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TIle objective of the investigation is to determine characteristic acoustical
properties of dtlct components under operation for sound pressure prediction
of a HVAC dtlct system in lower frequency region. The acoustical property
reqtlired for a duct component is botll passive one, typically, in terms of the
characteristic transmission and reflection factors, and active one, typically, in
terms of the driving wave pressure towards every duct which corresponds to
the sound pressure given by the aneclloic end metllod and their complex
coherence factors [1].

A difficulty in determination of these acoustical properties is in rejection of
flow induced noises of the test system, especially flow indtlCed microphone
and throttle noise. At the passive property measuren1ent, rejection of these
noises can be attained by sllperposition of a test signal from every duct end and
cross-spectrllm measurement between the test signal and pressure of every
microphoI1e location [1-3]. A remaining difficulty is in rejection of volume
control throttle noise at active property determination of air moving devices.

This paper presents a new determination method whicll uses three
microphones in every duct, instead of using anechoic ends and tubular wind
screens, employs relationsl1ips among every Cfoss-spectrum between port
pressures, passive properties of tIle test duct system and driving wave
pressures from all the SOtlrCes, and provides rejection of the flow induced
noises. An experimental conforma tiOll of tlle effectiveness of its tllrottle noise
rejection and its application to fan acoustic characterization on a realistic test
systeln with a tllfottle are also givell.

SOURCE DRIVING WAVE PRESSURES AND A LOCAL PRESSURE

Contribution of Primary Source to a Local Pressllre
For a M-port duct component, as shown itl Fig.l (a), and at a frequency

below the lowest cut-on of the cross-modes at the ports, we can write
relations11ips between the driving wave pressure from a port L of the primary
source, ft, and its contribution to the complex pressures of outgoing and

incoming plane waves at t11e port L, aLL alld aLL respectively [2], as
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aLL=TLLaLL +fL ' aLL=RLaLL' and a(L=fL/( I-TLLRL) (1)
wI1ere TlL and RL are the reflection factors of the test system, as seen fron1 duct
end side and from the primary source side respectively. The superscripts (+)
and (-) represent outgoing and incoming waves respectively, as seen from the
primary source side. From this the contribution of fL to pressure at port L, aLL ,

and outgoing wave pressure at anot11er port K, aKLI respectively, are given by

3LL=aLL+aLL=q,LLfL" and <f>LL=(l+RL)j(l-TLLRL) (2)

and af<L =TKLaLL= TKLRL fL" I ( 1- TLL RL)' for K(;tL )=1, 2, ... ,M (3)
where TKL is the load-coltpled transmission factor from port L to port K.
Using eq.(3), we 11ave the contribution of ft to local pressure at port K, aKL, as

aKL=aKL(l+RK)=<f>KLfLand <l>KL=TKLRL(l+RK)/(l-TLLRL) (4)
Exchange of L for K in eq.(2) gives relationships between the Kth port driving
wave pressure from the primary source fK, and its contribution to Ktll port
local pressure, aKK , as

aKK=<I>KKfIt and cI>KK=(l+RK)/(I-TKKRK)· (5)

Contribution of External Sources to a Local Pressure
As shown in Fig.l (b), relationships between the dri ving wave pressure

from the external source of port L, fe, and its contribution to the traveling

wave pressures at port L, bLL and bLL , can be written instead of eq.(l) as

bLL=RLbLL +fC ' bLL=TLLbLL and bLL=fCI(I-TLLRL)' (6)

Relationships between each driving wave pressure of external sources, fC and

fi(, and eacll of their contribtltions to Kth port pressure, bKL and bKK,
respectively, can be given similarly to the preceding paragraph as

bKL=QKLfC and QKL=TKL(l+RK)j(l-TLLRL) (7)

and bKK=QKKfK and QKK=(l+TKK)j(l-TKKRK). (8)

Local Pressures at a Primary Port K and at a Reference Port K"
TIle sum of eqs.(4), (5), (7) and (8) gives the pressure at a port K, PK, as

