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SUMMARY

In order to clarify the influence of rotating staiéll on the properties of a forward
curved fan, we experimentally estimated the aeradya characteristics and noise of
the two different fans. At the front shroud of tfeeward curved fan without shroud

(MF9), the rotating stall cells formed due to tHade tip leakage vortex. The cells
formed the pseudo blades in the circumferentiagéation of the impeller. The fan

having impeller with shroud (MF9S) hardly formect tiotating stall cells. From these
results, the broadband noise level of MF9S in tve frequency domain became large
than that of the MF9 at the vicinity of the rotatifiequency of the rotating stall cell.

INTRODUCTION

The contained in architectural materials such amdétdehyde (formalin) caused serious problem on
the human body since a lot of house is construeitdthe tightly airtight. This is an issue which i
called as “Sick House Syndrome”. Depending on gingblem, Japanese Government revised the
building code in 2003 [1]. The setup of the equipitrtbat can be ventilated through 24 hours was
obligated to the house newly constructed. For sueentilation system, a forward curved fan is
often applied. Thus, it became necessary not anigdrease fan efficiency but also to decrease fan
noise in order to ensure a comfortable living emvinent. When such a ventilation system is
developed, reduction of the fan noise becomes nteghinical issue.

The fan noise is roughly categorized to the broadb@ise and the discrete frequency noise which
is interaction between the wake of the impeller tredtongue in the diffuser. Datong et al. cladfie
that the optimization of the shape of the tongue tdrward curved fan can not only control the fan
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noise but also expand the effective operation p@@jt Suarez et al. pointed out that the
optimization of the geometry of the tongue is effexfor decreasing the fan noise [3-5]. Ohta et al
[6] implied that the intensity of the noise soumas estimated by the quasi-steady model; in the
model, the wake of the blade impinges to the tonguerder to predict the acoustic pressure in the
far field, Younsi et al. [7] applied the unsteadtynf variables provided by the CFD calculations as
inputs in the Ffowcs Williams-Hawkings equation$. [8s results of the prediction, the discrete
frequency noise agreed well with the measured reis®. These previous studies were analysis for
the discrete frequency noise in the blade passegyéncy.

On the other hand, Longhouse presented the effabiecoptimization of the shroud for the noise
reduction [9]. However, the experimental studyha broadband noise of the forward curved fan, in
particular, there is little study on the influenaiethe front shroud on the improvement of the fan
performance. Therefore, in this study, we expertalgnestimate the influence of the shroud on the
aerodynamic characteristics and noise of a forwanmbed fan. Based on the actual measured
characteristics and the numerical simulation ofititernal flow, the influence of the rotating stall
cell on the broadband noise is discussed.

EXPERIMENTAL SETUP

The test impeller is shown in Figure 1 and its ndimensions are summarized in Table 1. These
impellers are the forward curved centrifugal typee two dimensional forward curved blade is

employed for the impeller of the fan. The diametérthe impellers is 125 mm, the number of

blades is 40; the span length is 50 mm. In theofahg explanation, the fans with shroud and

without shroud are referred to as MF9 and MF9)eetsvely.

(a) MF9 (b) MF9S
Figure 1: Test impeller

Table 1: Main dimensions of the test impeller

Impeller MF9 MF9S
Diameter D (mm) 125

Chord Length C (mm) 9

Number of Blades Z 40

Span Length b (mm) 50

Shroud without shrou{j with shroud

The experimental apparatus used for measuringetaggnamic characteristics of the fan is shown
in Figure 2. The static pressure was measureckiplgmum chamber, which has dimensions of 500
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mm x 500 mmx 900 mm. The normalized aerodynamicaderistics of the fan are defined as
Equation (1).
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wherey is the static pressure coefficieptjs the flow coefficient) is the power coefficient, ang

is the efficiency. The rotational speed was se2800 rpm. The noise was measured using a noise
level meter (ONO SOKKI, LA4350) at an observatiaring that was 1.0 m above the bell mouth
and situated along the axis of the motor. The nd&a were input to FFT analyzer (ONO SOKKI,
CF5210) to evaluate the noise spectrum. When thenfése is measured in this experiment, the
subsidiary fan is detached from this experimengals. At this time, the flow rate of the fan is
adjusted based on the static pressure charaatsristthe fan exit measured beforehand.

