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SUMMARY

Flow fields and aerodynamic noise in centrifugaisfaf air-conditioners were calculated by
large eddy simulation. The intended centrifugalsfavere two types and they had different
blade shapes. Calculations were implemented byyusinomputer, which is Japanese national
super computer. We compared 60 million grids (60Mjgand 500 million grids (500M-grid)
calculation results to investigate the influenceged resolution on the prediction accuracy. The
prediction accuracy of the aerodynamic noise byMs@8id was improved compared to 60M-
grid calculation results. The proper capturingle# streaks contributed to the improvement of
the prediction accuracy.

INTRODUCTION

Development of silent air-conditioners is one o tmost important requirements in recent life-
styles since the aerodynamic noise from fans adedion a large percentage of the overall noise
from air-conditioners. Therefore, the developmehsitent fans would contribute to reduce the
noise levels of air-conditioners.

Figure 1 shows a schematic structure of an indadraf an air-conditioner. The centrifugal fan has
a very complicated flow field near the bell moutidahe shroud. The centrifugal fans have been
mainly developed by using experimental methodsdiBtiens of aerodynamic noise were based on
estimates from static flow field characteristicdd aaxperimental coefficients [1]. However, it is
difficult to develop radically silent fans by usitigaditional methods any more. We therefore need
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new methods of predicting aerodynamic noise. Coatmtal fluid dynamics (CFD) is a powerful
tool for solving these needs. Many researchers hesently studied flow fields by using large eddy
simulation (LES) [2][3][4][5][6][7]. However, as faas we know there are few study cases about
high accurate prediction of aerodynamic noise bygusiore than 100 million grids.

The goal of our study was aimed at developing natad high accurate prediction of aerodynamic
noise. Flow fields and the aerodynamic noise indietrifugal fan for the indoor unit of the air-
conditioner were calculated by LES with the aimpoédicting fan performance and aerodynamic
noise in this study. We actually compared 60 milligrid [60M-grid] and 500 million grid
[500M-grid] calculation results to investigate thdluence of grid resolution on the prediction
accuracy.

METHOD OF NUMERICAL SIMULATION

Test fan

The centrifugal fan used in the indoor unit of @nditioner was intended in this study. As shown
in Figure 1, there is a heat exchanger outsidentpeller in the indoor unit of the air-conditioner.
The unit does not have a volute and outlet guidesaThe air enters from a grill and a filter. The
air passes the heat exchanger, and dischargedléarpaths.

Figure 2 shows the intended centrifugal fans. Titended centrifugal fans were two types, type-A
and type-B. They had different blade shapes andptaformances. The impeller diameter was
490 mm, and the number of blade was seven. TheAyja@ had inclined two-dimensional blades.
The type-B fan had three-dimensional blades. Th#cspressure rise of the type-B fan at the
specified flow rate was smaller than that of theetyA fan. The fan efficiency of the type-B fan was
higher than that of the type-A fan. The aerodynamoise of the type-B fan was almost the same as
that of the type-A fan. The fan had a bell moutkrtapped with a shroud of an impeller. As a result,
a leakage flow occurred between the bell mouththadshroud. The centrifugal fan therefore had a
very complicated flow field near the bell mouth @hd shroud.
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Figure 1: Schematic structure of an indoor uniaofair-conditioner
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Figure 2: The intended centrifugal fans
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Figure 3: Computational grid model

L arge eddy simulation

The numerical simulation code employed throughbet tES was called FrontFlow/blue (FFB),
which was developed by Kato et al. and successtidbd for several applications [3][4][5][7]. The
code was based on the finite element discretizatidittered incompressible continuity and Navier
Stokes equations. The dynamic Smagorinsky modelus@d as a sub-grid scale model.

The interaction between the rotating impeller ame $tationary parts was taken into account by
dynamically oversetting the grids from multiple rfras of reference [8]. Each grid part included
appropriate margins of overlap with their neighbgrigrid parts downstream and upstream. The
values for static pressure and velocity componigntse margin were interpolated in corresponding
neighboring elements at each time step.

