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ABSTRACT

A single-stage axial fan having a pressure ratio of 1.01 is designed in the current study. The design pressure
ratio is chosen based on the power available from the existing motor (2.2 kW). The design space for the axial flow
fan was generated by varying specific flow and geometrical parameters in suitable steps, using a program written
in MATLAB. The varied flow parameters are mass flow rate, inlet Mach number, inlet flow angle, and rotor speed.
The geometrical parameters that were varied are hub to tip ratio, aspect ratio, and blade solidity. Using these as
the input variables and applying free vortex theory for 3-dimensional blade design, the aerodynamic design of the
axial flow fan was carried out. Performance parameters like flow coefficient, stage loading coefficient, degree of
reaction, diffusion factor, De Haller’s number, and blade angles were calculated at the blade’s hub, mean, and tip.
Total design space of 92160 data points was obtained from the combination of input parameters. Several constraints
were applied to optimise the design space based on the available power from the existing motor and in-house
manufacturing limitations. The initial design space was reduced to 82 data points using these constraints. To further
reduce the number of points in the design space, off-design performance was evaluated for each of these data points.
Following this, one design point was selected based on the optimum performance range in off-design operation,
while considering manufacturing limitations. Using Mellor charts, a suitable blade profile was chosen based on the
inlet and exit blade angles. NACA 65-410 airfoil was selected with a stagger of 55 degrees and an incidence of 6
degrees for optimum performance.
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NOMENCLATURE B Relative air angle at D_(degree)
A Annulus Area (m?) 0, Blade momentum thickness
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C Absolute velocity at D (m/s) ¢ Flow Coefficient
C, Specific heat at constant pressure J/kg-K s Stage loading coefficient
D Diameter (m) A Work done factor
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1. INTRODUCTION

Axial fans find application preliminarily in supplying air
for ventilation and industrial applications like HVAC, electrical
appliances, and automobiles. Fans are supplied mechanical
energy through a rotating shaft, the rotating fan blades then
transmit this energy onto the air to generate sufficient pressure
to move air overcoming the resistance developed by the ducts
and other components installed in the fan system.

The axial fans are broadly categorised into three different
types: propeller, tube axial and vane axial depending upon the
flow rate created and static pressure developed. Propeller type
is suited for high flow rate and low-pressure rise application but
efficiencies are on the lower end. In contrast, tube axial fans are
used for medium pressure rise capabilities and vane axial are
equipped with guide vanes at the front or rear to recover the
pressure and achieving higher efficiencies by removing swirl
in the flow.

The design of vane axial fans was first discussed by
Wallis' using the “isolated airfoil method” and “cascade airfoil
method”. The preceding method utilised lift data for designing
whereas the latter was based on flow deflection obtained in
cascades.

Defining blade cross-section forms the core of axial
flow fan design. It consists of defining the blade chord,
chord length, stagger angle, and camber angle. Hay? et al.
compiled available data for a variety of airfoils and generated
carpet plots. The plots contained information regarding the
variation of lift coefficient with camber angle and incidence
angle. These plots allowed the user to choose the operating
regime far away from a stall region and has a higher lift to
drag ratio. Bleier® has discussed the design methodology of
vane axial fans; the hub to tip ratio lies in the range of 0.5 to
0.8 because of higher static pressure. The hub diameter is first
selected based on the static pressure required. The dimension
of tip diameter is further calculated based on the airflow rate
and design speed of the fan. Carolous & Starzmann* integrated
the existing blade element theory with isolated airfoil to assess
different airfoil shapes better. Their research was limited to
low-pressure airfoils as blade to blade interaction is considered
negligible in isolated airfoil theory. Nonetheless, it indeed
accounted for the actual Reynold’s number, Mach number,
and geometrical modifications. Castegnaro® compared the
results from the modified cascade theory and modified isolated
airfoil method. He further formulated a mixed approach that
considers both these methods to design the medium solidity

fans accurately.

Diverging from the traditional designing methods inverse
cascade design method has become a popular method lately.
Optimising the shape of the blade for a given operational
regime leads to better performance. Huang & Gau® showed
that redesigning the fan blades based on inverse technique
increases flow rates as compared to design flow rates, thereby
enhancing the performance of system. Angelini’, et al. have
stressed the fact that primary parameters such as specific speed
and blade diameter have been employed for the fan design
process over the years. Still, effect of secondary parameters
like blade number or hub tip ratio is not explicitly used. The
authors have attempted to use the design space available for
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10,000 axial fans to develop correlations between design and
performance features.

