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Apartment noise has become more in focus receati¢f, most European countries have strict normative
limits, whilst some countries have even strictduwtary limits. Elevator suppliers work to guidedsfor
minimizing sound emission from elevator shafts itite residential location, but as with other sexvic
equipment, with their moving, sliding and rotatielgctro-mechanical components, complete silennetis
practical. The sound transmitted from elevatorsigiothe building tends to be structure borne raiteen
airborne, but elevator safety codes restrict tbgilfility of connections between the elevator stuue and
the building structure. On the other hand thera tsend in the building industry to optimize buiidi
materials, and this brings a challenge to soundlatiesn. Therefore it makes sense to collaboraté wi
building designers to optimize the acoustic solufiar residents. ISO standard EN 12354-5 was used a
basis to create a calculation tool to estimatesthecture borne noise in a room behind an ele\ghaft
wall. Using measured data, transmission througtshiadt wall is calculated using power balance masho
Material properties of the shaft wall, acousticmoparameters and excitation force normal to thé wexle
used to estimate the resulting noise in the roone dalculations have been verified against sevesal
cases and are used by our sales engineers to vitbrkwgtomers to optimize the elevator in its binigd

1 Introduction

Apartment noise has become more in focus receati¢h, nost European countries have strict normatinisl, whilst
some countries have even stricter voluntary linfifgartment noise maximum limits are set by mostintoes’ Building
Regulations. European apartment noise limits vawy,generally range from 30-35dBAAhax) and 25 — 28dBA (heq).
Many countries have voluntary tiered classificasidrurthermore, recently, acoustic performancel@tie building has
been considered under environmental assessmenbdsesiich as BREEAM [8]. Also most countries haviglglines
concerning building material properties, measurdneérsound insulations and reverberation times, aade from
installations and service equipment in buildings.

Installations and building service equipment cosgariwater systems, heating ventilation and air itimmihg systems
and elevators which provide essential serviceheduilding. Elevator installations are designettaasport people and
goods efficiently, smoothly and safely betweending floors. They are critical solutions to anrie&singly urbanized
and aging society. Along with other building seescequipment, they contain electromechanical coesnthat
produce airborne and structure borne sound.

Generally elevator suppliers consider noise andatitns at the following user interfaces: inside #levator car, at the
landings outside the shafts and at the interfadbdcapartments. To that end, they try to limit tteése of their own
components, namely in the machine room, and instieft. More commonly in European residential buiigi, the
machine room has been removed, and all machinéngtislled in the shaft. Although this provides thent with much
better space efficiency, much of the machinery relecated closer to the residents’ apartmentsdte suppliers work



to the guidelines of VDI2566 [1], which recommendsximum allowable airborne and structure bornese@nd
vibration values, and gives guidelines on both &levand building design.

Our own experience has shown us that noise trasBmidrom the elevator shaft into the resident'srépent is
predominantly structure borne. First obvious soluito eliminating structure borne noise are: (ibjirate the source
(2) isolate the transmission (3) build a thickeafshvall (4) add absorbent coverings in the reasiveom. Whilst all
these solution are possible they come at a prigeedmpletely eliminating the source for an averalggator consuming
5-10kW of power is possible, but expensive (2)dtiol the elevator from the adjoining wall is ajswssible, but the
isolation elements must be rigid enough to careyalevator working forces and also abnormal forgeieh need to be
catered for by safety codes. This somewhat lirhigsfiexibility of the isolation elements and thenef reduces isolation
efficiency. (3) Builders are as cost consciousrasaiher industry and are looking at reducing theftswall thicknesses,
rather than increasing them. (4) Acoustically absot coverings or double skin walls need to Headt 50mm thick to
be effective, thereby reducing the resident’s ulgegipace and adding cost.

To achieve an economically efficient and low naséution to structure borne transmission involvedyelevator and
building design early in the design process. Thés ithe background to creating this estimating tdbke tool was
designed to help our elevator sales engineerstimize the elevator within the context of its burilg.

2 Prediction challenge

Figure 1 shows a simplified arrangement of a tydidachine Room Less elevator in a shaft. The eteotechanical and
mechanical components run along guide rails whielfiged to the shaft wall via brackets. The guidiés and brackets
need support the elevator loads during normal ngnoonditions and abnormal events, stated in #nagbr safety codes

(2].
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Figure 1: Machine Room Less (MRL) elevator in afsha



This 3D figurecan be further simplified to an arrangement oftthasmission path from the inside of an elevataftsh
into an adjacent room. Basically for efficient sarission of sound energy from source to receivereehanical path is
needed. The mechanical path, being the critical aslell as flanking wall convert the vibrationsngrated on the
elevator shaft side, Figure 2.
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Figure 2: The critical structure-borne noise patmfthe shaft to an adjacent receiving room.

