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SUMMARY

The investigations of the noise of two types ofdestial air conditioners, the up side blow-out

outdoor units and the front side blow-out outdomitas are presented in this paper. Heat
exchanger and associated rotor are the main phtte studies. Aerodynamic performance is

measured to evaluate the effect of changing strecize upon the flow rate and the results are
used as the boundary condition for CFD simulatibhen a developing program based on
vortex shedding noise model and CFD results ig bpilto predict the broadband noise level of
outdoor unit. The relationship between the strctize and noise radiation level of outdoor

unit is established. The results of the noise ptadi program agree well with the experiments

with small difference, and the program demonstratemeeting the demand of engineering

application for design the size of outdoor unitody.

INTRODUCTION

The noise produced by an outdoor air conditioninig could be caused by a few of mechanical and
aerodynamic sources, including the vibration ofictires, motor noise, fan noise and fluid-solid
noise, such as the interaction between flow andirgpagoil, tubes and grilles. The vibration of the
structures, such as compressor and shell vibradiod,motor noise can be reduced to a lower level
according to advanced technique of manufacture.yMawestigations have shown that the main
noise source of the outdoor unit is aeroacousticded by the air flod?. Recently, the market
shows a demanding of quieter outdoor air conditignunit. The stringent noise radiation
requirement from the air conditioning has driventasinvestigate the noise source and noise
radiation regulations of the outdoor unit experitaly and numerically, and to develop an
effective method in predicting aerodynamic nois¢hef outdoor unit. The heat exchanger and axial
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flow fan with partly-ducted type bellmouth are thmain sources of affecting the internal flow of
outdoor unit. Due to the complex internal flow afitdoor unit, the flow interaction between
rotating fan and other static parts will not onlffeat the aerodynamic and heat transfer
performance, but also increase noise radiationl.ldtvevas found that noise level correlated with
internal flow, which was a function of the stru@wizes of outdoor unit.

It is well known that the main aerodynamic noisarses of outdoor unit come from interactions of
inlet turbulence, tip leakage vortex, vortex shagdirom impeller blade and outlet grille. Crocker
2 measured the noise of a residential air conditiamet with a two-microphone sound intensity
probe to identify the noise sources from the irdghaust and cabinet. Care was taken with the unit
to separate the inlet and exhaust noise from tisemradiated from the cabinet. Measurements and
subjective studies showed that the low frequenayndowas predominantly radiated from the
exhaust and inlet. Cafd studied the aerodynamic noise of fan system iestah an engine
cooling module. It was shown that the inlet turlmgle would increase discrete noise, as well as
trailing edge shedding vortex increasing broadbanie. Jiang and TiaH! investigated the
relationship between air flow field and aerodynamaise of a certain outdoor unit. Tip vortex
patterns were measured by Particle Image Velocymdtrwas shown that the tip vortex was
generated from blade suction surface, and the femba intensity would increase aerodynamic
noise of outdoor unit. ZKW investigated the flow field and noise performamdesplit-type air
conditioner using Fluefitsoftware, but the noise pressure level could rotdiculated. Tiaff! has
studied the possible noise source of a front sldevdout outdoor unit, including inlet turbulence
noise and vortex shedding noise, and developedrdiit noise prediction modédts different noise
sources.

Above investigations have pointed out the mainenasurces of outdoor units, and modified noise
prediction model was focused on a certain outdodt Where are few studies on the adaptability of
noise prediction model and the effect of structires to the noise level of outdoor unit. Flowdiel
of outdoor unit is a function of structure desigrich would affect the aerodynamic performance
of outdoor unit, as well as the overall sound presdevel. Hu'" simulated the flow field in the
outdoor unit to analyze the influence of deflectingg to the noise generation. The relative
turbulent intensities were computed to investighte effect of the width of the ring on the noise.
The computation and experiment showed that theranioptimal width of the deflecting ring
corresponding to the minimum noise. There are nwhgr parts in the outdoor unit, which affect
the performance. So the study on the effect ofcire sizes to the aerodynamic and aeroacoustic
performance is necessary.

