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Abstract

Passenger compartment's interior noise and thermal performance are essential criteria for the driving
comfort of vehicles. The air-conditioning system influences both field of comfort. It creates comfortable
thermal conditions. On the other hand, the noise radiation of the air-condition system's components can
be annoying. The blower, the air distribution ducts and the registers affect air rush noise. In some cases,
the refrigerant flow creates hissing noise. Such noise has a great influence on vehicle acoustical comfort
and on overall quality perception of a vehicle Therefore, the acoustic performance of air-condition
compressors become more important for passenger comfort. At engine idling and at extreme
temperatures the air-condition compressor can be audible as the significant sound source. However, the
aim of this paper is to quantify air-borne noise characteristics of vehicle air-condition compressor. A
simulated experimental model comprises a small wooden box with dimensions of 0.5 x 0.5 x 0.5 m
represented the principle of hemi-anechoic room was designed and acoustic characteristics of the sound
field inside the box were determined. The air-condition compressor characteristics parameters considered
in this paper are fan position and electric motor speed. In addition, a single number of the air column
natural frequency is calculated. The results indicate that significant information can be obtained in order
to investigate the vehicle air-condition compressor and consequently improve the vehicle interior
quietness.
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1. Introduction

The refrigerant compressor excites pressure pulsations of the refrigerant by every compression event.
These vibrations are transmitted through the air-condition-line to the passenger compartment where they
can be radiated by the air-condition housing. In addition, the compressor propagates air-borne noise as
well as structure-borne noise through its' mounts. Therefore air-condition -system development is making
effects to design silent compressors [1-4].

For an accurate determination of the sound propagated along a duct system, a complete wave analysis is
needed, based on a set of sound wave generation and transmission properties for each of the elements of
the system; these properties are complex functions of frequency, different for each acoustic wave mode,
and dependent on geometry and airflow. However, the noise through air circuits for ventilating or air-
conditioning ducts is usually estimated by means of simpler sound power methods, that the data of the
generation or attenuation of the sound energy for each element and frequency band, such as the formulas
and tables indicated by [5-6] It is well-known that if a secondary sound source operates inside a
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reverberation chamber, a diffuse sound field is generated because of the sound-reflecting non-parallel
interior surfaces.

This diffusivity of the sound field is described by the undetermined phase shift between sound pressure
and sound particle velocity. In an ideal reverberation chamber the sound pressure level is a constant
value at any space coordinate of the room. In this case, the sound pressure level is proportional to the
sound power level emitted by the sound source inside [7-10]. The identification of alternator noise
mechanisms of mechanical, aerodynamic and electromagnetic are presented in [9, 10], where the
alternator was reconfigured in many different ways, so as to separate each individual noise source. Noise
generated by each configuration running at different speeds was measured, and its characteristics were
analyzed. To accomplish these goals, the diagnosis of the alternator noise is conducted in two cases, i.c.,
with load and without load (unloaded). In the case of unloaded, the alternator mechanical and
aerodynamic noises are identified, while in the case of with load, focus is made on electromagnetic noise
under various loading condition and at different speeds. It is indicated that at speed range used in this
study, the mechanical noise is predominant followed by aerodynamic noise with the electromagnetic
noise creates the lowest of the total alternator noise level.

Recently the contribution pattern of noise sources to the overall interior noise in a vehicle has changed. A
large number of secondary sound sources, previously masked, have become perceptible to passengers
with the reduction principally of engine noise levels and must be considered by the acoustical engineer.
These noises, nowadays, play an important role in the passenger comfort and have a considerable
influence on the quality perception not only of the source but of the whole automobile. Some of these
sources are active only occasionally, like the electric seat adjustment or electric power windows. Others,
like the air-condition system, are likely to be operating as long as the automobile is in use. This system
can operate with alterations to the air temperature and velocity if it is in manual mode, or can change
these parameters over a larger time window if it is in automatic mode, where these parameters and the
state of the compressor (turned on or off) are adjusted according to the thermal situation inside the
vehicle. All these working conditions introduce a large variability in the air-condition noise. In hot
climate conditions, it operates at high ventilation speeds, especially when no air-conditioning unit, which
is very usual in hot climate conditions, is installed in the vehicle. Under these conditions, the contribution
of the air-condition noise to the acoustical comfort of the passenger is very significant. In addition to the
influence that air-condition noise has on the comfort and quality perception it can modify the thermal
comfort inside the car due to the interaction of thermal and acoustical perception [11-13].

