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ABSTRACT 

Typical HVAC noise may produce an uncomfortable e11Vi
ronment, leading to the associated problems of general dissat
isfaction and redllced 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 t6 have all other 
aspects under control if the associated noise remains disturb
ing. While much has been done to reduce HV AC 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. 

Nome 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 fonn 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. 

lllpaus 
---- . Detectioa Peneption Rapoase 

Figur6 I Simple respon$e m<Xk/. 
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Some ~ontni:>utory t-actors Fluctuations. A sound that is flucruating in level is more 
annoying than a stead~ level of the same frequency and magni
tud~. Fluctuations may result.:fi:om · befil_ir:.ig- Q¢twe~n adjacent 
frequencies, (e.g., two . mac;;hhl~~:of slig~t~jifferent speed), 
inherent time variation (e.~:,:some combustion neises), poor 
airflow conditions;"an'd 'band-Hmited ·effects of~ ~krow band 

.,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 iUustrate9 in Figure 2. However, later 
work has questioned the effect (Goldstein and Kjellberg 
1985), and it is possible that both spec~ ;l9pe an:g::sound ·-

_,,6f A~ise or ·pi:opagation irregu'l;mtles. Fluctuations may be 
perceivea as 'rumble," a well-known effect m·air-condition
iiig systems. Bradley ( 1994) c0nducted11laboratory tests that 
gµ3ntified the decibel penaltY. iQ: ,be a5sociated with fluctua-

leveLinteract to give the total effect. ~ :';'~' -~ ;:· ,. • ,,. 
,..._ .... ~~ 

h ':.~ · 20 .. . 
-r~ .,. 

.. ""f. 

I• 

'2 ' "" " 

~ ... .. . .. ~·. 

.'t 

. I - .. : 
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.:CRITERIA 

· ·:criteria ~~"'de~isea' fo restrict env~onmental variables, 
such as'tempefafure'and noise, to wiU1ina tumfortable range 
or to a pennitted. maximum. Some crit~ria are subjectively 
deficient, as the economic consequences of their implenu::11ta
tioirtnay have led ' t'6 ··~ dilution of the reqµiJ:~m1mts .. This has 

' - ;. oc~ed with criteria for·'Jiiniting tt:ie maximum levels of 
•• " ., m ""° - · ;· ·;.. •• •• ~ ·. noise, for example, for worker pr'otectiQn in the m::\nufacturing 

.. , ... e-M,.,_ ".•. • 
• • '' .; ,,. • • • ..! " indusny. :.. '~ 

Figure 2 Shapes '.Jo/ noise spectra based' on ;measured ~ ': ' ,. : _A_ nul:nber of crl~~ria, iritended as .full ~u~lble 
1
band crite-

. · acceptable and unaccepfable noises: ri~ give some attention to the l~w frequencies , These are NR 
. " ·'· ; .. ".i" '"1· i ~ (ISO 1971), 'Nc@eranek 1987), PNC (Beraiiek et al. 1971), 
· Frequency Composifioi\-; S'ome"Work has indiCated that RC Q31ilziei'l 98 l ), apd ~CB (Beranek 1989). TJiey all pennit 

sounds· in the frequency range 30Hi'fo 60 Hz are less acc~pt- .. ,, · ll!c'ie~~ 1~f. l~~ei_ as :tile fr~q11~ncy decre~s but at different 
! able than sounds: of.~e same level at iihme'diately lower and · f · -fa~s. ~o tllaf ihe cri~eria .snow their main differen.ces at the 
higher frequencies '(Brbiier and Leventhal! '1984, 1985). The . lo'°Y~!. freq,uencies .. This is. ill~ted in Figure 

1
4 from which 

defu\ffion of a loW-rrequency weighting scale for sound level '"J
1
' it can be seen that at :31.5 Hz the NR3 5 curve (still used in 

meters included an allowance forthi'( as shown by curve LF2 Europe) is nearly 20 dB more lenient thaii 
1

RC35 (recom-
, (lnukai et al. 1990) in Figure 3 ... Again, there is an uncertainty mended by ASHRAE). . ~ 

·, as to the influence of sound level. A sound that contains ii. high 
80 ,.., r". 

level of low-frequency noise may have the same criterion '·' ..----T • ...--i',"'--'r-'--r-"'--.;--.--..,--,...-n--, 

value (e.g., R or. NC) as a noise without this low frequency.' . ~ 70 ~rt.:.....;...,..· .:,~-"r+. . .,, . - t-":--t--r+-....,..,,...._M-..,.--:1 -111R .35 ! 