Even though various methods of designing a fan stage
exist, the authors have attempted to consider all the possible
variables that can impact fan performance in the design phase.
The advantage of this approach is to eliminate the combinations
of the input parameters that can degenerate the fan performance.
The constraints applied to reach an optimal solution can be
tweaked by the user based on the manufacturing limitations
at least in educational institute laboratories. The analysis is
limited to single-stage design in the current work, but it can be
easily extended to a multistage design process if required.

The objective of this work is to develop a straightforward
and rapid design methodology to design axial flow fans. A
single-stage axial flow fan is designed using a conventional
design approach involving mean-line analysis followed by
three-dimensional design. The design involves an iterative
procedure using multiple input parameters, which yielded
multiple design point solutions. The design space was then
suitably optimised by applying manufacturing and aerodynamic
constraints. To further optimise the design space and converge
upon fewer solutions, off-design analysis was carried out. The
subsequent sections detail the design process involved and the
ensuing analysis.

2. INPUT PARAMETERS

The initial parameters chosen for this design process are
shown in Table 1. Typical axial flow fan efficiencies range
between 75% to 85%. The higher end of this spectrum was
chosen for this design, keeping the isentropic total-to-total
efficiency at 85%.

Table 1. Input parameters that were kept constant during the
design process

Constants
Parameter Value
P, 101325 Pa
T,, 298 K
| 85%
AP, 1,000 Pa
Y, 0.07
Yps 0.07
A 1.03
G, 1,005 J/kg-K
Y 1.4
R, 287 J/kg-K
i 1.83 E-5 (kg/s-m)

For the initial design, multiple iterative parameters are
selected. A wide range is chosen for all the iterative parameters,
facilitating an ample design space consisting of all possible
solutions. The loop count in Table 2 represents the number of
times a given parameter is varied and is calculated by Eqn (1).
The total number of iterations is a multiplication of loop counts
of all the parameters that were iterated during the code.

_ Max— Min N
Stepsize

L 1 (1
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Table 2. Parameters that were iterated to generate design

space
Iteration parameters
Parameter Range Step size ~ Loop count (L)

m 0.5-2.5 0.5 5
M, 0.1-0.3 0.1 3
a, 0-60 10 7
N 2,000 — 16,000 2,000 8
D,/D, 03-0.7 0.1 5
AR 1-3 0.5 5
S, 05-1.5 0.5 3

Iterations = L, x L, X Ly x L, , X L 2)

3. METHODOLOGY OF DESIGN

Using the parameters listed in the previous section, the
iterative design process is carried out, using an in-house code
in MATLAB. Preliminary design is carried out using a standard
mean-line design approach®’. The mean-line is assumed
to be constant across the rotor and stator. Since the density
variations are negligible, hub diameter and tip diameter further
remain constant across the stage. The absolute air angles at
the entry and the exit to the stage are kept the same during
the calculations (o, =a,), following the repeating stage design
procedure. Three-dimensional design is carried out using free
vortex theory where work done remains the same at the radii
and radial equilibrium is maintained with the assumption of
axial velocity (C,) remaining constant throughout the stage.
The flow angles and velocities are calculated at the hub and tip
as well in the manner depicted in Fig. 1.

4. OPTIMISATION OF DESIGN SPACE

Without applying any constraints, based on the number of
parameters being iterated and their step size, we would have
63,000 design solutions. To optimise the design space and
reduce the number of possible solutions, certain constraints
were applied. The constraints are listed in Table 3 were
applied. The compressor work was limited to 1.2 kW to use
the existing spindle motor, with a rated output of 2.2 kW. The
minimum hub diameter is set at 0.12 m, allowing the existing
spindle motor to be mounted inside the hub. For facilitating the
comparison of linear cascade data with the data acquired from
the axial flow fan, Reynolds number similarity is maintained
between the two. The Reynolds number based on chord for the
linear cascade is ~1.4 x 10°, which serves as the upper limit.
Due to anticipated manufacturing constraints, blade twist is
limited to 20 degrees for the rotor and stator and the chord
length is maintained above 25 mm. Blade twist refers to the
difference in inlet relative flow angle (B,) at the hub and tip
of the blade, as a result of applying free vortex condition for
3-D design. The other constraints concerning the machine’s
performance are the degree of reaction, flow coefficient, stage
loading coefficient and diffusion factor. These performance-
related constraints are applied at all locations, i.e. mean, hub
and tip of the blade.

