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ABSTRACT

The purpose of this paper was to investigate the feasibility of the beamforming algorithm-based
acoustic method with a microphone array to analyze the airtightness of buildings. Performing
the field tests, the impacts of various factors related to the acoustic and airtightness
performances were analyzed. From the analysis, it was found that high frequency sound waves
were feasible to detect air leakage spots on the exterior wall for the acoustic approach. When
comparing the sound pressure levels detected by the acoustic camera with a calibrated
microphone for the verification analysis, the averaged percent differences between two
instruments was 3% proving the reliability of the acoustic camera method. However, in order to
produce the reliable results, this paper also found that it needs to combine the sound pressure
levels of the leakage spots detected by the acoustic camera. Based on these results, this paper
could conclude that it is possible to evaluate the airtightness of an exterior wall using a
microphone array, based on the resulting correlation between the changes in air leakages and

sound pressure level differences.
220]: 253, 7|Y, 83|, YEY YD2|F

Keywords: Apartment house, Infiltration, Acoustic approach, Beamforming algorithm

A8 DS AR A7) 7120 elR 2 2 gl olo] ofs) 242 ejmlo)
2 5ol GUSAL R BSH ATAF sl eRe 3719] oF5-S Sflgiet, ofo] ufe- o]

674 ° Journal of KIAEBS Vol. 14, No. 6, 2020



The Study on Feasibility of the Beamforming based Acoustic Camera to Detect Air Infiltration of an Apartment Building

T2] oA A R-371E AU B 25 2 ] ffo] W E= S sllop sk ] wize]
= ol Xl Bt gofub] Hrk(Liddament, 1986; Krarti, 2000; Emmerich et al., 2005;
ASHRAE, 2009; Leprince et al., 2011). 7|& E<lof k2 H A-=2] 37|71 P of | 2] AL
Lof| 7| 2] = o] 2F20%~40% S 2FA5HL QA Th Pettersson, 1978; Muehleisen et al.,
2014; Raman et al., 2014a; Raman et al., 2014b). =, WX 1185 A=, AR} A2 ofy

A 72 TP Sl 0] 1A S sk Rl of Fasich

A80] 71848 S sl] Yefrs Aesh el 7858 ZA4sk= Zo] ZQohH,
7Es S —§7V\—H——§‘?§ 719¥H, b 5ol T2 AREEAL QlTK(Krarti, 2000;
ASHRAE, 2009; -3E5 £], 2019). Ll‘li == H*ﬂ 7R ool S e 28
st AE<] ]UE ”4‘0 Folel= At Itk (Keast and Pei, 1979; Sonoda and Peterson,

1986; Oldham and Zhao 1993; Chen, 1995; Iordache and Catalina, 2012; Nagle and House,
2013; Varshney et al., 2013; Muehleisen et al., 2014; Raman et al., 2014a; Raman et al.,
2014b; Berardi and Pouyan, 2018). 9] 9452 7|2 A}t St &, 5oLt 2H
o BYH 7 5= Tl 5F oA} ol sRtth= M2 HIF 2 =2 51l Itk Raman et
al., 2014a; Raman et al., 2014b). THEZAS 37 |HL2 2245 =4 WH(Keast et al.,
1979, Nagle and House, 2013; Oldham and Zhao 1993; Chen, 1995; lordache and Catalina,
2012; Varshney et al., 2013)2} 51327 %1&]1—2 o] g3t HibA]o] QJQtt. o & E014, lordache
and Catalina (2012)-2 AA| AE9] g8t o 72 gAY AvfE uigto 2 AE9] 37|
) 2 Aole] AHHAS 4Gl S4E ARSI SHARE lorsche and
Catalina (2012)©] 8|7]R o] The ARl M Hl2sgt AT} 1 927) 27} 57} W)
_@_om Varshney et al. (2013)& 5141 271014 2H84F57} /AR TLo] TS 2ATal9]
JPAIE 47} k) Gz sl o] AJE Hhe) 49 Y] SAIE melet 7 A g
7}—0}7] mhzol TRt Ausie] 718ds 2ol o . 3 Muehleisen
etal. (2014)7} Raman et al. (2014a; 2014b)-> Z1& Q|ujolx] 7|7 A== $1A]E &l 3
71eke 27517 918 vlo]22E ofellolMicrophone array) S B4t ¥ w43} 7))
2% &2 1#|9)(Nearfield acoustic holography, NAH) ®41-S- AR8-51IT}E Muehleisen et
al. 7} Raman et al.-& W] ™ HFA1-S 3L@5lo] ARy} 2 5= E5)] Ao} =-onts
“gotal ol BAIREO B 77 AR SIAE 2HS & ka2 Bl shA|et