A ~~lot stu9y has sho~ .~a~_ low-p-equency ~ir-conditio~~~ , · ~· .. _mn :· +--:-''·-tr''_·+;-·~'.:'". +-~~.,...-::+--· ,·t-~.-r-+-; ... ~NC-35 1 
noise may have an a~verse effect on comfo~. and pro~uct1v~~ . · , .~:·, ·. -~ · ~-t:::j=tj~~:~·~t1·-=~:-r~:··:

1 

t~ .. ~~~ .. ~':,i;~ --Rc-3s I 
(Persson-Wayeetal. 1-996). .. , ·" ' .: · t; •·ao+ ~- -- ·;. 
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-... .. Figure 4 Comparison·· of criterton curves NR35, NC35, 
and RC35. " ~-: •. 
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Low frequency high le.Vets. · 
I 

LF Low frequency low levels ,.; 
' . 

,, ,.A '.A'- weighting 

Fl'equeney. Hz 

,.,:;;; : ··.:::·::;~.~er opteri . ave.bee-n designed specifically for low-.. ,, . ; l ,,. ... . . . .... ->""' 
y,,,:.•'.'"- ·-fre~nolse·(Daws-oTf 1982 • Btofiet-andLeventhall 1983 · 

· , ... Jno~C.-~ i_J9~j, 'linposing a mo;e stringent 1. it ·on the low~ 
,, ,"'frequency levels ffiin" iS given by ilie wide band. oeheral crite

ria. The LFNR ciltves are si.milaflo the NR above .. i 25 Hz but 
tak~ account of the range of increiSed sensitivity;below this 

~! ·"- frequency. The room sound qualifr (RSQ} curves shown in 

Figure 3 Relative response of A-weighting and SLM low
' · · · ) requency weighting. 

. . Figure 5 (Stoner 1994), are similar to the RC curves, but they 
level off'Oefow 3'1.5'-Hz. LFNR and RSQ both control the 
maximum pennitted level of the low-frequenc)"'.noise compo
nents of the spectrum. f" ~ 
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The noise has its highest levels at low frequen
cies; , 

The.noise levels may fluctuate with time, 
often rapidly, to produce a, "rumble" sensa-
ticm. ' 

The fluctuation may be caused by inherent 
variations in level (irregularvariation.s) or by beat
ing between closely spaced frC?<IuE:_n!=ies of machine 
components (regular variations). 

In considering noisec-omfort, we are aiming 
,, to ;:lchieve a"s9und that does not disturb our activ

ities. Noise·c()mfort depef!ds on the spectral and 
temporal variations of the sound, as well as on 
sound level. A comfortable sound quality occurs 
when the sound does not intrude upon us, that is, 

• • • .J_~ - ,7, . .t . it is a "neutral" sound. This requires certain spec-
. . , Ho~ever1 . none of tff ~.- c~~eria directly .419dresses th~ tral characteristics ("spectrum balance'.') and appropriate 

potentiill"for li;vel flu~~atio.nS.Jµdeed, fluctua,ti_8lls. are aver- temporal characteristics. There should be an absence of distur-
aged dut in ~e me!!,liul-emerit proc.ess~s that produce the data ~ance Ol'.-jRitation, but occupants must be "in touch" with their 
fot"'comparison with the crite~a. Ffoctuatio.ns are detected :\environment, Which, by interaction with their own psyche, 
either: py listening '!r by a statisJi.ct~ analysis of the lev~ls of !Qe. . ;_.Pµ>dtJCe§ optinlum arousal. In-:~ojse tenns, ~is is likely to be 
fl~~affn~ sound. ·~ · ~ ··: . ." '~ .:11 ,,. ... .. achieved with,~jther a neutral ~r a slightly stimulating (arous-
; .• Blazier (1995)'prop·oses an <µialytjcal methodology as a ~ ing) noise. Arousal is a;ver:y individual requirement, and it is 

