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Abstract

In order to apply the design method of diagonal flow fan based on axial flow design to the design of radial-outflow
type diagonal flow fan which has lower specific speed of 600-700 [min™, m*min, m], radial-outflow type diagonal
flow fan which specific speed was 670 [min™, m®min, m] was designed by a quasi three-dimensional design method.
Experimental investigations were conducted by fan characteristics test, flow surveys by a five-hole probe and a hot
wire probe. Fan characteristics test agreed well with the design values. In the flow survey at rotor outlet, the
characteristic region was observed. Two flow phenomena are considered as the cause of the characteristic region, one
is tip leakage vortex near rotor tip and another is pressure surface separation on the rotor blade.
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1. Introduction

A diagonal flow fan has intermediate characteristics between an axial fan and a centrifugal fan. Therefore, there are two
ways for the design method of diagonal flow fan, that is, one is the method based on axial flow design and another is the method
based on centrifugal flow design. About the design method based on axial flow design, Inoue et al. [1, 2] have proposed a quasi
three-dimensional design method of diagonal flow fans. In their method, a three-dimensional flow is divided into two two-
dimensional flows, i.e., one is a meridional flow and another is a blade-to-blade flow. In the blade-to-blade flow, the blade
profiles selected based on the experimental cascade data are corrected so as to consider the effect of a stream surface inclination
and a velocity change of axial flow. Modified NACAGB5 series carpet diagram [3] was adopted for the selection of blade element
in their study. This design method has been verified to be useful for the axial-outflow type diagonal flow fan which has high
specific speed around 1200-1600 [min?, m¥min, m]. Kaneko et al. [4] and Furukawa et al. [5] have shown the validity of this
design method for axial-outflow type diagonal flow fans which have large specific speed. Recently, Maeda et al. [6] and
Sawamura et al. [7] have shown that this design method is useful for the axial-outflow type mixed flow pumps of high specific
speed.

Nowadays, a combination of a centrifugal fan and a scroll is often used for industrial fans for the specific speed of 600-700
[min™t, m*min, m], due to its economical advantage, that is, it is inexpensive to manufacture them by metal sheets. On the other
hand, more efficient fans are expected by adopting a diagonal flow fan instead of a centrifugal fan because a diagonal flow fan can
be designed by utilizing the design method mentioned above which can attain higher efficiency than centrifugal flow fan.

The objective of this study is to apply the desigh method of diagonal flow fan based on axial flow design to the design of
radial-outflow type diagonal flow fan which has lower specific speed of 600-700 [min™, m*min, m]. The diagonal flow fan of
670 [min™!, m¥min, m] of specific speed was designed by using the quasi three-dimensional design method of Inoue et al. [1, 2].
In this paper, experimental investigations were conducted for fan characteristics, internal flow surveys by five-hole probe and hot
wire probe as well as the design of radial-outflow type diagonal flow fan.

2. Design of Diagonal Flow Fan

Table 1 shows the specifications of fan in this study. The inclination angles of hub and casing are comparably larger values
of 50 deg. and 45 deg. so as to fit the radial-outflow for scroll application.
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The quasi three-dimensional design method of Inoue et al. [1, 2] is used to design a diagonal flow fan. Figure 1 shows the
design procedure of blade element for a diagonal flow fan. Firstly, a meridional flow is calculated repeatedly so as to get the
equilibrium in the q direction (quasi normal direction to a meridional flow) by using Novak's procedure [8]. Figure 2 shows the
meridional streamlines calculated, where LE and TE show the leading edge and the trailing edge of rotor, respectively. Secondly,
calculated stream surfaces are transformed conformally and blade elements are selected by the experimental two-dimensional
cascade data. Modified NACAG5 series carpet diagram [3] is adopted for the selection of blade element. The blade profiles
selected are corrected so as to consider the effect of a stream surface inclination and a velocity change of axial flow. Finally, the
blade profiles corrected on the conformal plane are projected on the original stream surface. Figure 3 shows the perspective
views of rotor blade geometry.

3. Experimental Apparatus and Procedure

Figure 4 shows the experimental apparatus used in this study. The flow rate was controlled by setting the damper at
downstream of rotor flow. Six porosities are set for the dampers to vary the flow rate. The flow rate was measured by the inlet
nozzle. The total pressure increase was measured by a total pressure tube at downstream of rotor flow (Ps in Fig. 4). The
shaft torque was measured by a torque meter.

