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Abstract 1 

Unavoidable discontinuities due to in-duct elements in a ventilation ductwork system 2 

result in the generation of localized turbulence. Some of the turbulence energy is converted 3 

into noise. The flow-generated noise problem caused by in-duct elements is due to the 4 

complicated acoustic and turbulent interactions of multiple in-duct flow noise sources. 5 

Prediction of the flow-generated noise at the design stage is important in engineering, since 6 

it is almost impossible to solve the problem after the installation of a ventilation ductwork 7 

system. The measurement and computational fluid dynamics simulation can provide an 8 

accurate prediction but are expensive in terms of resources. There is an urgent need for 9 

developing a practical prediction method for the flow-generated noise in air ducts. Current 10 

design guides only provide a prediction method for aerodynamic sound produced by a 11 

single in-duct element in the ventilation system, which is usually not in accord with actual 12 

systems. An interaction factor mβ  is therefore proposed to take account of the interaction 13 

effects of multiple in-duct elements. Experimental measurements were conducted to verify 14 

the proposed prediction results. The predicted results show an acceptable agreement with 15 

the measurements. The proposed method provides engineers a practical generalized 16 

technique for predicting noise produced by multiple in-duct elements.  17 
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1. Introduction 19 

Ventilation ductwork system is the essential component in modern buildings to 20 

maintain good indoor environment quality. Some unavoidable in-duct elements, such as 21 

dampers, sensors, bends, transition pieces, duct corners, branch points or even attenuators 22 

will make the air duct become discontinuities. The discontinuities in the air duct will 23 

influence the airflow and result in the generation of localized turbulent as the ventilation 24 

system begins to operate [1-3]. The interaction between the turbulent airflow and the 25 

discontinuities in air duct will lead to the generation of noise, which causes many problems 26 

to engineers since it is almost impossible to solve the problem after the installation of the 27 

ventilation system [4,5]. It is therefore that the prediction of the flow-generated noise at 28 

the design stage is significant in engineering. Accurate determination of the flow-generated 29 

noise in the ventilation system can be obtained by measurement. However, some specially 30 

combined acoustic and aerodynamic experimental facilities are needed in the measurement 31 

[6]. An alternative to the measurement is using computational fluid dynamics (CFD) 32 

software packages. CFD is a powerful design tool that could provide an accurate prediction 33 

of the fluid flow regimes in the ventilation system [7-9]. However, complex simulation 34 

conditions should be taken into consideration in the application of the CFD simulation, 35 

which are still a challenge for engineering applications. Besides, time-consuming is an 36 

anther obvious drawback of both the measurement and CFD simulation. A simple, rapid 37 

and convenient method to obtain an approximate level of the flow-generated noise in 38 

ventilation ductwork system is desired in engineers’ daily practical cases.  39 

One of the fundamental work with respect to the flow-generated noise prediction was 40 

proposed by Nelson and Morfey [10]. Oldham and Ukpoho [11] developed the Nelson and 41 
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Morfey equations in terms of more commonly used parameters in ventilation system design. 42 

Later, Waddington and Oldham [12] suggested a technical prediction method based upon 43 

the pressure loss characteristics of real duct components, which was adopted in the CIBSE 44 

Guide. Kårekull et al. [6] presented a general prediction method for in-duct orifice 45 

geometries of high pressure loss by assuming a momentum flux of the dipole force. 46 

However, these works only provide the prediction methods for aerodynamic sound 47 

produced by an isolated in-duct element in the ventilation ductwork system. It is only 48 

applicable to an isolated component, which is different from practical systems consisted of 49 

multiple components. It is therefore that Mak and his co-investigators established a 50 

prediction method of the flow-generated noise produced by multiple in-duct elements 51 

based on the theory of Nelson and Morfey [13-16]. The interaction effects of the flow-52 

noise sources in the ventilation ductwork were taken into considerations in their method. 53 

