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ABSTRACT

Typical HVAC noise may produce an uncomfortable envi-
ronment, leading to the associated problems of general dissat-
isfaction and reduced productivity. It is not sufficient to have
good thermal, lighting, and air cleanliness conditions if the
noise is disturbing.

In this paper, noise comfort is considered, with special
emphasis on the developing criteria for low-frequency noise.

INTRODUCTION

The current interest in indoor air quality (IAQ) stresses
thermal comfort and the requirements for clean, unpolluted air
but often neglects the noise that is a by-product of distributing
this air around a building. It is not sufficient to have all other
aspects under control if the associated noise remains disturb-
ing. While much has been done to reduce HVAC noise, either
by fan and duct design or by noise mufflers, there is often a
residual low-frequency noise that is difficult to control, while
a hiss may occur at high frequencies. Conventional means of
control using absorptive materials introduces a potential for
both loose fibers and a breeding ground for microorganisms.
Restrictive mufflers also introduce an energy penalty through
their pressure losses.

Noise and Comfort

An uncomfortable person may not work at peak level.
“Comfort” in this context covers all aspects of the work envi-
ronment, thermal, visual, ergonomic, and auditory, as well as
relationships with colleagues, company ethos, etc. Dissatis-
faction with surroundings has a negative impact on productiv-
ity (Lomonaco and Miller 1997). The wrong sort of noise leads
to dissatisfaction, and the authors contend that because of its
intimate connection with air-moving systems, noise should be
regarded as a negative contributor to indoor air quality.

A RESPONSE MODEL

A way in which we might develop our response to noise
is shown in the simple illustrative model in Figure 1, where
physical inputs to the ear lead to subjective reaction. There
are three stages to the model: detection, perception, and
response.

Detection: The noise input is detected and transformed
into the form that is necessary to give the sense of perception.

Perception: It is concluded that there is a noise and we
analyze some of its attributes, such as loudness, frequency
components, location, fluctuations, whether there is any
personal association with us, etc.

Response: We react to what we have perceived. The
response is conditioned by parameters in addition to the phys-
ical attributes of the noise alone, including personal and situ-
ational elements, which may vary from time to time. The
subjective “quality” of the noise is influenced by our percep-
tion and response reactions. The response may also be influ-
enced by a number of other factors in the internal environment
through additive, synergistic, or antagonistic relationships.
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Figure 1 Simple response model.
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Some contnputory ractors

.Spectrum Balance. It has'been proposed that the spec-
trum slope, i.e., rate of fall-off from low to high frequencies,
is a major element of perceived sound quality (Bryan-1976;
Tempest 1973). This is illustrated in Figure 2. However, later
work has questioned the effect (Goldstein and Kjellberg
1985), and it is possible that both spectmm slope and sound
level:interact to give the total effect. .
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Figure 2 Shapes “0f noise specira based on measured -
acceptable and unaccepfable nozses
Sege R

Freqnency Compos:t’ioﬂ Somié-work has indicated that

sounds in the frequeni¢y range 30 Hz'to 60 Hz are less accept- 2

Fluctuations. A sound that is fluctuating iri level is more
annoying than asteady level of the same frequency and magni-
tude. Fluctuations miay result from béating between adjacent
frequencies, (e.g., two -machines of slightly different speed),
inherent time variations (e. g., some combustion no:ses) poor
airflow conditions, and band-hmlted effects of a narrow band

of no:se or ‘propagation irregularities. Fluctuations may be

percelved as “rumble,” a well-known effect in-air-condition-
ing systems. Bradley (1994) conductedulaboratory tests that
quantlﬁed the decibel penalty ta be assoc1ated with fluctua-
t;.ons as5dB- 12 dB

CRITERIA ' 5 5 ‘

“Cfiteria aré devised to restrict envuonmental vanables
such as temperéturé and noise, to within a4 comfortable range
or to a permitted maximum. Some criteria are subjectively
deficient, as the cconomic consequences of their implementa-
tion ndy have led td a dllunon of the requlrements This has
occ‘lirred with criteria for”

" noise, for example, for worker protecnon in the manufacturing
mdus:try

A number of critena, intended as full audlble band crite-
na, glve some attention to the low frequencxes These are NR
(ISO 1971), NC (ﬁeranek 1987), PNC (Beranek ét al. 1971),
RC (Blazxer 1981),and NCB (Beranek 1989). They all permit
‘increase of level as the frequency decreases, but at different

rable than sounds of the same level at immeédiately lower and = mtes, so that the criteria show their main differences at the

higher frequencies (Brobrier and Leventhall 1984, 1985). The

definftion of a low-frequency weighting scale for'sound level
meters included an allowance for thi, as shown by curve LF2
+ (Inukai et al. 1990) in Figure 3.- Again, there is an uncertainty
- as to the influence of sound level. A sound that contains a high
level of low-frequency noise may have the same criterion
value (e.g., NR or,NC) as a noise without this low ﬁ-equency

