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Abstract

The axial fans for cooling condensers were designed by inverse design code TURBOdesign-1. The parameters of the
inverse design were set by DOE (design of experiments). By changing the design parameters, such as the distribution
of the blade loading, spanwise circulation distribution and stacking, 32 different fan designs were created for the
screening of parameters. The overall performance and the local flow field of these fans were computed using a com-
mercial CFD code. The results of the CFD computations were analyzed by DOE. The pressure rise and efficiency were
selected as the main responses, and the main effects of the design parameters on the responses were discussed. The
main design parameters for the optimum design of the fan were decided from the results of the screening procedure.
We designed the optimum axial fan by RSM (response surface method). The design center fan was made by RP (rapid
prototype) and the performance was tested using a fan tester based on AMCA standards. These procedures ensured

proper screening of parameters and optimum design of the axial fan.

Keywords: Axial fan; Inverse design; Design of experiments (DOE); Optimum design

1. Introduction

Axial fans are widely used in the formation of air
transport systems because of its simple structure. Its
applicable areas include HVAC, vehicles, home ap-
pliances, computers and electronic appliance coolers,
and it is usually used in ventilation and air cooling
systems. As axial fans are widely used in home appli-
ances and computers, functional improvement and
noise reduction have become a critical issue in small
axial fan designs. Traditional designing methods re-
quire much trial and error along with a designer’s
experience for the good design of the blade [1, 2].
The design controls the shape of the blades so there
needs to be a precise appreciation of the decisive fac-
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tors of the shape. Inverse design method, contrary to
traditional designing methods, repeatedly designs a
shape that meets the operational conditions and re-
quired functions and returns the designing result of
the blade shape information [3-5]. In the inverse de-
sign method, blade loading is directly controlled to
select the shape; therefore it is possible to reduce the
time used for design modifications. Typical applica-
tions of inverse design method are pump design and
shape modification [6]. In that research, the pump
performance was improved by using the inverse de-
sign method in modifying an uneven flow field,
which has been pointed out as a problem in past
analyses on the shape. In axial fans, there exists a case
where the inverse design method was used to change
the blade loading distribution in designing a shape
that successfully reduces noise [7].

In this study, an axial fan was designed by the in-
verse design method. The designed blade shape was
put to CFD (computational fluid dynamics) for per-
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formance prediction. The DOE (design of experi-
ments) method was used to analyze the effects of the
designing parameters on the functionality of the fan.
A RP (rapid prototype) was created on the design
center shape to analyze the difference between nu-
merical analysis and actual operating conditions, and
the performance was measured with fan testers. The
optimum design of the blade shape was obtained with
parameters screened with the DOE method.

2. Design process

The designing procedures are as shown in Fig. 1.
When the design specifications are decided, the valid-
ity is examined through theoretical analysis. The pa-
rameters for the inverse design program are decided
for parameter screening, and the testing set is de-
signed by DOE. The testing set is applied to the in-
verse design program to decide the shape, and CFD is
used to predict the performance. The predicted results
from CFD are analyzed by DOE to be applied in pa-
rameter screening for optimum design. The results are
put through RSM (response surface method) for op-
timum designing, and the final shape is selected to
satisfy the designing objectives. TURBOdesign-1, a
commercial program for inverse designing, was used
along with ANSYS CFX-11 for CFD and MINITAB
R14 for DOE.

3. Design specification

In a fan-applicable system, whether the fan meets
the functional requirements is the reference for over-
all performance and safety level of the system. There-
fore a theoretical reasoning process on the functional
requirements of the fan must be carried out first. The
subject is a cooling fan for the condenser of vapor
compression cooling system; 120 (W)x120 (L) mm
in size, 57% hub-tip ratio, 4 m’/min (CMM) of design
volume flow rate, 100 Pa pressure. The basic shapes
of conventional turbomachinery are decided by the
size and its functional requirements, and the subject is
a conventional propeller type [8]. Research on com-
mercial fans which meet the design requirements
showed that compared to conventional fans of the
same size, they are of higher pressure per flow rate,
with 6000 RPM and 65 dBA noise level. Considering
the fact that the subject fan is used for a computer
cooling system, the noise becomes a problem. There-
fore the designing object was set to design a highly
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Fig. 1. Design procedure.

functional and efficient fan at the same RPM rate of
commercial fans, and to reduce the number of revolu-
tions to meet the functional requirements.

