fig. 10, which follow the square law). A '" 

O 
reduction in fan inlet total pressure capability of the order o 
of  20% nearing the stall region was found to result from v-°" ,-7 0.50 
increasing the rotor tip clearance from approximately 
0.5% to 2.5%. 

N U M E R I C A L  ANALYSIS RESULTS A N D  
COMPARISONS 

Mark 1, 2, and 3 Rotor Performance Predictions 

The most important rotor design parameters are embod- 
ied in the spanwise distributions of  downstream tangential 
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Figure 9. Comparison of the measured and predicted fan 
performance characteristics for the Mark 3 rotor mounted in 
a direct-exhausting fan configuration. (a) Fan inlet total 
pressure; (b) exhaust efficiency. 
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(swirl) velocity, downstream axial velocity, and total pres- 
sure rise across the rotor. The predicted distributions 
corresponding to the rotor (design) tip flow coefficient 
(A = 0.23) are superimposed on the measured rotor per- 
formance data (Figs. 5-7). These predictions are the re- 
sult of the iterative analytical procedures previously de- 
scribed, with 11 equally spaced blade element positions 
across the blade span being used for the analysis calcula- 
tions. The best-fit swirl coefficient distribution was consid- 
ered achieved when the two calculated distributions of lift 
coefficient agreed within the equivalent of a weighted 
least-squares error of less than 0.03 and the value for the 
rotor total efficiency had converged to within 0.0025. 
When comparing the predicted and measured distribu- 
tions it must be realized that the design method does not 
model the complex wall boundary layer regions, and thus 
the following comments are restricted to that part of the 
blade span between these wall boundary layer regions. 

The predicted swirl distributions (Figs. 5b, 6b, and 7b) 
are seen to exceed those measured at pressure probe 
station V. During the commissioning it was found that the 
integrated torque obtained from measured swirl distribu- 
tion at station V was approximately 10% less than that 
measured by the shaft torque transducer. The measured 
swirl distributions must therefore be adjusted accordingly 
to obtain the corresponding distributions at the exit plane 
of the rotor. If this correction were applied, then the 
predicted and measured swirl distributions would agree to 
within a few percent over most of the blade span. 

The downstream axial velocity ratio distribution predic- 
tions (Figs. 5a, 6a, and 7a) indicate reasonable agreement 
on the outer blade region, but the axial flow component 
over the inboard and midspan regions of the blades is 
found to be underestimated (by up to 12% in the Mark 2 
case). Simplifying the design method by neglecting the 
effect of the wall boundary layers is at least partially 
responsible for this discrepancy, as any attempt to model 
the wall boundary layers would certainly result in pre- 
dicted flow increases in the central blade span regions to 
meet mass conservation requirements. Nevertheless, the 
rotor total and static pressure rise predictions are seen to 

closely match the respective measured distributions (Figs. 
5d, 5e, 6d, 6e, 7d, and 7e) and are considered to be 
acceptable for engineering design purposes. 

The analytical method for this particular case is seen to 
adequately predict representative rotor total pressure rise 
(with the swirl component included) and rotor total effi- 
ciency characteristics for the Mark 3 rotor corresponding 
to a wide range of pressure duties up to the approach of 
stall (Fig. 8). At volume flow rates below approximately 
dp = 0.4, the analytical method predicts that flow will 
cease over the inboard blade regions beginning at the 
blade root. 

Mark 3 Fan / Rotor Performance Predictions for the 
Direct-Exhaust Case 

Such a design and analysis method becomes an even more 
valuable tool when it is able to provide meaningful perfor- 
mance estimates for arbitrary vortex flow rotor-only instal- 
lations, including rotors with variable pitch blading and 
direct-exhaust applications with higher than zero loss ro- 
tor tip clearances. 

The ability of the method to address direct-exhaust 
rotor-only configurations with a wide range of blade set- 
ting angles has been investigated, and Figs. 9a and 9b 
show a comparison of the measured and predicted fan 
performance characteristics for the Mark 3 rotor with the 
blade setting angles in the range qbp = 18-42%. The fan 
inlet total pressure and exhaust efficiency predictions (Figs. 
9a and 9b) are in acceptable agreement over the range of 
blade setting angles investigated and in general vary from 
being somewhat optimistic near free discharge to being 
conservative near the onset of stall. The predictions at 
pressure loadings exceeding ~e = 0.85 correspond to 
where the flow over the inboard blade regions is predicted 
to cease. There is also uncertainty with respect to the lift 
and drag data currently used for the F-series airfoils, as 
they are based on wind tunnel test data for C4 and NACA 
series airfoils [6]. Similarly, wind tunnel test data for these 
airfoils operating in low Reynolds number regimes are not 
yet available. 

As noted earlier, a flow rate limitation associated with 
the inlet chamber assembly test facility resulted in the 
Mark 3 fan/ rotor  direct-exhaust configuration being tested 
at relatively low rotor speeds in the range 310-580 rpm, 
which corresponds to blade Reynolds numbers of between 
8 )< 10 4 and 1.6 x 105 (based on the blade tip chord). 
These are below the critical Reynolds number regime 
(2.5 x 105) reported for airfoil blades with low inlet tur- 
bulence [1] and outside the range of the lift/drag data for 
smooth 10% thick cambered airfoils available in [1]. The 
maximum lift capability and the minimum profile drag 
regions are both known to change significantly for many 
airfoils in these low Reynolds number regimes [7, 8]. 
Similar data are not available for the C4 or F-series 
airfoils. However, the profile drag estimates used for the 
above predictions (Fig. 9) have been extrapolated from 
trends presented in Fig. 6.10 of Ref. 1. 