However, the aim of this paper is to quantify air-borne noise characteristics of vehicle air-condition
compressor. A simulated experimental model comprises a small box represented the principle of
anechoic room was designed and acoustic characteristics of the sound field inside the box were
determined. The air-condition compressor characteristics parameters considered in this paper are fan
position and electric motor speed. In addition, a single number of the air column natural frequency is
calculated.

2. Vehicle air-condition system

2.1 General

The early history of transportation systems starts mainly with the horse drawn carriage. This was
eventually surpassed by the invention of the vehicle. Early automobiles had cabin spaces that were open
to the outside vehicle. This means that the occupants had to adjust there clothing to allow for different
weather conditions. Closed cabin spaces were eventually introduced which required heating, cooling and
ventilating to meet customer expectations. Early heating systems included heating clay bricks and
placing them inside the vehicle or using simple fuel burners to add heat to the vehicle’s interior.
Ventilation inside the vehicle was achieved through opening or tilting windows or the windscreen; vents
were added to doors and bulkhead to improve air circulation and louvered panels were the equivalent to
our modern air ducts. Air flow was difficult to control because it was dependent upon the vehicle speed
and sometimes would allow dirty, humid air which contained fumes to enter the interior from the engine
compartment. Cooling could be as simple as having a block of ice inside the vehicle and allowing it to
melt! Eventually a number of design problems were overcome, these included air vents at the base of the
windscreen for natural flow ventilation and electric motors to increase the flow at low speeds. Eventually
heat exchangers were introduced which used either the heat from the exhaust system or water from the
cooling system as a source, to heat the inside of the vehicle cabin. Early cabin cooling systems were
aftermarket sourced and worked on evaporative cooling. They consisted of a box or cylinder fitted to the
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window of the vehicle. The intake of the unit would allow air to enter from outside and travel through a
water soaked wire mesh grille and excelsior cone inside the unit. The water would evaporate due to
absorbing the heat in the air and travel through the outlet of the unit which acted as a feed to the inside of
the vehicle. The water was held in a reservoir inside the unit and had to be topped up to keep the cone
wet otherwise the unit would not operate. The air entering the vehicle would be cool if the relative
humidity of the air entering the unit was low. If the relative humidity of the air was high then the water
could not evaporate. When the unit was working effectively it would deliver cool saturated water vapor
to the inside of the vehicle which raised the humidity levels. These units were only really effective in
countries with very low humidity.

The air-conditioning system works on a continuous cycle (Figure 2). A compressor receives low pressure
heat laden refrigerant vapor from the evaporator. This increases the temperature from approximately. The
increase of temperature and pressure let the refrigerant to be above its boiling point. The compressor
discharges superheated refrigerant vapor to the condenser [14].

2.2 Air-conditioning components
e The compressor
The function of the compressor is to compress and circulate superheated refrigerant vapor around a
closed loop system (any liquid or dirt will damage the compressor). Compressors vary in design, size,
weight, rotational speed and direction and displacement. Also compressors can be mechanically or
electrically driven. Some compressors are variable displacement and some are fixed .The compressor
uses 80% of the energy required to operate an air-conditioning system.
¢ Handling unit

- The handling unit comprises the following:

- The refrigerant fluid

- The receiving cooling fan

- The direr/ accumulator

- The expansion valve

- The fixed orifice valve

- The evaporator

- Basic control switches

3. Enclosur column of air natural frequency
Consider the sound pressure response in a very small enclosure. Frequently, in the noise control
problems, a noise source is enclosed in a very small box to prevent it from radiating noise to the exterior,
as conceptually represented in Figure 1. When the nose source has a frequency low enough so that the
wavelength of the sound is long compared to the largest dimension of the box, the sound pressure
produced by the source will be uniform throughout the interior cavity. Frequently, the walls of the
enclosure will be damped by applying panel-damping treatment or absorption material over the walls.
The uniform, steady-state sound pressure in such enclosures can be shown to be P(t) = p cos (ot + 0),
where [15]
p=(pc2q)/ V[(w+2§)2+(20r)2] % N/m2

(1)
=0 —tan-1 (o + 28j) / 26r rad
Here p is the air density, ¢ is the speed of sound, V is the enclosure volume, Q(t) =q cos (ot + ®) is the
volume velocity of the noise source operating at the forcing frequency f = o / 2n (Hz) with the amplitude
q and phase @, and & = 8r + 1 8i is a complex damping factor ( I = V-1) that accounts for the acoustical
impedance Z = R + iX of the wall area A, where
dr=cA/2V Re pc/Z , 81 =cA/2VIm pc/Z )