START

Input Parameters
from Table 1 and
Table 2.

| Calculate P, T, p, A, Dy, D, H, <, B, B, |

v

Calculate P, ¢, ¥, R, DF, a, B, C and
W at mean-line.

v

Using free vortex condition, above
parameters are calculated at hub
and tip locations.

v

Generated design space consisting
of all output parameters.

R ———

v

Applied constraints as listed in
Table 3, to the design space.

v

Meet all
applied
constraints?

YES ¢

| Optimized design space |

v

Figure 1. Design process flowchart.

Table 3. Constraints used for optimising design space

Constants
Parameter Value
P <1.2kW
R, 1x10°-1.4x10°
D, >0.12 m
x <20°
c >0.025 m
R 0-1
[0} 0.4-0.8
] <0.5
DF, 0-0.6
B <20

s

Following the application of these constraints, the design
space was reduced to 4 points. Even though a vast parameter
space of 63,000 points was chosen, the final reduced design
space contained a narrow range of results that satisfied all the
applied constraints. All the feasible solutions collapsed into
a narrow range, where the inlet Mach number, hub/tip ratio,
aspect ratio, and solidity were constant. There were minor
variations in inlet mass flow rate and rotor speed. The inlet
air angle varied between 0 and 30 degrees. Due to the larger
step size, many possible design solutions that were contained
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within the iteration space were not explored. To further
investigate the design space and check whether other possible
solutions satisfying all the constraints existed, the range and
the step size were reduced. This exercise could have been done
on the initial range of iteration parameters, but it would have
resulted in large amounts of data and longer processing times.
To avoid this, the procedure was split into two parts, where the
first iteration is used for coarse tuning of the design space, and
the second iteration is used for fine-tuning the design space.
The reduced range and the new step size for all the iteration
parameters are shown in Table 4. An additional constraint was
applied, which is y should be between 0.25 and 0.5 at the mean
diameter.

Table 4. Revised range based on the initial design process

Iteration parameters with the new range

Parameter Range Step size Loop count (L))

m 0.5-14 0.1 10

M, 0.1-0.2 0.05 3

a, 0-35 5 8

N 5000 — 16000 1000 12
D,/D, 0.58-0.7 0.04 4
AR 1-1.5 0.5 2

S 0.5-1.25 0.25 4

r

While the initial design iteration yielded only 4 out of
the 63,000 available solutions, the second iteration using the
reduced range and smaller step size yielded 82 out of the 92,160
available solutions. All 82 solutions met all the constraints
outlined earlier. This was due to the smaller step size that was
chosen during the iterative procedure, yielding more points
within the reduced design space that met the requirements. This
posed a new predicament, where all the 82 possible solutions
were equally viable and each had its distinct advantages and
disadvantages. To further down-select, the efficiency of the
stage was calculated, based on the total pressure loss coefficient
for the rotor and stator.

5. EXPECTED EFFICIENCY

The stage isentropic efficiency was assumed to be 85% at
the start of the design process. This was kept constant for all
the design iterations that were carried out thus far. The expected
efficiency was calculated again using Eqn (3) given below:

05y, W +Y,C)

Cp (71)3 - Tou )

At low Mach numbers, the total pressure loss coefficient
is roughly 0.02 and remains fairly invariant for a wide range
of incidences. The total pressure loss coefficient mentioned
above is for a cascade, which is profile loss. In an axial flow
fan, additional losses will be incurred due to secondary and
3-D flows. The magnitude of these losses is comparable to the
profile loss. To account for these additional losses, the profile
loss was increased by a factor of 3.5. Consequently, a loss
coefficient of 0.07 is used for the rotor (Ig ) and stator (}; -

nttex = (3)
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The value of loss coefficient varies with a wide range of
parameters like flow Incidence angle, blade stagger angle,
solidity, Aspect ratio. The exact value should be determined
experimentally or computationally for a selected blade
profile. A reasonable estimate of two-dimensional loss
coefficient is given by Eqn (4). The loss coefficient given
by Eqn (4), considers the inlet and exit flow angles, blade
solidity, and the ratio of wake momentum thickness to
chord. The ratio of momentum thickness to chord given by
Eqn (5) depends upon the diffusion ratio, which in turn depends
upon the flow angles and solidity. It is to be pointed out that
while estimating the loss coefficient for a rotor, the inlet flow
angle o, should be replaced with 3, and exit flow angle o, is to
be replaced with B, in the Eqns (4-6). However, at this juncture,
a loss coefficient of 0.07 is used to compare the multiple design
options. The expected efficiency ranged between 76% and 82%
for all 82 cases. The code can be clubbed with the available
experimental data in the literature to improve the accuracy.