Performance Prediction Comparisons: The Midspan 
Approximation Versus the Integrated Spanwise Method 

Figure 12 shows a comparison of measured and predicted 
fan performance characteristics for the Mark 3 rotor 
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Figure 12. Comparison of measured and predicted fan inlet 
total pressure performance characteristics for a Mark 3 rotor 
mounted in a direct-exhaust fan configuration. 

mounted in the previously described direct-exhaust con- 
figuration. The "midspan" estimate is based on Wallis's 
method [1], where the calculations are simplified by as- 
suming that 

• The local rotor total pressure rise at the blade 
midspan provides an adequate and reliable estimate 
of the mean total pressure rise across the rotor. 

• The spanwise swirl is appoximated by a linear distri- 
bution. 

• The velocity pressure components immediately 
downstream of the rotor comprising the simple axial 
velocity pressure within the fan annulus, (1/2)pVa 2, 
and the midspan downstream tangential velocity 
pressure are irrecoverable in the direct-exhaust con- 
figuration in question. 

The "integrated" estimate is obtained using the analysis 
algorithm previously described. The predicted rotor total 
pressure rise and downstream axial and tangential velocity 
pressure distributions are integrated using the mass- 
weighted technique [9], where the two velocity pressure 
components mentioned above are again assumed to be 
irrecoverable in the direct-exhaust configuration in ques- 
tion. 

The predicted curves were developed by first addressing 
the free-discharge region and then progressively working 
toward lower flow rate conditions. The calculations were 
terminated when the iterative procedure (described ear- 
lier) failed to converge. This occurs when the radial equi- 
librium equation solution predicts that through-flow has 
ceased over a significant portion of the inboard region of 
the blade. The two performance predictions include an 
allowance for the effect of rotor tip clearance as described 
in the Appendix. 

Figure 12 indicates that both techniques overestimate 
the free-discharge and low pressure duty capabilities of 
the fan / ro tor  combination. The midspan method predic- 
tions become conservative at the higher pressure duties, 
whereas the integrated method is able to better predict 
the fan / ro tor  performance over the region between the 
rotor design flow rate (q~ = 0.5) and the onset of stall, 

which is an important operational region in many l an 
applications. 

DISCUSSION 

As a result of the experimental program with the Mark l, 
2, and 3 rotors, important matters relevant to the arbitrary 
vortex flow design procedure proposed in Ref. 1 have 
either been confirmed or are subject to modification. In 
particular, the detailed test program has resulted in the 
establishment of limits for several design parameters. The 
absence of such empirical guidelines relegated the subject 
of arbitrary vortex flow design to an appendix in Ref. 1. 

The major points arising out of the experimental pro- 
gram are summarized below. 

1. The radial velocity component can be ignored for the 
purpose of formulating the radial equilibrium equa- 
tion because the measured values of this velocity 
component corresponding to the rotor blade design 
case are typically less than 10% of the downstream 
axial velocity component value. The resulting radial 
velocity pressure component is therefore less than 1% 
of the axial velocity pressure component and hence is 
of the same order as other inaccuracies resulting from 
the design assumptions. 

2. The design/analysis technique adequately predicts the 
measured distributions of swirl (corrected to the rotor 
exit plane) for the design case, with the exception of 
the blade extremities where secondary flows are pre- 
sent. More important, it is also able to provide ade- 
quate estimates of the rotor total pressure rise over a 
range of operating conditions. Thus, for the purpose 
of arbitrary vortex flow rotor design and analysis it is 
considered satisfactory to assume that the redistribu- 
tion of axial and tangential velocity components is 
essentially complete immediately downstream of the 
blading and that the arithmetic mean of the upstream 
and downstream axial velocity components, at any 
given radius, can be used in the coefficients usually 
associated with the two-dimensional design method 
for free vortex flow conditions. 

3. At the design blade setting angle, as the pressure 
loading is increased the radial velocity component also 
increases at a modest rate up to the point where the 
downstream axial component velocity in the vicinity of 
the blade root reaches zero. The design/analysis 
equations can be expected to retain their relevance in 
this region of operation and have also been shown to 
provide useful information in regions where a degree 
of through-flow is absent in the inboard portion of the 
blade span. 

4. The use of linear or nearly linear distributions of the 
tangential (swirl) velocity ratio for arbitrary vortex 
flow axial fan designs as in the Mark 2 and 3 rotor 
designs results in practical and acceptable blade twist. 

5. Arbitrary vortex flow rotor designs offer an opportu- 
nity to alleviate the critical loading conditions usually 
encountered on the inboard blade region of free vor- 
tex flow fans. To retain design accuracy and restrict 
rotor losses, it is necessary to select a swirl (pressure 
loading) distribution such that the calculated value of 
the downstream axial velocity component at the boss 
is greater than some agreed-upon limit. This limit is 
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liable to vary with fan features such as boss ratio, and 
at this juncture a comprehensive set of suggested limit 
values is unavailable. However, in the case of the 
lower boss ratio fans (typified by the Mark 1, 2, and 3 
rotors) a minimum value for the downstream axial 
velocity ratio of 0.4 is tentatively suggested for design 
purposes. 

6. The use of profile and secondary drag data based on 
those used in the free vortex flow design method 
results in acceptable estimates of rotor total efficiency 
corresponding to near-optimum rotor tip clearance 
conditions (ie, tc < 1%). However, many arbitrary vor- 
tex flow fan applications require relatively small diam- 
eter rotors, which experience rotor blade Reynolds 
numbers below the critical Reynolds number regime 
for airfoil blades with low inlet turbulence [1]. The 
maximum lift capability and the region of minimum 
profile drag in these low Reynolds number regimes is 
known to change significantly for many airfoils [7, 8]. 
The low Reynolds number data available are either 
incomplete or nonexistent for many of the prospective 
airfoils that might be considered for arbitrary vortex 
flow fan rotors. 