Computational Conditions

Figure 3 shows a computational grid model. The grpental apparatus as shown in Figure 5 was
modeled. The heat exchanger was therefore not maddelthe computation. The computational
model consisted of three parts, i.e., the inlepahlier, and outlet parts. The impeller part waghim

rotating frame of reference. The inlet and the eiuyplarts were in the stationary frames. The grid
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was composed of hexahedral elements. An additijpipal was added to the end of the cylinder for
the outlet part to stabilize calculations.

In this study, we compared 60 million grids (60Meyrand 500 million grids (500M-grid)
calculation results to investigate the influenceyodl resolution on the prediction accuracy. Table
lists the number of grid elements. Figure 4 shdvesgdrids of blade surfaces of the 60M-grid. The
500M-grid was generated by refining the 60M-gridkBFsolver automatically divided twice the
element of the 60M-grid in each direction. The nembf grid elements of the 500M-grid was
therefore eight times as that of the 60M-grid. Jheof the 500M-grid was designed to be y+ = 6
on the blade surface. Figure 4 shows the grid searfd the impellers of the 60M-grid.

The calculation conditions of flow rate and rotatdbspeed were 22¥min and 570 rpm. The flow
rate of the 22 fimin was the specified flow rate of the air-cormfiér. The time increments were
2.57x10° second with 60M-grid calculation and 1:8° second with 500M-grid calculation.
These time increments corresponded to 4,096 tiepssind 8,192 time steps for one revolution of
the impeller. FFB used in the present study canutate stably when CFL (Courant-Friedrichs-
Lewy condition) was lower than 5. The time incretneas decided from this CFL restriction.

Table 1: The number of grid elements

Grid Domain Type-A Type-B
Inlet 846 720 844 976
. Impeller 55620014 | 63,086 716
60M-grid Outlet 4.385 664 4.407.936
Total 60,861,398 |  68,339.628
Inlet 6.773.760 6,759,808
i Impeller 445,032,112 504,693,728
500M-grid —— et 35085312 | 35,263 488
Total 486.891184| 546,717,024

(@) Type-Afan

(b) Type-B fan
Figure 4: The grid surface of the impellers of 8@M-grid
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Static pressure rise was monitored during calanatin the 60M-grid calculation, the converged
solution of static pressure rise was obtained dferevolutions. First, static condition calculatio
was implemented for 4 revolutions to initialize fil@wv field. Then, dynamic condition calculation
was done for 12 revolutions. The 500M-grid caldolatwas started by using the final flow field
data of the 60M-grid. The 500M-grid calculation wdsne for 6 revolutions. The 60M-grid
computational time for one revolution was abouth2@irs by using 512 cores of super technical
server, HITACHI SR16000. The 500M-grid was about BOurs by using 8,192 cores of
K computer, which is Japanese national super coantveloped for high performance computing.

The calculated results were sampled during 4 réwols of the impeller after the converged
solution. The required computational resources mvblutions calculation, which are obtained for
the product of cores and hours (i.e., core-hougye 40,960 core-hours in the 60M-grid and
655,360 core-hours in the 500M-grid. The data dbaites in three direction and static pressure
were stored during the calculation in each gridmelet. After the calculation, FFB solver
automatically outputs three flow field data, anraged data, a temporary data, and a root mean
square data.

Aerodynamic noise was calculated with Curle’s emuaf9] defined by the following equation (1).
Here,p is the instant densityy is the density in a uniform medium at rest, ani the sound speed.
X; is the observation point,is the distance between the observation pointth@gound source,is

the time, andn; is the outward normal vector on solid surf&8ep represents static pressure
fluctuations on solid surfac& The aerodynamic noise was calculated in the spoiet as
measured one, 1 m away from the impeller. The samdce was assumed to be acoustically
compact. We therefore estimated that the uppet lihthe frequency was 1,550 Hz, which was
decided from a pitch size of the blade.

1 x0
4r,’ r? ot

p=p, = [n pds (1)

We also considered influence of the size of theclhoe chamber room on the measured

aerodynamic noise. The 136 Hz corresponds to thgtheof two sound waves in the anechoic

chamber room size of 5 meters. The experimentahdquessure spectrums greater than 136 Hz
were therefore available in this paper. Accordinghe estimated frequency range was between
136 Hz and 1,550 Hz.