For the interior noise source in Figure 1, Q(t) is taken as positive for outward volume flow (m3/s).
From Eq. (1) the magnitude of p of the sound pressure in the enclosure depends not only on the noise
source amplitude q and forcing frequency f = « / 2@ but also on the enclosure volume V and total wall
impedance in 3. For a rigid-wall impedance, (|Z|—x) , so that or,d1 =0, and
p=(c2q)/oV N/m2,

3)
6=0-"%nr rad
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The mass of the column of air is M = p V ; for a mass-spring model of the box walls, and MY =PA
where, Y is the velocity of the air column Since Y=o Y, g = A Y= A2p/ oM can be obtained.
Substituting this for q in Eq. (3), gives (1- p ¢2A2/ ®2 MV) p =0 or (1- Kair/ ®2 M) p= 0, where Kair =
p c2A2/V is the air stiffness, the column air natural frequency (wo) is then

wo=VKairyfM=cVA/LV=c/L “4)

where L is the air column length, in m.

Vall impedance at A

P Q(t)

Figure 1. Sound in small enclosure with impedance boundaries generated by interior noise source

Liquid R-134a evaporates

A EEEEEEEEENEBE, |
: T - Expansion valve
- .
-
- Low-press. W fwwmr
m low-temp,
i Liquid refrigerant
|
|
—

. BHjgh-press. gas
. mhigh-temp
|
: <,
|

L™ -
- Compressor W g Cooling fan
Sy EEEEEEEEEE N, —

gpiEEEEN
8| Receiver/dryer

Compressor

Condenser (liquefies) a High-press.

| |
| |
|
]
|
]

| |

|

|

]

]

n

| |

|

|

]

| ]

u

]

|

n

|

]

|

|

|

high-tamp. liquid n
[ : High-pressure side :

|
|

|
|
|
|
|
|
|
|
u m  Low-pressure side
| |

[ ]

Handling Unit

Figure 2. Vehicle air-condition system

4. Test stand and measuring system

4.1 Test stand setup
Figure 2 shows the test stand setup for measuring noise spectra of the piston compressor considered. The

compressor was driven by 1.5 hp electric motor (its maximum speed is 1440 rpm). An inverter was used
to run the compressor at the desired speed. The principles of hemi-anechoic room for the fabricated
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wooden box are considered, the hemi-anechoic room is used to test sources that normally are mounted on
or operate in the presence of a reflecting surface, where the surfaces of hemi-anechoic room are made
highly absorptive by lining them with deep sound-absorptive materials. The lining typically consists of
wedges made of glass fiber with thickness of 20 mm. The lowest frequency at which hemi-anechoic
room can be used depends on the room volume and the depth of the wedges. The compressor was then
enclosed by a wooden box with dimensions of 0.5 x 0.5 x 0.5 m treated with highly sound absorptive
materials on the interior and exterior surfaces. Also, the floor on which the piston compressor was
mounted as well as the surrounding areas was treated with sound absorptive materials, while the ceiling
is made from glass. By this way, sound radiation from the electric motor and reflections from nearby
surface were suppressed to the minimum levels. The box has flat, reflecting and sound-absorptive walls
except ceiling. Such wooden box represented a hemi-anechoic room mentioned above where it is
necessary to measure accurately the unperturbed sound radiated by the compressor.

4.2 Measuring system

Measurements of sound pressure levels (SPLs) were carried out in the in the box as shown in Figure 3.
Bruel & Kjaer (B&K) portable and multi-channel PULSE type 3560-B-X05 with microphone and
preamplifier type 4189A-021 were used. The B&K PULSE labshop with measurement software type
7700 were used to analyze the measurements. Figures 4, 5, 6 and 7 illustrate handling unit, the tested
compressor, the isolated test box and the measuring and analysis equipment respectively. The motor
speed range is limited to be up to 3000 rpm and a constant discharge pressure in the refrigerant cycle of
20 bar. A slight variation of discharge pressure (+ 0.3 bar) during measurements is existed.