A pilot study has shown that low-frequency air-conditioning ~* -

noisé may have an adverse effect on comfort and productmty
(Persson-Waye et al. 1996).
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lower frequencies. This is illustrated in Figure 4 from which

“"it can be seen that at 31.5 Hz the NR35 curve (still used in

Europe) is nearly 20 dB more Ienient than RC35 (recom-
mended by ASHRAE).
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~-Figure 4 Comparison-of criterion curves NR335, NC35,
and RC35
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‘:";: T‘Oﬂxer' ontcnﬁ‘j;éve been de51gned specxﬁcally for low-

frequencynmse (Dawson 1982; Bronér and Leventhall 1983;

Broner 1994), 1mp05mg a more stringent limit on the low-
frequency levels than is given by the wide band general crite-
ria. The LFNR ciirves are similar to the NR above 125 Hz but
take account of the range of incredsed sensitivity ‘below this
frequency. The room sound quality (RSQ) curves shown in
Figure 5 (Broner 1994), are similar to the RC curves, but they
level off Below 31.5°Hz. LFNR and RSQ both control the
maximum permitted level of the low-frequency.noise compo-
nents of the spectrum.
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* Thenoisehasits hlvhest levels at low frequen-
cies; T

’
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= The noise 1eveIs may ﬂuctuate with time,
4 often rapidly, to produce 2 “rumble” sensa-
L tion.
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The fluctuation may be caused by inherent
variations in level (irregular variations) or by beat-
m ing between closely spaced frequencies of machine
gezn components (regular variations).

RSQ-20 In considering noise comfort, we are aiming
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. ~to0 achieve a’sound that does not disturb our activ-

2 o 88 2 383 3 8 €88 S §§ § § § § § § & -3,; § § § § ities. Noise comfort depends on the spectral and
: WWAvemmm =) " temporal variations of the sound, as well as on

Fzgure 5 Room sound qualzty cz;rves , * sound level. A comfortable sound quality occurs
when the sound does not intrude upon us, that is,
: itis a “neutral” sound. This requires certain spec-

However none of the cmena directly addresses the  tral characteristics (“spectrum balance”) and appropriate
potential for level fluctuations.. Indeed, fluctuations are aver-  temporal characteristics. There should be an absence of distur-
aged out in the measurement processes that produce the data  bance orisritation, but occupants must be “in touch” with their
for’ comparison with the criteria. Fluctuations are detected -.environment, which, by interaction with their own psyche,
either by listening orby asmnsuca] analysis ofthe levels of the, . prodyces optimum arousal. In-noise terms, this is likely to be
ﬂl;cn.lanng sound. achieved with either a neutral or a slightly stimulating (arous-
.. Blazier (1995) PTOPOSGS an analyncal methodology as a;  ing) noise. Arousal is a very individual requirement, and it is
first step toward the assessment of the spectra of HVAC.  not easy to develop ap.arousing sound other than through
system noise in terms of pamcularsound quahty attributes. He ~ nmusic; therefore, it is. necessary to design armneutral back-
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derives a Quality A553§’5menf Index for low ﬁ'equencws ae . ground noise,. . i Bt Do
' Hz %63 Hz), middle ﬁ'equem‘:.ies (IZS"HJZ 500 Hz), and high ; In\terms of frequency compgnents, negative quahty char-
“frequencies (1 kHz - 4 kHz), Blazmr (1'996) also con51ders: ‘ actenstrcs can be described hy the following spestrum imbal-
temPQféi Val'latlons . . ) 7 - . ances (Broner 1994) T TR u
HVAC NOISES : ,.-m: W e o > Rumble: high levels, below 125 Hz (vibration of light-

welaht building oomponents ‘may occur below about 20
: Typical idealized fan spectra are shown.in Figure 6. Most o H2).

duct.components attenuate noise af a rate that increases with.... - .

_frequency. The result is that ame',cnd of a duct run, the res:dh .. Roar! hl"h v ln the reglon 125 Hz- 500Hz
‘ual noise is normally biased Toward ‘the Tow frequencies, , .. "_, i hoosh: high levels i the region 500 Hz - 2000 Hz
'alﬂfoug!;r_ghrsssan be mtmduced as an aerodynamlc effect at « Hiss: high levels in the- region 2000 Hz - 8000 Hz
terminal ufifts. EE

Measurements of HVAC noise in a au—condltloned spaces ... In te_rpporal terms, sound quality characteristics include:
illustrate the _fQJlowmo ’ 2 s s . Fluctuation: caused by a detectable variation in rumble
o ' sound pressure level.