However, their method seems to be more theoretical rather than practical and has not yet 54 

become a practical method in engineering applications.  55 

Current design guides, the CIBSE Guide and the ASHRAE Handbook, only provide a 56 

prediction method for the flow-generated noise produced by a single in-duct element in a 57 

ventilation system [17,18]. The CIBSE Guide is the current design guide adopted in UK 58 

and Hong Kong. It is therefore that this paper proposes a practical generalized prediction 59 

method for the flow-generated noise produced by multiple in-duct elements based on the 60 

CIBSE Guide as well as the works of Mak and his co-investigators. An interaction factor 61 

mβ  is introduced to the prediction equations of CIBSE Guide to take account of the 62 

interaction effects of multiple in-duct elements. To verify the results predicted by the 63 

proposed prediction method, the experimental measurements were conducted. The 64 
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prediction results show an acceptable agreement with the measurements. The proposed 65 

method provides a practical generalized technique for predicting noise produced by 66 

multiple in-duct elements and it is a significant improvement to the current design guides 67 

for the design of a ventilation system.  68 

2. Generalized prediction method for flow-generated noise  69 

2.1 CIBSE Guide for a single in-duct element 70 

For the sake of completeness, a brief description of the prediction method in the CIBSE 71 

Guide B4 is presented here. Two prediction equations for the flow-generated noise 72 

produced by a single in-duct spoiler are given in the CIBSE Guide B4 to determine the 73 

sound power level WL  in respect of different frequency ranges (below and above the “cut-74 

on” frequency cf  of the duct). The cut-on frequency cf , which is only decided by the 75 

geometries of the duct as  / 2cf c l=  for rectangular ductwork or 1.841 / 2cf c rπ= for 76 

circular ductwork (where c  is the velocity of sound, l  is the longest sectional dimension 77 

of the rectangular ductwork and r  is the radius of the circular one), determines the wave 78 

propagation modes through the duct. According to the CIBSE Guide B4, the equations for 79 

the sound power level WL  are given as [17]: 80 

For 0 cf f<  (below the cut-on frequency) 81 

37 20lg( ( )) 20lg 10lg 40lgWL K St A uζ= − + + + +                           (1) 82 

and for 0 cf f>  (above the cut-on frequency) 83 

84 20lg( ( )) 20lg( ) 10lg 40lg 10lg 60lgWL K St St A uζ σ= − + + + − + +         (2) 84 

where 0f  represents the octave band center frequency, A  is the cross-sectional area of the 85 

duct, u  is the air velocity in the duct, ζ  is the pressure loss factor, 1/2( 1) ( 1)σ ζ ζ= − −  86 
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is the clear area ratio, and ( )K St  is an experimentally determined factor related to the 87 

Strouhal number (1 ) /cSt af uσ σ= −  ( a  represents duct height or duct diameter). Fig. 1 88 

illustrates the determination of term 20lg( ( ))K St  from Strouhal number. The 89 

20lg( ( ))K St can be obtained once the Strouhal number is derived. It should be noted that 90 

pressure loss factor ζ  could be gained according to the CIBSE Guide C for a particular 91 

element [19] or the expression of 2/ 0.5P uζ ρ= ∆ ( P∆  is the static pressure drop due to 92 

the component, ρ is the density of air) [20].  93 

 94 

Fig. 1 Determination of term 20lg( ( ))K St  from Strouhal number [17] 95 

2.2 Generic formulae for multiple in-duct elements 96 

The flow-generated noise problem caused by in-duct elements is due to the complicated 97 

acoustic and turbulent interactions of multiple in-duct flow noise sources. The interaction 98 

effects of flow-noise sources in the ventilation ductwork are taken into consideration by 99 

introducing an interaction factor mβ  to the prediction equations given in the CIBSE Guide 100 

B4. The sound power generated by a single in-duct element could be obtained according 101 

to Eq. (1) (for 0 cf f< ) and Eq.(2) (for 0 cf f> ) in respect of different frequency ranges. 102 