2
e
¢ J\s)cos’ a,
0, 0.04

el
1-1.17In| 2o
C2

C
—= = %{1.12+0.61(£J00s2 o, (tano, —tana, )} (6)
C, cosa, c

At this juncture, it should have been a simple matter of
choosing the design point with the highest expected efficiency
as the final design solution for this exercise. The design point
for maximum efficiency yields a 54% reaction at the mean
diameter, usually considered ideal. However, this design point
also has the maximum blade twist for rotor and stator, highest
blade count, and requires the use of IGV’s. Even though
they meet the previously set constraints for blade twist and
blade count, a lower twist and lower blade count are always
desired for manufacturing simplicity. The design with the
least blade twist or minimum blade count has a much lower
expected efficiency, which is also not desirable. To improve
the process of selecting a single design that is best suited,
an off-design analysis was carried out, as detailed in the
subsequent section.

6. OFF-DESIGN PERFORMANCE

It is critical for a compressor stage to operate at conditions
away from the operating point; hence it must be capable of
operating reasonably well over a wide range of inlet conditions
and rotational speeds. After applying the constraints, off-design
performance was evaluated for the 82 cases obtained in the
second design iteration.

For a compressor operating at a constant rotational speed,
changes in mass flow rate will move its operation to off-design.
If the mass flow is reduced, the incidence onto the blades
increases, and the stage moves toward an unstable operating
regime. At an increased mass flow, the incidence decreases
becoming negative, and the blade passages may choke. For
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a low-speed compressor, the operation is independent of
rotational speed, and there is no risk of the flow choking!?. The
performance characteristic can be presented as a single curve
relating stage loading v to flow coefficient ¢. Howell predicted
the method to evaluate the off-design performance of a low-
speed compressor stage based on the cascade experiments
conducted by Horlock, where his results showed that o, and 3,
do not change substantially over a range of incidences!®. The
above assumption neglects any variations in flow deviation. The
simplified expression for evaluating off-design performance is
given by Eqn (7).

y=1-1¢ (7
t=tano, +tano, = Constant (®)
1- .
t= Wdestgn (9)
(I)dexign
SM — [Wmax _Wdesigr/ Jxloo (10)
wdesign

The value of ¢ can be obtained by Eqn (9), implying
that ¢ has a unique value for a given y, and ¢, Off-design
performance maps were generated for the mean line by varying
flow coefficient from 0.5 times of ¢, to 1.25 times of ¢ ,in steps
of 0.005, whereas N, a, and B, were kept at the design value.
The range for flow coefficient was chosen keeping in mind that
it should not exceed 1 or go below 0.2, which is just exceeding
the previously applied constraint of 0.4 — 0.8. Stage loading
coefficient was calculated by using Eqn (7). For a given value
of ¢ and y other parameters like B, o, C, W, and DF, were
calculated. The diffusion number at the mean was constrained
between 0.15-0.45, to get the upper and the lower limits of
the performance map. Surge margin was then calculated
using Eqn (10).

A typical off-design map for one such combination of y,
and ¢, is shown in Fig. 2. Similar calculations were repeated
for all 82 cases and surge margin was calculated. Further
truncation of the optimised 82 cases was done based on the
surge margin. The design points that had a higher efficiency
had a surge margin of less than 10%. The final design point
was selected considering that a high surge margin, expected
efficiency, and blade height were desired with a lower blade
twist and blade count.

The input parameters along with the calculated parameters
are shown in Table 5. The maximum and minimum incidence,
for which DF was within the range, is also shown in this table.
The velocity triangle, shown in Fig. 3, represents the velocities
at the inlet and exit for this design, along with the flow angles.
This final design point offered the maximum blade height,
largest surge margin and had an even distribution of positive
and negative incidences. Some of the other designs that offered
a similar blade height and surge margin, did not have an even
distribution of positive and negative incidences. However, the
final selected design point has lower estimated efficiency and
a higher reaction at the mean when compared to many other
cases.
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Figure 2. Off-design compressor map in terms of ¢ and y.
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Figure 3. Inlet and exit velocity triangles for the selected design
point.