(a) For primary source: fL" and
its contribution to pressure at K, aKL
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(b) For external source: fC and
its contribution to pressure at K, bKL

Fig.! Driving wave pressure of a source and local pressure at a port.
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M M
PK = I (aKL +bKd = I (<PKLf~ +OKL fe), for K=1, 2, ... ,M. (9)

L=1 L=1
Incidentally, when every port is anechoically terminated and every external

source can be disregarded, i.e., RK=fi=O for every K, eq. (9) redllces to PK=fK".
Employing an reference microphone at a location, K", far from the primary

one K, to reject the contribution of tIle flow il1duced test system noises, we
make additional measurement of two kind of tIle transfer functions between
the preSStlres at K and K", HKK" and Hkk", for incidellt SOUllds from the primary
and external source side at each port K, respectively, Le.,

HKK"=bK"L/bKL=aK"L/aKL=aK"K/aKK and l-lkk":=bK"K/bKK· (10)

Using eqs.(7) alld (8), we have relationships between tl1e external sources fL
and fj(, and eacll of tl1eir contributions to the reference pressure at location K",
bK"L and bK"K, as

bK"L=HKK"bKL=QK"LfC and QK"L==HKKQKL (11)

and bK"K=11kk"bKK=QK"KfK" and QK"K==I-I~k"nKK (12)
For the primary sources, fL" al1d fIt, Sil11ilarly, (raIn eqs.(4), (5) and (10) we have

aK"L =<l>K"L fL" ,$K"L == I IKK" <I>KL' aK"K =<1>K"K fK" and <DK"K == 1-1 KK" <DKK . (13)
The SUln of eqs.(11), (12) and (13) gives relationsllips between K"tll reference
pressure, PK", aI1d the drivillg wave pressures of all sources as

M M
PK"= L (aK"L+bK"L)= L (<I>KtlLfL+QK"L fC), for K"=l, 2, ... , M. (14)

L=1 L=1

Characteristic TransmissioIl Factors and Load-COtlpled Transmission Factors
ConsideriI1g the relatiol1s11ips bet\veen traveling \vave pressures at an

arbitrary locatio!l Jand at a port L, as seen in Fig.2(b),

bJi.. =RJT1LbLL, RJ=bJL/bJL and TJL=bjL/bLL (15)
we have the relatiolls11ips between Ltl1 port illcon1ing wave and Kth port
OUtgOi11g wave caused by Ltl1 port external source [1] as

M M
bKL = L 'tKJ bji =TKLbLL and TKL='tKL+ I, 'LKJ RJTJI~ · (16)

J=1 J(~L)=l

Observation of RK and TKL for all combi11ation of ports K and L gives every
characteristic transn1ission factor ~KL by solvi11g t11e set of eqllatio11s (16).

OBSERVATION OF ACOUSTICAL PROPERTIES

Observation of Passive Properties
To obtain tI,e reflectiol1 factors RK and TKK employing tIle in-duct tvvo­

microphone techllique for inlpeda11ce [4], we make l11eaSttremetlt of an
additional reference pressure at K' itl the vicinity of each port K, bK'L, and

obtai11 t11e transfer functioll, Hk~K= bK'L/bKL, betvveell tIle preSSllres bKL and bK'L,
introducing an external test source from each port L. To reject flow induced
noises, specifically, sllperposillg a test signal CL throllgl1 a loudspeaker from Lth
port end (L=l, 2, ... ,M), we make meaSllrement of the transfer functio11 J'I~~
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between eL and the pressure PIL for every J=l,2, ... ,M,l',2', ... ,M',l",2", ... ,M",
we have the output pressure coherel1t to the test signal at J, b}Y, as

bit=I-Ir~leLI and H~~ =<e~PJL>/leLI2 (17)

where the symbols <.> and 1·1 denote the ensemble average and the ensemble
averaged absolute value, respectively, and the superscript (*) denotes the
complex conjugate. By using b~t instead of bJLI we obtain HKK" and Hkk.. directly
from eq.(lO), then RK and TKK giving H~~K=b~~L/b~L and applying the in-duct

two-microphone technique, then b~+ and b~L- applying eq.(15), and finally TKL
by applying eq. (16) for every combination of ports K and L.