For the sound power generated by multiple in-duct element, a simple relationship between 103 
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the sound power level due to multiple elements and that due to a single element is then 104 

obtained as follows:  105 

10lgWm W mL L β= +                                                   (3) 106 

where WmL  represents the sound power level due to multiple elements, WL  represents the 107 

sound power level due to a single element (obtained from Eq. (1) and Eq. (2) ), mβ  is the 108 

interaction factor. It should be noted that the WL  chosen here is the element with the largest 109 

pressure loss factor ζ . Based on the works of Mak and his co-investigators in regard to 110 

the interaction factor, the simplified equations of the interaction factor are expressed as: 111 

For 0 cf f<  (below the cut-on frequency) 112 

cos cos( )m
um m kL kL kL
c

β = + −                                         (4) 113 

and for 0 cf f>  (above the cut-on frequency) 114 

for a rectangular duct

for a circular d

8 ( ) ,
2 ( )

4 , uct
m

kA a bm m
kA a b

kA rm m
kA r

π
πβ

π
π

+ + + + += 
+ + +

                          (5) 115 

where 2m ≥  is the number of in-duct elements, 02 /k fπ=  is the wave number, L  is the 116 

shortest distance between two elements, a and b are the duct cross-sectional dimensions 117 

respectively, and r  is the radius of the circular duct.  118 

The interaction factor mβ  is mainly a function of frequency, distance between the various 119 

duct elements, and geometries of the ventilation ductwork system. It can observe from Eq. 120 

(3) that the WmL  increases when the interaction factor 1mβ >  and decreases when the 121 

interaction 0 1mβ< < . However, Eq. (5) only provide the cases for 1mβ >  by  removing 122 
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the product-term cos( / )kL kLu c−  of the second term on the right-hand side of Eq. (5). The 123 

purpose of such simplification is to avoid underestimations at high frequencies. The values 124 

of the interaction factor could be obtained straightforward at the design stage once the 125 

geometries of the ventilation ductwork system have been determined. Although the 126 

proposed interaction factor mβ  only represents an approximated added sound pressure 127 

level and may overestimate it, the simple and convenient prediction formulae meet the 128 

requirement of engineers in their daily practical cases and could be a significant 129 

improvement to the current design guides. 130 

3. Experimental measurements 131 

An experiment was conducted to verify the results predicted by the proposed generic 132 

formulae, as demonstrated in Fig. 2 [16]. The schematic diagram of the experimental test 133 

rig is illustrated in Fig. 3. A three-phase variable speed centrifugal flow fan, which was 134 

isolation of vibration by four springs and was enclosed in a lined acoustic enclosure, was 135 

used to provide airflow. Silencers and acoustically lined elbows were installed to attenuate 136 

both the upstream and downstream sides. In order to reduce breakout noise from the air 137 

duct, 25-mm-thick absorbing material lining was assembled through each side of the long 138 

steely test duct of 0.1 m×0.1 m. Hence, a quiet and fully developed flow at the first test 139 

piece counted from the inlet of airflow could be obtained, which was located at 140 

approximately 1.75 m away from the duct entrance section. The second and third spoilers 141 

were situated 1 m and 3 m downstream from the first spoiler respectively. The total length 142 

of the duct was 5.45m, which included the extended part in the reverberation chamber. This 143 

chamber had an outlet cone of 0.16 m × 0.16 m and a length of 0.3 m for acoustic 144 

measurement. The chamber was also provided with lined outlet ducts that enabled air to 145 
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escape without the penetration for outside noise. The entire experimental test rig was 146 

located in another reverberation chamber to ensure the level of sound measured in the 147 

system was always well above the background noise level in the laboratory. 148 

 149 

Fig. 2 Experimental test rig photography 150 

 151 

Fig. 3 Schematic diagram of the experimental test rig ( P∆  with subscript represents 152 

the static pressure drop across the in-duct element) 153 
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             154 