4. Inverse design parameters

In the inverse design method, loading distribution
on the blades is modified to meet the required per-
formance rate in deciding the fan shape [9]. However,
this method is not merely about inputting desired
designing conditions perfectly to get a desired opti-
mum design. It controls the overall designing direc-
tion in loading on the blades, therefore making it eas-
ier to predict or control the outcome compared to
traditional designing methods. Therefore the quality
and efficiency of the design is improved by influence
analysis on the parameters that could have influence
on shaping the fan.

The designing parameters and variable range
shown in Table 1 are largely divided into meridional
shapes and blade loading distributions. In meridional
shapes, the position of axial directions of hub and
shroud are changed in the leading edge (LE) and trail-
ing edge (TE). The blade loading distribution is di-
vided into spanwise and streamwise distribution. In
the case of spanwise distribution, it was expressed by
the blade loading slopes of hub and shroud at TE
(rVt_slope). Fig. 2 displays midspan and shroud, the
starting and ending points of the straight part (NC and
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Table 1. List of design parameters and range of variation.

Design parameter Variable range | Base value
Meridional parameter
LE hub 0-2.5
LE shr 0-2.5 0
TE_hub 22.5-25 25
TE shr 22.5-25 25
Blade loading parameter
rVt_slope +20% 0
hub_slope +20% -0.87
hub LE load +20% 0.32
mid_slope +20% -0.9
mid_LE load +20% 0.28
shr_slope +20% -1
shr LE load +20% 0.22
stacking +20% 25
“““ e
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Load-
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b
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NC
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Fig. 2. Blade loading distribution in streamwise distribution

[9].

ND), and the slope of the straight part. The research
results on inverse design of box fans which are of a
similar specific speed range, were used for distribu-
tional reference of blade loading in a streamwise di-
rection [7]. NC and ND are fixed in the distribution,
and the loads on LE of hub, midspan and shroud were
selected as parameters, along with the slope of the
straight part. Stacking, which is an important parame-
ter in traditional axial fan design, was also included as
a parameter.

5. Sereening DOE

Parameter screening is an important step in judging
the influence level of parameters at an early stage of
design. To analyze the influence of the 12 design
parameters shown in Table 1 on overall performance,
the parameter range was changed to 2k level; in this
case, 4096 probability cases exist. However, DOE
can notably decrease the number with a bit of as-

Fig. 3. Numerical anlysis domain.

sumption. This study applied 2k fractional factorial
design, with 32 design sets of resolution level 4 [10].
The Y-value is the reference for analyzing the results
in examining the influence of parameters. Standard
values in fan functionality include static pressure rise
and efficiency at the design flow rate.

6. Inverse design and CFD

The design parameter set decided by DOE were in-
serted into the inverse design program to get a con-
verged shape. The designed shape is transformed into
the input value for turbomachinery specific grid gen-
erator (ANSYS CFX-TurboGrid v11); 80,000 struc-
tured grids were created for analysis.

Numerical analysis was carried out by ANSYS
CFX-11, a commercial CFD code. The numerical
domain included only the fluid flow regimes with one
blade while taking periodic condition into considera-
tion, as shown in Fig. 3. In the entrance and the exit,
the meridional planes are extended in the axial direc-
tion. Atmospheric pressure conditions were applied to
the entrance, and mass flow conditions to the exit.
The blade and hub are set to rotating wall condition,
and the stationary shroud to non-rotating wall condi-
tion. The tip clearance between the rotating blade and
case was not taken into consideration. Rises in static
pressure and static efficiency at the flow rate of de-
sign conditions were calculated from the numerical
analysis results, and were used as the Y-value of DOE.