7. Since the measured and predicted total pressure rises 
are in approximate agreement for all three blading 
arrangements, the design/analysis technique has gen- 
eral applicability and is not unique to a particular 
axial fan blading arrangement. Thus, cambered plate 
rotor blading can be designed with the same accuracy 
as the airfoil type. 

8. The use of conservative design values of lift coeffi- 
cient C t in the blade tip region can significantly 
improve the fan/ ro tor  stall performance characteris- 
tics. The reduced inboard rotor static pressure rise 
(typified in Fig. 7e) together with the radial flows that 
induce the inboard flow away from the hub surface 
are also thought to be responsible for the continuing 
general fan flow stability in the presence of zero 
inboard axial velocities downstream of the rotor. These 
features are responsible for the very generous margin 
between the design and stall conditions in respect to 
the Mark 2 and 3 rotors. 

9. In arbitrary vortex flow rotor design, it is suggested 
that the blade root load limitation be based on the 
blade loading factor CLtr  instead of the usual free 
vortex flow blade root load design criteria [1]. "Wall" 
stall is considered far less likely in the arbitrary vortex 
flow case owing to the reduction in inboard static 
pressure rise, whereas it is believed to be of first-order 
importance in the free vortex flow case. As in the 
Mark 2 and 3 rotor designs, this enables a significant 
chord reduction in the inboard blade region to be 
achieved, provided the associated lift coefficients are 
attainable after consideration has been given to the 
effects of multiplane blade interference. Blade chord 
reduction will normally be combined with modest 
increases in blade camber in order to meet the larger 
lift coefficient requirement. Most arbitrary vortex flow 
type fans of a high nondimensional pressure type will 
have the potential for a maximum solidity of approxi- 
mately unity at the blade root, since the blade loading 
limit C L tr for ideal inflow conditions is approximately 
1.2. With blade interference playing a relatively minor 
role in these instances, the resulting design lift coef- 

ficients should be readily obtained using cambered 
sections matched to the lift force requirements. The 
above design guidance on blade loading should be 
given provisional acceptance only at this stage. 

10. In the absence of a diffuser assembly and any obstruc- 
tions downstream of the fan rotor, the fan discharge 
losses for a direct-exhaust fan/rotor  configuration can 
be assumed (for design/analysis purposes) to be 
equivalent to the integrated mean flow velocity pres- 
sure at the rotor exit plane. 

11. Increasing the rotor tip clearance ratio above the 
preferred optimal range of t c = 0.5-1% [1] has a 
pronounced effect on rotor performance, especially 
approaching the stall condition, and the performance 
predictions should be corrected in accordance with 
available experimental data. 

12. The measured performance data presented for the 
Mark 3 rotor (Figs. 8, 9a, and 9b) indicate that the 
design method produces efficient rotor designs, which 
is one of the important prerequisites for minimizing 
fan noise level [1]. The present work together with 
Kahane's earlier work on 0.69 boss ratio rotors [2] 
indicates that the design/analysis technique can be 
used with confidence over a wide range of arbitrary 
vortex flow rotor boss ratios. 

13. The technique appears to slightly overestimate the 
free-discharge and low pressure duty capabilities of an 
arbitrary vortex rotor in a manner similar to the 
midspan method proposed by Wallis [1]. However, the 
integrated method enables more realistic performance 
predictions to be obtained for the important opera- 
tional region between the rotor design operating point 
and the onset of stall. It has previously been noted 
that there are no wind tunnel test data for the F-series 
airfoils nor any similar low Reynolds number data for 
the C4-series airfoils. This may, in part, account for 
the optimistic predictions in the free-discharge region. 

14. There are, of course, other factors that limit the 
accuracy of the technique. The influence of wall 
boundary layers at the hub and duct walls, fan con- 
figuration-dependent losses, upstream turbulence and 
Reynolds number effects, losses associated with blade 
root clearance on adjustable pitch blading, and other 
complex radial and secondary flow regimes will all 
contribute a degree of uncertainty with respect to any 
fan/ rotor  performance predictions. However, the pre- 
sent method is seen to provide efficient and practical 
arbitrary vortex flow fan/ rotor  designs as well as 
reliable performance analysis predictions of adequate 
accuracy for engineering purposes. 

PRACTICAL USEFULNESS AND 
SIGNIFICANCE 

Design techniques that use the free vortex flow method [1] 
have enabled highly efficient ducted axial fan units to be 
developed. However, many applications exist where it may 
be considered impractical to mount the fan rotor in a 
conventional duct and /o r  to incorporate ancillary compo- 
nents such as stators and a diffuser, for example, in the 
case of on-road vehicle cooling systems. These arbitrary 
vortex flow fans are already widely used in industrial and 
commercial applications, with many of the installations 
and rotor designs being far from optimized. 
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The arbitrary vortex flow fan design and analysis tech- 
niques presented in this paper offer industry a reliable 
engineering basis for designing low to medium pressure 
rise rotor-only axial fans, where practical blade and fan 
construction considerations result in spanwise gradients of 
axial velocity and total pressure downstream of the rotor. 
The method can be used with confidence over a wide 
range of arbitrary vortex flow rotor boss ratios and will 
also enable the performance of an existing axial fan or 
rotor to be evaluated as a prelude to upgrading the unit's 
performance through rotor redesign. 

CONCLUSIONS 

Arbitrary vortex flow design and analysis methods for 
rotor-only axial flow fans (which possess spanwise gradi- 
ents of both total pressure rise and downstream axial 
velocity) have been evaluated against the measured per- 
formance of three alternative experimental axial rotor 
bladings. The method is shown to predict adequately the 
important rotor performance characteristics of the three 
rotors. It is to be concluded that the equations in the 
Appendix, pertaining to axial rotors having either cam- 
bered plate or airfoil blading, can be used with confidence 
provided the design guidelines given in this paper are 
observed. 