Fig. 4 Cross-section of the duct with two main types of spoilers used (a) centrally 155 

placed strip spoiler (b) two strip plates placed symmetrically at both sides of the duct, 156 

leaving a central vertical strip of the duct open. 157 

The spoilers used in the experimental were made from 1-mm thick steel plate in order 158 

to provide a nearly rigid obstruction without significant vibration in the air stream. The 159 

spoiler plates were fixed by springs and force transducers between the flanges of two 160 

adjoining sections of the test duct. Compressed foam rubber was used to seal the gaps. Fig. 161 

4 shows the cross-section of the duct with two main types of spoilers used in the experiment: 162 

centrally placed strip spoiler and two strip plates placed symmetrically at both sides of the 163 

duct by leaving a vertical opening at the center of the duct. Their height is that of the test 164 

duct of 0.1 m, and various widths of spoilers used in the experiments are exhibited in Fig. 165 

5.  Seven different configurations of spoilers under seven different mean flow velocities 166 

were chosen to validate the generalization of the proposed formulae, as illustrated in Fig. 167 

5. The first five experiments (case 1, 2,3,4 and 5) only included two spoilers, while the last 168 

two experiments (case 6 and 7) contained three spoilers.  169 

( )a ( )b
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 170 

Fig. 5 Different experimental configurations of spoilers under different mean flow 171 

velocities (m/s) 172 

4. Results and discussion  173 

The proposed generic formulae for the flow-generated noise produced by multiple in-174 

duct elements are used to predict the sound power levels of aforementioned cases. The 175 

configurations of spoilers adopted in this paper are random rather than specific for the sake 176 

of clarifying the generalization of the proposed method. In light of the low speed flow of 177 

interest in the ventilation system, especially the mean flow velocities between 10 m/s and 178 

20 m/s, the minimum and maximum mean flow velocities chosen in the experiment are 10 179 

m/s and 22 m/s respectively. 180 

The sound power levels predicted by the proposed generic formulae and the CIBSE 181 

Guide B4 are compared with the experimental measurements, as demonstrated in Fig. 6 182 
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(two in-duct elements cases) and Fig. 7 (three in-duct elements cases). The solid lines with 183 

dotted circles, dashed lines with dotted circles and dashed lines with dotted crosses 184 

represent the predictions of the proposed method, the predictions of the CIBSE Guide B4 185 

and the measurement results respectively. Although some relatively large discrepancies 186 

between the predicted results of the proposed method and the measurement results could 187 

be observed in Fig. 6, the predicted results show an acceptable agreement with the 188 

measurements in all these two in-duct elements cases. For three in-duct elements cases, the 189 

prediction results of the proposed method fit well with the measurements results, as 190 

illustrated in Fig. 7.  191 

Fig. 6 shows that the CIBSE Guide B4 could also provide approximate predictions 192 

around the measurement result, which seems to be better than the predictions of the 193 

proposed methods. However, the predictions of the CIBSE Guide B4 underrate the sound 194 

power levels due to neglecting the interaction effects of the multiple noise sources. It will 195 

be a serious issue since it is almost impossible to remedy the problem after the installation 196 

of the ventilation system.  More serious underestimations of the sound pressure level 197 

predicted by the CIBSED Guide B4 could be observed in the three in-duct elements cases, 198 

as illustrated in Fig. 7. Almost every predicted sound pressure levels of the CIBSE Guide 199 

B4 are lower than the measurement results through the one-third octave center frequency 200 

domain. A relatively large discrepancy between the predictions of the CIBSE Guide B4 201 

and measurement results exits in case 6. Whereas a good agreement between the prediction 202 

results of the proposed method and measurement results could be seen in Fig. 7. 203 
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 204 