J r"o . • J • \. , •• 

firit step t9ward the asses.sment of ;,l),e _s_pecµ-a .of HV ('..C ., .. , not easy to dev~eM>P 3#}.;wousing sound other than through 
sys~em Iioi(e in _terms .?f J?~c~i,ar s~u~9 q~~tJ~ ~~butes.l-r~ - ·music; therefore.,· :it is. necess3,ry to design a·· neutral back-
derives a Quality Ass~~!l~ent fndex for low· frequencies (l() · « . .'~owid ·~~ise.., ·: ,; · s ~: · l' · r ·, .. 

.. 

' fiz ! '6s Hz), middle frequhncies_( 1 :ism ~t'so.9 Hi); ~d high Intenns of frequency compq~ents, negative quality char-
, · · "frequencies ~ 1 ~z - 4 ~);'. '~}aziet (1~?6)' ~~.? considei:_s . a~stics can be descnpedkY.·lM· following s~ imbal-

,;.. te~pQhfi vanattons. ~·:J · ·~ces (Broner. ~~4): : :; ~\1:.. ,:., · ~·.-,I ~I~ 
lJ. 1.. . .•.. it · U , Al' -"'·' , ~' I 

.. - ?. r ... ::; f • • . ~ 1 ·; J · " " ' Rumble: high levels, below U5 Hz (vibration of light-
• ~:! -? ;·.; «;, weight building components may· occur below about 20 

HVACNOISES 

·i . Typicalidealized fan spectra ar~hown.in Figure 6. Most,~::i • - ,n Hz). ·~ >~ .. · • 
-:::- -: - duct-components-atte~uate-noisir:,~a ~te·that increases w~f!t, ·•: " •~- Roal.'high levels u'r the re~ion' 125 Hz_ 500 Hz. 

frequency. The result is that it.~t';.cnd'ofa duct nm. the res1d .. ~p· _. . . .. . , ·· ;u: · . · 
:_, -- ~ " ~~al noise.--= is .. normallJ bias'f°a-:=tnwar?I "the "I~"! . fiequenci~.~ .~. ; ;• c ,~ W.~oos~: high lev~ls,in.Jhe _region 500 flz - :?g~o Hz. 

. altlf9µ~~~ be-incroduce·d as·an aerodynamic effect at Hiss: high levels m the region 2000 Hz - 80.00 Hz. 
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In tel!lporal temis._ sound quality c}wacteristics include: 

• , Fluctuation: caused by a detectable variation in rmnble 
sound pressure level. 

• - Roughness: fluctuations in overall level occur
ring atfrequencies between 20 Hi'and 300 Hz. 

Throb: a variation in rumble sound pressure level 
occurring at a rate of up Jo about 5 Hz. 

A "neutral" sound does not have the unbalanced 
spectral components described above and does not 

d_;s. 
' ·> , .. , .... ,l .-. ,_- · ~ 

-40 . 
~JJ7 11 , ,;, . 'P :2:'".i.3-.... 