1.0m

' Impeller Orifice Subsidiary Fan
I Static Pressure Tap \

Chamber; 500 x 500 % 900 \ O
Honeycomb

Figure 2: Experimental apparatus

Outlet (Ps = 0 Pa)

Inlet (Q=constant)

Casing

Impeller i
(a) CAD model (b) 2 dimensional mesh of the fan

Figure 3: Model for the numerical simulation

The three-dimensional model of the fan for the G§Bhown in Figure 3. Figure 3 (a) is the CAD
model and Figure 3 (b) is the two-dimensional daliton mesh. The representative length of the
impeller and the diffuser is modeled equivalentiyhe actual system. The 500 mm x500 mm x 500
mm chamber was attached to the outlet of the d@iffuifhe CFD code of SCRYU/Tetra produced
by Software Cradle Co., Ltd. was used for the nucaésimulations. Approximately 4.5 million
grid elements were employed to solve the entiréeaaty flow field of the fan. A constant flow rate
was set at the inlet boundary of the model; theoapheric pressure (0 Pa) was given to the outlet
side. For the initial condition of the numericamsilation, the steady turbulent flow field was
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calculated by standard &kmodel in advance. Then, the unsteady flow fiel¢atculated by the
LES; the turbulent flow field is developed in theration as five times rotation of the impeller.

RESULTS AND DISCUSSION

The aerodynamic characteristics of the fan are ewatpin Figure 4. The pressure of MF9S which
is the fan with the shroud becomes higher than N« the wide flow rate domain. The pressure
rise of MF9S improves the efficiency at the maximafficiency point ¢ = 0.15) 1.6% than the
pressure of MF9. The pressure coefficient analyagdhe numerical simulation at = 0.1 and

¢ = 0.15 agreed well with the measured pressurd.leve
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Figure 4: Aerodynamic characteristics
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Figure 5: Noise characteristics

In Figure 5, the noise characteristics of two farescompared. The circular dots are the noise;level
the triangle dots are the specific noise level.cBjenoise is a characteristic that is relatedhe
aerodynamic characteristics of the fan and itsent@sel. The specific noise level means the noise
level per the unit flow rate and per the unit tqegssure. When the level of the specific noisellev
becomes small, the fan is regarded to as comprisfebnexcellent. The noise characteristics
indicate that the MF9S becomes larger than thatthef MF9 without shroud. The both
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characteristics increase the noise level approxiydtom ¢ = 0.1 to 0.2. We do not discuss the
characteristics within present study because tlaeackeristics may be caused by the BPF noise.
The specific noise level of MF9S becomes small t&® in the domain of the high flow rate than
that of the maximum efficiency point. These resutidicate the comprehensive characteristics of
the MF9S are improved in the high flow rate domain.

In Figure 6, the two noise spectra at flow rateffoient ¢ = 0.1 are compared. The overall noise
level of MF9S becomes 1 dB(A) large than that ofaVFhe difference of the noise level occurred

in the vicinity of 200 Hz of the spectra.
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Figure 6: Spectrum distribution of the fan noise

(a) MF9S (b) MF9
Figure 7: Visualization on the aerodynamic sound source (z= 35 mm)

The distributions in the two-dimensional sectiontled source term of "Powell-Howe" visualized
by the numerical simulation are shown in Figurd e location of the analyzed section is 35 mm
from the rear shroud. Powell [10] studied the tle&oal sound sources in a flow field, and Howe
[11] mathematically expressed the sound sourcegaation (2).

°p, —c’0%p, = o div(@xd)
ot? a e )

where & is the vorticity vector andi is the velocity vector. The spatial distributiohtbe sound
source can be visualized by using the right-hadé sif Equation (2). In the both impellers, the
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strong noise sources are generated in the bladgageasin the case of MF9, the distribution of the
periodical aerodynamic noise source is not fornrethe wake, whereas, in the case of MF9, the
positive and negative noise source which is latigen that of blade pitch is alternately generated i
the wake.

In Figure 8, the velocity vector of the absolutéoegy around the impeller is shown. The position
of the section is same as Figure 7 (z = 35 mmihénvelocity distribution of MF9S, the distribution
of the uniform velocity which flows to the outwaisl formed. In the case of MF9, the velocity
becomes low speed at the location where the nasecs became neutral. Thus, the velocity
distribution does not become uniform. In this siatian, the time step for the calculation is defined
that the one pitch is divided into ten steps. Thsen the simulation iterates 100 steps, the bilade
moved into 10 pitches to circumferential directiblowever, the center of the stalled domain of the
velocity moved only four pitches of the blades aftee 100 steps. Therefore, these results indicate
that rotational speed of stalled domain may be 46f%otation of the impeller. Here, the stalled
domain in MF9 is named to as the rotating stall Géle rotating frequency of the rotating stalllcel
is defined as Equation (3).

f =N, Z, /60 3)

(a) MF9S (b) MF9

Figure 8: Velocity distribution in the 2-dimentional section (z= 35 mm)

where, thel\. is the rotation speed of rotating stall cell, fhds the number of rotating stall cell.
Since one developed rotating stall cell is formedhe six blades, the approximately seven cells
may be formed around the impeller. In this case rttating frequency of the cell becomes 130 Hz.
The rotating frequency exists in the vicinity oéduency band of the measured broadband noise
confirmed in Figure 6. In the case of MF9, the mmiform noise sources formed at the front
shroud side. These results imply that the broadbaoide level of MF9 in the low frequency
synchronized with the rotating frequency of theatioig stall cell becomes relatively small than that
of the MF9S.