7. Results of screening DOE

The main effect plotting for rises in static pressure
and static efficiency due to parameter changes is
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shown in Figs. 4 and 5. Except for the parameter re-
lated to the position of the shroud in the meridional
side of the TE (TE _shr), the effect of changes in pa-
rameter on the Y-value is generally similar. In the
screening stage, verification of the parameter selec-
tion and range through the initial analysis results is
necessary. Since there exists a parameter which has a
large effect on the performance and it has an increas-
ing or decreasing tendency in the range, the parameter
selection and range are deemed appropriate.
Analyzing the results shows that the effect of the
rVt_slope was comparatively the largest for rise in
static pressure, followed by mid_slope and shr_slope.
In the case of static efficiency, mid_slope, shr_slope
and LE shr are large influences. Meridional shape-
related LE hub, LE shr, TE hub and TE shr are
more influential to the rise in static efficiency than
static pressure. In the meridional shape, a smaller-size,
high-efficiency-oriented approach can be used. In
blade loading distribution analysis, rVt slope at TE
displayed a large influence, and the hub side blade
loading is better than shroud side blade loading in
static pressure rise and static efficiency. At 57% hub-
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Fig. 4. Main effects plot for static pressure rise.
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Fig. 5. Main effects plot for static efficiency.

tip ratio, the blade loading distribution of the midspan
is relatively important; it is shown in the parameters
related to the blade loading distribution in streamwise
distribution. This contradicts designing results of the
traditional method where the blade shape distribution
of hub and shroud are smoothly connected, and it has
been introduced in pump designs. The influence of
the parameter was decided by result analysis, and
from that the parameters for optimum design were
selected. rVt slope, mid slope and shr slope are
selected as the optimum design parameters, and other
parameters were fixed in consideration of pressure
increase and efficiency.

8. Optimization

Optimum design parameters were selected through
parameter screening, and design set was chosen
through RSM. A 3-parameter central composite
method from response surface method was used and
the cube model (CCC, central composite circum-
scribed) was applied [11]. The cube model, in the
case of the 3-parameter method, is where the parame-
ter ranges are the vertexes of a hexahedron, and the
range is increased until the circumscribed sphere
meets the axis. The overall design set consists of 20,
including 5 sets of repeated central values. The set
inserts the parameter values into the inverse design
program in the same manner of screening DOE, then
calculates the Y-value through CFD. The BEP (best
efficiency point) flow rate was added to the Y-value
to design the highest efficiency at design condition,
along with rises in static pressure and static effi-

Optimal Vi_slop mid_slop shr_slop
47,0448 0. 8609 0,./070
Cur | [-23.7520] [-1.1486] [-0.7070]
0.76985 1o | -42,0448 -1.2091 -0.9930
drss || N |
Maimum ™,
y = 143.4096
d = 1.0000
| AT [
eta s Q4 ¢ - i ——
Meximum / A
y=67.0264 |/ \
d=045627 |
Q. eta s i I
Maximum ™
y = 3.8000 N
d =1.0000

Fig. 6. Result of optimum design.
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ciency; the result is shown in Fig. 6.

When multiple Y-values exist, it is difficult to carry
out optimum design which meets the requirements of
all values. If this is the case, weighted value is added
to the Y-value. In this study, not only functionality
but also noise is an important issue, so the number of
revolutions was decreased to aim for noise reduction.
For the final Y-value, the rise in static pressure and
the flow rate of BEP was set to the maximum for
RSM design set, and a midpoint value for static effi-
ciency. The weighted values for the Y-value were
applied in the order of: rise of static pressure, effi-
ciency maintenance, and flow rate at BEP. In the
optimum design results of Fig. 6, the two parameters
excluding shr_slope show a curve effect. This can be
interpreted as having an optimum value. The overall
desirability level at optimum design results is 0.76985
and the static pressure rise and BEP flow rate are both
satisfactory, with the exception of efficiency. How-
ever in the case of desirability, although it is a refer-
ence for the satisfactory level of design requirements,
a subjective opinion of the designer can be included
depending upon the characteristic of the Y-value.
Therefore it is important to decide whether the de-
signing requirements have met an appropriate level
compared to the standardized value.