Figure 5 shows the outline of fan. In this study, the internal flow of diagonal flow fan without scroll was investigated so as to
suppose that the flow field is symmetry in terms of rotating axis, although the diagonal flow fan is designed for scroll type fan.
Therefore, the outflow of air is fully radial and symmetrical. The tip clearance of rotor is 0.75 mm.

The measurements of internal flow were conducted by using a five-hole probe and a hot wire probe. Both probes were
calibrated in advance. For the hot wire survey, phase locked values were measured by using phase-locked averaging technique

[9].

4. Experimental Results and Discussions

4.1 Fan characteristics

Figure 6 shows the characteristic curves of the test fan. Efficiency 7, energy coefficient w and power coefficient z are plotted
against flow coefficient ¢. These values are defined as follows.

¢= Q/(AUt) 1)
% =AP/(pUt2 /2) )
r=To/(pU Al2) 3)
n=g¢ylc (4)

where, A is the referential area and the reference velocity U, is defined by the speed of rotor at its tip.

For the curve of energy coefficient y, the experimental value agrees well with the design value at design flow rate, and the
stall characteristic region is very small in the low flow rate case. For the curve of efficiency 7, the profile around the design flow
rate is comparably flat and the maximum value of 7 is about 90 %. For the curve of power coefficient 7, the profile is almost
flat for wide range of flow rate, which is preferable for the motor specification.

The experimental result of fan characteristics shows that this diagonal flow fan has high performance and stable characteristics.

4.2 Flow survey results by using five-hole probe

Figure 7 and Fig. 8 show the flow survey results by using five-hole probe at rotor inlet and outlet. Fig. 7(a) and Fig. 8(a)
show the meridional velocity V., Fig. 7(b) and Fig. 8(b) show the tangential velocity V,and Fig. 7(c) and Fig. 8(c) show the total
pressure Py, respectively. In the figures, the radius r is normalized by the radii at hub r,, and at casing r¢, and the velocities are
normalized by the reference velocity U,.  The solid lines in the figures show the design values at design flow rate of ¢ =0.265.

In the meridional velocity distribution of Fig. 7(a), the values of V., decrease near the tip because of the boundary layer in the
inlet duct. In the tangential velocity distribution of Fig. 7(b), the values of V, is almost zero because of no pre-swirl in this fan.
In the total pressure distribution of Fig. 7(c), the values of Pt is almost zero, but the values of Py decrease near the tip because of
the boundary layer in the inlet duct. In the Figures 7(a), 7(b) and 7(c), the values at ¢ =0.276 almost agree with the design values.

In the meridional velocity distribution of Fig. 8(a), the values of Ve decrease both near the hub and near the tip. The
decrease near the hub is the effect of boundary layer along the hub and the decrease near the tip is considered as the effect of
blockage of the tip leakage vortex, which is because the aspect ratio is comparably low in this fan geometry. The values of V e
at ¢=0.276 almost agree with the design values at mid span. In the case of low flow rate, the values of V,, increase near the tip,
which shows that the flow pattern changes in the case of low flow rate.

In the tangential velocity distribution of Fig. 8(b), the values of V, largely increase near the tip, which is considered as the
effect of tip leakage vortex as well as Fig. 8(a). The values of V4 at ¢=0.276 almost agree with the design values at mid span.

In the total pressure distribution of Fig. 8(c), the values of Py are almost flat in the case of high flow rate, whereas the values of
P largely increase near the tip in the case of low flow rate, which is considered as the effect of tip leakage vortex as well as Fig.
8(a) and Fig. 8(b).
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4.3 Flow survey results by using hot wire probe

In order to investigate the blade-to-blade flow at rotor outlet, flow surveys were conducted by using a hot wire probe. Six
figures from Fig. 9 to Fig. 14 show contour maps of flow survey results at ¢=0.399 in Fig. 9, $=0.355 in Fig. 10, $=0.276 in Fig.
11, $=0.215 in Fig. 12, ¢=0.169 in Fig. 13 and ¢=0.139 in Fig. 14, respectively. In each figure, figure (a) shows the meridional
velocity Vi and figure (b) shows the tangential velocity V,, which are normalized by the reference velocity U,. The flow is
observed from downstream, the solid line shows the trailing edge of rotor blade, and the blade rotates clockwise in the figures, and
SS and PS mean the suction surface and the pressure surface of the rotor blade.