The design method is seen to offer industry a relatively 
simple and reliable engineering design tool that enables 
efficient and practical blading designs to be achieved for 
rotor-only axial fan applications. The ability to adequately 
predict the approximate performance of these axial 
fan / ro tor  configurations over a range of blade setting 
angles, rotor boss ratios, and fan loadings is important in 
developing new general-purpose rotor blade designs. 

Well-designed arbitrary vortex flow rotor-only axial fans 
are efficient and quiet in operation, and exhaust efficien- 
cies up to 60% can be achieved in direct-exhaust applica- 
tions. Rotor designs featuring no blade overlap are readily 
achievable. This enables one-piece fixed-pitch axial fan 
rotors to be mass produced cheaply using injection mold- 
ing technology. 

APPENDIX.  DESIGN EQUATIONS FOR AN 
ISOLATED "ARBITRARY VORTEX FLOW" 

AXIAL FAN ROTOR 

Mass and Momentum Balance Through a Rotor 
Blade Row 

The design equations use the mass and momentum bud- 
gets as applied to airfoil cascades. Figure A.1 depicts part 
of an initially cylindrical stream surface that is assumed to 
deviate only radially due to the influence of the moving 
rotor. This stream surface forms the top surface of a 
control volume of thickness 6r (normal to the page), 
which is a function of position. Our frame of reference is 
attached to the rotor. The parameters relevant to the 
problem are shown in Fig. A.la:  the mean absolute flow 
velocity vectors, the mean upstream and downstream static 
pressures, the assumed force vector components imposed 
on the blade by the fluid (solid lines), and the assumed 
force vector components imposed on the fluid by the 
blade (dashed lines). 

If the flow has a radial component, the control volume 
thickness will not be a constant, as depicted in Fig. A.lb. 
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~Z 

I v,, 

BLADE 

Figure A1. (a) Control volume for mass and momentum 
balance for flow through an axial fan rotor; (b) side view 
showing radial flow. 

Assuming small radial movement of the streamtube, the 
corresponding axial and tangential momentum budgets 
(where the sum of external forces acting on the control 
volume is equated to the efflux rate of momentum from 
the control volume) are given approximately by 

- Z  + (P,  - P2)g6-"7 - E = pf~S2v~6r2 dy - pV.~sl 6r, 

(A.I) 
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and neglecting the effect of the Coriolis force 

-Y = - pj’*V&?(+, Sr, dy 
0 

(A4 

The shear stress term, E, due to the wake flow is taken to 
be zero because it is assumed that the blades are well 
designed and the wakes are essentially symmetrical [l]. In 
these equations, the subscripts 1 and 2 refer to upstream 
and downstream of the blade row, respectively. The terms 
% and S represent the mean radial increment and the 
mean control volume width, respectively, and are approxi- 
mated by 

and 

6r = (l/2)( 6r, + 6r,) (A.34 

s = (l/2)($ + S2) 

The mass conservation requirement is 

(*3h) 

slVa, 6r, = 
/ 

‘*Vo2 6r, dy 
0 

(-4.4) 

Assuming that the wake regions are small, so that there is 
little variation in Va2 St-, in the tangential direction, allows 
the continuity equation to be approximated by 

s,Vo, at-, = szVa2 6r, W) 

For a uniform upstream flow velocity profile, Va, = v,, 
and defining 

Y / ’ 
L / J df- / / in 
-z \\ 

J 

FORCEVECTORS 

Figure 2. Relative velocity vectors across 
blade element resulting from the flow. 

the rotating blade element and assumed force vector components imposed on the 

allows Eqs. (A.l) and (A.2) to be written in the form 

Z = (PI - P2)iGr - ps, Sr,Pt(X,, - 1) (**‘) 

and 

Y = psi 6r,~a2~, (-4.8) 

where the swirl coefficient is defined by 

(*I Es = v,,/v, (A.91 

The equations marked with (*) are of central impor- 
tance to the arbitrary vortex flow rotor design and analysis 
calculations. It should be noted that it has been assumed 
that there is no preswirl. The equations that include the 
effects of preswirl can be derived in a similar manner. 
Also note that for the momentum balance equation in the 
radial direction, the effect of centrifugal force must be 
considered. An approximate radial equilibrium equation is 
derived in a later section. 

Mean Flow Velocity Vector Across the Rotor 
Blade Row 

The mean flow velocity across the blade row is an impor- 
tant parameter in determining the lift and drag blade 
force components. Referring to Figs. A.lb and A.2, the 
mean flow velocity across an airfoil rotor blade with no 
preswirl but with radial flow present is given by 

AXIS OF ROTATION 

(A.lO) 
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o r  

--2 v~ 
p 2  1 t 1 +  

4 

+ 02 + ~--S 

(A.I1) 

Neglecting the second-order effects due to radial flow 
gives 

--2 V m 1 
~2 4 (1 + ]~a) 2 

(A.12) 

In thi_s equation the local flow coefficient A is defined by 
a = v j m .  

The following trigonometric properties are also useful: 

1 2 r -  (1/2)Vo2 
tan /3., = 

(1/2)(Va, + V~) 

a r / F ' o  - (1/2)V0/9o 
(1 /2)(1  + ~ )  

( * )  tan/3m = 1/A' - (1/2)e~ (A.13) 

where the modified local flow and swirl coefficients have 
been defined as 

( * )  A' = ( 1 / 2 ) ( 1  + X~)A (A.14a) 

and 

Also, 

( * )  e" = 2es/(1 + X~) (A.14b) 

cos  = 

(A.15) 
= l ( l + E a  

Thus the nondimensional mean flow velocity over a blade 
section is given by 

Vm ] (1  + X,a) (A.16) 
P~ 2 ~  

Lift and Drag Coefficients 

The drag coefficient C D is defined by 

D = C o ( l ~ 2  ) p~'2c 8r (A.17) 

If radial flow occurs, this equation must be written as 

D = C ' o ( 1 / 2 ) p F ' 2 c  ' 6 r  (A.18) 

where C~ is different from C O because the radial flow 
effectively means that the blade chord and the shape of 
the airfoil will be different. 