=
S
HLET A0 2 2717 9] ofel 9 ul, H713RS 9] STl NAH 4K Fol mfet
[e1g
=

:“.:

b0

(0]
rm
5
ol
g

rE
n{m
=
mlm

olet o] 57 e &8t e 7R 8s 54 I e aBlE Tl Al Ve
= WA SHE o e AT 520 ojeh 2 £ BHIE ARSSIA| ot dlr= 4
Aol et TR ob] 57 S8t el 71e s S = S5l
288 APt glom, o] W2 dar2lsE 7] nto] A2 of|o] o] A8 7hs /el H
gt A7 RER el wEbA E de ST He e R jlEY dareE 7He]
w7 IERE E8oto 712 d5e S5k RSl A8 7Hs 3 mhefstarat shlnt

Journal of KIAEBS Vol. 14, No. 6, 2020 ¢ 675



The Study on Feasibility of the Beamforming based Acoustic Camera to Detect Air Infiltration of an Apartment Building

=20
2 AHE SRS E8oto] Sl B 5TE0] 7EdSs 5 7hs S EAls] Sltt
Atol7] whEell FLRt A7) BAHE Fot A7t 294 (Sound Pressure Level, SPL)

RE = |
A= SHste dde ZJ?‘%%}ME} Figure 1] ZA 15401 W= 7/11%3* oA 745 71874

A npola =7 —°‘7PU1 El(ﬂ}o B 013101 S ol% Pﬂ ﬂ‘i“% *Mf’ﬂ Tl
Hl Z

U] -S4t Hole} 217] 917 mele astct
| Various Leakage Areas |
I Blower Door Test I I Microphone Measurement I I Acoustic Camera I
I Leakage Air Flow I I Sound Pressure Level I I Sound Pressure Level I I Leakage Localization

Correlation Analysis
- Leakage area vs. Leakage air flow
- Leakage area vs. Sound Pressure Level

- Leakage air flow vs. Sound Pressure Level

Figure 1. Schematic flowchart of the experiments

2
N

AL AFE AN SIAIE LHEAF AT FA s AT e ] A ZZa]
S]9Iek. F] MO Slolo] 35 7m0 ZFe0] 150] SiIek & o] 2psiel
SRS Agslo] AgS Agelsict. A% thF71o] it A Table 13} Figure 291 2,

EE

v
=T T 11
-
o |
Test Room = 3 R ‘ Hl
“ [ﬂ
PD/AD EE
i [Testmoom-2] | m
Chriidor ||/ Residential Unit (84m2)
Y
[TestRoom -1] [/ [ Storage:
re o7
>y
L 1 LAJL &EELQ
I ll
ll
ll

>

Figure 17} Z0] 27171 MRl B4 Wle] ule 2712t 208 45 3317] 9
slo] 2 AT FR0] 5 LS 2U5hAA thofeh B4 W2kS wSold AES A
519,00 2P h8-2 Table 29 2k, H5 M o] Lol 717} Aot 39S

676

Journal of KIAEBS Vol. 14, No. 6, 2020



The Study on Feasibility of the Beamforming based Acoustic Camera to Detect Air Infiltration of an Apartment Building

Table 1. Description of the testbed building

Category Description
Location Sejong City LH Housing Environment Research and Innovation
Space size Area 15.56 n’, Volume 52.66 m®
Type of exterior wall Reinforced concrete
Window type Sliding window
Window size [m] Height : 2.1, Width : 1.8

Table 2. Description of the experiment cases

Case Case 1 Case 2 Case 3 Case 4 Case 5 Case 6
Leakage Height [m] 2.1 2.1 2.1 2.1 2.1 2.1
Leakage Width [m] 0 0.0075 0.0200 0.0450 0.0600 0.0830
Leakage Area [m’] 0 0.0158 0.0420 0.0945 0.1260 0.1743
Table 3:& £ G704 AHGH 27 ]S ofZ11 Itk
Table 3. Instrument information used for experiments
Equipment Model Specification
Minneapolis * Air Flow Range : 11 to 6,300 CFM
Blower Door Test TEC Model 3 * Accuracy +/- 4% or 1| CFM
Microphone GRAS 146AE 1/2 * Frequency Range : 3.15 Hz to 20 kHz

* Sensitivity : 50 mV/Pa
Omni-direction Speaker Ntek OMNI 4“ LT * Max Sound Pressure Level : 123 dBA

FFT Analyzer RION SA-02M * Frequency Range : 20 Hz to 20 kHz
* Frequency Range : 10 Hz to 20 kHz
Sound Level Meter RION NL52 * Level Range : 20 to 130 dB

* Sensitivity : -27 dBre 1 V/Pa

* Frequency Range : 100 Hz to 20 kHz

Acoustic Camera Norsonie Nor-848 o itivity : -26+/-3 dBFS/Pa @ 1 kHz 94 dB
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C, n : Correlation coefficients derived from curve fitting of pressure differentials and air flow rates