* " Roughness: fluctuations in overall level occur-

‘ N = ring at frequencies between 20 Hz and 300 Hz.
-10 ‘ *  Throb: avariationinrumble sound pressure level
il setave.onfE tT ule 38 ) AT . mu occurring at a rate of up to about 5 Hz.
¢ vang, "2 ITEr kT T 4] “fans
Corglataee Leoo ok sl i . ; A “neutral” sound does not have the unbalanced
%0 30 —— ' spectral components described above and does not
"to‘tnl J.l tE PO A ok 2 -. ‘ s »
RO R L e Z . exhibit detectable fluctuations. .
a8 17 1t P ST e = fgggm In addition to spectral composition, the neutral
: ﬁ TN (SR | y L0 sound should not be too noisy for its location. For
450 4 SR - - : i i i
i 18-k Gaos <S50" A0S 2000 ¢ AG00  BOOG 4+ example, the requirements are different for a high
S Smegrhe o Oetave band frequencits io B _ ] mquahty private office and a multi-occupation office.
‘ A e desirable char-
Figure 6 Typical fan'spectra. Itis of interest to compare these d

me sy acteristics with actual characteristics of typical
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+ _ AVAC noises. In general, HVAC noise in the conditioned
space has a spectrum that falls with incréasing frequency, but"

spectral peaks, often at fan:blade frequency in the 125 Hz/250

Hz octave bands, may be added into the spectrum. The sources-

of thehlah level low-frequency noise are the fans or ductwork :
vibration. Current trends are away from cem:ral plant rooms to
distribution of smaller units on each floor or in the ceiling.
This brings the noise gources closer to pedple. g - ¥
In a wide-ranging study of HVAC noises Broner (1994)

analyzed recorded nolses m a number of Ways, including

Lok

B the averaoe spectrum in th]rd octave bands over. a two-
i " minute period, ;

i .‘] i : v
... the statistical data in third octave bmds-—-—glvmo an indica-
tion of fluctuation, and e

*  the variation _v_ygr.h time o_f"thy_e level in selected bands.

The spectra were divided i;11'c|> subjective “quality” catego-
ries of “strong rumble,” “rumble,” “neuua]/margmal," and
“neutral,” as shown in Figuire 7, which gives spectranormalized
tosimilarspeech mterferem:elevels (average oflevelsat500Hz,
1 kHz, and 2 kHz octaye bands).

The spectrum with “strong rumble” peaks at 31.5 Hz.-
Reduction of the low frequenmes gradually produces a neutral
spectrum. by

-In addition to.the. average levels, fluctuation must alsob&™"
consndered These are illustrated-in Figure 8 (Broner 1994),

where it is shown that.the standard deviation of the overalt v

band levels are lowest for the neutral spectrum.

The RC criterion cuives, as recommended by ASHRAE,
have a slope of -5 dB peroctave (Figure 9). The family of RC

curves permits a noise to be designated: by its subjective
attribytes of “rumble, *i!neutral,” or “hissand also give¥indi-
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Figure 8 Standard deviations of the normalized spectra.
NOISE AND PRODUCTIVITY 5

Noise may be consndered as one component of internal
air quality and is a potentially detnmenta factor on work

.performance. This is.illustrated by-a study.of the comparison

of subjective responses for air-conditioning noises of similar
NC/NR/ABA ratings but different low-frequency content
(Persson-Waye.et al: +996) =l this pilotstidy of 14 healthy
subjects, with an average age of 26 years, low-frequency
noise .. interfered more strongly with* performance than
medium-frequency noise of similar rating criteria. The study
indicated that low-frequency noise has an additional effect on
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cognitive elements and that the effect develops over time to - -
- .become apparent during the one-hour exposure periods of the .';,_.¢

test work 5
Figure 10 shows &n averaoe value of the individual dlffer-

ences of-response times -for the same-verbal reasoning test in -

~the two air-conditioning'noises. The x-axis is equivalentto a

time scale where each unit is about four minutes. Theresponse

. times in low-frequency noise were 10% - :20% greater than in
the absence of the low frequency. ‘I_Subjects also had a ‘poorer
“gocial orientation,” in that at the end of the exposure period,
they felt more disagreeable, irritated, and less cooperative or

helpful. The noisa comfort was degraded by the presence of’

lew- frequencies, hich. were not detected by the madequate
NR/NC/&BA criteria.
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xof
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2 3 ‘ ‘ 1t B s 7 “.
0 I.’Tig“f e 1)) Comparison of response times inlow-frequency
. @nd mid-frequency noise. - s
ste R e S
A CONCLUSIONS

l

While all noise, whatev?ﬂa@}fwg}rency, has the p»::»termal,~
st ‘i&2vidence that there,is, A =
difference between the ways in whigh we respond to lower-

Low-frequency .

to have a disturbing quality;

'frequency and hlgher-ﬁeqy,gncy qf&;.es
noise is often the dommant faetor, m noise complaints, espe-
cially for noise heard ifidoors,, Suich as HVAC noise.

Complaint§™ are mox;e frpc[uent’ n the presence of low-

frequency npxs‘e son-ylaye and Rylander 1988) and there
are -increased sgglo-psytnplélglcal factors. Eow-frequency
noise is_ari importanit gofnpotient in the assessment of the
go’mfort of a n01§e, ,pamcularly for noise heard indoors.

i
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