As for the noise generation in a low speed axialifaoutdoor unit, the force fluctuations over the
rotor blade are expected to be the major sourcemisk. Sharland derived a rule that sound
power due to the lift fluctuation of a compact platould be expressed as a function of the
correlation between the pressure fluctuations erpthte. Measurements gave a fair agreement with
estimation for an isolated plate under differentflconditions. Based on Sharland’s work, Fukano
311 developed a very simple but physically reasonaiseel to estimate vortex shedding noise. In
this theory, the noise source is assumed to bdifthepefficient variation produced by the local
vortex shedding and the noise level varies as itttk power of the trailing edge velocity with a
length scale taken to be the thickness of the vsaleel from the trailing edge. Many investigations
have used this model to predict the broadband radisetating axial fans. The key point for this
theory is the fluctuating force on the rotating dela Lee™ presented an analytical model for
predicting the vortex shedding noise generated ttuenwake of axial flow fan blades. In his model,
the wake model for the Karman Vortex Street and tirfoil theory were incorporated, and the
results compared well with the experiments. Maal8dtbrought forward an aeroacoustic approach
to predictthe tonal noise using the Ffowcs Williams and Hangki (FW-H) equation. The sources
of noise are located initially on the blade surfaghich reduce fluctuating forces. And the forces
are used to predict the tonal noise radiated byathén far field by means of the FW-H equation.
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In present study, the noise levels of outdoor witih fourteen different sizes have been investigate
by numerical simulation. Based on noise generati@thanism, a corrected program has been
developed to predict the broadband noise levelguSiRD results. Through the predict results, the
effect of the structure sizes of outdoor unit te tioise level is obvious, and the results coul@ be
reference for the design of outdoor units of aimditoning.

RESEARCH OBJECTS

In present study, the up side blow-out outdoorsuaitd the front side blow-out outdoor units are
investigated, both of which include a front leamaéxotor, a bellmouth, heat exchanger and shell.
Different sizes of outdoor unit are built up acdogdto changing the main parameters of the
outdoor units, and the main parameters are siggad, kb1 to L5, as shown in Fig. 1 and Fig. 2.
Through changing these parameters, seven diffaigas are obtained for each outdoor unit, as
shown in Table 1 and Table 2.
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Fig. 1 Up side blow-out outdoor unit model
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Fig. 2 Front side blow-out outdoor unit model

Table 1 Size of different cases of up side blowsatdoor units

Cases Parameters
Base Model Casel H L1 L2
Change Case?2 80 %H L1 L2
height H  —Case3” 60 %H L1 L2
Change Case4 H 61.5 %L1 L2
distance L1 ~ case5 H 23.1 %L1 L2
Change Caseb H L1 61.5%L2
distance L2 ~cage7 H L1 23.1%L2

Table 2 Size of different cases of front side bbdeaveutdoor units

Cases Parameters
Base Model Case8 L3 L4 L5
Change Case9 50 %L3 L4 L5
thickness L3 ~case10 150 %L3 L4 L5
Change Casell L3 61.5 %L4 L5
distance L4 T czg5e12 L3 23.1 %L4 L5
Change Casel3 L3 L4 61.5%L5
distance L5 T Case14 L3 L4 23.1%L5
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Aerodynamic experiments were carried out and thasom@d volume flow rates vs. rotor speed
curves were adopted in CFD simulation as boundanglition, as shown in Fig. 3 and Fig. 4. For
up side blow-out outdoor units, with decrease ef hieight H of outdoor units there was apparent
decrease of flux rates by 3.4 % and 8.2 % for Qagrd Case 3 compared to Case 1 respectively.
With decrease of space L1 and L2, flux rates irsmddirst and then decreased for Case4 to Case7.
However, the difference compared to Case 1 wastdb&1%, that is to say there is little change on
flow rate with decrease of L1 and L2. For frontesiolow-out outdoor units, it was found that a
large difference exists in changing of thicknessoE Bieat exchanger. Flow rate increased 8.1 % by
reducing the thickness L3 of heat exchanger. Oncth@rary, flow rate decreased 4.1 % by
increasing the thickness L3. Little change of flate was observed with the decrease of space of

L4 and L5.
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Fig. 4 Aerodynamic performance of front side blaw-outdoor units