The velocity vector in the meridian plane is shawkigure 9. Figure 9 (a) is the flow regime in the
section without the rotating stall cell (O-A sectim Figure 8); Figure 9 (b) is the flow regime in
the section with the rotating stall cell (O-B seatiin Figure 8). The main flow domain radiated
toward the outside is formed at the rear shroud; slte effective flow of a fan flows out from this
domain. In the flow regime of Fig. 9 (a), the vodli recirculation flow is formed at the front shdou
side. On the other hand, in the case Figure (B)rehirculation domain is expanded; the main flow
domain becomes narrow. The static pressure ofahdnicreases at the main flow domain. These
results imply that the static pressure of MF9 witating stall cell induces the pressure drop due t
the decrease of the main flow domain.
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(a) without the cell ( O - A section) (b) with the cell ( O - B section)
Figure 9: Velocity distribution in the meridian section

In Figure 10, the pressure distribution aroundithpeller of MF9 is shown. In the vicinity of the
front shroud side of the impeller, the vortical Igressure domain is formed. This low pressure
domain indicates the center of the tip leakageexoftom the pressure surface side to the suction
surface side. The outward flow is obstructed bylitzgle tip leakage flow; as results, the rotating
stall cell is formed. Moreover, the aerodynamicseasource due to the rotating stall becomes weak
because the flow stagnates at the same positiom these reasons, the noise level of MF9
becomes small than that of MF9S.

Figure 10: Pressure distribution around the impeller without the shroud ( MF9)
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CONCLUSIONS

At the front shroud of the forward curved fan withehroud, the rotating stall cells formed due
to the blade tip leakage vortex. The cell rotateth w0% rotation speed of the impeller, and
formed the pseudo seven blades in the circumfeeditiection of the impeller.

The fan having impeller with shroud (MF9S) hardbyrhis the rotating stall cells. The uniform
aerodynamic noise source was formed around thd &broud of the impeller. From these
results, the broadband noise level of MF9S in tive frequency domain became large than that
of the MF9 at the vicinity of the rotating frequgmaf the rotating stall cell.

The outward flow hardly formed due to the leakagdex at the blade tip side of MF9, so that
the main flow domain reduced. The static presstifdfe® with rotating stall cell induces the
pressure drop due to the decrease of the maindtomain.

The relation between the aerodynamic charactesisticl noise became the trade-off, however,
we clarified experimentally that the comprehensikaracteristics of the MF9S are improved in
the high flow rate domain.
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NOMENCLATURES

b; span length (mm)

BPF; Blade Passing Frequency

C; chord (mm)

c; speed of sound (m/s)

CAD; Computer Aided Design
CFD; Computational Fluid Dynamics
D; diameter of impeller (mm)

EFD; Experimental Fluid Dynamics
f; frequency (Hz)

FFT; Fast Fourier Transform

L; shaft power (W)

L,; sound pressure level (dB)

The sound pressure level is defined as the
following;

_ p’°
Lp = 10|Og(p—02J

where,p (Pa) is the sound pressupg,is the
lowest sound pressure (R@a).

La; noise level (dB (A))

The noise level is defined as the sound
pressure level corrected by the A-weighted
curve (see IE®1672.

Lsa; specific noise level (dB)

The specific noise level can estimate the total
performance of the fan; this level is defined as
the following equation.

Le, = L, +10l0g(QP? )+ 20
where,Q (m*min) is the flow rateP; (Pa) is
the total pressure of the fan.
LES; Large Eddy Simulation

N; rotation speed (rpm)

N; rotation speed of rotating cell
Ps, static pressure (Pa)

Pa; sound pressure (Pa)

Q: flow rate (n¥/min)

U; circumferential velocity (m/s)
Z; number of blades

Z:; number of rotation cell

z, axial direction distance (mm)

u: velocity vector (m/9)

w; vorticity vector (1/9)

¢; flow rate coefficient

ws, Static pressure coefficient
A; power coefficient

n; efficiency

p; density of air (kg/r)