The new chord (c') can be expressed as 

I c,:cl+  + 

If second-order effects due to radial flow are neglected, 
Eq. (A.18) becomes 

D = C D ( 1 / 2  ) p~'~c ~r (A.20) 

A similar analysis for the lift coefficient yields 

L = CL(1 /2 )p~ '2C  6r (A.21) 

Resolving the Lift and Drag Coefficients for a 
Rotor Blade 

Referring to Fig. A.2, the lift and drag forces on the airfoil 
blade element can be expressed in terms of the force 
components Y and Z imposed by the flow: 

D = + Z cos/3" + Y sin fl" (A.22a) 

L = - Z sin/3" + Y cos tim (A.22b) 

Rearranging Eq. (A.22a) gives 

+ D - Y sin/3 m 
Z = (A.23) 

COS /~m 

which allows Eq. (A.22b) to be written 

Y 
L = - D tan/3., + - -  (A.24) 

COS /3m 

Substituting for L, D, and Y from Eqs. (A.21), (A.20), and 
(A.8) and noting that s~ 6r~P~ -- g6r(V~ + V~2)/2 allows 
the lift coefficient to be expressed as 

psi 6rl~2es 
C L = - C  Dtan/3m + 

cos/3. ,(1/2) pV2  c 

= - C D tan tim (A.25) 

(1/2)pg6---r(1 + ]~)Vf(1/2)es ' (1  + ~a) 
+ 

COS tim( 1/2)  pV2c ~rr 

which, after substituting from Eq. (A.16), yields 

( * )  CL = - C o  tan/3m + (2e,~/o-) cos /3 m (A.26) 

where tr = c / g  is the blade solidity. 
The blade loading factor CLtr [1] is then given by 

( * )  CL~r = - -Cotr  tan /3m ÷ 2el cos /3m (A.27) 

Pressure Relationships Across a Rotor Blade Row 

The total pressures before and after passing through a 
rotor blade element are given by 

H I  = e l  ÷ ( 1 / 2 )  pVa21 (A.28a) 

and 

tt2 = P2 + ( 1 / 2 ) p ( ~  + ~2o2 + ~ )  (A.28b) 

The rate of work ( 6 W )  done by a rotor blade element is 
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given by the product of the volume flow rate and the total 
pressure rise across the blade element. 

6 W  = 27r r  I ~ r l V  a Ahth (A.29) 

where Ahth is the theoretical maximum pressure rise on 
passing through the blade element section and is given by 

Aht h = H 2  - H1 + A h  n (A.30) 

The term Ah R represents the losses across the rotor blade 
element. 

The elemental torque (6 T) on a blade element with no 
preswirl present is given by the product of the mass flow 
rate and the angular velocity change through the blade 
element, 

6 T  = 2"n'r 1 6r1~" a p(V02r2) (A.31) 

Equating the rotor shaft power input l l  6 T to the rate of 
work done by the blade element, 

~2"t r r  1 ~rl~" a p(Vo2r2) = 27rr 1 ¢~rl~" a Ahth 

gives 

Ahth = [-~pVo2r 2 (A.32) 

A nondimensional theoretical local total pressure rise 
coefficient can be defined as 

Ahtn 1 
2 ~s - -  (A.33) ( * )  kth ( 1 / 2 ) P ~ ' a  2 hr 2 

It is also useful to define a nondimensional local static 
pressure rise as 

P2 - PI 
( 1 / 2 ) p p 2  kth -- k R - e ) - E 2 + (1 - Ea 2) (A.34) 

Neglecting the second-order effects due to radial flow 
gives 

P2 - P1 
( * )  (1 /2 )p~a  2 k t h - k n - e 2 + ( 1 - E 2 a )  (A.35) 

Lift Coefficients from Rotor Blade Elements 

Lift and drag force data for C4-series airfoils, flat under- 
surface airfoils, and elliptical airfoils and for cambered 
plates are summarized in Ref. 1. 

Lift coefficient data for isolated C4 airfoils (correspond- 
ing to Re = 3.2 × 105-6.4 × 105 ) are given in Ref. 17 
and Fig. 6.6 of Ref. 1. A tabulation based on the data 
given in Ref. 17 (corresponding to Re = 3.2 X 10 s) has 
been used in this instance to calculate approximate lift 
coefficient data for F-series airfoils (C4-series airfoils with 
leading edge droop) as a function of camber angle 0 
between 0 and 8% and angle of incidence aOd between 
- 4  ° and + 16 °, where aOd is the angle of incidence to the 
circular arc camber line of an airfoil that may also have 
leading edge nose droop [1]. The incidence angle with 
respect to the F-series airfoil chord line is given by 

a = aod - 0.57d (A.36) 

Lift coefficient data for 2% thick cambered plates (cor- 
responding to Re = 3 × 105-6 × 105) are given in Figs. 
6.22-6.24 of Ref. 1. A tabulation based on the data given 

in Fig. 6.22 of Ref. 1 (corresponding to Re = 3 × 105) has 
been used in this instance to calculate the lift coefficient 
as a function of camber angle 0 between 0 and 8% and 
angle of incidence a between - 4  ° and + 16 °. 

Reynolds number effects and blade surface irregulari- 
ties can also significantly modify an airfoil's lift and drag 
performance, and further design guidance is available in 
Fig. 6.10 and Section 10.2.2 of Ref. 1. However, thin 
cambered plate blades are reported to be far less sensitive 
to Reynolds number effects [1]. 