• Centrl~ 
.1----+---+----1---,__----+---+'"0'~~ fugaJ.~ 

exhibit detectable fluctuations. · . ... . 
In addition to spectral composition, the neutral ., 

· ~ ~.,..;; . .,ns -

' '. ~ . ... ;d .__ _ _.f...,. __ , _· ....... _; '_._·__.··· ... · __ ._i_,· ,.-----'--~---
. ,, , 63 iis. " ·. 250." soo iOoo'' 2000 '"' 4000 

sound should nj)t be too noisy for its locatio_n. For 
.,, ; example, the requirements are different for a high 

• quality private office and a multi-occupation office . . il:,; · -,~".c:'ii"' . . ) Octa..,.e: baD~·.:f!'equeD~:i:es in !12;J •. c 

Figur~ 6 Typical fan· spectra. 
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_ hv A~ noises. ln ~eneral, H V AC noise in the corjditioned 
space has a spectrum that falls with increasing frequcfocy;but'.1' 
spectrcil peaks, o~c:n ~tfan;l:)lade frequ_eqcyln··the 125 Hz/250 
H.z,octave bands,.m~y be adcied info the spectrum. The sour:~~
of thehigh-le.vel low-frequ~pcynoise are the fans orduc~ork. 
vibration. Current trends are away from central plant rooms to 
distribution of smaller u,nits on each floor oi in the. ci:iiling . 
This 'brings the noise ~ources closer ~o pedple. •; 

In a wide-ranging study of HV AC noises Broner (l 994j 
analyzed recorded noises in a number of ways, includfo.2 ·::· ''· 

1; 

.\ 
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.. : ~ ·:' 'J - / : . ·, : .. ' ·," ~. i·> ·i ' ~-
'· • . .. the average SP,eCtrum in third oetaye bands over ~ twO-

, miriute period, · · ,L ; ·. .'f:; (:~· : 
4D 
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. -:- · ... ·· · 

.·r. 

.. 

;r-

• • '" .the statistical data:-iri third octave b~ds~iving an indica-
.tion off}uctuatiori, and · · · 

, . • ... the v~ation ~~th,time Cl~.t\J;e level in select~~ bands. 
,. • · 1 
· The spectra were llivided ~)'.l!o.~µbjective "qµality" catego-
ries of "sn:o.ng r:umble, ' "ruriible," "neu~marginai" and 
"ne~~~:'~as ShO'_Vll m=~.~~;e 7, which gives.spec~qo~alized 
to similar speech mterfeft!nce levels(averag_eoflevelsat 500 Hz, 
I kHz, and 2 kHz octav~ barias). •• · ' .. .,,, 

1'.1i .slfectrwl_1 with "stro~g rumble".,peaks at 3 l.5 Hz. · 
Reduction of:the low frequencies graduaUy produces a neutral 
spectrwp.. . , _ 

· ln-_additio-!1,t9 the ~ve~e levels, fluctuation must also"oe - · 
considered. These are -illustrateP·.in Figure. 8 (Broner 1994), 
wher~ it is shown. .thauhe stan_dard deviation of the overall'-\· 
'band levels are lo~est ior the .neutral s~ctrum. 

The RC criterion .a.utves, as recommended by ASHRAE, 

. , .zo 

0.0 

15 315 13 125 251 SID .tl -~lk IJl lit .. OdaYe Bud Can~ (Hz) 

Figure 8 Standard deviations of the normalized spectra. 

N61SE AND PRODUCTIVITY 
\ 

Noise may be considered as one com~nent of internal 
air quality and is a potentially detrimental factor on work 
.,per:fprmance.."This .is.. illustrated by .a study.of the comparison 
of subjective responses for air-<:onditionina noises of similar "'. , 
NC/NR/dBA ratings but different low-frequency content 
(Persson-Waye.et al,..+996khr-this pilot"StO.dy of 14 healthy 
subjects, with an average rage of 26 years, Ic~w-frequency 
nois~, •• intenered · more strongly witll ;, petfonnance than 
medium-frequency noise of_mnilar rating criteria. The study 
iridicated that low-frequency noise has an additional effect on 

,. 
have a slope of -5 dB per·oetave (Figure 9)~ The family of RC 
curves permits a noise tO be designated: •by its subj~ctive 
attrib1*~of"rumble;'"ffneiftral," or"hissWand also giveS'indr~ . ~ 
cation ofthe·.potential for causirig vibration (ASHRAE f995): · J£ 
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