The design optimization result was compared with
initial reference value (screening DOE) and the result
from RSM reference value, and is shown in Table 2.
The relative comparison of the midpoint value result
of screening DOE was added to the result of
RSM_optimum. The optimum design result slightly
decreases in efficiency, but raises the static pressure
by 28.2%. Considering that the fan outside diameter,
hub-tip ratio, axial direction length and number of
revolutions are all the same, it is considered that an
optimum blade that meets the design requirements
was designed in this study.

9. Fan test and loss analysis

The loss of axial fans differs according to the flow-
ing pattern of the applied system. The functionality
and sound level change is dependant on whether the
entrance and exit of axial fan is open, the flowing Fan
test and loss analysis pattern of the entrance, and the
position of motor support [12, 13]. In this study, the
influences of entrance and exit, flow pattern of the
entrance, and the tip clearance between the blade and
case was not taken into consideration in the optimiza-

tion process. Therefore it is necessary to analyze the
level of functional decrease to reflect on the design
modification. Conventional fan motors which dis-
played a similar level of performance were used.

Midpoint value of RSM was used to build an axial
fan, and its performance was measured. (Fig. 7) 3-
dimensional modeling information provided by the
inverse design program was used in forming the
shapes of the blades, and the case was built in a cy-
lindrical shape with 1 mm of gap between the blade
tip and case in the radial direction.

The fan testing results are compared with results
from the CFD in Fig. 8. The original results of fan test
showed a change in the rotating speed of the fan due

Table 2. Comparison of overall performance in the case of
DOE center, RSM center and optimum design.

Case dPs Q4 eta s Q4 | Q eta s max
(Pa) (%) (CMM)
Sereening DOE | ¢79 67.94 3.65
center
RSM center 136.594 68.06 373
‘ 143.409 67.03 38
RSMoptimum. | g 200 | (213%) (+4.1%)

Fig. 7. Photograph of fan test.
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to the motor characteristics, so it was normalized to
match the rotating speed in the CFD as 6000 RPM.
The overall performance curve shows similar patterns
in slope, but a large difference exists in the flow rate
at design conditions. The difference between the test
and CFD results can be explained by the loss oc-
curred. The flow field of CFD is a duct type where
entrance and exit parts are extended, and it was as-
sumed that the inflow in was uniform velocity.

However, in test case, the entrance is of sudden
contraction type and the exit is of sudden expansion
type, as shown in Fig. 7. In this case loss occurred at
the entrance and exit areas, and theoretically a de-
crease in pressure of about 110 Pa can be expected
[14]. For a precise analysis, the blades were removed,
and then the fluid-induced pressure decreases in the
hub and case were measured. Test results show that
about 138 Pa of decrease in pressure occurred, and
this exactly matches the gap between the testing and
numerical analysis results from the flow rate at design
conditions.

The directions for design modifications were con-
firmed through the fan test on RSM design model and
loss analysis. Examination of design requirements
with regards to flow loss at the initial design stage
must be preceded for a precise design. There also
needs to be a case design to minimize flow loss.

10. Conclusion

This study introduced an inverse design method to
design an axial fan. In order to analyze the influence
of the shaping parameters on the overall performance,
the design set was decided with DOE, and the per-
formances of each designed shape were assessed by
CFD. The influence level of parameters was analyzed
to select parameters for optimum design, and the op-
timization was carried out through RSM. As a result,
the static pressure was raised by 28.2% and the effi-
ciency decreased by 1.3%, compared to the reference
value at the initial parameter-screening stage. The
flow loss in the entrance and exit areas should be
taken into consideration in designing fans through a
fan test on RSM design-based model and loss analy-
sis, and the design optimization of a case that mini-
mizes the flow loss is required as well.
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