Drag Coefficients for a Rotor Blade Row 

It is convenient to approximate the drag coefficient for an 
axial fan rotor blade row by the sum of two components, 
C O , the profile drag associated with flow over a blade 

P •  

section, and C o ,  the bladmg secondary drag (based on 
• s . . 

the mldspan blade element), which includes all other 
rotor /blade losses, such as wall boundary layer losses, 
blade tip clearance flow, and end wall friction. 

Profile drag data for C4-series airfoils are given in Re/. 
17 and Fig. 6.11 of Re/. 1. A tabulation based on the data 
given in Re/. 17 (corresponding to Re = 3.2 x 105) has 
been used in this instance to calculate C o data for 

. . . . .  P 
F-series airfoils (C4-senes air/otis with leading edge droop) 
as a function of lift coefficient and the blade camber for 
each blade element. The value of C o p  was further modi- 
fied for Reynolds number and for the influence of rotor 
blade solidity using the data shown in Fig. 6.10 of Re/. 1. 

Profile drag data for 2% thick cambered plates, as given 
in Fig. 6.28 of Re/. 1 (corresponding to Re = 3.2 × 105), 
can be tabulated similarly. However, Reynolds number 
and solidity adjustments in this case are considered un- 
warranted, with Reynolds number having only a minor 
influence on lift and drag properties of thin, constant- 
thickness cambered plates [1]. 

Existing data on fan secondary drag losses suggest that 
there is an approximately quadratic dependence on the lift 
coefficient at the midspan blade element, and the follow- 
ing equation was tentatively suggested as being adequate 
for axial rotor design purposes [1]: 

CDs ~ b C 2 m i d s p a  n (A.37) 

where b is an undefined function of blade aspect ratio, 
Reynolds number, and blade stagger angle. 

In the present instance it has been found that combin- 
ing an annulus drag component with the secondary drag 
estimate [1] improves the agreement between the mea- 
sured and predicted rotor performance and provides con- 
servative rather than optimistic estimates of rotor effi- 
ciency and power consumption• The following equation 
has been adopted for estimating these latter drag compo- 
nents: 

Cos = bC2m,dsp.n + O . 0 2 c / t r l  (A.38) 

For cambered plate blades a suggested value for the 
coefficient b is approximately 0•025 [1], and for conven- 
tional fan airfoils such as the F-series [6], a suggested 
value for b is approximately 0.018 [1]. 

Multiplane Interference Factor for Airfoils 

When the blade solidity is high, the two-dimensional lift 
and drag coefficients need to be modified to account for 
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an interference effect by neighboring rotor blades. This 
interference effect manifests itself by modifying the lift 
curve slope and drag performance of the airfoil [1]. An 
interference factor C L / C  c [1] is employed in adjusting 
the angle of incidence of die blade section to correspond 
to CL~, it being assumed that the no-lift angle of the blade 
section remains unchanged with blade proximity. The mul- 
tiplane interference effect is expressed in terms of the 
ratio of the lift coefficient C L achieved by the rotor blade 
element to the lift coefficient C L achieved by the same 
airfoil element in isolation fro~ other airfoils and is 
dependent on stagger angle and blade solidity (as shown 
in Fig. 6.29 of Ref. 1). These data have been tabulated and 
used in the calculations performed for this paper. 

Rotor Losses Across a Rotor Blade Row 

From Eqs. (A.22a) and (A.20), we can write the drag 
coefficient as 

1 
C D = (1/2)pr-,c~r(ZCOSVm tim + Ysin /3m) (A.39) 

Substituting Eqs. (A.7) and (A.8) for Z and Y gives 

1 
CD ( ] / 2 ) p ~ . 2 c ~ r  {+ [(P1 - P2) g6~ 

- - p s  1 t~r, Va2(~a  - 1)] c o s  13m 
(A.40) 

+ [ psi ariV'a2¢~.] sin tim} 

and using Eq. (A.14b), this becomes 

, {[ 
CD= ( 1 /2 )pp2m C~r  + ( P , - P 2 ) g 6 r  

1 1 
(1 + ~ a ) ~ F p S V a 2 ( ~ a  - 1)/cos/~m (A.41) 

2 / 

+ 7 (  1 + E~)6rpgV~2e/-~( 1 + £a )  sin /3 

which, using Eq. (A.16), simplifies to 

4 COS 2 /3rn 
C o - 

~r(1 + E.)2 

1 
x { - [ ( 1 / 2 ) p ~ ' a 2 ( P 2 -  

, ) + 7 (  1 + £a )2#  sin /3m 

Pi) - ( 1  - Y~)] COS tim 

(A.42) 

Then, using Eqs. (A.34), (A.33), and (A.13) and neglecting 
second-order radial velocity terms allows Eq. (A.42) to be 

written as 

C D - 4cos3 m i 1 2 , ,  
¢r(1 + •a )  2 t ' }kr2 

(A.43) 
1 2 , / 1  1 ,)] 

+ 7 0  + :L) [ 7  - 7 

Finally, using Eqs. (A.14a) and (A.14b) and rearranging 
allows the blade element losses to be estimated: 

o-(1 + 5:o) 2 
CD (A.44) 

( * )  kn 4COS3 /3m 

The actual local rotor total pressure rise coefficient 
(including downstream swirl) is defined as 

( , )  kr = kt  h _ kn (A.45) 

The rotor blade element efficiency estimate (the ratio of 
the actual rotor total pressure rise to the theoretical rotor 
total pressure rise) is given by 

( , )  71Rb = k r / k t h  (A.46) 

Radial Equilibrium Equation for a Blade Row with 
No Preswirl 

Assuming that the radial velocity component is small, an 
equation can be derived for the downstream axial velocity 
in terms of the swirl coefficient. 