Orr: Reference volume air rate at a reference pressure difference
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Table 4. Results of the blower door test

Case Casel Case2 Case3 Case4 CaseS5S Case6
Leakage Area [m’] 0 0.0158 0.0420 0.0945 0.1260 0.1743
Measured Air Flow Rate at 50Pa [m’/h] 446 969 1,848 3,366 4,048 4,707
Modified Air Flow Rate at 50Pa [m’*/h] 0 523 1,402 2920 3,602 4,261

138 A1 Raman et al., 2014a, 2014b; Varshney et al., 2013)f|A= 2 7S o]-&
7185 24 Al Tkt o o] Foks 2415171 915l 500 Hz, 4,000 Hz, 5,000 Hz 4
RoH, & AofX= ofid Tk B ST = 5= 1/3 SERE HHE S} ARt 2}
of| A Agstr] o 7] wlZoll £ JC—’LO]O] A2 710 & ThiE]=1/3 SEHE O] F4lFu

2210,000 HzZ 272 Axslo] A%e 25t}

ot

H ooy o

- 50 _ 50 ‘
@45 g
‘040 o 40
g g3
£ 2y,
[

g 30 ¢ .
g2 o i
= o =
L0 ‘ § ' 0
815 315
B T
3 3 5
§s §

0 0

000 002 004 o006 008 010 012 014 016 018 000 002 004 006 008 010 012 014 016 018
Leakage Area[m?] Leakage Area[m?]
©500Hz +4000Hz 4 5000Hz = 10000 Hz ®500Hz +4000Hz 4 5000Hz = 10000 Hz
(a) (b)

Figure 5. The resulting ASPLs for various cases for different distances from the leakage
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Journal of KIAEBS Vol. 14, No. 6, 2020 * 679



The Study on Feasibility of the Beamforming based Acoustic Camera to Detect Air Infiltration of an Apartment Building

P o] W2 -9 WstE sl on F guresg}”ol R e
Azo] 271l wat Auje] -Sgel A Folsk AP Bk 1/3 SERE M=) 5
#7314 500 Hz %4—4 Aute] zjo]7}¢ %ﬁiuﬂ ©, 4,000 Hz, 5,000
He, 10000 7 49] S A RE Aol 2o 12 v $AE Hetisict

ole} - A 17 ﬁ%tﬂ%ﬂiﬂ 73% £ 2}A0] 4844 ks BAt] et Jeke
o A W Ag AHE A] 045 Ha
4 UHTOM. zﬂﬂi 000 Hz tio42] &7 A} o)t 48 o] 2
10,000 Hz cje37}-f151 A& so)7] uhze] 3 415 40 414,000 Hz ot A4
et 2 _ftnmﬂu} 7&414_; 1@%01%@}04

Hj

2) olZAz) T 24

482 SUORNE A2} SIS Do FolE7] uRel 89 218 Soke
29 23 E o)A it 42T FE AN £ AFoIME 2ot
£ 5l th521e) 1S Z74ab] Satel AT RE] 5 m HOE AN S 45
w5 ol g5lo] | s-g Bujsha slglov], 25 24 Aol et B4 E 919 o127

27 FEE S AR m, 5 myelA e S5 75 o] A7 =]l whE A7 1S 245t
A} Table 5% oA el whE A5 57 At A (2)9] A S Fol Akt 91A]
AT SPLy2 Q3RE AR (r)oIA 9] A5, SPLy

o
H1
mlm
_V,FL
=
o,
e,
Jh
[\)
(]
(=)
N
2 1
N,

A
A 9] _](rz)oﬂ/ﬂﬂ g s UrEWdE}.
— SPL., — SPL,, = 10log,, (r,/7, ) [dB] (2)

Table 5. Resulting average ASPLs at different distances for various cases

Case Case 1 Case 2 Case 3 Case 4 Case 5 Case 6
Leakage Area [m’] 0 0.0158 0.0420 0.0945 0.1260 0.1743
Actual ASPL at 1 m 34.7 32.1 26.0 22.1 20.5 18.6
Actual ASPL at 5 m 43.5 423 354 31.2 29.4 27.6
Expected ASPL at 5m 41.7 39.1 33.0 29.1 27.5 25.6
Percent Difference [%] 4 8 7 7 7 8
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Table 7. Resulting average ASPLs at different distances for various cases

Case Case 1 Case 2 Case 3 Case 4 Case 5 Case 6
Leakage Area [m’] 0 0.0158 0.0420  0.0945 0.1260 0.1743
Measured AASPL at 5 m 44.6 43.0 36.6 31.9 30.5 29.1
Modified ASPL at 5 m - 48.0 374 322 30.7 29.3
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Figure 8. The resulting correlation between leakage area and modified ASPL
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