CFD SIMULATIONS

The hybrid method, i.e. CFD plus acoustic analdggoty, is used to calculate the aerodynamic
noise. The noise source would be calculated on @lgform, and then the results were introduced
to Lighhill’'s acoustic analogy theory to computee tAcoustic far field. In this investigation,
commercial CFD solver Fluehtis used to simulate the incompressible viscousulence flow
field of outdoor units. The second-order accurgiwind differencing format for the convection
terms is adopted, as well as the second-order acguior the viscous terms. Standake:
turbulence model is used. The measured volume ffidevis specified for the inlet, and turbulence
intensity and the characteristic length scale nreakshy hot wire anemometer are set for the inlet.
At the outlet, a zero normal gradient for all fleariables except the pressure is applied. Thetoutle
velocity is corrected to conserve the overall masance. No-slip condition is applied on the solid
wall. For the heat exchanger, the porous medium @me$sure drop models obtained from
experimental results are used. The convergenaiortrequires that the scaled residuals decrease
to 107 for all equations.
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The whole computational domain of outdoor unit i®wn in Fig.5, which is divided into three
parts: inlet region, outlet region and outdoor umiduding rotor, heat exchanger and shell. In orde
to achieve reasonable numerical accuracy, The amet outlet region have been extended by 4

m*3.5 m*2.5 m in length, width and height for therit side blow-out outdoor unit, and 4.5 m*3.5
m*3 m for the up side blow-out outdoor unit.

front side blow-out outdoor unit up side blow-outdoor unit

Fig. 5 Whole computational domain

Unstructured tetrahedral grids are adopted fofuhdield of outdoor unit. The whole grid numbers
of front side blow-out outdoor unit and up sidevilout outdoor unit are more than 4 million. In
order to simulate wall boundary layers more acelyathree layers of prism grids are generated at
the surfaces of axial fan blades, the mesh numtdfepsism cells are about 200,000, as shown in
Fig.6. The computational grid systems are achiéecommercial Ansys ICERIsoftware.
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Fig. 6 CFD mesh of outdoor units

Fig. 7 and Fig. 8 show the CFD results of two tymésoutdoor units. From the vorticity
distribution, there is strong vorticity intensity #ne trailing edge of rotor. According to Powell
vortex sound theory, noise is produced whenevetexofines are stretched, dissipated and
breakdown relative to aeroacoustic medium. The @bation of a region of vortex motion as an
aeroacoustic source is a major step towards a gdysnderstanding of aerodynamic noise. Powell
established the correlation between vortex motind sound generatidhi”. So the main noise
source is located on the trailing edge of rotodbla
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Fig. 8 Vorticity of trailing edge of rotor for upde blow-out outdoor units

As shown in Fig. 9, it is found that most of theastic source is fastened at blade trailing edge,
blade leading edge, bell mouth. The acoustic sowee in leading edge may be regarded as inlet

turbulence noise, and trailing edge for the voledding noise. From the strength, the vortex
shedding noise is the main part.

Fig.9 Acoustic source term analysis (the noise seterm of Powell Vortex Sound theory {40 <W)
and W is relative velocity? is vorticity)

NOISE PREDICTION MODEL

According to the analysis above, the main noisecsoaf present outdoor units is vortex shedding
noise at trailing edge of rotor blades. Presswetdlations and turbulence shedding eddies on blade
trailing edge and its development downstream aeerdasons of vortex shedding noise, which
affect the lift fluctuations on the blade and nogeneration. According to Fukano’s model, the
blade self-noise of a low-pressure axial flow famifunction of the wake at the blade trailing edge
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A dimensional analysis then yields a noise levelying as the sixth power of the trailing edge
velocity and a length scale taken to be the thiskrod the wake shed from the trailing edge.

B
:_1287533 [ D(nw(n°dr

0 span (1)
Where,E is the total sound poweB, the number of blades, the speed of sounB, the wake width
andW the relative velocity downstream the trailing edigewever, there is a presupposition that all
the blades are axisymetric, so the number of bl&lean be multiplied directly in Formula 1. In
present study, the values Bf and W are not equal with each other, so the new forncala be
rewritten as bellows:

w7, 6
E Z; 1200 [ Dmw(n°dr

span (2)
After the wake widthDi and relative velocityVi are obtained, the sound pressure level could be
calculated according to Formula 2. In practice, dtagger angle of blade can affect the wake width.
In order to solve this problem, a new correctiom&thod considering the effects of blade stagger
angle is introduced in present study. In geneha wake width should be defined@sin Fig. 10.
while Ds is difficult to obtain,Dr is easily obtained from CFD results. TBe andDs have the
following relationship

Ds = Dr x sing 3
Wheref is blade stagger angle.