Multi-channel
PULSE

Figure 4. Handling unit Figure 5. Tested compressor
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Figure 6. The isolated wooden box Figure 7. Measuring and analysis system

5. Results and discussions

In Figure 8, where the motor speed is 1500 rpm and the handling unit is disengaged, the sound pressure
level (SPL) measured within the box in time domain (Figure 8a) and in frequency domain (Figure 5b).
This indicates high levels in the frequency ranges up to 6 kHz, while the levels of the remaining
frequency are lower and decreases as the frequency is increased. The influence of the motor speed in the
case of disengaged handling unit on the measured SPLs at speed of 1500 rpm is presented in Figure 9,
where the 1/3-octave SPL is increased with the increase of the motor speed dispite some small
discrepancies exsited in the 1/3-octaves range between 500 Hz to 2 kHz (Figure 9b). This may be
attributed to the influnce of air column natural frequency and compressor structure rigidity resonance
frequencies.

In Figure 10, where the motor speed is 1500 rpm, and load the handling unit is engaged at position 2, the
sound pressure level (SPL) measured within the box in time domain (Figure 10a) and in frequency
domain (Figure 10b). The whole spectrum levels are slightly higher when compared with those present in
(Figure 8b), particularly around the air column natural frequency. The same discussion stated for (Figure
8b) can applied here. The influence of of the handling unit position on the measured SPLs at speed of
1500 rpm is presented in Figure 11, where the 1/3-octave SPL is slightly increased with the increase of
the handling unit position dispite some small discrepancies exsited allover the entire spectrum (Figure
11b). This may be attributed to the compressor structure rigidity resonance frequencies.

The influence of the motor speed in the case of engaged handling unit of pistion 2 on the measured SPLs
within the box is presented in Figure 12, where the 1/3-octave SPL is increased with the increase of the
motor speed (Figure 12b). The increase of SPLs in this case is much higher than those measured for the
engaged handling unit (Figure 9b) without any discrepancy.

The RMS averages are applied at speed of 1500 rpm where their results are shown in Fig. 13,a and
indicate that almost the RMS averages are almost the same either the case of disengaged or engaged case.
A comparison between the broadband SPL averages measure in the cases of engaged and disengaged is
shown in Figure 13,b, where the broadband SPLs for the engaged case are higher than those in
disengaged case particularly for the positions 2 and 3 .

In order to apply aforementioned equation (4), the air column length within the box is considered to be
0.5 m and c is the speed of sound in the air and equal to 347.3 m/s. The resultant natural frequency is
nearly 695 Hz. It can be seen that around this frequency, the sound pressure level are high for all the
cases measured. This is clearly shown by the arrows drawn in the Figure 14, where Figure 14a for the
case of motor speed of 750 rpm and at handling unit engaged at position 2, and Figure 14b for the case of
motor speed of 2250 rpm and at handling unit engaged at position 2.
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6. Conclusions

1. It can be seen that the sound pressure exhabits high levels in the frequency ranges up to 6 kHz, while
the levels of the remaining frequency are lower and decreases, . This is attributed to the air column
natural frequency and the compressor structure rigidity resonance frequencies. However, if any reduction
technique for the compressor noise is required, both the air natural frequency and and the compressor
structure rigidity resonance frequencies must be considered.

2. Based on the broadband noise in terms of sound pressure level (SPL) measured within the box, the
influence of changing the handling unit position and motor speed on the broadband SPL, which indicate
that the increase in either handling unit or motor speed is accomplished by increase in sound pressure
level. Based on that, the noise characteristics of the compressor and handling unit play an important role
for determining the noise quality of the whole air-condition system.

3. The air column natural frequency is found to nearly 695 Hz. It can be seen that around this frequency,
the sound pressure level are high for all the cases measured. Furthermore, the comparison between the
broadband SPL averages measure in the cases of engaged and disengaged is made, where the broadband
SPLs for the engaged case are higher than those in disengaged case particularly for the positions 2 and 3 .

7. Referencess

[1] De Romera, A. M. U. "Industrial Noise: Some of Its Effect on Human Being" Applied Acoustics,
No. 28, pp. 127-145, 1989.

[2] Beranek, L. L. "Balanced Noise-Criterion (NCB) Curves" Journal of Acoustical Society of
America, No. 862, pp. 650-664, 1989.

ISSN 2076-2895 (Print), ISSN 2076-2909 (Online) ©2011 International Energy & Environment Foundation. All rights reserved.



514 International Journal of Energy and Environment (IJEE), Volume 2, Issue 3, 2011, pp.505-514

[3] Terao, M. Sekine, M. and Itoh, M. "Comparison Between Wave Theory and Energy Method in
Acoustic Prediction of HVAC Duct Networks" Proceedings of Building Simulation '99, Vol. 3,
pp-1389-1396, Kyota, Japan, 1999.