EXPERIMENTAL APPARATUS AND PROCEDURES

Fan Performance Test

Fan performance was measured to verify the cakdlaesults. Fan performance in this study
denoted the flow rate, static pressure rise, sipaftver, and aerodynamic noise. Figure 5
schematically shows the experimental apparatusnieasuring flow rate, static pressure rise, and
shaft power. We used a double chamber complied W8hB 8330, Japanese Industrial Standards
“Testing methods for turbo-fans.”

The measurement of aerodynamic noise was conductad anechoic chamber room at Hitachi

Research Laboratory. The sizes of the anechoic lbbamom were 5 meters long, 6 meters wide, 5
meters high. Figure 6 shows a photograph of measntof aerodynamic noise. A microphone

(B&K Type 4190) was placed 1 m away from the im@ellThe measurement accuracy of the sound
pressure spectrum was + 0.2 dB from specificatibrthe microphone. The elapsed time was

10 second. An Hanning window function was appliecal measured data sets to perform a fast
Fourier transform.
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M easur ements of Velocity Distributions

We measured time-averaged velocity distributiond aalocity fluctuations downstream of the
blade to verify the calculated results. The measbtiow rate and rotational speed were 2Zmin
and 570 rpm, which were the same as those for ladilcns.

The time-averaged velocity distributions were meadwvith 5-hole type pitot tube. Figure 7 shows
a photograph of measurement of the time-averagéatitae distributions and an illustration of
measurement points. The pitot tube was placed @Pd2mpeller diameteb. The pitot tube was
traversed along the axial direction. The pitot taleasurement accuracy was maximum + 9 % from
specification of differential pressure transmitter.

The velocity fluctuations were measured with agpet hotwire probe (KANOMAX, 0251R-T5).
Figure 8 shows a photograph of measurement of ¢herity fluctuations. Figure 7 (b) also shows
an illustration of measurement points. The hotwwir@bes were placed at 105 % and 120 % impeller
diameters, and were traversed along the axial tirec The hotwire probe was calibrated
previously with the range of measurement veloddgfore the measurement by the hotwire probe,
we checked the flow direction of the absolute vitles by using a tuft. When we measured the
absolute velocities, The hotwire probe was fixedha flow direction. The velocity fluctuations
were evaluated by the root mean square.

—
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—
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Figure 5: The experimental apparatus
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Figure 6: Photograph of measurement of aerodynamise
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Figure 8: Photograph of measurement of the veldtitgtuations.
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RESULTS AND DISCUSSION

Validity of Numerical Simulations

We compared calculated and experimental resultsagsessment of the LES quality, and to
investigate the influence of grid resolution on theediction accuracy. We evaluated the fan
performance, time-averaged velocity distributionspcity fluctuations, and aerodynamic noise of
the type-A fan. We also compared fan performanckagmodynamic noise of the type-B fan.

Figure 9 compares the fan performance. The shafepwas normalized by the experimental shaft
power at the calculated flow rate. The calculatiesults by the 60M-grid and the 500M-grid agreed
with the experimental results within the accuraty-00%. Figure 10 compared the time-averaged
velocity distributions of the type-A fan. The typefan had two dimensional inclined blades due to
constraints of production. There was therefore lmlocity region near the shroud, though the
compared 22 fifmin was the specified flow rate. The radial amugential velocities near the hub
were larger than those near the shroud.

The flow rate of blade-to-blade was larger than2Bert/min caused by the leakage flow through
the gap of the shroud and the bell mouth. In Fidixethe experimental averaged radial velocity of
3.1 m/s was therefore larger than the averagedlradiocity according t&€, = Q/(zDb) = (22/60)/
(rx0.49x0.09) = 2.6 m/s. Her® is the impeller diameter, afds the width of blade exit.

In Figure 10, the calculated radial and tangent&dbcities by the 500M-grid increased near the
shroud as compared to those by the 60M-grid. Magedtie calculated axial velocity by the 500M-
grid decreased as compared to that by the 60M-griee calculated time-averaged velocity
distributions by the 500M-grid therefore agreedlwéth the experimental results. Figure 10 (d)
also compares the absolute velocities measuretidopitot tube and the hotwire probe in order to
investigate the hot wire measurement accuracy.ekperimental results of the hot wire probe were
different from those of the pitot tube within + 8 %he error range of + 8 % was almost the same as
the measurement accuracy of pitot tube.