From Eqs. (A.30) and (A.32), the theoretical total pres- 
sure rise on passing through the rotor blade element is 
related to the swirl through 

Ahth = H 2 - H 1 + A h  R 

H2 - Hi (A.47) 
-- _ _  = P V o 2 r 2 ~  

rIRh 

Hence, 

H 2 - H 1 = lJRbpVO2r2~ (A.48) 

Also, from Eqs. (A.28a) and (A.28b) and neglecting sec- 
ond-order radial velocity terms, 

H2 - H i  = P2 - P1 + ( l12)p(Va22 + I702 - Va21) (A.49) 
Combining these two expressions and simplifying gives 

2 6s'qRb P2 - P1 
+ e~ + 2~] - 1 (A.50) 

A, 2 (1/2)pPa 2 

Now assuming that the radial pressure gradient up- 
stream is zero since there is no preswirl and that equilib- 
rium downstream is reached quickly, the radial pressure 
gradient must balance the centrifugal force. This implies 
that 

1 dP V, 2 02 

p dr r 

If the radius ratio is defined as 

x = r / R  

then integrating gives 

P2 -- P2~o = J xo X 

(A.51) 

(A.52) 

(A.53) 
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where x 0 is an arbitrary radial position. This can be 
further reduced to 

P2 - P2x0 f x ~  2 dx (A.S4) 
(1 /2 )  oVa 2 2jx o x 

Finally, combining Eqs. (A.54) and (A.50) yields 

( ,)  1 [ 1 ] 
2esrlRb_. £ _ ~2 _ X~ = 2~srtRb-£ - ~2 _ X2a Xo 

(A.55) 

+ 2fx~2 dx 
x 0 X 

This equation can be solved to give the downstream axial 
velocity coefficient provided the swirl distribution is given. 
The usual approach is to take x 0 to be the position where 
E a = 1; Ea is then given explicitly provided x 0 is known. 
In this regard, the downstream axial velocity component 
must satisfy the global mass conservation condition 

2 f XoX  = 1 (A.56) 
( * )  1 - x  2 xb 

Thus x 0 can be adjusted until Eq. (A.56) is satisfied. Once 
5~ a is calculated, the radial flow can be estimated from 
continuity requirements by integrating the upstream and 
downstream flow with respect to radius. 

Tip Clearance Effects for a Rotor Blade R o w  Rotating 
in a Fan Duct  

Figure 10 indicates that the performance penalties associ- 
ated with increasing blade tip clearance on the Mark 3 
fan / ro tor  are minimal during "free-discharge" and low 
pressure duty operation but become quite significant at 
higher pressure duties and must be taken into account 
when attempting to predict the performance of the rotor 
in an actual fan configuration. 

The decrement in fan inlet total pressure capability 
(Fig. 11) was determined along assumed quadratic system 
resistance curves shown in Fig. 10. These data have been 
incorporated in the Mark 3 fan / ro tor  performance pre- 
dictions for the range of blade setting angles presented in 
this paper. 

NOMENCLATURE 

b coefficient (undefined function of blade aspect 
ratio, Re, and ~:) sed in an approximate 
expression for C,~ [1], dimensionless 

C o drag coefficient ( s  CD e +_ CDs) for a fan blade 
element with respect to Vm, dimensionless 

C A drag coefficient for the radial flow case, 
dimensionless 

Cop profile drag coefficient for a blade element, 
dimensionless 

Cos secondary drag coefficient based on the blade 
midspan element, Eq. (A.38), dimensionless 

C L lift coefficient for a blade element with respect 
to Vm, dimensionless 

CL, isolated airfoil lift coefficient, dimensionless 
c local blade element chord length, Fig. 1; the 

C ~ 

D 
D 
d 

E 
FITP 

FTP 

H1 

H2 

An, 

A H t h  

Ah R 

Ahth 

ITP 
K t h  

k R 

kr 

k th  

L 
l 

N 
n 

OTP 

P 
P1 

P~ 

Ap~ 

Q 
R 
R 

Re 

r 1 

length of a chord line that passes through the 
blade surface intercept points of the blade 
camber line at or near the leading and trailing 
edges of the blade, m 
equivalent local blade element chord for the 
radial flow case, m 
diameter of fan duct, m 
drag force on the blade element, Fig. A.2, N 
F-series airfoil nose droop expressed as a 
percentage of chord [1, 6], % 
a shear stress term due to the wake flow [1], N 
fan inlet total pressure ( =  - I T P ) ,  for exhaust 
fans [1, 5], Pa 
fan total pressure ( =  OTP - ITP), for inline 
and blower fans [1, 5], Pa 
local total pressure in the fan annulus upstream 
of a rotor blade element, Pa 
local total pressure in the fan annulus 
downstream of a rotor blade element, Pa 
rotor mean total pressure rise, including 
downstream swirl component, Pa 
theoretical rotor mean total pressure rise, 
including downstream swirl component 
[=  A Hr/('OR6/IO0) [1], FTP/('OT/IO0) , 
FITP/(rIe/100)],  Pa 
local total pressure loss across a blade element, 
Pa 
theoretical local total pressure rise across a blade 
element, Eq. (A.30), Pa 
mean inlet total pressure to a fan unit [1, 5], Pa 
theoretical rotor mean total pressure rise 
coefficient [1][= AHth/((1/2)pVa2)], 
dimensionless 
local total pressure loss coefficient across a blade 
element, Eq. (A.44), dimensionless 
local total pressure rise coefficient across a blade 
element, Eq. (A.45), dimensionless 
theoretical local total pressure rise coefficient 
across a blade element, Eq. (A.33), 
dimensionless 
lift force on the blade element, Fig. A.2, N 
blade length, m 
impeller shaft rotational speed,* rev / s  
number of equally spaced fan blades on the 
rotor, dimensionless 
mean outlet total pressure from a fan unit [1, 5], 
Pa 
local static pressure, Pa 
local static pressure upstream of a rotor blade 
element in the fan annulus, Pa 
local static pressure downstream of a rotor blade 
element in the fan annulus, Pa 
local static pressure rise across a blade element, 
Pa 
fan inlet volume flow rate, m3/s  
radius of fan duct, m 
blade element reaction force, Fig. A.la,  N 
approximate blade chord Reynolds number [5] 
( =  l lRcp/l .D,  dimensionless 
radius corresponding to rotor blade section 
element, m 
radius corresponding to rotor blade section 
element at inlet to blade, m 