The European standard EN 12354-5:2009 [3] defiaksitation models to estimate the sound pressues ile buildings
due to service equipment, including lifts. Clausef4he standard deals with methods for structumexd transmission
through building construction. The problem is dégxicn a schematic way in Figurel3y is structure-borne sound power
injected into the wall.
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Figure 3: Schematic representation of the strudboar@e sound transmission as presented in [3].

However, there are some limitations in the stamsléindt make the results too approximate to be psadtically. For
example when considering lift installations, thenstard [3, p. 34] estimates an uncertainty in thece input data of
4dB, and uncertainty in transmission prediction3dB. Total uncertainty without considering inacaiea in the
receiver’s room side calculations would be thereftdB. When considering apartment noise limits®B3dBA, 7dB is
quite a large uncertainty, even without considelimgccuracies on the receiver room side. Furthegzntioe standard
proposes just one set of characteristic sound ptavets for a lift machine on elastic supports, wirereality there are
several other components emitting structure boooed in the shaft, and these levels vary very miegrending on the
elevator’s speed and load rating. This led usfineg¢he model based on EN 12354-5:2009 [3], baekitd detailed FE-
and SEA -calculations, measurements and empiratal d



3 Methods
3.1 Standard EN 12354-5

Equation in the Annex 1.2 of the EN 12354-5:2009resses the normalizedn() sound pressure levdl, ;; in a
receiving room for each path(direct or flanking):

Ln,s,ij = LWs,inst,i - Dsa,i - Rij -4 (l)

Lys,inst.i 1S the installed structure-borne sound power l®fghe sourcep,, ; is the adjustment term form structure-
borne to airborne excitation ag; is the flanking sound reduction index in dB defirie [4]. The adjustment terd, ;
in (1) is

Dsq = 10log(n:) — R; + 101g (L) — 10lg(7) 2)
For the direct patiR; = R;; and then
2 i
Lnsij = Lwsinse = 101801 — 101g (L) + 101g(0y) — 4 3)

n; is structural loss factor of the waith; is the surface mass of the wall (kgJnpc is the characteristic resistance of air
(400...420 Pa s/m) ang is the sound radiation efficiency of the wall.

It is a bit challenging to use the above equatidinsctly. First, the physics behind them is notaept. This a typical
problem for equations expressed in logarithmic fdima., decibels). The second, fundamental chadleisgthat the
installed structure-borne sound power level is rdegk input and therefore it needs to be determined

3.2 Verification of the EN 12354-5 equations

Equation (3) can be verified as follows. Power-ggdralance for a wall with surface arg@and surface mass is [6]

Wy insti = 27f 1; Exin; = 21f 1; m; S; (v7) (4)

Radiated sound powé¥y,, ; of one side of the wall at frequentig

| = G (p2) = Wsinsti PCTi
Wraa,i = pc 0; S; {v;) 2nf n;m; 5)

In the latter part of (5), area-averaged squaréocity (v?) and wall ares; are eliminated using (4). Equation (5) in
logarithmic form is

2nf m;

T) —10lg(n;) + 10lg( o) (6)

1009 (Weaa ) = 101g(Wiinse) — 101g
Reverberant sound pressure level in a room asdaidmnof sound power is [7]

Ly = Ly raa; + 101g (2) = 101g(Wiaa,) — 101g(10~*Watts) + 10ig (%) @)



In (7), the distance dependent part of sound predsuel (i.e., direct sound field) is omitted. tStitutelOlg(WRad_i)
from (6) into (7). After some manipulation

2nf m;

Ly = 10lg (*2240) — 101g(5,) — 101g (L7 ) + 101g( o)) - 101g (%) ®

10712 pc

If the room constariR=10, then the last term i9lg G) = 4. Thus, equation (8) verifies equation (3).

3.3 Wall structural input power

Direct measurement of structural input power isllehging. Methods are usually based on the equd8prior point
force input power.

1
Ws,int,i =3 |F2|Re(Y) 9

F is the magnitude of force aivds the mobility of the wall. The standard [3] doeg provide explicit methods for power
input determination. It merely mentions that methowlude

- Reception plate technique [5]. A calibrated labamatest rig is used to measure input power viaggnbalance.
Then result is corrected for the mobility of inesgttructure. The force is assumed to be const#ig.i¥ a structure-
borne equivalent for sound power determinationgisimeverberation chamber.