Figure 11 compares the velocity fluctuations of tiyyee-A fan. In Figure 11, the distribution of the
velocity fluctuation qualitatively captured thoutie calculated results were overestimated against
the experimental results. The calculated velocltctliations by the 500M-grid decreased as
compared to those by the 60M-grid. The calculatiocuracy by the 5S00M-grid was improved.

Figure 12(a) compares the aerodynamic noise oftype-A fan. The sound pressure spectrums
were evaluated by no frequency weighting chareasttesi, as called F-weighting, for comparison to
calculated results. The estimated range of frequemas from 136 Hz to 1,550 Hz. The
overestimations of the sound pressure levels néérHz with the 60M-grid calculation were
suppressed by the 500M-grid calculation. Moreotee, underestimations of the sound pressure
levels greater than 900 Hz were suppressed bydd&lfgyrid calculation.

Figure 12(b) compares the aerodynamic noise oftype-B fan. The calculated sound pressure
levels of the 60M-grid were overestimated. The waled sound pressure levels of the 500M-grid
agreed with the experimental results in the whalege of the measured data. The tendency of over
and under estimation of the type-B fan was diffefeom that of the type-A fan. The analysis of
this reason was future works.
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Figure 10: Comparison of the time-averaged velodigtributions of the type-A fan
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Figure 12: Comparison of the aerodynamic noiseheftype-A fan and the type-B fan

Streaks on Blade Surfaces

Figure 13 shows the instantaneous vortices onldeb. The vortices of the nearest element to the
surfaces were shown, and were normalized by thellerpdiameter and the peripheral velocity at
trailing edge. We confirmed that there were strdakang high values of vortices. The streak was a
vortex, which had a vortex core parallel to thewfldirection near the wall. The steak was
considered to be a representative source of aeantigmoise.

In both cases of the 60M-grid and the 500M-grid, seafirmed the some streaks on the blade
surface in span wise direction. The resolutionhef 500M-grid was twice as that of the 60Mgrid.
Size of streaks by the 500M-grid became smallem@ared in the circle mark X and Y, the 500M-
grid calculation actually captured finer streakarthhose of the 60M-grid. As a result, number of
captured streaks on the blade by 500M-grid incibase compared to those by 60M-grid. The
proper capturing of the streaks contributed to ithprovement of the prediction accuracy. We
therefore confirmed that high performance computimg K computer was effective for

improvement of the prediction of the aerodynamidseofor the centrifugal fan of the air-

conditioner.
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Figure 13: Instantaneous vortices on the blades

CONCLUSIONS

Flow fields and aerodynamic noise in the centrifuga for the indoor units of air-conditioners
were calculated by LES for predicting the fan perfance and aerodynamic noise in this study. We
compared 60 million grids (60M-grid) and 500 mitligrids (500M-grid) calculation results to
investigate the influence of grid resolution on thediction accuracy. The main results were
summarized as follows:

The fan performance and time-averaged velocityridigions agreed reasonably with the
experimental results and the distributions of vie&yoftuctuations were captured qualitatively, and
the over and under estimations of sound pressure thierefore suppressed by improving the grid
resolution from the 60M-grid to the 500M-grid.

The size of streak by the 500M-grid became smallee. number of captured streaks on the blade
by 500M-grid increased as compared to those by §@M-The proper capturing of the streaks
contributed to improvement of calculation resultse Yerefore confirmed that high performance
computing by K computer was effective for improvernef the prediction of the aerodynamic
noise for the centrifugal fan of the air-conditioner.
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NOMENCLATURE
LES Large Eddy Simulation C Radial velocity [m/s]
FFB FrontFlow/blue (o Tangential velocity [m/s]
CFL Courant-Friedrichs-Lewy condition C; Axial velocity [m/s]

Cmag Absolute velocity fluctuation [m/s]
C Absolute velocity [m/s]