[4] Martini, J. and Cucuz, S. "Sound Power Determination of A/C-Compressors" SAE 2002 World
Congress, Detroit, Michigan, Paper No. 2002-01-132, March 4-7, 2002.

[5] Broner, N. and Leventhall, H. G. "A Criterion for Predicting the Annoyance Due to Low Level
Low Frequency Noise" Journal of Low Frequency Noise and Vibration, No. 24, pp.160-168, 1983.

[6] Ashrae, ASHRAE Applications Handbook, Chapter 47, Sound and Vibration Control, ASHRAE
Inc., Atlanta, 2003.

[7] Hammad, N., Metwally, S., Abou-El Nour, A. and Abouel-seoud, S. "Noise Generating
Mechanisms of Vehicle Alternators" SAE 2005 World Congress, Detroit, Michigan, Paper No.
2005-01-3616, 2005.

[8] Dohmeki, H. "Noise and Vibration from Motor and Drive System" JSAE Noise and Vibration
Symposium, 20044115, 2004.

[9] Genuit, K. "The sound quality of Vehicle Interior Noise: A Challenge for the NVH-Engineers" Int.
J. Vehicle Noise and Vibration, Vol. 1, Nos. 1/2, 2004.

[10] Sean, F. Wu. et. al. "Noise Analysis of Automotive Alternators" SAE Noise and Vibration 2007
Conference and Exposition, Paper No. 1999-01-1712, May 17-20, 1999.

[11] Allam, E., Ahmed, 1., Hammad, N. and Abouelseoud, S. "Noise Characteristics for Hybrid Electric
Vehicle Induction Motor" SAE Noise and Vibration 2007 Conference and Exhibition, Paper No.
2007-01-2261, May 15-17, 2007.

[12] Leite, R. P., Paul, S. and Gerges, S. N. Y. "A sound quality-based Investigation of the HVAC
system Noise of an automobile Model" Applied Acoustics, 2008.

[13] Hammad, N. "Influence of Air Condition Characteristics on Vehicle Interior Noise" Accepted to
be published in International Journal of Vehicle Structures & Systems 1JVSS), 2010.

[14] Anderson, G. and Hall, T., "Unstructured CFD Reduces Design Cycle for Automotive Air
Conditioning and Heating Systems at the Climate Control Division of Ford" J Journal of Article
By Fluent Software Users, JA006, 1999.

[15] Nefske, D. J. and Sung, S. H." Sound in small enclosures" Research Publication GMR-7069,

Rl
. .\

General Motor Reasearch Laboratories, Warren, MI, Jun 1990.

Sameh M. Metwally is Associate Professor of Vehicle Control and Electronics at Helwan University. He
obtained the B.Sc. and M.Sc. degrees in Electrical Engineering from Menofia University in 1986 and 1992,
respectively and the Ph.D. degree in power electronics from Cairo University in 1999. He has about 20
pulications in the field of vehicle control and electronic systems. In addition, his current research projects
are focused on development of the vehicle noise and vibration from point of view of control and

- A maintenance. Dr. Metwaley is Member of the Egyptian Society of Engineers.
/ E-mail address: Metwalley@hotmail.com

Automotive Dept., Helwan University and member in SAE International.
E-mail address: mohamedibrahim71@yahoo.com

Staff (associate professors).
E-mail address: s_a_seoud@hotmail.com

ISSN 2076-2895 (Print), ISSN 2076-2909 (Online) ©2011 International Energy & Environment Foundation. All rights reserved.

Mohamed I. Khalil obtained the BSc degree in Automotive Engineering from Helwan University in 1994.
The MSc degree in Automotive Engineering (on modeling vehicle replacement policy) from Helwan
University in 1999 and PhD degree in Automotive Engineering (on fuzzy multi-objective vehicle
replacement policy) from Helwan University in 2005. He is a lecturer in Faculty of Engineering-

Shawki A. Abouel-seoud is Professor of Vehicle Design and Dynamics at Helwan University. He
obtained the B.Sc. from Helwan University in 1969 and the Ph.D. degree in Mechanical Engineering
from Birmingham University, U.K. in 1979. He has about 80 publications in the field of Vehicle Design
and Dynamics. In addition, his current research projects are focused on development of the vehicle noise
and vibration from point of view of control and maintenance. Prof. Abouel-seoud is Member of the
Egyptian Society of Engineers and Member of the scientific committee for the promotion of University