- If the source can be decoupled from the wall, sngble to measure free velocity and mobility of sberce. Then
one can estimate the force exciting the wall by lsiming the information to a suitable mobility modetluding the
coupling elements

- Inthe case the source is essentially a force satepower follows from known force and wall malilHowever,
the standard does define explicitly how to use djpition

In the present case, the source cannot be conrnectszhlibrated receiver. Neither can it be mesdur a free, uncoupled
state. Hence, use of experimentally extracted foarel theoretically derived wall mobilities are trdy feasible way.

3.4 Experimental determination of forces

The characteristic bending mobility, of a wall as a thin plate can be estimated as [6]

. 1
~ 2
23pmecy h

(10)

o3}

P is the wall material density (kgAn c, is the speed (m/s) of longitudinal waves in thel wadterial anch is the walll

thickness (m). The characteristic mobility is essdly a space- and frequency average of the disgreint mobility. It
can be used to approximate the mobility.

Forces are still needed. The procedure used bgutiers is as follows

1. Measure the point mobilities Y= v’/ F’ of a wall force contact points using hammer or shaker atioit.
2. Measure wall operational vibration velocities \fs same contact points
3. Extract the operational forces from F = v/Y

The operational force(s) can then be applied foewotvalls with different properties to estimate poaver input from (9)
and then sound pressure level from (3) or (8).

Some raw data from measurements at eight poistwiwn in Figure 4. There are certain issues irrgg#he forces from
multiple points to a single effective force. Theitis beyond the scope of this paper. A consereastimate of effective
force is used in production calculations.
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Figure 4: Wall point mobility- and vibration veldgimeasurement raw data.

4  Estimation tool

An estimation tool based on above equations (41® was created. Calculations are conducted abdt@®ves from 20
to 2000 Hz. The wall and receiving room paramedsrsell as excitation forces are given as inpué diitput is receiving
room total sound pressure level and the 1/3 octmeetrum. Note that the calculated sound presswed Is spatial
average of the reverberant sound field and, ipptheent version of the tool, does not include ihectisound field of the
radiating wall.

As a first test, the tool was used to calculatecstire-borne sound spectra in a small receivingwrti¢oppi”. The forces
and receiving room reverberation times were avhdlabt this point, two different approximations (MQ HIGH) were
used for the forces. The results for the elevatomgfull speed down are in shown in Figure 5.
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Figure 5: Results of a test case concerning raagirdoom “Koppi” behind a 150 mm concrete wall.
The overall A-weighted noise level in the receivingm is well predicted, as are the levels at nmalividual frequency

bands between approx. 63 and 1000 Hz. At lowegqufracies the predicted levels tend to be abovestimessured. The
probable reasons to this are that (a) the equétionharacteristic mobility in equation (10) is natlid at the lowest



frequencies, (b) statistical room acoustics useshimtion (7) does not work well at low frequencied (c) wall direct-
or near field effects.

At highest frequencies above 1000 Hz, accurachekguation (10) assuming pure bending is not geog. The thick
plate effects (shear deformation) start to be ficant and the input power is increased.

The calculations were expanded to cover commonesnf speeds and loads of selected European réaildeglevator
platforms, common shaft wall materials and thiclsessand common residential living room sizes arsdmation rates.
The calculations were verified against several oeeales. The tool has enabled our elevator saldaemng to better
understand the effects of different elevator anittimg configurations, and help our customers ojérat the beginning
of the building designing stage.

5 Concluding remarks

Elevator installations are designed to transpaspfeand goods efficiently, smoothly and safelysetn building floors.
They are critical solutions to an increasingly urizad and aging society. Along with other buildseyvices equipment,
they contain electromechanical components thatym®dirborne and structure borne sound. Our owergxce has
shown us that noise transmission from the ele\&ttaft into the resident’s apartment is predomiryasitiucture borne.

To achieve an economically efficient and low nas&ution to structure borne transmission involvesedyelevator and
building design early in the design process. This whe background to creating the estimation Do tool based on
EN 12354-5 with some our own refinements was desido help our elevator sales engineers to optitheelevator in
the context of the building.

The tool has been applied on common ranges of speedi loads of selected residential elevators, comshaft wall
materials and thicknesses and common residentiagliroom sizes and absorption rates. The resalg fbeen good.
The average total observed uncertainty has beewxpgately 4dB, much less than the value stated in the star{@ard

Topics of further development include taking intwaunt the radiating wall direct- and near-fieldhzcdbutions in the
receiving room as well as treatment of thick or+hamogenous walls.
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