Observation of Active Properties
Assuming that the external sources and the primary source are mutually

independent, we can relates the characteristic active properties to the cross-
spectrum of the pressure, <P~PL>, between each port K (for K=1,2, ... ,M) and

its reference or another port L (for L=K" or for L(#K) =1,2, ... ,M) as
M M

* '"'. + 2· 2 ~ * + * + (18)<PKPL>=L (<I>KI<flLJlfI I +QKIOLllfI-1 + L..J <flKI<f>LJ«fI ) (fJ ) ».
1=1 J(~I)=l

Flow induced microphone noise has been disregarded it1 eq.(18), because every
spacing between the two locations K and L (which is not necessarily to be
straight dllct section) has been taken large compared to the correlation length
of tllrbtllellce. This flow induced noise suppression method without using the
tubular wind screens is a simplified alternative of that by M.Abom, H.Boden
and J. Lavrentjev [3], and two-reference microphone method by ourselves [2].

Giving the passive acoustic properties of the test duct system and

measuring the M(M-l)/2 cross spectra < p~ PL> and the M cross spectra
<P~PK">'we have the M(M+l)/2 complex equations (18). Solving a set of these
equations, we can determine the M(M+ 1) real unknowns which are the 2M
driving wave pressures Ifl+1 and Iffl, and t11e real and imaginary part of the

M(M-1)/2 cross-spectra «fI+)*(fj) >. An explicit relationsl1ip between the
driving wave pressures and the driving pressures acting on the ports have
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been given in the reference [1] for a two-port source. The complex coherence

factor of the driving wave pressures between port K and L, Jl~~), are defined by

Jl~~)=<(fK)·fL>/(lfKllfLI),for K=1,2, ..., M and L(;tK)=1,2, ... ,M. (19)

EXPERIMENTS

Experimental Conformation of Present Determination Method
Fig.2(a) illustrates the test arrangement to check the effectiveness of the

external source rejection of the determination met110d of t11e acoustical
properties for a two-port source. Fig.3(a) and (b) s110w the characteristic passive
properties of the loudspeaker used for the primary source. The transmission
factors t12 and t21 are reciprocal. Fig.3(c) through (f) show the driving wave
pressure from each port of of the primary and external loudspeakers detected
from the contaminated pressures by tIle other sources. Each agrees with that of
direct measurement of the corresponding source only turn on. This confirms
tile effectiveness of tIle llIldesired noise rejection nlethod.
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Fig.3 Test results of present acoustic characterization method
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Fig.4 Results of application to acoustic characterization of a fan under operation

Application to Acollstical Characterization of a Fan
We applied this acollstical characterization method to an axial fan of

resident use. Tl1e primary loudspeaker section was replaced by t11e fan section
in the test duct arrangelnent as ShOWIl in Fig.2(b). An orifice was attached to
the end of the discharge duct to control and to measure the air-flow rate.

Fig.4(a) and (b) Sll0W the passive properties of the fan under operation at
Mach number of abollt 0.007. The transmissiol1 factor 't12 is somewhat less than
that 't21 in magnitude. Fig.4(c) and (d) SllOW the active properties. TIle driving
wave pressure froni tI,e orifice was far less tllan those froIn the fan. TIle
driving wave pressllres from the fan towards both sides are, rougl11y speaking,

similar in magnitude alld Ollt of pl1ase, fi ~ - fi I tllOllgll partially coherent.

SUMMARY

A ne\v deterlninatioll metllod of tIle aCOllslical property of a HVAC duct
componel1t under operatil)ll wit}l tllroltle noise rejection has been presented.
The effectiveness of the metll0d 11as been confirnled by Cl fll11damental
experiment. Its applicatiotl to acollstical characterizatioll of a fall has given
sonle usefll1 kno\vledge on the SOllTld generation mechanism of fans.
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