* for convenience the rotational speed is expressed in revolutions 
per minute, rpm, throughout the general text and figures. 
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r 2 radius corresponding to rotor blade section 
element at outlet from blade, m 

r b radius of rotor boss or hub, m 
r~ radius of rotor blade tip, m 
? mean radius of blade element from rotor shaft 

centerline, m 
6r radial spanwise blade element increment for the 

no radial flow case, m 
6ra radial increment corresponding to blade element 

at radius r~, m 
6r 2 radial increment corresponding to blade element 

at radius r 2, m 
6 r mean radial increment as defined in Eq. 

(A.3a), m 
Sl circumferential spacing at radius rj of adjacent 

rotor blades, m 
s 2 circumferential spacing at radius r 2 of adjacent 

rotor blades, m 
mean control volume width as defined in Eq. 
(A.3b), m 

6T blade element torque about rotor shaft axis, 
N - m  

t cambered plate blade thickness, m 
t~ rotor blade tip clearance ratio [= 1 0 0 ( R -  r , ) /  

R(R - rh)], % 
V 1 upstream local air velocity vector relative to the 

blade, m / s  
V 2 downstream local air velocity vector relative to 

the blade, m / s  
V, mean axial velocity based on fan inlet volume 

flow rate and fan annulus duct cross-sectional 
area, m / s  

Va, upstream local axial velocity component  in the 
fan annulus, m / s  

Va: downstream local axial velocity component  in 
the fan annulus, m / s  

Vm mean local air velocity vector relative to the 
blade element for the no preswirl flow case, 
Fig. A.2, m / s  
mean local radial velocity component,  m / s  

Vr: downstream local radial velocity component  in 
the fan annulus, m / s  

Vo: downstream local tangential velocity component  
in 
the fan annulus, m / s  

W rotor shaft input power, W 
15 W rate of work done by a blade element, W 

x radius ratio; defined by x = r / R ,  dimensionless 
x b rotor boss or hub radius ratio; defined by x b = 

% / R ,  dimensionless 
x 0 arbitrary nondimensional radial position, 

dimensionless 
Y reaction force component  in the tangential 

direction imposed by the flow on the blade 
element, Fig. A. la ,  N 

Z reaction force component  in the axial 
direction imposed by the flow on the blade 
element, Fig. A. la ,  N 

G r e e k  S y m b o l s  

a incidence angle between V,~ and the airfoil chord 
line, Fig. A.2, deg 

a0d incidence angle between the mean velocity Vm 
and the circular arc chord line of an F-series 
airfoil with no additional leading edge camber 
[1, 6], deg 

A a a angle between the airfoil chord line and circular 

~r 

f l E o  5 

Aq'E,, 

12 

arc chord line in an F-series airfoil with 
additional leading edge camber [1.61, 
Fig. 1 (=  0.57d), deg 

/3,~ angle between mean velocity V,,, and lhc axis of 
rotation, Fig. A.2, deg 

e~ local swirl coefficient [1], as defined in Eq. (A.9). 
dimensionless 

e~ modified local swirl coefficient [1], as defined in 
Eq. (A.14b); dimensionless 

tie fan efficiency, exhaust [5] {= IO0[Q(FITP)/W]}, 
q4 

fir rotor efficiency, total [=  IO0(QAHr/W)],  % 
rtm, rotor blade element efficiency total, as defined in 

Eq. (A.46), % 
~tr fan efficiency, total [5] {= IO0[Q(FTP)/W]}, % 

0 blade camber angle, Fig. 1; based on the circular 
arc camber line in the case of an F-series airfoil, 
deg 

A rotor tip flow coefficient [1] ( =  ~ , / ~ R ) ,  
dimensionless 

A local rotor flow coefficient at blade element 
radius r [1] ( =  Pa/l)r) ,  dimensionless 

A' modified local flow coefficient as defined in Eq. 
(A. 14a), dimensionless 
air viscosity, Pa • s 
rotor local blade element stagger angle, the 
angle between an airfoil blade element chord 
line and the axis of rotation, Fig. 1 ( = / 3  m - a),  
deg 

p air density, k g / m  3 
E~ axial velocity ratio as defined in Eq. (A.6), 

dimensionless 
£tr radial velocity ratio ( =  V~,/P,), dimensionless 

solidity of the blading [1] ( =  c/g), dimensionless 
q? fan volume flow rate coefficient [5] 

(= Q/ND3) ,  dimensionless 
4~p practical blade setting angle, Fig. 1; the angle 

between the plane of rotation and a line passing 
through the two contact points when the 
under-surface of an airfoil blade element is 
contacted with a straight edge, deg 

~b, theoretical blade setting angle, Fig. 1; the angle 
between the plane of rotation and an airfoil 
blade chord line, deg 
rotor total pressure coefficient ( =  A H J p N  2D2), 
dimensionless 
fan total pressure coefficient [5] ( =  F T P /  
pN 2D2), dimensionless 
fan inlet total pressure coefficient [5] 

2 2 ( =  F I T P / p N  D ), dimensionless 
fan inlet total pressure coefficient corresponding 
to t, = 0.5%, dimensionless 
fan inlet total pressure loss coefficient 
[=  (q/Eo ~ - tpE)/~OE,,~], dimensionless 
angular velocity of rotor ( =  27rN), r a d / s  
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