Table 5. Selected design point parameters

Input parameters

m M a N  D/D, AR S

1

1 0.1 5 7000 0.58 1.5 1

Geometric design parameters

D D B B Re P %

t h r s

022 0.13 18 19 1.35 1.02 15

Aero-thermodynamic design parameters

R ) \J D Ny o SM i toi .

0.82 055 026 031 77.6%  36% 3.4°to -4.1°

7. BLADE PROFILE SELECTION

The highest relative Mach number that these blades will
be subjected to is less than 0.3. Hence, NACA 65 series airfoil,
circular arc or parabolic arc blade profiles can be used!'. To
determine a suitable blade profile, available cascade data
for NACA 65 series blade profiles are used'. For selected
geometries at various staggers and incidence angles, the
deflection angle, total pressure loss, and blade pressure surface
pressure distributions are available. To make this data easier
to use for design purposes, they were converted into various
carpet plots'®. From the design process detailed in the previous
sections, inlet air angle, flow turning angle, inlet Mach number,
and solidity are known. Using this information along with the
carpet plots, we can determine the blade camber angle, design
angle of attack, and pressure rise coefficient. We can also use
these charts to determine the off-design variation in the angle of
attack and flow turning angle. Mellor'“, replotted these multiple
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carpet plots in a more straightforward form, commonly referred
to as Mellor charts. An example of a Mellor chart is shown in
Fig. 4, with the inlet and exit flow angles on the X-axis and
Y-axis respectively. The dark lines that form the boundary are
incidence angles at which the drag coefficient becomes 50%
more than the mean unstalled drag coefficient.

B,

----------- Lines of constant angle of attack

----- Lines of constant stagger angle
—— Stall boundaries

B

Figure 4. Characteristic representation of cascade data using
Mellor’s chart.

For an inlet relative flow angle of 60°, an exit relative
flow angle of 51.7° and solidity of 1, various profiles were
considered using Mellor charts. NACA 65-410 was selected
since the point of intersection for these parameters was at the
center of the region bounded between the two dark boundary
lines, as shown by estimated i __and i . in Table 5. The design
incidence angle was 6° and the stagger angle was 55°, from
the Mellor chart for NACA 65-410. This value was close to
the calculated stagger angle and design incidence angle based
on the selected design point. On similar lines, for an inlet flow
angle of 29° and exit flow angle of 5°, NACA 65-(18)10 profile
was chosen for the stator, using Mellor charts. The design
incidence angle is 10° and the design stagger angle is 20° for
the stator.

8. CONCLUSION

The design of an axial flow fan was presented considering
input parameters. These were iterated over a range with a
suitable step size, for generating the design space. The initial
design space had 63,000 data points. Constraints were applied
to this design space to reduce the number of data points.
The design space that resulted after the application of these
constraints had only 4 design points. All these design points
converged onto a small range of input parameters.

To further investigate this design space, the input
parameters range was reduced and step size suitably altered.
Applying constraints to the new range yielded 82 possible
design points. Expected efficiency was calculated using a
representative value of rotor and stator losses to further reduce
the number of points. The expected efficiency was highest for
cases with maximum rotor twist, blade count and required
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IGV’s. If a design point with the least twist and blade count
was chosen, the expected efficiency was much lower. To
add another dimension to the selection process, off-design
performance was evaluated for all 82 design points.

Off-design performance was evaluated at a constant
rotational speed, by varying the flow coefficient. The off-design
performance was assessed under the assumption that there is
minimal or no change in inlet flow angle and exit relative flow
angle over a wide range of incidences. Surge margin was also
calculated for all the design points. It was seen that the design
point with the highest expected efficiency also had the lowest
surge margin, while the design with the most significant surge
margin had a much lower efficiency. The final design point
was chosen based on a compromise between surge margin,
efficiency, blade twist, blade height, and blade count.

Based on the inlet and exit flow angles for the selected
design point, the blade profile was chosen using Mellor charts.
The final blade profile that was selected at the mean line was
NACA 65-410 for the rotor and NACA 65-(18)10 for the stator.
The code developed can be further modified to design multiple
stages for axial compressor studies.
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