In the figures from Fig. 9 to Fig. 14, the location of the characteristic region in the circumferential direction, where the
meridional velocity decreases and the tangential velocity increases, can be clearly observed. The region where the meridional
velocity decreases and the tangential velocity increases is merely called the characteristic region in the following.

At ¢=0.276 in Fig. 11 which is near the design value of 0.265, the area of the characteristic region is the smallest among six
cases, and, the characteristic region locates almost at the center between the blades in the tip side. When the value of ¢ is
reduced, i.e., at ¢=0.215 in Fig. 12, at ¢=0.169 in Fig. 13 and at ¢=0.139 in Fig. 14, the area of the characteristic region spreads
circumferentially, and the location of the characteristic region moves toward the suction surface of the rotor blade in the tip side.
When the value of ¢ is increased, i.e., at ¢=0.355 in Fig. 10 and at ¢=0.399 in Fig. 9, the area of the characteristic region spreads
radially, and the location of the characteristic region moves toward the pressure surface of the rotor blade in the tip side.

The cause of the characteristic region is mainly considered as the tip leakage vortex of the rotor from in Fig.11 to in Fig.14.
But the pressure surface separation of the rotor blade can be considered as another cause of the characteristic region because the
area of the characteristic region become quite large over the full span in the case of high flow rate in Fig. 9 and in Fig. 10. The
detailed clarification of the flow phenomena causing the characteristic region should be further investigated both experimentally
and numerically.

5. Conclusion

Radial-outflow type diagonal flow fan which specific speed is 670 [min™, m*min, m] is designed by a quasi three-dimensional
design method. Experimental investigations were conducted by fan characteristics test, flow surveys by a five-hole probe and a
hot wire.  Conclusions are summarized as follows.

(1) Experimental results of fan characteristics test agree well with the fan specifications. Flow survey results by the five-hole
probe also show the agreement between the designed flow and the experimental flow results.

(2) In the measurement at rotor outlet by using five-hole probe, the decrease of the meridional velocity and the increase of the
tangential velocity are observed near the rotor tip.

(3) In the measurement at rotor outlet by using the hot wire probe, the location of the characteristic region in the
circumferential direction, where the meridional velocity decreases and the tangential velocity increases, can be clearly observed.

(4) The characteristic region locates almost at the center between the blades at the flow coefficient of 0.276. In the case of
low flow rate, the location of the characteristic region moves toward the suction surface of the rotor blade, whereas it moves
toward the pressure surface of the rotor blade in the case of high flow rate.

(5) The cause of the characteristic region is mainly considered as the tip leakage vortex of the rotor. But the pressure surface
separation is considered as another cause of it in the case of high flow rate.

(6) The detailed clarification of the flow phenomena causing the characteristic region should be further investigated both
experimentally and numerically. Casing wall unsteady pressure measurement around rotor is being investigated and steady,
three-dimensional Navier-Stokes numerical simulation is being conducted in order to clarify the flow structure in the characteristic
region.
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Nomenclature

A Reference area [m?] Viner Meridional velocity [m/s]
D, Casing diameter [m] Vo Tangential velocity [m/s]
Dy, Hub diameter [m]

AP Total pressure-rise [Pa] é Flow coefficient [-]

P; Total pressure [Pa] n Efficiency [-]

Q Volumetric flow rate [m®/s] o Density of air [kg/m’]

r Radius [m] T Power coefficient [-]

T Torque [Nm] o Angular velocity [1/s]

U, Reference velocity [m/s] v Energy coefficient [-]
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Table 1  Specifications of fan 200 ———————————
. I8
Energy coefficient, ¥ 0.647
(Total pressure) (1300Pa) 150 17 |
Flow coefficient, ® 0.265 16
(Flow rate) (0.805kg/s) i .
- - - n nr 3 #1«h T
Rotational speed, N 3600 min® £ 100 11 h
= I
Vortex pattern Free vortex =~ TE
Number of blades 6 I
Maximum blade c
Rotor Tip:5% , Hub:10% 50 | — \l E 7
thickness / chord B
Blade profile NACA65
Blockage factor 0.96 okni h
Inclination angle Casing:45° , Hub:50° | \ | |
Tip clearance 0.75 mm 0 50 100 150 200

Specific speed

(Type number)

670 [ min™,m*min,m]
(1.63)
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