Fig. 10 Effect of stagger angles

Further, since the noise source is equivalent poldidistribution, and also it is assumed that one-
half of the radiated acoustic energy is transfeteedne side of the fan, the mean square sound

2
pressure0 can be expressed in terms of the total sound pBvegrthe relation
E _4m R —

p
2 3 PG (4)

Where,R is the distance of the measuring point to therroto the axis of the rotor. The sound
pressure levebPLis defined as

SPLzlolog(F/ gz) o

Wherep = 2.10° Pa.
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In most engineering research field, we care moceiathe A-weighted SPL than the linear SPL. So
it is also important to get the A-weighted SPL ofifteen different outdoor units. The central
frequency of vortex shedding could be calculateskeimi-experience formula, as bellows [15].

f=01% 0 (6)
) h
Where,Vtip is the tip speed/tip =wr, andhy, is maximum thickness of the blade, which is defdr
from hub to tip. After the central frequency of tex shedding was determined by Formula 6, the

A-weighting attenuation value could be calculatedoading to the A-weighted characteristic curve.
Finally, the predicted A-weighting sound presseneel is achieved.

In present study, a program developed on M&tplatform is utilized to calculate the SPL of
fourteen cases. After steady CFD simulations tlesgure distributions on the surface of blade at
different span are extracted to compute the azimuatile of trialing edge. Then the axial velocity
and relative velocity at 10mm downstream distamcdiling edge at different span are obtained.
Based on the azimuth angle, the velocity, wake twiitd relative velocity of three blades are
obtained through the program and the results asevishn Fig.11. In Fig. 11 red, green and blue
lines represent confirmed wake width of differetade respectively. A-weighing attenuated curve
is inserted in program. With different central fuegcy is computed by Formula 6, A-weighing
attenuated value can be obtained and total A-weggBIPL can be obtained directly from the
program.
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Fig. 11 Interface of noise prediction program

After that, the predicted A-weighing tot&PL could be calculated according to prediction progra
The calculated results are shown in Fig. 12. tlesrly shown that the trend of prediction residts
similar to the experiment results, and the maximemor is 2.09 dB(A), the minimum error is
0.32 dB(A). The results are good and suitable ¢oetigineering application.

For the up side blow-out outdoor unit, the decreafsbeight H would increase noise level and
decrease the flow rate. With the decrease of distdrl, the noise level of outdoor unit first
reduced and then increased. So the noise levehsé @ is the minimum. From the predict model
above, the value of wake width for different cageslose to each other, the relative velocity
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downstream the trailing edge/ is the most important key, Fig.13 shows the redatvelocity
distribution in spanwise, the value of Case 4 islfanthan that of Case 1 at most of the span. The
decrease of distance L2 of upside blow-out outdwmar can reduce the noise level, and it is not as
effective as the decrease of distance L1. So fertilpe of outdoor unit, the distance from side
board to the rotor tip must be suitable.

For the front side blow-out outdoor unit, the irasig and decrease of heat exchanger thickness L3
could reduce the noise level, but flow rate incegldsy reducing the thickness L3 and decreases by
increasing the thickness L3 of heat exchanger. ddwease of distance L4 had little effect to the
noise level, while the decrease of distance L5aantrease the noise level. The distance L5 is
from side board to the rotor tip, the decreasehaft tould reduce the internal space of the outdoor
unit, then the flow field could become complex.

—®m— noise prediction results —&— noise prediction results|
—e— Experiment results —@— Experiment results
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CONCLUSIONS

In present study, aerodynamic noise prediction bds been validated by outdoor unit with
fourteen different cases, including up side blow-@nd front-side blow-out cases. Main
achievements and conclusions can be drawn as fallow

A developed Fukano’s vortex shedding noise modplésented, and the noise prediction program
has been set up, with correctional of stagger amaglevell as A-weighted SPL has been used in this
program. The noise prediction accuracy of two typlesutdoor units is quite well, with difference
between measured and predicted noise level leas2l8® dB(A). The vortex shedding model and
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its central frequency formula are suitable in préstudy. The achievement in present study could
be valuable for engineers to estimate noise lavetaduct preliminary design process.

The size of outdoor unit will affect the flow rat@gise radiation. For the up side blow-out outdoor
unit, the decrease of height of heat exchangeiddoalease noise level and decrease flow rate. The
distance from side board to the rotor tip must lnéable; a well-designed distance could make the
noise level down. For the front side blow-out owtdonit, the thickness of heat exchanger has great
effect to the flow rate and noise radiation. Thetahice from side board to the rotor tip must not be
too short, otherwise the internal space could becemall and the flow field could become
complex.
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