 205 

 206 

Fig. 6 Comparison of the predicted sound power levels and measurement results with 207 

respect to two in-duct elements cases (solid lines with dotted circles, dashed lines with 208 

dotted circles and dashed lines with dotted crosses represent the predictions of the 209 
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proposed method, the predictions of the CIBSE Guide B4 and the measurement results 210 

respectively) 211 

 212 

Fig. 7 Comparison of the predicted sound power levels and measurement results with 213 

respect to three in-duct elements cases (solid lines with dotted circles, dashed lines with 214 

dotted circles and dashed lines with dotted crosses represent the predictions of the 215 

proposed method, the predictions of the CIBSE Guide B4 and the measurement results 216 

respectively) 217 

The results indicate that the proposed method occasionally overestimates the 218 

interaction effects of multiple in-duct flow noise sources. By neglecting the interaction 219 

effects of multiple in-duct elements in CIBSE Guide B4 results in the underestimated sound 220 

power levels. The underrated sound pressure level is inappropriate for the design of a 221 

ventilation ductwork system. It is better to overestimate the sound power level than to 222 

underestimate it due to the impossibility to solve the noise problem after the installation of 223 

a ventilation ductwork system. The proposed generalized formulae provide a practical 224 

technique for the prediction of the flow-generated noise generated by multiple elements in 225 

air ducts. It is a significant improvement to the current design guides for the design of a 226 

ventilation system. 227 
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5. Conclusion  228 

The flow-generated noise problem caused by unavoidable in-duct elements is related 229 

to the complicated acoustic and turbulent interactions of multiple in-duct flow noise 230 

sources. However, current design guides only provide the prediction method for a single 231 

in-duct element. Based on the works of Mak and his co-investigators, a generalized 232 

practical prediction method for the flow-generated noise produced by multiple in-duct 233 

elements is therefore proposed in this paper. An interaction factor mβ  is introduced as a 234 

result of a simple relationship between the sound power due to the interaction of multiple 235 

in-duct elements and that due to a single in-duct element. Experiments were conducted to 236 

verify the proposed generic formulae in this paper. The predictions of the proposed method 237 

show an acceptable agreement with the measurement results, especially for the three in-238 

duct elements cases. It should be noted that the proposed interaction factor mβ  considered 239 

as the interaction effects of multiple in-duct elements only represents an approximated 240 

added sound pressure level and may overestimate it occasionally. However, 241 

overestimations of the sound pressure level are better than the undervalued predictions of 242 

the CIBSED Guide B4 without regard to the interaction effects. It is because of the 243 

impossibility to solve the flow-generated noise problem after the installation of a 244 

ventilation ductwork system. The generalized prediction method can provide a practical 245 

technique for engineers to predict flow-generated noise produced by multiple in-duct 246 

elements in air ducts. Future work is necessary to carry out different generic formulae with 247 

respect to different numbers of in-duct elements or different types of spoilers for the sake 248 

of accuracy, and the present work should be extended to realistic ventilation system 249 

components in the future as well.  250 
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Fig. 1 Determination of term 20lg( ( ))K St  from Strouhal number 295 
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Fig. 2 Experimental test rig photography 296 

Fig. 3 Schematic diagram of the experimental test rig ( P∆  with subscript represents the 297 

static pressure drop across the in-duct element) 298 

Fig. 4 Cross-section of the duct with two main types of spoilers used (a) centrally placed 299 

strip spoiler (b) two strip plates placed symmetrically at both sides of the duct, leaving a 300 

central vertical strip of the duct open. 301 

Fig. 5 Different experimental configurations of spoilers under different mean flow 302 

velocities (m/s) 303 

Fig. 6 Comparison of the predicted sound power levels and measurement results with 304 

respect to two in-duct elements cases (solid lines with dotted circles, dashed lines with 305 

dotted circles and dashed lines with dotted crosses represent the predictions of the proposed 306 

method, the predictions of the CIBSE Guide B4 and the measurement results respectively) 307 

Fig. 7 Comparison of the predicted sound power levels and measurement results with 308 

respect to three in-duct elements cases (solid lines with dotted circles, dashed lines with 309 

dotted circles and dashed lines with dotted crosses represent the predictions of the proposed 310 

method, the predictions of the CIBSE Guide B4 and the measurement results respectively) 311 

 




